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Abstract:

Gambling Disorder (GD) is a condition characterized by a persistent and recurrent pattern of problematic gambling
behavior. Despite significant advances in understanding the neurobiological correlates of Gambling Disorder
phenomenological manifestation, there are still several unanswered questions regarding the pathophysiological
mechanisms underlying GD. There is substantial evidence from fMRI studies on the role of pre-SMA stimulation in
psychiatric conditions with impairments in response inhibition such as behavioral addictions on enhancing the activity of
the brain circuitry involving the right inferior (IFG) and middle frontal gyrus (MFG) (two cortical areas are differentially
associated with two distinct aspects of control inhibition). In this study we utilized task-related functional Magnetic
Resonance Imaging (fMRI) to explore the impact of continuous Theta-Burst Stimulation (cTBS) on the pre-Supplementary
Motor Area (pre-SMA) in patients with Gambling Disorder (GD). Four GD patients underwent cTBS on bilateral pre-
SMA, administered with the MagVenture MagPro R30 stimulator with add-on theta-burst option (MagVenture INC.) using
a Cool D-B80 figure-of-eight coil. cTBS consists of bursts of 3 pulses separated by 20 ms (i.e., 50 Hz) delivered repeatedly
at theta frequency on the pre-SMA bilaterally. Changes in Functional Connectivity (FC) were assessed before and after
Real or Sham treatment using CONN functional connectivity toolbox and Statistical Parametric Mapping (SPM). The study
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aimed to determine whether cTBS influences the functional connectivity between pre-SMA and right prefrontal areas,
specifically the right Inferior Frontal Gyrus (rIFG) and right Middle Frontal Gyrus (rMFG), and whether these changes
correlate with treatment outcomes. Results indicated that real cTBS treatment increased functional connectivity between
pre-SMA and both rIFG and rMFG, suggesting enhanced control inhibition. This was associated with a reduction in
Gambling Disorder symptom severity, assessed with the Pathological Gambling version of the Yale-Brown Obsessive-
Compulsive Scale (PG-YBOCS) and the Gambling Urges Questionnaire (GUQ), indicating a treatment response.
Conversely, sham c¢TBS did not elicit the same positive FC changes in the reactive control inhibition network, aligning
with behavioral measures. The study highlighted the potential of cTBS on pre-SMA in modulating inhibitory control circuit.
Overall, this preliminary investigation provides a foundation for future investigations into the neurobiological mechanisms

underlying GD and the potential efficacy of TMS interventions.
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Introduction

Gambling Disorder (GD) is a condition characterized by a persistent and
recurrent pattern of problematic gambling behavior [2]. As a behavioral
addiction, it can have significant negative consequences for individuals
and their loved ones. Gambling is characterized by craving, altered
functioning of the reward system and deficient inhibitory control [28].
Since the mid-1990s, several neuroimaging studies have shown structural
and functional brain alterations in behavioral and substance-related
addictions [5; 20; 21].

Functional MRI (fMRI) studies in particular, have identified
dysregulation of reward processing in Gambling Disorder in core circuitry
in the ventral striatum (VS, i.e., nucleus accumbens septi), medial
prefrontal cortex (PFC) and orbitofrontal cortex (OFC), and other
structurally and functionally affiliated regions such as the insula and
dorsolateral PFC (DLPFC) [7]. In patients with GD, relative glucose
metabolic rates (rGMR) in the OFC and medial frontal cortex were shown
to be significantly increased at baseline compared to normal control [14].
Patients with GD had a decrement of the rGMR in the ventral parts of the
striastum and thalamus, and an increment of the rGMR in the dorsal
striatum and dorsal thalamus as compared to controls [26].

Despite significant advances in understanding the neurobiological
correlates of Gambling Disorder phenomenological manifestation, there
are still several unanswered questions regarding the pathophysiological
mechanisms underlying GD. Recent studies have shown how
Transcranial Magnetic Stimulation (TMS) can modulate various brain
circuits [e.g., 3; 11]. Pre-supplementary cortex (Pre-SMA) in particular is
currently used widely as an anatomical target for stimulation in
psychiatric conditions with impairments in response inhibition such as
behavioral addictions.

