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Abstract: Major depressive disorder (MDD) and alcohol use disorder (AUD) are leading causes of
disability, and patients are frequently affected by both conditions. This comorbidity is known to confer
worse outcomes and greater illness severity. Repetitive transcranial magnetic stimulation (rTMS) is
a non-invasive neuromodulation method that has demonstrated antidepressant effects. However,
the study of rTMS for patients with MDD and commonly associated comorbidities, such as AUD,
has been largely overlooked, despite significant overlap in clinical presentation and neurobiological
mechanisms. This narrative review aims to highlight the interrelated aspects of the literature on rTMS
for MDD and rTMS for AUD. First, we summarize the available evidence on the effectiveness of
rTMS for each condition, both most studied through stimulation of the dorsolateral prefrontal cortex
(DLPFC). Second, we describe common symptom constructs that can be modulated by rTMS, such as
executive dysfunction, that are transdiagnostic across these disorders. Lastly, we describe promising
approaches in the personalization and optimization of rTMS that may be applicable to both AUD
and MDD. By bridging the gap between research efforts in MDD and AUD, rTMS is well positioned
to be developed as a treatment for the many patients who have both conditions concurrently.

Keywords: transcranial magnetic stimulation; alcohol use disorder; major depressive disorder;
comorbidity

1. Introduction

Major depressive disorder (MDD) is highly prevalent in individuals with alcohol
use disorder (AUD) [1]. The National Epidemiologic Survey on Alcohol and Related
Conditions found that in those with lifetime MDD, 40% had any lifetime AUD [2]. This
comorbidity also increases the complexity and burden of illness of either alone, due to
increased risk of suicide [3], length and recurrence of depressive illness [4], presence of
other psychiatric comorbidities [5], and greater health service utilization [6]. Despite the
need for effective treatments in comorbid MDD and AUD (MDD + AUD), current options
are very limited. Although randomized controlled trials and meta-analyses have shown
efficacy for antidepressants in MDD with comorbid AUD [7,8], the effects are modest, with

Brain Sci. 2022, 12, 48. https://doi.org/10.3390/brainsci12010048 https://www.mdpi.com/journal/brainsci

https://doi.org/10.3390/brainsci12010048
https://doi.org/10.3390/brainsci12010048
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/brainsci
https://www.mdpi.com
https://orcid.org/0000-0001-5365-9683
https://orcid.org/0000-0002-6406-4973
https://doi.org/10.3390/brainsci12010048
https://www.mdpi.com/journal/brainsci
https://www.mdpi.com/article/10.3390/brainsci12010048?type=check_update&version=1


Brain Sci. 2022, 12, 48 2 of 17

a mix of positive and negative studies [8], with a recent Cochrane review showing no
effect when excluding studies with a high risk of bias [7]. Similarly, studies for treatments
to reduce alcohol use in MDD + AUD remain very limited and without clear effect [9].
Approved AUD medications, such as naltrexone, have been studied in combination with
antidepressants with mixed results [10–12]. Moreover, certain medications, when combined
with excessive alcohol use, may result in added safety risks, such as in the case of bupropion,
which may lower the individual’s seizure threshold. Ref. [13] The current standard of care
for those with comorbid MDD + AUD remains the use of evidence-based, disorder-specific
treatments for each MDD and AUD [14]. While these MDD-specific and AUD-specific
treatments may be offered sequentially, in parallel, or integrated, ultimately, treatments
for AUD and treatments for MDD are separate and distinct. Little work has been done
to develop therapeutic approaches directly targeting the intersection of both disorders. A
growing understanding of the neurobiological mechanisms of both MDD and AUD may
suggest potential treatment targets to treat the comorbidity directly and could lead to more
optimal outcomes than the conventional approach of treating these conditions separately.

Therapeutic non-invasive neuromodulation is an increasingly promising frontier in
our efforts to develop brain-based approaches to the development of novel therapeutics and
may be a promising treatment strategy for the treatment of comorbid conditions. Of these,
repetitive transcranial magnetic stimulation (rTMS) is a particularly exciting modality,
given the rapidly growing evidence base [15] and theoretical advantages, such as the ability
to stimulate discrete and focal regions of the brain implicated in the pathophysiology
of neuropsychiatric disorders [16]. rTMS operates by generating a rapidly alternating
electric current within a coil that is placed over the scalp, inducing a magnetic field in a
localized region of the brain below and creating an electrical current in the brain through
neuronal depolarization. This is best exemplified through studies of the primary motor
system, where a single pulse of TMS to the motor cortex results in a motor-evoked potential
measured by electromyography and muscle contraction observed on visual inspection.
When these TMS pulses are delivered repetitively (i.e., rTMS), particularly over multiple
sessions across multiple days, durable neuroplastic changes can be observed through
functional or structural biomarkers [17], commonly through studies of magnetic resonance
imaging (MRI) or electroencephalography (EEG), before and after rTMS. Such changes are
observable not only directly at sites of stimulation, but also across distributed networks
related to the initial target site [18]. Through focal modulation of selected regions of the
brain, the induced changes on neuronal excitation or inhibition have effects on ameliorating
mood and addiction-related mechanisms. Illustrative of this are studies showing that rTMS
to prefrontal circuits implicated in emotional learning and memory can disrupt learned fear
responses [19], which has broad implications for many of the mood and anxiety symptoms
we see clinically [20]. Research into the neuromodulation of neural circuits involved in the
acquisition and consolidation of emotional events demonstrates how TMS can be used as
both an investigational and clinical tool [21]. Currently, rTMS is used most in psychiatry
for the treatment of MDD, particularly in those unable to benefit from initial trials of
antidepressant medication [22,23].

