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Abstract

Background: Theoretical and empirical contributions have identified insula as key in

addiction. However, anatomical modifications of the insula in addictive states, and their

variations across substance use disorders (SUD), remain to be specifically explored. We

therefore explored the specificities and commonalities of insula grey matter (GM)
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alterations in severe alcohol use disorder (sAUD) and severe cocaine use disorders

(sCUD,).

Methods: We explored insula GM volume through a refined parcellation in twelve

subregions (six bilateral): anterior inferior cortex (AIC), anterior short gyrus (ASG), middle

short gyrus (MSG), posterior short gyrus (PSG), anterior long gyrus (ALG) and posterior

long gyrus (PLG). Using a linear mixed model analysis, we explored the insula volume

profiles of 50 patients with sAUD, 61 patients with sCUD and 36 healthy controls (HC).

Results: In both sAUD and sCUD, we showed overall insular lower volume with a right-

sided lateralization effect, and a major volume deficit in bilateral ALG. Moreover,

differences emerged across groups, with higher left AIC and PLG volume deficits in

sCUD compared to sAUD and HC.

Conclusions: We offered the first joint exploration of GM insular volumes in two SUD

through refined parcellation, thus unveiling the similarities and dissimilarities in volume

deficit profiles. Our results bring evidence complementing prior ones suggesting the

core role of the right and posterior insula in craving and interoception, two crucial

processes in addiction. Left AIC and PLG group differences also show that, while insula
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is a region of interest in SUD, sCUD and sAUD generate distinct insular profiles, which

might parallel clinical differences across SUD.

Keywords: Parcellation, MRI, Brain volume, Addiction

Introduction

The insula is an ultra-connected cortical region [1] involved in wide array of processes,

including sensory (e.g., olfaction [2]), affective [3] and cognitive (e.g., cognitive control

[4]) domains. The insula also has a key functional role in interoception, the ability to

build a representation of the internal self of the body, encompassing sensing,

interpretation, integration and regulation of internal signals [5].

Interoceptive signals, traditionally defined as emanating from beneath the skin, are

brought to insula through the lamina I spinothalamocortical pathway (also called

interoceptive pathway) [6-8]. In the insula, those signals follow a posterior-to-mid-to-

anterior processing, generating a progressive refinement of interoceptive representation,

notably through associations between insula and concomitant brain regions [6,8-9]. In

the posterior insula, bodily information is processed, providing an objective

representation of visceral bodily states, notably through connections with parietal
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regions [10], such as the somatosensory cortex [11]. Then, in the rostral insula, a

subjective meta-representation of interoceptive information is hypothesized [7],

capitalizing on connections with the frontal cortex [10,12].

Such involvement in interoception through connections with somatosensory and frontal

areas had led theoretical models to postulate that insula constitutes a pivotal region in

addictive disorders, notably for the emergence of a key process in these disorders,

namely craving. Insula would integrate visceral interoceptive information related to

bodily effects of the substance consumed and refine such message with higher level

processes such as emotion and motivation [13]. In addition, through its bidirectional

connection to the amygdala-striatal neural system and prefrontal cortex [14], the insula

would enable an association between bodily effects of a substance and its pleasurable

effects, while disabling cognitive control [15-16]. Behavioral consequences of such

neural processing would therefore be craving, the irrepressible urge to further seek the

substance and its consumption, contributing to the onset and/or maintenance of

substance use disorder (SUD) [16-17].
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Such theories of insula as key craving neural substrate received initial empirical

support through a seminal study reporting insular lesions to result in addictive

behaviors cessation, due to a sudden craving hiatus [18]. Moreover, insular lower volume

is found across substances-being, thus, conceptualized as being part of a common

addiction neural substrate [19]. However, while these empirical reports provide

invaluable information regarding insular role in addiction, they remain quite imprecise as

they relied on an overall exploration of insula. As previously mentioned, insula is not an

anatomically and structurally unified region, as it is rather composed of multiple

subregions with different functions [20-21]. Preclinical studies have supported such

argument by showing that rostral and posterior insula have differentiated involvement

levels in rats’ drug-seeking behaviors (i.e., inactivation of anterior insula leads to

decrease in cocaine-seeking behavior, while posterior insula inactivation has no effect

[22]). Recent human studies further underlined the need for refined exploration of

insular subregions: in alcohol use disorder, insula has a differential volume deficit profile,

with both lateralization (i.e., right-sided [23]) and subregions (i.e., lower volume in

posterior insula [24]) specificities. In cocaine use disorder, similar right-sided volume
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deficit lateralization effect has been observed [25] but there are no refined explorations

of insula subregions.

Despite these preliminary results, two major methodological limitations are

impeding results generalization across addiction field and, therefore, the understanding

of insula contributions in addiction onset and maintenance. First, heterogenous

parcellation techniques followed in insular studies lead to discrepancies in the

localization and numbers of insular subregions [26]. While, in rodent studies, an

anatomical parcellation of the insula is followed, in the human field insular parcellation

relies on functional (activation results), hindering comparisons between human and

animal fields but, also, within human field [26]. There are currently studies reporting

parcellation ranging from 2 to 13 anatomical or functional insula subregions [20],

hindering studies results comparison. Second, the lack of direct and refined comparison

of insular subregions specificities across different substances. The few studies exploring

grey matter (GM) volume across substances rely almost exclusively on voxel-based

morphometry (VBM) technique [27], following whole-brain approaches rather than

targeting specific regions of interests, generating results at the overall insular level.