There is substantial evidence from fMRI studies on the role of pre-SMA
in response inhibition as part of a brain circuitry involving the right PFC,
namely the right inferior (IFG) and middle frontal gyrus (MFG) [e.g., 3;
10; 11]. It has also been proposed that these two cortical areas are
differentially associated with two distinct aspects of control inhibition.
Namely, the right IFG (rIFG) is associated with proactive inhibition,
whereas the right Middle Frontal Gyrus (rMFG) is associated with
reactive inhibition [e.g., 10]. Whereas there is substantial literature in
basic neuroscience on this topic, clinical response inhibition studies using
fMRI in GD are scant. A recent repetitive Transcranial Magnetic
Stimulation (rTMS) fMRI study investigated the level of task-related pre-
SMA activity and the propensity for impulsive risk-taking behavior in the
context of sequential gambling and showed the importance of pre-SMA
in integrating prefrontal and corticosteroid centers in motor control [19].

A pilot study by our group [28] has shown the efficacy of Theta-Burst
Stimulation (TBS) of pre-SMA in reducing central Gambling Disorder
symptoms, at least in the short term. More recently, in an original
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randomized, double-blind study [27] assessing the effect of MRI-guided
continuous TBS (cTBS) of the pre-SMA for the treatment of GD, we
reported a reduction in symptom severity among those receiving cTBS as
compared to the placebo group; this was shown by the significant
reduction of the Yale Brown Obsessive Compulsive Scale adapted for
Pathological Gambling (PG-YBOCS) score after only 10 sessions of
CTBS on the pre-SMA area along with that of Gambling Urges Scale
(GUS) [28] .

In the present study, we used task-related fMRI functional connectivity
(FC) to assess whether cTBS applied to pre-SMA bilaterally, has an effect
on the right prefrontal network involving Inferior Frontal Gyrus (rlIFG)
and right Middle Frontal Gyrus (rMFG). We investigated task-related
fMRI FC before and after TBS treatment applied on pre-SMA in a
subsample of our larger cohort of patients affected by Gambling Disorder.
Our guiding hypothesis was that TBS would affect the FC between pre-
SMA and the two right hemispheric prefrontal areas, i.e., rIFG and rMFG,
and that these changes would correlate with TBS treatment outcome in
GD patients.

Materials and Methods

Four patients with a diagnosis of Gambling Disorder, assessed according
the criteria of the 5th edition of the Diagnostic and Statistical Manual of
Mental Disorders (DSM-5) [1] through a clinical interview with a
licensed physician, were consecutively admitted at the Institute of
Neuroscience (Florence, Italy). Participants were randomly assigned to
active (continuous TBS over the pre-SMA Dbilaterally on the
interhemispheric sulcus) or sham conditions. Random assignment was
done by computerized random number generator. cTBS consists of a
continuous sequence of bursts of 3 pulses separated by 20 ms (i.e., 50 Hz),
which are presented at a theta frequency. Stimulus intensities were set at
80% of the resting motor threshold (rMT). Two trains of 600 pulses (a
total of 1200 pulses) were given with an 8-second intertrain interval [29].
The bilateral pre-SMA was targeted using individual MRI and a
neuronavigational system (SofTaxic Optic 2.0) (see Fig.1). The TBS
treatment consisted of ten sessions of cTBS on bilateral pre-SMA. For
further details on methods, see [29].

Participants were assessed by expert clinicians blinded to the treatment
condition at the baseline and at the end of the treatment with the
Pathological Gambling version of the Yale-Brown Obsessive-
Compulsive Scale (PG-YBOCS; [25]) and the Gambling Urges
Questionnaire (GUQ). In the PG-YBOCS scores of 0 through 4 are
assigned according to the severity of the response (0 = least severe
response, 4 = most severe response). Each set of questions is totaled
separately as well as together for a total score. Whereas, in the Gambling
Urges Questionnaire (GUQ) participants rate the six items using a scale
ranging from 0 (“strongly disagree”) to 7 (“strongly agree”); scoring
consists in adding up the values, so that higher scores indicate stronger
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gambling urges. Furthermore, participants were scanned before and after
the ten-session TBS treatment.