The potential of rTMS as a treatment for MDD is established, and for AUD, it is
beginning to be realized; however, we propose that it may also be a promising avenue
for the treatment of comorbidity between these disorders as well. The current standard
in the field is to study these disorders separately. Trials of rTMS for MDD are typically
designed to exclude those with comorbid AUD, and vice versa. We describe the very
small number of rTMS studies that report on treatment effects in patients with AUD and
comorbid depression, dysthymia, or depressive symptoms. However, in general, rTMS for
MDD + AUD remains a relatively unexplored topic. In this narrative review, we outline the
evidence to date from clinical trials of rTMS in MDD and AUD individually and highlight
points of overlap in the literature that suggest how rTMS may be more directly tailored
to these conditions when they are comorbid. We further this proposal with a discussion
of how rTMS can address comorbidity in general by targeting transdiagnostic symptom
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constructs that can be informed by our understanding of the neurobiology, and specific
targets can be selected based on clinical relevance and importance. Lastly, we explore some
of the current frontiers of rTMS research that aim to optimize and individualize treatment
outcomes, again with a focus on findings that appear to overlap in MDD and AUD.

2. Evidence for rTMS in MDD

For psychiatric disorders, rTMS is most rigorously studied in MDD [24]. After the early
foundational studies of TMS on the motor cortex, rTMS soon became feasible and demon-
strated antidepressant effects in early case reports [25] and preclinical models [26]. Based
on research implicating the dorsolateral prefrontal cortex (DLPFC) in the pathophysiology
of MDD, early pilot studies of rTMS targeting this region yielded promising results [27].
This provided the rationale for seminal trials in the field that showed rTMS to the left
DLPFC was effective for MDD [28,29], which resulted in Health Canada (2004) and Food
and Drug Administration (2008) approval. The standard protocol typically involves high
frequency stimulation (HF) at an intensity above the individual’s motor threshold. Other
parameters that are supported by high quality evidence include low frequency (LF; 1 Hz)
rTMS to the right DLPFC, and bilateral LF right followed by HF left DLPFC rTMS. Typically,
HF stimulation (5–20 Hz) is considered to be excitatory and low frequency stimulation
(1–5 Hz) to be inhibitory [30]. It has been posited that these DLPFC treatments ameliorate
functional asymmetry, i.e., left hypoactivity and right hyperactivity [31,32]. Head-to-head
studies and network meta-analyses have not convincingly demonstrated the superiority
of one approach over the other [33,34], and clinical differences may be found in the better
tolerability of LF-rTMS and differences in treatment time [35]. Another successful approach
is to expand the site of stimulation with deep TMS (dTMS), using H-coils specially designed
to reach greater depths (up to 4–5 cm) with less focality [36]. This allows for stimulation
of the DLPFC bilaterally (but preferentially to the left) and beyond into the general PFC
region, including the medial prefrontal cortex (MPFC), and some stimulation of deeper
structures, such as the amygdala, hippocampus, and thalamus [37]. Developers of this
coil have also suggested the ability of deeper PFC stimulation to yield stronger secondary
activation of limbic structures, compared to stimulation of superficial sites, such as the
DLPFC [38]. After large, multi-site, double-blind RCTs demonstrated the efficacy of the
H1 dTMS coil [39], FDA approval was established in 2013 for MDD. Together with the
support of clinical practice guidelines [40], international consensus recommendations [15],
and meta-analyses [41], these aforementioned protocols are now established treatments
for MDD. Given that the majority of these trials were done in those with some degree of
treatment resistance to antidepressant pharmacotherapy, these recommendations suggest
that first-line evidence is available specifically in those who have inadequate response to
≥1 adequate trial of an antidepressant in the current depressive episode.

