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Abstract Noninvasive neuromodulation refers to a family of
device-based interventions that apply electrical or magnetic
fields, either at convulsive or subconvulsive levels, to the
brain through the intact skull tomodulate neural function. This
is a rapidly evolving field, with new research emerging re-
garding the various roles that these devices can play both in
studying the neural mechanisms underlying mood and anxiety
disorders, and in treating pharmacoresistant conditions either
on their own or in combination with other therapies. Each
neuromodulation modality has its pros and cons and should
be carefully chosen after weighing the risks and benefits. This
manuscript reviews some of the most exciting developments
in this field over the past year and emphasizes themes that are
emerging as being important for these tools to fulfill their
potential to transform how we study and treat mood and anx-
iety disorders. Key among these themes is the concept of how
we understand the “dose” of the stimulation, and how exoge-
nously applied fields interact with endogenous brain activity.
Refining the concept of dose will ultimately be important in
allowing clinicians and researchers to apply the procedure with
precision to engage the targeted network to achieve the desired
effects in each individual. The large parameter space defining
dose of neuromodulation makes interpreting the literature on
safety and efficacy challenging and highlights the need for clear
and accurate reporting of the spatial, temporal, and contextual
features of dosage to make the emerging literature base as

informative as possible. Ultimately, the impact of noninvasive
neuromodulation devices is potentially transformational given
their utility in providing mechanistic insight into the circuit-
based and oscillatory origins of mood and anxiety disorders,
as well as providing therapeutic interventions rationally de-
signed to target disease-related processes.
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Introduction

Noninvasive neuromodulation refers to a family of device-
based interventions that span our oldest somatic therapies in
psychiatry (e.g., electroconvulsive therapy, ECT, which is
nonfocal and convulsive) to our youngest and most recently
approved therapeutic interventions (e.g. transcranial magnetic
stimulation, TMS, which is relatively more focal and
subconvulsive). These technologies have evolved over time
to provide more precise control over the spatial distribution of
the electric fields induced in the brain and the temporal
components of the st imulat ion. TMS can induce
intracerebral electrical currents with focal rapidly alternating
magnetic fields applied to the scalp (1, 2) for both
subconvulsive applications as well as for focal seizure induc-
tion (e.g., magnetic seizure therapy, MST). Transcranial direct
current stimulation (tDCS) delivers electrical current to
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modulate cortical excitability by depolarizing or hyperpolar-
izing the cortical regions beneath the electrodes (3).

The use of noninvasive neuromodulation in depressive ep-
isodes, especially in major depressive disorder (MDD), has
been the most well-studied clinical application. ECT remains
the recommended treatment for severe depression, especially
when a rapid response is warranted (4). A highly effective
procedure, ECT, is associated with a risk of cognitive side
effects, especially memory impairment (5). These risks have
been lowered through improvements in ECT technique but
have not been eliminated as of yet. In contrast, TMS para-
digms approved for depression have not been found to be
associated with cognitive side effects. In 2008, TMS was
FDA-cleared in the USA for the treatment of Badult patients
who have failed to achieve satisfactory improvement from one
prior antidepressant medication at or above the minimal effec-
tive dose and duration in the current episode^ (6). More re-
cently, the FDA labeling was expanded to include adults who
have failed to respond to at least one antidepressant medica-
tion at or above the minimally effective dose. Three TMS
devices are now on the market for depression in the United
States. The European (7) and Canadian (8) guidelines also
supported its tolerability and efficacy. Other subconvulsive
interventions for depression are at various stages of investiga-
tion, including synchronized TMS (sTMS) and tDCS.

New literature in this emerging field has focused on exam-
ining new indications, identifying biomarkers of illness and
response, and optimizing dosage. Although clinicians are fa-
miliar with the concept of dose when prescribing medications,
this concept in neuromodulation is evolving (9, 10). Here we
discuss three dimensions of neuromodulation dose, including
spatial distribution (targeted brain region, electrode/coil place-
ment, electrode/coil shape and orientation), temporal dynam-
ics (pulse shape, frequency, train duration), and context (e.g.,
the state of the circuit at the time of stimulation, as influenced
by concomitant cognitive task engagement, medication, or
other contextual aspects of the treatment) (11). Various tech-
nologies have emerged to expand the dose parameter space in
the interest of enhancing efficacy or expanding scientific value
of the tool. For example, deeper penetrating coils are now
FDA-approved for depression (dTMS)(12). Other relevant
novel technologies include synchronized TMS (sTMS) (13),
alpha TMS (αTMS) (14), theta-burst stimulation (TBS) (15),
accelerated TMS (16), individualized low-amplitude seizure
therapy (iLAST) (17), and magnetic seizure therapy (MST)
(18). In the following sections, these technologies will be in-
troduced and discussed.

