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Abstract

Background: There is a great public health need to identify novel treatment strategies for opioid
use disorder (OUD) in order to reduce relapse and overdose. Noninvasive brain stimulation (NIBS)
has demonstrated preliminary effectiveness for substance use, but little is known about its use in
OUD. Neuromodulation may represent a potential adjunctive treatment modality for OUD, so we
conducted a systematic review to understand the state of the current research in this field.

Methods: We conducted a systematic review of studies using noninvasive brain stimulation to
affect clinical outcomes related to substance use for adults with opioid use disorder. We searched
the following online databases: PubMed, The Cochrane Library, PsycINFO (EBSCOhost, 1872-
present), and Science Citation Index Expanded (ISI Web of Science, 1945-present). All studies
that measured clinical outcomes related to substance use, including cue-induced craving, were
included. We assessed risk of bias using the Cochrane Handbook.

Results: The initial search yielded 5590 studies after duplicates were removed. After screening
titles and abstracts, 14 full-text studies were assessed for eligibility. Five studies were determined
to meet inclusion criteria with a combined total subjects of N = 150. Given the paucity of studies
and small number of total subjects, no quantitative analysis was performed. These studies used
TMS (n=3), tDCS (n= 1), and the BRIDGE device (/7= 1), a noninvasive percutaneous electrical
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nerve field stimulator, to reduce cue-induced craving (7= 3), reduce clinical withdrawal symptoms
(n= 1), or measure substance-use-related cortical plasticity (7= 1).

Conclusions: There is a dearth of research in the area of noninvasive brain stimulation for OUD.
NIBS represents a novel treatment modality that should be further investigated for OUD.

Keywords

Addiction; noninvasive brain stimulation; opioid use disorder; transcranial direct current
stimulation; transcranial magnetic stimulation

INTRODUCTION

Opioid use disorder (OUD) affects more than 2 million people each year (1). Opioid
overdose resulted in over 42,000 fatalities in 2016 (2). Medications have proven to be
effective for the treatment of OUD, but relapse remains common, affecting up to 50% of
those in treatment (3,4).

According to the Substance Abuse and Mental Health Services Administration (SAMHSA),
the goal of treatment for OUD is remission of the disorder leading to lasting recovery

(5). To help facilitate the recovery process, the Food and Drug Administration (FDA) has
approved three medications, methadone, buprenorphine, and extended-release naltrexone, to
treat OUD. All three medications have been shown to help individuals reduce or stop opioid
misuse and achieve long-term recovery (6-9). There is strong evidence in support of both
methadone and buprenorphine for reduction of opioid use, retention of patients in treatment
(10), and reduction in mortality risk from overdose (6).

Nonpharmacologic treatment modalities for OUD include psychotherapy and
neuromodulation. Individuals with OUD frequently benefit from counseling, case
management, motivational interviewing, and family therapy (11-14). Behavioral counseling
such as motivational interviewing (M) is especially effective at the entry phase of
treatment when engagement and retention are paramount. Whereas therapies that emphasize
improvement in coping and relapse prevention skills, such as cognitive behavioral therapy
(CBT), are best implemented during primary treatment phase (15), in terms of efficacy,
previous studies have demonstrated that M1 is effective at improving retention for outpatient
substance use disorder treatment in general (16). Multiple studies have shown that

CBT is effective specifically for the treatment of OUD especially in combination with
buprenorphine (17,18).

Functional neuroimaging in substance use disorders has demonstrated disrupted connectivity
in the prefrontal cortex and limbic system in abstinent (19-22) and current users (23).
Several studies have demonstrated decreased connectivity in the prefrontal cortex (PFC)
(19-22), and increased connectivity in the nucleus accumbens (21,22). However, others have
demonstrated greater connectivity to the dorsomedial PFC (24) and decreased connectivity
to the insula, nucleus accumbens, and amygdala (23). There is also evidence for impaired
structural connectivity (25-30) in frontal regions in OUD. Indeed, hypofrontality has been
causally linked to substance use, as one animal study demonstrated that optogenetically
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compensating for hypoactivity of the dorsolateral PFC (DLPFC) decreased drug-seeking
behavior (31).

Neuromodulatory techniques have been proposed as adjunctive therapies to target this
altered neurocircuitry (32-34). Repetitive transcranial magnetic stimulation (rTMS) to the
left DLPFC stimulates dopamine release in the striatum (35,36), anterior cingulate cortex,
and medial prefrontal cortex (37). Neuromodulatory activation of the reward circuitry
facilitates synaptic plasticity (38), which can lead to changes in cortical regions associated
with behavioral inhibition and decision-making (39-42). Neuromodulation techniques have
potential to ameliorate this disrupted connectivity. Noninvasive brain stimulation (NIBS) are
forms of neuromodulation that are applied externally or percutaneously. These include TMS,
transcranial direct current stimulation (tDCS), transcranial alternating current stimulation
(tACS), and some applications of vagus nerve stimulation (VNS). These techniques can be
subdivided into depolarizing (i.e., TMS, implanted VNS) or nondepolarizing (i.e. tDCS and
tACS), depending on their ability to depolarize neurons.