The most recent pivotal development in rTMS for MDD is the development of theta
burst stimulation (TBS). TBS provides the opportunity to treat people with a faster and
more efficient protocol, given that it can be completed in a fraction of the time, compared
to standard rTMS, by using a pattern of stimulation that mimics endogenous theta rhythms
that induce plasticity in hippocampal brain slices of rodents [42]. Adapted to rTMS ma-
chines, TBS stimulates the cortex with triplet pulses of rTMS applied at 50 Hz (burst) and
delivered every 200 msec (5 Hz). The original TBS paradigms applied continuous TBS
(cTBS) involving a 40 s uninterrupted train (i.e., 600 pulses) while intermittent TBS (iTBS)
involves a 2 s train of bursts repeated every 8 s for a total of 600 pulses [43], although
modifications to this protocol have been studied since then. The cTBS protocol was found to
decrease cortical excitability and iTBS to increase cortical excitability [43]. It was proposed
that TBS may produce enduring neuroplastic changes through synaptic mechanisms of
long-term depression in cTBS and long-term potentiation in iTBS [42]. A pivotal multi-site
RCT of iTBS to the DLPFC, resulting in FDA approval, demonstrated that iTBS was found
to be non-inferior to standard HF-rTMS in MDD [44]. A single 600 pulse iTBS session is
3 min, compared to 37.5 min in HF-rTMS. Although there are many more years of evidence
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accumulated for HF-rTMS [15], iTBS is poised to become one of the predominant rTMS
modalities, given the ability to vastly increase efficiency and decrease costs in routine
clinical practice. Beyond these rTMS treatments, there has been a vast proliferation of
studies looking into other protocols that explore the differential effects of frequency, pat-
tern, pulse number, treatment number, and so on. Indeed, it was estimated that there are
>360 clinical studies of rTMS for MDD [45]. These have included modest or emerging
levels of evidence into double cone coils that preferentially target the MPFC [46], priming
TMS using low frequency stimulation followed by high frequency stimulation [47], and
accelerated protocols, where multiple rTMS sessions are delivered daily [48].

3. Evidence for rTMS in AUD

The literature on rTMS for the treatment of AUD is less mature, with considerably
fewer studies and lower-level evidence compared to MDD [24]. A summary of clinical trials
included in this review is provided in Table 1. Clinical research into rTMS for other sub-
stances of abuse preceded studies for AUD, beginning with nicotine [49] and cocaine [50].
In 2010, the first clinical trial in AUD was published, a single-blind, sham-controlled RCT
of 45 patients that showed significant reductions in alcohol craving following 10 sessions
of active right HF-rTMS (10 Hz, 1000 pulses per treatment) compared to sham [51]. From
this study, other trials of HF-rTMS to the right DLPFC were conducted, although the
majority delivered only 1–2 treatment sessions as the intervention [52–55] and resulted in
no significant effect in reducing alcohol cravings. Another pair of studies represented an
overlapping patient sample and delivered 14–15 HF-rTMS to the right DLPFC at 20 Hz
and 1560 pulses per treatment [56,57]. These authors found that general, but not cue-
induced, cravings decreased with treatment; however, there was no sham comparator
group. The use of HF-rTMS on the right DLPFC is different than what is commonly tar-
geted in MDD, which is the left DLPFC. The rationale for stimulating right DLPFC in the
initial report [51] was due to the superiority of right over left stimulation in early studies of
cocaine dependence [50]. Furthermore, there are studies that show that the right DLPFC
is preferentially activated in cognitive control processes inhibiting cue-induced craving
and drug seeking [52]. Corroborating this is a small study of inhibitory cTBS delivered to
the right DLPFC, leading to increases in ad libitum alcohol consumption in a controlled
experimental paradigm and decrease in performance on the stop-signal reaction time task,
which measures inhibition [58]. For left-sided HF-rTMS, two small RCTs are available,
both showing no significant differences between active and control conditions on alcohol
craving [59,60]. However, these studies are limited by quite small sample sizes (n = 19
and 17, respectively), and the number of sessions in the treatment course are low (10 and 4,
respectively). Interestingly, in a small trial of 20 patients randomized to either right or left
DLPFC HF-rTMS, both groups showed decreases in craving but with no difference between
groups [61].

Table 1. Summary of clinical trials of rTMS for AUD.

Reference N (Active,
Control) Frequency # Sessions Pulses/

Session Site Coil Clinical Outcome

Mishra (2010)
[51] 30, 15 10 Hz 10 1000 R DLPFC Figure-of-8 Decrease craving compared

to sham

Höppner (2011)
[59] 10, 9 20 Hz 10 1000 L DLPFC Figure-of-8

No difference in craving or
depressive symptoms compared

to sham

Herremans
(2012) [52] 15, 16 20 Hz 1 1560 R DLPFC Figure-of-8 No difference in craving

compared to sham

Herremans
(2013) [53] 29, 29 20 Hz 2 1560 R DLPFC Figure-of-8 No difference on craving

compared to sham

Ceccanti (2015)
[62] 9, 9 20 Hz 10 1000 BL MPFC H-Coil Decrease in craving and

consumption compared to sham
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Table 1. Cont.

