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Abstract 
High-frequency repeated transcranial magnetic stimulation (rTMS) as a treatment for major de- 
pressive disorder (MDD) has received FDA clearance for both the figure-of-8 coil (figure-8 coil) 
and the H1 coil. The FDA-cleared MDD protocols for both coils include high frequency (10–18 Hz) 
stimulation targeting the dorsolateral prefrontal cortex (dlPFC) at an intensity that is 120% of 
the right-hand resting motor threshold. Despite these similar parameters, the two coils gen- 
erate distinct electrical fields (e-fields) which result in differences in the cortical stimulation 
they produce. Due to the differences in coil designs, the H1 coil induces a stimulation e-field 
that is broader and deeper than the one induced by the figure-8 coil. 
In this paper we review theoretical and clinical implications of these differences between the 
two coils and compare evidence of their safety and efficacy in treating MDD. We present the 
design principles of the coils, the challenges of identifying, finding, and stimulating the op- 
timal brain target of each individual (both from functional and connectivity perspectives), 
and the possible implication of stimulating outside that target. There is only one study that 
performed a direct comparison between clinical effectiveness of the two coils, using the stan- 
dard FDA-approved protocols in MDD patients. This study indicated clinical superiority of the 
H1 coil but did not measure long-term effects. Post-marketing data suggest that both coils 
have a similar safety profile in clinical practice, whereas effect size comparisons of the two 
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respective FDA pivotal trials suggests that the H1 coil may have an advantage in efficacy. We 
conclude that further head-to-head experiments are needed, especially ones that will compare 
long-term effects and usage of similar temporal stimulation parameters and similar number of 
pulses. 
© 2019 Elsevier B.V. and ECNP. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Despite the high prevalence of major depressive disorder
(MDD), treatment options are often lacking. Depression is
the fourth leading source of disease burden ( Ferrari et al.,
2013; Murray et al., 2015; Üstün et al., 2004 ), and that is
only projected to increase over the next 15 years, particu-
larly in high-income countries ( Mathers and Loncar, 2006 ).
Of those with MDD, only a small fraction receive ade-
quate treatment ( Ebmeier et al., 2006 ), and the situation is
worse for those with treatment resistant depression (TRD),
which describes 20–30% of depressed patients ( Berlim et al.,
2008a; Mathew, 2008 ). For such patients, pharmacological
interventions are not an option, and even for those who do
respond, current medications often come with significant
side effects ( Lam et al., 2009 ). 

Over the past decade, repetitive transcranial magnetic
stimulation (rTMS) has become a promising, noninvasive and
safe ( Rossi et al., 2009 ) alternative to medication for the
treatment of MDD ( Berlim et al., 2008b ; M.T. 2014; George,
2010; Perera et al., 2016a; Voigt et al., 2017 ). TMS is per-
formed by passing an electric current through a coil placed
on the scalp. This current generates a temporary magnetic
field that passes through the scalp, skull and intermediate
layers of the cortex, such that a suprathreshold ( > 100 V/m)
electrical field (e-field) is generated within the cortex and
activates local neuronal activity. 

Clinically, in its most common form, high-frequency
( ≥10 Hz) rTMS is applied above the left dorsolateral pre-
frontal cortex (dlPFC) over the course of several weeks
( George et al., 2013a; Perera et al., 2016a ) with response
and remission rates of about 30% and 20% respectively, ac-
cording to the most recent meta-analysis of randomized
controlled trials (RCT) ( Berlim et al., 2014 ). Rates reported
in non multi-center RCTs and those observed in the clinics
are higher and at least as robust as antidepressant medi-
cation ( George et al., 2013a; Mutz et al., 2018 ). However,
there is potential for rTMS to improve its efficacy even fur-
ther if it can overcome its high inter-individual variability
in response strength and effect duration ( Daskalakis et al.,
2008; De Raedt et al., 2015; Fitzgerald, 2009; George et al.,
2013a ). 

High-frequency rTMS over the dlPFC as a treatment for
MDD first received FDA clearance in 2008 using a focal iron
core figure-8 coil (Neuronetics Inc., Malvern, PA, USA) fol-
lowed by, in 2013, a second device using the H1 coil (Brain-
sway, Jerusalem, Israel) ( Perera et al., 2016a ). While simi-
lar in application, the two coils differ greatly in approach,
with radically different design principles that affects the
depth and breadth of the induced e-field. Here we review
these design differences and how each design relates to and
possibly addresses the many issues and challenges of rTMS
treatment of MDD. 
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2. Design principles of the figure-8 coil 

The figure-8 coil ( Fig. 1 a and b) consists of two adjacent
wings, with an identical number of turns, such that the cur-
rent orientation is clockwise in one loop and anti-clockwise
in the other. This alignment creates a superimposition of the
currents which induces direct stimulation focally in super-
ficial cortical regions underneath the central segment. As
such, neuronal fibers oriented parallel to the central seg-
ment are most likely to be stimulated ( Basser and Roth,
1991; Chen et al., 2003; Roth and Basser, 1990 ). The relative
angle between the wings affects the efficiency and focality
of the coil, such that coil elements which are non-tangential
to the scalp induce accumulation of surface charge that re-
duces coil efficiency and depth penetration ( Eaton, 1992;
Roth et al., 2002; Tofts, 1990; Tofts and Branston, 1991 ). For
example, when the angle is smaller than 180 ° the wings are
more tangential to the scalp and the efficiency increases
( Thielscher and Kammer, 2004 ), but the coil is less conve-
nient for fine localization over the head. 

3. Design principles of the H1 coil 

The H1 coil ( Fig. 1 c and d) has a flexible base that al-
lows the coil to conform to the curvature of the scalp of
the individual patient for maximal magnetic coupling at the
required position and orientation. The coil includes base
elements carrying “forward” stimulating currents aligned
along a common direction tangential to the scalp, and coil
elements carrying “return” current paths positioned away
from the base. As such, non-tangential electric field com-
ponents are minimized over the targeted area and accu-
mulation of electrostatic charge on the brain surface is re-
duced, thereby improving field depth penetration ( Eaton,
1992; Roth et al., 2002; Tofts, 1990; Tofts and Branston,
1991 ). Optimal and effective field summation in depth re-
quires that coil elements in the base are dispersed rather
than forming a dense organization, as in a figure-8 coil ( Roth
et al., 2013; Tendler et al., 2016 ). The various elements in-
duce a summation of the electric field in the targeted deep
brain region, with a sufficiently high e-field intensity rel-
ative to the maximal field located at the brain’s surface
( Heller and van Hulsteyn, 1992 ). 

4. E-field characteristics 

While the influence of the e-fields induced by TMS can-
not be easily measured in the living brain, there are nu-
merical, analytical and experimental approaches to esti-
mate depth (defined as the distance along a radial direction
t al., Application of transcranial magnetic stimulation for major 
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Fig. 1 Coil Designs of the figure-8 coil (a,b) and H1 coil (c,d). Schematic of the figure-8 coil (a) and its placement on the head 
targeting the left dlPFC (b); adapted with permission from ( Parazzini et al., 2017b ). Schematic of the H1 coil (c) and its placement 
on the head targeting the left dlPFC (d); adapted with permission from ( Parazzini et al., 2017b ). 
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assing through the brain center), the rate of decay, and the
patial distribution of the e-field. 
An analysis using a spherical, single shell head model 

 Deng et al., 2013 ) found a deeper penetration of the H1
oil compared to the figure-8 coil, with a difference of ap-
roximately 0.7 cm in their respective half-distance values 
the distance at which the fields decay to half their maximal
alue at the cortical surface; Fig. 2 a). In addition, in studies
hat measure the rates of decay in a phantom head model
lled with a saline solution ( Rosenberg et al., 2010; Roth
t al., 2007 ) the H1 coil was found to have a more gradual
rop in e-field intensity that allowed deeper penetration at 
afe stimulation levels ( Fig. 2 b). Safety guidelines of rTMS
uggest limiting stimulation intensities to 120% of the motor 
hreshold ( Rossi et al., 2009 ). To reach similar depths with
he figure-8 coil, the stimulation intensity would have to be 
ncreased beyond the safety limits, which can cause pain 
nd increase the risk of seizure. 
In recent years, realistic computational models based 

n high-resolution anatomical magnetic resonance imaging 
MRI) have emerged. These models faithfully reproduce not 
nly the variable curvature of the skull surface and its non-
niformity, but also the characteristics and properties of 
rain tissues (such as cerebrospinal fluid, gray matter, white 
atter, etc.). As such, these models allow investigation of 
he possible role of complex anatomical structures on elec- 
ric field distributions, and may provide more realistic es- 
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imations of depth penetration ( Christ et al., 2010 ). Cur-
ently, only one study of TMS induced e-fields ( Guadagnin
t al., 2016 ) includes a head to head comparison of the
1 coil and figure-8 coil with a clinical relevant value.
his study examined the depth below the cortical surface
or which the stimulation intensity remains suprathreshold 
hen stimulating with the common treatment protocols for 
epression ( Levkovitz et al., 2015; O’Reardon et al., 2007 ).
his intensity of 120% of MT is considered the maximal in-
ensity for rTMS in the safety guidelines ( Rossi et al., 2009 ).
he results showed that when measured with the coils po-
itioned over the Cz electrode, the H1 coil has a depth
enetration of 1.8 cm from the cortical surface compared
o 1.1 cm for the figure-8 coil. Parazzini et al. also com-
ared the H1 coil and the figure-8 coil head to head with
he coils positioned over the more clinically relevant target
f the dlPFC ( Fig. 3 ) but did not quantify the results with
linically relevant values ( Parazzini et al., 2017b ). Another
istinction between the generated fields apparent from 

ig. 3 is that the H1 coil, while preferentially stimulating
he left hemisphere, produces a bilateral supra-threshold 
eld. Finally, deeper stimulation comes at the expense of
ocality ( Deng et al., 2013 ), which can be assessed using a
ealistic head model filled with physiological saline solution. 
sing this approach, which mimics the conductive proper- 
ies of neural tissue, the field maps generated by each coil
hen set to a stimulus intensity of 120% MT revealed a total
t al., Application of transcranial magnetic stimulation for major 
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Fig. 2 E-field depth and decay as a function of stimulation intensity. (a) Electric field focality quantified by the half-value 
spread, S ½, as a function of the half-value depth, d ½, in a simple spherical model for the H1 coil (red) and the figure-8 coil (blue), 
as modified from ( Deng et al., 2013 ). (b) Decay profiles of the electric fields produced by the H1 coil (red) and figure-8 coil (blue). 
The maximal depth of effective penetration can be read off the graph at the points of intersection of the decay curves with the 
threshold for neuronal activation (based on data from ( Roth et al., 2007 )) (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.). 

Fig. 3 Distribution of the e-field. Coronal maps of e-field distributions, normalized to the maximal e-field at the cortex, based 
on simulations in an anatomically realistic computational head model with coils positioned to target the dlPFC; reproduced from 

( Parazzini et al., 2017b ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

stimulated brain volume of 18 cm 

3 for the H1 coil compared
to 3 cm 

3 for the figure-8 coil ( Ginou et al., 2014; Rosenberg
et al., 2010 ). 

Taken together, these methods verify that the two coils
differently interact with the brain tissue, with a focal and
superficial e-field induced by the figure-8 coil, and a deeper
and more distributed e-field induced by the H1 coil. 

