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Background: Substance use disorders (SUDs) are a leading cause of
disability worldwide. While several pharmacological and behavioral
treatments for SUDs are available, these may not be effective for all
patients. Recent studies using non-invasive neuromodulation
techniques including Repetitive Transcranial Magnetic Stimulation
(rTMS), Transcranial Direct Current Stimulation (tDCS), and Deep
Brain Stimulation (DBS) have shown promise for SUD treatment.
Objective: Multiple studies were evaluated investigating the
therapeutic potential of non-invasive brain stimulation techniques
in treatment of SUDs.

Method: Through literature searches (eg, PubMed, Google Scholar),
60 studies (2000-2017) were identified examining the effect of
rTMS, tDCS, or DBS on cravings and consumption of SUDs,
including tobacco, alcohol, cannabis, opioids, and stimulants.
Results: rTMS and tDCS demonstrated decreases in drug craving and
consumption, while early studies with DBS suggest similar results.
Results are most encouraging when stimulation is targeted to the
Dorsolateral Prefrontal Cortex (DLPFC).

Conclusions: Short-term treatment with rTMS and tDCS may have
beneficial effects on drug craving and consumption. Future studies
should focus on extending therapeutic benefits by increasing
stimulation frequency and duration of treatment.

Scientific Significance: The utility of these methods in SUD
treatment and prevention are unclear, and warrants further study
using randomized, controlled designs. (Am J Addict 2018;XX:1-21)

INTRODUCTION

Substance use disorders (SUDs) are a major contributor to
morbidity and mortality worldwide." According to the United
Nations, more than 200,000 deaths were attributable to SUDs
in 2014.*Moreover, in 2015 over 20 million people in the U.S.

Received August 10, 2017; revised November 26, 2017;
accepted December 16, 2017.

Address correspondence to Dr. George, Addictions Division,
Centre for Addiction and Mental Health (CAMH), University of
Toronto, 100 Stokes Street, Bell Gateway Building, Room 3288,
Toronto, ON M6J 1H4, Canada.

E-mail: tony.george@cambh.ca

had an SUD, with <20% seeking treatment.While several
treatments are available (eg, behavioral and pharmacological
therapies), relapse rates continue to be as high as 60%." This
suggests a need for further research to develop novel and more
effective treatments. Neuromodulation techniques such as
repetitive transcranial magnetic stimulation (rTMS), trans-
cranial direct current stimulation (tDCS), and deep brain
stimulation (DBS) have been investigated as possible treat-
ments for SUDs and may have promise in comparison to
conventional pharmacotherapy and behavioral intervention
strategies, and there have been several more selective reviews
on this topic.>~ The purpose of this article is to provide a broad
and critical review of currently available brain stimulation
techniques (rTMS, tDCS, DBS) as treatment for SUDs,
including a comparison of effect sizes for the various brain
stimulation methods across SUD diagnoses.

Description of Contemporary Brain Stimulation
Methods
Repetitive Transcranial Magnetic Stimulation (rTMS)

rTMS is a non-invasive brain stimulation method used to
treat various neurological and psychiatric disorders, including
Parkinson’s disease, schizophrenia, obsessive compulsive
disorder, and chronic pain.6 In 2008, rTMS was Food and Drug
Administration (FDA) approved for the treatment of major
depression in human subjects, offering a potential alternative
to traditional pharmacotherapies, which may not be effective
or well-tolerated.®

rTMS involves the use of an electromagnetic coil held
against the scalp, producing repetitive trains of magnetic
pulses, resulting in a temporary magnetic field pulse in the coil
that can be targeted to specific brain regions.”® This process
has been shown to induce temporary electrical currents in
localized cortical tissue, which can modulate cortical
excitability. Studies have also demonstrated its ability to
produce clinically significant and lasting neuroplasticity
changes in targeted brain regions.”®* rTMS stimulation
parameters can vary significantly with respect to stimulus
intensity, total number of pulses, and pulse frequencies.’
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However, ultimately these variations aim to personalize rTMS
parameters and may improve inhibitory processes, which may
be abnormal in SUDs (ie, impulsivity). As such, many
investigators have used cortical inhibition paradigms with
single or paired pulse TMS to index cortical inhibition and
excitability effects.'®" This review will focus on low
frequency (LF) and high frequency (HF) rTMS, both of
which provide therapeutic applications. LF rTMS (<1 Hz) has
been shown to reduce neuronal firing rates and cortical
excitability, whereas HF rTMS (10-20 Hz) has demonstrated
opposing effects.”® Furthermore, two robust rTMS adapta-
tions compared to the conventional protocols have been
emerging which use a theta burst stimulation (TBS) pattern.'?
This involves bursts of three pulses of stimulation at 50 Hz
frequencies repeated every 200ms. The first method is
intermittent bursting frequency, also known as intermittent
that burst stimulation (iTBS), which is applied to the cortex
resulting in facilitating effects. The parameters involve a
2 second train of TBS repeated every 10 seconds for a total of
190 seconds (600 pulses).'*'* The other technique using
continuous bursting frequency, also known as continuous
theta burst stimulation (cTBS), induces transient long-term
depression of behavior and inhibitory effects. This
technique involves a 40second train of uninterrupted TBS
(600 pulses).lz’14

rTMS is a promising treatment for neurological and
psychiatric disorders, as this treatment method has minor
side effects (ie, headache, dizziness) and is pain free, making it
well-tolerated by most patients.® Additionally, rTMS is a cost-
effective alternative to other more expensive treatment
methods (ie, electroconvulsive therapy). rTMS is a promising
potential treatment for SUDs that is currently being
investigated, although available research is preliminary.
Twenty-eight studies were identified for this review, using
rTMS as a potential treatment for SUDs, with a total of 788
participants receiving active or sham rTMS stimulation
treatment. See Table 1 and Figure 1A.

Transcranial Direct Current Stimulation (tDCS)

tDCS is another non-invasive brain stimulation method
involving two or more electrodes (ie, anodal, cathodal) placed
on the scalp.'® These electrodes facilitate delivery of a low

intensity direct current at a constant rate to a targeted area of the
brain.'® tDCS protocols vary with respect to the current size and
strength, electrode size and number, amount of contact medium
used, and stimulation durations.!” Similarly, as with the
differing rTMS parameters, these factors alter the distribution
of current crossing the scalp eventually to the brain.

tDCS stimulation produces a low intensity current
(between 0.5 and 2.0 milliamps [mA]) that allows for the
modulation of resting membrane potential and cortical
excitability in targeted brain regions through mechanisms of
depolarization or hyperpolarization, depending on stimulation
parameters.'® The anodal electrode has been shown to increase
cortical excitability, whereas the cathodal electrode has
opposing effects. tDCS is a low cost, easily accessible, pain
free stimulation method with minor side effects such as scalp
irritation and itchiness and no recovery time requirement, thus
making it well-tolerated treatment across patients.'>

Similar to rTMS, tDCS has been used to treat various
neurological and psychiatric conditions such as Parkinson’s
disease, chronic pain, and major depression.'> Although its
mechanisms of action are not fully understood, tDCS may
induce neurochemical changes in the targeted brain tissue,
which extend beyond active stimulation periods.'® tDCS is
also currently being investigated as a potential treatment for
SUD’s in human participants. Twenty-three studies have been
identified in which tDCS has been explored as a viable
treatment option, with 677 participants having been exposed to
active or sham stimulation. See Table 2 and Figure 1B.

