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Abstract

Abnormal neural activity, particularly in the rostrodorsal anterior cingulate cortex (rdACC), appears to be responsible for intense
alcohol craving. Neuromodulation of the rdACC using cortical implants may be an option for individuals with treatment-resistant
alcohol dependence. This study assessed the effectiveness and feasibility of suppressing alcohol craving using cortical implants
of'the rdACC using a controlled one-group pre- and post-test study design. Eight intractable alcohol-dependent participants (four
males and four females) were implanted with two Lamitrode 44 electrodes over the rd ACC bilaterally connected to an internal
pulse generator (IPG). The primary endpoint, self-reported alcohol craving reduced by 60.7% (p = 0.004) post- compared to pre-
stimulation. Adverse events occurred in four out of the eight participants. Electrophysiology findings showed that among
responders, there was a post-stimulation decrease (p =0.026) in current density at the rdACC for beta 1 band (13—-18 Hz).
Results suggest that rd ACC stimulation using implanted electrodes may potentially be a feasible method for supressing alcohol
craving in individuals with severe alcohol use disorder. However, to further establish safety and efficacy, larger controlled clinical
trials are needed.
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Introduction

Alcohol dependence is a worldwide debilitating disorder [1].
Electronic supplementary material The online version of this article Apart from the health and social detriments for the affected
(https://doi.org/10.1007/s13311-020-00851-4) contains supplementary e .. . . . .
material, which is available to authorized users. individual, it impacts society. Its estimated societal cost is
223.5 billion dollars a year in the USA, with 125 billion dol-
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reporting lifetime AUD [5]. Furthermore, patients with both
AUD and major depression display a higher risk of relapse to
alcohol dependence when compared to those with isolated
disorders [6, 7]. Although the mechanism underlying the caus-
al pathways between depression and AUD is unclear, there
exists a bidirectional relationship with one study estimating
that a diagnosis of one disorder doubles the risk of developing
the other [8].

The optimal treatment goal for AUD is the achievement of
long-term abstinence [9]. However, at least 60% of individ-
uals resume hazardous consumption levels within 6 months of
treatment (i.e. medication, inpatient or outpatient) [9]. This is
related to three main factors: craving, stress and alcohol-
related cues [10]. From a treatment point of view, of the three
factors, cues cannot be altered. However, targeting craving
could be a practical approach to treat alcohol addiction.
Craving is multifaceted and encompasses the urge for reward,
the necessity to reduce subsequent physiological distress and
an intense compulsion identified by strong intent with or with-
out loss of control [11]. Studies have shown that craving in-
tensity predicts future alcohol relapse [12, 13]. In this study,
we aim to reduce craving using an invasive neuromodulation
technique.

For several decades, addiction has come to be viewed as a
disorder of the dopamine neurotransmitter system [14]. From
a neurobiological perspective, genetic factors account for an
overall heritability of 40% for alcohol dependence [15], in-
volving predominantly dopamine-related genes (dopamine
receptors 1, 2, 3 and 4; dopamine transporter; dopamine
hydroxylase), serotonin-related genes (receptor 2ac, trans-
porter), monoamine-related genes (catechol-O-methyltrans-
ferase (COMT), monoamine oxidase A (MAQ)) as well as
gamma-aminobutyric acid (GABA) and opioid receptor
genes [16]. The mesocorticolimbic dopaminergic reward sys-
tems is implicated in the pathophysiology of alcohol addic-
tion [17], and many studies have zoomed in on the A1 allele
of the TAQ1A dopamine D, receptor gene [18]. This poly-
morphism is also implicated in the development of depres-
sion and anxiety [19, 20]. A reduction in density of the
dopamine D, receptors is linked not just to AUD but also
to multiple addictive and compulsive behaviours [21].
Dopamine D, receptor reduction decreases the sensitivity to
negative action consequences, which may explain an in-
creased risk of developing addictive behaviours in Al allele
carriers [22]. Applied to alcohol addiction, it could thus be
suggested that when individuals drink to find relief, they
may not be able to learn from the negative consequences
of overconsumption. However, the generalisation of the do-
pamine theory of addiction has been questioned [14]. Even
though a large body of evidence demonstrates that stimulants
increase striatal dopamine levels and likely so that alcohol
may have such an effect, there is little evidence to support
that cannabis and opiates also increase dopamine levels [14].
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Whereas striatal dopamine receptor availability and dopa-
mine release are clearly diminished in stimulant or alcohol
dependence, no such changes are evident in opiate, nicotine
or cannabis dependence [14].