5. Stimulating the target 

The choice of the left dlPFC as the target for rTMS is
based on associations between depression and impaired
Please cite this article as: S. Zibman, G.S. Pell and N. Barnea-Ygael e
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left dlPFC activity, but primarily on the empirical success
of a large number of rTMS trials ( Downar and Daskalakis,
2013 ). As the average thickness of the cortical gray mat-
ter strip is just 2 mm ( Fischl and Dale, 2000 ), and the coil-
to-cortex distance is usually less than 1.5 cm in most sub-
jects ( Haeussinger et al., 2011 ), neither clinically used coil
has a problem with inducing a direct stimulation of the cor-
tex. However, stimulation depth may still play an important
role. As much as two thirds of the surface area of the cor-
tex forms the walls of sulci, and is hidden from surface view
( Rogers et al., 2010 ). In addition, the favorable field ori-
entation for neuronal stimulation is along the neuronal axis
( Day et al., 1989; Rushton, 1927 ). Therefore, it has been
t al., Application of transcranial magnetic stimulation for major 
 European Neuropsychopharmacology, https://doi.org/10.1016/j. 
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Fig. 4 Model of the cortical columns. Evidence suggests that stimulation is more efficient as the cortical column becomes per- 
pendicular to the surface (i.e. along sulcal banks) rather than parallel to it (i.e. at the gyral crown). The Cortical Column Cosine 
(C3) model ( Fox et al., 2004 ) proposes a mechanism which relates differences in activation to the relative angle of the neuronal 
axis with respect to the angle of the externally applied electric field. The more the neuron and current are aligned, the greater the 
activation. Thus, activation occurs primarily along sulcal banks, despite the fact that larger absolute fields are usually produced at 
the gyral crowns. 
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roposed ( Fox et al., 2004 ) that stimulation is more efficient
long the sulcal banks than at the gyral crowns, since, at
hese locations, cortical pyramidal neurons are aligned with 
he induced electric field vector. This is due to the organi-
ation of cortical pyramidal neurons into mini-columns ori- 
nted perpendicular to the cortical surface ( Buxhoeveden 
nd Casanova, 2002 ) and the fact that TMS involves the
nduction of tangential, but not radial currents ( Tofts and 
ranston, 1991 ; Fig. 4 ). This preferential activation of sulcal
argets by TMS is supported by volume conducting modelling 
 Janssen et al., 2015; Laakso et al., 2018 ; I. 2014; Num-
enmaa et al., 2014; Parazzini et al., 2017a; Silva et al.,
008 ) and functional neuroimaging ( Krieg et al., 2015 ; T.D.
013 ). If indeed the principal site of action of TMS is within
he depths of the sulci, there is advantage of penetrating
eeper. This advantage may be of particular importance 
n the lateral PFC, where both sulcal depth ( Jones et al.,
000 ), and the inter-individual variability in sulcal depth 
 Hill et al., 2010 ) are among the highest of any area in the
rain. 
It has been recently suggested that the success of the

lPFC as a target for MDD treatment is due not to induced
hanges to local activity in the dlPFC but rather to its con-
ectivity to subcortical regions of the reward network ( De
aedt et al., 2015 ). Since subcortical regions are not di-
ectly accessible to TMS stimulation, the dlPFC acts as a 
atekeeper. Stimulation over the dlPFC results in the acti- 
ation of projection fibers which leads to the propagation of
Please cite this article as: S. Zibman, G.S. Pell and N. Barnea-Ygael e
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he evoked activity down to the subcortical regions. Realis-
ic computational models based on high-resolution anatom- 
cal MRI images have recently begun to include diffusion
ensor images (DTI) with reconstructed white matter fiber 
racts and simulated neuronal activity to explore how TMS 
ctivation propagates down to deeper structures ( Seo and
un, 2017 ). Based on these simulations, direct stimulation
f the white matter is initiated at sharp bends in the fibers
hich occur at different depths for different tracts ( De
eeter et al., 2016 ; N. 2015 ). This is of particular relevance
ince rTMS of the dlPFC has been shown to induce changes in
ctivity of the subgenual anterior cingulate ( Dowdle et al.,
018; Kimbrell et al., 2002; Li et al., 2004; Narushima et al.,
010 ). While deeper stimulation is not necessary in order to
nduce such indirect activity changes, as is evident empir-
cally from these studies as well as by simulation studies
sing the figure-8 coil ( De Geeter et al., 2016 ), inducing a
eeper field would be expected to result in a greater re-
ruitment of white matter tracts due to its ability to recruit
bers with deeper bends. This in turn will result in stronger
ropagation to the subcortical targets and therefore may 
ugment the antidepressant response to TMS. In addition, 
hile the depth of suprathreshold stimulation for the H1
oil is well short of the subgenual nucleus, it still gener-
tes there stimulation with intensities as high as 42% of the
aximal field at the surface of the brain, as opposed to the
gure-8 coil which generate only 6% of the maximal field at
hese depths ( Parazzini et al., 2017a ). While subthreshold,
t al., Application of transcranial magnetic stimulation for major 
 European Neuropsychopharmacology, https://doi.org/10.1016/j. 
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the direct stimulation would be expected to have an addi-
tive effect, boosting the secondary stimulation via the white
matter tracts. This is of greater importance when consider-
ing that depression represents a “disconnection syndrome”
characterized by disconnections in pathways between the
frontal cortical and subcortical limbic regions due to abnor-
malities in white matter microstructures ( Liao et al., 2013;
Sexton et al., 2009 ). For example, Avissar and colleagues
showed that the baseline connectivity between the dlPFC
and subgenual nucleus correlates with the efficacy of the
treatment with a figure-8 coil ( Avissar et al., 2017 ). There-
fore, patients with more severe connectivity deficiencies
should theoretically benefit from the greater recruitment
of pyramidal tracts by the H1 coil ( Avissar et al., 2017 ). 

6. Finding the target 

Along with the challenge of effective stimulation of the
target, there is the challenge of locating the target. The
routine practice used in most clinical trials is the “5-cm
rule” ( Perera et al., 2016b ), an empiric method used for
probabilistic targeting of the dlPFC based on its relative
location to the hand area of the motor cortex (5 or 6 cm
anteriorly). In the latest survey of members of the clini-
cal TMS society, 77.6% of responders still use a 5 or 6 cm
rule in their clinics for targeting the dlPFC ( Perera et al.,
2016b ), and a recent review of 81 randomized controlled tri-
als found that 79% used either the 5 or 6 cm rules ( Brunoni
et al., 2017 ). However, the “5-cm rule” may be subopti-
mal as it neither accounts for differences in skull size or
variations in prefrontal anatomy relative to motor cortex
location ( Rajkowska and Goldman-Rakic, 1995 ), nor for in-
herent procedural variability in application of the rule. In
fact, evidence shows that application of this standard tar-
geting procedure with a figure-8 coil places stimulation out-
side the dlPFC target area in as many as two thirds of clin-
ical trial subjects ( Herwig et al., 2001 ). For example, in a
large sham-controlled trial with the figure-8 coil ( George
et al., 2010 ), treatment location was verified in advance
of treatment based on neuroimaging-guided visual inspec-
tion and relocated 1 cm anteriorly in cases where target-
ing had failed to reach the prefrontal target area. With-
out this correction procedure, TMS would have been ad-
ministered outside the target area entirely in 33.2% of pa-
tients. In addition, a prospective clinical trial comparing the
“5-cm rule” to a more anatomically precise stereotaxically
guided and MRI-based figure-8 coil rTMS targeting procedure
found that the latter method produced greater clinical im-
provement ( Fitzgerald et al., 2009 ; also see Ayache et al.,
2016 ), although this has not been confirmed in a large sam-
ple ( McClintock et al., 2017 ). 

The challenge of targeting is even greater when consid-
ering that the optimal target may not be anatomical but
rather functional. Fox et al. (2012 ) investigated whether
differences in the clinical efficacy of reported left dlPFC
TMS sites was related to differences in their functional con-
nectivity to deeper limbic areas. Using functional connec-
tivity MRI, a strong correlation was found between the ef-
ficacy of figure-8 TMS sites within the dlPFC and intrinsic
functional connectivity with the subgenual cingulate cor-
tex. The authors suggest that these results can be translated
Please cite this article as: S. Zibman, G.S. Pell and N. Barnea-Ygael e
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into a connectivity-based targeting strategy for focal brain
stimulation to optimize the clinical response. However, in a
subsequent study, the same group demonstrated that there
is substantial inter-individual variability in the precise lo-
cation of the putative optimized targets identified by this
strategy, which argues against the efficacy of population-
based targeting approaches ( Fox et al., 2013; Weigand
et al., 2018 ). Thus, even within the general anatomical pre-
frontal area, the efficacy of different TMS sites may vary
considerably between individuals. As mentioned previously,
the PFC contains a high degree of folding ( Mueller et al.,
2013; Toro et al., 2008; Zilles et al., 1988 ), with specific
patterns of folding that varies considerably across individu-
als such that the gyrification pattern of each human brain
appearing as an individual ‘fingerprint’ ( Toga, 2015 ). More-
over, the regions presenting maximum folding coincide with
the regions of highest variability in measures of network
connectivity ( Mueller et al., 2013 ). For these reasons and
taking into account that the cortical area excited by the
figure-8 coil is focal and relatively small ( Ginou et al., 2014;
Rosenberg et al., 2010 ), structural anatomy based naviga-
tion appropriate for one subject could be completely inap-
propriate for another. 

The lack of anatomical precision of TMS targeting, as well
as the inherent variability of TMS targets between subjects,
both suggest the possibility that many subjects, to whom
TMS is administered in depression clinical trials and clini-
cal practice settings using figure-8 coils, may be receiving
stimulation in areas that are unlikely to be involved in the
pathophysiology of depression. The significant variability in
prefrontal functional network architecture means that
neuro-navigation based on cranial or cortical landmarks
alone may be inadequate for accurate detection of de-
pression TMS targets for focal stimulation. Functional
connectivity-based targeting may represent the best strat-
egy for these coils, yet it is impractical in routine psychi-
atric care ( McClintock et al., 2017 ). By contrast, the electric
field induced by the H1 coil is sufficiently broad to include
the wider lateral PFC, hence this concern is less relevant
for the H1 coil. However, as neuronavigation techniques im-
prove in time and decrease in cost, the concern for missing
targets with a figure-8 coil in the clinical setting will likely
diminish. 

A further source of variability in TMS treatment is the
possibility of other targets within the PFC (i.e. other
than the dlPFC) for rTMS in depression. Evidence regard-
ing the emotional function of the frontal lobe (not avail-
able 25 years ago when the dlPFC was first suggested as
the target for rTMS in depression treatment) points to the
various advantages of the dorsomedial prefrontal cortex
(dmPFC), frontopolar cortex (FPC), ventromedial prefrontal
cortex (vmPFC), and ventrolateral prefrontal cortex (vlPFC)
( Anderson et al., 2016; Downar and Daskalakis, 2013 ). These
regions are not directly activated by the figure-8 coil when
placed over the dlPFC, but structures in these regions may
be stimulated by the broader field of the H1 coil. Here too,
the optimal target may differ between individuals ( Dubin
et al., 2017 ). For example, a recent study by Drysdale and
colleagues used resting state connectivity to differentiate
between 4 subtypes of depression and found that rTMS tar-
geted to the dmFPC was most effective for one of the sub-
types ( Drysdale et al., 2017 ). 
t al., Application of transcranial magnetic stimulation for major 
 European Neuropsychopharmacology, https://doi.org/10.1016/j. 
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. Stimulating outside the target 

MS stimulation is never restricted to the targeted area and,
ue to the interconnectivity of the brain, the stimulation 
eaches even areas far from the coil ( Li et al., 2004; Vink
t al., 2018 ). This is a major concern when considering the
roader e-field of the H1 coil, which theoretically may af-
ect neuronal populations whose stimulation produces un- 
anted or interfering effects ( Dubin, 2017; Dubin et al.,
017 ). The focal stimulation of the figure-8 coil, on the
ther hand, likely minimizes this issue, assuming the correct 
oil placement and localization of the target (see previous 
ection). 
The concern of stimulating non-pathological tissue is par- 

icularly relevant due to the preferentially left but bilat- 
ral stimulation of the H1 coil. The motivation for bilateral
igh frequency stimulation was the clear evidence that bi- 
ateral ECT is superior to unilateral ECT ( Daskalakis et al.,
008 , but see Hermida et al., 2018 for a more current re-
iew). However, initial studies investigating bilateral high 
requency rTMS compared to sham were unsuccessful ( Loo 
t al., 2003 ). In fact, more recent evidence points to the
eneficial effect of low frequency rTMS over the right dlPFC
 Cao et al., 2018 ) and bilateral stimulation protocols there-
ore tend to consist of sequential stimulation of high and low
requency stimulation over the left and right dlPFC respec- 
ively ( Daskalakis et al., 2008; Lee et al., 2012 ). Nonethe-
ess, it is worth noting a preliminary study ( Levkovitz et al.,
009 ), in which the efficacy of the H1 coil in treating sub-
ects with depression was compared to the more bilater- 
lly symmetric H2-coil and the H1L-coil which exclusively 
timulates the left PFC. In this study, stimulation with all 
hree coils demonstrated a significant reduction is depres- 
ion scores without a significant difference between the 
oils. Yet the effect of stimulation with the H1 coil (42% re-
ission rate) or the H1L coil (60% remission rate) were both
igher than the effect with the H2 coil (10% remission rate).
his suggests that like the figure-8 coil, the main mechanism 

f treatment for the H1 coil is stimulation of the left dlPFC.
Whether stimulation beyond the target modifies the ac- 

ivity of non-pathological tissue and, if so, in fact leads to
ndesirable behavioural side effects is yet unknown. There 
s almost no research on unintended behavioural effects 
f stimulation beyond the primary measures of the study. 
owever, cognitive performance has been tested following 
reatment with TMS in subjects with depression. While the 
iterature contains many reports of negative results show- 
ng no reduction in depression related cognitive deficits, 
nd even some reports of cognitive improvement, there are 
o instances of treatment-induced deterioration with either 
he figure-8 coil ( Serafini et al., 2015 ) or the H1 coil ( Kaster
t al., 2018; Kedzior et al., 2016; Levkovitz et al., 2009 ). 

