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Abstract

Substance abuse is one of the most prevalent and costly health problems in the world today.
Standard medical therapy is often not curative, and relapse is common. Research over the past
several decades on the neural underpinnings of addiction has implicated a network of structures
within the brain shown to be altered in patients with substance abuse. The field of
neuromodulation aims to utilize this knowledge to treat dysfunctional circuits by targeting and
modulating specific brain circuits. While invasive neuromodulation such as DBS and VNS have
proven to be effective in treating movement disorders, OCD and epilepsy, there is increasing
interest and data with regards to its potential application for the treatment of severe, intractable
addiction. Several neuromodulatory techniques and brain targets are currently under investigation
in patients with various substance abuse disorders. This review aims to summarize the current state
of evidence for neurosurgical neuromodulation as a therapy for substance abuse and addiction, and
to provide additional expert opinions as to the obstacles and future directions of this endeavor.

Keywords
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INTRODUCTION

Substance abuse and addiction are major medical and socioeconomic problems in the United
States. In 2009, drug-induced deaths in the U.S. surpassed traffic accidents as the leading
external cause of death (Kochanek et al., 2011); in 2015, drug overdoses accounted for
52,404 U.S. deaths. It has been estimated that the total annual cost of drug abuse in the U.S.,
in terms of healthcare spending, crime and lost productivity, is over $193 billion (US
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Department of Justice National Drug Intelligence Center, 2011). Furthermore, the burden of
addiction is actually growing, due in part to an alarming increase in the rate of opioid abuse
(Rudd et al., 2016).

Current therapy for substance abuse is multimodal and includes psychotherapy, behavior
modification and pharmacotherapy. The success of these treatments is highly variable, and
often dependent on multiple factors, which has remained a point of frustration for patients
and physicians alike. Recent efforts to understand the biological basis of addiction have
focused on the neural circuitry underlying reward and motivation, which has resulted in the
emergence of a of neuromodulation as a treatment modality (Koob and Volkow, 2016).
Neuromodulation aims to alter activity in the neuronal circuits underlying reward pathways
by influencing neuronal function at an electrophysiologic and/or synaptic level (Burchiel et
al., 2015; Lozano and Lipsman, 2013). In this review we present the rationale, indications,
and data supporting the use of invasive neuromodulation to treat severe, intractable addictive
behavior. We also review some of the major challenges that face the implementation of
neuromodulation for treatment-refractory addiction. Finally, we present an overview of
future directions for clinical research in this area as we gain deeper insight into the
underlying neurobiology and circuitry of addiction.

THE BURDEN OF DISEASE

Alcohol

Alcohol consumption contributed to 5.9% of all global deaths, and to 5.1% of the global
burden of disease in 2012 (World Health Organization, 2014). The World Health
Organization (WHO) determined that in 2014 alcohol consumption contributed to over 200
disease and injury-related conditions. Alcohol use was found to be the leading risk factor for
premature death and disability among people ages 15 to 49 (Lim et al., 2012), and
contributed to 25% of total deaths worldwide among people ages 20 to 39 (World Health
Organization, 2014). In the U.S., alcohol abuse remains a significant problem; it represents
the fourth leading preventable cause of death (Stahre et al., 2014), and in 2016 was
responsible for 28% of all driving fatalities (US Department of Transportation National
Highway Traffic Safety Administration, 2017). In 2013, the Diagnostic and Statistical
Manual (DSM-V) combined the two disorders of “alcohol abuse” and “alcohol dependence”
into one overarching disorder: alcohol use disorder (AUD) (American Psychiatric
Association, 2013). Using the DSM-V criteria, in 2014 over 16 million American adults and
679,000 adolescents qualified for AUD (SAMHSA, 2014).

Tobacco (nicotine)

Tobacco represents the largest modifiable risk factor for premature death worldwide (World
Health Organization, 2015). According to a 2015 report by the WHO, direct tobacco
smoking was responsible for the death of approximately 5 million people globally, while
indirect (second-hand) tobacco smoking was estimated to kill another 600,000 (World
Health Organization, 2015). Globally, an estimated 12% of deaths among adults over 30
years of age were attributable to tobacco in 2012. In the Americas alone, that figure was
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16% (World Health Organization, 2015). In 2010, tobacco smoking was estimated to be the
cause of 6.3% of disability-adjusted life-years worldwide (Degenhardt et al., 2013).

of abuse (cannabis, opioids, cocaine, and other psychostimulants)

In 2012, an estimated 243 million people worldwide (or 5.2% of the world’s population aged
15-64) used an illicit substance — defined as belonging to the cannabis, opioid, cocaine, or
amphetamine-type psychostimulant group of drugs (United Nations Office on Drugs and
Crime - UNODC, 2014). One study examining the global burden of disease from drug
dependence estimated that in 2010, illicit drug dependence was responsible for 20 million
disability-adjusted life-years, an increase from 13.1 million years as calculated for 1990
(Degenhardt et al., 2013). This increase was largely attributed to opioid use, which has seen
a steep increase largely as a result of increased misuse of prescription opioids. In the United
States, deaths from overdoses of prescription opioids more than quadrupled between 1999
and 2010 (Volkow et al., 2014). The United Nations Office on Drugs and Crime (UNODC)
estimates that in 2012, there were 183,000 drug-related deaths worldwide (a mortality rate of
40.0 per million persons aged 15-64), the majority of which resulted from drug overdose
(United Nations Office on Drugs and Crime - UNODC, 2014).