The brain’s reward system involves the ventral tegmental
area (VTA) which has reciprocal connections with the nucleus
accumbens and habenula, involved in reward and dysreward
[23, 24]. The dorsal anterior cingulate cortex (dAACC) receives
projections from these reward processing regions, especially
the habenula [24-26], and forms associations between re-
wards and action [27]. Moreover, activity in the dACC in-
creases when obtained rewards are below the desired level,
initiating modifications to selection of action [28]. It has been
theorised that craving, i.e. a strong desire or wanting of a
certain substance results from sensitisation and dissociation
from liking [29, 30]. This leads to an increased desired level
and, through the process of allostasis (i.e. stability through
change [31] via reference resetting [30]), the vicious cycle of
excessive consumption and withdrawal [30].

Craving in alcohol abuse has been linked to abnormal cue-
evoked activity not only in the dACC, ventral striatum/nucleus
accumbens and ventromedial prefrontal cortex [32] but also in
the amygdala, posterior cingulate and parahippocampal cortex
[32]. Craving in alcohol and stimulant abuse, i.e. in dopami-
nergic addiction, likely has a partially overlapping common
neurobiological substrate, irrespective of the substance. This
is shown in a meta-analysis where nicotine, alcohol and co-
caine cravings elicited by cue reactivity overlapped in the
dACC and ventral striatum/nucleus accumbens [33]. Self-
reported alcohol craving, in contrast to cue-evoked alcohol
craving, seems to be related to anteriorly located cingulate ac-
tivity in the pregenual area [33, 34]. Craving has also been
associated with the dopamine DRD3 receptor and alpha-
synuclein polymorphism [35]. The craving-related activity in
the ventral striatum/nucleus accumbens and anterior cingulate
cortex is due to an upregulation of glutaminergic excitatory
neurotransmission in these areas [36], suggesting that suppres-
sive neuromodulation of these areas may subdue craving.

Transcranial magnetic stimulation (TMS) is a non-invasive
technique used to modulate activity and connectivity in the
brain [37]. Repetitive TMS (rTMS) has been shown to sup-
press alcohol [38] and cocaine craving [39] when using a
figure-of-eight coil targeting the dorsolateral prefrontal cortex
(DLPFC). rTMS of the DLPFC is known to increase the re-
lease of dopamine in the nucleus accumbens [40] and caudate
nucleus [41] as well as modulate dopamine release in the
subgenual anterior cingulate cortex (sgACC) and the
orbitofrontal cortex [42]. The figure-of-eight coil has been
shown to be able to reach targets with depths of 2 to 2.5 cm
from the surface of the head (e.g. DLPFC) [43, 44]. However,
the magnetic field generated by this coil is not sufficient to
reach deeper cortical regions such as the dACC given the
rapid decrease in electric field as a function of the tissue depth
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[43, 44]. The double cone coil, however, has been shown to
stimulate regions between the depths of 3 to 4 cm [43, 44].
Indeed, it has been reported that the double cone coil can
modulate the dACC and suppress alcohol craving transiently
[45]. But apart from its direct effect, TMS modulates the net-
work associated with the cortical target [46, 47], at least in
awake people [48].

In view of the genetic vulnerability related to alcohol addic-
tion and craving, it is to be expected that rTMS will only resort to
a temporary improvement in craving, and that the dopaminergic
reward deficiency will resume when the effect of rTMS wears
off. This was already noted when an initial 2-week rTMS study
targeting the dACC was highly beneficial but only outlasted the
stimulation period for 3 weeks [45]. However, this can be re-
solved by surgically implanting an electrode on the dACC to
provide permanent neuromodulation [49]. To our knowledge,
there are two promising studies reporting that permanent
neuromodulation can facilitate long-term abstinence in alcohol-
dependent individuals [50, 51]. In the earlier study [51], five
patients were treated for an average of 38 months with bilateral
deep brain stimulation (DBS) of the nucleus accumbens with all
patients reporting significant improvements in alcohol craving. In
addition, two patients remained completely abstinent for more
than 4 years. The more recent study by De Ridder and colleagues
[50] reported a case where a patient remained abstinent for
18 months with reduced alcohol craving following stimulation
of'the rostrodorsal anterior cingulate cortex (rdACC). The current
report is based on De Ridder et al.’s [S0] methodology and details
the effects and feasibility of suppressing alcohol craving using
surgical electrode implantation in the rd ACC in eight individuals
with severe AUD.