Here we review interesting developments in this rapidly
evolving field over the past year and place them into to the
context of the larger field of neuromodulation, highlighting
the importance of understanding dose-response relationships
to fulfill the potential of neuromodulation to transform clinical
neuroscience practice in psychiatry and neurology.

Methods

Databases, including Pubmed/Medline, Cochrane database
for reviews, and PsycINFO, were searched using the follow-
ing MeSH and non-MeSH terms: transcranial magnetic stim-
ulation, transcranial direct current stimulation, cathodal stim-
ulation, anodal stimulation, electroconvulsive therapy, mood
disorder, affective disorders, depressive disorder, obsessive-
compulsive disorder, post-traumatic stress disorder, panic dis-
order, Tourette syndrome, and generalized anxiety disorder.
The inclusion criteria were publish date between January
2014 and March 2015, adult population, and published in
English. Various types of study designs and article types were
all included, such as randomized controlled trial, open-label
trials, case reports, or case series. All studies were screened by
title, abstract, and full text by two authors before decision to
include or exclude (Fig. 1). Studies highlighted in this review
were selected for their relative degree of innovation and po-
tential impact on the field.

Electrical and Magnetic Seizure Therapies

ECT in Major Depressive Disorder

Still our most effective and rapidly acting treatment for de-
pression, ECT has evolved over time with successive im-
provements in its risk/benefit ratio (19). This evolution nicely
illustrates the importance of dosage in defining clinical out-
comes. ECT technique has evolved from a Bone size fits all^
approach, to an individualized dosing approach where the
number of pulses is titrated to individual seizure threshold.
As well, refinements in electrode placement, which controls
the spatial distribution of the field in the brain (20, 21), and
pulse width, an aspect of the temporal dynamics of the stim-
ulation, have each contributed to lowering of the risk of mem-
ory loss (9).

Evidence directly comparing clinical outcomes with differ-
ent doses of ECT in adequately powered samples is still
emerging. The efficacy of ultra-brief pulse right unilateral
(RUL) ECT needs to be carefully evaluated given its more
benign cognitive side effect profile than standard pulse width
ECT and bilateral (BL) electrode placement (22). In the past
year, studies have questioned the efficacy of ultra-brief pulse
RUL in relapse prevention (23, 24) and failed to demonstrate a
cognitive advantage relative to standard pulse width (25).
However, issues of proper dosing, adequate study design,
and optimal measurement sensitive enough to capture relative
advantages in cognitive side effects are clearly important be-
fore making conclusions about the clinical value of ultra-brief
RUL ECT (26). Phase 1 of the adequately powered
Prolonging Remission in Depressed Elders (PRIDE) study is
expected to shed light on this issue regarding the efficacy of
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ultra-brief pulse RUL ECT in a large cohort of seniors with
unipolar depression (27, 28).

Relapse prevention following response to ECT is one of the
leading unsolved problems in clinical ECT practice. A contin-
ued dose as maintenance treatment is recommended after
acute ECT treatment, but the optimal means of delivering this
maintenance treatment is still a matter of debate. Fixed sched-
ule maintenance ECT was found to be no better than combi-
nation pharmacotherapy (29, 30). Psychopharmacology, psy-
chotherapy, and neuromodulation were all examined; howev-
er, none of these approaches have yet achieved the degree of
sustained benefit that would be optimal (30, 31). This clinically
important issue will be addressed in Phase 2 of the PRIDE Trial
(28), utilizing an individualized symptom-titrated algorithm-
based longitudinal ECT (STABLE) intervention which tailors
maintenance treatments according to symptom expression
rather than a fixed schedule (32).