Taken together, abuse of these substances has led to a predictably (and increasingly)
expensive effort to treat addiction in each of its forms. Substance abuse treatment in the
United States alone has grown from $9.3 billion annually in 1986 to $20.7 billion annually
in 2003 (Mark et al., 2007). In 2006, $24.6 billion in healthcare expenditures could be
attributed to alcohol (Bouchery et al., 2011) while in 2010, $170 billion in healthcare
expenditures (or 8.7% of annual healthcare spending) could be attributed to cigarette
smoking (Xu et al., 2015). In the context of these ballooning expenditures, effective
therapies have the potential to dramatically improve resource allocation and (more
importantly) patient outcomes.

CURRENT TREATMENT OPTIONS

Addiction treatment is multifaceted, and usually involves some combination of behavioral
and medical therapy. Behavioral therapies include cognitive-behavioral therapy (CBT),
multidimensional couples and family therapy, and motivational incentives (also known as
contingency management therapy) among others. Such therapies are typically administered
over the long-term, and aim to alter patient behavior to avoid relapse or other damaging
actions on the part of the patient. These therapies continue to evolve and improve, though
they still represent just one facet of a multi-factorial approach to addiction treatment (Carroll
and Onken, 2005).

Medication-assisted therapies (MAT) for addiction have similarly existed for decades;
however, their efficacy in treating substance abuse disorders is limited. Medications for
alcohol abuse — including such drugs as naltrexone, acamprosate, and disulfiram — have
historically demonstrated modest effect sizes, even in combination with other forms of
therapy (Franck and Jayaram-Lindstrom, 2013; Soyka and Mutschler, 2016). Similarly,
modest treatment effects have been observed with medications used to assist in smoking
cessation (Wu et al., 2015) and illicit substance abuse (Soyka and Mutschler, 2016).
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While a variety of treatment options are currently available to patients with substance abuse
disorders, a major issue facing treatment providers is the high rate of relapse in the long
term. Without extensive treatment upon discharge from a treatment facility, a majority of
patients with substance abuse disorders will relapse regardless of their drug of abuse
(Berglund et al., 2003; Dutra et al., 2008). Treatment refractory patients are
disproportionately represented in morbidity and mortality data, and represent a cohort of
patients for whom new therapies may be especially beneficial.

NEURAL CIRCUITRY OF ADDICTION

From a neuropathophysiological point of view, addiction is viewed as a brain disease
wherein dysfunction in neural circuits mediating reward and motivation results in
detrimental behavior characterized by intense craving, addiction and relapse (Kuhn et al.,
2015). In theory, effective therapies for addiction — those that help avoid relapse in subjects —
are virtually all thought to interact with reward and motivation pathways in the brain (Soyka
and Mutschler, 2016). Though far from being perfectly understood, these pathways are well
studied, and their relevance to substance addiction will be outlined here.

A key structure within the brain reward system is the Nucleus Accumbens (NAc). Located
within the ventral striatum, the NAc is thought to play an important role in discriminating
and/or integrating signals from multiple limbic areas such as the amygdala, hippocampus,
cingulate and prefrontal cortices and motor output areas such as the striatum. Use of almost
every known addictive substance has been shown to result in dopamine release in the NAc
(Goodman, 2008; Wise, 1996). Activation of these dopamine-modulated circuits produces
an initial sense of euphoria; however these particular circuits are also responsible for
encoding reward prediction (Volkow et al., 2012). Chronic, repeated drug intake leads to a
compensatory downregulation of dopamine-related signaling and alters reward prediction
(lkemoto, 2010). Over time the reward circuitry is altered such that similar doses of the same
drug produce diminished reward; this alteration in neural circuitry is in part thought to
underlie the development of tolerance and addiction.

Changes in NAc circuitry also lead to conditioning and maladaptive reward prediction, such
that previously neutral stimuli can become associated with drug reward. In such
circumstances, the NAc may respond to a conditioned stimulus by increasing dopamine
signaling in anticipation of substance use. One example of this phenomenon is a “drug-
associated cue” — a conditioned stimulus thought to underlie the intense craving associated
with substance abuse. When a conditioned stimulus such as a drug-associated cue predicts a
reward, its presence provokes a transient increase in NAc dopamine signaling. However, if
the reward is not received after a conditioned stimulus, dopamine signaling transiently
decreases the moment the reward was expected to arrive (Heinz et al., 2009; Schultz, 2010).
Such maladaptive reward prediction circuitry within the NAc is thought to play a substantial
role in subject relapse (Jasinska et al., 2014).
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NEUROMODULATION DEFINED

The term “neuromodulation” refers to a number of different treatment modalities. It
encompasses therapies such deep brain stimulation (DBS), vagal nerve stimulation (VNS),
transcranial magnetic stimulation (TMS), and transcranial direct current stimulation (tDCS).
A summary of targets studied to date in the context of neuromodulation for addiction
therapy (as well as other disorders) is illustrated in Figure 1.