Methods
Participants

This study was approved by the Southern Health and Disability
Ethics Committee (ref: 14/STH/119), and the protocol is regis-
tered at the Australian New Zealand Clinical Trials Registry
(ANZCTR) with the identifier ACTRN12614000859684. All
protocol-related procedures were performed at the BRAI3N
neuromodulation clinic of the University Hospital of Otago,
Dunedin, New Zealand.

Participants were referred from the hospital’s outpatient
department and from information resulting from press cover-
age. Five male and four female participants between the ages
of 20 to 65, meeting the Mini-International Neuropsychiatric
Interview (MINI) DSM-IV [52] (Table 1) criteria for alcohol
dependence who have failed multiple prior treatments (i.e. at
least one anti-craving medication and one residential or out-
patient treatment) for alcohol dependence, were enrolled in the
study. The MINI DSM-IV includes seven questions

evaluating alcohol dependence criteria in the past 12 months
[52]. To meet the alcohol dependency criteria, participants had
to report at least three symptoms [52].

Of the nine individuals, one male participant declined hav-
ing the implant. The study’s exclusion criteria included a his-
tory of epileptic seizures, psychiatric disorders with psychotic
symptoms or maniac symptoms; have a pacemaker; or show
contraindications for magnetic resonance imaging (MRI). All
participants had a supportive social network (minimum one
person) who provided contact details and were involved in
pre-/post-surgery appointments. Participant’s demographic
and clinical characteristics pre-implant are described in
Table 2.

Study Design and Procedures

The study was divided into four phases. During pre-
stimulation evaluations (phase 1), a structured diagnostic in-
terview [52] was carried out by a psychiatrist to establish
alcohol dependence and to evaluate for other disorders.
Physical examination (i.e. attention to physical effects of al-
cohol dependence, medication usage and other medical disor-
ders), and routine blood tests were performed by a specialist in
internal medicine. Participants’ resting-state electroencepha-
lography (EEG) was compared to a group of healthy controls,
matched for age and sex.

In phase 2, based on a previous study [45], non-invasive
rTMS (Magstim Inc., Wales, UK) was performed, using
double-cone coil, as a prognostic test. rTMS consisted of ac-
tive stimulation at 1 Hz with 50% machine output in tonic
mode for 5 consecutive days and placebo for 5 consecutive
days in random order. For placebo rTMS, the coil was placed
perpendicular to the scalp and was applied at the same fre-
quency and intensity as active rTMS to ensure that the partic-
ipants were exposed to the same clicking noise. Daily craving
before rTMS session was assessed on a scale of 1 (not at all) to
10 (the most ever) to the question: “Please rate how strong
your alcohol craving is right now by circling a number on the
10-point scale”. All participants (n=9) enrolled in the study
demonstrated > 50% reduction in alcohol craving self-ratings
to active rTMS stimulation and were considered eligible to
continue to the next phase [45]. One participant declined to
have the implant. At the end of the tenth session, all partici-
pants were able to identify the placebo and active rTMS ses-
sions. However, from a clinical perspective, the participants’
speculation of order of stimulation did not seem to affect the
therapeutic effect of active stimulation. This is evident from
Table 3 that, among those who were implanted with the elec-
trode (n = 8), there was a decrease in craving during the first 5
consecutive sessions in group 1 (active followed by placebo)
compared to group 2 (placebo followed by active) (Table 3).

In the operative phase (phase 3), participants had routine
pre-operative evaluations and MRI. Using MRI neuro-
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Table 1 Mini-International Neuropsychiatric Interview (MINI) (DSM 1V) criteria for alcohol dependence for each participant
Participant MINI (DSM 1V) criteria Total
number number of
Did youneed to  When you cut down During the Have you On the days that Did you spend  If your criteria met
drink a lot more  on drinking, did times when tried to you drank, did  less time drinking
in order to get the your hands shake?  you drank reduce or you spend working, caused you
same effect you  Did you sweat or alcohol, did stop drinking substantial time enjoying health or
got when you feel agitated? Did you end up alcohol but  in obtaining hobbies or being mental
started first you drink to avoid  drinking more  failed? alcohol or with others problems,
drinking, or did  these symptoms (for than you drinking or in ~ because of your did you still
you get much less example, ‘the planned when recovering from  drinking? keep on
effect with shakes’, sweating or started? the effects of drinking?
continued use of  agitation) or to avoid alcohol?
the same amount? being hungover?
1 X X X X X X X 7
2 X X X X X X 6
3 X X X X X X X 7
4 X X X X X X X 7
5 X X X X X X X 7
6 X X X X X X X 7
7 X X X X X X X 7
8 X X X X X 5

navigation, two Lamitrode 44 eclectrodes (Abbot,
Neurodivision, Plano, Texas) were placed on the JACC under
general anaesthesia (Fig. 1), followed by overnight observa-
tion in a neurosurgical high dependency unit.

