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Abstract: Repetitive transcranial magnetic stimulation (rTMS] is a safe and well-tolerated
intervention for major depressive disorder (MDD]). Over 150 randomized controlled trials (RCTs)
have been carried out, and its efficacy has been confirmed in dozens of meta-analyses. Real
world data has also confirmed the effectiveness of rTMS for MDD in clinical practice, with the
most recent literature indicating response rates of 40-50% and remission rates of 25-30%.
In this review, we first offer an historical perspective, followed by a review of basic principles,
such as putative mechanisms, procedures and protocols, stimulation targets, efficacy and
durability of response, side effects, and the placebo controversy. In the second part of this
review, we first discuss solutions to increase accessibility to rTMS, such as modifications

to treatment equipment, protocols and setting. We continue with possible means to further
increase effectiveness, such as treatment personalization and extension. We conclude by
addressing the scheduling issue, with accelerated rTMS (arTMS) as a possible solution.
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Background

Major depressive disorder (MDD) is a major pub-
lic health problem, now ranked as the leading
cause of disability worldwide. According to
Friedrich and colleagues, well over 300 million
people suffer from this condition at any time.!
Disability rates are also high, with data from 2010
estimating that MDD represents 2.5% of global
disability-adjusted life years (DALYs) worldwide.?
First-line approaches to MDD include pharmaco-
therapy and psychotherapy. Although effective,
these approaches still leave a significant propor-
tion of patients with incomplete remission, that
often leads to treatment-resistant depression
(TRD). TRD is classically defined as the lack of
response to two separate antidepressant trials®> and
is associated with significant morbidity and a high
suicide risk.# A number of alternative treatments
have therefore been developed to target TRD.

Historically, only electroconvulsive therapy (ECT)
was available for patients with TRD. ECT was the

first brain stimulation therapy developed and has
been in continuous use for over 80years. Because
of the need for general anesthesia, cognitive side-
effects, and the negative perception around the
treatment generated in the media, this method has
suffered from low patient acceptability.> Other
methods have therefore been explored to harness
the power of electrotherapy, while minimizing
side-effects and treatment complexity. Repetitive
transcranial magnetic stimulation (rTMS) has
been at the forefront of such approaches.

r'TMS is a tool used to therapeutically deliver elec-
tromagnetic pulses to specific brain regions,
inducing an electrical current in the neural tissue.
This has been shown to induce long-lasting after-
effects capitalizing on the brain’s capacity for neu-
roplasticity. Unlike ECT, rTMS does not induce
a therapeutic seizure, and therefore does not
require anesthesia. It is safe, well-tolerated, and
does not cause adverse cognitive side effects.?6-9
rTMS has been mainly studied for MDD, but

Ther Adv Psychopharmacol
2021, Vol. 11: 1-14

DOI: 10.1177/
20451253211042696

© The Authorl(s), 2021.
Article reuse guidelines:
sagepub.com/journals-
permissions

Correspondence to:
Jean-Philippe Miron
Centre de Recherche

du CHUM (CRCHUM),
Centre Hospitalier de
l'Université de Montréal
(CHUM) and Département
de Psychiatrie, Faculté de
Médecine, Université de
Montréal, Montréal, QC,
Canada

Institute of Medical
Science and Department
of Psychiatry, Faculty of
Medicine, University of
Toronto, Toronto, ON,
Canada

CHUM, 1051 Sanguinet,
Montréal, QC, H2X 3E4,
Canada.
jean-philippe.mironf@
umontreal.ca

Véronique Desbeaumes
Jodoin

Paul Lespérance
CRCHUM, CHUM

and Département de
Psychiatrie, Faculté de
Médecine, Université de
Montréal, Montréal, QC,
Canada

Daniel M. Blumberger
Institute of Medical
Science and Department
of Psychiatry, Faculty of
Medicine, University of
Toronto, Toronto, ON,
Canada

Temerty Centre for
Therapeutic Brain
Intervention, Centre for
Addiction and Mental
Health, Toronto, ON,
Canada

journals.sagepub.com/home/tpp

@ @ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
@ (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
BY NC

provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://uk.sagepub.com/en-gb/journals-permissions
https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/tpp
mailto:jean-philippe.miron@umontreal.ca
mailto:jean-philippe.miron@umontreal.ca