Reference N (Active,
Control) Frequency # Sessions Pulses/

Session Site Coil Clinical Outcome

Girardi (2015)
[63] 10, 10 20 Hz 20 2200

Medial and
Lateral PFC

L > R
H-coil

Craving scores and depressive
symptoms reduced compared to

control group

Herremans
(2015) [56] 26 20 Hz 15 1560 R DLPFC Figure-of-8 General craving, but not cue

induced craving, decreased

Mishra (2015)
[61] 20 10 Hz 10 1000 R v. L DLPFC Figure-of-8

Reduction in craving, no
difference between R and

L DLPFC

Rapinesi (2015)
[64] 13 18 Hz 20 1980 DLPFC L > R H-coil Reduction in craving and

depressive symptoms

Del Felice (2016)
[60] 8, 9 10 Hz 4 1000 L DLPFC Figure-of-8 No changes in craving and

number of drinks

Addolorato
(2017) [65] 5, 6 10 Hz 12 1000 L > R DLPFC H-coil

Decreased number of drinking
days compared to sham, no

differences in cravings

Hanlon (2017)
[66] 24, 24 cTBS 1 3600 VMPFC Figure-of-8 No differences in craving

compared to sham

Kearney-Ramos
(2018) [67] 24, 24 cTBS 1 3600 VMPFC Figure-of-8 No change in craving compared

to sham

McNeill (2018)
[58] 20 cTBS 1 600 R DLPFC Figure-of-8 Ad libitum alcohol consumption

in lab increased

Jansen (2019)
[55] 39, 36 10 Hz 1 3000 R DLPFC Figure-of-8 No difference in craving

compared to sham

Schluter (2019)
[68] 41, 41 10 Hz 10 3000 R DLPFC Figure-of-8

No difference in impulsivity and
inhibitory control compared

to sham

Perini (2020)
[69] 29, 27 10 Hz 15 1500 Insula H-coil No difference in craving and

consumption compared to sham

R, right; L, left; DLPFC, dorsolateral prefrontal cortex; MPFC, medial prefrontal cortex; cTBS, continuous theta
burst stimulation.

More consistent benefit was seen, using dTMS. Using the H1 dTMS coil, two small
RCTs showed significant decreases in symptoms of AUD in active compared to sham [62,65],
and an open-label, nonrandomized trial of adjunctive dTMS vs. standard drug treatment
showed superiority of dTMS in reducing symptoms of craving and depression [63]. As
mentioned previously, the H1 coil provides stimulation to deep prefrontal regions bilaterally,
but preferentially to the left. A single group open label trial with a subset of patients with
comorbid MDD and AUD also showed benefit on craving [64]. A follow up study of this
open label trial showed significant decreases in depression symptoms of 21 patients with
comorbid MDD and AUD [70]. Interestingly, however, a recent large double-blind RCT
of 54 AUD patients receiving 15 daily treatments with the H8 dTMS coil at 10 Hz and
1500 pulses per session or sham did not show any significant differences between groups
on alcohol craving or consumption [69]. The H8 coil is different than the aforementioned
H1 coil, as it is designed to specifically target the insula and does not stimulate the anterior
prefrontal areas and is a bilateral coil. The insula was hypothesized to be a promising target,
due to it being an important region in interoception and integrating internal states and
strongly associated with craving [71]. Furthermore, this stimulation protocol was intended
to parallel the protocol that was shown to be effective in smoking cessation [72,73]; however,
these smoking trials used an H4 coil, which stimulated not only the insula, but also the
bilateral prefrontal (which the H8 coil does not). Lastly, two studies of single-session cTBS
to a total of 3600 pulses to the MPFC demonstrated the ability to modify fronto-striatal
activity on functional MRI but not on self-reported craving [66,67], and requires further
study with a full course of treatment.
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4. Developing rTMS to Treat MDD and AUD Comorbidity

The summary of evidence demonstrates that rTMS for MDD is an established and
effective treatment option, and for AUD, there is accumulating pilot data, which in conjunc-
tion with evidence showing rTMS effectiveness in other SUDs [74], has great potential for
also being a therapeutic option in the future. Treatment of patients with comorbid MDD
+ AUD with rTMS may require a unique approach that arises from the synthesis of the
separate bodies of evidence that exist for each individual disorder (Table 2). It is worth
noting, though, that several limitations exist in extrapolating the results of pilot clinical
trials in AUD. One issue is the common occurrence of studies only assessing craving after
one rTMS treatment session. In MDD, therapeutic effects are not expected after one session,
and indeed meta-analyses have shown that a greater number of sessions is associated with
increased efficacy [75], and this was shown in craving for substances as well [76]. Further-
more, the current standard for an adequate course of treatment is 20–30 sessions [30]. To our
knowledge, only 2 studies have looked at 20 session courses [63,64] and 2 studies looked
at 15 sessions [56,69], with only one study from each these having control groups [63,69].
Another limitation is the focus on craving as the primary outcome, with much fewer studies
assessing the effects on actual consumption. Lastly, we note that there are very few trials
focused on using rTMS to treat comorbid MDD + AUD. One group of authors reported on
rTMS for MDD + AUD in two publications with an overlapping sample of patients [64,70],
and one reported on comorbid dysthymia and AUD [63]. Otherwise, studies of rTMS are
known to specifically target MDD or AUD exclusive of the other disorder.