In phase 4, the electrodes were activated using an internal
pulse generator (IPG) post-surgery. The original study design
included a randomised immediate (3 days post-surgery) or
delayed (17 days post-surgery) start protocol for activation
of electrodes. However, due to adverse events, the original
randomised study design was deemed unfeasible by the re-
search team in consultation with the Data Safety Monitoring
Board after the fourth implant. Time points of IPG activation
and deactivation post-surgery as well as adverse events for
each participant are presented in Table 4. By 2 months post-
implant, all electrodes were activated.

Participants 1 and 2 were on burst frequency of 10 Hz,
participant 3 was on tonic frequency of 6 Hz, while partici-
pants 4 to 8 were on burst frequency of 6 Hz. Stimulation
amplitude and length of electrical charge being delivered
(cycle mode) were individually optimised for 48 weeks
post-surgery. It has been previously shown that burst stimu-
lation may be superior to tonic stimulation in activating cor-
tical brain regions [53]. Unpublished study results from a
clinical trial using implanted stimulators to suppress pain
suggested that 6 Hz burst may be the optimal stimulation
frequency. However, the Prodigy IPGs™ implanted in the
first three participants allowed programming of the lowest
frequency of 10 Hz burst or 6 Hz tonic. The third participant
reported feelings of uneasiness at activation of device and
was immediately switched to the lower frequency of 6 Hz
tonic. Participants 4 to 8 were implanted with the Proclaim
IPG™ which allowed the programming of 6 Hz burst.
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Primary and Secondary Outcomes

The primary endpoint of the study was alcohol craving
assessed on a numerical scale of 0 (not craving at all) to 10
(the most ever). Participants were asked to respond to the
question: “Please rate how strong your alcohol craving is right
now by circling a number on the 10-point scale”. Secondary
endpoints of the study included different efficacy assessments:
alcohol intake using the Timeline Follow-Back [54], the
Obsessive Compulsive Drinking Scale (OCDS) [55] and the
Alcohol Craving Questionnaire-NOW short form (ACQ-
NOW) [56], and mood ratings using the State and Trait
Anxiety Scale (STAI) [57] and the Montgomery-Asberg
Depression Rating Scale (MADRS) [34]; adverse events were
used to assess safety and tolerability throughout the study, and
EEG was used to assess changes in brain activity.

The OCDS [55] is a 14-item scale measuring two different
cognitive aspects of alcohol craving: obsessive and compul-
sive drinking, and the 10-item ACQ-NOW [56] provides an
overall craving score reflecting domains related to alcohol
craving. The STAI [57] has 40 items, measuring state
(STAI-I) and trait (STAI-II) anxiety while MADRS [34], a
10-item diagnostic questionnaire, assesses the severity of de-
pressive episodes.

Resting-state EEG was obtained using the Mitsar EEG 202
amplifier and was sampled with 19 electrodes (Fpl, Fp2, F7,
F3, Fz, F4,F8,T7, C3, Cz, C4, T8, P7, P3, Pz, P4, P§, O1, O2)
in the standard 10 to 20 International placement, referenced to
linked ears, and impedances were checked to remain below
5 k€. Standardised low-resolution brain electromagnetic to-
mography (SLORETA) was used to estimate the intracerebral
electrical sources that generated the activity in each of the eight
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1292 Leong et al.
Table 3 Daily repetitive transcranial magnetic stimulation ('TMS) craving score for each participant
Group Participant number Self-reported alcohol craving1
Treatment Placebo
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10
1 1 8 3 0 2 6 4 1 7 8 0
1 2 4 2 0 1 1 0 2 0 0
1 3 7 7 6 5 5 5 7 7 6 5
1 5 5 4 2 0 1 1 2 3 3 2
1 6 10 8 7 3 1 1 1 2 1 1
Placebo Treatment
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10
2 4 7 7 6 6 6 7 3 2 1 1
5 5 5 5 5 6 5 2 1 0
3 3 3 3 3 3 1 0 1 0

! Daily craving before rTMS was assessed on a scale of 1 (not at all) to 10 (the most ever) to the question: Please rate how strong your alcohol craving is

right now by circling a number on the 10-point scale’

frequency bands: delta (2-3.5 Hz), theta (4-7.5 Hz), alpha 1
(8-10 Hz), alpha 2 (10.5-12.5 Hz), beta 1 (13—18 Hz), beta 2
(18.5-21 Hz), beta 3 (21.5-30 Hz) and gamma (30.5-45 Hz).
These frequencies were according to oscillatory classes report-
ed by Kubicki et al. [58]. Technical details of the EEG tech-
nique [29] and sSLORETA [59] and its validity have been pre-
viously published.