. Clinical findings 

uch of the above discussion is theoretical, suggesting pos- 
ible benefits and drawbacks of the two coil designs but
hich have not been sufficiently explored empirically. How- 
ver, as with any clinical intervention, the best test of ef-
cacy is patient response in adequately powered RCTs, and 
articularly in large multicenter studies. 
Please cite this article as: S. Zibman, G.S. Pell and N. Barnea-Ygael e
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Each intervention was cleared by the FDA based on results
rom separate large-scale pivotal, multicenter RCTs, which 
ompared active and sham rTMS ( Y. Levkovitz et al., 2015;
’Reardon et al., 2007 ). The two studies enrolled MDD pa-
ients that presented with roughly similar baseline clinical 
nd demographic characteristics, and both assessed clinical 
esponse using well-validated clinician-administered rating 
cales for depression. Notably, dropout rates in both trials
ere similar, suggesting no substantial difference in treat- 
ent tolerability. However, due to differences in design 
nd stimulation parameters (e.g. stimulation frequency and 
umber of pulses), it can be difficult to determine the rel-
tive efficacy of the two techniques. Therefore, in this sec-
ion, we limit our analysis to the data clearly presented in
he studies that can be used to determine an effect size
nd present only results from each study’s primary endpoint
 Table 1 ). Another large RCT using the figure-8 coil was de-
igned to determine optimal session number ( George et al.,
010 ). This study is notable as it is the only academic, non-
ndustry sponsored, multicenter RCT exploring rTMS treat- 
ent of MDD. However, unlike the above studies, this study
ad a dynamic design in which subjects received daily rTMS
reatment for different durations, many completing their 
articipation before the primary endpoint. Hence, the re- 
ults of this study are more difficult to compare to the two
ivotal studies with fixed primary endpoints. 
Table 1 summarizes the features and results of both piv-

tal multicenter RCTs. The limitations of each study and the
ifferences between them are discussed below. Importantly, 
ince much of the above discussion regarding differences 
etween coils relates to the variability between subjects, 
e focus on the categorical measures of response and re-
ission, which are also considered the preferred endpoints 
or treatment of major depression ( Rush et al., 2006 ), and
ssociated with the best prognosis for recovery ( Fava, 2003;
eller, 2003; Sobocki et al., 2006; Trivedi et al., 2009 ). 
As seen in Table 1 , both trials tested high-frequency rTMS

gainst a sham control but differed in the exact protocol,
ncluding higher frequency but lower pulse number and ses- 
ion length in the H1 coil study. In both studies the pri-
ary outcome, measured at the end of 4 weeks, did not
ass the 0.05 threshold of significance for the reported in-
ent to treat (ITT) population. O’Reardon achieved signifi- 
ance only after removing subjects with low baseline MADRS
cores, and Levkovitz showed a significant effect for the
er-protocol population, removing subjects who did not re- 
eive the rTMS at the full 120% intensity (based on a previ-
us study that showed stimulation intensity to significantly 
ffect the response ( Levkovitz et al., 2009 )). 
Although these studies used different continuous out- 

ome measures, quantitative comparisons between their 
esults may be made using standardized effect size. The
tandardized effect size for the difference in depression 
cores between active and sham TMS after 4 weeks of treat-
ent was 0.76 for the H1 coil and 0.29 for the figure-8
oil. It should be noted that Levkovitz et al. used the ad-
usted slopes of the changes in HDRS-21 scores between
tudy arms. To make a more direct comparison, we use the
aw values for the end point in the PP population, 13.9
7.62) and 15.6 (7.05) for the active and sham arms respec-
ively, which yield an effect size of 0.52. In addition, the
’Reardon study emphasized results achieved following an 
t al., Application of transcranial magnetic stimulation for major 
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Table 1 Studies characteristics. 

Coil type/Reference Figure-8 coil ( O’Reardon et al., 2007 ) H1-coil ( Levkovitz et al., 2015 ) 

Study design 

Sessions/weeks 20/4 20/4 
Session duration (min) 37.5 20 
Pulse/session 3000 1980 
Frequency (Hz) 10 18 
Intensity (% of RMT) 120 120 
Scale used for the primary outcome MADRS HAMD-21 
Randomized (n) 325 212 

Clinical outcomes 

Population mITT 
Supplementary 

Analysis mITT PP 

Group Active Sham Active Sham Active Sham Active Sham 

n 155 146 151 144 101 111 89 92 
Baseline score Mean (SD) 32.8 (6.0) 33.9 (5.7) NR 23.5 (4.3) 23.4 (3.7) NR NR 
Endpoint Mean (SD) 27.0 (11.1) 29.8 (10.1) NR Slope of 

−6.1 
Slope of 

−3.9 
Slope of 
−6.3 ∗

Slope of 
−3.2 

p-value 0.057 0.038 0.058 0.008 
Cohen’s d 0.29 NR 0.76 
% Response 18.1 ∗ 11.1 NR 37 ∗ 27.8 38.4 ∗ 21.4 
Odds Ratio 1.79 NR 1.52 2.29 
% Remission 7.1 6.2 NR 30.4 ∗ 15.8 32.6 ∗ 14.6 
Odds Ratio 1.16 NR 2.33 2.83 

Safety and subjective experience (Active groups) – n (%) 

Serious adverse events 9 (5.4) 4 (4.0) 
Application site discomfort 18 (10.9) 3 (3.0) 
Application site pain 59 (35.8) 5 (5.0) 
Muscle twitching 34 (20.6) 2 (2.0) 
Headache NR 27 (26.7) 
Back pain NR 2 (2.0) 
Eye pain 10 (6.1) NR 
Facial pain 11 (6.7) NR 
Pain of skin 14 (8.5) NR 

Note Both studies used the Medical Dictionary for Regulatory Activities when reported adverse events, but O’Reardon et al. (2007 ) reported 
only events that occurred at a rate ≥5% and at least twice the rate for the sham group. MADRS - Montgomery-Asberg depression rating scale; 
HAMD-21 - Hamilton depression scale (21 items); mITT- modified intention-to-treat; PP – per protocol; NR – not reported;. 

∗ - significant difference compared to the relevant control group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

additional 2 weeks of daily treatment (at week 6, rather
than the primary endpoint of week 4). The effect size at
this later time point in the O’Reardon study based on the
MADRS scale was 0.36. 

As opposed to the continuous outcomes, both pivotal mul-
ticenter RCTs achieved significant differences between ac-
tive and sham treatment both in response and remission
rates for the fully reported mITT population, making these
results the most easily comparable. This is even more true
for response rate since both studies use the same defini-
tion of 50% reduction in the symptoms although using dif-
ferent scales. The response percentage of the H1 coil of
37% is noticeably higher than that of 18.1% achieved for the
figure-8 coil. The definitions of remission used in the two
pivotal studies are summarized in Table 2 . Although differ-
ent scales were used, the remission definitions seem compa-
rable and are the most important practical clinical endpoint
Please cite this article as: S. Zibman, G.S. Pell and N. Barnea-Ygael e
depression: Coil design and neuroanatomical variability considerations,
euroneuro.2019.06.009 
of any antidepressant therapy. Here, the remission percent-
age of the H1 coil of 30.4% is noticeably higher than that
of 7.1% achieved for the figure-8 coil. This difference is
noticeable even when looking at the best remission rates
obtained in the pivotal figure-8 coil study of 17.4% after 6
weeks of treatment, 2 weeks after the primary time end-
point ( O’Reardon et al., 2007 ). Continued treatment was
associated with increased rates of response also in the H1
coil pivotal study. 60.6% of patients who did not respond
during 4 weeks of daily treatments, achieved response af-
ter additional 4 weeks of twice-weekly sessions ( Yip et al.,
2017 ). However, for comparisons of categorical outcomes
(such as remission) where the sham response rates vary be-
tween studies (as in these trials in which the higher active
rates with the H1 coil are accompanied by higher sham rates
as well ( Table 1 )), odds ratios are more appropriate. At the
primary endpoint, after 4 weeks of acute treatment, the
t al., Application of transcranial magnetic stimulation for major 
 European Neuropsychopharmacology, https://doi.org/10.1016/j. 
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Table 2 Definitions of remission. 

Coil type/ Reference Figure-8 coil ( O’Reardon et al., 2007 ) H1-coil ( Levkovitz et al., 2015 ) 

Scale MADRS HAMD-17 HAMD-24 HAMD-21 

Definition of remission MADRS Total 
Score < 10 

HAMD-17 
Total Score < 8 

HAMD-24 Total 
Score < 11 

HAMD-21 Total Score < 10 
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Table 3 Seizures rates. 

Figure-8 coil H1-coil 

Seizures reported in the 
literature 

25–35 8 

Seizures in unpublished 
post-marketing data 

No data 33 

# of patients No data 48,252 ∗

Rate of seizures No data 0.085% 

Reference for figure-8 coil seizures: ( Dobek et al., 2015; Iorio 
and Rossini, 2017; Rossi et al., 2009; Wassermann, 1998 ). Refer- 
ences for the H1-coil seizures: ( Boes et al., 2016; Cullen et al., 
2016; Harel et al., 2011; Isserles et al., 2011 ; 2013; Levkovitz 
et al., 2011 ; 2015; Tendler et al., 2014 ). 

∗ Based on # of caps until March 2019. 
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dds ratio for remission was found to be 2.33 for the H1 coil,
ompared to 1.16 with the figure-8 coil. With additional two 
eeks of daily treatment with the figure-8 coil (following 
he primary time point) the odds ratio increased to 2.84.
hese results suggest that many initial non-responders may 
enefit from additional rTMS treatments, regardless of the 
timulation e-field generated by the coil. The preferential 
utcomes of the H1 coil compared to those of the figure-8
oil are supported by a recent publication of the first RCT to
nclude both coils with their respective FDA approved proto- 
ols in 228 MDD patients ( Filip či ć et al., 2019 ). The authors
eported clinical superiority for the H1 coil standard proto- 
ol (i.e. 20 min, 1980 pulses/day) over that of the figure-8
oil standard protocol (i.e. 40 min, 3000 pulses/day) show- 
ng significant differences in symptoms reduction and re- 
ponse rates and a trend for differences between remission 
ates. 
Often, metanalyses provide a higher odds ratio for treat- 
ent with the figure-8 coil by including the higher remis-
ion odds ratio of 3.09 of George et al. (2010) ( Berlim et al.,
014; Mutz et al., 2018) . However, as mentioned above, this
esult cannot easily be interpreted due to the flexible end-
oint in the study design. The remission results reported 
nclude total responders or remitters at the end of the 6-
eek phase 1, despite all remitters and non-improvers be- 
ng removed after 3 weeks and improvers being removed 
nce achieving stable remission. The presented results may 
herefore be more comparable to the results of the double-
linded maintenance phase of the Levkovitz study which 
lso showed a significant effect of four additional weeks 
f twice-weekly stimulation with the H1 coil even for non-
esponders after the initial four weeks ( Yip et al., 2017 ).
ooking at the results at the three week point in George
t al., which include all subjects, only 6% of the HF-rTMS
nd 2% of the SHAM group achieved remission. Finally, it
hould be noted that response and remission rates reported 
n open-labeled or naturalistic studies or in single-site RCTs 
which in most cases did not include a sham control but com-
ared different stimulation or patterns or anatomical loca- 
ions) are often much higher than those obtained in the piv-
tal multicenter studies discussed above ( Carpenter et al., 
012; Perera et al., 2016b ). 