Therapeutic Advances in Psychopharmacology 11

new indications have appeared in the last few
years, such as for obsessive-compulsive disorder
(OCD) and nicotine use disorder. rTMS has also
shown preliminary evidence for post-traumatic
stress disorder (PTSD) and schizophrenia. rTMS
is also used for disorders outside the field of psy-
chiatry, with definite efficacy for motor stroke,
and preliminary evidence for Parkinson’s disease,
fibromyalgia, post-stroke aphasia, multiple sclero-
sis, and Alzheimer’s disease.®

Historical perspective

Luigi Galvani (1737-1798) laid the foundations
that created the field of electrophysiology and
Michael Faraday (1791-1867) first demonstrated
the principle of electromagnetic induction by
showing that an electrical current in a coil could
induce a magnetic field and vice versa (Figure 1).
Later, French physician and physicist Jacques-
Arséne d’Arsonval (1851-1940) pioneered the
therapeutic use of high frequency current applied
to the body, effectively creating the field of elec-
trotherapy. In the 1930s, the field of psychiatry
was revolutionized by Ugo Cerletti (1877-1963)
and Lucio Bini (1908-1964). Following the work
of Meduna with convulsive therapy, the two
Italian physicians perfected what they then called
‘electroshock treatment’, now known as ECT.10
The success of ECT stimulated research in the
therapeutic use of electricity to treat mental ill-
ness in order to find alternatives with less side
effects. An early form of transcranial direct cur-
rent stimulation (tDCS) was pioneered in the
1960s by Albert, but later abandoned given the
success of psychiatric drugs, only to reexperience
a resurgence as a treatment for MDD in the late
1990s.11 The 1980s saw the development of sev-
eral brain stimulation technologies, such as deep
brain stimulation (DBS) for Parkinson’s disease
and vagus nerve stimulation (VNS) for epilepsy,
which would both later be studied as treatments
for MDD (unlike DBS, VNS eventually received
FDA approval in 2005 for patients with chronic
or recurrent MDD that have not experienced an
adequate response to four or more antidepressant
trials).!213 In the early 1980s, Merton and Morton
developed transcranial electrical stimulation
(tES), which was associated with high pain levels.
In response to this, the English engineer Anthony
Barker developed transcranial magnetic stimula-
tion (TMS) in 1985. Initially, TMS was only able
to deliver single pulses and was used as a neurodi-
agnostic tool. Eventually, TMS machines were
optimized to deliver pulses repetitively, and

rTMS was born. Researchers then became inter-
ested in this technology and studied its effect on
different cortical regions in the late 1980s and
early 1990s.

The discovery of rTMS use for MDD followed
the observation of transient mood elevations fol-
lowing motor cortex stimulation in healthy con-
trols.14 Affective reactions were also observed in
studies of hemispheric language dominance,
especially following left prefrontal cortex (domi-
nant) stimulation.!> At the same time, converging
evidence suggested that left dorsolateral prefron-
tal cortex (DLPFC) dysfunction was relevant in
the pathophysiology of MDD1¢ which ultimately
led to the study of left DLPFC rTMS in MDD.17:18

Through time, accumulating evidence for the
efficacy of rTMS in MDD led to US Food and
Drug Administration (FDA) approval in 2008,
specifically for the treatment of MDD that did
not respond to one medication trial. More specifi-
cally, this approval followed a 2007 industry
sponsored RCT (N=301), the largest at the
time.l® Those findings were subsequently con-
firmed in a large (N=190) National Institute of
Mental Health (NIMH)-funded RCT published
in 2010.2° Since then, rTMS has gained accept-
ance as a safe, well-tolerated and effective treat-
ment for MDD. The latest 2016 Canadian
Network for Mood and Anxiety Treatment
(CANMAT) guidelines recommends rTMS as a
first line treatment for MDD patients who have
failed at least 1 antidepressant, with level 1 evi-
dence for safety, tolerability and acute efficacy.?

Review of basic principles

Putative mechanisms

rTMS is delivered through the use of a powerful
and focused electromagnetic coil (1.0-2.5 Tesla).
Through Faraday’s law of induction, the magnetic
field generated from the coil induces an electrical
field in a conducting substance. Since the cortex is
a conducting substance, the magnetic field gener-
ated from the coil induces a regional electrical cur-
rent in the underlying neural tissue that also
induces changes in regions functionally connected
to the locally stimulated region. When applied
repetitively, it has been shown that rTMS can
modulate brain activity by invoking lasting
changes.?! Experimental evidences from preclini-
cal studies indicate that rTMS produces complex
neurobiochemical effects causing changes in
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different systems, including neurotransmitters
release, gene expressions, neuroendocrine systems
changes and glutamate AMPA receptor/NMDA
receptor expression (calcium ion dynamics).
These effects may have neuroprotective actions by
reducing oxidative stress and activating neuro-
trophic factors.?? Altogether, these could modify
the electrophysiological properties of neurons,
leading to long-lasting synaptic plasticity-related
through long-term potentiation (L'TP) and
depression (LTD) phenomena.