Therefore, these studies did not explore specifically similarities and differences in GM
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abnormalities in different SUD at the insular subregions level. Noteworthy, the few VBM

studies exploring brain morphology across SUD report notably shared volume deficit of

the insula [27-28]-thus, again, providing first insights on insula role across addictions,

while lacking in precise and refined exploration of the insula subregions profile of

volume deficit for given substances.

We aimed at overcoming these limitations in addiction, by exploring GM insula

subregions volume in two SUD: patients presenting a severe alcohol use disorder (sAUD)

or a severe crack/cocaine use disorder (sCUD). We applied refined parcellation technique

that allowed for insula bilateral parcellation in six subregions, thus ending up with a 6*2

insular parcellation [29]. Such atlas-based parcellation combines macro-anatomical and

probabilistic technics, therefore enabling future studies comparisons, as probabilistic

atlas allows for variability in shapes and volumes across subjects [29-30].

We hypothesized a main group effect, with patient groups showing significant

lower volume compared to healthy control (HC). Given the lack of prior direct

comparison of insula GM volume using refined parcellation between SUD, we had no

specific hypothesis regarding the shared and dissimilar GM insula subregions profiles
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between sAUD and sCUD. Noteworthy, having shown in a prior study [24] that sAUD

had a right-sided and antero-posterior gradient of GM volume deficit compared to HC,

we wanted to go further by exploring the commonalities and differences in the pattern

of abnormalities of insula in addiction, by adding a sCUD group to our priorly published

data.

Methods

Participants

We recruited 61 patients (12 females) with a DSM-5 diagnosis of sCUD (DSM-5 criteria,

American Psychiatric Association, 2013). The current study comprised also 50 patients (6

females) with a diagnosis of sAUD (DSM-5 criteria, American Psychiatric Association,

2013), and 36 HC (6 females), priorly described in [24]. sCUD and sAUD were early

abstainers recruited by clinicians from inpatient treatment units (sCUD: Fernand Widal

Hospital and Garches Castle Clinic, France; sAUD: Caen University Hospital, France).

Patients underwent a first assessment during which clinicians assessed SUD. When

included in the study, SAUD showed no more physical symptoms of alcohol withdrawal-
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as assessed by Cushman’s scale [31]. HC, group-matched with sAUD and sCUD for

education level and gender, were recruited in Caen. HC reported a low pattern of

alcohol consumption (score <6 for female and <7 for male at the AUDIT [32-33]), no

symptoms of severe depression (score <29 at the Beck Depression Inventory-II; BDI [34])

and did not present signs of global cognitive alteration (score >126 at the Mattis

Dementia Rating Scale; MDRS [35]). All participants spoke French fluently and presented

no major medical/neurological disorders. HC and sAUD presented no polysubstance

abuse except for nicotine (assessed by the DSM-5 criteria, American Psychiatric

Association, 2013). sCUD were all primarily treated for a CUD. However, due to

characteristics inherent to this population, 62% of sCUD presented problematic alcohol

use, 21% problematic opioid use, 18% problematic THC use and 18% problematic

benzodiazepine use. Table 1 reports socio-demographic, clinical, neuropsychological and

substances-related variables.

The study protocol was approved by ethical boards (sCUD: Comité de Protection des

Personnes Ile de France IV 15/01/2015 and Agence Nationale de Sécurité du

Médicament 10/10/2014, no. IDRCB: 2014-A01169-38; sAUD and HC: Caen University

Hospital ethical bord, CPP Nord Ouest III, no. IDRCB: 2011-A00495-36) and complied
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with the Declaration of Helsinki's ethical standards. All participants provided informed

written consent prior to the study participation.

Table 1

Procedure

Volumetric data acquisition

For sCUD, high-resolution T1-weighted anatomical image were acquired with a Siemens

Magnetom 3T scanner (CENIR Imaging Center in Paris), using a 3D fast-field echo

sequence (176 sagittal slices, thickness = 1 mm, repetition time = 2300 ms, echo time =

2.9 ms, flip angle = 9, field of view, 256x256 mm2, matrix, 256x256).

For sAUD and HC, high-resolution T1-weighted anatomical image were acquired on a

Philips Achieva 3T scanner (Philips Healthcare/Philips Medical Systems International B.V,

Eindhoven, The Netherlands) using a 3D fast-field echo sequence (sagittal, repetition

time = 20ms; echo time = 4,6ms; flip angle = 10° 180 slices, slice thickness = 1mm,

field of view = 256x256 mm2, matrix = 256x256).

Volumetric data pre-processing
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We processed volumetric magnetic resonance imaging (MRI) data using Statistical

Parametric Mapping software (SPM12; Welcome Department of Cognitive Neurology,

Institute of Neurology, London, UK). We segmented MRI data into GM and normalized

them spatially to Montreal Neurological Institute (MNI) template (voxel size = 1.5mm?3,

matrix = 121x145x121). We modulated these normalized GM images by Jacobian

determinants to correct brain volumes for brain size. We obtained a GM mask by taking

unmodulated HC's GM images in MNI space, averaging them, and thresholding resultant

mean image at 0.5. We applied resulting GM mask to modulated GM maps.

While images were obtained from two different scanners, they had the same tissue

properties (T1-weighted), acquired and reconstructed at the same resolutions (1mm?3

isotropic). They were also optimally processed to produce the best tissue maps with

corresponding resolutions [36]. Moreover, scanner differences are known to be minimal

and statistically insignificant when compared to group differences [37].

Volumetric Regions of Interest (ROI) extraction

We extracted each individual insular volumes using Faillenot's GM brain atlas [29], which

provides six bilateral insular GM regions of interest (ROI): six left (n°® 20, 86, 88, 90, 92
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and 94) and six right (n° 21, 87, 89, 91, 93 and 95). The six subregions are, from most

rostral to posterior insula: anterior inferior cortex (AIC), anterior short gyrus (ASG),

middle short gyrus (MSG), posterior short gyrus (PSG), anterior long gyrus (ALG), and

posterior long gyrus (PLG).