TMS involves placement of an external electromagnetic coil on the head, while a large
current (~8000 amps) is passed through an insulated wire coil held flat on the surface of

a subject’s scalp in a fraction of a millisecond. This pulse of current creates a magnetic
field, which induces a weak electrical current within the surface brain cortex (43). TMS is
currently approved by the U.S. Food and Drug Administration (FDA) for the treatment of
major depressive disorder (MDD) and obsessive compulsive disorder (OCD) and has shown
promise for modulation of neural reward circuitry. Stimulation protocols for MDD and OCD
vary but generally involve daily treatment for four to six weeks. Repetitive TMS (rTMS) has
been shown to induce analgesia via release of endogenous opioids (44,45). Further, positron
emission tomography demonstrated decreased availability of p-opioid receptor following
TMS (46) and TMS-induced analgesia was reversed by administration of naloxone (47),
suggesting TMS modulates pain via opioid receptors (48).

In tDCS, low intensity direct current at a constant rate is applied to the scalp via two

or more electrodes that can be “wet” (e.g. utilizing electrolyte gel or saline) or “dry.”
Typical treatment parameters include current amplitude (in milliamps [mA]), stimulation
duration (usually 40 min or fewer per session), number of sessions, as well as electrode size,
placement, and orientation (the “montage”). The application of this low intensity current
(0.5-2.0 mA) modulates the neuronal resting membrane potential and cortical excitability in
targeted brain regions. Beneath the anodal electrode, resting membrane potential decreases,
thereby increasing cortical excitability, while beneath the cathodal electrode, the membrane
is hyperpolarized, which decreases excitability (49-51). tDCS is not approved by the FDA
for any indication but has been used experimentally and off-label to treat acute (52) and
chronic pain (53), depression (54), Parkinson’s disease, and other disorders (49-51). tDCS
has also been studied for the treatment of other substance use disorders, including alcohol,
tobacco, cocaine, methamphetamine, and cannabis (55).

A related form of transcranial electrical stimulation is tACS. Similar to tDCS, instead of
using a fixed current amplitude for the entire stimulation period, it utilizes a varying current
waveform, usually sinusoidal. While with tDCS, one electrode is designated the anodal
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while the other is cathodal, in tACS, the alternating nature of the current means that during
one half of the wave oscillation, one electrode is anodal and the other cathodal, while in the
second half of the cycle, this pattern is inverted. tACS is believed to affect brain oscillations,
whereby increasing the intensity of stimulation modulates the excitability of cortical tissue
nonlinearly. Low-intensity stimulation decreases the amplitude of motor evoked potentials
(MEPs), while high intensity stimulation increases MEP amplitude (49,51,56). Transcranial
random noise stimulation (tRNS) uses broadband noise waveforms. As one of the newer
forms of NIBS, little is known about its precise mechanism. Application of tRNS to the
motor cortex increases MEP amplitude and may induce temporal summation of neuronal
activity. tACS has been used to study perception, motor function, and cognition (51,57).

VNS differs from other forms of neurostimulation in that it involves stimulation of the
peripheral nervous system. VNS is traditionally administered invasively, whereby the device
is implanted under the skin of the chest wall and connected to two electrodes that are
tunneled under the skin and wrapped around the left cervical branch of the vagus nerve.

The device contains a lithium battery, which generates an electrical current (0.25 to 3.0 mA)
at a given frequency (20 to 50 Hz) and pulse width (130 to 500 ms) across a specified

cycle (usually 30 sec on to 5 min off). However, newer forms of noninvasive VNS are

being investigated for a number of applications, including headache (58), anxiety (59), and
Parkinson’s disease (60,61). The cervical region of the vagus nerve is comprised primarily
afferent unmyelinated C fibers with low stimulation thresholds, which allows for low current
stimulation to trigger an upstream response to the brain, rather than downstream motor
effects. VNS was first identified as a potential treatment for depression after individuals
receiving VNS for drug-resistant epilepsy reported improvements in mood. Subsequently,
VNS was approved by the FDA in 2005 for use in treatment refractory depression, but in
2007, the Centers for Medicare and Medicaid Services declined to reimburse the procedure,
s0 its use has been limited (62-64). VNS is also approved for treatment-resistant epilepsy.
Preclinical studies also suggest VNS may facilitate fear extinction, but this has not been
studied in humans (65).