Deep Brain Stimulation (DBS)

DBS is a third neuromodulation technique which has been
used to treat disorders such as Alzheimer’s disease, obsessive-
compulsive disorder (OCD), and chronic pain. Unlike rTMS
and tDCS, DBS involves an invasive surgical procedure,
whereby varying numbers of electrodes are implanted directly
into the brain, enabling continuous modulation of brain activity
and subsequent changes in neuroplasticity.'® It has also
demonstrated the ability to regulate abnormal brain impulses
occurring in specified cortical regions. DBS may be able to
trigger neurotransmitter release in the brain, depending on the
regions of electrode implantation. In comparison to TBS which
activates or inhibits neurons with lower frequencies to targeted
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FIGURE 1. Diagrams to illustrate the three brain stimulation techniques: (a) rTMS, (b) tDCS, and (c) DBS.
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areas, DBS uses very high frequencies to block neural trans-
missions.'* Once implanted into the individual’s brain, DBS
electrodes are connected to an implantable pulse generator (IPG),
typically inserted in the chest wall, allowing for easy modulation of
parameters and continuous stimulation at a designated frequency
(>130 HZ).19 Furthermore, due to its invasive nature, DBS may
cause serious side effects associa-ted with surgical procedures,
such as infection, seizure, and stroke.'? Notably, once a patient has
recovered from the original surgical procedure, DBS seems to be
well-tolerated. The exact mechanisms by which DBS exerts its
clinical effects remain unclear, however, the ability of DBS to
directly manipulate neural circuits in reward pathways may target
addictive behaviors. As such, DBS is being investigated as a
possible treatment for SUDs. Nine studies investigating the use of
DBS as treatment for SUDs have been identified, with 25
participants having received active or sham stimulation. See
Table 3 and Figure 1C.

METHODS

A comprehensive literature search (by A.C. and K.K.) was
conducted using PubMed and Google Scholar. Articles
published after 2000 in peer-reviewed academic journals
were included. A combination of key search terms was used to
locate the articles for this review, including: non-invasive
brain stimulation, repetitive transcranial magnetic stimulation,
rTMS, transcranial direct current stimulation, tDCS, deep
brain stimulation, DBS, addiction, substance use disorder,
abuse, dependence, alcohol, tobacco, smoking, nicotine,
cocaine, cannabis, amphetamines, opioids, treatment, therapy,
craving, and consumption. Inclusion criteria also consisted of
participants who met DSM-IV criteria for substance abuse or
dependence, or DSM-5 criteria for substance use disorders.
Only studies whose primary and/or secondary outcomes were
related to substance use outcomes (ie, consumption, absti-
nence, craving, and withdrawal) or drug cue-induced
neurophysiological/functional imaging changes were included
in this review. This process yielded 69 studies, of which nine
were excluded'*?° that did not meet these criteria.

RESULTS

Repetitive Transcranial Magnetic Stimulation
(rTMS)
Alcohol

To date, nine studies®®>° have investigated the potential
efficacy of rTMS in the treatment of alcohol use disorder, with
mixed results. Six studies?®>?® examined the effects of
multiple sessions of rTMS (10-20 sessions) targeting the
dorsolateral prefrontal cortex (DLPFC) or medial prefrontal
cortex (mPFC), using a randomized, sham controlled study
design. Findings from all six studies demonstrated a significant
decrease in alcohol-related cravings or consumption post-active
rTMS treatment. However, three other studies>®! found
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opposing results: rTMS to the DLPFC did not have significant
effects on alcohol craving or consumption. Notably, these
studies involved fewer total rTMS treatment sessions, which
may explain the lack of efficacy in these trials (Table 1).

Tobacco

Eleven studies were conducted to investigate the use of
rTMS on tobacco use disorder (nicotine dependence). Apart from
Liet al.,3 7 all studies demonstrated positive effects of rTMS, via
reduction in nicotine cravings and/or overall cigarette consumption
post-active stimulation compared to baseline and sham data. Nine
studies®” % directed stimulation at either the left or the right
DLPFC with a stimulation frequency of 1-20 Hz.

Rose et al.*® applied 1 and 10 Hz rTMS stimulation to the
superior frontal gyrus and motor cortex (sham condition),
which demonstrated differential effects after smoking cue
presentation. In the neutral cue condition, 10 Hz stimulation
reduced craving significantly compared to both 1 Hz and sham
conditions. Notably, craving was significantly increased in the
10 Hz condition with the presentation of smoking cues.*® In
contrast, Dinur Klein et al.** applied 1 and 10 Hz stimulation
to the lateral prefrontal cortex and insula, resulting in a
significant decline in consumption in the 10 Hz condition only.

37-47

Cocaine

Four studies investigated the effects of rTMS on
craving for cocaine in dependent adult participants. The
number of treatment sessions ranged from 1 to 12, with a
frequency range between 5 and 20 Hz. Three**™' of these
studies demonstrated positive results, with a significant
reduction in craving for cocaine, with the exception of Bolloni
et al.*® who found no significant change in craving compared
to sham, although long-term reduction in consumption was
significant when considering time as a factor.

48-51

Methamphetamine

Thus far, there have been only three studies investigating
rTMS for methamphetamine (MA) dependence.’>>* Su et al.>?
applied five sessions of 10 Hz rTMS to the left DLPFC. Results
indicated a significant reduction in cravings for MA compared
to sham stimulation. Conversely, Li et al.>3 studied the effects of
two sessions of rTMS in MA-dependent participants and
demonstrated no significant impact of rTMS on craving or
consumption of MA, compared to sham.>® A third study by Liu
et al.>* studied the effects of five sessions of rTMS to the left or
right DLPFC in both 1 and 10 Hz conditions compared to sham,
with a significant reduction in cue-induced craving across all
four stimulation conditions compared to sham.

Cannabis

A single study’” investigated the use of rTMS on cannabis
craving in a crossover, sham-controlled study, using a single
session of 10 Hz stimulation to the left DLPFC in cannabis-
dependent participants. There were no significant reductions in
craving scores between active and sham stimulation groups.”