Table 2. Selected literature of converging directions for repetitive transcranial magnetic stimulation
(rTMS) in major depressive disorder (MDD) and alcohol use disorder (AUD).

MDD AUD

rTMS Site/Frequency
HF Left DLPFC [15,30,40]
LF Right DLPFC [15,30,40]

HF Bilateral PFC 1 [15,30,40]

HF Right DLPFC [51,56,57]
HF Bilateral PFC [62–65,70]

rTMS Coil Figure-of-8 [15,30,40]
Deep TMS [15,30,40]

Figure-of-8 [51,56,57,61]
Deep TMS [62–65,70]

Adequate No. of Sessions 20–30 [15,30,40] ≥15 [56,63,64]

Transdiagnostic Symptom
Construct Executive function [77,78] Executive function [53,60]

Craving [74]

Optimization Protocols

Neuroimaging-guided targeting:
anatomical (DLPFC) [79] and

functional DLPFC to ACC [80,81]
Accelerated rTMS [48]

Individualized effects on
neuroimaging: ACC and
reward circuit [57,66,67]

Accelerated rTMS [56,57,82]
HF, high frequency; LF, low frequency; DLPFC, dorsolateral prefrontal cortex; PFC, prefrontal cortex; ACC,
anterior cingulate cortex. 1 Using deep TMS coils, targets DLPFC but extends broadly across the PFC, including
deeper structures below the PFC.

Excitatory stimulation of the left DLPFC was confirmed to be effective for MDD; how-
ever there was not a significant signal in pilot RCTs for AUD. This suggests that excitatory
left DLPFC stimulation is more effective for depression than AUD, and indeed, Del Felice
and colleagues [60] showed that HF-rTMS over the left DLPFC decreased symptoms of
depression (in patients without a diagnosis of MDD) but had no effect on alcohol cravings.
In AUD, there is only literature exploring the efficacy of excitatory stimulation in the right
DLPFC; however, for MDD, mostly inhibitory stimulation was studied here. In AUD, one
study of inhibitory stimulation using cTBS to the right DLPFC actually found increases in a
lab-based measure of alcohol consumption [58]. Although study results for right DLPFC
HF-rTMS are mixed, the largest and highest quality trial of these did show a significant
effect on alcohol craving [51]. There is scarce evidence for HF-rTMS to the right DLPFC
in MDD. One randomized cross-over RCT showed left-sided rTMS to be superior to the
right [83], but with small sample sizes and only 5 treatment sessions for each condition;
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another small RCT showed no differences between right, left, or sham stimulation [84].
Notwithstanding the standard theoretical rationale of using LF-rTMS to the right DLPFC,
HF-rTMS to this area remains relatively untested in MDD alone. Thus, for unilateral rTMS
treatments, no single protocol is clearly efficacious for both MDD and AUD. However,
we can hypothesize that excitatory stimulation of the DLPFC bilaterally is needed for an
optimal effect when these conditions are comorbid, with amelioration of MDD symptoms
from the left DLPFC and AUD symptoms from the right.

In line with this, for both MDD and AUD, dTMS using the H1 coil, which provides
excitatory stimulation to the bilateral PFC more broadly, was shown to be effective. For
MDD, this was confirmed through multiple large-scale, pivotal, double-blind RCTs [39],
and for AUD through 2 pilot RCTs with positive findings [62,65]. Even more intriguing
are open-label studies in patients with comorbid MDD + AUD showing a benefit from
dTMS in both alcohol craving and depressive symptoms [64,70], and a non-randomized
trial showing benefit in patients with comorbid dysthymic disorder and MDD [63]. To our
knowledge, these are the only clinical trials of rTMS directly targeting the comorbidity of
MDD + AUD. Thus, bilateral PFC stimulation either through sequential stimulation one
side at a time or simultaneously through a dTMS coil (although worth noting that the most
commonly studied H1 dTMS coil stimulates the left more than the right side) may be the
most promising avenue for future study in comorbid MDD + AUD. Differences in dTMS
coils are likely to be important, as shown by the lack of effect on AUD with the H8 coil that
stimulated only the insula but spared the PFC.