NEUROMODULATORY INTERVENTIONS FOR ADDICTION

Early efforts

Ablative techniques—Modern-day neuromodulation therapies — while not ablative —
were conceived largely as reversible forms of earlier permanent, ablative procedures
whereby a specific region of the brain was targeted stereotactically and intentionally
destroyed. While generally reserved for patients that are not candidates for neuromodulation,
studies on ablative procedures for addiction deserve mention for contextual and historical
clarity. A number of studies have been published on ablation for various addictive behaviors.
The bilateral anterior cingulotomy — relying on the presumption that the anterior cingulum
plays a role in obsessive and compulsive behaviors associated with particular addictive
disorders has been studied in over 400 patients across multiple studies. The largest of these
studies included 348 heroin-addicted patients, and reported achieving an abstinence rate of
45% after 2 years (Medvedev et al., 2003); however, due to concerns regarding the study’s
methods and reported results it failed to garner much interest (Gao and Wang, 2015).

Stereotactic ablation of the NAc for addiction has been studied in similar populations as
well. One study conducted by Gao et a/. (Gao et al., 2003) reported abstinence in 11 of 28
heroin-addicted subjects over 6 months, while another by Wu et a/. (Wu et al., 2010)
reported abstinence in 9 of 12 alcoholics at 6 months. On a larger scale, one single-
institution study performed NAc ablation on 272 heroin-addicted subjects from 2000-2004
and reported a nearly 70% abstinence rate at one year; a separate long-term cross-sectional
analysis of a 100-person subset of these 272 patients found a 5-year abstinence rate of 58%
(Li et al., 2013).

Early studies using ablative procedures have been criticized in terms of their study design
and execution, especially given the irreversible nature of ablation. Today, given concerns
regarding the permanence of ablative therapies, as well as the development of adjustable,
and reversible neuromodulatory alternatives, the role of ablative therapies in treating
addiction remains unclear.

Modern techniques

Today’s neuromodulatory therapies differ from ablative techniques in two important aspects:
they are agjustable and reversible. As a result, while they rely on lessons learned from
ablative techniques, especially with regards to anatomy and target selection, they provide a
relatively safer and potentially more effective therapy for addiction. For example,
stimulation parameters can potentially be adjusted to accommodate clinical changes such as
tolerance and relapse.
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Deep Brain Stimulation (DBS)—Since its development in the late 1980’s DBS has been
shown to be a safe and effective treatment modality for a number of movement disorders
(Deuschl et al., 2006; Kupsch et al., 2006; Schuurman et al., 2000). Over the years, efforts
have been underway to expand the application of DBS to include certain treatment-
refractory psychiatric disorders including depression, obsessive-compulsive disorder (OCD),
and Tourette’s syndrome. To date several studies have demonstrated beneficial clinical
effects for these indications, which has led to DBS becoming an approved treatment for
refractory OCD under the FDA’s humanitarian device exemption (HDE) (Kuhn et al., 2015).
While its long-term efficacy for psychiatric diseases is still to be determined, recently there
has been substantial effort to investigate its utility for various addictive behaviors as well.
These efforts can be largely organized according to the anatomical target of interest and will
be the focus of the following discussion. Table 1 summarizes those studies to date which
have investigated the utility of DBS for treating addiction.

Nucleus Accumbens (NAc): The NAc was first introduced as a target for modern DBS
systems in 2003, as an alternative treatment for OCD and anxiety disorders (Sturm et al.,
2003). During the course of an investigation of DBS of the NAc for anxiety, one subject was
noted to experience a significant reduction in alcohol consumption (Kuhn et al., 2007). The
subject had developed alcohol dependence as a result of his anxiety disorder, which had
resulted in alcohol abuse for more than 10 years. While DBS of the NAc did little to
alleviate the subject’s anxiety symptoms or severe comorbid depression, he reported losing
the urge to consume alcohol shortly after the onset of stimulation. The subject subsequently
was able to successfully discontinue his excessive alcohol consumption. These results were
observed over the duration of stimulation of the NAc (12 months) (Kuhn et al., 2007).

Nicotine addiction: This finding led Kuhn and colleagues to retrospectively review their
series of subjects treated with DBS of the NAc to look for pre-existing nicotine addiction
(Kuhn et al., 2009). They identified a total of ten nicotine-addicted subjects with treatment-
refractory anxiety and OCD, as well as Tourette’s syndrome. Of these ten patients, three
were found to have experienced a long-term remission of their nicotine addiction during
stimulation. Comparatively, the voluntary abstinence rate within the general population is
estimated to be approximately 9% (Kuhn et al., 2009; Meyer et al., 2003).

A similar finding was reported by Mantione et a/. (Mantione et al., 2010) in 2010, wherein a
subject who had undergone DBS of the NAc for severe OCD also managed to stop using
tobacco. Notably, this subject had a long history of tobacco use, and had tried and failed
several times prior to undergoing DBS treatment for her OCD. After her DBS procedure, she
remained abstinent at her 2 year follow-up, and denied any craving or withdrawal symptoms
upon cessation.

Alcohol addiction: While the first observations of DBS favorably affecting substance abuse
behavior in test subjects were noted either incidentally or retrospectively, a small number of
patients have since been treated with DBS for the primary indication of substance abuse. In
2009, Muiller et al. (Muller et al., 2009) reported the results of their study examining DBS of
the NAc in three severely alcohol-addicted subjects. Two of the three subjects (subjects #1
and #2) ceased alcohol consumption completely. For these subjects, alcohol reduction began
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within the first month of stimulation, and complete cessation was achieved by three and five
months, respectively. Both subjects remained abstinent at their fifteen-month follow-up, and
both subjects were able to return to the workforce and maintain employment after study
completion. The third subject (#3) experienced a significant reduction in alcohol
consumption overall. His drinking reduction also began within the first month of
stimulation, but he did relapse four times during the fifteen-month follow-up period.