February—March 2018 3



(panuguo)))

9%°0 nsod DAdIN
'sa a1d aAnOY SIALLP IOPIOSIP JIWAYISAP
[onuod 0} paredwod Sunaer) 80'C JO SUOISSAs  JUALINOUO0D YiIm sjuedronied
dnoi3 9A1IOB QU UI PIAIISQO dIom 06T 3sod [WRYS ‘SA JANDY weys O] juopuadop-[oyoore
uondwnsuod pue ‘SurAeid [0Yod[e ‘sa 21d aAnOY S[9A9] A0 ym Apnis
‘S[OAQ] poo[q [0s1I0d ul | jueoyuSis  uondwnsuo)) pooiq [0sp.10) [oo-H ZHOT %0CT AATIOR O joqid pafonuod ogaoed v g1 =N ¢ T8 19 DuBdd)
(SQ1pmIs QALY {CET = N [BIO]) SUOISSS UONB[NUINS dANOR d[dnnur :;[oyod[y
Ddd1d W1
€1°0 ‘weys UoISSas
Juaunean-jsod ‘SA QATIOY S0°0 weys | sjuaned
PIAISSQO Q1M PooW IO FurALId swoydwis WRYS ‘SA QANOY 1105 40 juopuadop-[oyod[e ym
[OYOOTe UO $309JJ0 Jueoyyrudis oN  dAIssaxda(q Sunaer) 8 231 ZH 0T %06 AATIOR | Apmis pa[[onuod weys y 61=N (¢ e 10 Jouddoy
odd'1d
sy syuonedur
UOISSIS juapuadop-joyoo[e
weys 0) paredwod jusuean weys | PaLIX0)ap Apuadal
-150d paAIesqo a1om Suraerd $1°0— :SH 1100 40 M Apnis pa[[onuod
[oyod[e uo 309}J° uﬁﬁowﬂﬁwﬁ ON QUON Mﬂm.)ﬂhU 8 Q.H—awmnﬁ ZH 0T %OTT SANIE | wreys r®>ﬁonmO.HQ A" O¢=N Om.ﬁm 19 SueWALIOH
24d'1d
SRy syuedronted
UoISSas juapuadop-joyoore
sdnoi3 SA1OE 10 Weys Joyjre ul 11°0 °ADDY VN weys | JUOWWMKOHO_U %TEOQQH
jusunean-jsod punoj sem SuiALIO €1°0 ‘weys Suruonouny 1100 40 PIm Apnjs I9A0SSOIO
[OYOO[E UO 109)J2 JuBdIUSIS ON Suiaer) ANIIXY 8 231 ZH 0T %011 AR | ‘pa[[onu0d Weys y 6C=N o T8 10 SUBWALISH
odd'1d
W3
pue 39|
sdnoi3 ueamiaq $a109s SIALLP syuedronred
SUIA®IO UT SOOUQIAJIP JUBIIUSIS ON JO UOISSas juapuadop-foyoo[e
weys 0) paredwos dnoid aanoe 0L'0— ANy €€°T PANDY weys | ynm Apmnis
Ay} ur paAIasqo sem uondwnsuod 7L 0— ‘weys 09'0— weys 40 pajjonuod-weys ‘s)oalqns
[oyoo[e ut 1 juedyIusis v Suinaer) uondumnsuo)) [100-H ZH 01 %001 AATOR | U93M}2q ‘PAZIWOPUET Y IT=N oz T8 33 OIRIO[OPPY
(sorpmys INoJ GG =N [B10]) SUOISSAS UONBNUWINS JAOR J[SUIS ([OYOI[Y
synsoy (p s,uoyo))  (p s.uayo)d) odfy Kouonbaiy Kysuajut uor3al u3isop Apms oidwreg loyiny
az1s 9ZIS 1091J [I0D  uoneMWIS uone[NWNS ureiq
199}J2 pue pue SQWo2INO pojesiey
SoW02IN0 Krewtig pue
A1epUOI9S SUOISSAS
Jo #

(82 =saljonis [L10} {88/ = N [€10}) (SILY) Uonejnwis onaubew [euesosues) aaneday *| 37GV.L

February—March 2018

Brain Stimulation to Treat SUDs



(ponuiuoD)

ureys 0} paredwod juauwean SALLL 244 1d W1
191y | Apueoiyiugis SuIABIO QUIJOJIN uoIssas
ureys 0} paredwod jusuneon 97’ 0— weys 69°0 wreys | Juopuadop-ounooru
QATIOR I9)JB PAAISSqO sem Jomod 'SA QATOY {UIRyS ‘SA QANOY [109 pup s Apmys po[onuod
B)[Op DFH Ul UONINpal JUBIYIUSIS Y Suiaer) Mo Bypd Hdd 8 I3y ZH 01 %06 QATIOR | wreys ‘sodqns umpim YI=N g T8 10 13dud
ureys o}
pareduiod 9AT)OR UI PIAIISQO dIoM L6'T ‘WeyS ‘SA DAd1d W1
S2100S SUIARIO UI SOJUIJJIP ON QANOY snwrerey) WSy UoISSas Juopuadop-sunooru
AIV TS ur Ly’ 0— ureys 00'f ‘weys "sa weys | s udisop Apmys
SUOIS2I snuwiefey) pue e[nsuy Y} ur 'SA QATIOY 9ATIOY e[nsur 1YSTY [109 pup IOAOSSOID ‘POJUB[RGISIUNOD
Kyanoe T Apuedyrudis ST 2ADNOY Sunaer) AAV1AS 8 2m31g ZHOI %001 oAmdE | ‘paf[onuod-ureys v 0T=N JFSLECRS
(S91pNIs INOJ ‘G = N/ [€10)) SUOISSAS UONB[NWINS IATIR [IUIS 100080,
odd'1d
sy
SUOISSas
66'C uwreys O] sjuaned juspuadop-foyoore
weys 0) paredwods ‘s3uraed IWRYS ‘SA ANV 109 A0 ym Apms aanoadsoxd
Joyoore T Apueoyiugdis SN 9ANOY duoON Sunaer) g 231 ZH 01 %011 QAR O] PA[IONUOD WRyS Sh=N o¢ T8 30 RIYSTN[
SJIS UOnE[NWNS
U29M)9q OUIJJIP JUBOYTIUSIS Ou G0'0 S 'sA o] DAd1d
s sdnoid uonenuwns JAJTA €54 1YSLI 10 39T 1uspuadap-joyoore
Y3 pue 3J9[ Yioq ut sSurAeIo STy €61 100 SUOISSIS yim Apms dnoig
PAJe[aI-OYod[E Ul | JUBdYIUSIS Y uoON Sunaer) § aIm31g ZHOT %011 AR O [o11eaed ‘oanoadsoid v 0C=N o T8 10 BIUSTA
JudUIE2T) JO UOISSIS | o)k sdnord $G°( ‘weys 000
QATIOB PUE WEYS US0M)Oq OURIHJIP ON 'SA QATIOY UIeys “SA QATIOY Ddd1d ¥ yuopuadap-[oyoore
SIALLY Jo suoissas G 1sod s3uraeio (suolissas s (uolssas [109 SUOISSIS
[OYoJe [e1oUA3 Ul | JUedyIUSISs ¥ I9jje) SulAeI) [ J9)Je) Suiser) g andig ZH 0T %011 QATIOR G pajeIo[adde ‘Pqej uado uy 97 =N ¢ B 10 SUBWIOLIOH
DddIN
Juore 1.dsS
syuedronred A0
SSOIOB SIUIARIO [OYOJ[® 86’1 :weys 1ds Iopiosip rejodiq
ur 1 jueorjrudis peonpoid 'SA QATIOY $6']Weys )M SUOISSas 10 QAN Yim syuedronted
juounjean Aderoyjooewreyd swoyduwAs SA QATOY SIN.LP juapuadop-[oyoore
ym pautquod S deaq  dalssaada(q Suner) [109-H ZH 81 %0C1 9ANSE O] s Apms puig-o[quop v yz =N ¢ 8 19 IpIRILD
SInsY (p s.uayo)) (p s.uayo)) adKy Kouanbaiy Kysuojur uoI3al ugisop Apms ordweg oymny
az1s 9ZI1S 10919 [I0D uopeWNS UOHEB[NWNS ureiq
109JJ° pue pue SaWo2INO0 palesdiey
SaW02INO Krewid pue
K1BpUOI9S SUOISSaSs
jo#

psnujuo) "I 3719Vl

February—March 2018

Coles et al.