. Safety 

he greatest safety concern associated with TMS is the risk 
f seizures, and it has been suggested that the greater stim-
lation volume of the H1 coil would potentially increase this 
isk ( Carpenter et al., 2017; Ziemann, 2017 ). The most re-
ently available numbers reveal similar seizures rate of ∼1 
n 1000 and 6 in 5000 patient exposures with the NeuroStar
gure-8 coil and the Brainsway H1 coil, respectively ( Guo 
Please cite this article as: S. Zibman, G.S. Pell and N. Barnea-Ygael e
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t al., 2017 ). The current risk is even lower with adherence
o recommendations endorsed by the International Federa- 
ion for Clinical Neurophysiology ( Perera et al., 2016b; Rossi
t al., 2009 ), and is lower than the comparable seizure rates
ssociated with antidepressant medications ( Alper et al., 
007; Pisani et al., 2002 ). In addition, all TMS seizures have
ccurred during stimulation in the presence of medical per-
onnel and were self-limiting, lasting between 20 and 120 s
ith highly varied post ictal periods ( George et al., 2013b ). 
In published literature so far, 25–35 TMS-induced seizure 

vents were reported with the figure-8 coil ( Dobek et al.,
015; Iorio and Rossini, 2017; Rossi et al., 2009; Wasser-
ann, 1998 ) and 9 such events with the H1 coil ( Boes
t al., 2016; Cullen et al., 2016; Harel et al., 2011; Isserles
t al., 2011, 2013 ; Levkovitz et al., 2011, 2015 ; Stultz, 2019;
endler et al., 2014 ). Seven of the cases with the figure-
 coil preceded the 1998 safety guidelines ( Wassermann,
998 ), and another 9 were reported in the updated 2009
uidelines ( Iorio and Rossini, 2017 ). Of note, self-limiting
eizures are not classified by the FDA as a serious adverse
vent and are likely under-reported in the literature. A re-
ent admirable effort was made to gather such data through
he voluntary completion of surveys by TMS laboratories and
linics. However, as the authors of the study admit, the fi-
al sample size was small and the results likely unrepre-
entative of the true seizure rates ( Lerner et al., 2019 ). In
n attempt to provide more accurate statistics, we include
ll published and manufacturer provided reports of seizure 
vents using the H1 coil as well as, for comparison, available
ata for the figure-8 coil. ( Table 3 ). 
A previous version of the H1 data was recently published

 Tendler et al., 2018 ). Here we present an updated version
hat includes an additional 6 months. The total number of
eizures between 2010 and March 2019 using the H1 coil as
eported in the literature and by the manufacturer, spon-
aneously or in response to active survey is 46 (including 5
seudo-seizures). During this period, 48,252 personal head 
t al., Application of transcranial magnetic stimulation for major 
 European Neuropsychopharmacology, https://doi.org/10.1016/j. 
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2006.09.023 . 
caps were distributed, which can be used as an approxi-
mate number of patients that were treated. This gives an
overall crude seizure frequency of 0.00085. Eleven of these
seizures occurred in cases where TMS was administered per
instructions for use (pIFU) for a frequency of 0.00023. No
seizures occurred during the first TMS treatment, and most
of the seizures appeared to have had multiple proximal risk
factors (Supplementary Table 1). Of a total 46 seizures and
pseudo-seizures, 23 occurred when the MT was not checked
in the most recent week (perhaps clarifying the fact that
no seizures occurred in the first TMS treatment session),
and at least six seizures occurred at supra-threshold in-
tensities (above 120% of MT). Increased alcohol intake and
withdrawal before the treatment resulted in eight of the
seizures, and medication changes without rechecking the
MT was a likely cause of eleven of the seizures. Poor sleep
was a potential culprit for nine of the seizures, and exag-
gerated caffeine intake before TMS may have caused one
seizure. Three of the seizures may have been induced by
voluntary motor activity, which increases cortical excitabil-
ity and lowers motor threshold ( Edwardson et al., 2011;
Izumi et al., 2000 ), immediately before and during the TMS
train. There were no reports of seizure related injuries. 

As such, seizures induced by therapeutic high-frequency
TMS with either coils are very rare, at a rate of 0.085–
0.1%, which is consistent with former reports ( George et al.,
2013b ). 

10. Conclusions and future directions 

In this review, we summarized the differences in the de-
sign of the two commercially available TMS coils for the
treatment of MDD, the figure-8 coil and the H1 coil. We
then showed that the H1 coil allows deeper penetration,
wider distribution, and a more gradual decay of the e-
field compared to the more focal but superficial stimu-
lation of the figure-8 coil. Deeper and larger volumes of
e-fields are more likely to engage prefrontal circuitry in sul-
cal folds, where activation by TMS is thought to dominate.
The greater stimulation volume overcomes the high inter-
individual variability of the PFC’s functional and structural
architecture, which makes localization of targets for focal
stimulation extremely challenging with any current method-
ology. While the greater stimulation volume of the H1 coil
raised the concerns of stimulating non-pathological tissue
and a greater seizure risk, there is currently no evidence
for unwanted behavioral effects and a comprehensive re-
porting of seizures reveals the seizure rate to be compara-
ble to that of the figure-8 coil. More focal stimulation with
the figure-8 coil may still minimize behavioral side effects
of stimulating additional non-targeted tissue, but evidence
of such side effects is lacking in the literature. Finally, we
compared clinical results between separate RCTs using the
H1 coil or the standard figure-8 coil. While definitive conclu-
sions are difficult due to the difference in the studies and
the available results, the H1 coil does provide a higher odds
ratio for remission, which is the preferred endpoint for any
treatment. 

Yet, the challenges remain as there is still a large MDD
population that fail to benefit from rTMS and coil design
alone is likely insufficient to address all the remaining vari-
Please cite this article as: S. Zibman, G.S. Pell and N. Barnea-Ygael e
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ability. In that regard, development of new coil designs
should be combined with other efforts. For instance, ex-
ploring the effects of specific rTMS protocols for treating
specific MDD subpopulations as has been attempted with the
figure-8 coil (although with a negative outcome) in US vet-
erans ( Nemeroff, 2018; Yesavage et al., 2018 ) and with the
H1 coil in late-life depression ( Kaster et al., 2018 ). In ad-
dition, effort should be made to deliver an individualized
treatment based on biomarkers that can be easily measured
in routine clinical practice ( Kobayashi et al., 2017; Silver-
stein et al., 2015 ). 

11. Limitations 

This review is limited by the availability of experimental re-
sults. Many of the arguments regarding stimulation volume
and depth come from indirect measures, and there is lack
of imaging studies with the H1 coil, including measures of
the spatial reach of the stimulation and its interaction with
secondary targets. 
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Ivezi ć, E., Baši ć, S., Baji ć, Ž., Heilig, M., 2019. Efficacy of repet-
itive transcranial magnetic stimulation using a figure-8-coil or an
H1-coil in treatment of major depressive disorder; a randomized
clinical trial. J. Psychiatr. Res. doi: 10.1016/j.jpsychires.2019.
04.020 . 

Fischl, B. , Dale, A.M. , 2000. Measuring the thickness of the human
cerebral cortex from magnetic resonance images. Proc. Natl.
Acad. Sci. USA. 97, 11050–11055 . 

Fitzgerald, P.B., 2009. Repetitive transcranial magnetic stimulation
treatment for depression: lots of promise but still lots of ques-
tions. Brain Stimul. 2, 185–187. doi: 10.1016/j.brs.2009.08.005 . 

Fitzgerald, P.B., Hoy, K., McQueen, S., Maller, J.J., Herring, S., Seg-
rave, R., Bailey, M., Been, G., Kulkarni, J., Daskalakis, Z.J.,
2009. A randomized trial of rTMS targeted with MRI based neuro-
navigation in treatment-resistant depression. Neuropsychophar-
macology 34, 1255–1262. doi: 10.1038/npp.2008.233 . 

Fox, M.D., Buckner, R.L., White, M.P., Greicius, M.D., Pascual-
Leone, A., 2012. Efficacy of transcranial magnetic stimulation
targets for depression is related to intrinsic functional connec-
tivity with the subgenual cingulate. Biol. Psychiatry, Novel Phar-
macother. Depress. 72, 595–603. doi: 10.1016/j.biopsych.2012.
04.028 . 

Fox, M.D., Liu, H., Pascual-Leone, A., 2013. Identification of repro-
ducible individualized targets for treatment of depression with
TMS based on intrinsic connectivity. NeuroImage 66, 151–160.
doi: 10.1016/j.neuroimage.2012.10.082 . 

Fox, P.T., Narayana, S., Tandon, N., Sandoval, H., Fox, S.P.,
Kochunov, P., Lancaster, J.L., 2004. Column-based model of
electric field excitation of cerebral cortex. Hum. Brain Mapp.
22, 1–14. doi: 10.1002/hbm.20006 . 

George, M.S., 2010. Transcranial magnetic stimulation for the
treatment of depression. Expert Rev. Neurother. 10, 1761–1772.
doi: 10.1586/ern.10.95 . 

George, M.S., Lisanby, S.H., Avery, D., McDonald, W.M.,
Durkalski, V., Pavlicova, M., Anderson, B., Nahas, Z., Bulow, P.,
Zarkowski, P., Holtzheimer, P.E., Schwartz, T., Sackeim, H.A.,
2010. Daily left prefrontal transcranial magnetic stimulation
therapy for major depressive disorder: a sham-controlled ran-
domized trial. Arch. Gen. Psychiatry 67, 507–516. doi: 10.1001/
archgenpsychiatry.2010.46 . 

George, M.S., Taylor, J.J., Short, E.B., 2013a. The expanding evi-
dence base for rTMS treatment of depression. Curr. Opin. Psy-
chiatry 26, 13–18. doi: 10.1097/YCO.0b013e32835ab46d . 

George, M.S. , Taylor, J.J. , Short, E.B. , 2013b. The expanding evi-
dence base for rTMS treatment of depression. Curr. Opin. Psy-
chiatry 26, 13 . 

Ginou, A., Roth, Y., Zangen, A., 2014. Comparison of superficial
TMS and deep TMS for major depression. Brain Stimul. 7, e19.
doi: 10.1016/j.brs.2014.07.008 . 

Guadagnin, V., Parazzini, M., Fiocchi, S., Liorni, I., Ravazzani, P.,
2016. Deep transcranial magnetic stimulation: modeling of dif-
ferent coil configurations. IEEE Trans. Biomed. Eng. 63, 1543–
1550. doi: 10.1109/TBME.2015.2498646 . 

Guo, Q. , Li, C. , Wang, J. , 2017. Updated review on the clinical
use of repetitive transcranial magnetic stimulation in psychi-
atric disorders. Neurosci. Bull. 1–10 . 

Haeussinger, F.B., Heinzel, S., Hahn, T., Schecklmann, M., Ehlis, A.-
C., Fallgatter, A.J., 2011. Simulation of near-infrared light
absorption considering individual head and prefrontal cortex
anatomy: implications for optical neuroimaging. PloS One 6,
e26377. doi: 10.1371/journal.pone.0026377 . 
Please cite this article as: S. Zibman, G.S. Pell and N. Barnea-Ygael e
depression: Coil design and neuroanatomical variability considerations,
euroneuro.2019.06.009 
Harel, E.V., Zangen, A., Roth, Y., Reti, I., Braw, Y., Levkovitz, Y.,
2011. H-coil repetitive transcranial magnetic stimulation for the
treatment of bipolar depression: an add-on, safety and feasibil-
ity study. World J. Biol. Psychiatry 12, 119–126. doi: 10.3109/
15622975.2010.510893 . 