Statistical analyses

We performed all statistical analyses on Jamovi 2.2.5 [38-39] using a significance level of

alpha 0.05 (bilateral).

To explore group differences in insular GM ROI volumes, we normalized each of the ROI

measure by individual total intracranial volume (TIV) to correct for head-size differences.

We then used the resulting ROI by TIV computed score to calculate z-scores, using HC's

mean and standard deviation. We applied a linear mixed model analysis to the resulting

values, where dependent variable was the computed z-scores of GM volume, factors

were lateralization, subregions and group, covariates were age and gender and random

factor was participants. Significant main effects were followed by Bonferroni post-hoc

tests.
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Moreover, due to the high prevalence of problematic alcohol use in sCUD patients, we

conducted an exploratory analysis to examine whether sCUD patients with a

concomitant problematic alcohol use had GM volumes that differed significantly from

sCUD with no concomitant problematic alcohol use. We therefore conducted within

sCUD group linear mixed model analysis, where the computed z-scores of GM volume

was the dependent variable, factors were lateralization, subregions and group (i.e., sCUD

with problematic alcohol use Vs. no problematic alcohol use), covariates were age and

gender and random factor was participants.

Results

In the subsequent results section, we only report group-related interaction effects and

p-values of significant post-hoc tests, for clarity’s sake (Supplementary Table 1 for all

effects).

Main effects

Mixed-model conducted on insula subregions z-scores revealed that all main effects

were significant: we found main effects of group (F(2, 144) = 39.37, p<0.001),
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lateralization (F(1, 1584) = 52.14, p<0.001) and subregion (F(5, 1584) = 43.95, p<0.001).

Subsequent post-hoc comparisons (both p<0.001) showed lower insula volume in SAUD

and sCUD compared to HC, while the two patient groups had, overall, similar insular

volume. Post-hoc comparisons on main lateralization effect revealed that right insula

had lower volume than left insula (p<0.001). Following subregions post-hoc

comparisons, we found ALG to have significantly lower GM volume than all other five

subregions (from anterior to posterior insula, all p-values <0.001): AIC, ASG, MSG, PSG

and PLG. Moreover, PSG showed lower GM volume than AIC (p<0.001), ASG (p<0.001)

and MSG (p=0.002). PLG had lower volume than AIC (p=0.02) and ASG (p=0.003).

Group by lateralization interaction

We found significant lateralization by group interaction effect (F(2, 1584) = 19.83,

p<0.001), with right-sided volume deficit for sAUD (p<0.001) and sCUD (p=0.002), which

was not found in HC. Moreover, SAUD and sCUD had lower right insula volume than HC

and the left insula of SAUD and sCUD had lower volume than the left insula of HC (all

p-values <0.001). However, for both right and left insula, post-hoc comparisons showed

that sAUD and sCUD had similar GM volume.
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Group by subregion interaction

Group by subregion interaction effect was significant (F(10, 1584) = 14.06, p<0.001).

Subsequent post-hoc comparisons revealed that all of the six insular subregions of the

patient groups had lower volumes than the ones of the HC (from rostral to posterior

insula): AIC (sAUD: p=0.007; sCUD: p<0.001), ASG (sAUD & sCUD with both p<0.001),

MSG (both p<0.001), PSG (both p<0.001), ALG (both p<0.001) and PLG (both p<0.001).

Volume differences between sAUD and sCUD were not significant.

Post-hoc comparisons showed that the ALG of sCUD and sAUD had lower GM volume

than all other five subregions (ant-to-post): AIC (sAUD & sCUD with both p<0.001), ASG

(both p<0.001), MSG (both p<0.001), PSG (both p<0.001) and PLG (both p<0.001).

Moreover, the AIC of sCUD showed lower GM volume than their ASG (p=0.002), the PSG

was more atrophied than their ASG and MSG, and their PLG had lower volume than

their ASG and MSG (all p-values <0.001). For sAUD patients, post-hoc comparisons

showed that MSG (p=0.04) and PSG (p<0.001) were more atrophied than AIC.

Group by lateralization and subregion triple interaction (Figure 1)
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Subregion GM volume varied significantly depending on group and lateralization (F(10,

1584) = 4.43, p<0.001). More specifically, we found for all six right subregions that

patient groups had lower volumes than HC's (ant-to-post insula): AIC (sAUD: p=0.03;

sCUD: p<0.001), ASG (sAUD & sCUD with both p<0.001), MSG (both p<0.001), PSG

(both p<0.001), ALG (both p<0.001) and PLG (both p<0.001). SAUD and sCUD patients

had similar subregions GM volume.

However, for the left insula, the most rostral (AIC) and posterior (PLG) subregion of the

insula of sCUD had lower volume than the ones of both sAUD (AIC: p=0.006; PLG:

p<0.001) and HC (AIC: p<0.001; PLG: p<0.001), while sAUD and HC had similar AIC and

PLG volume. For the four other insular subregions, post-hoc comparisons showed

significant lower insula volumes for the two patient groups compared to HC, but no

difference between sAUD and sCUD (ant-to-post): ASG (sAUD: p=0.015; sCUD: p<0.001),

MSG (sAUD: p=0.002; sCUD: p=0.026), PSG (sAUD & sCUD with both p<0.001) and ALG

(both p<0.001).