There is a small body of the literature of highly variable quality demonstrating that NIBS
can reduce craving, substance use, and relapse for substance use disorders (SUDs). However,
these studies have largely been limited to alcohol, cocaine, tobacco, and methamphetamine
(55). The primary outcome of these studies is cue-induced craving, which has been shown

to predict relapse and substance use (66,67). Meta-analyses (68,69) have demonstrated that
TMS and tDCS reduce craving across multiple SUDs, including alcohol (70-77), nicotine
(78-85), and cannabis (86). Given the therapeutic potential of NIBS for the treatment of
OUD, we conducted a systematic review to assess the current state of the evidence of NIBS
for OUD.

METHODS

Protocol and Registration

This systematic review is reported in accordance with the Preferred Reporting Items
for Systematic Review and Meta-Analyses (PRISMA) Statement (87) and is registered
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in the PROSPERO database (http://www.crd.york.ac.uk/PROSPERO/) under the number
CRD42018115572.

Eligibility Criteria

Outcomes

Articles that utilized any form of noninvasive brain stimulation to affect clinical outcomes
related to substance use for adults (=18 years old) with OUD were included. Examples of
clinical outcomes related to substance use could include subjective report of craving and
withdrawal symptoms, retention in substance use treatment, adherence to substance use
medication, toxicology results, and reported illicit drug use. Studies involving children (<18
years old) were excluded. Studies comparing noninvasive brain stimulation with a control
treatment (sham or no treatment) were included, but not all studies had a comparison group.
Types of noninvasive brain stimulation included transcranial magnetic stimulation (TMS),
transcranial direct current stimulation (tDCS), transcranial alternating current stimulation
(tACS), and percutaneous forms of vagus nerve stimulation (VNS). The search strategy
included descriptors for noninvasive brain stimulation and opioid use disorder (Appendix 1).
Randomized controlled trials (RCTSs), cohort studies, case—control studies, cross-sectional
studies, time-series, and systematic chart reviews published in peer-reviewed journals, letters
to the editor, and conference abstracts and posters were considered for this systematic
review. Articles that were not primary research studies, including literature reviews, case
reports, and meta-analyses, were excluded. Publications without outcome variables, such as
protocols or without published quantitative data, were also excluded.

All clinical outcomes related to substance use, including cue-induced craving, were
included. Examples of clinical outcomes related to substance use could include subjective
report of craving and withdrawal symptoms, retention in substance use treatment, adherence
to substance use medication, toxicology results, and reported illicit drug use.

Search Strategy

We searched the following online databases: PubMed, The Cochrane Library, PSycINFO
(EBSCOhost, 1872-present), and Science Citation Index Expanded (ISI Web of Science,
1945-present). We utilized a wide-ranging search strategy using broad search terms

with the goal of including all types of noninvasive brain stimulation. The initial search
contained the MeSH terms “opioid-related disorders,” “transcranial magnetic stimulation,”
and “transcranial direct current stimulation” as well as synonyms for opioid use disorder and
noninvasive brain stimulation. There were no restrictions on publication date or language.
The detailed search strategy for each of the databases is shown in Appendix 1.

Study Selection

Titles and abstracts of the retrieved articles were independently evaluated by two reviewers
(HBW, MJM). Studies clearly not meeting inclusion criteria were excluded based on title
and abstract. The remaining studies were assessed based on full-text articles and selected
if they fully met the inclusion and exclusion criteria (Fig. 1). All screens were performed
by two separate reviewers (HBW, MJM) with discrepancies resolved by a third reviewer
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(TYM). The search strategy is shown in Appendix 1. Following this initial search and
screen, we manually searched the references and performed a citation analysis of the
included studies to identify any additional articles that met inclusion criteria.

Data Extraction

Two reviewers (HBW and MJM) independently conducted the data extraction, and
disagreements were resolved by a third reviewer (TYM). General characteristics of the
studies were collected such as year of publication, location of study, study design, type of
noninvasive brain stimulation, stimulation treatment parameters, number of brain stimulation
treatments, sample size, and clinical outcome measures. For the primary outcome of interest,
pretreatment and posttreatment craving scores were collected for the intervention and
control groups, when available.

Qualitative Summary

Due to the heterogeneity of study methods and the small number of included studies (see
Results), extracted data were analyzed qualitatively by summarizing the main results of
each included paper. Treatment effect was reported based on the data and statistical analysis
presented in each study. Assessment of methodologic quality of the studies and risk of

bias was performed for each included study as suggested by the Cochrane Handbook (88)
and Cochrane Risk of Bias tools (methods.cochrane.org): 1) high risk when more than one
indicator of bias was present across all scales and 2) /ow risk when one or no indicator was
present. The risk of bias was classified by two independent reviewers (HBW and MJM), and
differences were resolved by a third reviewer (TYM). No studies were excluded based on
degree of risk of bias.