Given emerging evidence for rapid antidepressant efficacy
of ketamine, there has been interest in whether combining
ketamine with ECT may boost antidepressant response. The
combination of ketamine and ECT did not seem to synergi-
cally improve the treatment outcomes according to a recent
meta-analysis (33). Utilizing a different augmentation ap-
proach, a recent trial found that the combination of ECT and
aerobic exercise training in depression resulted in better

outcomes (34). Although blinding was not possible, this study
raises the intriguing idea that these effects may be moderated
by increases in brain-derived neurotropic factor (BDNF).

Biomarkers of Response to ECT

A growing number of studies have examined various genetic,
molecular, and imaging biomarkers in relation to antidepres-
sant response with ECT, with disparate results. Genetic poly-
morphism was examined, including serotonin transporter (5-
HTTLPR), norepinephrine transporter (NET182C), COMT
(Val158Met), DRD2 (C957T), and ApoE (35, 36). The asso-
ciation of plasma biomarker levels and treatment response was
explored, such as brain-derived neurotropic factor (BDNF)
levels (34, 37), nerve growth factor (NGF) (38), and plasma
thioredoxin levels (39). A meta-analysis has indicated that
serum BDNF increased after ECT but had no correlation with
improvement in depressive symptoms (40). Imaging studies
have revealed changes in hippocampus and amygdala
fol lowing ECT. In depressed patients , a smaller
hippocampus volume at baseline (41) and a larger amygdala
volume (42) were associated with better treatment outcomes.
After ECT treatment, the hippocampus and amygdala showed
increased volumes (41, 43). Specifically, the right hippocam-
pal connectivity increased and normalized after a course of

Fig. 1 Article selection process. Due to the large volume of published articles, only topics relevant to this review were included after full-text review.
The hand-search records included review articles that summarized the advancement prior to January 2014
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RUL ECT (43). The interpretation of those changes are still
pending. This correlation seemed to be a result of ECT, but it
is unclear if those correlations were related to clinical
response or to cognitive side effects.

ECT in Bipolar Depression and Tourette Syndrome

ECT was found to be effective in treating both unipolar and
bipolar depression (44). A randomized controlled trial com-
pared ECT to algorithm-based pharmacological treatment in
bipolar depression. This study demonstrated a better response
rate (73.9 vs. 35.0 %) with ECT (45) and without compromis-
ing general neurocognitive function (46). Developing
effective treatment for bipolar depression continues to be an
ongoing task for the future (47). Other studies examined the
utility of ECT in other conditions, such as Tourette syndrome.
A case report (48) showed successful treatment of Tourette
syndrome with ECT.

Innovations in Seizure Therapy: MST and iLAST

Magnetic seizure therapy (MST), an investigational proce-
dure, couples the spatial focality of magnetic induction with
the powerful therapeutic efficacy of seizures in an attempt to
improve the risk/benefit ratio of seizure therapy by minimiz-
ing risk of cognitive side effects (18, 49, 50). MST enables
more precise control of the spatial extent of the induced elec-
tric field and resultant seizure than conventional ECT, present-
ing the opportunity to reduce involvement of medial temporal
and frontal structures implicated in cognitive side effects (51).
Computational modeling demonstrates that MST is less sus-
ceptible to variability introduced by anatomical differences
across individuals than ECT (52).

In treatment-resistant depression (TRD), MST demonstrat-
ed efficacy comparable to ECT, with a response rate of 69 %
and a remission rate of 46 % (53–55). Compared to ECT,
MST has less cognitive side effects (56) and faster post-ictal
recovery (57). As with ECT, MST appears to also carry a risk
of treatment-inducedmania as demonstrated by two case reports
(58).

The observation that MST induces electric fields in the
brain that are at much lower amplitude than conventional
ECT, and nevertheless that they demonstrate antidepressant
efficacy, suggests that the current amplitudes conventionally
used in ECT may be higher than necessary to achieve thera-
peutic response (59). Computational modeling of the electric
field induced in the brain by ECT and MST demonstrates that
conventional ECT can be modified to approach the focality of
MST by lowering the amplitude of the administered current
and also by making the electrodes smaller and placing them
closer together on the head (51). In addition to lowering the
current amplitude to increase focality, current amplitude can
also be individualized to compensate for individual

differences in anatomy. This novel approach, termed individ-
ualized low-amplitude seizure therapy (iLAST), has been dem-
onstrated to be feasible in computational and animal models
and led to the discovery that themotor response to single pulses
measured by EMG is a powerful predictor of seizure threshold
(17, 51, 60, 61). The ability to predict seizure threshold without
actually inducing a seizure as done in conventional seizure
titration approaches opens the possibility of a less invasive
means of dosage planning to personalize the treatment.