In 2013, that same group (Juergen Voges et al. 2013) performed bilateral NAc DBS for two
more subjects with similarly severe alcohol addiction (Moges et al., 2013). Both subjects
reported an immediate absence of alcohol craving after DBS initiation. The first subject
(subject #4) achieved complete abstinence for 20 months, but subsequently relapsed briefly
(1-3 days) on four separate occasions over the following 12 months. The second (#5)
achieved complete abstinence for 16 months, but also experienced a series of short (1-3
days) relapses over the following 12 months. Notably, approximately two and a half years
after DBS placement surgery, the subject experienced a prolonged relapse lasting over one
year, culminating in a hospitalization for a generalized seizure. The subject reported that
over the prior year, the effects of stimulation never reached the level he had experienced at
the beginning of DBS therapy. Head imaging at that time revealed 10-mm caudoventral
dislocation of both brain electrodes. The subject subsequently underwent lead replacement
and reported an improvement in symptoms, comparable to what he had experienced when he
had achieved abstinence following his initial DBS surgery.

Long term follow-up of these five subjects with chronic alcoholism was published in 2016
(Muller et al., 2016). One of the most salient findings from that report was that the two
instances of major (i.e. long-term) relapses that were observed arose in subjects whose DBS
system stopped functioning properly. In one instance, a subject was noted to have migration
of his DBS leads during a period of prolonged relapse (#5); while another suffered a
prolonged relapse corresponding to depletion of his DBS generator battery (#3) (Muller et
al., 2016). In effect, both cases of major relapse may serve as examples of unintended
within-subject negative control periods. The observed correlation in severity of relapse for
subjects with malfunctioning DBS systems supports the working theory that alcohol craving
was effectively targeted and treated with appropriate NAc DBS.

Finally, additional studies have supported the notion that NAc stimulation modulates activity
in its cortical targets. In 2011 Kuhn et a/. (Kuhn et al., 2011) treated a single patient with
severe treatment-resistant alcohol addiction with DBS of the NAc. The authors showed that
error-related negativity (ERN) potentials — an EEG measure which corresponds to
recognizing a performance error, and which is attenuated in alcohol abuse (Heinze, 2009;
Ridderinkhof, 2002) — could be modulated by the status of the stimulator (“on” vs. “off”).
Higher ERN amplitudes from the anterior mid-cingulate cortex were observed with the
stimulator in the “on” position than in the “off” position. The subject achieved complete
cessation of alcohol intake by one year of follow-up. The results of the author’s findings
would suggest that DBS activation may also target alcohol addiction by improving a
subject’s error and decision processing. Indeed this theory has been substantiated by another
study, which observed more risk averse and cautious decision-making in one subject during
NAc DBS activation versus inactivation (Kuhn et al., 2015; Munte, 2008).

Neurosci Biobehav Rev. Author manuscript; available in PMC 2020 August 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bari et al.

Page 8

Heroin/opioid addiction: DBS targeting of the NAc has also been studied in the context of
heroin addiction, which is of particular interest given heroin’s high addictive potential. The
first case was reported in 2011 by Zhou et al. (Zhou et al., 2011), and described DBS
targeting of the NAc in a 24-year old male subject with refractory heroin dependence.
Following chronic NAc stimulation, the subject remained relapse-free despite having his
generator voluntarily switched off 2.5 years after implantation. This finding is particularly
interesting, as it suggests that NAc stimulation may permanently modify reward circuitry
and restore previously healthy behaviors.

Another heroin-related study was conducted in 2012, wherein a 47-year old male with 22
years of heroin dependence and multiple failed detoxifications underwent bilateral NAc
DBS (Valencia-Alfonso et al., 2012). In this study, the authors performed intraoperative
electrophysiological recordings from implanted DBS electrodes while subjects viewed drug-
related images. The authors reported that of the four electrode contacts, only the dorsal-most
contacts located at the border of the internal capsule and the NAc showed cue-induced
activity changes. In addition, post-operative stimulation of the dorsal-most contacts led to
the greatest improvement in drug abstinence and craving. This study was one of the first to
show a direct correspondence between intraoperative stimulation mapping and subsequent
clinical response for addiction.

More recently, Kuhn et al. (Kuhn et al., 2014) treated two more chronic opioid-addicted,
therapy-resistant subjects with bilateral NAc DBS. Both subjects were successfully weaned
off methadone after initiating DBS. Although each subject had a single relapse event a few
weeks after implantation, both subsequently achieved complete abstinence from heroin and
methadone, which was maintained for more than 1 and 2 years, respectively. Of note, both
patients had a history of polysubstance use, including amphetamines, alcohol and
benzodiazepines. However, these were consumed recreationally and was not classified as an
addiction. Such continued recreational use suggests that NAc stimulation may selectively
influence only maladaptive addictive behavior mediated by this circuitry.