Heller, L. , van Hulsteyn, D.B. , 1992. Brain stimulation using electro-
magnetic sources: theoretical aspects. Biophys. J. 63, 129–138 . 

Hermida, A.P., Glass, O.M., Shafi, H., McDonald, W.M., 2018. Elec-
troconvulsive therapy in depression: current practice and future
direction. Psychiatr. Clin. North Am. 41, 341–353. doi: 10.1016/
j.psc.2018.04.001 . 

Herwig, U. , Padberg, F. , Unger, J. , Spitzer, M. , Schönfeldt-Le-
cuona, C. , 2001. Transcranial magnetic stimulation in therapy
studies: examination of the reliability of “standard” coil posi-
tioning by neuronavigation. Biol. Psychiatry 50, 58–61 . 

Hill, J., Dierker, D., Neil, J., Inder, T., Knutsen, A., Harwell, J.,
Coalson, T., Van Essen, D., 2010. A surface-based analysis of
hemispheric asymmetries and folding of cerebral cortex in term-
born human infants. J. Neurosci. Off. J. Soc. Neurosci. 30, 2268–
2276. doi: 10.1523/JNEUROSCI.4682-09.2010 . 

Iorio, R.D., Rossini, P.M., 2017. Safety considerations of the
use of TMS. Navigated Transcranial Magnetic Stimulation
in Neurosurgery. Springer, pp. 67–83, Cham. doi: 10.1007/
978- 3- 319- 54918- 7 _ 4 . 

Isserles, M., Rosenberg, O., Dannon, P., Levkovitz, Y., Kotler, M.,
Deutsch, F., Lerer, B., Zangen, A., 2011. Cognitive–emotional
reactivation during deep transcranial magnetic stimulation over
the prefrontal cortex of depressive patients affects antidepres-
sant outcome. J. Affect. Disord. 128, 235–242. doi: 10.1016/j.
jad.2010.06.038 . 

Isserles, M., Shalev, A.Y., Roth, Y., Peri, T., Kutz, I., Zlotnick, E.,
Zangen, A., 2013. Effectiveness of deep transcranial magnetic
stimulation combined with a brief exposure procedure in post-
traumatic stress disorder–A pilot study. Brain Stimul. 6, 377–383.
doi: 10.1016/j.brs.2012.07.008 . 

Izumi, S.-I. , Koyama, Y. , Furukawa, T. , Ishida, A. , 2000. Effect of
antagonistic voluntary contraction on motor responses in the
forearmq. Clin. Neurophysiol. 7 . 

Janssen, A.M., Oostendorp, T.F., Stegeman, D.F., 2015. The coil
orientation dependency of the electric field induced by TMS
for M1 and other brain areas. J. NeuroEngineering Rehabil. 12.
doi: 10.1186/s12984- 015- 0036- 2 . 

Jones, S.E. , Buchbinder, B.R. , Aharon, I. , 2000. Three-dimensional
mapping of cortical thickness using Laplace’s equation. Hum.
Brain Mapp. 11, 12–32 . 

Kaster, T.S., Daskalakis, Z.J., Noda, Y., Knyahnytska, Y., Dow-
nar, J., Rajji, T.K., Levkovitz, Y., Zangen, A., Butters, M.A., Mul-
sant, B.H., Blumberger, D.M., 2018. Efficacy, tolerability, and
cognitive effects of deep transcranial magnetic stimulation for
late-life depression: a prospective randomized controlled trial.
Neuropsychopharmacology 1. doi: 10.1038/s41386- 018- 0121- x . 

Kedzior, K.K., Gierke, L., Gellersen, H.M., Berlim, M.T., 2016. Cog-
nitive functioning and deep transcranial magnetic stimulation
(DTMS) in major psychiatric disorders: a systematic review. J.
Psychiatr. Res. 75, 107–115. doi: 10.1016/j.jpsychires.2015.12.
019 . 

Keller, M.B., 2003. Past, present, and future directions for defin-
ing optimal treatment outcome in depression: remission and be-
yond. JAMA 289, 3152–3160. doi: 10.1001/jama.289.23.3152 . 

Kimbrell, T.A., Dunn, R.T., George, M.S., Danielson, A.L.,
Willis, M.W., Repella, J.D., Benson, B.E., Herscovitch, P.,
Post, R.M., Wassermann, E.M., 2002. Left prefrontal-repetitive
transcranial magnetic stimulation (rTMS) and regional cerebral
glucose metabolism in normal volunteers. Psychiatry Res. Neu-
roimaging 115, 101–113. doi: 10.1016/S0925- 4927(02)00041- 0 . 

Kobayashi, B., Cook, I.A., Hunter, A.M., Minzenberg, M.J.,
Krantz, D.E., Leuchter, A.F., 2017. Can neurophysiologic mea-
sures serve as biomarkers for the efficacy of repetitive transcra-
t al., Application of transcranial magnetic stimulation for major 
 European Neuropsychopharmacology, https://doi.org/10.1016/j. 

http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0033
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0033
https://doi.org/10.1371/journal.pmed.1001547
https://doi.org/10.1016/j.jpsychires.2019.04.020
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0036
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0036
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0036
https://doi.org/10.1016/j.brs.2009.08.005
https://doi.org/10.1038/npp.2008.233
https://doi.org/10.1016/j.biopsych.2012.04.028
https://doi.org/10.1016/j.neuroimage.2012.10.082
https://doi.org/10.1002/hbm.20006
https://doi.org/10.1586/ern.10.95
https://doi.org/10.1001/archgenpsychiatry.2010.46
https://doi.org/10.1097/YCO.0b013e32835ab46d
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0045
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0045
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0045
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0045
https://doi.org/10.1016/j.brs.2014.07.008
https://doi.org/10.1109/TBME.2015.2498646
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0048
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0048
https://doi.org/10.1371/journal.pone.0026377
https://doi.org/10.3109/15622975.2010.510893
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0051
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0051
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0051
https://doi.org/10.1016/j.psc.2018.04.001
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0053
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0053
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0053
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0053
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0053
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0053
https://doi.org/10.1523/JNEUROSCI.4682-09.2010
https://doi.org/10.1007/978-3-319-54918-7_4
https://doi.org/10.1016/j.jad.2010.06.038
https://doi.org/10.1016/j.brs.2012.07.008
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0058
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0058
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0058
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0058
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0058
https://doi.org/10.1186/s12984-015-0036-2
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0060
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0060
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0060
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0060
https://doi.org/10.1038/s41386-018-0121-x
https://doi.org/10.1016/j.jpsychires.2015.12.019
https://doi.org/10.1001/jama.289.23.3152
https://doi.org/10.1016/S0925-4927(02)00041-0
https://doi.org/10.1016/j.euroneuro.2019.06.009


Application of transcranial magnetic stimulation for major depression 13 

ARTICLE IN PRESS 

JID: NEUPSY [m6+; July 5, 2019;11:18 ] 

K  

 

K  

L  

 

L  

L  

L  

 

L  

L  

 

L  

 

L  

L  

L  

 

L  

 

M  

 

M

M  

 

 

 

 

 

M  

 

 

M  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nial magnetic stimulation treatment of major depressive dis- 
order? Int. Rev. Psychiatry 29, 98–114. doi: 10.1080/09540261. 
2017.1297697 . 

rieg, T.D. , Salinas, F.S. , Narayana, S. , Fox, P.T. , Mogul, D.J. , 2015.
Computational and experimental analysis of TMS-induced elec- 
tric field vectors critical to neuronal activation. J. Neural Eng.
12, 046014 . 

rieg, T.D., Salinas, F.S., Narayana, S., Fox, P.T., Mogul, D.J.,
2013. PET-based confirmation of orientation sensitivity of TMS- 
induced cortical activation in humans. Brain Stimul. 6, 898–904. 
doi: 10.1016/j.brs.2013.05.007 . 

aakso, I., Hirata, A., Ugawa, Y., 2014. Effects of coil orientation
on the electric field induced by TMS over the hand motor area.
Phys. Med. Biol. 59, 203–218. doi: 10.1088/0031-9155/59/1/203 . 

aakso, I., Murakami, T., Hirata, A., Ugawa, Y., 2018. Where and
what TMS activates: experiments and modeling. Brain Stimul. 
11, 166–174. doi: 10.1016/j.brs.2017.09.011 . 

am, R.W., Kennedy, S.H., Grigoriadis, S., McIntyre, R.S., Milev, R.,
Ramasubbu, R., Parikh, S.V., Patten, S.B., Ravindran, A.V., 2009. 
Canadian network for mood and anxiety treatments (CANMAT) 
clinical guidelines for the management of major depressive dis- 
order in adults.: III. Pharmacotherapy. J. Affect. Disord. 117, 
S26–S43. doi: 10.1016/j.jad.2009.06.041 , Canadian Network for 
Mood and anxiety Treatments (CANMAT) Clinical Guidelines for 
the Management of Major Depressive Disorder in Adults . 

ee, J.C. , Blumberger, D.M. , Fitzgerald, P.B. , Daskalakis, Z.J. ,
Levinson, A.J. , 2012. The role of transcranial magnetic stimu-
lation in treatment-resistant depression: a review. Curr. Pharm. 
Des. 18, 5846–5852 . 

erner, A.J. , Wassermann, E.M. , Tamir, D.I. , 2019. Seizures from
transcranial magnetic stimulation 2012–2016: Results of a survey 
of active laboratories and clinics. Clin. Neurophysiol . 

evkovitz, Y., Harel, E.V., Roth, Y., Braw, Y., Most, D., Katz, L.N.,
Sheer, A., Gersner, R., Zangen, A., 2009. Deep transcranial mag-
netic stimulation over the prefrontal cortex: evaluation of an- 
tidepressant and cognitive effects in depressive patients. Brain 
Stimul 2, 188–200. doi: 10.1016/j.brs.2009.08.002 . 

evkovitz, Y. , Isserles, M. , Padberg, F. , Lisanby, S.H. , Bystritsky, A. ,
Xia, G. , Tendler, A. , Daskalakis, Z.J. , Winston, J.L. , Dannon, P. ,
2015. Efficacy and safety of deep transcranial magnetic stimu- 
lation for major depression: a prospective multicenter random- 
ized controlled trial. World Psychiatry 14, 64–73 . 

evkovitz, Y., Rabany, L., Harel, E.V., Zangen, A., 2011. Deep tran-
scranial magnetic stimulation add-on for treatment of negative 
symptoms and cognitive deficits of schizophrenia: a feasibility 
study. Int. J. Neuropsychopharmacol. 14, 991–996. doi: 10.1017/ 
S1461145711000642 . 

i, X., Nahas, Z., Kozel, F.A., Anderson, B., Bohning, D.E.,
George, M.S., 2004. Acute left prefrontal transcranial magnetic 
stimulation in depressed patients is associated with immediately 
increased activity in prefrontal cortical as well as subcortical 
regions. Biol. Psychiatry 55, 882–890. doi: 10.1016/j.biopsych. 
2004.01.017 . 

iao, Y., Huang, X., Wu, Q., Yang, C., Kuang, W., Du, M., Lui, S.,
Yue, Q., Chan, R.C.K., Kemp, G.J., Gong, Q., 2013. Is depres-
sion a disconnection syndrome? Meta-analysis of diffusion tensor 
imaging studies in patients with MDD. J. Psychiatry Neurosci. 
JPN 38, 49–56. doi: 10.1503/jpn.110180 . 

oo, C.K. , Mitchell, P.B. , Croker, V.M. , Malhi, G.S. , Wen, W. , Gan-
devia, S.C. , Sachdev, P.S. , 2003. Double-blind controlled investi-
gation of bilateral prefrontal transcranial magnetic stimulation 
for the treatment of resistant major depression. Psychol. Med. 
33, 33–40 . 

athers, C.D., Loncar, D., 2006. Projections of global mortality and
burden of disease from 2002 to 2030. PLOS Med. 3, e442. doi: 10.
1371/journal.pmed.0030442 . 

