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ABSTRACT: Despite increased efforts of government and non-government organisations to intervene via harm reduction and education
initiatives, the opioid crisis has continued to worsen and has been exacerbated by the COVID-19 pandemic. In British Columbia,
Canada, opioid overdose deaths in 2021 are the highest ever recorded. Neuromodulation procedures such as deep brain stimulation and
repetitive transcranial magnetic stimulation have gained traction as treatments for opioid use disorder in various countries such as
Germany, the Netherlands, the United States and China. However, these treatment options have been met with apprehension from both
clinicians and patients, likely owing to fear, stigma and reluctance to label addiction as a brain disorder. Further complicating this landscape
are socio-demographic factors, as marginalised communities are disproportionately burdened by addiction, while having poor access to care
and a history of distrust in the health system. This multifactorial challenge involving many sociocultural factors requires culturally sensitive,
interdisciplinary approaches to ensure direct-to-brain innovations are implemented ethically and equitably. This review summarises the state
of the science for using neuromodulation to treat opioid use disorder, as well as the available ethical discourse surrounding the expansion of
clinical trials and eventual widespread clinical implementation. Additional ethics discussions highlight opportunities for the engineering and
clinical evolution of neuromodulation for opioid use disorder trials.

RÉSUMÉ : La neuromodulation et le mésusage des opioïdes : occasions éthiques au Canada. Malgré les efforts accrus de lutte contre la crise
des opioïdes que font des organisations gouvernementales et non gouvernementales par des initiatives de réduction des méfaits et d’éducation, le
fléau n’a cessé de sévir, et il s’est même aggravé durant la pandémie de COVID-19. Ainsi, la mortalité due aux surdoses d’opioïdes en Colombie-
Britannique, au Canada, en 2021, n’a jamais été aussi élevée. Les interventions de neuromodulation telles que la stimulation cérébrale profonde et
la stimulation magnétique transcrânienne répétitive ont gagné du terrain comme formes de traitement possibles du mésusage des opioïdes dans
différents pays, notamment enAllemagne, aux Pays-Bas, aux États-Unis et en Chine. Toutefois, ces traitements soulèvent l’appréhension tant des
cliniciens que des patients, probablement motivée par des craintes et des préjugés ainsi que par la réticence de voir la dépendance considérée
comme un trouble du cerveau. Pour noircir le tableau viennent s’ajouter des facteurs sociodémographiques, puisque les communautés
marginalisées sont frappées de manière disproportionnée par les problèmes de dépendance, en plus d’avoir difficilement accès aux soins et
d’éprouver depuis longtemps de la méfiance à l’égard du système de santé. Ce problème multifactoriel, composé de nombreux facteurs socio-
culturels, nécessite une approche interdisciplinaire, ouverte aux différences culturelles afin que les nouvelles techniques d’intervention directe sur
le cerveau soient mises enœuvre de manière éthique et équitable. Aussi présenterons-nous, dans l’article, un résumé des progrès de la recherche
scientifique à l’appui de la neuromodulation dans le traitement du mésusage des opioïdes, ainsi que du discours éthique sur l’accroissement des
essais cliniques et, finalement, sur la généralisation de leurmise enœuvre clinique. Enfin, d’autres discussions à caractère éthique font ressortir de
nouvelles possibilités de conception et d’évolution clinique de la neuromodulation dans des essais de traitement du mésusage des opioïdes.
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Introduction

In Canada, 19 people die every day due to opioid overdose. In addi-
tion, there are 16 hospitalisations every day due to opioid poison-
ing.1 Despite increased efforts of government and non-government
organisations to establish harm reduction programmes and

education initiatives, the opioid crisis continues to worsen. The cri-
sis has been attributed to a number of factors, including an increas-
ingly toxic drug supply, limited social services for people who use
drugs, unaffordability of housing and lack of support for mental
health. These factors lead to stress, isolation, and anxiety, all of
which have been exacerbated by the COVID-19 pandemic.1–5 In
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the province of British Columbia (BC) alone, overdose deaths in
2021 were the highest ever recorded.6 These trends parallel global
statistics. In the United States for example, a record 100,000 people
died due to opioid overdose in 1 year of the COVID-19 pandemic.7