The primary outcome measure (cravings scores) and mean
standard drinks per day were assessed at baseline and weeks 4,
8, 12, 24 and 48 post-surgery. Secondary outcome measures
were collected at baseline and weeks 12, 24 and 48 post-surgery.

Statistical Analyses
Primary and Secondary Outcomes

Descriptive statistics were used to summarise demographic
characteristics of participants. Due to missing data, differences
in primary and secondary outcomes using paired ¢ test were
assessed using the last available stimulation data point (post-
stimulation) (Table 4) compared to baseline (pre-stimulation).

All statistical analyses were conducted using Stata 14
(StataCorp 2017).

EEG Analyses

EEG data of the control group was previously collected in
clinic by the research group for a different study on tinnitus.
Controls were healthy individuals, without a history of psy-
chiatric or neurological disorders, drug or alcohol abuse, head
injury (with loss of consciousness) or seizure, headache, phys-
ical disability or tinnitus.

At the sensor level, the power spectral density was calcu-
lated for each midline electrode (Fz, Cz, Pz) for controls and
responders (i.e. participants who did not relapse at 12-month
follow-up) pre- and post-stimulation using a Fourier transfor-
mation. The average band power for each frequency band
mentioned above was calculated by integrating the power
spectral density in the appropriate frequency ranges. Two-
sample 7 tests were used for between-groups analyses (con-
trols versus pre-stimulation and controls versus post-stimula-
tion), and paired ¢ tests were utilised to examine the average

'}

Fig. 1 Post-surgical computed tomography (CT) showing (a) the ‘back-to-back’ paddle sutured electrode on the rostrodorsal anterior cingulate cortex
(dACC) and (b) the internal pulse generator (IPG) in the chest subcutaneously below the right clavicle
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Table 4 Time points of IPG activation and deactivation post-surgery as well as adverse events for each participant

Variable Participant number
1 2 3 4 5 6 7 8
IPG activation Day 3 Day 14 Day 3 Week 8 Week 4 Week 4 Week 8 Day 14
Reason Early start ~ Delayed start ~ Early start ~ Psychosis Infection Impulsive Right frontal Delayed start
behaviour venous infarct
IPG deactivation Week 25 Week 13 Week 26
Reason Infection IPG  Infection (IPG Seizures
removed) removed)
Data point used in analyses Week 48 Week 48 Week 48 Week 24 Week 12 Week 48 Week 24 Week 24

post-stimulation

band power pre- compared to post-stimulation for each band
and electrode, respectively. The different analyses were con-
trolled for multiple comparisons using the Benjamini-
Hochberg test [60]. The critical value for comparison was
calculated with a false discovery rate of 25% [60]. Values
above the largest p value that is smaller than the critical value
were considered significant [60].

At a whole-brain level, SLORETA was used to 1)
compare responders’ pre- and post- stimulation brain
activity to a control group matched for age and sex
and 2) comparison between pre- and post-stimulation.
Similar to power spectral density analysis, multiple
comparisons for whole-brain analyses were controlled
using the Benjamini-Hochberg test.

As for region of interest (ROI) analysis, based on results
from whole-brain analysis, beta 1 current density was extract-
ed for the rdACC using sSLORETA. Power in all voxels was
normalised to a power of 1 and log transformed at pre- and
post-stimulation. The ROI value therefore reflects the log-
transformed fraction of total power across all voxels of the
beta 1 band at the rdACC. Significant changes pre- and
post-stimulation were determined using paired ¢ tests. In addi-
tion, to ROI analysis, we conducted Pearson’s correlation be-
tween ROI current density and craving scores at pre-
stimulation and post-stimulation and changes from pre- to
post-stimulation.