Figure 1

Exploratory sCUD (problematic alcohol use Vs. not) analysis (Supplementary Figure 1)
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This linear mixed model analysis found that sCUD patients who had problematic alcohol

use (n=38) did not show a different pattern of GM abnormalities of the insula than

sCUD with no problematic alcohol use (n=23, F(1, 59) = 0.71, p=0.40).

Conclusions

This study provides a novel and refined exploration of insula GM profile in two

substances use disorders, thus disentangling general insular macrostructural

abnormalities across substances from substance-specific volume deficit profiles. More

specifically, our results have four main implications, respectively related to overall shared

GM insula lower volume, volume deficits lateralization effect, similarities and specificities

of the subregions GM abnormalities across substances, and specific volume deficits of

left AIC and PLG in sCUD.

Firstly, we showed shared alteration of overall insula GM volume in SUD. Theoretical

models and empirical findings concur on insula key role in addiction [26] but a

fundamental contradiction remains across previous work. On the one hand, major

models [17] and seminal studies [18] theorize that addictive states are related to
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increased insula activation (leading to intense and irrepressible craving [40]), as notably,

insular damage would lead to cessation of addictive states [18]. However, on the other

hand, other studies report insula to be desensitized in addiction, as it undergoes major

structural (e.g., insula GM volume deficit in SUD [27]) modifications in addiction. At the

anatomical level, we found the insula to be structurally altered in addiction, since in

both sAUD and sCUD we found insula to have lower volume than in HC. While

anatomical findings warrant any conclusion at the functional level, we could however

hypothesize that, as soon as in the subclinical binge/intoxication stage [17], an

hypersensitized insula to substance-related cues would already be present [13]. Then,

due to mechanisms including notably neurotoxic effect of substances, a damaged insula

would thus be observed in the preoccupation/anticipation stage [17], when the

addiction is already set-which, due to its impediment, would maintain the addiction.

This suggests that insula would contribute to all stages of the addiction framework,

albeit differently. Noteworthy, while longitudinal studies are needed to explore such

hypothesis, there are already reports in binge-drinkers of insula hyperactivation (e.g.,

while undergoing the Iowa gambling task [41]) and of higher volumes of insula white

matter, that is notably associated to alcohol craving [42].
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Secondly, our results identify lateralization effect as we observed right-sided volume

deficit in both sAUD and sCUD. This lateralization trend, already reported in sCUD [43]

and sAUD [23], might constitute predisposing risk factor for sAUD emergence [44].

While the current study design, focusing on insula GM at the anatomical level, prevent

any conclusion at the functional level, one possible explanation for this right-sided

lateralization effect could be found in insular role as neural substrate of craving and

interoception, which are both related to preferential activation of the right insula [45-

47]. In fact, according to interoception models, as interoceptive information is being

processed through insula, it is in right anterior insula that interoceptive information

operates its final and highest-level processing, enabling a sense of the self [7;48]. Thus,

one implication of this stronger reduction of GM volume in right insula could be

associated to disruption of sentient-self that is observed in SUD, which takes multiple

forms such as interoceptive impairments [49], abnormal emotions experiencing and

impeded decision making [50].

Thirdly, sCUD and sAUD patients have differential pattern of volume deficits of insular

subregions. These results, which further highlight the need to follow refined parcellation

of insula, provides first insights on the patterns of commonalities and specificities in
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substance profiles of macrostructural abnormalities. Regarding shared insular GM lower

volume between SUD, there is major GM volume deficits of the ALG (localized in the

posterior insula) compared to other insula subregions. Current study results concur with

prior ones regarding volume deficit of posterior insula in sCUD [51] and sAUD [52]. As

above-mentioned, interoceptive information follows posterior-to-mid-to-anterior

processing, corresponding to a refinement pathway [6,8-9]. In posterior insula, visceral-

related information (e.g., effect of substance on body) is processed [7]. While the current

study design provides information solely at the anatomical level, such results could be

related, at the functional level, with impairments of the first steps of interoceptive

information processing, which provides objective representation of internal states [7].

This could explain impairments of body-related perception in SUD, with reports of, for

example, heightened interoceptive sensibility [53] and hyperalgesia [54]. Regarding

specific patterns of lower insular GM volume for sCUD and sAUD, volume deficits

observed in ALG expand to surrounding subregions (i.e., PSG & PLG) in sCUD while, for

sAUD, AIC seems more preserved than its concomitant subregions (i.e., MSG & PSG).

However, to further explore this hypothesized parallel between interoception, craving
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and insula volume deficits, further studies going deeper than basic volumetric

exploration and including measures of these processes are needed.

Finally, exploring sAUD and sCUD patterns of insular volume deficit following

twelve-subregions (six bilateral) parcellation further set lights not only to the similarities

but also to the differences in patterns of insula volume deficits. While the integrity of

rostral and posterior subregions of left insula (i.e., AIC & PLG) of sAUD patients is

maintained, this is not the case of sCUD patients. While the current study design using

anatomical data prevents any conclusion at the functional level, possible explanations

for such differences could be inherent to each SUD specificities. For example, a study

exploring the similarities and differences between the two disorders at the clinical level

found sCUD patients to be characterized by heightened impulsivity [55]. As previously

mentioned, anterior insula might highjack cognitive control [14] through its bidirectional

connections with the frontal cortex [10,12]. One explanation of the study results could

be that impulsivity, which is core to sCUD, is related to this specific GM lower volume of

AIC. Another specificity of sCUD has also been underlined through insula maker-gene

exploration and profiling, revealing that insula expresses cocaine-related genes [56]. The

differentiated pattern of GM lower volume in sCUD could be related to this
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differentiated gene expression [1,56]. This differentiated pattern of volume deficit could

also be related to specific neurotoxic mechanisms and effects of these substances [57],

which could thus lead to differentiated impairments of insular GM. Thus, to further

comprehend these differences and their association to differentiated volume deficit

profiles, further studies are needed that could, for example, look at insula activation in

sCUD and sAUD but also explore the association between macro- and microanatomy

specificities of sCUD’s insula and their association to clinical profiles of sCUD patients.