RESULTS

Study Characteristics

The initial search yielded 5590 studies after duplicates were removed. After screening titles
and abstracts, 14 full-text studies were assessed for eligibility. Five studies were determined
to meet inclusion criteria (Fig. 1) (89-93). Given the paucity of studies identified, no
quantitative analysis was performed.

The study populations were heterogeneous and incompletely characterized. Subjects ranged
in age from 29 to 57 years old, with an average age in the 30s (89,92,93). None of the
studies reported urine toxicology testing. In one study, subjects were treatment-seeking (89),
while in another, they were not (90). Three other studies did not provide this information
(91-93). Duration of opioid use was highly variable. In two studies, subjects’ duration of
opioid use ranged from 5 to 25 years, with an average of 16 years of use (92,93), while in

a third study, opioid use ranged from 2 to 20 years (91). In another, duration of use only
averaged 5.8 years, and no range of use was provided (89). Sahlem et al. did not provide any
information on age or duration of opioid use (90).

The included studies used TMS (= 3) (90,92), tDCS (n=1) (93), and the BRIDGE
device (n=1) (89), a noninvasive percutaneous electrical nerve field stimulator believed to
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modulate branches of the vagus nerve, to reduce cue-induced craving (7= 3) (90,92,93),
reduce clinical withdrawal symptoms (/7= 1) (89), or measure substance-use-related cortical
plasticity (91). In three studies, cue-elicited craving was assessed by asking subjects to
watch a real video of heroin use (both injection and inhalation) for 5 minutes, then rate their
craving on a scale of 0 (not at all) to 100 (very likely to use). None of these studies used
neutral cues to compare reactivity to heroin cues (91-93). Two of these studies measured
craving before and after the intervention (92,93), but the third only measured craving before
TMS (91). The last study reported using a validated cue paradigm and visual analogue
scale but did not publish details of cue-induction or range of the scale used (90). These
details were clarified in a personal communication (G. Sahlem, personal communication,
7/31/2019). Across all five studies, there was a combined N of 150 participants. There

were three randomized controlled trials (90,92,93), one retrospective cohort study (89),

and one case control study (91). Three studies compared a noninvasive brain stimulation
technique to control (90,92,93), and in all three, the active intervention was found to be
superior to the control condition for reduction in cue-induced craving. Two studies included
multiple stimulation sessions (89,92). In Shen’s study (2016), participants received 5 daily
treatments, while in Miranda’s study, the number of sessions was variable, ranging from 1 to
5 days of treatment, based on clinical response. However, no data are provided on average
number of sessions. The other three studies only examined a single treatment session
(90,91,93). All five studies included pretreatment and posttreatment outcome measurements
(89-93), but none included a follow-up timepoint (Table 1).

Qualitative Summary of Results

In Shen et al.’s study (2016), twenty males with OUD (heroin only) were randomized

to receive active or sham rTMS (92). However, the authors do not specify if subjects

were actively using, on MAT, or abstinent and do not provide any urine toxicology for
verification. Active rTMS consisted of daily stimulation for 5 days to the left dorsolateral
prefrontal cortex (DLPFC) at 10 Hz, 100% resting motor threshold (RMT), 5son, 10 s
off, for a total of 2000 pulses. For the control condition, the coil was turned 90 degrees
away from the skull so that no stimulation was applied to the cortex. Cue-induced craving
significantly decreased for individuals who received one session of active rTMS (60 + 11.2
pretreatment, 40 + 11.4 posttreatment, p < 0.05) but did not change in the control condition
(62 + 9.5 pretreatment, 62 + 9.5 posttreatment, p> 0.05). After an additional four rTMS
treatments, cue-induced craving decreased further for active rTMS (25 £ 9.2, p=0.004
compared to baseline) but did not significantly change for sham treatment (55 + 9.2, p>
0.05).

In the second rTMS study, Sahlem and colleagues applied rTMS to 13 nontreatment-seeking
individuals with OUD (90). In a crossover design, participants received active and sham
TMS. Active treatment consisted of one session of rTMS applied to the left DLPFC at

10 Hz, goal of 110-120% RMT, for 3000 pulses. This study was a published abstract, so
many details of study design were not included, such as the range of the craving scale

used. Authors provided additional information in a personal communication. Cues were
presented using a three-part cue paradigm consisting of an audio script, physical cues, and

a video (94). Craving was rated on a 0-10 visual analogue scale consisting of two items
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averaged for a final score (“How much do you WANT to use (opiate of choice) right
now?” and “HOW HARD would it be for you TO RESIST USING (opiate of choice)

right now if it was offered to you?”). Craving was assessed just after the cue paradigm

was administered and 15 min after rTMS. Last reported opioid use and urine toxicology
were collected but not reported (G. Sahlem, personal communication, 7/31/2019). Active
rTMS reduced cue-induced craving more than sham (-1.7 + 1.5 vs. —0.9 + 0.1), but did
not achieve statistical significance (p = 0.45, Effect size 0.15). They also observed thermal
pain thresholds significantly increased more for active treatment than sham (0.5°C £ 1.2°C
vs. - 0.8°C £ 1.7°C, p< 0.05, Effect size 0.87), although there were no changes in sensory
thresholds or pain tolerance.