Standard rTMS protocols can be divided in two
broad categories, with high-frequency (HF) stim-
ulation having mainly excitatory effects (usually
delivered at 10 or 20 Hz) and low-frequency (LF)
stimulation having inhibitory effects (usually
delivered at 1 Hz). Newer theta burst stimulation
(TBS) protocols have also been introduced, based
on the brain endogenous theta rhythm occurring
in the hippocampus.??> In TBS protocols, TMS
pulses are delivered in triplets that occur 5 times
per second. Huang and colleagues were the first to
study the effects of TBS on the human motor cor-
tex, and TBS has been studied as a therapeutic
stimulation protocol more recently.?* The two
main TBS protocols are intermittent TBS ((iTBS)
and continuous TBS (cTBS), with iTBS demon-
strated to be mostly excitatory and cTBS inhibi-
tory. TBS protocols have been suggested to
produce more powerful, consistent and longer-
lasting effects on cortical physiology than regular
rTMS protocols, while requiring a shorter appli-
cation period.?* Recent research highlighted the
variability in response to theta burst protocols
with some individuals exhibiting no response,
expected responses (ie, facilitation after iTBS and
inhibition after cTBS) or paradoxical responses.
Indeed, a group recently published a study where
healthy subjects received various doses of TBS
protocols.?> In this study, the only TBS protocols
which caused statistically significant changes in
cortical excitability were 1200 pulses of iTBS,
which paradoxically had an inhibitory effect, and
3600 pulses of cTBS, which paradoxically had an
excitatory effect. These surprising results highlight
the need to better understand and predict indi-
vidual responses to TBS protocols to try and opti-
mize clinical response to therapeutic protocols.

Procedures and protocols

rTMS is usually delivered by operators (either
technicians or nurses) under physician supervi-
sion. For MDD, standard protocols involve daily

sessions on weekdays. A conventional course of
rTMS is usually anywhere between 20 and 30
daily sessions, delivered over 4 to 6weeks.>
Conventional figure-8 coils that can stimulate
neural tissue down to 1.1 cm beneath the cortical
surface are generally used. Deep TMS using
newer helmet-shaped “H-coils” have been devel-
oped that can reach deeper structures up to
2.8cm below the cortical surface.? Treatment
intensity is determined using the resting motor
threshold (rMT), which is the minimum intensity
necessary to induce a muscle contraction in the
contralateral hand 50% of the time. A stimulation
intensity of 120% of the rMT is most commonly
used for standard rTMS, since higher stimulation
intensity has been linked with stronger wide-
spread cortical activation,?” and because the pre-
frontal cortex lies deeper in the cranial vault than
the motor cortex.282% For TBS, the appropriate
stimulation intensity still remains an active area of
research. Indeed, Chung and colleagues found an
inverse U-shape relationship between intensity
and iTBS plastic effects, where iTBS stimulation
at 75% of the rMT yielded the largest neurophys-
iological changes compared to 50% and 100%.3°
Subsequently, Alkhasli and colleagues showed
differential effects of iTBS delivered at 90% vs
120%, with the former increasing fronto-striatal
activity and the latter having no such effect.3!

The first approved FDA protocol involved 10 Hz
stimulation (3000 pulses, 37.5min duration) at
an intensity of 120% rMT to the left DLPFC.19:20
Deep TMS was subsequently approved in 2013
using an 18 Hz protocol (1980 pulses, ~20min
duration).32 More recently, a large study com-
pared the initial FDA-approved rTMS protocol
in the U.S. head-to-head with a new 3min iTBS
protocol (600 pulses)3? using the same stimula-
tion intensity of 120% rMT. This iTBS protocol
was shown to be non-inferior to the 10 Hz proto-
col, allowing it to also receive FDA approval.