athew, S.J., 2008. Treatment-resistant depression: recent devel- 
opments and future directions. Depress. Anxiety 25, 989–992. 
doi: 10.1002/da.20540 . 
Please cite this article as: S. Zibman, G.S. Pell and N. Barnea-Ygael e
depression: Coil design and neuroanatomical variability considerations,
euroneuro.2019.06.009 
cClintock, S.M., Reti, I.M., Carpenter, L.L., McDonald, W.M., Du-
bin, M., Taylor, S.F., Cook, I.A., O’Reardon, J., Husain, M.M.,
Wall, C., Krystal, A.D., Sampson, S.M., Morales, O., Nel-
son, B.G., Latoussakis, V., George, M.S., Lisanby, S.H.American 
Psychiatric Association Council on Research Task Force on Novel
Biomarkers and Treatments, 2017. Consensus recommendations 
for the clinical application of repetitive transcranial magnetic
stimulation (rTMS) in the treatment of depression. J. Clin. Psy-
chiatry. doi: 10.4088/JCP.16cs10905 . 

ueller, S., Wang, D., Fox, M.D., Yeo, B.T.T., Sepulcre, J.,
Sabuncu, M.R., Shafee, R., Lu, J., Liu, H., 2013. Individual
variability in functional connectivity architecture of the human
brain. Neuron 77, 586–595. doi: 10.1016/j.neuron.2012.12.028 . 

urray, C.J.L., Barber, R.M., Foreman, K.J., Ozgoren, A.A., Abd-
Allah, F., Abera, S.F., Aboyans, V., Abraham, J.P., Abubakar, I.,
Abu-Raddad, L.J., Abu-Rmeileh, N.M., Achoki, T., Acker- 
man, I.N., Ademi, Z., Adou, A.K., Adsuar, J.C., Afshin, A.,
Agardh, E.E., Alam, S.S., Alasfoor, D., Albittar, M.I., Ale-
gretti, M.A., Alemu, Z.A., Alfonso-Cristancho, R., Alhabib, S., 
Ali, R., Alla, F., Allebeck, P., Almazroa, M.A., Alsharif, U.,
Alvarez, E., Alvis-Guzman, N., Amare, A.T., Ameh, E.A., 
Amini, H., Ammar, W., Anderson, H.R., Anderson, B.O., An-
tonio, C.A.T., Anwari, P., Arnlöv, J., Arsenijevic, V.S.A., Ar-
taman, A., Asghar, R.J., Assadi, R., Atkins, L.S., Avila, M.A.,
Awuah, B., Bachman, V.F., Badawi, A., Bahit, M.C., Balakr-
ishnan, K., Banerjee, A., Barker-Collo, S.L., Barquera, S., 
Barregard, L., Barrero, L.H., Basu, A., Basu, S., Basu-
laiman, M.O., Beardsley, J., Bedi, N., Beghi, E., Bekele, T.,
Bell, M.L., Benjet, C., Bennett, D.A., Bensenor, I.M., Ben-
zian, H., Bernabé, E., Bertozzi-Villa, A., Beyene, T.J., Bhala, N.,
Bhalla, A., Bhutta, Z.A., Bienhoff, K., Bikbov, B., Biryukov, S.,
Blore, J.D., Blosser, C.D., Blyth, F.M., Bohensky, M.A., Bol-
liger, I.W., Ba ̧s ara, B.B., Bornstein, N.M., Bose, D., Boufous, S.,
Bourne, R.R.A., Boyers, L.N., Brainin, M., Brayne, C.E.,
Brazinova, A., Breitborde, N.J.K., Brenner, H., Briggs, A.D., 
Brooks, P.M., Brown, J.C., Brugha, T.S., Buchbinder, R., 
Buckle, G.C., Budke, C.M., Bulchis, A., Bulloch, A.G., Campos-
Nonato, I.R., Carabin, H., Carapetis, J.R., Cárdenas, R., Car-
penter, D.O., Caso, V., Castañeda-Orjuela, C.A., Castro, R.E., 
Catalá-López, F., Cavalleri, F., Çavlin, A., Chadha, V.K., 
Chang, J.-C., Charlson, F.J., Chen, H., Chen, W., Chi-
ang, P.P., Chimed-Ochir, O., Chowdhury, R., Christensen, H., 
Christophi, C.A., Cirillo, M., Coates, M.M., Coffeng, L.E., 
Coggeshall, M.S., Colistro, V., Colquhoun, S.M., Cooke, G.S., 
Cooper, C., Cooper, L.T., Coppola, L.M., Cortinovis, M., 
Criqui, M.H., Crump, J.A., Cuevas-Nasu, L., Danawi, H., Dan-
dona, L., Dandona, R., Dansereau, E., Dargan, P.I., Davey, G.,
Davis, A., Davitoiu, D.V., Dayama, A., De Leo, D., Degen-
hardt, L., Del Pozo-Cruz, B., Dellavalle, R.P., Deribe, K., Der-
rett, S., Jarlais, D.C.D., Dessalegn, M., Dharmaratne, S.D., 
Dherani, M.K., Diaz-Torné, C., Dicker, D., Ding, E.L., Dokova, K.,
Dorsey, E.R., Driscoll, T.R., Duan, L., Duber, H.C., Ebel, B.E.,
Edmond, K.M., Elshrek, Y.M., Endres, M., Ermakov, S.P., 
Erskine, H.E., Eshrati, B., Esteghamati, A., Estep, K., 
Faraon, E.J.A., Farzadfar, F., Fay, D.F., Feigin, V.L., Felson, D.T.,
Fereshtehnejad, S.-M., Fernandes, J.G., Ferrari, A.J., Fitzmau- 
rice, C., Flaxman, A.D., Fleming, T.D., Foigt, N., Forouzan-
far, M.H., Fowkes, F.G.R., Paleo, U.F., Franklin, R.C., Fürst, T.,
Gabbe, B., Gaffikin, L., Gankpé, F.G., Geleijnse, J.M., Gess-
ner, B.D., Gething, P., Gibney, K.B., Giroud, M., Giussani, G.,
Dantes, H.G., Gona, P., González-Medina, D., Gosselin, R.A., 
Gotay, C.C., Goto, A., Gouda, H.N., Graetz, N., Gugnani, H.C.,
Gupta, Rahul, Gupta, Rajeev, Gutiérrez, R.A., Haagsma, J., 
Hafezi-Nejad, N., Hagan, H., Halasa, Y.A., Hamadeh, R.R., 
Hamavid, H., Hammami, M., Hancock, J., Hankey, G.J., 
Hansen, G.M., Hao, Y., Harb, H.L., Haro, J.M., Havmoeller, R.,
Hay, S.I., Hay, R.J., Heredia-Pi, I.B., Heuton, K.R., Heydar-
pour, P., Higashi, H., Hijar, M., Hoek, H.W., Hoffman, H.J.,
t al., Application of transcranial magnetic stimulation for major 
 European Neuropsychopharmacology, https://doi.org/10.1016/j. 

https://doi.org/10.1080/09540261.2017.1297697
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0066
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0066
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0066
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0066
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0066
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0066
https://doi.org/10.1016/j.brs.2013.05.007
https://doi.org/10.1088/0031-9155/59/1/203
https://doi.org/10.1016/j.brs.2017.09.011
https://doi.org/10.1016/j.jad.2009.06.041
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0071
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0071
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0071
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0071
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0071
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0071
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0058a
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0058a
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0058a
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0058a
https://doi.org/10.1016/j.brs.2009.08.002
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0073
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0073
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0073
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0073
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0073
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0073
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0073
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0073
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0073
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0073
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0073
https://doi.org/10.1017/S1461145711000642
https://doi.org/10.1016/j.biopsych.2004.01.017
https://doi.org/10.1503/jpn.110180
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0077
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0077
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0077
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0077
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0077
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0077
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0077
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0077
https://doi.org/10.1371/journal.pmed.0030442
https://doi.org/10.1002/da.20540
https://doi.org/10.4088/JCP.16cs10905
https://doi.org/10.1016/j.neuron.2012.12.028
https://doi.org/10.1016/j.euroneuro.2019.06.009