To adequately develop rTMS for comorbid MDD + AUD, it will be important to
adequately manage the additional safety concerns that come with problematic alcohol
use. The most important of these is the increased risk of seizures, which is considered
the most severe and potentially life-threatening adverse effect of rTMS. However, this is
usually a rare event, with most estimations of seizure risk to be <0.01% [85,86]. Current
safety guidelines for rTMS warn that alcohol abuse is a general risk factor for incident
seizures and the state of alcohol withdrawal decreases the seizure threshold, and thus, it
can be reasoned that AUD or general alcohol misuse is a risk factor for TMS-provoked
seizures [30,85]. Despite this, these same guidelines do not explicitly state that patients
with AUD should be excluded from rTMS, and simply recommend careful evaluation and
documentation of alcohol use history and to “provide education” on the effects of alcohol
use on rTMS. Currently, there is a lack of empirical evidence on the relative and absolute
risk for seizures during rTMS in those with AUD, compared to those without AUD. One
study of all documented seizures from dTMS identified through published case reports
or reported to the manufacturer between 2010 and 2018 estimated an overall crude rate of
0.087% [87]. Of these, 6 out of 31 identified seizure cases related to increased alcohol use.
These numbers suggest that even though alcohol can be a risk factor, the absolute risk is
still exceedingly rare. These authors also pointed out that these seizure rates are better than
those reported for common psychotropic medications that are commonly prescribed for
patients, such as antidepressants and antipsychotics. Furthermore, given the well-known
burden of illness from AUD in terms of increased morbidity and mortality, treatments that
may be effective in ameliorating AUD but have a rare risk of an adverse event may still
have a favorable risk-to-benefit ratio. Further research is also needed on how to design
and modify treatment protocols to reduce the risk of seizures. Currently, all rTMS for AUD
trials require participants to have safely completed medical detoxification and be out of
the alcohol withdrawal period; however, details within these protocols vary greatly in
terms of length of time after detox, length of abstinence before rTMS is started, and the
treatment setting.

Another important area of exploration is how to develop novel therapeutics for co-
morbid conditions that are bidirectional in nature, as presentation can vary depending
on the course of illness. For example, there is a large overlap between the presentation
of alcohol-induced mood disorder and that of a primary mood disorder with comorbid
AUD [88]. Diagnostic clarity often remains elusive, although a careful longitudinal history



Brain Sci. 2022, 12, 48 8 of 17

may provide clues [89]. Many patients with MDD can develop AUD after using alcohol to
“self-medicate” their symptoms [90], and abstinence from alcohol can help alleviate symp-
toms of depression [91]. Thus, studies of rTMS for MDD + AUD should attempt to carefully
distinguish and characterize the trajectory of illnesses in study participants to determine
how the AUD and MDD symptoms interact and whether each, or both, of these conditions
can be considered primary. Furthermore, on a neurobiological level, these conditions may
not be discrete categories, and may lie on a continuum of psychopathology [92].

5. Neurobiologically Based Transdiagnostic Clinical Outcomes

The ability to directly modulate the neural circuits with rTMS is an exciting opportu-
nity both within and across disorders. Transdiagnostic approaches to psychiatry have been
favored in recent decades, given the well-described limitations of the current standards
of diagnosis through the Diagnostic and Statistical Manual of Mental Disorders (DSM)
related to excessive comorbidity between disorders and heterogeneity within disorders.
This is evident through epidemiological studies showing extremely high rates of comor-
bidity. Genes, brain regions, and neural circuits implicated in the pathophysiology of
various mental disorders have a high degree of overlap [93,94], suggesting a biological
basis for comorbidity. For example, large-scale analyses of genome wide data from the
Psychiatric Genomics Consortium and U.K. Biobank could demonstrate shared genetic
mechanisms and a causal relationship of MDD on the development of AUD [95]. Fur-
thermore, common neurobiological abnormalities between disorders may better map onto
dysfunction in discrete behavioral functions or symptom clusters as opposed to entire
syndromes. Researchers have been galvanized to this approach by the National Institutes
of Mental Health’s Research Domain Criteria (RDoC), a novel classification framework that
categorizes normal and pathological domains of brain function that are informed by neuro-
science [96]. Here, we highlight the potential of rTMS to target transdiagnostic symptom
constructs with high clinical relevance to both MDD and AUD, the cognitive system.