Cocaine addiction: To date, a number of studies have examined the utility of DBS in
treating cocaine addiction in rat animal models. However, with respect to human subjects,
DBS for cocaine addiction is relatively understudied. The first report from human subjects
treated with DBS for cocaine addiction was published in 2016 by Goncalves-Ferreira et al.
(Goncalves-Ferreira et al., 2016). In their study, the authors followed one subject with
treatment-refractory cocaine dependence for a total of thirty months after DBS of both the
NAc and bed nucleus of the stria terminalis (BNST). Six months after surgery, the subject
achieved a significant reduction in cocaine consumption as well as drug craving. This
improvement was maintained during a subsequent blinded period of sham stimulation (i.e.
stimulator “off””), which the authors speculated may be due to a placebo effect or secondary
to synaptic plasticity. The extent to which these results may be generalized to other cocaine-
addicted subjects remains to be seen, and will depend on data from future human studies.

Subthalamic Nucleus: The subthalamic nucleus (STN) is an established DBS target for the
treatment of Parkinson’s Disease (PD) and OCD (Mallet et al., 2008; Mirza et al., 2017). As
a key basal ganglia structure involved in movement, the role of the STN is well-studied. Due
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in part to some of the non-motor effects observed in patients treated with DBS of the STN,
our understanding of the the STN has expanded to include its role within reward and
emotion circuitry (Baunez, 2016).

Dopamine Dysregulation Syndrome/ Pathologic Gambling: PD patients taking
dopaminergic medication may be subject to dopamine dysregulation syndrome (DDS),
characterized by a compulsive, maladaptive pattern of dopaminergic medication use
resembling drug abuse. PD patients may also develop impulse control disorders (ICDs) such
as pathologic gambling (PG) (Tanwani et al., 2015), hypersexuality and compulsive
shopping (Evans et al., 2004). For such patients, in addition to treating symptoms of
Parkinson’s disease, DBS of the STN has been shown to reduce the severity of DDS. A
number of studies have demonstrated a reduction in DDS and ICD in patients treated with
DBS of the STN for PD (Ardouin et al., 2006; Bandini et al., 2007; Knobel et al., 2008; Lim
et al., 2009; Witjas et al., 2005). These findings were observed in the context of lowering
levodopa equivalents which is often characteristic of STN DBS, and therefore, only
modestly suggestive of the applicability of STN for DBS in subjects with addiction. Given
its recent rediscovery within reward and addiction circuitry (McGinty et al., 2011; Volkow et
al., 2013), however, it is likely to be the subject of future studies for neuromodulation for
addiction.

Other targets: As evidence of the increasing level of research interest in DBS (see Figure
2), a number of other DBS targets have been identified in recent years. They include the
anterior cingulate cortex (ACC) (Weston, 2012), the basolateral amygdala (BLA) (Langevin,
2012; Volkow et al., 2013), the lateral habenula (LHb) (Friedman et al., 2011, 2010), and the
medial forebrain bundle (MFB) (D&brossy et al., 2015). Each of these structures has been
implicated in some form of reward processing or neural circuitry, and as such each serves as
a logical target for DBS with respect to treating addiction. None has yet been studied in
human trials. Therefore, further data is needed to determine the precise role that each may
play as a target for DBS for addiction. For example, data (unpublished) from our own
laboratory implicates a role of the amygdala, orbitofrontal cortex and hippocampus in
mediating impulsivity and nicotine addiction.

Vagal Nerve Stimulation (VNS)—While DBS for addiction directly modulates brain
targets within the limbic reward networks, vagal nerve stimulation (VNS) has been shown to
modulate limbic networks indirectly via the action of vagal parasympathetic afferent fibers
activation of brainstem nuclei which subsequently synapse on limbic brain reward areas.
VNS is an approved treatment for epilepsy, and has been has also been well studied as an
intervention for patients with major depression and chronic pain (Chakravarthy et al., 2015;
Krishna et al., 2016; Moreines et al., 2011). Originally, the vagus nerve was considered to
contain exclusively efferent fibers of the parasympathetic nervous system (Groves and
Brown, 2005); however, it is now known to be a mixed nerve comprised of 80% afferent and
20% efferent fibers (George et al., 2000). The cell bodies of the afferent nerve fibers exist
within the nodose and jugular ganglia, and project to the nucleus of the solitary tract (NTS)
(Maier et al., 1998). The NTS in turn has several direct and indirect projections to various
brain structures. Thus, afferent components of the vagus nerve have direct and indirect
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influence over higher-order neural circuits within the brain (Barnes et al., 2003). It is in this
context that vagal nerve stimulation has benefitted from considerable attention from
researchers as a means to modulate central brain networks involved in addictive behaviors.

Obesity: To date, few animal models have been used to investigate the potential utility of
VNS as therapy for addiction (Childs et al., 2017; Liu et al., 2011), albeit with promising
results. With respect to human trials, existing data supporting the potential for VNS as a
therapy for addiction are purely observational. In 2007 Pardo et a/. (Pardo et al., 2007)
reported an incidental finding from a study of VNS for obese subjects with refractory
depression. The authors noted that — independent of changes in mood symptoms — subjects
were found to have experienced significant, gradual weight loss during stimulation. Similar
findings of weight loss have been reported from a retrospective analysis of VNS for epilepsy
patients (Burneo et al., 2002), in which 8 of 32 (25%) subjects experienced significant
weight loss during stimulation. Moreover, their weight loss was associated with increasing
stimulator current intensities. While obesity in these subjects may not necessarily imply an
“addiction” to food, the observations suggest that VNS may modulate appetetive behavior.
Further study of VNS within the context of addiction is warranted.