All analyses were carried out with the software R. The Shapiro-Wilk test
was performed to assess the normality of the data. Associations were
assessed with the Pearson correlation analysis. All results were quoted as
2-tailed p values, with statistical significance set at p < 0.05 after the
Bonferroni correction was used. The effect of age and gender was
assessed with a linear regression model. Neuroimaging and Task-related
fMRI using the Stop-Signal Task (SST) MRI acquisition: Structural and
functional MRI data were acquired as follows. Philips MR Imaging
acquisitions were performed in Italy on a 3-tesla scanner (Ingenia, Philips
Healthcare, The Netherlands), equipped with Omega HP gradients with
maximum amplitude of 45 mT/m and slew rate of 200 T/m/s for each axis.
All patients underwent 3D T1-weighted imaging and fMRI, operated with
a 32-phased-array-element head coil. T1-weighted MR images were
acquired with a sagittal high-resolution 3D sequence (repetition time
[TR]/echo time [TE]/inversion time [TI] = 8/3.7/0 ms, flip angle [FA] =
8°, slice thickness =1 mm, field of view [FOV]=240mm x 240 mm). The
acquisition time was of about 7 minutes. T2-weighted MR images were
acquired with a sagittal high-resolution 2D sequence (repetition time
[TR]/echo time [TE] = 3000/80 ms, slice thickness = 4 mm, field of view
[FOV]=576mm x 576 mm; Tl = 0). The acquisition time was of about 3
minutes.

For the fMRI Stop Signal Task, we employed a T2*-weighted echo-planar
imaging (EPI) sequence (TR/TE = 3000/35 ms, FA =90°, slice thickness
= 3 mm, FOV = 240 mm x 240 mm). Two hundred two scans were
acquired, for atotal acquisition time of about 9 minutes [e.g. 34; 9]. Task-
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related fMRI: We used the stop-signal paradigm [18] to investigate
response inhibition in a controlled laboratory setting. The Stop-Signal
Task (SST) is a highly suitable and widely used paradigm for the study of
response inhibition in clinical populations [34]. The time needed for the
individual to process the stop response (stop-signal reaction time, SSRT),
or stop-process latency, has been shown to be an important measure of
the cognitive control processes involved in halting an action. The Stop
Signal Task was based on Sharp et al [8]. Each trial started with a fixation
cross for 350 ms, followed by some arrows pointing to the left or right
direction for 1,400 ms and then a fixation cross for 3650 ms. Participants
were requested to press one of two buttons depending on the Go stimulus
direction (arrow). At irregular intervals and unpredictably for the
participants, a Stop signal (red circle) was presented. In this case,
participants were requested to attempt to inhibit their response to the Go
signal. For the Stop trials, the initial delay between the Go and Stop
signals was 300 ms. This delay was adaptively varied according to a
staircase adaptive procedure every two Stop ftrials. If the cumulative
accuracy exceeded 50%, the delay was increased by 34 ms; if it was less
than 50%, the delay was decreased by 34 ms. The lower limit was set to
100ms. The entire protocol consisted of 100 trials: 70% Go, 20% Stop
and 10% Rest trials [34]. fMRI functional connectivity (FC) was
performed using CONN functional connectivity toolbox [36, 22] and
Statistical Parametric Mapping (SPM) [30]). Anatomical localization of
fMRI activation was performed using the Harvard-Oxford Atlas (HOA)
[32]. In Figure 1, the pre-SMA (color-coded in turquoise green) is shown
in a midsagittal section of HOA. In this study, cTBS was applied on
bilateral pre-SMA.

Figure 1: Anatomical localization of the pre-SMA shown in a midsagittal section of the Harvard-Oxford Atlas (HOA) [27].

Results

The two patients in the active (‘REAL’) group, (i.e., patients NAP105 and
NAP110) showed a reduction in Yale Brown Obsessive Compulsive

Scale adapted for Pathological Gambling (PG-YBOCS) scores of at least
7 points (35%) (Table 1 and Table 2).