In another study by Shen et al. (2017), the investigators applied one session of TMS to 12
male heroin users and 12 male healthy controls in order to study the effect of opioids on
cortical plasticity, which the authors believe might predict relapse or craving. Investigators
administered 10 Hz intermittent TMS at 90% RMT, 5 s on, 10 s off for 10 min, 2000 pulses,
over the left primary motor cortex using a figure-8 coil. Motor evoked potentials (MEPS)
were measured from the abductor pollicis brevis muscle on the right hand before and after
TMS (5, 10, 15, and 30 min). Twenty MEPs were triggered by single pulse TMS stimulation
at the primary motor cortex, and the average peak value was recorded. Cue-induced craving
was assessed prior to TMS administration. Authors did not observe a correlation between
duration of abstinence and loss of plasticity. TMS rapidly potentiated MEPs in the control
group for 30 min but not in the heroin group. However, plasticity 10 min after TMS was
correlated with craving in the heroin group (Pearson’s r = —0.25) (91).

Wang et al. conducted a study of tDCS for heroin use (93). Twenty individuals with a
history of “heroin addiction,” defined as more than 3 years of continuous compulsive drug
seeking, who were abstinent from heroin for at least 18 months, were randomized to active
or sham tDCS. For active tDCS, 5 x 7 cm electrodes were placed over the bilateral occipital
lobes (anodal) and bilateral frontal-parietal-temporal areas (cathodal stimulation) at 1.5
mA for 20 min. Authors did not provide details on electrode shape or type (dry, saline, or
carbon-rubber with electrolyte gel). Sham tDCS was applied as in the active condition but
turned off after 30 s. No ramp-up or ramp-down of sham tDCS was described. Individuals
who received active tDCS (7= 10) reported a significant decrease in cue-induced craving
(68 + 8.4 prestimulation vs. 43 + 7.6 poststimulation, p = 0.003), while the reported craving
for individuals who received the control intervention (n = 10) did not significantly change
(0> 0.05). ANOVA revealed a significant interaction between stimulation group (active vs.
sham) and treatment condition (pre vs. post), £ g = 12.097, all p< .05, 172p =0.573, which
demonstrated a significant reduction in craving following real tDCS treatment as compared
to sham.

Lastly, Miranda et al. conducted an open-label retrospective cohort study of the BRIDGE
device, a noninvasive percutaneous electrical nerve field stimulator comprised four leads that
are inserted into the dorsal and ventral aspects of the ear (89) and is intended to stimulate
branches of the vagus nerve. However, the proposed mechanism of “electrical field nerve
stimulation” is vague and is not well characterized. Participants were 73 individuals in
outpatient drug treatment clinics who met criteria for DSM-1V opioid dependence and were
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transitioning to medication-assisted treatment (MAT). All subjects received active treatment
with the BRIDGE device whereby voltage-controlled stimulation (3.2 V) was applied to the
leads at “alternating frequencies” for one to five days as a bridge to MAT. Stimulation
frequencies used were not provided. Application of the BRIDGE device significantly
reduced clinical ratings of withdrawal symptoms at each measured timepoint (20.1 £ 6.1
pre-device placement, 7.5 + 5.9 after 20 min, 4 + 4.4 after 30 min, 3.1 + 3.4 after 60 min,
and 0.6 after 5 days). As a result, 88.8% of participants successfully transitioned to MAT
(Tables 1 and 2).

DISCUSSION

Given the current epidemic of opioid use and overdoses, there is great public health

need to identify novel treatment strategies for OUD. These few studies suggest potential
effectiveness of NIBS to reduce craving for OUD, which is consistent with the existing
literature regarding its use for other substance use disorders, including alcohol, cocaine,
tobacco, and methamphetamine (55). However, as we have identified, there are little good-
quality data in very few participants, highlighting a significant knowledge gap and the need
for further research to investigate NIBS for OUD. The results of our review preliminarily
suggest that one session of rTMS or tDCS may reduce craving immediately after treatment
—but larger, well-controlled replication studies with well-defined study populations are
needed before any definitive conclusions can be reached. Indeed, there are a number of
ongoing studies registered on ClinicalTrials.gov of TMS, including theta burst stimulation,
for opioid use disorder (NCT03538444, NCT03821337, NCT03229642, NCT03804619, and
NCT03576781).