Transcranial Stimulation Techniques—In addition to surgical techniques (i.e. DBS
and VNS), neuromodulation can also be performed through a nonsurgical transcutaneous
transcranial approach. Transcranial magnetic stimulation (TMS) and transcranial direct
current stimulation (TCDS) are two such strategies with potential therapeutic utility. While
their precise mechanism is not fully understood (Kuhn 2015), both recent studies have
described the application of both techniques for the treatment of addiction. Relying on
recent neuroimaging data which suggests that certain cortical areas of the brain may play an
important role in addictive behavior, a number of studies have explored TCDS and TMS of
the dorsolateral prefrontal cortex (DLPFC) (Boggio et al., 2008). To date, studies have been
published describing TCDS or TMS for patients with alcohol dependence (Boggio et al.,
2008; da Silva et al., 2013; Gorelick et al., 2014; Klauss et al., 2014), nicotine addiction
(Boggio et al., 2009; Fecteau et al., 2014; Fregni et al., 2008; Gorelick et al., 2014), cocaine
addiction (Batista et al., 2015; Camprodon et al., 2007; Conti and Nakamura-Palacios, 2014;
Politi et al., 2008; Terraneo et al., 2016), and food addiction (Bou Khalil and El Hachem,
2014; Sauvaget et al., 2015).

The potential for transcranial techniques in various addictive behaviors is promising, but it
must also be considered with the important disclaimer that both tDCS and TMS may
produce temporary effects with a washout period in between administrations, and as such do
not portend the same long-term benefits of more directly-targeted therapies like DBS or
VNS. For transcranial modalities, long-term benefits would likely require chronic therapy
administered on a regular basis which poses unique challenges in subjects with addiction.

Degree of invasiveness / safety profiles—An important consideration when
comparing these forms of neuromodulation is the relative safety of each therapy. Excluding
ablative procedures, DBS is considered to be the most invasive of those therapeutic
modalities discussed. Given that this technique involves implantation of electrodes
intracranially, it carries risks which are absent for VNS and transcranial techniques. The
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most serious complication for DBS surgery is intracranial hemorrhage which is reported to
occur in 1.9% to 4.1% of cases, while permanent neurologic complications have been
reported to occur in approximately 2% (Knotkova, 2015). One report of 319 consecutive
patients treated with DBS for various movement disorders from 1995-2005 recorded and
categorized adverse events (AESs) in three stages: 1) intraoperative AEs, which took place
during surgery or anesthesia, including isolated seizure (1.2%), intracerebral hemorrhage
(0.6%), intraventricular hemorrhage (0.6%) and a large subdural hematoma (0.3%); 2)
perioperative AEs, which occurred within 2 weeks of surgery, such as headache (15.0%),
confusion (5.0%), and hallucinations (2.8%); and 3) long-term AEs, defined as occurring
more than two weeks after surgery, including dysarthria (4.0%), worsening gait (3.8%),
cognitive dysfunction (4.0%), and infection (4.4%). Revisions was required for 7.8% of
patients, for indications including infection, lead fracture (3.1%), and lead migration (2.6%)
(Kenney et al., 2007).

Comparatively, VNS is considerably less invasive since it does not involve an intracranial
electrode placement. That said, VNS is still consists of a surgically implanted device, and a
number of complications have been reported for this technique related to both the surgery
and to stimulation of the vagus nerve itself. One study which aggregated data from 454
patients treated with VNS for epilepsy reported complications as follows: 1) during and
immediately after surgery, AEs included infection (3% to 6%), reversible vocal cord
paralysis (0.7%), lower facial weakness (0.7%), and bradycardia with asystole (0.1%) which
was only reported during implantation and interrogation of vagal nerve leads; 2) within three
months of surgery, AEs included hoarseness (37.2%), voice alternation (37.2%), throat pain
(11% - 28.1%), cough (42% - 45%), paresthesia (25%), headache (20%), dyspnea (16%),
general pain (17%) and neck pain (17%), all of which were rated as “mild” or “moderate”,
and did not require adjustment of stimulation parameters; and finally 3) after long-term
follow-up (5 years), AEs included hoarseness (18.7%), dyspnea (3.2%), paresthesia (1.5%),
throat pain (4.7%) and cough (1.5%), nearly all of which were associated with the
stimulation-on state (Ben-Menachem, 2001).

Nonsurgical transcranial techniques are at a considerable advantage in this regard, as they do
not require any surgical intervention and therefore manage to avoid many of the
intraoperative and postoperative complications associated with DBS and VNS. One
systematic review of TMS included 1,001 patients, with AEs in only 5% of patients. Of
these, the most common AEs included headache or other facial pain (46%), lightheadedness
(22%), non-specific discomfort (10%), or muscle contraction (10%). Seizure was reported in
one subject during stimulation (Oberman et al., 2011). Another systematic review of tDCS
including 3,836 subjects reported AEs to include itching, tingling, headache, burning
sensation and general discomfort, although each of these was found to occur with similar
frequency in sham stimulation, suggesting that AEs for TMS could be largely attributable to
contact with the transcranial hardware, as opposed to stimulation per se (Brunoni et al.,
2011).