Cognitive dysfunction is understood to be a common and core symptom domain
in both MDD and AUD, with executive dysfunction being among the most commonly
reported and consistently significant findings [97], which include subdomains, such as
working memory, inhibitory control, and set shifting [98]. Shared neurobiology may
underlie this transdiagnostic symptom construct. One study showed that volumetric
changes in the dorsal anterior cingulate and bilateral insula common across multiple
diagnoses, including MDD and substance use disorders (SUDs), was associated with
executive function deficits [94]. These regions interrelate with the DLPFC in order to balance
between the cognitive focus of external tasks and salience processing [71]. Early TMS
research in healthy control subjects were able to demonstrate cognitive enhancing changes,
and that PFC stimulation affected executive functioning tasks, such as stimulus processing
on the visual oddball task [99]. Given the weight of evidence in DLPFC stimulation using
rTMS, the association of this region with executive function is important [100]. In MDD,
the DLPFC has a key role in executive and cognitive control of negative emotion through
reappraisal and suppression strategies [101]. In general, PFC subregions are interrelated
and are involved in important functions related to salience detection, error prediction, and
appraising the value of a given external stimulus [102,103]. These functions have wide
clinical implications, such as on the processing of external- and internal-substance-related
cues important in AUD, and for the physiological and psychological responses to safety
and threat information important in mood and anxiety disorders [104]. The PFC’s role
in cognition also extends to the integration of sensory and emotional signals from other
parts of the brain [105] and in social cognition [106]. In AUD, activation of the DLPFC
via rTMS may aid in modulating inhibitory processes that regulate risk-taking behavior
and cravings [107]. This is in line with research showing the use of TMS in modulating
action inhibition in humans as measured by their performance on the stop-signal task
through stimulation of the DLPFC [108]. Importantly, emotional stimuli processing in
the brain can also disrupt inhibition performance, pointing to a possible interaction effect
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between cognition and affective symptoms reported by patients [109]. Indeed, experimental
studies have shown how priming by negative emotionality affects motor responses through
increases or decreases in corticospinal excitability [110].

It is intriguing to note the parallel findings on the implications of executive dysfunction
in MDD and AUD, such as greater treatment resistance and overall poorer outcome [111].
Furthermore, standard treatments may not directly address these deficits, given that stud-
ies of remitted MDD [112] and abstinent AUD patients [113] still have worse executive
function, compared to healthy controls. For studies of DLPFC rTMS for MDD, a systematic
review and meta-analysis by Martin and colleagues showed modest benefits in set shifting
and psychomotor speed, two subcomponents of executive function [77]. Furthermore,
the improvement from rTMS in executive function correlates well with depressed mood
reduction [78]. In AUD, one study found promising results of HF-rTMS to the left DLPFC
on set shifting and inhibition [60], and HF-rTMS to the right DLPFC resulted in more stable
speed of response [53], but another study showed that it did not change performance on
tasks of regulating impulsivity [68]. Cognitive improvements were not always associated
with improvements on alcohol craving [60], and thus, the clinical relevance of cognitive
task performance on clinical outcomes in AUD requires further study. Another study
showed that HF-rTMS to the right DLPFC increased the frontal–parietal cognitive control
network connectivity compared to sham, and that higher connectivity in this network was
associated with fewer relapses [54]. The effect of rTMS is also transdiagnostic beyond
MDD and AUD, with evidence existing in schizophrenia, bipolar disorder, and Alzheimer’s
disease [114,115]. Still, the literature is currently limited by substantial variability and lack
of consensus for rTMS protocols and target neurocognitive outcomes. Nonetheless, the
effect of rTMS on enhancing cognition and treating executive dysfunction demonstrates the
ability to target comorbidity broadly, including MDD + AUD comorbidity, if there exists an
overlapping discrete symptom construct.

6. Future Directions to Optimize Efficacy of rTMS for MDD and AUD

An evolving area of research is the optimization and personalization of treatment.
Although rTMS has proven efficacy in MDD, response and remission rates are argued to be
modest, often attributed to inter-individual variability [45]. Novel treatment paradigms
have thus been developed to address the questions of how to personalize treatment to the
person and optimize effectiveness for more patients, and we highlight here some promising
avenues that have potential for use in both MDD and AUD.

Considerable inter-individual heterogeneity in the structure of the head and brain
anatomy of the DLPFC exists, which can influence the electric field induced in the brain by
the magnetic field created by rTMS [116]. Scalp-based measurement may be imprecise in its
ability to localize the target site of interest [117] and individualized MRI-guided “neuronav-
igation” techniques allow for more accurate positioning of the coil to stimulate group-based
cortical targets [118]. However, even with this precision, there can be variability in the
response, depending on sub-regions within the DLPFC [119], and evidence for superiority
of neuronavigation compared to standard landmarking is mixed [79,120], leading to efforts
for further optimization through functional connectivity between different areas of the
DLPFC to other brain regions [80]. This has resulted in the finding that the region of the
DLPFC that is the most anticorrelated with the subgenual anterior cingulate cortex (ACC)
is associated with the greatest antidepressant effects, which was impressively replicated in
a number of independent cohorts [81,121].

While this DLPFC and subgenual ACC circuit is considered important in MDD patho-
physiology, in the study of AUD, Herremans et al. [57] hypothesized that because of the role
of the ACC as a reward processing region implicated in alcohol relapse [122], it is a “relapse
neurocircuit” with the DLPFC and ventromedial PFC (VMPFC) and could perhaps predict
clinical outcomes from rTMS. They found that after HF-rTMS to the DLPFC, the lower the
dorsal ACC activation at baseline, the more its activity increased after treatment [57]. Simi-
larly, rTMS to the VMPFC/orbitofrontal cortex induced functional connectivity changes
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to several regions implicated in reward processing, among them the ACC, insula, and
ventral striatum [66,67]. However, the clinical effects of rTMS to the MPFC have not been
well established in MDD or AUD as yet. A promising strategy may lie in targeting func-
tional connectivity between regions of the PFC connected to the ACC and related deeper
structures implicated in reward processing.