14 S. Zibman, G.S. Pell and N. Barnea-Ygael et al. 

ARTICLE IN PRESS 

JID: NEUPSY [m6+; July 5, 2019;11:18 ] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hosgood, H.D., Hossain, M., Hotez, P.J., Hoy, D.G., Hsairi, M.,
Hu, G., Huang, C., Huang, J.J., Husseini, A., Huynh, C., Ian-
narone, M.L., Iburg, K.M., Innos, K., Inoue, M., Islami, F., Ja-
cobsen, K.H., Jarvis, D.L., Jassal, S.K., Jee, S.H., Jeemon, P.,
Jensen, P.N., Jha, V., Jiang, G., Jiang, Y., Jonas, J.B.,
Juel, K., Kan, H., Karch, A., Karema, C.K., Karimkhani, C.,
Karthikeyan, G., Kassebaum, N.J., Kaul, A., Kawakami, N.,
Kazanjan, K., Kemp, A.H., Kengne, A.P., Keren, A., Khader, Y.S.,
Khalifa, S.E.A., Khan, E.A., Khan, G., Khang, Y.-H., Kieling, C.,
Kim, D., Kim, S., Kim, Y., Kinfu, Y., Kinge, J.M., Kivipelto, M.,
Knibbs, L.D., Knudsen, A.K., Kokubo, Y., Kosen, S., Krish-
naswami, S., Defo, B.K., Bicer, B.K., Kuipers, E.J., Kulka-
rni, C., Kulkarni, V.S., Kumar, G.A., Kyu, H.H., Lai, T., Lal-
loo, R., Lallukka, T., Lam, H., Lan, Q., Lansingh, V.C., Lars-
son, A., Lawrynowicz, A.E.B., Leasher, J.L., Leigh, J., Leung, R.,
Levitz, C.E., Li, B., Li, Yichong, Li, Yongmei, Lim, S.S., Lind, M.,
Lipshultz, S.E., Liu, S., Liu, Y., Lloyd, B.K., Lofgren, K.T.,
Logroscino, G., Looker, K.J., Lortet-Tieulent, J., Lotufo, P.A.,
Lozano, R., Lucas, R.M., Lunevicius, R., Lyons, R.A., Ma, S.,
Macintyre, M.F., Mackay, M.T., Majdan, M., Malekzadeh, R.,
Marcenes, W., Margolis, D.J., Margono, C., Marzan, M.B.,
Masci, J.R., Mashal, M.T., Matzopoulos, R., Mayosi, B.M.,
Mazorodze, T.T., Mcgill, N.W., Mcgrath, J.J., Mckee, M.,
Mclain, A., Meaney, P.A., Medina, C., Mehndiratta, M.M.,
Mekonnen, W., Melaku, Y.A., Meltzer, M., Memish, Z.A., Men-
sah, G.A., Meretoja, A., Mhimbira, F.A., Micha, R., Miller, T.R.,
Mills, E.J., Mitchell, P.B., Mock, C.N., Ibrahim, N.M., Moham-
mad, K.A., Mokdad, A.H., Mola, G.L.D., Monasta, L., Her-
nandez, J.C.M., Montico, M., Montine, T.J., Mooney, M.D.,
Moore, A.R., Moradi-Lakeh, M., Moran, A.E., Mori, R., Moschan-
dreas, J., Moturi, W.N., Moyer, M.L., Mozaffarian, D., Msem-
buri, W.T., Mueller, U.O., Mukaigawara, M., Mullany, E.C.,
Murdoch, M.E., Murray, J., Murthy, K.S., Naghavi, M., Na-
heed, A., Naidoo, K.S., Naldi, L., Nand, D., Nangia, V.,
Narayan, K.M.V., Nejjari, C., Neupane, S.P., Newton, C.R.,
Ng, M., Ngalesoni, F.N., Nguyen, G., Nisar, M.I., Nolte, S.,
Norheim, O.F., Norman, R.E., Norrving, B., Nyakarahuka, L.,
Oh, I.-H., Ohkubo, T., Ohno, S.L., Olusanya, B.O., Opio, J.N.,
Ortblad, K., Ortiz, A., Pain, A.W., Pandian, J.D., Panelo, C.I.A.,
Papachristou, C., Park, E.-K., Park, J.-H., Patten, S.B., Pat-
ton, G.C., Paul, V.K., Pavlin, B.I., Pearce, N., Pereira, D.M.,
Perez-Padilla, R., Perez-Ruiz, F., Perico, N., Pervaiz, A.,
Pesudovs, K., Peterson, C.B., Petzold, M., Phillips, M.R.,
Phillips, B.K., Phillips, D.E., Piel, F.B., Plass, D., Poenaru, D.,
Polinder, S., Pope, D., Popova, S., Poulton, R.G., Pourmalek, F.,
Prabhakaran, D., Prasad, N.M., Pullan, R.L., Qato, D.M., Quist-
berg, D.A., Rafay, A., Rahimi, K., Rahman, S.U., Raju, M.,
Rana, S.M., Razavi, H., Reddy, K.S., Refaat, A., Remuzzi, G.,
Resnikoff, S., Ribeiro, A.L., Richardson, L., Richardus, J.H.,
Roberts, D.A., Rojas-Rueda, D., Ronfani, L., Roth, G.A.,
Rothenbacher, D., Rothstein, D.H., Rowley, J.T., Roy, N.,
Ruhago, G.M., Saeedi, M.Y., Saha, S., Sahraian, M.A., Samp-
son, U.K.A., Sanabria, J.R., Sandar, L., Santos, I.S., Satpa-
thy, M., Sawhney, M., Scarborough, P., Schneider, I.J., Schöt-
tker, B., Schumacher, A.E., Schwebel, D.C., Scott, J.G., See-
dat, S., Sepanlou, S.G., Serina, P.T., Servan-Mori, E.E., Shack-
elford, K.A., Shaheen, A., Shahraz, S., Levy, T.S., Shangguan, S.,
She, J., Sheikhbahaei, S., Shi, P., Shibuya, K., Shinohara, Y.,
Shiri, R., Shishani, K., Shiue, I., Shrime, M.G., Sigfusdot-
tir, I.D., Silberberg, D.H., Simard, E.P., Sindi, S., Singh, A.,
Singh, J.A., Singh, L., Skirbekk, V., Slepak, E.L., Sliwa, K.,
Soneji, S., Søreide, K., Soshnikov, S., Sposato, L.A., Sreera-
mareddy, C.T., Stanaway, J.D., Stathopoulou, V., Stein, D.J.,
Stein, M.B., Steiner, C., Steiner, T.J., Stevens, A., Stew-
art, A., Stovner, L.J., Stroumpoulis, K., Sunguya, B.F., Swami-
nathan, S., Swaroop, M., Sykes, B.L., Tabb, K.M., Taka-
hashi, K., Tandon, N., Tanne, D., Tanner, M., Tavakkoli, M.,
Taylor, H.R., Ao, B.J.T., Tediosi, F., Temesgen, A.M., Tem-
Please cite this article as: S. Zibman, G.S. Pell and N. Barnea-Ygael e
depression: Coil design and neuroanatomical variability considerations,
euroneuro.2019.06.009 
plin, T., Ten Have, M., Tenkorang, E.Y., Terkawi, A.S., Thom-
son, B., Thorne-Lyman, A.L., Thrift, A.G., Thurston, G.D.,
Tillmann, T., Tonelli, M., Topouzis, F., Toyoshima, H., Trae-
bert, J., Tran, B.X., Trillini, M., Truelsen, T., Tsilimbaris, M.,
Tuzcu, E.M., Uchendu, U.S., Ukwaja, K.N., Undurraga, E.A.,
Uzun, S.B., Van Brakel, W.H., Van De Vijver, S., van Gool, C.H.,
Van Os, J., Vasankari, T.J., Venketasubramanian, N., Vi-
olante, F.S., Vlassov, V.V., Vollset, S.E., Wagner, G.R., Wag-
ner, J., Waller, S.G., Wan, X., Wang, H., Wang, J., Wang, L.,
Warouw, T.S., Weichenthal, S., Weiderpass, E., Weintraub, R.G.,
Wenzhi, W., Werdecker, A., Westerman, R., Whiteford, H.A.,
Wilkinson, J.D., Williams, T.N., Wolfe, C.D., Wolock, T.M.,
Woolf, A.D., Wulf, S., Wurtz, B., Xu, G., Yan, L.L., Yano, Y.,
Ye, P., Yentür, G.K., Yip, P., Yonemoto, N., Yoon, S.-J., You-
nis, M.Z., Yu, C., Zaki, M.E., Zhao, Y., Zheng, Y., Zonies, D.,
Zou, X., Salomon, J.A., Lopez, A.D., Vos, T., 2015. Global, re-
gional, and national disability-adjusted life years (DALYs) for
306 diseases and injuries and healthy life expectancy (HALE)
for 188 countries, 1990–2013: quantifying the epidemiological
transition. Lancet 386, 2145–2191. doi: 10.1016/S0140-6736(15)
61340-X . 

Mutz, J., Edgcumbe, D.R., Brunoni, A.R., Fu, C.H.Y., 2018. Efficacy
and acceptability of non-invasive brain stimulation for the treat-
ment of adult unipolar and bipolar depression: a systematic re-
view and meta-analysis of randomised sham-controlled trials.
Neurosci. Biobehav. Rev. 92, 291–303. doi: 10.1016/j.neubiorev.
2018.05.015 . 

Narushima, K., McCormick, L.M., Yamada, T., Thatcher, R.W.,
Robinson, R.G., 2010. Subgenual cingulate theta activity pre-
dicts treatment response of repetitive transcranial magnetic
stimulation in participants with vascular depression. J. Neu-
ropsychiatry Clin. Neurosci. 22, 75–84. doi: 10.1176/jnp.2010.
22.1.75 . 

Nemeroff, C.B., 2018. The search for treatments for veterans with
major Depression: of paramount Importance, yet still elusive.
JAMA Psychiatry. 75, 877–878. doi: 10.1001/jamapsychiatry.
2018.1591 . 

Nummenmaa, A., McNab, J.A., Savadjiev, P., Okada, Y.,
Hämäläinen, M.S., Wang, R., Wald, L.L., Pascual-Leone, A.,
Wedeen, V.J., Raij, T., 2014. Targeting of white matter tracts
with transcranial magnetic stimulation. Brain Stimulat 7, 80–84.
doi: 10.1016/j.brs.2013.10.001 . 

O’Reardon, J.P., Solvason, H.B., Janicak, P.G., Sampson, S., Isen-
berg, K.E., Nahas, Z., McDonald, W.M., Avery, D., Fitzger-
ald, P.B., Loo, C., Demitrack, M.A., George, M.S., Sack-
eim, H.A., 2007. Efficacy and safety of transcranial magnetic
stimulation in the acute treatment of major Depression: a multi-
site randomized controlled trial. Biol. Psychiatry 62, 1208–1216.
doi: 10.1016/j.biopsych.2007.01.018 . 

Parazzini, M., Fiocchi, S., Cancelli, A., Cottone, C., Liorni, I.,
Ravazzani, P., Tecchio, F., 2017a. A computational model of the
electric field distribution due to regional personalized or non-
personalized electrodes to select transcranial electric stimula-
tion target. IEEE Trans. Biomed. Eng. 64, 184–195. doi: 10.1109/
TBME.2016.2553177 . 

Parazzini, M., Fiocchi, S., Chiaramello, E., Roth, Y., Zangen, A.,
Ravazzani, P., 2017b. Electric field estimation of deep tran-
scranial magnetic stimulation clinically used for the treat-
ment of neuropsychiatric disorders in anatomical head models.
Med. Eng. Phys. 43, 30–38. doi: 10.1016/j.medengphy.2017.02.
003 . 

Perera, T., George, M.S., Grammer, G., Janicak, P.G., Pascual-
Leone, A., Wirecki, T.S., 2016a. The clinical TMS society con-
sensus review and treatment recommendations for TMS ther-
apy for major depressive disorder. Brain Stimul. 9, 336–346.
doi: 10.1016/j.brs.2016.03.010 . 

Perera, T., George, M.S., Grammer, G., Janicak, P.G., Pascual-
Leone, A., Wirecki, T.S., 2016b. The clinical TMS society con-
t al., Application of transcranial magnetic stimulation for major 
 European Neuropsychopharmacology, https://doi.org/10.1016/j. 

https://doi.org/10.1016/S0140-6736(15)61340-X
https://doi.org/10.1016/j.neubiorev.2018.05.015
https://doi.org/10.1176/jnp.2010.22.1.75
https://doi.org/10.1001/jamapsychiatry.2018.1591
https://doi.org/10.1016/j.brs.2013.10.001
https://doi.org/10.1016/j.biopsych.2007.01.018
https://doi.org/10.1109/TBME.2016.2553177
https://doi.org/10.1016/j.medengphy.2017.02.penalty -@M 003
https://doi.org/10.1016/j.brs.2016.03.010
https://doi.org/10.1016/j.euroneuro.2019.06.009


Application of transcranial magnetic stimulation for major depression 15 

ARTICLE IN PRESS 

JID: NEUPSY [m6+; July 5, 2019;11:18 ] 

P  

 

R
 

 

 

R  

 

 

R  

 

R  

R  

R  

R  

R  

R  

 

R  

 

S  

S  

S  

S  

 

S  

 

S  

 

 

S  

 

T  

T  

 

 

 

T  

T  

 

T  

 

T  

 

T  

T  

 

T  

 

 

Ü  

 

 

V  

 

 

 

V  

 

W  

 

sensus review and treatment recommendations for TMS ther- 
apy for major depressive disorder. Brain Stimul. 9, 336–346. 
doi: 10.1016/j.brs.2016.03.010 . 

isani, F. , Oteri, G. , Costa, C. , Di Raimondo, G. , Di Perri, R. , 2002.
Effects of psychotropic drugs on seizure threshold. Drug Saf. 25,
91–110 . 

ajkowska, G. , Goldman-Rakic, P.S. , 1995. Cytoarchitectonic defi- 
nition of prefrontal areas in the normal human cortex: II. Vari-
ability in locations of areas 9 and 46 and relationship to the
talairach coordinate system. Cereb. Cortex 5, 323–337 N. Y. N
1991 . 

ogers, J., Kochunov, P., Zilles, K., Shelledy, W., Lancaster, J.,
Thompson, P., Duggirala, R., Blangero, J., Fox, P.T., Glahn, D.C.,
2010. On the genetic architecture of cortical folding and brain
volume in primates. NeuroImage 53, 1103–1108. doi: 10.1016/j. 
neuroimage.2010.02.020 . 

osenberg, O., Shoenfeld, N., Zangen, A., Kotler, M., Dannon, P.N.,
2010. Deep TMS in a resistant major depressive disorder: a brief
report. Depress. Anxiety 27, 465–469. doi: 10.1002/da.20689 . 

ossi, S., Hallett, M., Rossini, P.M., Pascual-Leone, A., 2009. Safety,
ethical considerations, and application guidelines for the use 
of transcranial magnetic stimulation in clinical practice and 
research. Clin. Neurophysiol. 120, 2008–2039. doi: 10.1016/j. 
clinph.2009.08.016 . 

oth, B.J., Basser, P.J., 1990. A model of the stimulation of a nerve
fiber by electromagnetic induction. IEEE Trans. Biomed. Eng. 37, 
588–597. doi: 10.1109/10.55662 . 

oth, Y., Amir, A., Levkovitz, Y., Zangen, A., 2007. Three-
Dimensional distribution of the electric field induced in the 
brain by transcranial magnetic stimulation using Figure-8 and 
deep H-Coils. J. Clin. Neurophysiol. 24, 31. doi: 10.1097/WNP. 
0b013e31802fa393 . 

oth, Y., Pell, G.S., Zangen, A., 2013. Commentary on: Deng et al.,
electric field depth–focality tradeoff in transcranial magnetic 
stimulation: simulation comparison of 50 coil designs. Brain 
Stimul. 6, 14–15. doi: 10.1016/j.brs.2012.04.003 . 