(panuyuo)))

ZDOS Pim
syuoned ur uondwnsuod 933216310

1 Apueoyrusis ST 9ANOY JUON

paloayye Apuedyyugis jou sem Jurael)
weys o) paredwod

SYJUOW ¢ JB SAJRI 0UdUNSQR VN
| peonpoad 1. gD wunfpe s SEIT  dUdUNSqY
PaAIISqO
QoM SUIABIO UO S}09)J0 Sunse] ON
(Soam
Z1) dn MO[[O] T& paurejurew Jou S}nsax
nq (91 =u) syredonred Jusunsqe 70 ‘ureys
| ApueoruSis peonpoid ALY SA QANOY
QADOR PUB [N JO JUSUeal) UOneUIquIo)) Suraer)

244’1 W1 souapuadap
SUOISSas QUIOSIU JUILINOUOD
(540 weys 1¢ pue ZDS Yim siuoned
(WRYS "SA QAOY 1109 10 orewr yim Apnis ‘pa[onuod
uondwnsuo) { 231 ZH 0T %011 aAndR 7 weys ‘oanosadsord v GE=N ey T8 30 AR
odd'1d
sy
149D
s Sell
JO SuOoISSas syuedronted
€€0— ureys Juopuadop-ounodiu
(WRYS "SA QATOY 1109 10 yim Apnis pa[jonuod
Sunaer) g 231 ZH 0S %08 QATIOE } wreys ‘sdnoid ueamiaq v YL=N 2 T8 10 1021
odd'1a
LB
SUOISSas
wr weys O] syuedronted
WRYS "SA QANOY 1109 10 Juopuadop-aunodmu yim
UIAUNSqY 8 231 ZH 1 %0CT aAnoe 0] [em [edwuro ‘eAndadsord v LE=N T8 30 JelforL,

(SQIPMIS UBADS ‘GEE = N [€103) SAIpMIS Uone[nuuns aAnoe dnnw :03deqoy],

sdnoi3 usamiaq

PAAISSQO AIM $100S SUIABIO 2Ad1d ¥R'1 syuedronaed
uone[nuns-jsod U SSOUISLJIP ON UoISSas juapuadop-ounooru
ureys o) pareduiod LTO weys | ‘Sunyooes juounean
dnoi3 9AnOR AU Ul PAAISSQO Sem VN [WRYS “SA JANOY 102 pun s Apnis I9A0SS0ID
uondunsuod apareso ur | juedyusis Sunaer) uondwnsuo) g aImnS1g ZH 0T %06 QANOE | ‘Pa[[ONU0D WRYS Y PI=N op T8 10 Toweyory
Sv'0
‘Weys "SA 9AOY 2ddTd W1
LLO uoIssas syuedronted
S2100S QUI[IsEq :gsod sA 21d 2Anoy weys | juapuadop-aunoou Jurya9s
pue weys o3 paredwos 00oeqo) Jo Suiaen 102 pun juounean yim Apnjs IoAo
s3uraeId | Apueoyrusis SIALI 9ANOY AuoN pasnpur-an) g 231 ZHO1 %001 ATIOR | SSOID PI[[ONUOI-WEYS I9I=N BRI
synsoy (p s,uoyo))  (p s.uayo)) odKy Kouonbaiy Kysuayut uorgalr ugisop Apnmis ordwres loyiny
74N 9ZIS 109J° [I0D  uopeWNS UOHB[NWNS ureiq
J09JJo pue  puE SOWO09INO pojasiey
SoUI00)NO Arewtig pue
KIepuodasg SUOISSIS
Jo#

psnupuo) “| 3719v.L

February—March 2018

Brain Stimulation to Treat SUDs



(panuzuo)))

2dd'1d
Y311 10 3]
UoIssas

syuedronaed oareu

(smoy >) A[uresodud) s3uraeId T0— W1 )Jo[ 9Ande | SIALL! ‘yuepuadap aureood
Qures0d T Apueoiyrugis uoneNWNS 61'C STy oo 40 M uSISop JOA0SSOID
DAd T 191 10U Inq W3y uoN Sunaer) g am31g ZH 0T %06 S 9ATOR | PIOUB[RQINUNOD Y 9=N 1< Te 30 uopoxdure)
(Apnys QuO 9= A/ [10}) SAIPNIS UONR[NWINS DATOE J[SUIS :JUIEIO))
dd1d ¥'1
SUOISSaS
(dn-mofjoy yiuow weys O]
-9 9y} [IIUN paureIuTEW JOU) SN LI 40 syuedionted
aAnoe 3y Surmoroy souspuadop €9°G sod €6°T :sond Sunyowrs SUOISSIS yuapuadop-ounooru yim
ounootu pue uondwnsuod 'sA a1d aAnoy 3s0d/a1d aanoy [10o QouBUUTRLL uSIsop padue[eqIAUNOD
oparedo ur | jueoyusis  dduapuadaq uondumnsuo) § am31g ZH O] %001 € +2aAnde O] ‘rerswirradxs uy Y =N Ly T8 10 ZeIuy
D4S D0
Suaen ur | 670— uoIssas
JuBOIUSIS B Pasned sand Juryows 201 ZH QT "SA weys weys |
yIm uonenuns ZH O] ‘A[eSIOAU0) ZH (] 'SA ZH | 8€°0— pun (z401) (AdD S1<) swedonred
suonejuesaid 96°0 :ZHOT ZH | 'SA WeyS AATIOR | juopuadop-aunooru ym
and [enNaU 19)je sSUIABIO 933018310 ‘SA Weys Sunaen oo ZH T A1 puv (ZH 1) uS1sop peoue[eqIoIUN0d
T Apueoyiudis ST oy1oads DS Suner) Ppadnpur-an) § 231 ZHOT AH %06 aAnOR | ‘sarseaw pajeadar v SI=N op T8 10 250y
o4d'1d
181 AN
pue 3397  JuaLMOUOd YIm sjuedionred
SUOISSAS juapuadap-ounooru
0008q0) 10§ STUIABID 8T'1 weys Og s Apms
ur 1 jueoyrusis v pamoys SNLI TWRYS "SA 9AIOY oo 40 SIALLI Peoue[eqIunod
JATIOR PaAIadal oym sjuedronied JUON Suiaea) g am31| ZHOT %06 QATIOR ()T ‘pa[[ONU0D Weys SI=N o T 30 Sum
e[nsul pue
Jdd [e19je]
sdnoi3 ueamiaq SIALLP
SQJBI 20UAUNSqE UT SAOUAIAJJIP ON LT°€ 'ZHOT® JO SuoISsos (adD 0z<) swedoned
suonIpuod weys pue Kouanbaiy 1 weys ¢ juapuadop-ounooru yim
mo[ 0} paredwod pue uonduwnsuoo VN ZH T $9°0 ‘Weys ZHOT AH 40 [eL1) [EDIUI[O ‘PR[[OTUOD
opareSo T Apueotyiuis SNIP ZHOI  ddudunsqy uondwnsuo)) [oo-H ZH 1 A1 %0TT QATIOR ¢ oqaoeld ‘eanoadsord v SIT=N pp T8 19 UR3-InuIQ
S)nsoy (p s .uayo)) (p s .uayo)) adfy Kouanbaiy Kysuajur uorgax ugisop Apms oidwesg Joyny
oz18 9ZI1S 109JJ0 [I0D  uonR[WNS UOnR[NWNS ureiq
J09JJo pue  puE SOWO0INO pajadiey
SoW02INO Krewnid pue
K1epuU0I9S SUOISSs
Jo#

psnupuo) *I 3719VL

February—March 2018

Coles et al.