Transcranial Magnetic Stimulation

TMS in Major Depressive Disorder and Bipolar Disorder

Available evidence supports efficacy of two TMS protocols in
moderate MDD when given daily for 4 to 6 weeks using a
figure 8 coil: (1) high-frequency TMS (HF-TMS) over the left
dorsolateral prefrontal cortex (DLPFC), 3000 pulses per ses-
sion (7, 8), and (2) low-frequency TMS (LF-TMS) over the
right DLPFC, more than 1200 pulses per session (7, 62). Lim-
ited literature compared those two protocols head-to-head.
One study compared HF-TMS and LF-TMS in treatment-
resistant unipolar and bipolar depression (62). No significant
difference was reported between groups; however, the study
was under-dosed and under-powered (N=33) in its three-arm
design. Studies with larger sample size are warranted to com-
pare the effectiveness in these two protocols. This is especially
clinically relevant since low-frequency TMS carries a lower
risk of seizure compared with high-frequency TMS. Some
studies have attempted to extend the success in unipolar de-
pression to bipolar depression, although more work is needed
to establish efficacy and safety in bipolar disorder (63–65).

As with ECT, relapse prevention following antidepressant
response to TMS represents a clinically important topic. Stud-
ies suggest that antidepressant benefits of TMS can persist on
the order of months (66, 67), but relatively few studies have
addressed optimal relapse prevention strategies to sustain ben-
efits. Available evidence suggests that antidepressant initiation
is critical to maintain remission (68). One study reported
reduced relapse rate with continued maintenance TMS two
times weekly and then weekly. The results suggested that main-
tenance TMS might be helpful in preventing affective episode
relapses in a 12-month follow-up period (69).

TMS in Anxiety Disorders

In addition to unipolar depression, TMS has been studied in
post-traumatic stress disorder (PTSD), obsessive-compulsive
disorder (OCD), Tourette syndrome (TS), generalized anxiety
disorder (GAD), and panic disorder (7). A recent review did
not recommend TMS in anxiety disorders, except for PTSD
(level C evidence) (7). HF-TMS over the right DLPFC was
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the recommended protocol per European guidelines (70–72).
Unfortunately, no consensus could be made on other diagno-
ses due to various doses, heterogeneous protocols, and small
sample size.

Right and left DLPFC were the most well-studied TMS
targets in various psychiatric disorders. Other brain targets
were based on imaging studies in the specific conditions, such
as orbito-frontal cortex (OFC), supplementary motor area
(SMA), and medial prefrontal cortex (mPFC).

Ameta-analysis concluded that targetingOFC and SMAwith
LF-TMS shows promise in the treatment of OCD (73). A study
stimulating LF-TMS over the right OFC with the double-cone
coil for 1 week showed improvement in OCD symptoms (74).
The normalization of OFC hyperactivity and an overall normal-
ization of the brain circuitry hyperactivity (BA 9, 10, 11, 25, 47)
were associated with TMS treatment response. In addition,
LF-TMS over SMA has been reported in treating OCD and
Tourette syndrome (75–77). Two case reports demonstrated
TS symptom improvements with this target (78, 79), but a
two-center randomized sham-controlled trial of 3 weeks of
LF-TMS failed to find benefit (although there were suggestions
that a longer treatment course could have value) (80). An open-
label study used LF-TMS targeting mPFC (dACC, BA 24 and
32) in OCD for 10 sessions. The mean Yale Brown OCD Scale
(Y-BOCS) improvement was 39 % (81). Studies targeting
DLPFC in OCD had mixed findings. A case report applied
10-session cTBS with 1200 pulses over right DLPFC at 80 %
motor threshold (82). The Y-BOCS score reduced from 19 to 8.
fMRI acquired during a symptom provocation procedure before
and after treatment demonstrated decreased activity in the right
DLPFC. The study design was intriguing; however, the results
were not impressive. More studies are warranted to explore or
replicate brain targets to treat OCD and TS.