Stimulation targets

The conventional stimulation target for rTMS in
MDD is the left DLPFC. That target was initially
chosen based on studies showing hypometabo-
lism in this area in patients suffering from
MDD.!73¢ The most recent 2016 CANMAT
guidelines recommend either left-DLPFC
(L-DLPFC) HF rTMS or right-DLPFC
(R-DLPFC) LF rTMS as first line protocols.
Switching between these protocols in non-
responders, bilateral rTMS (L-DLPFC HF and
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R-DLPFC LF) and theta-burst (TBS) protocols
are considered second line (of note, little actual
evidence supports the recommendation of switch-
ing between HF and LF protocols). Finally, HF
rTMS bilaterally to the dorsomedial prefrontal
cortex (DMPFCQC) is considered third line. New
targets such as the lateral orbitofrontal cortex (of)
are also being investigated.

In order to reliably stimulate these different struc-
tures, different targeting methods have been devel-
oped. Scalp-based methods are widely used, simple
to apply and cost-effective.3> Neuronavigation
using anatomical MRI has also been a popular
method, although more complex and expensive.36
More recently, Fox and colleagues introduced a
neuronavigation method using functional MRI
(fMRI), where the region of the DLPFC most
anticorrelated to the subgenual anterior cingulate
cortex (sgACQC) is stimulated.3?

Efficacy, response prediction, durability of
response and maintenance

Over 360 studies have reported on the efficacy of
rTMS for MDD, including over 150 RCTs and
45 meta-analyses. Most studies enrolled patients
who had 2 antidepressant trials for their current
MDD episodes. So far, HF and LF protocols
have shown similar efficacy, but they have yet to
be compared in a large scale RCT with adequate
blinding. RCTs of HF rTMS have reported
response rates varying between 40-50% and
remission rates of 25-30%, with a weighted mean
difference of 2.31 and an effect size of 0.33. A
well-design recent systematic review with network
meta-analysis of 81 studies (N=4233) suggested
superior efficacy of bilateral rTMS (OR = 3.96;
95% CI = 2.37-6.60) over HF (OR = 3.07;
95% CI = 2.24-4.21) and LF (OR = 2.37;95%
CI = 1.52-3.68) protocols.38

No clear consensus currently exists regarding
response prediction. Suggested positive predic-
tors include less severe and shorter duration
depressive episodes, recurrent depression (vs
chronic depression), previous response to rTMS
and concurrent antidepressant use during treat-
ment.3® Negative predictors include higher base-
line symptom severity, refractoriness level and
chronicity, benzodiazepine use, shorter rTMS
courses and psychotic depression. Biological
markers of response are currently being explored,*°
but reliable and scalable biomarkers still remain
elusive.

The durability of response varies greatly among
studies, with relapse rates initially as high as 80%
at 6-12 months.*! With more modern protocols, a
2014 multisite naturalistic observational study
over a l-year follow-up period concluded that
rTMS demonstrated a statistically and clinically
meaningful durability of effect.4? In that study
(N=120), 62.5% of patients continued to meet
response criteria after the acute course over the
follow-up period, and 36.2% received retreat-
ment (average of 16.2*+21.1 additional treat-
ment days over the follow-up period). Finally, a
recent systematic review and meta-analysis of 18
studies, found that 66.5% of patients still main-
tained response at 3 months, which decreased to
52.9% at 6months and 46.3% at 12months.*
Longer durability of response was associated with
female sex and maintenance treatment.

No consensus currently exists on whether mainte-
nance is needed to prevent relapse and what the
optimal maintenance regimen is. Initially, a com-
mon approach was to taper down to 3 sessions a
week, then 2 sessions per week, then 1 session per
week, and finally 1 session every 2 weeks.4* Several
case series and open-label studies did suggest
increased durability of response with a mainte-
nance course following an acute course.*> Only
one RCT (N=49) has compared 1 session per
month to observation only and did not find any
statistically significant difference in relapse
rates.*® Others have favored “clustered mainte-
nance,” with 5-10 sessions delivered over a
3-5days period every month.3> Such a study in
N=281 participants found a decreased relapse
rate for maintenance rTMS (24.2%) or combina-
tion (15.9%) over antidepressant treatment alone
(44.4%).47 A recent review suggested a conserva-
tive maintenance course over 3months, with 3
sessions per week for the first 2weeks following
the acute course, followed by 2 sessions per week
for another 2weeks, and 1 session per week for
8 weeks.*® Overall, maintenance rTMS has not
been well-studied, and much work remains to be
done to clarify both the need for it and the opti-
mal schedule.