(panurguo)y)

uonIpuod gL-gasoderd zH 1 (zHT)
ureys ay) 0) paredwod FuraeIo b | 244 Td B3I
VIA paonpur-ond T Apuedniusis Sunaen 1100 JO SUOISSas sorewr Juapuadop-yA
SUOTIPUOD UOTB[NWNS JANIE [V EL N pasnpur-an) punoy  zZHQJ 10 ZH | %001 QAATIOE G ur Apnis pa[[oNuod-weys v - 05 =N po T8 30 I
2ddTd W1
+2°0 3sodjaid v2T SUOISSAS
wreys ATV TWRYS "SA QATIOY wreys g syuedronied juopuadop-yA
0) paredwod YA 10J SSuIARID uonouny Sunaen [100 40 S[ewW PIM [BLD
T Apueoyiudis SNLT 2ANOY aAnuso) padnpur-an) g am31g ZH 01 %08 QATIOR G [BOTUI[D PI[[ONUOI-WRYS ¥ OE =N e 1eng
(se1pnmis om) {08 = A/ [8101) SUOISSAS uone[nWNSs ANk (NN dururejdydurey)dy
S[onuod 24d1d W'
A([eay ur paAIasqo Jou sem 1019 ST, UoISSos S[OTUOD PaYJew
uone[nuns 66'1— :dnoi3 A weys | pue syuedronted juopuadop
wreys 0) pareduwiod s1osn YA ur Weys ‘sA 9ANIY [100 pun VIA Iim Apnjs 19A0SSOI0
ur Suraeid papodarJes | SINII 2ANOY AuoON Sunser) g am31g ZH | %001 ATIOR | PA[[ONUOd-WRYS Y ST =N eI
(S9IpN)s QUO 8T = A/ [BI0}) SUOISSAS UONL[NWINS dATOR J[Suls :durumeldydurey)day
dnoi3 uonemnums DAdTId BT syuedronted
QATIOR JOJ QUTEO0D 0] SSuIARIO UT T B 8L1 Ao 1.ds Juopuadop-ouresod M
PUE SUSAIOS QUL Uedpo | Apuesyusis TWRYS "SA QATIOY 100 40 SUOTSSIS [e1n Teswuro ‘foqer-uado
peonpoid Jueunean SIALLI QANOY uoN uondumsuo) g 31 ZH G %011 QATOE § 100[gns-usomieq v TE=N oc T8 19 0QUELIDY,
s)nsa1
PUSIXd 0] PIPaAU dIoM SUOISSIS syuedronaed
doueudyurewr ySnoye ‘OJdI1d 8G°¢ DAL TA W1 orewr juapuadap-ouresod
) 0] SIALLP 19J& PIAISSQO dIoM 1sod ‘sa a1d aanoy SUOISSIS ur Apmis purjq-o[qnop
$2100s FurAeIO Ul T JUROYIUSIS W AuoON Sunser) [10o-H ZH 0T %001 ATDR 7 ‘s100[qns urpim L=N op T8 10 1souIdey
dnoi3 aanoe oy ur 10)0B] € SE W) 2dd1d
SULIOPISUOD USYM PJLISUOWP L8
SeM POUINSUOD dUIBI0D €6°0 :dn-mofjoy pue 391
Jo junoure ur | WiId)-3UO[ B ‘JOAOMOH 'sA 1s0d 9AnOY SUOISSas syuedronaed
jusuIBan 81— wreys ¢ Juapuadop-aurecod
-3s0d poA1asqo 21om uondwinsuod sod/aid aanoy 109 40 s udisop [eyuswLiadxa
QuIE509 Ul dFURYD JUBdYIUSIS ON EL N uondumsuo) g am31g ZH 01 %001 AR 7T ‘purlq 9[qnop y 0I=N op T8 30 TUO[[OG
(s91pMIs 221y} ‘g = N [B10}) SUOISSAS UONB[NWNS 2ATIOR S[dnnur :duredo))
S)nsoy (p s.uayo)) (p s .uayo)) adKy Kouanbaiy Kysuayur uorgal ugisop Apms oidwesg Joyny
oz1s 9718 J09JJ0 [I0D  uonEMWIS UONBNWIS ureiq
J09JJo pue  puE SOWO09INO pojasie)
SoW02INO Arewnd pue
AIepuodos SUOISSIS
Jo#

psnupuo) °I 3719Vl

February—March 2018

Brain Stimulation to Treat SUDs



*9[QB[IBAR JOU /PISSISSE JOU ‘YN 9SBAIOAP T :asearoul ‘| fyusunean prepuess ‘IS :Aderoyr jusweoeldar sunoomu ‘YN Aep 1od sanareso ‘qdd
‘dureriu ‘yw <19pIosip aA1s[ndwod aA1ss3sqo ‘gD ‘eruaaydoziyos “Z)S 1opIosi(q daissaido IofeN ‘QIA ([epoyied ¢_eD ‘[epoue L UV :SUSQUNIOE SNI[ONU OV N X910 Qre[N3UId JOLIdIUE DDV ‘BAIE [BIIQI0
-e1dns [e191R[ENUOD ‘YOSD ‘Bale [BlIqIo-v1dns ‘YOS ‘eare [eoued [erodwe)-ojuoly ‘g $X91109 [ejuotjaid ferpawt ‘O JJIN (X909 [ejuorjaid ‘)gd ‘SnIAS [euoly Jorradns ‘DS (SNIAS [BIUOIJ JOLIQJUI ‘D] {X91100
1010W ‘QOA $X91109 [ejuoljaid [e1a1R[0SIOp ‘DT Iusunean X[, {Z}ay ‘ZH p[oysaIy) J0jow Funsal ‘ [ JAY uone[nuins onousew [eruerosuen doap ‘SALLP ‘UONB[NWNS 1SING BJAY) SNONUNUOD ‘S [0 ‘Uone[nuins
1sInq BIAY) JUSNIWLIAIUI ‘S I ‘uonenuns onaudew [erueiosuen) doop ‘SALP uonenuns urelq dosp ‘Sg {UONR[NUWINS JUSLIND JOAIIP [BIURIOSURT ‘S]] {UONB[NWIS dNouSeu [eIueIosuen) dAnnadar ‘SIALI

DAdTA W1
weys 0) paredwod poAIasqo drom uoIssos syuedronied
SurAeIo ur sagueyo juedyIuSis oN  [H0— Weys weys | juopuadop-siqeuued
syuedronaed juspuadep-siqeuued "SA QATIOY VN [100 pup ur Apnys pa[[ONU0d-WEYS
0} pa1)stuIwpe K[ojes aq ued SALLI Suraer) £yayes g a3 ZH Ol %001 QATIO®R | ‘IOA0SSOID Y PI=N ERLEERUSIU N

(Apmis Quo ‘] = [e10}) SUOISSAS uone[NWNs 9Anoe o[dnnuw :siqeuue))

mcomwwum
weys ¢
A0
(zHOT)
24d1a
3
A0
(zH 1)
24d'1d
3
L 1:s0dja1d 10
ZH T T 11°gasodsard (zHOD)
ZH T ¥ €L 13s0d/ard 24d'1d I
ZHOT'T 40

SISy (p s.uayo)) (p s.uayo)) adfy Kouanbaiy Kysuajul uoI3a1 u3isop ApniS o[dweg oy
9718 9715 109J0 [10D  uope[MWNS UOHE[NWNS ureiq
J09JJ° pue  puB SQWO09INO pojasie)
SQWI09INO Arewtid pue
AIepuooas SUOISSOS
Jo#

psnuiuod "I 3719VL

February—March 2018

Coles et al.