Biomarkers of Response to TMS

As with seizure therapy, there is considerable interest in iden-
tifying biomarkers of response and mechanisms of action. For
example, normalization of subgenual anterior cingulate cortex
(sgACC, BA 25) connectivity to the default mode network
(DMN,medial prefrontal-medial parietal network) was report-
ed after TMS treatment (83). In addition, baseline sgACC
hyperconnectivity to DMN on fMRI (83–85), and baseline
rostral ACC (rACC) glucose uptake on PET(14), predicated
TMS antidepressant response. Current TMS devices are not
able to reach sgACC directly, even with deep TMS (86–88).
However, it is plausible to effect changes in sites remote from
the coil via transsynaptic action.

Innovations in TMS Technique

Various TMS protocols have been examined in an attempt to
enhance efficacy, such as by applying image-guided

neuronavigation, modifying coil geometry, accelerating the
delivery of the pulses, individually tailored stimulating fre-
quency, and modulating the brain-activity-dependent
neuroplasticity prior to or during the session. As summarized
in Table 1, each of these studies explores different aspects of
the infinitely large TMS parameter space, in terms of the spa-
tial, temporal, and contextual aspects of dosing.

Spatial Aspects of TMS Dosing

Several therapeutic targets of interest are inaccessible to the
conventional figure 8 coil, both the air core version and the
iron-core version. Several approaches to extend the reach of
TMS to access deeper structures have been explored through
novel coil designs. The H-coil was designed to reach deeper
brain regions (dTMS), such as the medial prefrontal cortex
(mPFC) (87, 89). This device was approved by the FDAwith
a dose of HF-TMS over the left DLPFC (12, 90). The
intention-to-treat remission rate was 36.6 % in active group
compared to 16.7 in sham group (p=0.032). The relative effi-
cacy of dTMS versus figure 8 coil TMS has not been exam-
ined to date.

Computational modeling demonstrates that all of the ap-
proaches to deeper penetration involve a depth-focality trade-
off (88). Focusing the TMS field in depth is not possible due
to the physics inherent in electromagnetic induction (86, 87).
It is important to note that the safety guidelines covering the
selection of parameters of stimulation to reduce the risk of
seizure with TMS were based on the figure 8 coil and do not
directly apply to other coil geometries. Deeper and less focal
coils may carry a higher risk of seizure due to the fact that they
synchronously stimulate a larger brain volume. In a study of
19 bipolar patients treated with H-coil TMS, one had a TMS-
induced seizure (91). In the pivotal trial leading to the FDA
clearance of the H-coil for the treatment of depression (n=
212), one patient had a seizure, which was attributed to a
protocol violation (12).

Low field magnetic stimulation (LFMS) penetrates deeply
but with very low field strengths and an excellent safety pro-
file. A recent controlled trial suggests that LFMS may exert
rapid antidepressant effects (92), which are currently being
evaluated in a large-scale multi-center trial (93).

Temporal Aspects of TMS Dosing

The temporal aspects of TMS dosing can be divided into the
temporal aspects of each individual pulse (including its shape,
width, and directionality), and the train of repeated pulses
(including frequency, duration, and number of pulses per
train). Two novel developments in the temporal aspects of
individual pulses include controllable pulse shape TMS
(cTMS) (94–96) and rotating field TMS (rfTMS) (97). Corti-
cal response to TMS depends on the width of the pulse, and
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only recently have we had access to devices that allow inde-
pendent user control of this aspect of temporal dosing (98).
The availability of cTMS devices opens the door to the devel-
opment of more efficient stimulation paradigms.

In addition to a distinctive pulse shape, each TMS pulse has
a directionality of induced current flow. TMS pulses preferen-
tially activate axons that are oriented parallel to the direction
of induced current flow. In regions of the brain where neuronal
orientation is not uniform, this means only a subset of neurons
are likely to be stimulated. Aworkaround recently introduced
is a cloverleaf coil that induces a pulse with directionality that
rotates during the pulse itself. This rotation results in more
efficient stimulation (97).