Australia and New Zealand are similarly struggling with the opioid
crisis, where the drug mortality rate (100 per million population) is
more than 2.5 times the global average.8 The economic burden of
OUD on the health care system, in lost productivity, and law
enforcement is $78.5 billion and $3.5 billion per year in the
United States and Canada, respectively.9 Overall, the World
Health Organization estimates that 585,000 people die each year
due to drug use, with 70% of those deaths being caused by
opioids.10

Neurotechnologies such as deep brain stimulation (DBS) and
repetitive transcranial magnetic stimulation (rTMS) have gained
traction as treatments for addiction in various countries such as
Germany, the Netherlands, the United States and China.11

However, these treatment options have been met with apprehen-
sion from both clinicians and patients, presumably owing to fear,
stigma, reluctance to label addiction as a brain disorder and differ-
ent perceptions of the acceptability of invasive (surgical) and less or
noninvasive (not surgically penetrating the scalp) interventions
with varying degrees of reversibility.12 Further complicating this
landscape are socio-demographic factors, as marginalised com-
munities are disproportionately affected by addiction have poor
access to care and distrust the health system due to past experiences
of racism and other forms of structural violence.13 This dispropor-
tionate representation is reflected, for instance, in a report by
the First Nations Health Authority of BC that shows that
Indigenous people in the province are dying due to illicit drugs
at a rate 5.3 times higher than non-Indigenous people.14 The crisis
within Indigenous populations is worsening as well, with a 119%
increase in toxic drug deaths in 2020 when compared to the
previous year.14

To date, the most common treatments for OUD involve medi-
cation-assisted therapies (MATs) such as methadone maintenance
treatment (MMT), ideally administered alongside any of the
various forms of psychotherapy and behavioural counselling.
However, counselling services are expensive, resources are over-
burdened and funding for subsidised services for OUD fluctuate,
leaving many of those seeking treatment to rely solely on pharma-
cological approaches.15–18 MATs present their own limitations and
complications, with most critiques emphasising that its intent is
not to eliminate the craving for opioids, but rather to replace illicit
drugs with a more controlled opioid (e.g. methadone) to control
withdrawal symptoms.17 Once patients begin MAT, many never
become fully abstinent of all opioids, but rather relapse or continue
on MMT indefinitely. Harm reduction approaches such as MMT
are important to eliminate the plethora of risks associated with

injection drug use such as various forms of hepatitis, HIV infection
and toxicity; however, its success is rooted in population and public
health values that emphasise the economic burden of addiction
rather than individual and subjective quality of life and cessation
of craving.16,17

With a worsening opioid crisis worldwide, there is an impera-
tive to explore all promising treatments for opioid use disorder
(OUD), and with the disproportionate burden among marginal-
ised communities, understanding the ethics of implementation
is a critical task to ensure that accessibility and equity, alongside
cultural meaningfulness, are at the forefront of discussions.19–21

Here, we examine the current state of the science and ethical con-
siderations of neuromodulation for OUD as a case study. We focus
on DBS, rTMS, transcranial direct current stimulation (tDCS) and
percutaneous electrical stimulation (BRIDGE) because of evidence
of their early applications in Europe and Asia, as well as their grow-
ing availability in Canada. Electroconvulsive therapy trials have
only been reported for alcohol, tobacco/nicotine, or methampheta-
mine dependence to date; none for OUD. Focus ultrasound has not
yet been used in the context of addictionmedicine.We conclude by
highlighting gaps in the current literature, new ethical considera-
tions and identify future directions for progress in this field.

Case Study

Neuromodulation for OUD

The literature on the effects of DBS, rTMS, tDCS and BRIDGE on
dependence such as nicotine, alcohol and stimulants, as well as in
the treatment of mental health disorders such as refractory major
depressive disorder points to their potential to treat OUD. The lit-
erature (Table 1) originates from different countries (Table 2).
Nearly 40% (8/22) are from China; 27% (6/22) from the United
States. Some describe single or low N case reports; others report
on results from larger cohorts. Most are scientific reports of case
studies or clinical trials; others are reviews or commentary.