Results
Demographic and Descriptive Statistics

Six of the eight participants met all seven alcohol depen-
dence criteria assessed on the MINI (DSM 1V). One partic-
ipant met 6 criteria while another met 5 out of the seven
criteria (Table 1). Participants’ baseline demographic and
clinical characteristics are reported in Table 2. Mean craving
scores and mean standard drinks per day for each participant
are demonstrated in Fig. 2. Two participants (participants 1
and 2) relapsed at 12-month follow-up.

Primary and Secondary Outcomes

Self-reported alcohol craving was reduced by 60.7% (mean
change + SD =4.6+3.1) post-stimulation (mean = SD =3.0
+3.3) compared to pre-stimulation (mean + SD=7.6+1.9)
(#(7)=4.2, p=0.004) (Fig. 3a). There was a mean decrease
of'alcohol consumption by 21 standard drinks per day (80.0%)
(mean change + SD =20.8 £9.8) post-stimulation (mean +
SD=4.9+5.6) compared to pre-stimulation (mean + SD =
25.6+£8.2) (1(7)=6.0, p=0.0006) (Fig. 3b).

There was a mean decrease of 52.3% (mean change +
SD =3.1+1.5) on the ACQ-NOW post-stimulation (mean +
SD=2.8+1.5) compared to pre-stimulation (mean = SD =
5.8+0.8) (1(7)=5.9, p=0.0006) (Fig. 4a). Also, there was a
mean decrease of 63.5% (mean change + SD=8.3+5.5) on
the MADRS post-stimulation (mean = SD =4.7 £ 3.6) versus
pre-stimulation (mean £ SD=13.0+5.4) (1(6)=4.0, p=
0.007) (Fig. 4b). There were reductions by 44.6% (mean
change + SD =13.4+9.7) post-stimulation (mean + SD =
16.6 £ 11.1) versus pre-stimulation (mean + SD =30.0+3.3)
(#(7)=3.9, p=0.0006) on the total OCDS scale, 44.4% (mean
change + SD = 6.0 +4.8) post-stimulation (mean + SD=7.5
+5.4) compared to pre-stimulation (mean = SD=13.5+2.0)
(®(7)=3.5, p=10.0009) on the obsessive subscale and 44.7%
(mean change + SD =7.38 +£4.96) post-stimulation (mean +
SD =9.1+5.8) versus pre-stimulation (mean + SD=16.5+
1.6) (¢(7)=4.2, p=0.002) on the compulsive subscale
(Fig. 4c). However, results showed that there were no signif-
icant changes in the STAI-I (#7)=0.9, p=0.4194) (mean
change + SD =4.5 + 14.84) post-stimulation (mean + SD =
50.0+12.9) compared to pre-stimulation (mean = SD = 54.5
+9.2) and STAI-II (#(7)=2.0, p=0.0816) post-stimulation
(mean + SD =50.1=+14.3) versus pre-stimulation (mean +
SD =60.8 +7.9) (Fig. 4d).

EEG Analyses

At a sensor level, in responders, there was a significant
(#(10)=—2.3, p=0.0416) difference in average beta 2 band
power for Fz when comparing controls (mean + SD=—25.4
+8.3) to pre-stimulation (mean £ SD=—10.7+13.0). A
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Fig. 2 Mean craving score and Participant 1
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significant difference (#5)=2.7, p =0.0440) was also ob-
served in the beta 3 band for Fz when comparing pre-
stimulation (mean + SD =—66.8 £48.0) to post-stimulation
(mean + SD=-—112.2+10.4). However, these results were
not significant after adjusting for multiple comparisons.

At a whole-brain level, after correcting for multiple com-
parisons, in responders, there was a significant decrease in
current density at the rdACC for beta 1 band (#(5)=1.6, p =

@ Springer

0.026) (Fig. 5a). No significant effects were observed for the
delta, theta, alpha 1, alpha 2, beta 2, beta 3 and gamma bands
in the rdACC. Also, there were no significant differences be-
tween responders at pre- and post-stimulation and healthy
controls for all bands.

As for ROI analysis for beta 1 band in the rdACC, there
was a significant decrease (mean change + SD =1.22 + 0.61)
(#(5)=5.0, p=0.004) in log-transformed current density pre-
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Fig. 3 (a) Mean (+ SE) craving score pre- and post- stimulation. (b) Mean (+ SE) standard drinks per day pre- and post-stimulation

stimulation (mean £ SD=2.8+0.5) and post-stimulation
(mean = SD = 1.6 £0.4) (Fig. 5b).