oth, Y. , Zangen, A. , Hallett, M. , 2002. A coil design for transcranial
magnetic stimulation of deep brain regions. J. Clin. Neurophys- 
iol. 19, 361 . 

ush, A.J., Kraemer, H.C., Sackeim, H.A., Fava, M., Trivedi, M.H.,
Frank, E., Ninan, P.T., Thase, M.E., Gelenberg, A.J., 
Kupfer, D.J., Regier, D.A., Rosenbaum, J.F., Ray, O., 
Schatzberg, A.F.ACNP Task Force, 2006. Report by the ACNP task
force on response and remission in major depressive disorder. 
Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychophar- 
macol. 31, 1841–1853. doi: 10.1038/sj.npp.1301131 . 

ushton, W.A. , 1927. The effect upon the threshold for nervous ex-
citation of the length of nerve exposed, and the angle between
current and nerve. J. Physiol. 63, 357–377 . 

eo, H., Jun, S.C., 2017. Multi-Scale computational models for elec-
trical brain stimulation. Front. Hum. Neurosci. 11. doi: 10.3389/ 
fnhum.2017.00515 . 

erafini, G., Pompili, M., Belvederi Murri, M., Respino, M., Ghio, L.,
Girardi, P., Fitzgerald, P.B., Amore, M., 2015. The effects 
of repetitive transcranial magnetic stimulation on cognitive 
performance in treatment-resistant depression. A systematic 
review. Neuropsychobiology Basel 71, 125–139. doi: 10.1159/ 
000381351 . 

exton, C.E., Mackay, C.E., Ebmeier, K.P., 2009. A systematic re-
view of diffusion tensor imaging studies in affective disorders. 
Biol. Psychiatry 66, 814–823. doi: 10.1016/j.biopsych.2009.05. 
024 . 

ilva, S., Basser, P.J., Miranda, P.C., 2008. Elucidating the mecha-
nisms and loci of neuronal excitation by transcranial magnetic 
stimulation using a finite element model of a cortical sulcus.
Clin. Neurophysiol. Off. J. Int. Fed. Clin. Neurophysiol. 119, 
2405–2413. doi: 10.1016/j.clinph.2008.07.248 . 
Please cite this article as: S. Zibman, G.S. Pell and N. Barnea-Ygael e
depression: Coil design and neuroanatomical variability considerations,
euroneuro.2019.06.009 
ilverstein, W.K., Noda, Y., Barr, M.S., Vila-Rodriguez, F., Ra-
jji, T.K., Fitzgerald, P.B., Downar, J., Mulsant, B.H., Vigod, S.,
Daskalakis, Z.J., Blumberger, D.M., 2015. Neurobiological pre- 
dictors of response to dorsolateral prefrontal cortex repetitive 
transcranial magnetic stimulation in depression: a systematic 
review. Depress. Anxiety 32, 871–891. doi: 10.1002/da.22424 . 

obocki, P., Ekman, M., Agren, H., Runeson, B., Jönsson, B.,
2006. The mission is remission: health economic consequences
of achieving full remission with antidepressant treatment for 
depression. Int. J. Clin. Pract. 60, 791–798. doi: 10.1111/j.
1742-1241.2006.00997.x . 

tultz, D.J., 2019. Successful continued TMS treatment after a
Seizure: a letter to the editor. Brain Stimul. doi: 10.1016/j.brs.
2019.01.009 . 

endler, A., Barnea Ygael, N., Roth, Y., Zangen, A., 2016. Deep
transcranial magnetic stimulation (dTMS) – beyond depression. 
Expert Rev. Med. Devices 13, 987–1000. doi: 10.1080/17434440. 
2016.1233812 . 

endler, A., DeLuca, M., DeLuca, L., DeBlasio, K., Lasalle-
Ricci, V.H., Allsup, H., Turcone, M., Raggi, K., Rodriguez, N.,
Roth, Y., Zangen, A., 2014. Supra threshold deep repetitive tran-
scranial magnetic stimulation (dTMS): case series. Brain Stimul. 
Basic Transl. Clin. Res. Neuromodulation 7, e25. doi: 10.1016/j.
brs.2014.07.029 . 

endler, A., Roth, Y., Zangen, A., 2018. Rate of inadvertently in-
duced seizures with deep repetitive transcranial magnetic stim- 
ulation. Brain Stimul. 11, 1410–1414. doi: 10.1016/j.brs.2018. 
09.001 . 

hielscher, A., Kammer, T., 2004. Electric field properties of two
commercial figure-8 coils in TMS: calculation of focality and
efficiency. Clin. Neurophysiol. 115, 1697–1708. doi: 10.1016/j. 
clinph.2004.02.019 . 

ofts, P.S., 1990. The distribution of induced currents in magnetic
stimulation of the nervous system. Phys. Med. Biol. 35, 1119.
doi: 10.1088/0031-9155/35/8/008 . 

ofts, P.S. , Branston, N.M. , 1991. The measurement of electric
field, and the influence of surface charge, in magnetic stimu-
lation. Electroencephalogr. Clin. Neurophysiol. 81, 238–239 . 

oga, A.W. , 2015. Brain mapping: An encyclopedic reference, 1.
Academic Press, p. 37 . 

oro, R., Perron, M., Pike, B., Richer, L., Veillette, S., Pausova, Z.,
Paus, T., 2008. Brain size and folding of the human cerebral cor-
tex. Cereb. Cortex 18, 2352–2357. doi: 10.1093/cercor/bhm261 , 
N. Y. N 1991 . 

rivedi, M.H., Corey-Lisle, P.K., Guo, Z., Lennox, R.D., Pikalov, A.,
Kim, E., 2009. Remission, response without remission, and non-
response in major depressive disorder: impact on function-
ing. Int. Clin. Psychopharmacol. 24, 133–138. doi: 10.1097/YIC. 
0b013e3283277614 . 

stün, T.B., Ayuso-Mateos, J.L., Chatterji, S., Mathers, C., Mur-
ray, C.J.L., 2004. Global burden of depressive disorders in the
year 2000. Br. J. Psychiatry 184, 386–392. doi: 10.1192/bjp.184.
5.386 . 

ink, J.J.T., Mandija, S., Petrov, P.I., van den Berg, C.A.T., Som-
mer, I.E.C., Neggers, S.F.W., 2018. A novel concurrent TMS-fMRI
method to reveal propagation patterns of prefrontal magnetic
brain stimulation. Hum. Brain Mapp. 39, 4580–4592. doi: 10.
1002/hbm.24307 . 

oigt, J., Carpenter, L., Leuchter, A., 2017. Cost effectiveness anal-
ysis comparing repetitive transcranial magnetic stimulation to 
antidepressant medications after a first treatment failure for 
major depressive disorder in newly diagnosed patients – A life-
time analysis. PLOS ONE 12, e0186950. doi: 10.1371/journal. 
pone.0186950 . 

assermann, E.M., 1998. Risk and safety of repetitive transcra-
nial magnetic stimulation: report and suggested guidelines from 

the international workshop on the safety of repetitive transcra-
nial magnetic stimulation, june 5–7, 1996. Electroencephalogr. 
t al., Application of transcranial magnetic stimulation for major 
 European Neuropsychopharmacology, https://doi.org/10.1016/j. 

https://doi.org/10.1016/j.brs.2016.03.010
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0093
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0093
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0093
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0093
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0093
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0093
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0094
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0094
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0094
https://doi.org/10.1016/j.neuroimage.2010.02.020
https://doi.org/10.1002/da.20689
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1109/10.55662
https://doi.org/10.1097/WNP.0b013e31802fa393
https://doi.org/10.1016/j.brs.2012.04.003
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0101
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0101
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0101
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0101
https://doi.org/10.1038/sj.npp.1301131
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0103
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0103
https://doi.org/10.3389/fnhum.2017.00515
https://doi.org/10.1159/000381351
https://doi.org/10.1016/j.biopsych.2009.05.024
https://doi.org/10.1016/j.clinph.2008.07.248
https://doi.org/10.1002/da.22424
https://doi.org/10.1111/j.1742-1241.2006.00997.x
https://doi.org/10.1016/j.brs.2019.01.009
https://doi.org/10.1080/17434440.2016.1233812
https://doi.org/10.1016/j.brs.2014.07.029
https://doi.org/10.1016/j.brs.2018.09.001
https://doi.org/10.1016/j.clinph.2004.02.019
https://doi.org/10.1088/0031-9155/35/8/008
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0116
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0116
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0116
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0087
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0087
https://doi.org/10.1093/cercor/bhm261
https://doi.org/10.1097/YIC.0b013e3283277614
https://doi.org/10.1192/bjp.184.5.386
https://doi.org/10.1002/hbm.24307
https://doi.org/10.1371/journal.pone.0186950
https://doi.org/10.1016/j.euroneuro.2019.06.009


16 S. Zibman, G.S. Pell and N. Barnea-Ygael et al. 

ARTICLE IN PRESS 

JID: NEUPSY [m6+; July 5, 2019;11:18 ] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Clin. Neurophysiol. Potentials Sect. 108, 1–16. doi: 10.1016/
S0168- 5597(97)00096- 8 . 

Weigand, A., Horn, A., Caballero, R., Cooke, D., Stern, A.P., Tay-
lor, S.F., Press, D., Pascual-Leone, A., Fox, M.D., 2018. Prospec-
tive validation that subgenual connectivity predicts antidepres-
sant efficacy of transcranial magnetic stimulation sites. Biol.
Psychiatry. 84, 28–37. doi: 10.1016/j.biopsych.2017.10.028 . 

Yesavage, J.A., Fairchild, J.K., Mi, Z., Biswas, K., Davis-Karim, A.,
Phibbs, C.S., Forman, S.D., Thase, M., Williams, L.M., Etkin, A.,
O’Hara, R., Georgette, G., Beale, T., Huang, G.D., Noda, A.,
George, M.S., 2018. Effect of repetitive transcranial magnetic
stimulation on treatment-resistant major depression in US Vet-
erans: a randomized clinical trial. JAMA Psychiatry. 75, 884–893.
doi: 10.1001/jamapsychiatry.2018.1483 . 
Please cite this article as: S. Zibman, G.S. Pell and N. Barnea-Ygael e
depression: Coil design and neuroanatomical variability considerations,
euroneuro.2019.06.009 
Yip, A.G., George, M.S., Tendler, A., Roth, Y., Zangen, A., Carpen-
ter, L.L., 2017. 61% of unmedicated treatment resistant depres-
sion patients who did not respond to acute TMS treatment re-
sponded after four weeks of twice weekly deep TMS in the brain-
sway pivotal trial. Brain Stimul. 10, 847–849. doi: 10.1016/j.brs.
2017.02.013 . 

Ziemann, U. , 2017. Thirty years of transcranial magnetic stimula-
tion: where do we stand? Exp. Brain Res. 235, 973–984 . 

Zilles, K. , Armstrong, E. , Schleicher, A. , Kretschmann, H.J. , 1988.
The human pattern of gyrification in the cerebral cortex. Anat.
Embryol. (Berl.) 179, 173–179 . 
t al., Application of transcranial magnetic stimulation for major 
 European Neuropsychopharmacology, https://doi.org/10.1016/j. 

https://doi.org/10.1016/S0168-5597(97)00096-8
https://doi.org/10.1016/j.biopsych.2017.10.028
https://doi.org/10.1001/jamapsychiatry.2018.1483
https://doi.org/10.1016/j.brs.2017.02.013
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0126
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0126
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0127
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0127
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0127
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0127
http://refhub.elsevier.com/S0924-977X(19)30267-6/sbref0127
https://doi.org/10.1016/j.euroneuro.2019.06.009

	Application of transcranial magnetic stimulation for major depression: Coil design and neuroanatomical variability considerations
	1 Introduction
	2 Design principles of the figure-8 coil
	3 Design principles of the H1 coil
	4 E-field characteristics
	5 Stimulating the target
	6 Finding the target
	7 Stimulating outside the target
	8 Clinical findings
	9 Safety
	10 Conclusions and future directions
	11 Limitations
	Role of the funding source
	Contributors
	Conflict of interest
	Acknowledgements
	Supplementary materials
	References