While the clinical utility of cTMS and rfTMS is yet to be
explored, substantially more work has focused on the clinical
utility of optimizing the temporal aspects of the pulse train
(Table 1). For example, theta-burst stimulation (TBS) in
which brief bursts of gamma frequency are given at a rate of
five bursts per second, either continuously or intermittently,
rapidly induces lasting inhibition or facilitation of cortical ex-
citability, respectively (99). It was recently reported that con-
tinuous TBS (cTBS) over the right DLPFC followed by inter-
mittent TBS (iTBS) over the left DLPFC was superior to
either iTBS or cTBS alone (14, 15).

Recent work has also examined the utility of individualiz-
ing the stimulation frequency, tuning it to the individual alpha
frequency. One set of studies has taken this approach with a
conventional figure 8 TMS coil (alpha TMS, αTMS), while
another utilized a novel device with three static magnets that
are rotated at the designated frequency to induce an alternating
magnetic field (sTMS).

In both instances, it was hypothesized that individually
tailored alpha frequency, rather than standard low or high
frequency, was more efficient in manipulating thalamo-
cortical oscillations. In both protocols, individual alpha fre-
quencies (IAFs) were calculated by the average of alpha band
on scalp EEG (14, 100). The sTMS device was developed to
diffusely stimulated three regions (frontal polar region, supe-
rior frontal gyrus, and parietal region) with a low-intensity
sinusoidal magnetic field. The treatment course in depression
was 20 sessions over 4 weeks. No additional benefit was
found with the use of individualized frequency over a standard
frequency (14). A recently published multi-site randomized
sham-controlled trial demonstrated an advantage of sTMS
over sham in the subset of the sample that was treated per
protocol, but this failed to reach statistical significance in the
intent to treat analysis. To date, the hypothesis that individu-
alization of frequency enhances outcome has not been con-
vincingly demonstrated.

Accelerated TMS refers to giving the total number of
pulses of a full 4–6-week TMS course over the span of 1–
2 days. The remission rate of accelerated TMS (37 %) was
comparable to that of conventional TMS, and the changes in

sgACC connectivity were found in responders (16, 85, 101).
However, the sample size was small and the studies lacked
randomization and sham control.

Contextual Aspects of TMS Dosing

The contextual aspects of TMS dosing refer to the brain state
at the time of stimulation, and the interaction of this brain state
with the applied exogenous stimulation. Brain state at the time
of stimulation may be manipulated via pharmacological or
cognitive/behavioral means. For example, one study exam-
ined if manipulating pre-TMS EEG frontal theta power with
computerized rACC-engaging cognitive task (RECT) was as-
sociated with augmented antidepressant effect in TMS (14).
The remission rates in the three-arm groups were 41.6 % (pre-
TMS RECT and TMS), 16.6 % (TMS with sham RECT), and
0 % (sham TMS and sham RECT), respectively, on HAMD-
17.

In many clinical trials, and in routine clinical practice, it is
commonplace for the patient to be on psychopharmacological
agents at the time of TMS, and typically, these are conven-
tional antidepressant, anxiolytic, and/or mood stabilizing
medications. Less well examined but extremely intriguing is
the prospect of using pharmacological agents that modulate
the acquisition of plasticity induced by TMS, or that alter
neural oscillations in ways that may be synergistic with the
stimulation. An intriguing case report administered accelerat-
ed TMS treatment and then combined ketamine infusion dur-
ing weekly TMS sessions in refractory unipolar depression
(102). The BDI II score reduced from 17 to 0 in this previously
treatment-resistant case. The same protocol was applied to a
case with bipolar depression (65). The patient had partial re-
mission with partial functional improvement. The prospect of
combining pharmacological enhancement of TMS effects on
plasticity is at a relatively early phase of investigation but
potentially promising.

Cognitive behavioral therapy (CBT), such as prolonged
exposure therapy (PE), and exposure and response prevention
therapy (ERP) are evidence-based treatments for anxiety dis-
orders (103–105). The purpose of psychotherapy is to create a
new experience in a conditioned context. In the process, it
changes the perception about the past, fosters resilience at
the present moment, and transforms lived experience in the
future. Behaviorally, those changes are meant to Bunlearn^
pre-existing maladaptive responses and enable new forms of
learning. Modulating activity-dependent neuroplasticity via
TMS could theoretically facilitate the learning process in-
volved in CBT (106). Alternatively, the brain state induced
by the CBT intervention could potentate the cortical response
to TMS. An example of this approach concerns the use of
TMS targeting mPFC to facilitate fear extinction learning in
PTSD (107). A script-driven imaginary Bultra-brief exposure^
procedure was performed prior to the HF-TMS session. The
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combination of consecutive treatments significantly improved
the PTSD symptoms on clinician-administered PTSD scale
(108). The same hypothesis was tested in an OCD case. In
this case report, in vivo ERP exercises were preceded by HF-
TMS over the left DLPFC (109). Further work is needed to
fully explore the potential impact of optimizing the contextual
aspects of TMS dosing, and the meaningful integration of
pharmacological and cognitive behavioral interventions with
noninvasive neuromodulation.