Side effects

The most recent and up to date safety expert
guidelines have reiterated the high safety and tol-
erability profile of rTMS.” The most common
side effect of rTMS is scalp discomfort or pain
during treatment (~40%), followed by headaches
after treatment (20-30%) and fatigue (15-20%).3
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r'TMS has also been associated, albeit rarely, with
more severe adverse events. Seizure risk is cur-
rently estimated to be “very low.” A large polling
study led in 174 rTMS clinics around the world
reported 24 seizures in 300,000 rTMS sessions
(standardized risk of 7/100,000 sessions).* Of
those 24 seizures, 19 happened in patients with
pre-existing risk factors (medication, neurological
condition, epilepsy). Seizures have been reported
with TMS (single-pulse and paired-pulse) and
rTMS. HF rTMS may be more likely to cause
seizures than other protocols, but seizures occur-
rence is too rare to allow for valid statistical com-
parison. Finally, it is possible that many reported
seizures actually were nonepileptic seizures or
syncopal events, which can be difficult distinguish
from true seizures.*®* Regarding hearing risk,
rTMS can be associated with high decibel levels
at higher stimulation intensities. Even though risk
of inducing auditory problems is very low, guide-
lines recommend that all patients and operators
wear hearing protection during treatment.%® Any
type of ferromagnetic implants near or in the cra-
nium have also been considered to be a contrain-
dication for rTMS, and it is important for patients
to be assessed with an MRI safety questionnaire
before proceeding with treatment. Finally, there
is no evidence of negative cognitive effects of
rTMS, with some evidence of potential pro-cog-
nitive effects.>°

Placebo effect

Even to this day, some groups still debate the true
efficacy of rTMS.5152 Non-specific effects such as
behavioral activation are unavoidable in rTMS,
given the fact that patients need to travel daily to
a treatment center for several weeks. Patients also
interact daily with rTMS operators, which can
provide some amount psychological support. The
initial 2007 industry-sponsored RCT that led to
the FDA-approval in the United States was criti-
cized since it was unable to show significant sta-
tistical differences on their primary outcome, with
the positive results reported being from secondary
analyses.!® Two other studies also failed to show
superiority over sham, one from 2007,* and a
more recent one from 2018.53 Finally, a recent
systematic review and meta-analysis estimated
the rTMS placebo response to be large (g=0.8,
95% CI = 0.65-0.95, p<<0.01).5*

Even though these observations can be concern-
ing, it is important to contextualize these find-
ings, since large placebo responses are common

in antidepressant and psychotherapy trials.>* It is
also important to note that a lot of meta-analytic
results about rTMS are being driven by many
older trials which used older, less effective proto-
cols and inferior sham techniques. Newer sham
r'TMS techniques include specially designed coils
that contain both active and sham capacity, scalp
electrodes to reproduce somatic sensations, and
EMILA cream.?%56 Qverall, the most recent meta-
analysis (81 RCTs, 4233 patients) unequivocally
shows superiority of rTMS over sham (HF rTMS:
OR 3.07; 95% CI = 2.24-4.21, iTBS OR 2.54;
95% CI = 1.07-6.05).38 Also, the largest and
most recent international guidelines for rTMS
give a level A rating of “definite efficacy” to both
HF and iTBS in MDD.6

Other depressive disorders

Finally, it is worth mentioning other depressive
disorders for which rTMS has been studied.
Regarding bipolar depression, a recent meta-
analysis identified eight'4 sham-controlled RCTs
(N=257) and reported a small but significant
improvement in depression scores (standardized
mean difference = 0.302, p»<0.05), higher
remission rates (risk difference = 0.104 * 0.044,
p»<0.05, NNT = 10) and a trend for greater
response (risk  difference = 0.074 = 0.039,
p»=0.06).57 Of note, a recent sham-controlled
iTBS RCT for bipolar depression was negative.>8
This study can be criticized for its small sample
size (N=37), recruitment issues and low total
number of sessions.2” Participants were also not
asked to discontinue anticonvulsants prior to
treatment, which have been shown to alter corti-
cal excitability in preclinical and clinical stud-
ies.39-62 The results of this trial also question the
prevailing notion that HF rTMS and TBS proto-
cols can be used interchangeably and also high-
light the potential confounding effects of
anticonvulsants on the intended therapeutic out-
comes when using rTMS.

Little data is currently available regarding MDD
with comorbid anxiety (also known as anxious
depression or MDD with anxious distress). A
recent secondary analysis from the THREE-D
study assessed comorbid anxiety symptoms using
the anxiety/somatization items from the 17-item
Hamilton Depression Rating Scale (HRSD-17).63
Interestingly, they did find a statistically signifi-
cant reduction in anxiety symptoms, irrespective
of the stimulation protocol. The authors con-
cluded that rTMS might have a clinically
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meaningful effect on anxiety symptoms in MDD,
but that further research is required. Finally, we
are not aware of any specific RCT for persistent
depressive disorder (dysthymia) and atypical
depression.