Moreover, it would be of interest for future studies to acquire such data on the same

scanner, as our current study data were acquired on two scanners. However, given the

fact that our mixed model has a R-squared conditional value of 0.78, meaning that our

fixed and random model effects explain 78% of the overall variance, it is unlikely that

the group effect is solely explained by the scanner effect.

To conclude, the current study offers the first direct comparison of GM insular

volume in two SUD, using refined parcellation. We found sCUD and sAUD to share

similarities in their overall profile of insula volume deficits, notably regarding right-sided

volume deficit effect but, also, in major alteration of ALG, a region related to the

processing of bodily-information. However, specificities emerged when looking more
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precisely at insula subregions, with most anterior (AIC) and posterior (PLG) subregions of

left insula being atrophied in sCUD, while preserved in sAUD. Nevertheless, the current

study results lack prior literature to identify intrinsic differences of these two subregions,

as studies rarely compare directly insula GM volume across substances and, to our

knowledge, never using such a refined parcellation. Our results thus constitute a first

step in the exploration of insula profile of volume deficit specificities in addiction more

generally.

Financial Support: Pierre Maurage (Senior Research Associate) and Pauline Billaux (PDR

Research Associate) are funded by the Belgian Fund for Scientific Research (FRS-FNRS,

Belgium). This study was funded by ANR-Retour postdoctorant 2010, Conseil Regional

de Normandie, MILDECA and Institut Universitaire de France. This study was also funded

by the Ministere de la Santé et de la Prévention (France), Programme Hospitalier de

Recherche Clinique, AOM12390 (Quit-Coc) to FV. The study was sponsored by the DRCI

(Direction de la Recherche Clinique et de IInnovation) from the APHP (Assistance



398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

Publique - Hopitaux de Paris). We are grateful to the URC (Unité de Recherche Clinique)

professionnals Pr Eric Vicaut, Ms Véronique Jouis, Ms Samira Djababali.

Conflict of interest: Pauline Billaux, Shailendra Segobin, Angeline Maillard, Vanessa

Bloch, Christine Delmaire, Nicolas Cabé, Alice Laniepce, Pierre Maurage, Margaux

Poireau, Emmanuelle Volle, Florence Vorspan & Anne-Lise Pitel declare no conflict of

interest.



413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

References.

[1] Ibrahim C, Le Foll B. Insular cortical circuits. In Neurocircuitry of addiction 2023 Jan 1

(pp. 171-208). Academic Press. https://doi.org/10.1016/B978-0-12-823453-2.00005-

|©

[2] Roy-Cété F, Zahal R, Frasnelli J, Nguyen DK, Boucher O. Insula and olfaction: a

literature  review and case report. Brain  Sciences.  2021;11(2):198.

https://doi.org/10.3390/brainsci11020198

[3] Atzil S, Satpute AB, Zhang J, Parrish MH, Shablack H, MacCormack JK, Leshin J, Goel

S, Brooks JA, Kang J, Xu Y. The impact of sociality and affective valence on brain

activation: a meta-analysis. Neurolmage. 2023;268:119879.

https://doi.org/10.1016/j.neuroimage.2023.119879

[4] Cai W, Chen T, Ryali S, Kochalka J, Li CS, Menon V. Causal interactions within a

frontal-cingulate-parietal network during cognitive control: Convergent evidence

from a multisite-multitask investigation. Cerebral cortex. 2016;26(5):2140-53.

https://doi.org/10.1093/cercor/bhv046



https://doi.org/10.1016/B978-0-12-823453-2.00005-9
https://doi.org/10.1016/B978-0-12-823453-2.00005-9
https://doi.org/10.3390/brainsci11020198
https://doi.org/10.1016/j.neuroimage.2023.119879
https://doi.org/10.1093/cercor/bhv046

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

[5] Chen WG, Schloesser D, Arensdorf AM, Simmons JM, Cui C, Valentino R, Gnadt JW,

Nielsen L, Hillaire-Clarke CS, Spruance V, Horowitz TS. The emerging science of

interoception: sensing, integrating, interpreting, and regulating signals within the

self. Trends in neurosciences. 2021;44(1):3-16.

https://doi.org/10.1016/}.tins.2020.10.007

[6] Craig AD. Interoception: the sense of the physiological condition of the body. Current

opinion in  neurobiology.  2003;13(4):500-5.  https://doi.org/10.1016/s0959-

4388(03)00090-4

[7] Craig AD. How do you feel—now? The anterior insula and human awareness. Nature

reviews neuroscience. 2009;10(1):59-70. https://doi.org/10.1038/nrn2555

[8] Craig AD, Chen K, Bandy D, Reiman EM. Thermosensory activation of insular cortex.

Nature neuroscience. 2000;3(2):184-90. https://doi.org/10.1038/72131

[9] Craig AD. How do you feel? Interoception: the sense of the physiological condition

of the body. Nature reviews neuroscience. 2002;3(8):655-66.

https://doi.org/10.1038/nrn894



https://doi.org/10.1016/j.tins.2020.10.007
https://doi.org/10.1016/s0959-4388(03)00090-4
https://doi.org/10.1016/s0959-4388(03)00090-4
https://doi.org/10.1038/nrn2555
https://doi.org/10.1038/72131
https://doi.org/10.1038/nrn894

444

445

446

447

448

449

450

451

452

453

454

455

456

457

[10] Gasquoine PG. Contributions of the insula to cognition and emotion.