There were no significant correlations between log-
transformed current density for beta 1 in the rdACC and crav-
ing scores at pre-stimulation (»=0.76, p=0.08) and post-
stimulation (»=0.44, p =0.39). However, there was a signif-
icant correlation between change in beta 1 band and change in
craving (r=0.9018, p = 0.0140).

Adverse Events

Adverse events are presented in Table 4. There were 2
cases of infection on the IPG insertion wound requiring
IPG removal. One participant presented psychotic symp-
toms 3 days post-surgery. One participant suffered a
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right frontal venous infarct with patchy haemorrhagic
change causing a transient left-sided weakness 1 day
post-surgery. The hemiparesis completely resolved after
3 weeks. However, the participant had two seizure epi-
sodes requiring IPG deactivation 26 weeks post-surgery.
One participant exhibited reckless impulsive behaviour
for 3 weeks upon returning home post-surgery, requiring
IPG activation to be delayed for a month.

Discussion

This is the first clinical trial reporting the effects of rdACC stim-
ulation for alcohol craving using implanted electrodes in eight
participants with severe, treatment-resistant alcohol dependence.

20 1(6)=3.9866, p=0.0072
15
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) -
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STAI | (n=8) STAI Il (n=8)

Fig. 4 Mean (+ SE) scores pre- and post-stimulation for (a) Alcohol Craving Questionnaire-NOW (ACQ-NOW), (b) Montgomery-Asberg Depression
Scale (MADRS), (¢) Obsessive Compulsive Drinking Scale (OCDS) and (d) State and Trait Anxiety Index (STAI)

@ Springer



1296

Leong et al.

Fig. 5 (a) Significant decrease in a
beta 1 activity (p =0.026) in the

rdACC in 6 participants

(responders to stimulation) post-

versus pre-stimulation. (b)

Significant decrease (p = 0.0043)

in log-transformed current density

of the beta 1 band in the rdACC

post- versus pre-stimulation of the
responders

Consistent with previous case reports [45, 50], there was a sig-
nificant, 60.7% reduction in alcohol craving score following
rdACC stimulation. Craving has been shown to be related to
increased activity in the rdACC [29], which was confirmed in
this study, and this relationship is very likely causal as the rdACC
over-activity decreased with successful stimulation. It is worthy
of note that results of the study were not influenced by limited
access to alcohol as all participants were back to their daily lives
with access to alcohol after an overnight observation in the high
dependency unit post-surgery.

Even though there was a drastic reduction in alcohol crav-
ing at a group level, there were two non-responders, and par-
ticipants did not completely discontinue drinking. Rather, al-
cohol consumption changed from uncontrolled use to a con-
trolled alcohol intake. When questioned, participants attribut-
ed the reason for drinking to habit. This suggests that rdACC
stimulation may be effective in controlling alcohol craving but
not habitual overconsumption of the substance. It has been
postulated that while appetitive conditioning is governed by
the orbital frontal and anterior cingulate cortex, and temporal
lobe including the amygdala [61], habit formation depends on
interactions between the prefrontal cortex and dorsal lateral
striatum [61].

It is of note that two participants relapsed at 1-year follow-
up. Their relapse could potentially be a result of the use of
higher-frequency burst stimulation (10 Hz) compared to other
participants (6 Hz burst). Previous studies have shown that
burst compared to tonic stimulation is a substantially more
powerful cortex activator [53] and has beneficial effects when
applied to the auditory cortex for tinnitus [62], somatosensory
cortex for pain [63] and anterior cingulate for AUD [49], OCD
[64] and tinnitus [65], as well as on the spinal cord [66, 67]
and peripheral nerve [68] for pain. Based on case reports, it is
suggested that theta frequencies between 4 and 7 Hz may be
optimal for the anterior cingulate cortex [49, 64, 65]. In this
study, as a result of technical alterations, the first three partic-
ipants had Prodigy IPGs™ implanted (lowest possible fre-
quency 10 Hz burst or 6 Hz tonic) and the remaining cohort
the Proclaim IPG™ which allowed the programming of 6 Hz
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(5)=4.9505, p=0.0043

Log transformed current density of
beta 1 band in the rdACC
[N}

Pre-stimulation Post-stimulation
(n=6) (n=6)

burst. Interestingly, the third participant on 6 Hz tonic
responded positively.

It should be emphasised that the main aim of this study was to
examine the effect of rd ACC stimulation on craving. It has been
reported that a score above 3 on the one-item VAS indicates
moderate craving and can be utilised as a threshold to identify
patients presenting harmful drinking [69]. Craving is more di-
rectly related to the severity of AUD while compulsion as mea-
sured by the OCDS is linked to the need to satisfy craving [69].
In the current study, these dimensions of AUD are not signifi-
cantly correlated at baseline (»=0.37, p =0.3683).