Obstacles to the current care delivery model
and effectiveness issues

Background

Currently, delivery of rTMS is mostly occurs in
specialized care centers or clinics, which precludes
its widespread use in the community. The reasons
for this are manifold. First, current stimulation pro-
tocols require costly and complex rTMS devices;
acquisition and operation costs are thus high. With
each session costing anywhere between USD$200-
300 in private clinics, a full course of rTMS may
cost as much as USD$5000-USD$10,000 in some
jurisdictions. Stimulators able to deliver the new
iTBS protocols start at around USD$50,000 and
can go up to USDS$200,000. Furthermore, the
cooled coils needed for those kinds of intensive pro-
tocols cost around USD$10,000. Even with the use
of briefer TBS protocols, it is estimated that the
average cost per remission is USD$3695.%¢ Efforts
are therefore underway to find novel ways of
decreasing rTMS costs and will be discussed in
section 4.2. Second, effectiveness remains to be
optimized. Indeed, even though rTMS consistently
achieves remission rates of 25-30%, it is still below
what is reported for ECT (~50%).%5:6% Solutions are
discussed in sections 4.3 and 4.4. Moreover, the
current once-daily paradigm necessitates that
patients travel every weekday to a treatment center
over 6 weeks in order to receive a full 30 sessions
course, which can be discouraging for some.
Shortened “accelerated” rTMS courses are dis-
cussed in section 4.5.

Treatment equipment, protocols, and setting

Current conventional rTMS procedures are com-
plex, which stems from several aspects. First, fig-
ure-8 coils do not allow direct visualization of the
underlying scalp landmarks. A lot of experience
and training is thus required for correct coil posi-
tioning, which is still not guaranteed. Parabolic
coils could be a solution to this and have just
started to be studied using safe and effective 1 Hz
protocols.%7-%8 Their central opening allows for
direct visualization of scalp landmarks and there-
fore easier and more reliable positioning. Their
shape also fits the natural curvature of the head

and their large stimulation area could decrease
the need for precise positioning. 1 Hz stimulation
also has the advantage to only require basic stim-
ulators that do not require cooling, further
decreasing costs. Still, figure-8 and parabolic coils
alike have limited stimulation depth. Other large
coils, such as the H-coils used for Deep TMS,
have a special design where electric coil elements
are dispersed over the head rather than densely
organized and reduce the electrostatic charge on
the brain surface, allowing electric field to reach
deeper brain regions.®®7° Deep TMS has been
well studied for the treatment of MDD and could
be more effective than figure-8 coils, even though
the cost is still high.”!

In addition, LF 1 Hz protocols can simplify rTMS
delivery and help decrease costs.’? So far, 1 Hz
rTMS has been shown superior to sham and the
bulk of the literature suggest similar efficacy to
HF protocols,’?73 even though a large scale mul-
ticentric sham-controlled trial still remains to be
performed. R-DLPFC 1Hz rTMS has received
level I evidence from the most recent 2016
CANMAT, which ranks it as a first-line protocol.
Some have suggested that the 1 Hz rTMS may be
better tolerated than HF protocols, while also
having a better safety profile.”¢7¢ Low frequency,
1Hz rTMS can also be delivered on more afford-
able equipment than HF protocols, which could
decrease costs and therefore potentially increase
accessibility to rTMS.73

Furthermore, rTMS has classically been deliv-
ered by an operator attending to a single patient
in a closed-room concept. Patients are treated
sequentially, one after the other, and the rTMS
operators are thus not continually active. Other
areas of medicine have addressed this productiv-
ity issue and have optimized their workflow to
increase accessibility. One example is the area of
oncology, where patients are treated in an open
area setting, with nurses caring for multiple
patients are the same time. This could potentially
increase the rTMS treatment center efficacy and
accessibility while decreasing costs.