Neuropsychology review. 2014;24:77-87. https://doi.org/10.1007/s11065-014-9246-

[11] Stephani C, Fernandez-Baca Vaca G, Maciunas R, Koubeissi M, Luders HO.

Functional neuroanatomy of the insular lobe. Brain structure and function.

2011;216:137-49. https://doi.org/10.1007/s00429-010-0296-3

[12] Cauda F, D'agata F, Sacco K, Duca S, Geminiani G, Vercelli A. Functional connectivity

of the insula in the resting brain. Neuroimage. 2011;55(1):8-23.

https://doi.org/10.1016/j.neuroimage.2010.11.049

[13] Naqgvi NH, Bechara A. The hidden island of addiction: the insula. Trends in

neurosciences. 2009;32(1):56-67. https://doi.org/10.1016/}.tins.2008.09.009

[14] Noél X, Brevers D, Bechara A. A triadic neurocognitive approach to addiction for

clinical interventions. Frontiers in psychiatry. 2013;4:67075.

https://doi.org/10.3389/fpsyt.2013.00179



https://doi.org/10.1007/s11065-014-9246-9
https://doi.org/10.1007/s11065-014-9246-9
https://doi.org/10.1007/s00429-010-0296-3
https://doi.org/10.1016/j.neuroimage.2010.11.049
https://doi.org/10.1016/j.tins.2008.09.009
https://doi.org/10.3389/fpsyt.2013.00179

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

[15] Naqvi NH, Bechara A. The insula and drug addiction: an interoceptive view of

pleasure, urges, and decision-making. Brain Structure and Function. 2010;214:435-

50. https://doi.org/10.1007/s00429-010-0268-7

[16] Verdejo-Garcia A, Clark L, Dunn BD. The role of interoception in addiction: a critical

review. Neuroscience & Biobehavioral Reviews. 2012;36(8):1857-69.

https://doi.org/10.1016/j.neubiorev.2012.05.007

[17] Koob GF, Volkow ND. Neurobiology of addiction: a neurocircuitry analysis. The

Lancet Psychiatry. 2016;3(8):760-73. https://doi.org/10.1016/S2215-0366(16)00104-8

[18] Naqvi NH, Rudrauf D, Damasio H, Bechara A. Damage to the insula disrupts

addiction to cigarette smoking. Science. 2007;315(5811):531-4.

https://doi.org/10.1126/science.1135926

[19] Mackey S, Allgaier N, Chaarani B, Spechler P Orr C, Bunn J, Allen NB, Alia-Klein N,

Batalla A, Blaine S, Brooks S. Mega-analysis of gray matter volume in substance

dependence: general and substance-specific regional effects. American Journal of

Psychiatry. 2019;176(2):119-28. https://doi.org/10.1176/appi.ajp.2018.17040415



https://doi.org/10.1007/s00429-010-0268-7
https://doi.org/10.1016/j.neubiorev.2012.05.007
https://doi.org/10.1016/S2215-0366(16)00104-8
https://doi.org/10.1126/science.1135926
https://doi.org/10.1176/appi.ajp.2018.17040415

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

[20] Centanni SW, Janes AC, Haggerty DL, Atwood B, Hopf FW. Better living through

understanding the insula: Why subregions can make all the difference.

Neuropharmacology. 2021;198:108765.

https://doi.org/10.1016/j.neuropharm.2021.108765

[21] Kurth F, Zilles K, Fox PT, Laird AR, Eickhoff SB. A link between the systems:

functional differentiation and integration within the human insula revealed by

meta-analysis. Brain Structure and Function. 2010;214:519-34.

https://doi.org/10.1007/s00429-010-0255-z

[22] Cosme CV, Gutman AL, LaLumiere RT. The dorsal agranular insular cortex regulates

the cued reinstatement of cocaine-seeking, but not food-seeking, behavior in rats.

Neuropsychopharmacology. 2015;40(10):2425-33.

https://doi.org/10.1038/npp.2015.92

[23] Li L, Yu H, Liu Y, Meng Y/, Li XJ, Zhang C, Liang S, Li ML, Guo W, QiangWang, Deng

W. Lower regional grey matter in alcohol use disorders: evidence from a voxel-

based meta-analysis. BMC psychiatry. 2021;21(1):247.

https://doi.org/10.1186/s12888-021-03244-9



https://doi.org/10.1016/j.neuropharm.2021.108765
https://doi.org/10.1007/s00429-010-0255-z
https://doi.org/10.1038/npp.2015.92
https://doi.org/10.1186/s12888-021-03244-9

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

[24] Billaux P, Maurage P, Cabé N, Laniepce A, Segobin S, Pitel AL. Insular volumetry in

[25]

[26]

[27]

severe alcohol use disorder and Korsakoff's syndrome through an anatomical

parcellation: Let us go back to basics. Addiction Biology. 2023;28(10):e13324.

https://doi.org/10.1111/adb.13324

Hall MG, Alhassoon OM, Stern MJ, Wollman SC, Kimmel CL, Perez-Figueroa A,

Radua J. Gray matter abnormalities in cocaine versus methamphetamine-

dependent patients: a neuroimaging meta-analysis. The American journal of drug

and alcohol abuse. 2015;41(4):290-9.

https://doi.org/10.3109/00952990.2015.1044607

Droutman V, Read SJ, Bechara A. Revisiting the role of the insula in addiction.