Gambling Urge Questionnaire
Gender Age |PG-YBOCS (GUQ)
Pre-treatment | Post-treatment Pre-treatment Post-treatment
Patient . o
AP10S F 57 26 16 41 12
Patient -
AP110 F 29 28 15 38 13

Table 1 — Neuropsychological assessment of patients assigned to the REAL condition.
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Gender | Age | PG-YBOCS gﬁﬂﬁﬁiﬁm CUQ) Urge

Pre-treatment | Post-treatment Pre-treatment | Post-treatment
Patient AP101 | M 59 |23 20 42 42
Patient AP104 | M 37 |24 22 35 34

Table 2 — Neuropsychological assessment of patients assigned to the SHAM condition.

Functional connectivity analysis showed that symptom severity,
measured with PG-YBOCS was in agreement with fMRI-based
functional connectivity observations in the cortical network involving the
Inferior Frontal Gyrus (IFG) and Middle Frontal Gyrus (MFG) of the right
prefrontal cortex. Specifically, both patients who received REAL TMS
treatment targeted at bilateral pre-SMA showed an increase in FC
between pre-SMA and IFG as well as MFG. This pattern of FC was
observed in both the pre-TMS and post-TMS conditions (Figure 1).
Furthermore, reduction in craving, measured with the Gambling Urges
Questionnaire (GUQ), correlated with an increase in FC between bilateral
pre-SMA and both right IFG and right MFG in the same patients. The two
patients in the ‘SHAM’ group (i.e., patients NAP101 and NAP104)
showed a different pattern of functional connectivity.
REAL TMS SHAM TMS
NAP105 NAP101 NAP104

NAP110

PRE TMS

POST TMS

Functional Connectivity (FC) analysis results for fMRI during Stop Signal Task

Seed to voxel analysis; seed location: bilateral preSMA.
Results for 4 subjects distributed in columns showing

bilateral pre-SMA FC with the right Inferior Frontal Gyrus (IFG).

More specifically, whereas pre-SMA correlated positively with IFG and
MFG in the pre-TMS treatment condition (Figure 2), a negative
correlation (anticorrelation) was observed in the post-TMS condition
concerning the right MFG (Figure 2). Thus, in the pre-TMS condition,
pre-SMA correlated positively with right IFG in all patients, receiving
‘REAL’ and ‘SHAM’ treatment. Furthermore, in the pre-TMS condition,
the pre-SMA correlated positively with right MFG in all patients,
receiving ‘REAL’ and ‘SHAM’ treatment (Figure 2). Nevertheless,
importantly, the FC of pre-SMA with the right MFG showed the opposite
pattern in the ‘REAL’ (i.e., positive correlation) as compared to the
‘SHAM” (i.e., negative correlation) group in the post-TMS condition.

REAL TMS
NAP110

SHAM TMS

NAP105 NAP101 NAP104

(%]
=
e
w
[-<
a
® |
v
= v :
§ 7“’;\ _( ﬂ =

Bilateral pre-SMA FC with the right Inferior Frontal Gyrus (IFG)
in pre-treatment and post-treatment conditions
shown in magnification.

Positive correlation is observed in both conditions
in all subjects (two REAL TMS (i.e., NAP105 and NAP110) and
two SHAM TMS (i.e., NAP101 and NAP104))

Figure 2

Discussion

In this pilot study, we investigated changes in fMRI-based functional
connectivity (FC) in gamblers treated with Theta-Burst Stimulation
(TBS) on both left and right pre-Supplementary Motor Area (pre-SMA).
We found that a reduction in symptoms severity was associated with an
increase in FC in the prefrontal cortical network involving the Inferior
Frontal Gyrus (IFG) and Middle Frontal Gyrus (MFG) of the right
hemisphere.