Invasive interventions: DBS, the sine qua non invasive interven-
tion that does not involve surgical excision of brain tissue, has
shown tremendous effectiveness in managing symptoms of
Parkinson’s disease22 and treating psychiatric disorders such as
depression, anxiety and obsessive compulsive disorder.23,24 In
the process of researching the effects of DBS on these disorders,
Kuhn and colleagues noted that when patients with anxiety disor-
der underwent DBS of the nucleus accumbens (NAc) area, cravings
for and consumption of alcohol were significantly reduced.23 The
NAc area is thought to play a significant role in the binge and
intoxication phase of addiction12,25 and is the basis for subsequent
clinical DBS research specifically targeting addiction through
stimulation of that region of the brain.

Opportunities for Action

• Engage with key stakeholders – opioid users, clinicians, scientists, ethicists and policy- and law makers – to explore and inform the future of
neuromodulation for OUD.

• Collaborate with Indigenous communities to identify priorities on the landscape of neuromodulation for OUD and integrate Indigenous voices and
knowledges to advance developments in a culturally appropriate way.

• Promote the proactive consideration of practical neuroethics principles to inform the design and development of large clinical trials investigating the
effectiveness of neuromodulation for OUD in Canada.

• Provide neuroethics leadership in global neuroscience for the evolution of neuromodulation for OUD that is equitable, accessible and based on evidence-
informed policy.
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In China in 2011, Zhou and colleagues reported results on the
first-known case report of DBS for OUD.26 The patient, a 24-year-
old man, had been intravenous heroin dependent for 5 years and

had failed to respond to multiple forms of treatment including
detoxification, psychotherapy and behavioral counselling, and
MAT. The patient voluntarily underwent DBS implantation of
the NAc with stimulation gradually increased from .8V to 2.5V
at a frequency of 145 Hz for a period of 2.5 years. At 2.5 years
and no drugs since pre-surgery, the stimulation was switched
off. At 3 years post-surgery, the implanted device was removed
and the patient remained sober for another 3.5 years
afterward – a total of 6.5 years sober. There were no reported side
effects or personality changes, and the patient experienced signifi-
cant improvement in memory, depression symptoms, anxiety and
IQ. The patient also reported a significant reduction in cigarette
consumption and had returned to full-time work.

This early study suggested that DBS could not only be a viable
method of managing cravings but also a permanent solution to
substance dependence with significant potential to improve multi-
ple measures of quality of life. A similar trial was performed
by Valencia-Alfonso and colleagues in the Netherlands with a

Table 1: Published articles addressing the potential of neuromodulation to treat opioid use disorder. Articles were retrieved from PubMed using the search terms
“neuromodulation”, “addiction”, “opioid use disorder”, “heroin addiction”, “rTMS”, “deep brain stimulation”, “tDCS”, “neurotechnology”, “non-invasive”. Returns
were manually curated for relevance and duplicates removed

Author Year Country Neuromodulation Modality Notes

Case Reports

Zhou et al. 2011 China DBS N= 1

Valencia-
Alfonso et al.

2012 Netherlands DBS N= 1

Kuhn et al. 2013 Germany DBS N= 2

Zhang et al. 2018 China DBS N= 1
Overdose death after DBS

Mahoney et al. 2021 USA DBS N= 1

Clinical Trials

Shen et al. 2016 China rTMS Clinical trial (n= 20)

Wang et al. 2016 China tDCS Clinical trial (N= 20)

Miranda & Taca 2018 USA Percutaneous Electrical Stim (BRIDGE) Clinical trial for OUD withdrawal, n= 73

Chen et al. 2019 China DBS Clinical trial with long term follow up (N= 8)

Qu et al. 2019 China DBS Proposed double-blind clinical trial (N= 60); approval still pending
at the time of this writing

Liu et al. 2020 China rTMS Clinical trial (N= 118)