Ethical considerations: As these techniques become more prevalent and their efficacy
improves, time should be taken to consider the ethical implications of treating patients with
substance use disorders in this manner. Addicted patients are especially vulnerable as study
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participants, largely as a result of the various social, economic, and psychological stressors
which they experience to a disproportionate degree (Luigjes et al., 2015). Previous studies
have also reported that patients with addiction often seek financial compensation from
clinical trial participation as a source of income (Ali et al., 2016; Luigjes et al., 2015).
Therefore, this factor should be considered when planning future trial of neuromodulation
for addiction, both to avoid subjects whose primary motive is financial, and to mitigate
concerns regarding subject coercion or undue influence (Ali et al., 2016).

Appropriate, comprehensive rehabilitation from substance abuse and addiction is not limited
to treating craving and withdrawal symptoms, but ought to include the appropriately tailored
social, emotional and financial rehabilitation to ensure that abstinence is maximally achieved
and maintained. As a corollary, while patient selection is a vital component of any major
medical treatment, attention must be paid to ensure patients requesting neuromodulatory
therapy are not denied purely as a consequence of their social or financial circumstances.
Requiring a multidisciplinary team focused on each of the various components of a patient’s
rehabilitation will be vital in ensuring that neuromodulation therapies are afforded the
highest probability of success.

FIVE-YEAR VIEW

Although the deliberate use of DBS in the treatment of addiction is relatively nascent, this
review is a testament to the progress which has been made towards understanding the
neuronal circuitry underlying reward and its subsequent dysregulation resulting in addiction.
The next five years will no doubt see this advancement continue, but progress will require
overcoming a number of critical challenges. A few issues in particular must be addressed
given the therapy of interest and the indication at hand.

Obstacles to trial design and completion

First and foremost, trials which target addiction are at an immediate disadvantage with
respect to recruitment and retention of study subjects. Addicted subjects are by virtue of
their disease particularly challenging to study from scientific, logistical and ethical
perspectives. Given that DBS requires both a surgical intervention and long-term follow-up,
appropriate and ethical subject recruitment is critical. Substance abuse subjects tend to have
more serious social and medical problems than typical study participants, which can increase
the barriers to receiving DBS and exacerbate issues with compliance (Luigjes et al., 2015).
In this respect, clinical trial design and execution is disproportionately influenced by the
substance of abuse being studied. Moreover, the resources required to recruit and monitor
subjects addicted to nicotine would differ considerably from those required to study subjects
addicted to methamphetamines and opiates. Given the incidence of relapse with substance
abuse, participants must be willing and able to commit to prolonged follow-up at regular
intervals. The presence of an adequate support system is paramount in ensuring adherence to
monitoring visits and testing, as well as in notifying investigators of adverse events as they
arise. Finally, participation in a study on addictive behavior requires that subjects openly
admit to behaviors which can carry considerable social stigmata or sense of embarrassment.
Compared to other DBS indications, addiction faces an uphill battle with respect to enrolling
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subjects willing to undergo the emotional and psychological stress of confronting their
addiction.

As a therapeutic intervention, DBS falls under the umbrella of “brain surgery”, and
consequently may be stigmatized by subjects, their families, the media, and even other
physicians. The disparity in perceived seriousness between DBS and other forms of therapy
for addiction has no doubt contributed to difficulty in recruiting study subjects. In 2015
Luigjes et al. (Luigjes et al., 2015) questioned the feasibility of DBS for addiction after
experiencing considerable difficulty recruiting just eight subjects for a pilot study aimed at
determining the feasibility of DBS for treatment-refractory cocaine and/or heroin addiction
in the Netherlands. Similar issues were not observed for a DBS trial for patients with OCD
at the same institution. Fear of having a “surgical procedure”, lack of insight into the
severity of addiction as a disease (Luigjes et al., 2015), and a reluctance by clinicians to
consider addiction as a true brain disorder (Heyman, 2013; Levy, 2013) likely contributed to
the observed discrepancy. Though not explicitly reported in most DBS trials, it is likely that
this phenomenon beguiles the procedure as an investigational therapy, and may not improve
without addressing the underlying apprehension that participants and clinicians alike may
have towards DBS for addictive indications.

Tackling these issues will be essential to achieving progress with respect to neuromodulation
for addiction. In some respects, the disadvantages related to studying substance-abusing
participants may be mitigated by focusing on specific subsets of substance abusers. In this
regard, nicotine addiction may be the ideal candidate substance for further study. Tobacco
smoking is relatively common with a reported prevalence of smoking amongst adults in the
United States estimated to be 19% (Centers for Disease Control and Prevention, 2012).
While the burden of disease related to smoking is tremendous, daily smokers usually do not
face the same scale of social and legal stigma as abusers of substances such as alcohol,
cocaine or opiates (Ahern et al., 2007; Room, 2005). As such, their participation in and
adherence to clinical trial protocols may be more likely.