Trends in cognitive sciences. 2015;19(7):414-20.

https://doi.org/10.1016/j.tics.2015.05.005

Pando-Naude V, Toxto S, Fernandez-Lozano S, Parsons CE, Alcauter S, Garza-

Villarreal EA. Gray and white matter morphology in substance use disorders: a

neuroimaging systematic review and meta-analysis. Translational psychiatry.

2021;11(1):29. https://doi.org/10.1038/s41398-020-01128-2



https://doi.org/10.1111/adb.13324
https://doi.org/10.3109/00952990.2015.1044607
https://doi.org/10.1016/j.tics.2015.05.005
https://doi.org/10.1038/s41398-020-01128-2

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

[28] Zhang M, Gao X, Yang Z, Wen M, Huang H, Zheng R, Wang W, Wei Y, Cheng J, Han

S, Zhang Y. Shared gray matter alterations in subtypes of addiction: a voxel-wise

meta-analysis. Psychopharmacology. 2021;238:2365-79.

https://doi.org/10.1007/s00213-021-05920-w

[29] Faillenot I, Heckemann RA, Frot M, Hammers A. Macroanatomy and 3D probabilistic

atlas of the human insula. Neuroimage. 2017;150:88-98.

https://doi.org/10.1016/j.neuroimage.2017.01.073

[30] Segobin S, Pitel AL. The specificity of thalamic alterations in Korsakoff's syndrome:

Implications for the study of amnesia. Neuroscience & Biobehavioral Reviews.

2021;130:292-300. https://doi.org/10.1016/j.neubiorev.2021.07.037

[31] Cushman Jr P, Forbes R, Lemer W, Stewart M. Alcohol withdrawal syndromes: clinical

management with lofexidine. Alcoholism: Clinical and Experimental Research.

1985;9(2):103-8. https://doi.org/10.1111/j.1530-0277.1985.tb05527.x

[32] Gache P, Michaud P, Landry U, Accietto C, Arfaoui S, Wenger O, Daeppen JB. The

Alcohol Use Disorders Identification Test (AUDIT) as a screening tool for excessive

drinking in primary care: reliability and validity of a French version. Alcoholism:


https://doi.org/10.1007/s00213-021-05920-w
https://doi.org/10.1016/j.neuroimage.2017.01.073
https://doi.org/10.1016/j.neubiorev.2021.07.037
https://doi.org/10.1111/j.1530-0277.1985.tb05527.x

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

Clinical and experimental research. 2005;29(11):2001-7.

https://doi.org/10.1097/01.alc.0000187034.58955.64

[33] Saunders JB, Aasland OG, Babor TF, De la Fuente JR, Grant M. Development of the

alcohol use disorders identification test (AUDIT): WHO collaborative project on

early detection of persons with harmful alcohol consumption-II. Addiction.

1993;88(6):791-804. https://doi.org/10.1111/}.1360-0443.1993.tb02093.x

[34] Beck AT, Ward CH, Mendelson M, Mock J, Erbaugh J. An inventory for measuring

depression. Archives of general psychiatry. 1961;4(6):561-71.

https://doi.org/10.1001/archpsyc.1961.01710120031004

[36] Carlier J, Le Goff F, Pouliquen D, Bliaux E, Bioux S, Gerardin E, Cruypeninck Y,

Segobin S, Savouré A, Martinaud O. Evaluation of the cognitive outcome after

out-of-hospital cardiac arrest: The role of thalamus. European Journal of

Neuroscience. 2023;57(11):1892-912. https://doi.org/10.1111/ejn.15978

[37] Stonnington CM, Tan G, Kloppel S, Chu C, Draganski B, Jack Jr CR, Chen K,

Ashburner J, Frackowiak RS. Interpreting scan data acquired from multiple scanners:


https://doi.org/10.1097/01.alc.0000187034.58955.64
https://doi.org/10.1111/j.1360-0443.1993.tb02093.x
https://doi.org/10.1001/archpsyc.1961.01710120031004
https://doi.org/10.1111/ejn.15978

536

537

538

539

540

541

542

543

544

545

546

547

548

a study with Alzheimer's  disease. = Neuroimage.  2008;39(3):1180-5.

https://doi.org/10.1016/j.neuroimage.2007.09.066

[38] R Core Team. R: A Language and environment for statistical computing. (Version

4.0) [Computer software] .2021. Retrieved from https://cran.r-project.org.

[39] The jamovi project. Jamovi. (Version 2.2) [Computer Software] .2021. Retrieved from

https://www.jamovi.org.

[40] Naqvi NH, Bechara A. The Insula: A Critical Neural Substrate for Drug Seeking under

Conflict and Risk. The Wiley Handbook on the Cognitive Neuroscience of

Addiction. 2014:128-50. https://doi.org/10.1111/nyas.12415

[41] Xiao L, Bechara A, Gong Q, Huang X, Li X, Xue G, Wong S, Lu ZL, Palmer P, Wei Y,

Jia Y. Abnormal affective decision making revealed in adolescent binge drinkers

using a functional magnetic resonance imaging study. Psychology of Addictive

Behaviors. 2013;27(2):443. https://doi.org/10.1037/a0027892



https://doi.org/10.1016/j.neuroimage.2007.09.066
https://cran.r-project.org/
https://www.jamovi.org/
https://doi.org/10.1111/nyas.12415
https://doi.org/10.1037/a0027892

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

[42] Chung T, Clark DB. Insula white matter volume linked to binge drinking frequency

through enhancement motives in treated adolescents. Alcoholism: Clinical and

Experimental Research. 2014;38(7):1932-40. https://doi.org/10.1111/acer.12461

[43] Dang J, Tao Q Niu X, Zhang M, Gao X, Yang Z, Yu M, Wang W, Han S, Cheng J,

Zhang Y. Meta-analysis of structural and functional brain abnormalities in cocaine

addiction. Frontiers in Psychiatry. 2022;13:927075.

https://doi.org/10.3389/fpsyt.2022.927075

[44] Baranger DA, Demers CH, Elsayed NM, Knodt AR, Radtke SR, Desmarais A, Few LR,

[45]

Agrawal A, Heath AC, Barch DM, Squeglia LM. Convergent evidence for

predispositional effects of brain gray matter volume on alcohol consumption.