Pradhan &
Rossi

2020 USA rTMS
combined with the
administration of ketamine and support with
mindfulness training

Pilot study (n= 3), ketamine, rTMS, mindfulness

Tsai et al. 2021 Taiwan rTMS N= 22

Reviews

Luigjes et al. 2012 Netherlands DBS Review of potential targets

Bari et al. 2018 USA DBS Systematic review

Ma et al. 2020 China DBS Systematic review

Ward et al. 2020 USA TMS, tDCS, BRIDGE Systematic review

Young et al. 2020 USA Non-invasive Systematic review

Ethics

Carter & Hall 2011 Australia DBS Readiness of DBS for addiction

Carter et al. 2011 Australia DBS Ethical issues of using DBS for addiction

Clausen 2011 Germany DBS Neuroethics of DBS in research and clinical practice

Trujols et al. 2016 Spain DBS Scientific and ethical issues of using DBS for addiction

Table 2: Distribution of publications relating to neuromodulation for OUD by
country

Country Publications: Total # (# type/focus)

China 8 (1 review)

USA 6 (3 reviews)

Netherlands 2 (1 review)

Australia 2 (2 ethics)

Germany 2 (1 ethics)

Taiwan 1 (1 trial)

Spain 1 (ethics)
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47-year-oldman who had been dependent on heroin for 22 years.27

Like the patient in the Zhou et al. trial, common treatment meth-
ods such as detoxification andMATs had been unsuccessful. Three
contact points of bilateral DBS at the NAc were tested: ventral,
middle and dorsal. The investigators found that stimulation at
the middle points had the opposite of the desired effect, increasing
both heroin craving and heroin use. While there were no signifi-
cant effects when stimulating the ventral points, dorsal stimulation
points significantly decreased both heroin craving and use.
A stimulation of 3.5V at a frequency of 180 Hz enabled the patient
to reduce drug use and ultimately cease heroin use entirely.
Contrary to the previous case, this patient did experience one
relapse between implantation and the 6-month follow-up; how-
ever, the patient regained sobriety by the 6-month follow-up. Of
note is that this case report also included experimental recordings
of intracranial electroencephalogram (iEEG) to gauge NAc activity
when the patient was presented with drug-related pictures. There
were significant power differences at the dorsal points between
drug-related and drug-unrelated pictures pre-stimulation. On
the basis of these findings, the authors propose that iEEG-
informed stimulation points can optimise DBS for reducing drug
craving and use.

The exploration of DBS to treat OUD continued with another
study by Kuhn and colleagues in Germany, where two patients
experiencing OUD underwent DBS at the NAc. Both patients
were also using other substances, a common occurrence with
opioid users.28 Patient 1 was a regular user of alcohol and amphet-
amines, while Patient 2 used amphetamines and benzodiazepines.
A seizure occurred 2 days after surgery in Patient 2 who also had a
history of epilepsy. No other adverse effects were noted for either
patient.

Unlike previous trials, MAT was used in conjunction with DBS
stimulation. Levomethadone was administered to the patients and
gradually decreased based on craving scores mapped on a 10-point
visual analog scale (VAS). The dose of levamethadone was
decreased if the patient scored less than 5. Eventually, both patients
were completely tapered off and able to maintain heroin sobriety
with Patient 1 remaining abstinent through a 12-month follow-up
period and Patient 2 through a 24-month follow-up period. Their
use of other drugs (amphetamines, benzodiazepines, alcohol),
however, did not diminish and even occasionally increased.

These results contrast with the multiple failed attempts (relapse
and continuation of chronic heroin use) to use MATs prior to DBS
implantation and confirms previous study findings that DBS at the
NAc has the potential to reduce cravings for opioids and lead to
cessation of OUD.However, the potential limitations of DBS, espe-
cially for patients with comorbid drug use cannot be ignored.
Other studies highlight this and other considerations as well.