Despite the large numbers of potential study subjects with nicotine addiction, recruitment for
an intervention such as DBS, however, may fall victim to the same issues reported by
Luigjes et al. (Luigjes et al., 2015). Given that smoking tobacco produces its negative health
effects over the long term, subjects with an active addiction may not feel compelled to
undergo an invasive treatment, especially if they are younger and feel healthy. In this regard,
it is possible that less invasive modalities are more likely to succeed in these subjects. In this
respect, VNS and transcranial techniques offer some advantages, as they are far less invasive
than DBS and do not come with the stigma of “psychosurgery”. Thus, potential participants
and their primary care provides may be more amenable to consider these options as potential
experimental therapies. Furthermore, studies using these less invasive techniques combined
with neuroimaging may provide additional data regarding the circuitry underlying addiction
and pave the way for more informed trials of DBS for addiction.

Testing multiple targets

While current evidence is strongly suggestive of a central role of the ventral tegmental area
and NAc in reward processing and addictive behavior, fewer studies have searched for
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common drug-induced molecular changes in other areas of the brain associated with
addiction (Nestler, 2005). Such studies are essential to the progress of neuromodulatory
therapy, as their findings will contribute to a more comprehensive understanding of the
addiction process and may lead to the development of new targets for neuromodulation
therapy. It is likely that in the next five years our understanding of a successful
neuromodulatory treatment will involve stimulating multiple targets simultaneously, perhaps
even through multiple modalities, such that each target can be adjusted independently to
achieve an optimal treatment result. Such an approach would be consistent with our evolving
understanding of the reward networks within the brain much the same way that the study of
Parkinson’s disease arrived at a working hypothesis of the underlying basal ganglia
circuitry(DeLong and Wichmann, 2007).

Improving measures of efficacy

An important limitation in testing any intervention for addiction lies in the ambiguity in
measurable outcomes for addicted subjects. While substance use and disuse are measurable,
addictive behavior consists of many physiologic, psychiatric and emotional components
which are difficult to measure objectively. Quantifying efficacy can therefore be difficult,
given the variety of imprecise symptoms and behaviors implicated by a given intervention.
In recent years, several studies have reported discrepancies in brain activation between
addicted and non-addicted subjects using functional MRI (fMRI) (Asensio et al., 2010;
Bickel et al., 2007; Goudriaan et al., 2010). Though not yet broadly applicable, imaging
biomarkers such as those being discovered with fMRI, DTI and PET imaging modalities
have tremendous potential within addiction research, as they may more definitively classify
and track subjects during a given intervention.

A multidisciplinary approach

While the field of invasive neuromodulation will continue to expand and improve in the
coming years, successful treatment for refractory substance abuse and addiction will require
a multidisciplinary approach, wherein each patient’s treatment plan is overseen by
neurosurgeons, psychiatrists, primary care providers, ethicists and social workers. As
mentioned previously, a singular focus on neuromodulation therapy may jeopardize a
patient’s chances at recovery. We argue that effectively reducing craving and withdrawal
symptoms is necessary but not sufficient for achieving and maintaining abstinence from an
addictive substance or behavior. Particularly with respect to maintenance, a multidisciplinary
approach can help mitigate those social, personal, and financial factors which so often lead
to relapse in addicted patients (White and Kelly, 2011). Just as substance addiction is not the
result of any one single neurologic or anatomical defect, its treatment will require the input
of multiple specialists working in concert to maximize the efficacy of a given
neuromodulatory therapy.

SUMMARY/CONCLUSION

Neuromodulation therapy — a therapy which exerts its effects by targeting dysfunctional
neural circuitry — stands poised to dramatically influence the field of addiction. As our
understanding of addictive behavior and its associated neural underpinnings has evolved,
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new neuronal targets for therapy have emerged. The current state of neuromodulation
therapy for addiction is in testing these targets for their clinical role in various addictive
behaviors. As described in this review, certain therapeutic modalities and brain targets have
generated greater interest with more experimental human data than others. While further
study is warranted to establish a more concrete understanding of the mechanisms underlying
the success of neuromodulation in treating addiction, we are confident that the future of
addiction therapy will include a component of neuromodulation as part of a
multidisciplinary team-based approach to each individual patient. As clinicians and patients
begin to embrace the concept of addiction as a brain disorder, therapies aiming to treat
dysfunctional neural networks will follow as intuitive, logical solutions to a serious brain
disease. The next five years will likely see a great deal of progress towards that end, and as
such we encourage the continued efforts of all those tasked with advancing the field of
neuromodulation for the betterment of the human condition.
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HIGHLIGHTS:
. Substance abuse and addiction are serious and costly socioeconomic problems
. Neuromodulation therapies have shown significant promise for treating
addiction
. Recently, DBS and transcranial techniques enjoy substantial research interest

. The NAc is the most well-studied target with respect to DBS for addiction

. Apprehension regarding the invasiveness of such procedures must be
addressed
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Figure 1:
Ilustration of cranial targets for invasive neuromodulation. A) All targets, B) Nucleus of the

Solitary Tract, C) Subthalamic Nucleus, D) Nucleus Accumbens, E) Basolateral Amygdala,
F) Locus Coeruleus.
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NUMBER OF NEUROMODULATORY STUDIES FOR ADDICTION BY
YEAR OF PUBLICATION, 2001-2017
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Figure 2:
Graphic illustration of number of publications describing pre-clinical or clinical trials

investigating brain stimulation techniques for treatment of addictive behaviors. In recent
years the proportion of retrospective studies has decreased in favor of prospective studies
using addictive behavior as primary endpoints being studied.
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