Other Forms of Noninvasive Neuromodulation
on the Horizon

There a re seve ra l nove l fo rms o f non invas ive
neuromodulation at various stages of development, including
transcranial direct current stimulation (tDCS), transcranial al-
ternating current stimulation (tACS), transcranial random
noise stimulation, trigeminal nerve stimulation (TNS); and
low-intensity focused ultrasound (LIFU). Of these, the most
work on depression to date has been with tDCS. A recent
systematic review and meta-analysis found active tDCS to
be superior to sham in the treatment of depression (110). Fur-
ther investigations were warranted to explore effectiveness of
tDCS in treating depression with larger sample size. Less well
studied in anxiety disorders, a case report demonstrated tDCS
efficacy in OCD with a Y-BOCS reduction of 40 % and nor-
malization of pre-SMA/SMA hyperactivity (111, 112). Pre-
liminary studies have started to combine tDCS with either
medication or psychotherapy (113, 114). Given its relatively
safety and portability, further work to refine the dosimetry of
tDCS to optimize efficacy seems warranted. In contact to
TMS where the temporal aspects of dosimetry are complex,
in the case of direct current polarization, the only element of time
to consider is the number ofminutes of stimulation since there are
no frequency, pulse shape, or pulse train parameters to specify.

Conclusions

The field of noninvasive neuromodulation is rapidly evolving,
propelled by collaborations across psychiatry, engineering,
neurobiology, and neuroscience. Developments in the field
have led to newly FDA-approved clinical treatments, as well
as new tools to study mechanisms of action and to better
understand the pathophysiology underlying mood and anxiety
disorders. Beyond electrical and magnetic stimulation, novel
approaches involving acoustic and photic stimulation are
areas on the horizon to watch as the technology continues to
evolve.

ECT continues to have unparalleled efficacy in severe de-
pression, and recent advances in the spatial aspects of the
induced electric field (as determined by electrode placement)

and the temporal aspects of the pulses (e.g., pulse width) have
improved its tolerability. Leading challenges for the future
include further reductions in the cognitive side effects, which
may be facilitated byMSTand iLAST, and relapse prevention
strategies to sustain benefits in the long term. A critical knowl-
edge gap that will need to be addressed to optimize efficacy in
the short and long term is a deep understanding of the mech-
anisms of action of seizures, which at present have efficacy
that far outstrips the subconvulsive interventions for mood
disorders.

TMS has demonstrated an excellent safety profile, and sig-
nificant antidepressant efficacy with three FDA-cleared de-
vices and more in the pipeline. Leading challenges for the
future include optimizing efficacy, through better understand-
ing of dose-response relationships across the spatial, temporal,
and contextual aspects of dosimetry. New technologies have
enabled the exploration of an ever expanding parameter space,
making systematic study of all parameter combinations in
clinical trials not feasible. This highlights the need for com-
putational modeling and pre-clinical studies to narrow the pa-
rameter space and to enable the rational design of stimulation
paradigms targeting specific disease-related aspects of circuit
dysfunction.

Several of these approaches, such as theta-burst stimulation
(TBS) and delivery of neurocognitive or psychotherapeutic
interventions peri-TMS, seek to leverage enhanced plasticity
induced by the TMS and optimize the resonance between the
temporal pattern of exogenously applied pulses with respect to
endogenous brain state at the time of stimulation. Ultimately, a
detailed understanding of how endogenously generated oscil-
lations interact with exogenously applied fields to induce last-
ing changes in circuit function will be essential to optimize the
clinical utility of noninvasive neuromodulation in the treat-
ment of mood and anxiety disorders, as well as other potential
applications in psychiatry and neurology.
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