The first reported death due to overdose after DBS implantation
occurred in 2018 when a patient of Zhang and colleagues in China
died 3months post-surgery.29 The patient had been heroin dependent
for 17 years and engaging in MMT for the most recent 7 of them;
however, he would relapse with heroin monthly. Implantation was
performed at the ventral capsule/ventral striatum area. After initiation
of stimulation, the patient reported a decrease in both heroin cravings
and heroin withdrawal symptoms, suggesting efficacy of DBS. The
patient also significantly reduced his cigarette use, returned to work
and reported better sleep. Eventually, all heroinwithdrawal symptoms
subsided. Between the second and thirdmonths following surgery, the
patient relapsed with heroin eight times and reported an increase in
cravings and withdrawal symptoms. The patient requested higher
voltages to manage the increased cravings. Upon increasing the

voltages, the patient exhibited symptoms of hypomania, so voltages
were decreased. Prior to his death, the patient reported increasing
his heroin use to increase the pleasure response he experienced. He
also reported feelings of invincibility due to the reduced withdrawal
symptoms and cravings that came initially with DBS stimulation.

The authors speculate that this patient’s struggle with anti-
social personality disorder may have contributed to the negative
outcome of the intervention.30 The results overall emphasise the
need to consider co-morbid mental health, especially serious psy-
chiatric disorders, in the design of DBS trials and treatment
protocols.

To date, Chen and colleagues have performed the largest clini-
cal trial of DBS for OUD.31 Their study based in China included
eight participants, each with at least 3 years of heroin dependence
who had not been successful with alternative treatments such as
MAT. Patients meeting inclusion criteria for DBS implantation
were required to complete a detox programme, with urine analyses
and a naloxone challenge test to confirm completion of detoxifica-
tion. Patients with severe psychiatric disorders or cognitive impair-
ments were excluded from the trial.

Chen and colleagues placed bilateral electrodes at the NAc and
anterior limb of the internal capsule (ALIC). Optimization of DBS
parameters was performed for a 1-week period following dis-
charge, with voltages and frequencies changed based upon adverse
effects, reported heroin cravings, and mood changes. Parameters
were assessed every 24 hours. Stimulation was planned for the
approximately 2 years of the battery life of the device.

Five patients reached their final follow-up appointments
and maintained heroin sobriety (approximately 40 months or
3.5 years). Patients who did not relapse reported a significant
reduction in cravings, significantly higher quality of life, and scored
significantly lower on psychometric assessments. Patients who
relapsed reported similar reductions in cravings and psychometric
scores at the times they remained abstinent from heroin use; how-
ever, their scores returned to baseline after relapse. Two patients
relapsed at months 7 and 10. One patient lost contact with the
investigators after 3 months.

The results from this clinical trial showed that DBS at theNAc and
ALIC areas may help certain patients remain abstinent from heroin
use after completing a detoxification programme prior to DBS
implantation. It is important to note that the absence of psychological
or pharmacological treatment support after DBS stimulation was ini-
tiated for these patientsmay have contributed to the variability of their
clinical trajectories and the trial outcomes.15,32

The most recent trial of DBS for OUD and the only one in
North America to date was conducted by Mahoney and colleagues
in the United States.33 The patient was a man in his 30s who had
struggled with severe OUD for 10 years. Similar to participants in
previous studies, the man had tried several available addiction
interventions such as MAT without success. The patient also used
benzodiazepines and had experienced four overdoses in the pre-
vious year. Mahoney and colleagues implanted bilateral electrodes
at the NAc and ventral capsule. Once discharged, the patient con-
tinued to be monitored for 12 months in an outpatient setting
where DBS parameters could be adjusted for optimisation and
clinical assessments related to OUD such as urine toxicology,
cue reactivity and cognitive functioning could be administered.

DBS for OUDwas found to be a safe procedure in this trial with
no adverse events reported. The patient reported complete absti-
nence from drug use throughout the entire 12-month follow-up
period, which was confirmed through urine toxicology.
Significant reductions in cravings throughout cue exposure tests
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were shown post-surgery and continued to reduce throughout the
12-month follow-up period. Positron emission topography results
showing an increase in frontal lobe metabolism indicating
improved executive functioning corresponded with the patient’s
improved performance on a decision-making task test and
improved decision-making in life – sobriety and securing employ-
ment. In addition, the patient continued to engage positively in
alternative therapies for addiction including MAT, attending indi-
vidual therapy, as well as group support settings.