Targeting the rd ACC seems to also have a therapeutic ef-
fect on depression. Of the eight participants, six were diag-
nosed with current major depression at pre-stimulation with a
mean MADRS score of 15.2 (SE, 1.64). Post-stimulation as-
sessment demonstrated a significant (»p = 0.0205) 8.1-point re-
duction in total score to a mean of 7.2 (SE, 1.92). Given that
participants were on antidepressants before enrolment with
similar dosage throughout the trial, results suggest that im-
provement is related to rd ACC stimulation. One limitation
of the current study is the inability to determine whether de-
pression preceded the development of alcohol dependence or
vice versa, and therefore, one can only assume these partici-
pants were relief drinkers (i.e. drinking to avoid negative emo-
tions). Previous studies have suggested a bidirectional causal
relationship, and that being diagnosed with one disorder dou-
bles the risk of the onset of the other [8].

Collectively, the results suggest that rd ACC stimulation
improves depression and obsessive-compulsive drinking but
not anxiety. Anxiety could be independent of craving resolu-
tion, as rdACC stimulation by rTMS seems to be beneficial
for depression [45, 70, 71] and possibly obsessive-compulsive
disorder [72]. Indeed, cingulotomies are performed for OCD
[73, 74] and depression, both of which are related to increased
activity in the rd ACC, as evidenced by functional imaging. In
contrast, anxiety may be related more to subgenual anterior
cingulate activity changes [75] and might therefore require a
different surgical target, even though depression and anxiety
often are associated. It has been previously postulated that
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rdACC stimulation may have a primary effect on anxiety and
secondarily on alcohol craving [50]. Results from this study,
however, seem to indicate that rd ACC stimulation may have a
positive effect on alcohol craving in individuals whose alcohol
dependence did not originate from anxiety.

This feasibility study had some important adverse effects.
While results may point towards a trend that adverse events
increased in responders and individuals implanted with the
Proclaim stimulator, we maintain that it was not due to stim-
ulation of the rdACC. Infections (participants 4 and 5) could
have been prevented by using vancomycin instead of routine
preventive antibiotics. The manic psychotic event of partici-
pant 4 and the development of impulsive behaviour in partic-
ipant 6 were likely induced by perioperative stress given that
they occurred before IPG activation. Moreover, participant 4
has a history of bipolar disorder, which the participant had
failed to mention to the psychiatrist at enrolment. The
haemorrhagic infarct with subsequent seizures (participant 7)
was due to the occlusion of a draining vein into the superior
sagittal sinus, which is a rare (0% in children [76] to 5.9% in
adults [77]) but a known risk factor of this open surgical
corridor.

It must be stated that the MINI (DSM-IV) [52] was used to
assess alcohol dependence in this study. This questionnaire
has been shown to have acceptably high validation and reli-
ability scores and can be administered in a much shorter time
when compared to the long version of DSM-IV [52]. The
MINI (DSM-1V) has been used to identify alcohol-
dependent individuals in both clinical and research settings
[78-80]. In comparison to DSM-IV, DSM-V has been shown
to identify a larger number of milder alcohol-related symp-
toms patients who have greater confidence in their capacity to
modify their drinking habits [80]. In addition, when
interpreting study results, the potential diffusion effect
resulting from volume conduction should be taken into con-
sideration. Although there is a scarcity of research in this
matter, stimulation studies have reported that the volume of
brain tissue being activated from an implant highly depends
on the electrode’s height and diameter, the stimulation region
and the relative position of the electrode [81]. Also, individual
anatomical factors including lesions and anisotropic conduc-
tivity of white matter can influence the flow of volume cur-
rents [81]. For example, in a case report of two patients with
implanted electrodes on the same target, i.e. rdACC, for tin-
nitus, an increased functional connectivity from the target was
identified in contrast to the non-responder [65], similar
to results from a larger group of patients on a different
target [82].

In conclusion, the magnitude in alcohol craving improve-
ment from the study suggests that rdACC stimulation using
implanted electrodes may be effective in suppressing alcohol
craving in individuals with severe AUD, based on a demon-
strable pathophysiological mechanism. However, it must be

highlighted that because of the small sample size, no final
safety and efficacy conclusions can be drawn, and thus, this
underscores the need for a larger cohort study to further inves-
tigate the beneficial effects of this procedure.
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