Transcranial Direct Current Stimulation (tDCS)
Alcohol

Seven studies’® % have been conducted examining the
effects of tDCS as a possible treatment for alcohol use
disorder. Of these studies, six>%799762 have demonstrated
positive effects of tDCS on alcohol craving and/or consump-
tion. Notably, in a study by Da Silva et al,®" although craving
was significantly attenuated in the active group, active tDCS
resulted in a significant increase in relapse rates. Furthermore,
one study® showed that although tDCS had no significant
effect on attenuation of alcohol cravings or acute consump-
tion, abstinence rates improved significantly at 6-month
follow-up. Finally, a study by Nakamura-Palacios et al.”®
investigated the effects of neutral versus active cues on P3
amplitudes, with positive results. All studies varied on
stimulation parameters, with no apparent pattern associated
with either positive or non-significant results (Table 2).

Tobacco

Eight studies®>’” have examined the effects of tDCS on
nicotine craving in dependent participants. All studies applied
2.0 mA stimulation for 15-30 minutes, except one by Falcone
et al.,”® who used a stimulation intensity of 1.0mA for
20 minutes. Five®* %9870 of the aforementioned studies
demonstrated positive effects on nicotine cravings and/or
consumption, with significant reductions seen across partic-
ipants. In contrast, three additional studies® 7% observed no
significant effect on craving or consumption of tobacco; two of
these studies®”®® used a single stimulation session of tDCS,
and the third® used a sample that consisted of patients with a
diagnosis of schizophrenia or schizoaffective disorder, which
may have contributed to the negative findings, as this
population tends to be more highly nicotine dependent than
non-psychiatric populations.

Cocaine

Five studies’'"> have been conducted to understand the
effects of tDCS on cocaine use disorder. Two studies’>’*
examined the effects of tDCS on craving in this population
using 2mA stimulation for 20 minutes with positive results
(Table 2). Gorini et al.”> applied contralateral stimulation of
1.5 mA to participants with cocaine dependence and controls,
finding significant decreases in indices of risk-taking behavior.
Finally, tDCS to the bilateral DLPFC reduced anterior cingulate
activation’" and increased P3 physiological responses.””

Methamphetamine

Shahbabaie et al.”® conducted a study using one session of
2.0mA tDCS to the right DLPFC over 20 minutes in MA-
dependent participants. While a significant reduction in acute
MA cravings was observed at rest, an increase in cue-induced
MA cravings was reported 20 minutes post-treatment.

Opioids
A single study conducted by Wang et al.”’ investigated
the effects of tDCS on craving scores of 20 heroin-dependent

10 Brain Stimulation to Treat SUDs

participants. In contrast to other tDCS research in SUD’s, this
bilateral stimulation was applied to the fronto—-temporal—parietal
area (FTP). Despite this difference, investigators observed a
significant decline in heroin craving, which persisted with the
presentation of heroin-related cues.”’

Cannabis

A study by Boggio et al.”® investigated the use of tDCS as a
treatment for cannabis use disorder. Twenty-five chronic
cannabis users received 10 Hz stimulation to either the left or
right DLPFC. Results from this study showed that stimulation
of the right DLPFC, but not the left, was associated with a
decline in cannabis-related craving.”®

Deep Brain Stimulation (DBS)
Alcohol

Three studies investigated the effects of DBS on
alcohol use disorder, applying active stimulation to the
nucleus accumbens, showing a decrease in alcohol consump-
tion or craving levels across studies (Table 3).

79-81

Tobacco

There have been two studies investigating the use of
DBS on cigarette smoking and nicotine-dependence targeting
the nucleus accumbens. Kuhn et al.** conducted a study
in nicotine craving and cigarette consumption. Of 10
nicotine-dependent participants, three quit smoking alto-
gether, while the remaining seven participants demonstrated
a significant decline in cravings and consumption. In another
study,® active DBS significantly reduced craving and
consumption of cigarettes in a single subject who originally
underwent DBS treatment for refractory OCD.

82,83

Cocaine

A single study® investigated the effects of DBS on cocaine
use in a single participant. Active DBS targeting the nucleus
accumbens significantly reduced both craving and consump-
tion of cocaine in this dependent participant.

Opioids

Recently, three studies® 87 have examined the effects of
active DBS on opioid consumption or craving in heroin-
dependent participants, targeting the nucleus accumbens. All
three studies demonstrated a significant decline in consump-
tion and/or cravings and an increase in abstinent participants.

DISCUSSION

This article reviews current research on available neuro-
modulation techniques (rTMS, tDCS, DBS), and their
potential safety and efficacy across a broad range of SUDs.
Findings were mixed across all three stimulation methods,
which may in part, be due to the variation in stimulation
parameters (ie, frequency, intensity, duration of treatment,
brain regions stimulated), differences in SUDs, the severity of
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TABLE 2. Continued

Active
stimulation

Secondary
outcome and

Primary
outcome and

intensity

# of sessions and

effect size
(Cohen’s d)

and effect size
(Cohen’s d)

duration

targeted brain

Results

region

Study design

Sample

Author

25; one study)

Cannabis: single active stimulation sessions (total N

A significant T in risk taking propensity was

Craving
Right: 1.89

Risk taking
Right An™ vs.

2mA for
10 minutes

1 session of An™

A sham controlled study

N=25

Boggio

observed in both active tDCS stimulation

sessions
Active right An™ tDCS (but not left) was

right, Ca™ left

with cannabis using

et al.’®

Left: —0.75

sham: 4.45
Left An+ vs.

DLPFC

participants (abstinent

or
1 session of An™ left,

24 hours)

associated with significant | in cannabis cravings

sham: 3.33

Ca™ right DLPFC

or
1 session of sham

r'TMS, repetitive transcranial magnetic stimulation; tDCS, transcranial direct current stimulation; DBS, deep brain stimulation; dTMS, deep transcranial magnetic stimulation; iTBS, intermittent theta burst
stimulation; cTBS, continuous theta burst stimulation; dTMS, deep transcranial magnetic stimulation; RMT, resting motor threshold; Hz, hertz; Tx, treatment; DLPFC, dorsolateral prefrontal cortex; MOC, motor

cortex; IFG, inferior frontal gyrus; SFG, superior frontal gyrus; PFC, prefrontal cortex; MPFC, medial prefrontal cortex; FTP, fronto-temporal parietal area; SOA, supra-orbital area; CSOA, contralateral supra-
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orbital area; ACC, anterior cingulate cortex; NAc, nucleus accumbens; An™, anodal; Ca™, cathodal; MDD, Major Depressive Disorder; SCZ, schizophrenia; OCD, obsessive compulsive disorder; mA, milliamp;

CPD, cigarettes per day; NRT, nicotine replacement therapy; SDT, standard treatment; T, increase; |, decrease; NA, not assessed/ not available.

these SUDs between participants in each study, as well as
heterogeneity in the populations studied, including the
presence of co-occurring psychiatric disorders.