Non-invasive interventions: Neuromodulation modalities such
as rTMS, tDCS and BRIDGE, do not involve surgical intervention
and may be considered by different stakeholders to be variously
non-invasive,34 are being tested for disorders such as major depres-
sion and gaining traction in addiction medicine today.35 The sig-
nificant advantage of these approaches is that clinical trials can be
much larger in comparison to their invasive counterparts.

Shen and colleagues performed a randomised, controlled cross-
over study with 20 patients to examine the potential of rTMS to
treat OUD in China.36 Participants assigned to the treatment group
(n= 10) underwent 10minutes of rTMS for a total of 2000 pulses at
10 Hz applied over the dorsolateral prefrontal cortex (DLPFC). A
matched control group (n= 10) underwent a similar time protocol
but with sham rTMS. After the first session of rTMS, participants
in the treatment group showed a significant reduction in heroin
craving based on cue-induced craving, while participants in the
control group did not. Continuing this treatment protocol for 4
days further reduced craving scores in the treatment group with
no changes in the control group.

In a larger clinical trial in China (n= 118) with a longer follow-
up period, Liu and colleagues reported a significant reduction in
heroin cravings with both low (1 Hz) and high (10 Hz) frequency
rTMS over the DLPFC when compared to controls.37 The reduc-
tions in cravings were shown to last up to 60 days after the most
recent rTMS session. Adverse events included neck pain, headache,
and dizziness.

The efficacy of rTMS has also been investigated in combination
with other therapies commonly used to treat symptoms of
OUD.38–40 For example, Pradhan andRossi performed rTMSon three
patients alongside one infusion of ketamine at 0.75 mg/kg over the
course of 45minutes.41 Following a one-week washout period, partic-
ipants then began rTMS and mindfulness sessions. Similar to other
studies, the rTMS was performed over the DLPFC at a frequency
of 10Hz for a total of 3000 pulses. Mindfulness sessions involved
the Trauma Interventions using Mindfulness Based Extinction and
Reconsolidation of memories (TIMBER) protocol. TIMBER uses
principles of yoga and meditation in conjunction with those of cog-
nitive behavioural therapy (CBT) to confront harmfulmemories asso-
ciated with past trauma.40,41 Five total sessions of rTMS and TIMBER
were performed over a two-week period. Following the five sessions,
patients showed a 65.7% reduction in craving score, as well as a 41.2%
increase in mindfulness score. By contrast, Tsai and colleagues found
that rTMS over the DLPFC in addition to MMT did not improve
heroin use behaviours or cravings in a cohort of 20 participants in
Taiwan, although there was evidence that it did reduce depressive
symptoms.42

Using tDCS,Wang and colleagues43 attempted to reduce opioid
cravings based on prior evidence of its previous effectiveness in
reducing nicotine cravings.44–46 Twentymales withOUDwhowere
abstinent for at least 1.5 years were randomly assigned to tDCS
treatment group or sham tDCS. Electrodes were placed over the
left frontal-parietal-temporal area for cathodal stimulation and
over the occipital area for anodal stimulation (1.5 mA). The

treatment group showed a significant decrease in opioid craving
score compared to the control group.

In a final example of noninvasive neurotechnological
approaches to OUD,Miranda and Taca47 investigated the potential
of percutaneous electric nerve field stimulation (BRIDGE device)
as an alternative to pharmacotherapy to transition to long-term
MAT as, they note, using MAT too early without an induction
phase can thrust patients into immediate and severe withdrawal.48

The BRIDGE device is an auricular field stimulator that stimulates
the peripheral cranial neurovascular bundles in the ear.49,50 It deliv-
ers 3.2V at multiple frequencies, but only has a battery life of five
days. In this study, BRIDGE was used with 73 patients who pre-
sented to outpatient addiction treatment clinics. All patients had
a significant reduction in their Clinical Opioid Withdrawal
Score in the 60 minutes after the onset of stimulation. After a
five-day period, 64 of 73 patients (88%) were successfully transi-
tioned to MAT. Although this study did not use neuromodulation
to directly treat OUD by reducing cravings, it provided evidence
that neuromodulation can be used to rapidly decrease the effects
of opioid withdrawal and successfully transfer patients to long-
term MAT to continue rehabilitation.