Effectiveness optimization through treatment
personalization

The DLPFC is classically localized using the inter-
national standardized 10-20 EEG system. The
Beam F3 system is another calculation system tak-
ing into account individual variations of head cir-
cumferences for more precision in localizing the
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F3 position.?> Such scalp-based methods of navi-
gation are the most common, but several clinics
use anatomical MRI guidance to increase preci-
sion, as some studies have demonstrated that the
DLPFC has a high level of inter-individual varia-
bility.”” Some have suggested the superiority of
neuronavigated rTMS.3® Conversely, a recent
RCT compared neuronavigated to non-neuronav-
igated rTMS and did not find any benefits from
neuronavigation, concluding that any potential
benefit from this approach is too small to justify
the extra costs, time and efforts.”® Even more novel
approaches using functional connectivity-based
imaging are currently being studied.?9:80

Moreover, rTMS has been shown to modulate
the autonomic nervous system by decreasing
blood pressure and heart rate in animal models,
theorized to be mediated through trans-synaptic
modulation of the subgenual anterior cingulate
cortex (sgACC). Several studies in human sub-
jects have also reported that DLPFC stimulation
reliably modulates HR compared to other neigh-
boring cortical areas, such as the motor cortex,
that had no such effect on cardiac activity.”>-81,82
As such, neuro-cardiac-guided TMS (NCG-
TMS) could show promise to improve target
selection and optimize treatment response.

Furthermore, the question of whether symptom
provocation during treatment can increase effec-
tiveness still remains unanswered. The fact that
motor cortex stimulation shows phase variance
(different effects whether stimulation is delivered at
rest vs during muscle contraction) suggests that a
similar phenomenon could take place in other cor-
tical regions. Deep TMS for OCD has been specifi-
cally approved using symptom provocation,®3 and
an rTMS study for MDD where some stimulation
sessions were delivered concurrently with psycho-
therapy reported response and remission rates of
66% and 56%, respectively.®* This suggests that
cognitive state during rTMS should be controlled,
and also could increase effectiveness.

Finally, some studies have shown better outcomes
the closer the stimulation frequency is to endog-
enous alpha rhythm, bringing up the question of
whether rTMS frequency should be personalized
based on individual EEG signatures.85:86

In summary, several aspects of rTMS delivery
could be optimized to decrease costs and therefore
potentially increase accessibility, such as parabolic
coils, LF 1 Hz stimulation and open-room settings.

Deep TMS and neuro-navigation also hold the
promise of increased efficacy, although at a higher
cost. NCG-TMS could be a novel approach for
better functional targeting. The effects of symptom
provocation during stimulation and frequency per-
sonalization based on individual EEG activity
remain to be studied more extensively.

Effectiveness optimization through treatment
extension

Some studies have suggested that one way to
increase rTMS efficacy would be to increase the
number of overall treatment sessions beyond
what conventional protocols usually deliver. In a
first report,®” Avery and colleagues studied the
effects of an open-label treatment extension of the
original 2007 industry sponsored trial.l° In that
study, a 3-week treatment extension allowed an
additional 26.0% and 11.0% response and remis-
sion rates in patients who had not responded to
the initial 3weeks of treatment. In another
report,3 McDonald and colleagues made a simi-
lar follow-up study of the landmark 2010 NIMH-
funded rTMS trial cohort.?® Patient who had
failed to meet minimal response criteria were
invited to extend treatment for an additional
3—-6weeks. Of those, 30.5% eventually meet crite-
ria for remission. These studies are part of the
reason why modern rTMS protocols now offer a
minimum of 6 weeks of treatment.

Data from the landmark Deep TMS trial also
supports this observation.3? In that trial, 212
MDD patients received an initial 4-week phase of
active or sham Deep TMS (20 sessions), followed
by a continuation phase of two sessions per week
for an additional 12weeks (up to 16weeks / 44
sessions total). 38.4% of patients responded to
the initial 4weeks phase. In a subsequent report,
a post hoc analysis was carried to characterize the
response outcomes among acute-phase non-
responders who had received the active treat-
ment.8® 61% of these individuals ended up
responding to the post-acute continuation phase.

Subsequently, another group went further than
anyone and treated patients (N=58) up to
21weeks in an open-label bilateral neuro-navi-
gated 20Hz iTBS study and reported response
and remission rates of 83% and 72%, respec-
tively.%0 Average time to remission was 7.3 treat-
ment weeks (SD = 4.5, 0.6-21.2), which is
beyond the 6 weeks usually offered. A major limi-
tation of that study was the lack of control group,
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Figure 1. Important milestones in the development of electric therapies. Abbreviations: DBS, deep brain
stimulation; ECT, electroconvulsive therapy; rTMS, repetitive transcranial magnetic stimulation; tDCS,
transcranial direct current stimulation; VNS, vagus nerve stimulation.

preventing us from excluding that many patients
who ended up responding did so simply because
of the natural evolution of their condition.