Another approach to optimize rTMS outcomes is to increase the speed of response
by condensing the course of treatment through accelerated rTMS. Instead of once-daily
treatments, multiple sessions of rTMS per day are delivered over fewer days overall, and
by optimally spacing sessions, there may be an enhanced effect through an accumula-
tion of synaptic strengthening [123]. Feasibility and promising results for this method
for MDD were demonstrated through open-label and sham-controlled trials, with high
response/remission rates just after a few days of treatment [48,124]; however, findings of
the superiority of accelerated rTMS over standard rTMS are still lacking [125]. In AUD, Her-
remans et al. [56] used 14 HF-rTMS treatments over 3 days, which demonstrated feasibility
and effectiveness with an accelerated protocol. Follow-up studies with an expanded sample
also used this same accelerated protocol [57,82] to examine neurobiological predictors but
also continued to demonstrate feasibility. Importantly, in AUD, this accelerated protocol
demonstrates safety in terms of seizure risk, given that the increasing number of pulses
and sessions per day could theoretically confer a higher risk of seizures [30,85].

Lastly, a fascinating area of development in rTMS research, which could be applied
to both MDD and AUD, is employing a task for participants to engage in, or a disorder-
specific cue immediately before or during the stimulation. These protocols aim to exploit
mechanisms of task-dependent plasticity, as once a disorder specific neurocircuit is “acti-
vated”, it may be more primed for neuromodulation by rTMS. For example, dTMS for the
treatment of nicotine addiction is done with the pairing of smoking-related cues during
treatment [73]. This combined method resulted in clinically significant findings within
a multi-site RCT, which led to FDA approval. Indeed, across other SUDs, rTMS to treat
cravings is commonly done in conjunction with a cue-induced paradigm [74]. For AUD,
Ceccanti and colleagues [62] conducted a small sham-controlled RCT of dTMS adminis-
tered immediately after participants were asked to look at and smell a glass filled with their
favorite alcoholic drink, further individualizing the alcohol cue to patient preference. This
may potentially result in more powerful engagement of the craving neurocircuit. Some
single-session experimental studies also employed protocols asking participants to recall
their most recent experience, using their substance of choice [66] with their rTMS treat-
ment. For MDD, research is still exploring promising task- or cue-based paradigms. One
avenue that was reported is the pairing of cognitive behavioral therapy with rTMS, based
on the concept that there is a synergistic induction of neuroplasticity to cognitive control
circuits [126]. However, a significant limitation of this current research is that there are
no studies directly comparing rTMS with and without a behavioral cue; thus, the relative
benefit of combining these treatments remains to be seen. For the treatment of patients
with comorbid MDD + AUD, future research should inquire whether optimal treatment
requires the addition of tasks activating the neurocircuitry underlying symptoms relevant
to both disorders simultaneously or different tasks per disorder sequentially, and also to
compare it with rTMS treatment alone.

7. Conclusions

In summary, the development of an effective intervention for patients with comorbid
AUD + MDD remains a therapeutic challenge that has significant implications in decreasing
morbidity risk and burden of illness. rTMS has proven efficacy, safety, and tolerability over
several decades of research and integration into clinical care for MDD. The evidence for
rTMS is well supported by numerous large-scale multi-site RCTs and federal regulatory
approval for its use in clinical practice. For AUD, there is now approximately a decade of
publications showing the potential of rTMS to reduce cravings and consumption. Currently,
there is considerable variability in the methodological approach, with no clearly superior
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rTMS protocol for AUD established yet. We propose that synthesizing the converging
points of evidence in these two bodies of literature can provide avenues for future research
(Table 2), suggesting the considerable potential in developing rTMS for the treatment of
individuals with these comorbid conditions. Our review suggests that rTMS for comorbid
MDD + AUD may require a bilateral approach, given the strength of evidence of left and
bilateral rTMS in MDD and of right and bilateral rTMS in AUD. It will also be important
for future research to systematically examine the risk–benefit ratio of rTMS, given the risk
of seizures associated with AUD. Exploring rTMS as a targeted therapy for transdiagnostic
symptom domains guided by neurobiology, or through frameworks such as RDoC as
opposed to DSM-based diagnoses, may also allow us to target comorbidity in a less
constrained manner. There also appears to be high potential for novel rTMS protocols
aimed at personalizing and optimizing treatment via neuroimaging guided targeting,
accelerated rTMS, and combination with behavioral tasks or psychological cues. Ultimately,
further research into rTMS for MDD + AUD brings hope for filling an unmet need for the
patients suffering from this complex comorbidity.
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