Overall, the studies suggest a promise for neuromodulation to
treat or aid in the treatment of OUD. They are limited by small
sample sizes and strict exclusion criteria, however, and generally
do not engage with the ethical implications of the research. We
address opportunities to fill this latter gap next.

Opportunities

Alongside the continued drive for neurotechnological solutions to
pressing neurologic and psychiatric conditions resides the drive for
ethical attention to them. We view this as a critical opportunity on
the trajectory of effective, safe and meaningful bench to bedside
translation. Indeed, ethical considerations of procedures involving
alteration of and implantation in the brain of people with OUD
may easily match major physical risks associated with surgery or
exceed concerns over minor side effects associated with less inva-
sive procedures (Table 3).

Ethical considerations involve the wide-ranging values and
views people possess about brain and mind, and computer inter-
facing devices that affect agency, responsibility, and the sense of
embodiment, estrangement and even identity and person-
hood.51–54 Further complicating the ethics of neuromodulation
is the dark history of psychosurgeries of the past, carrying stigma
and distrust despite the oversight offered today by institutional
review bodies and safety and accuracy advanced by stereotactic
guidance.55 In the context of OUD specifically, coercion to partici-
pate and recruitment and retention of an often highly marginalized
population that are struggling psychologically, socially and eco-
nomically are of particular concern. Ensuring equitable access to
neuromodulation for OUD regardless of housing status, employ-
ment status, available funds, and support circle status must be pri-
oritized for this heterogeneous population. In addition to access,
the inclusion and careful design of post-trial multidisciplinary care
and longitudinal implant and health monitoring for patients from
diverse and marginalized social backgrounds must be thoughtfully
and responsibly integrated, even beyond the investigational period
in this population. The ethics must evolve, therefore, be carefully
aligned with the engineering and development of trials themselves.

Clausen55 argues that, given the uncertainty surrounding the
mechanisms of DBS and efficacious target sites, DBS for psychiat-
ric disorders should only be used as an absolute final option, after
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all alternative therapies involving pharmacological, psychological,
and behavioural interventions have been exhausted. Carter and
Hall56 have been critical of proposals to use DBS to treat addiction,
citing the incidence of adverse events after surgery at 11% includ-
ing serious infections as well as cognitive, behavioural, and emo-
tional side effects.57 The authors argue instead for increased
access to proven treatments such as pharmacological and psycho-
therapeutic interventions. They further argue that to continue
investigating DBS through clinical trials for OUD, there is an
expectation that there is strong pre-clinical evidence of efficacy,
evidence of the long-term effects of DBS in psychiatric patients,
a strong theory for which brain areas to target, and patients which
only have the most severe, debilitating form of addiction. Previous
studies on DBS and OUD fail to fulfill these criteria, including only
short follow-up periods, uncertainty surrounding target areas, and
the inclusion only of patients who had completed detoxification or
had begun MAT.

Despite explicitly opposing the use of DBS as a treatment for
addiction, Carter and colleagues outline important considerations
for future clinical trials. First, patient recruitment is of particular
importance, including informed consent58: patients must have
the capacity to understand the risks of the intervention and goals
of experiment or trial, have freedom of choice, and have access to

all other forms of therapy in clinical equipoise. It is vital that the
strategies to achieve these targets are made explicit in all research.59

Patients with refractory addiction who have exhausted all treat-
ment options should be the only patients recruited. In addition,
patients who are dependent on substances without effective phar-
macological treatments (e.g., cocaine) should be prioritized, as
opposed to those with OUD who have access to proven therapies
in MMT. The authors do not address that DBS andMAT for OUD
target different aspects of this multifaceted disorder, however.
While MAT may assist in the withdrawal process and can be
tapered in the future, DBS will directly address cravings. Thus, fur-
ther ethics guidance surrounding the prioritization of differing
OUD treatment options must be explored.