With respect to effects of brain stimulation observed
between SUDs, commonalities between rTMS and tDCS
emerged. Studies utilizing rTMS observed promising
findings in trials conducted in nicotine or stimulant (cocaine,
methamphetamine) dependent samples, with 10/ 11374547
and 5/7*7%%* positive studies, respectively in domains
of craving and/or consumption. Moreover, in alcohol-
dependent participants, 6/9 studies®®3273¢ suggested reduc-
tions in alcohol craving and/or consumption after active
rTMS treatment. Effect sizes (Cohen’s d) for rTMS on
alcohol (—0.07-2.99), tobacco (—0.40—4.42), methamphet-
amine (—0.20-2.78), and cocaine (—1.82-3.58) were
promising but highly variable, consistent with the (method-
ological) heterogeneity of the published studies (Table 1).
Similarly, tDCS demonstrated comparable efficacy to rTMS
in the treatment of nicotine and stimulant dependence: 5/8
studies® %870 in nijcotine dependence and 3/6 stud-
ies”>"*7 conducted in stimulant dependence (cocaine,
methamphetamine) had positive study findings in measures
of craving and/or consumption. This was further supported
with medium to large effect sizes (Table 2). Specifically, in
studies of tDCS on tobacco craving and consumption, there
were variable effects (Cohen’s d’s —0.39-5.63), with similar
variability observed for alcohol studies (Cohen’s d —0.18
—4.25): Five of seven studies’®>7%0192 conducted in
alcohol-dependent participants resulted in positive outcomes
in domains of craving and/or consumption. Effect sizes for
tDCS and cocaine (—0.90-3.15) were highly variable
(N=5), and for methamphetamine one study’® suggested a
small effect size with acute treatment (d=0.22). Finally,
tDCS also showed promise in both cannabis and opioid use
disorders, demonstrating positive results on craving after
active treatment, as evidenced by a large effect for 1/1
study in opioids’’ (d=3.29), and 1/1 study in cannabis’®
(d=—0.75-1.89).7""78

Finally, DBS trials were promising with positive results
across all nine reviewed studies that used this technique in
alcohol, nicotine, stimulant, and opioid-dependent samples.
Nonetheless, available data with DBS is limited to case series
so the ability to calculate resultant effect sizes is limited
(Table 3), and further research is required to validate these
findings, using larger sample sizes. Sample sizes of the DBS
studies are very low (ranging 1-10; averaging 3.3 per study).
These studies were primarily case series, and caution should
be used when interpreting this data.

Findings Based on Stimulation Parameters
Stimulation parameters (ie, frequency, duration, brain
region, and sample size/demographics) between and within
the three brain stimulation methods also warrants comment.
First, both rTMS and tDCS appear to be most effective when
delivered using repeated versus single administration
sessions, and these effects may vary as a function of
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TABLE 3. Deep brain stimulation (DBS) (total N = 25; total stuclies =9)

Primary Secondary
outcome outcome
Targeted # of measure and measure and
Author Sample  Study design region treatments effect size effect size Results
Alcohol: continuous active stimulation session (total N =9; three studies)
Muller et al.®° N=3 Case reports with NAc Continuous  Abstinence None At 1 year follow-up post
three NA DBS stimulation, two of
alcohol-dependent three participants
male participants remained abstinent, while
the third decreased
number drinking days
Voges et al.3! N=5  Case reports with NAc Continuous Craving Abstinence A significant decrease in
male 4.57 NA alcohol cravings were
alcohol-dependent observed across
participants participants. 2/5
participants became
abstinent from alcohol
Kuhn et al.® N=1 Case report with an NAc Continuous Craving Cognitive ~ DBS led to a decrease in
alcohol-dependent NA control alcohol consumption post-
participant NA treatment
Tobacco: continuous active stimulation session (total N=11; two studies)
Mantione et al.¥ N=1 Case report with a NAc Continuous (0181); Craving Participant originally
nicotine-dependent symptoms NA underwent DBS
female participant NA procedure for symptoms
with concurrent of OCD
OCD A decrease in both nicotine
craving and cigarette
consumption was also
observed
Kuhn et al.% N=10 A retrospective, NAc Continuous  Dependence None 3/10 participants quit
self-report, Active pre vs. smoking post-treatment
longitudinal study post: 0.43
with
nicotine-dependent
participants
Cocaine: continuous stimulation session (total N=1; one study)
Goncalves-Ferreira N=1 A longitudinal, NAc Continuous Craving Consumption Active DBS decreased
et al.®* crossover case NA NA craving and consumption
study with a of cocaine
36-year-old
cocaine-dependent
male participant
Opioids: continuous active stimulation session (total N =4; three studies)
Kuhn et al.% N=2 Case report with NAc Continuous Craving Depressive  DBS led to a decrease in
heroin-dependent NA symptoms opioid use and a
participants NA significant decline in
depressive symptoms in
both participants
Valencia Alfonso N=1 Case report of a NAc Continuous Consumption Desire to use A decrease in desire to use
et al.%¢ 47-year-old male NA NA and consumption of
(Continued)
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TABLE 3. Continued

Primary Secondary
outcome outcome
Targeted # of measure and measure and
Author Sample  Study design region treatments effect size effect size Results
with refractory heroin was observed with
heroin dependence active DBS treatment
Zhou et al.¥’ N=1 Case report with a NAc Continuous  Abstinence Relapse Patient became abstinent
heroin-dependent NA NA from heroin use for

participant

5 years without relapse,
and also decreased
cigarette consumption
significantly (from 40 to
10 CPD)

r'TMS, repetitive transcranial magnetic stimulation; tDCS, transcranial direct current stimulation; DBS, deep brain stimulation; dTMS, deep transcranial
magnetic stimulation; iTBS, intermittent theta burst stimulation; cTBS, continuous theta burst stimulation; dTMS, deep transcranial magnetic stimulation; RMT,
resting motor threshold; Hz, hertz; Tx, treatment; DLPFC, dorsolateral prefrontal cortex; MOC, motor cortex; IFG, inferior frontal gyrus; SFG, superior frontal
gyrus; PFC, prefrontal cortex; MPFC, medial prefrontal cortex; FTP, fronto-temporal parietal area; SOA, supra-orbital area; CSOA, contralateral supra-orbital area;
ACC, anterior cingulate cortex; NAc, nucleus accumbens; An™, anodal; Ca™, cathodal; MDD, Major Depressive Disorder; SCZ, schizophrenia; OCD, obsessive
compulsive disorder; mA, milliamp; CPD, cigarettes per day; NRT, nicotine replacement therapy; SDT, standard treatment; T, increase; |, decrease; NA, not

assessed/ not available.

treatment duration (including number of pulses, inter-stimulus
intervals, and frequency of stimulation sessions). Further, the
tDCS studies across the various SUDs, demonstrated that
longer duration of treatment sessions (>10 minutes) had the
most promising results. Moreover, the majority of positive
studies utilized high-frequency (HF; >10Hz) rTMS stimula-
tion parameters (>10Hz) in SUDs, while those using low-
frequency (LF; <10Hz) rTMS stimulation were associated
with less promising outcomes.