Biological psychiatry. 2020;87(7):645-55.

https://doi.org/10.1016/j.biopsych.2019.08.029

Haruki Y, Ogawa K. Role of anatomical insular subdivisions in interoception:

Interoceptive attention and accuracy have dissociable substrates. European journal

of neuroscience. 2021;53(8):2669-80. https://doi.org/10.1111/ejn.15157



https://doi.org/10.1111/acer.12461
https://doi.org/10.3389/fpsyt.2022.927075
https://doi.org/10.1016/j.biopsych.2019.08.029
https://doi.org/10.1111/ejn.15157

564

565

566

567

568

569

570

571

572

573

574

575

576

577

[46] Janes AC, Gilman JM, Radoman M, Pachas G, Fava M, Evins AE. Revisiting the role of

the insula and smoking cue-reactivity in relapse: a replication and extension of

neuroimaging findings. Drug and alcohol dependence. 2017;179:8-12.

https://doi.org/10.1016/j.drugalcdep.2017.06.012

[47] Schulz SM. Neural correlates of heart-focused interoception: a functional magnetic

resonance imaging meta-analysis. Philosophical Transactions of the Royal Society B:

Biological Sciences. 2016;371(1708):20160018.

https://doi.org/10.1098/rstb.2016.0018

[48] Scalabrini A, Wolman A, Northoff G. The self and its right insula—Differential

topography and dynamic of right vs. left insula. Brain sciences. 2021;11(10):1312.

https://doi.org/10.3390/brainsci11101312

[49] Wisniewski P Maurage P, Jakubczyk A, Trucco EM, Suszek H, Kopera M. Alcohol use

and interoception—A narrative review. Progress in Neuro-Psychopharmacology and

Biological Psychiatry. 2021;111:110397. https://doi.org/10.1016/j.pnpbp.2021.110397



https://doi.org/10.1016/j.drugalcdep.2017.06.012
https://doi.org/10.1098/rstb.2016.0018
https://doi.org/10.3390/brainsci11101312
https://doi.org/10.1016/j.pnpbp.2021.110397

578 [50] Verdejo-Garcia AP, Pérez-Garcia M, Bechara A. Emotion, decision-making and

579 substance dependence: A somatic-marker model of addiction. Current

580 neuropharmacology. 2006;4(1):17-31. https://doi.org/10.2174/157015906775203057

581 [51] Gardini S, Venneri A. Reduced grey matter in the posterior insula as a structural

582 vulnerability or diathesis to addiction. Brain research bulletin. 2012;87(2-3):205-11.

583 https://doi.org/10.1016/j.brainresbull.2011.11.021

584 [52] Galandra C, Basso G, Manera M, Crespi C, Giorgi I, Vittadini G, Poggi P, Canessa N.

585 Salience network structural integrity predicts executive impairment in alcohol use
586 disorders. Scientific reports. 2018;8(1):14481. https://doi.org/10.1038/s41598-018-
587 32828-x

588 [53] Jakubczyk A, Skrzeszewski J, Trucco EM, Suszek H, Zaorska J, Nowakowska M,

589 Michalska A, Wojnar M, Kopera M. Interoceptive accuracy and interoceptive
590 sensibility in individuals with alcohol use disorder—different phenomena with
591 different clinical correlations?. Drug and alcohol dependence. 2019;198:34-8.

592 https://doi.org/10.1016/j.drugalcdep.2019.01.036



https://doi.org/10.2174/157015906775203057
https://doi.org/10.1016/j.brainresbull.2011.11.021
https://doi.org/10.1038/s41598-018-32828-x
https://doi.org/10.1038/s41598-018-32828-x
https://doi.org/10.1016/j.drugalcdep.2019.01.036

593

594

595

596

597

598

599

600

601

602

603

604

605

[54] Robins MT, Heinricher MM, Ryabinin AE. From pleasure to pain, and back again: the

intricate relationship between alcohol and nociception. Alcohol and Alcoholism.

2019;54(6):625-38. https://doi.org/10.1093/alcalc/agz067

[55] Garcia-Marchena N, Ladrén de Guevara-Miranda D, Araos PF, Pavon FJ, Serrano A,

Santin LJ, Rodriguez de Fonseca F. Higher impulsivity as a distinctive trait of severe

cocaine addiction among individuals treated for cocaine or alcohol use disorders.

Frontiers in Psychiatry. 2018;9:319854. https://doi.org/10.3389/fpsyt.2018.00026

[56] Ibrahim C, Le Foll B, French L. Transcriptomic characterization of the human insular

cortex and claustrum. Frontiers in neuroanatomy. 2019;13:94.

https://doi.org/10.3389/fnana.2019.00094

[57] Pereira RB, Andrade PB, Valentdao P. A comprehensive view of the neurotoxicity

mechanisms of cocaine and ethanol. Neurotoxicity research. 2015;28:253-67.

https://doi.org/10.1007/s12640-015-9536-x



https://doi.org/10.1093/alcalc/agz067
https://doi.org/10.3389/fpsyt.2018.00026
https://doi.org/10.3389/fnana.2019.00094
https://doi.org/10.1007/s12640-015-9536-x