In our systematic review of noninvasive brain stimulation techniques for the treatment of
opioid use disorder, we identified five studies that met our inclusion criteria. The included
studies were heterogeneous in methods and quality (Tables 1 and 2). One study was
described as a “crossover” design, but authors stated that 20 subjects were randomized

to active treatment (1= 10) or sham (7= 10), and the active and sham groups were
compared (92). Given no within-subjects analyses were performed, it is most likely that this
was in fact not a crossover study design. Authors confirmed that although this study was
initially designed as a crossover study, due to subject drop-out, only the initial phase was
published. Thus, it is more appropriately described as a parallel arm study (T. Yuan, personal
communication, 10/15/2019). Furthermore, analysis in which the difference between pre
and postcraving values are compared in separate treatment groups is weaker than assessing
the interaction between treatment and craving (95). This approach was used by two studies
(92,93). Across studies, assessments of quality revealed most of the studies were low quality
(Table 2) often due to poor blinding and randomization. In addition, the study populations
were often poorly defined (Table 1). Three of the studies did not specify if the subjects

were active users or taking MAT. Furthermore, none of the studies included self-reported
last use or biochemical verification (i.e., urine toxicology) of use or abstinence. In two
studies, subjects were reported abstinent for at least two weeks (91) and 1.5 to 2 years

(93) but did not provide negative urine toxicology results. The study by Sahlem specifies
that subjects were non-treatment seeking individuals but does not report last use or urine
toxicology results (90). In Miranda et al., subjects were individuals initiating MAT and were
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presumably using actively, as they experienced withdrawal symptoms that were mitigated by
the brain stimulation device (89). While they did provide urine toxicology of concomitant
substance use, it is unclear if the reported opioid use was based on urine toxicology or
self-report, and they do not include self-reported last use.

Given the heterogeneous and poorly defined subject populations, the methods of eliciting
craving are questionable for these studies. Both Wang and Shen (2016 and 2017) use

the same cue-induction paradigm (91-93). The demographics and baseline craving scores
between the two studies (92,93) are almost identical, but Wang’s study population was
reportedly abstinent for 1.5 to 2 years, which raises concern that Shen’s (2016) participants
may have also been abstinent. Furthermore, if these subjects were abstinent, it is important
to know if they are experiencing withdrawal symptoms based on their last reported use,
urine toxicology results, and if they are taking MAT. Additionally, it is ethically questionable
to induce craving in individuals in extended recovery from opioid use disorder.

There are many questions regarding methodology and quality in Miranda & Taca (89). First,
the BRIDGE device is poorly described, as authors do not describe the baseline waveform
or stimulation frequency of the device, nor do they identify a precise mechanism of action,
proposing that their stimulator modulates branches of the cranial nerves that innervate

the external ear and ultimately communicate with the amygdala. There is little empirical
evidence provided to support this mechanism. Second, the pattern of opioid withdrawal
symptoms seems highly atypical. First, subjects’ baseline COWS score was 23, which is
especially high. For reference, in a case of severe precipitated withdrawal, these authors
reported a patient with a maximum COWS score of 17 (96). Authors also report that 0%

of the subjects received any rescue medications, including opioid or benzodiazepine during
the 5-day study period, which is both highly unusual and inconsistent with the standard of
care (97). This also raises concern that subjects may have been using opioids during this
time, but there is no repeat urine toxicology provided as supporting evidence. Furthermore,
it should be noted that one of the authors is the patent holder for the BRIDGE device and

a paid consultant for Alkermes, the manufacturer of extended-release injectable naltrexone
(Vivitrol), which may represent conflicts of interest.

Although NIBS has demonstrated preliminary effects for other substance use disorders and
represents a novel treatment that should be investigated for OUD, there are basic questions
that need to be answered, including the type of NIBS that may be effective (e.g., TMS,
tDCS, tACS), treatment parameters, and number of treatment sessions. Shen demonstrated
that 5 days of treatment reduced craving more than one session, suggesting that multiple
treatment sessions may have a cumulative effect. However, the durability of these effects
are yet unknown. Furthermore, there are differences in durability of effects for depolarizing
(TMS) and nondepolarizing NIBS (tDCS), as evidence suggests tDCS may have cumulative
and delayed effects on cortical plasticity (49,53,98). Preliminary evidence suggests theta
burst stimulation (a type of higher frequency rTMS) may reduce craving in a mixed sample
of substance use disorders (99) and therefore should also be investigated for OUD, which
could reduce the length of treatment sessions. However, for any study of NIBS, participants
should be randomized and include adequate sham conditions.
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Future studies should also focus on modulating networks that have been empirically
identified. The literature we identified used standard stimulation sites for rTMS (left
DLPFC) and tDCS (fronto-parieto-temporal region). Some studies suggest the medial
prefrontal cortex is responsible for cue-reactivity across substance use disorders and should
be a treatment target (100). Other groups have used functional connectivity analysis to
empirically identify network deficiencies and then modulate these networks using rTMS

in order to determine causality (101), an approach that should be applied to the study of
substance use disorders as well.