A recent secondary analysis from the THREE-D
trial33 has shown different patients’ response tra-
jectories to rTMS.85 Using a group-based trajec-
tory modeling statistical approach, the authors
identified a “nonresponse” group (11%) with
minimal improvement by the end of treatment, a
“rapid response” group (19%) with almost com-
plete improvement by mid-treatment followed by
a plateau, and 2 additional groups (70%) showing
steady and linear improvement all throughout
treatment and no apparent plateau by the end.
This important majority of patients may have
required more than 30 sessions to achieve maxi-
mum benefits. In a follow-up study, the same
group applied their trajectory analysis to two
recent RCTs%92 that compared arTMS to con-
ventional once-daily rTMS.%3 They made similar
observations regarding the existence of 4 distinct
response trajectories, while failing to find an asso-
ciation between protocol and trajectory.

Overall, it appears that treatment extension could
be beneficial for a substantial number of patients,
and potentially help increase the response and
remission rates.

Treatment acceleration

A conventional 30 session rTMS course is usually
delivered over 6weeks. Patients have to come
every weekday to the treatment center, which can
be a problem for working individuals, patients
who have families, and people who live far away
from the treatment center.®* Recently, several

studies have explored “accelerated” rTMS
(arTMS), in which multiple sessions are given
daily in order to shorten the treatment course.
Some evidence suggests that this approach allows
comparable effectiveness to standard once-daily
rTMS, while shortening treatment length.%!
Neurophysiological experiments have also sug-
gested that multiple daily rTMS sessions may
have greater effect on cortical excitability com-
pared to single daily sessions,®> although this is
contested.®?

arTMS has been the subject of several stud-
ies,36,79,91,95-100  R(CT',90:101-107 A recent arTMS
meta-analysis®?104 identified 11 trials (6 RCTs and
5 open-label) and retained 3 of these RCT's102106 jn
their main analysis. Cumulative main effect size
was 0.39 (95% CI 0.005-0.779). Average decrease
on the HRSD-17 was 6.28 (£ 0.78 SE) for the
active group and 3.63 (90% CI =+ 0.74 SE) for the
sham group, which reached significance (p=0.041).
Overall, the number of available studies were small
and heterogeneous regarding the protocols used,
which makes interpretation difficult. Still, the
authors reported that the data provided preliminary
support for arTMS efficacy for MDD.

More recently, high-dosage highly-accelerated
and personalized intermittent theta-burst (iTBS)
arTMS feasibility studies have reported remission
rates of up to ~90%, while delivering treatment
over only 5 days.”87° These unprecedented results
garnered international attention, and the group
recently reported having completed a sham-con-
trolled RCT.198 Active treatment was significantly
superior to the sham group, with 78.6% remis-
sion rate in the active group (N=14) and 13.3%
remission rate in the sham group (N=15).
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In summary, arTMS may lead to shorter treat-
ment duration while maintaining or improving
overall effectiveness, which could make it easier
for patients to attend a full course of treatment.
Preliminary data regarding novel high-dose inten-
sive courses also hold the promise of significantly
increasing effectiveness.

Conclusion

In conclusion, rTMS is one of the latest develop-
ments in the long history of electrotherapy. rTMS
is believed to induce long-lasting neuroplastic
changes which could be responsible for its thera-
peutic effect, even though many unknowns
remain, especially around the proper stimulation
intensity in TBS protocols. We covered the usual
treatment protocols and discussed the data sup-
porting the efficacy, effectiveness and durability
of effects of rTMS for MDD. The evidence for
the effectiveness of rTMS for MDD is clear, as
supported in dozens of well powered RCTs and
meta-analyses. rTMS is also safe and generally
well tolerated, with few side effects. It is clear that
rTMS carries a considerable embedded placebo
effect that needs to be harnessed in clinical prac-
tice but managed carefully in future clinical trials.
In the second part of this review, we discussed the
limitations to the current care delivery model of
rTMS for MDD as well as the effectiveness that
remains to be optimized. To increase accessibil-
ity, potential solutions include easy-to-use para-
bolic coils, 1Hz protocols and open-room
settings. In terms of effectiveness optimization,
treatment personalization and extension could
both help increase response and remission rates,
arTMS protocols could help shorten courses and
therefore simplify logistics for patients, and high-
dosage highly-accelerated personalized courses
could dramatically increase effectiveness. Finally,
to support those recommendations, the develop-
ment of large databases appear to be increasingly
required. Such databases are easy to implement
and could help better clarify the short and long
term outcomes of rTMS for MDD.
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