Second, the effect of bilateral versus unilateral stimula-
tion, as well as which brain region was targeted, appeared
to have differential and distinctive effects. In rTMS and
tDCS, nearly all studies conducted in treatment of SUDs
targeted the left or right DLPFC. Exceptions to these brain
targets for stimulation included two rTMS studies targeting
the mPFC.>>33 Furthermore, Dinur-Klein et al.** used
rTMS to target the lateral prefrontal cortex and insula,
while Rose et al.*® targeted the motor cortex and superior
frontal gyrus. Two tDCS studies®®”” targeted the bilateral
fronto—temporal—parietal area (FTP), with positive findings
post-treatment, while a third study targeted the IFG.>’
Despite variation in brain region targets, these studies all
had positive outcomes for drug craving and/or consump-
tion. However, based on both the number of studies
conducted and the magnitude of effect sizes calculated,
specifically targeting the right (vs. left) DLPFC was
associated with the most promising treatment outcomes.
With regards to DBS, all studies to date have targeted the
nucleus accumbens (NAc), which is also an area of the
brain associated with reward pathway in SUDs. Therefore,
the importance of targeting regions of the brain relating to
the reward pathway is supported with the most efficacious

Coles et al.
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results on cravings/consumptions. Nonetheless, more
systematic and comparative studies are needed to determine
dose effects of stimulus intensity, duration, and laterality.
Moreover, few of the studies have followed subjects in the
long-term (eg, 3—6 months post-treatment) to determine
durability of neuromodulation effects. Additionally, com-
parative studies between brain regions and between
treatment modalities have generally not been performed
in a rigorous manner, and warrant further research.
Finally, since most of the published studies were
preliminary (with total sample sizes <40), further research
in larger patient samples using randomized, sham-
controlled designs are necessary to validate these brain
stimulation methods for the treatment of SUDs. Notably,
four studies involved the use of participants with a
comorbid psychiatric condition.***>:%*%2 For instance,
Wing et al.*> used rTMS in a sample consisting of 15
participants with a primary diagnosis of schizophrenia.
Despite this comorbidity, cravings for nicotine decreased
significantly across participants. As this vulnerable
population is 2-3 times more likely to smoke cigarettes
and tend to be more highly nicotine dependent, rTMS may
be a promising treatment option for patients with
schizophrenia and comorbid tobacco use disorder.*’
Another study by Smith® used tDCS in a sample of
patients with schizophrenia and concurrent nicotine
dependence, but found that five sessions of stimulation
had no significant effect on craving or consumption in this
group. Furthermore, a study by Ceccanti et al.>* studied
participants with co-occurring dysthymic disorder and
alcohol use disorder, with positive results indicating a
significant decline in consumption after ten sessions of
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active rTMS. Finally, Mantione®* implemented DBS in a
woman with treatment refractory OCD. While this effect
was unintended, the participant saw a significant decline
in craving and consumption of cigarettes after DBS
stimulation. Therefore, co-occurring disorders (ie, schizo-
phrenia, mood, and anxiety) may be important determi-
nants of the efficacy of these stimulation techniques.
Further studies are warranted to understand the potential
differential effects of brain stimulation in co-occurring
disorders.

Other Neuromodulation Modalities

While other neuromodulation methods such as Electrocon-
vulsive therapy (ECT), Magnetic Seizure Therapy (MST), and
Transcranial Electric Stimulation (TES) are used, studies
examining their effects on SUDs in human subjects are
extremely limited. A single study®® has investigated the effects
of ECT on methamphetamine use disorders in a single
participant, with positive results on withdrawal induced
delirium and craving scores.®

Directions for Future Research

While research on brain stimulation methods for the
treatment of SUDs has shown considerable promise,3 are
preliminary and further research is needed. Future research
should aim to identify optimal stimulation parameters for all
three stimulation methods (frTMS, tDCS, DBS) with specific
regard to duration and total number of stimulation treatments,
targeted brain region, stimulation frequency or intensity, and
proximity between treatments (ie, four treatments over 2 days
versus four treatments over 4 days). Additionally, inves-
tigations to understand the lasting effects of each stimulation
treatment method and the potential necessity of maintenance
treatment sessions are critical for prolonging treatment effects.
Studies examining the effects of brain stimulation while
participants are undergoing fMRI scanning may be beneficial
to understand the changes in targeted brain regions during
stimulation sessions.

Additionally, studies comparing brain stimulation meth-
ods in SUDs may be beneficial to understand differences in
efficacy between techniques. Furthermore, studies investi-
gating patients with polysubstance use disorders and co-
occurring psychiatric disorders are warranted, as some 7.9
million individuals in 2015 had co-occurring SUDs and
mental illness in the U.S." Moreover, studies investigating
the effects of brain stimulation in participants with
polysubstance use may also be beneficial, as the use of
only one substance is relatively uncommon. Finally, studies
to understand the potential benefits of concurrent therapies
(pharmacological, behavioral) used in combination with
brain stimulation may increase a participant’s chances of
becoming abstinent. For example, Trojak*' used rTMS in
combination with nicotine replacement therapy (NRT) in the
form of a patch, with positive results: 16 of 37 participants
became abstinent from cigarettes after treatment.

18 Brain Stimulation to Treat SUDs

We believe this article is a unique contribution to the
literature on neuromodulation and SUDs for the following
reasons: (1) We calculate effect sizes of individual studies
across modalities and SUDs in order to identify areas of
promise and gaps in the field; (2) We attempt to provide a
systematic review of this topic, with clear inclusion and
exclusion criteria for the reviewed studies, and; (3) we
included several new studies on brain stimulation and
SUDs which have been published since the review by
Salling and Martinez.*

Limitations of the Current Review

There are certain limitations of the current review. First,
the total number of studies examining the effects of brain
stimulation techniques within each SUD is highly variable.
Accordingly, the effectiveness of different neuromodulation
techniques on certain SUDs should be considered prelimi-
nary. Second, there are several gaps in the literature that are
worth noting, including: the lack of systematic study of
optimal brain stimulation parameters in SUDs, lack of
combination studies with approved pharmacological, and
behavioral treatments, and a paucity of studies in co-morbid
psychiatric and medical disorders.

CONCLUSIONS

In conclusion, the use of neuromodulation techniques
(rTMS, tDCS, DBS) may be a promising treatment option for
SUDs. Nonetheless, there is a need for further empirical data in
this emerging field, which is particularly important given the
high rates for relapse and poly-substance use in this vulnerable
population.

This work was supported in part by Canadian Institutes of
Health Research (CIHR) operating grant MOP#115145, the
Chair in Addiction Psychiatry at the University of Toronto,
and NIDA grant IR21-DA-043949 to Dr. George. We
gratefully acknowledge the comments of Mera S. Barr, PhD,
and Dr. Sarah S. Dermody on an earlier version of the
manuscript.
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