In a survey of medical professionals about DBS and treat addic-
tion, Ali and colleagues60 found a unique concern about financial
incentives for patients in clinical trials of DBS for addiction. Past
work has shown that some patients struggling with addiction can
see clinical trials as an opportunity for income. Ali and colleagues
suggested researchers should reduce or eliminate compensation for
participation,60 however this may also impact patients who may
not have the means or time to participate in this study without
compensation. Sustained support, including for the cost of main-
tenance of any intervention, must be a factor.

Table 3: Examples of ethical, social, cultural and legal considerations and concerns about neuromodulation for OUD and possible remedies

Issue Consideration Possible Remedies

Recruitment Capacity Test for capacity more than once before enrollment.
Involve personal surrogate or support person when possible. Involve
social workers when personal support person unavailable.

Consent Design and report in-depth informed consent process outlining all
possible adverse effects. Manage patient expectations conservatively.

Representativeness Report all strategies used to recruit participants and protect them as
individuals and their communities. Ensure inclusion criteria are broad to
ensure representativeness of the diverse OUD population.

Coercion/court mandates Eliminate cash incentives to participate in clinical trials without
eliminating other supports in the form of housing and access to other
addiction therapies (e.g., MAT, counselling services).
Further exploration of court mandated addiction therapies and
neuromodulation must be explored before implementation.

Triage Develop equitable triage policies given the limited availability of
functional neurosurgery resources in countries such as Canada and
elsewhere.

Stigma Negative impact on community, especially if already
marginalized

Report back to and educate the public.
Plan upfront for downstream social and health supports.

Cultural
meaningfulness

Mismatch of biomedical intervention with traditional views on
mind and brain and approaches to wellness

Community engagement, participatory action and patient-oriented
approaches to investigations.

Cost Procedures Plan ahead with thought and funding for initial procedure as well as
follow-up, maintenance, and extraction procedures.

Additional supports Establish additional supports for patients such as housing, food, and
alternative therapies to ensure equitable access to neuromodulation for
OUD.

Changes to
person

Behavioural, emotional, and psychological Monitor psychometric assessments for prolonged follow-up period. Offer
interventions targeting behavioural, emotional, and psychological
aspects of patient experience.

Identity Provide counselling services to participants to mitigate possibility of
identity crises.

Sociopolitical Lack of harmonization leading to macrolevel stigma
misinforming policy and law surrounding neurotechnology, free
will, and responsibility

Engage in a global dialogue to outline the implications of
neuromodulation in different regulatory and legal settings.

Political advocacy and dissent Engage in educational discussion with policy makers to ensure the
safety of established policy with changing political climates.
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Conclusion

Neuromodulatory techniques such as DBS, rTMS, and tDCS show
promise in treating OUD, a significant public health crisis in
Canada. However, no trials have yet been reported for this country,
and reports from others are limited. Moreover, ethical commen-
tary has focused only onDBS to date. There is ample reason to con-
sider that rTMS, tDCS and other evolving neurotechnologies that
involve scalp-based or wearable interventions will have overlap-
ping as well as unique implications.34,61–65

Although preliminary and early studies contain small sample
sizes or individual case reports, results indicate neuromodulation
may significantly reduce opioid cravings – an effect absent in tradi-
tional approaches such as MAT. The expansion of this research
into large clinical trials must be more representative of the general
OUD population, implement carefully designed informed consent
processes, and make traditional therapies available to participants
in conjunction with neuromodulation. The prioritization and
explicit integration of ethical, as well as cultural and legal consid-
erations throughout the research process, and global engagement
of all affected stakeholders – patients, clinician-innovators, scien-
tists, ethicists, law- and policy-makers – in dialogue will be critical
in realizing the potential of this approach in the future. Further eth-
ical guidance will follow the evidence that is to be collected over the
coming years.
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