Overall, all patients who received REAL TMS treatment targeting
bilateral pre-SMA, showed an increase in FC between pre-SMA and IFG
as well as MFG in both, the pre- and post-TMS conditions. This
observation can be interpreted as an increase of both aspects of control
inhibition. Specifically, proactive control inhibition was associated with
the rIFG and reactive control inhibition was associated with the rMFG.
These results indicate a treatment response in these patients in agreement
with their behavioral measures. On the contrary, our fMRI-based FC
observations in the patients receiving SHAM TMS showed that the
reactive control inhibition network was negatively correlated in post-

treatment, indicating a lack of treatment response. This is in agreement
Auctores Publishing LLC — Volume 18(6)-429 www.auctoresonline.org
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with the behavioral measures of these patients. Interestingly, the network
related with proactive response inhibition involving the rIFG was similar
in both the REAL and SHAM groups; it could be that proactive response
inhibition may be related to craving, which is present in all patients,
independently of receiving REAL or SHAM treatment.

Previous studies have shown that continuous Theta-Burst Stimulation
(cTBS) over the pre-SMA modulates inhibitory control circuitries [23],
by increasing cognitive shifting ability or improving decision-making
[14]. Indeed, cTBS applied to the pre-SMA has been shown to increase
the efficiency of inhibitory control over prepotent ongoing responses in
healthy subjects [23] and in improving decision-making [34].

While research on the use of TMS, specifically TBS on the pre-SMA, in
the treatment of Gambling Disorder has produced promising results, the
etiological mechanisms and the associated brain structural and functional
changes need to be deeply investigated. Further research is needed to
better understand the optimal parameters such as target location, coil
orientation and intensity, as well as long-term effects of TMS in this
context. Nonetheless, the potential of TMS as a non-invasive and targeted
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treatment approach for GD offers hope for individuals seeking effective
interventions for this challenging condition.

It should be pointed out that the present study is preliminary, given that
the small size of the sample does not allow for meaningful statistical
analyses. Nevertheless, in this case report, we tested a hypothesis that
appears to have a reasonable basis in terms of the functional
neuroanatomy of the prefrontal brain circuitry for control inhibition
associated with the neural network involving the pre-SMA in patients
affected by GD, which is an understudied clinical condition using fMRI
functional connectivity. Although the sample size of the present study is
low, the observations identified are consistent with published
observations in basic and clinical neuroscience regarding response
inhibition and motor control [e.g. 3; 10].

A recent review by Gavazzi and colleagues [10] with a large meta-
analysis exploring the neural correlates of reactive inhibition emphasized
the relevance of a model involving two distinct networks of control
inhibition. These networks are contiguous areas in the right PFC, namely
in the rIFG pertaining to proactive inhibition and in the rMFG associated
with reactive inhibition. The presence of these two separate neural
networks allowed the proposal of a novel model of cognitive control
which is applicable in the cases of GD patients presented herein. In the
two subjects with a reduction of the Yale Brown Obsessive Compulsive
Scale adapted for Pathological Gambling (PG-YBOCS) score, the
response to TMS activated only the network involved in reactive
inhibition. It is important to point out, moreover, that another one
limitation and potential bias of the study is related to gender. In fact,
subjects in our study were all male. This, despite making our sample
representative of the population of subjects with Gambling Disorder
(predominantly male [13; 7]), makes it unrepresentative of the female
gender. These preliminary results should be interpreted with caution;
further studies on larger populations are needed before confirming this
model; furthermore, different TMS targeting might work on a different
dimension of GD. Atany rate, this investigational strategy appears to have
great potential in the understanding the GD and further improvement of
the treatment approach.

These preliminary case series results will serve as a pilot for future studies
in larger patient populations testing the proposed hypotheses herein.

Conclusion

The increased activity of frontal areas, especially in the right hemisphere,
found in the present study is in agreement with what has already been
found in patients with Substance Use Addictions (SUDs) [38] and is
consistent with a model that considers behavioral addictions similar to
substance use addictions, in which reduced inhibitory control is a marker
of vulnerability and severity of the disorder. However, although our study
found effects only in the right hemisphere, in other works changes have
been found bilaterally or in the left emisphere [16; 17]. This could be
related to a specificity of Gambling Disorder to SUDs, however, it cannot
be ruled out that it could also be due to the small sample size of our
sample.
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