We also propose considerations for study population and outcome measures in order to
ensure high-quality studies with reliable results. Further research is needed in real-world
clinical population of opioid users. The current standard of care for OUD includes
treatment with MAT, including buprenophrine, methadone, or naltrexone (5). Given the
effectiveness of MAT in increasing treatment retention and reducing illicit opioid use and
overdose (102,103) future studies of brain stimulation should include individuals on MAT,
as none of the current studies included individuals already on MAT (Table 1). Outcome
measures should include self-reported opioid use corroborated by urine toxicology as well
as treatment retention in order to measure clinically-significant outcomes, which could
demonstrate effectiveness of the treatment. These outcomes were lacking in the literature
we identified (Table 1). Currently, cue-induced craving is used as the primary outcome

for many NIBS studies, as it predicts risk of relapse (104). However, NIBS should be
investigated as an adjunctive treatment to both reduce craving and relapse as well as to
increase adherence to MAT. NIBS may also serve as a bridging technique to mitigate
withdrawal symptoms during initiation of antagonist treatment, when exogenous opioids
cannot be used, as used by Miranda (89). NIBS should also be investigated for this scenario,
potentially starting stimulation during a bridge period and continuing it afterward. Given its
subthreshold neuromodulation property, evidence suggests that tDCS may be more effective
when coupled with a desired behavior (51,56). Thus, NIBS should also be studied as
adjunctive treatment to psychosocial interventions, such as CBT, to determine if there is a
synergistic effect of combination treatment.

CONCLUSIONS

Opioid use poses a significant public health challenge. While medications are effective,
relapse remains common. Substance use disorders are characterized by increased response
to reward and impaired top-down executive function. NIBS techniques have been utilized
to alter both of these circuits in animal and human studies. Preliminary studies have
demonstrated NIBS can be used to reduce craving for individuals with substance use
disorders. The present systematic review identified very few published studies of NIBS
techniques for OUD. The studies that have been performed have suffered from small sample
sizes and poor characterization of the study population and their substance use patterns, as
well as inadequate attempts at participant masking and controlling sources of bias. As such,
there is a paucity of high-quality, rigorously-conducted research. There is great need for
future studies to determine if these brain stimulation techniques can be effective treatments
for OUD and what the optimal treatment parameters should be.
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APPENDIX 1.: SEARCH STRATEGY

Table Al.

Pubmed
1 “Opioid-Related Disorders”’[MeSH]

2 (opioid*[tiab] OR opiat*[tiab] OR opium[tiab] OR narcot*[tiab] OR heroin*[tiab]) AND (abuse*[tiab]
OR addict*[tiab] OR dependen*[tiab] OR disorder*[tiab] OR misuse*[tiab] OR use*[tiab])

3 10R2
4 (“Transcranial Magnetic Stimulation”[MeSH] OR “Transcranial Direct Current Stimulation”[Mesh])

5  (“transcranial magnetic”[tiab] OR “transcranial direct current”[tiab] OR “transcranial alternating
current”[tiab] OR “transcranial random noise”[tiab] OR “vagus nerve stimulation”[tiab] OR TMS[tiab]
OR tDCS[tiab] OR tACS[tiab] OR rTMS][tiab] OR tRNS[tiab] OR VNSJtiab] OR theta burst
stimulat*[tiab] OR iTBS[tiab] OR cTBS[tiab])

6  (brain*[tiab] OR cortex[tiab] OR cortical[tiab] OR transcranial[tiab] OR cranial[tiab] OR
magneti*[tiab]) AND (stimulat*[tiab] OR electrostim*[tiab] OR electro-stim*[tiab] OR
electrotherap*[tiab] OR electro-therap*[tiab] OR excitation[tiab])

7 ((noninvasive[tiab] OR noninvasive[tiab]) AND stimulat*[tiab])
8 40R50R60R7

9 3ANDS8

Embase

1 “narcotic dependence”/exp OR “opioid use disorder”/exp

2 ((opium:ab,ti OR opioid*:ab,ti OR opiate*:ab,ti OR heroin*:ab,ti OR narcot*:ab,ti) AND (abuse*:ab,ti
OR addict*:ab,ti OR dependen*:ab,ti OR disorder*:ab,ti OR misuse*:ab,ti OR use*:ab,ti))

3 10R2

4 *“noninvasive brain stimulation”/exp OR “brain depth stimulation”/exp OR “transcranial magnetic
stimulation”/exp OR “transcranial electrical stimulation”/exp OR “nerve stimulation”/exp

5 “transcranial magnetic”:ab,ti OR “transcranial direct current”:ab,ti OR “transcranial alternating
current”:ab,ti OR “transcranial random noise™:ab,ti OR “vagus nerve stimulation”:ab,ti OR TMS:abti
OR tDCS:ab,ti OR tACS:ab,ti OR rTMS:ab,ti OR tRNS:ab,ti OR VNS:ab,ti OR theta burst
stimulat*:ab,ti OR iTBS:ab,ti OR cTBS:ab,ti

6 OR ((brain:ab,ti OR cortex:ab,ti OR cortical:ab,ti OR transcranial:ab,ti OR cranial:ab,ti
OR magneti*:ab,ti) AND (stimulat*:ab,ti OR electrostim*:ab,ti OR electro-stim*:ab,ti OR
electrotherapy*:ab,ti OR electro-therap*:ab,ti OR excitation:ab,ti))

7  ((“noninvasive™:ab,ti OR “noninvasive”:ab,ti) AND stimulat*:ab,ti)
8 40R50R60R7

9 3ANDS

PsycINFO

1 (DE “Drug Addiction” OR DE “Addiction” OR DE “Heroin Addiction” OR DE “Drug Abuse” OR DE
“Substance Use Disorder” OR DE “Drug Dependency”) AND (DE “Opiates”)

2 TI((*Opioid-Related Disorders” OR opioid* OR opiate* OR opium OR narcot* OR heroin*) AND
(abuse OR addict* OR dependen* OR disorder* OR misuse* OR use*)))

3 AB((“Opioid-Related Disorders” OR opioid* OR opiate* OR opium OR narcot* OR heroin*) AND
(abuse OR addict* OR dependen* OR disorder* OR misuse* OR use*)))

4 10R20R3
5 (DE “Brain Stimulation”) OR (DE “Transcranial Magnetic Stimulation)

6  TI((“transcranial magnetic” OR “transcranial direct current” OR “transcranial alternating current” OR
“transcranial random noise” OR “vagus nerve stimulation” OR TMS OR tDCS OR tACS OR rTMS
OR tRNS OR VNS OR theta burst stimulat* OR iTBS OR cTBS) OR ((brain* OR cortex OR
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23,583
47,875

57,461
11,439
25,919

147,523

8533
160,330
1134

29,106
104,005
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2470

189,689

12,418
275,375
3263
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6646

26,894

27,783
12,610
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cortical OR transcranial OR cranial OR magneti*) AND (stimulat* OR electrostim* OR electro-stim*
OR electrotherap* OR electro-therap* OR excitation)) OR ((non-invasive[tiab] OR non*invasive[tiab])
AND stimulat*[tiab])

7  AB((“transcranial magnetic” OR “transcranial direct current” OR “transcranial alternating current” 100,283
OR “transcranial random noise” OR “vagus nerve stimulation” OR TMS OR tDCS OR tACS OR
r'TMS OR tRNS OR VNS OR theta burst stimulat* OR iTBS OR cTBS) OR ((brain* OR cortex OR
cortical OR transcranial OR cranial OR magneti*) AND (stimulat* OR electrostim* OR electro-stim*
OR electrotherap* OR electro-therap* OR excitation)) OR ((non-invasive[tiab] OR non*invasive[tiab])
AND stimulat*[tiab])

8 50R60R7 100,344
9 4ANDS8 843
Web of Science—Science Citation Index Expanded

1 TS = (“OpioidRelated Disorders” OR ((opium OR opioid* OR opiate* OR heroin* OR narcot*) AND 65,157
(abuse OR addict* OR dependen* OR disorder* OR misuse* OR use*)))

2 TS = (“transcranial magnetic” OR “transcranial direct current” OR “transcranial alternating current” 259,687
OR “transcranial random noise” OR “vagus nerve stimulation” OR TMS OR tDCS OR tACS OR
rTMS OR tRNS OR VNS OR theta burst stimulat* OR iTBS OR cTBS OR ((brain* OR cortex OR
cortical OR transcranial OR cranial OR magneti*) AND (stimulat* OR electrostim* OR electro-stim*
OR electrotherap* OR electro-therap* OR excitation)) OR ((non-invasive OR non*invasive) AND
stimulat*) OR “noninvasive brain stimulation” OR “brain depth stimulation” OR “transcranial electrical
stimulation” OR “nerve stimulation”)

3 1AND2 2615
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