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A B S T R A C T 

Background: Available evidence concerning the influence of sustained cannabis use on insular structure 

remains inconsistent, and comparatively little is known about whether localized cortical alterations coexist 

with changes in insular white-matter connections. This research investigated the shape of the insula and 

the structural connectivity centered on the insula in individuals who are chronic cannabis users (CCU). 

Methods: A group of twenty-six men, consisting of 13 regular cannabis users and 13 non-users, 

participated in structural and diffusion MRI scans at 3 Tesla. The YBA-696 parcellation was used to 

estimate insular thickness and volume at parcel and hemispheric levels, while FreeSurfer provided 

subcortical volumetric measures. We mapped insular pathways using probabilistic iFOD2 tractography in 

MRtrix3 and described them by fractional anisotropy, axial diffusivity, mean diffusivity, and radial 

diffusivity. The data were analyzed using general linear models that incorporated a comprehensive set of 

relevant covariates, with the Benjamini–Hochberg procedure subsequently applied to control the family-

wise error rate by controlling the false discovery rate. 

Results: Compared with controls, cannabis users exhibited thinner cortices in both insulae, with eight 

individual parcels remaining significant after false-discovery-rate correction. Insular volume was similar 

across groups. Additionally, cannabis users showed reduced total gray-matter volume and smaller 

brainstem, right thalamus, left cerebellar cortex, left amygdala, and right orbitofrontal gyrus volumes. 

Connectivity analyses demonstrated lower mean diffusivity in the left insula-amygdala pathway, additional 

parcel-specific abnormalities within this system, and lower fractional anisotropy in connections linking the 

right insula to the hippocampus and precentral gyrus, and the left insula to occipital regions. 

Conclusion: Rather than inducing generalized atrophy of the insula, long-term cannabis exposure was 

associated with focal cortical thinning in this region and selective microstructural changes confined 

primarily to limbic and cortical pathways. These findings implicate networks involved in salience, affective 

processing, and sensorimotor integration. Because the study was cross-sectional, larger longitudinal 

investigations are needed to establish the direction and clinical relevance of these associations. 
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Introduction 

s the most commonly consumed illicit 

drug worldwide, cannabis has drawn 

growing scholarly attention, chiefly 

owing to mounting apprehension 

regarding the enduring neurobiological 

ramifications of sustained use [1]. 

Repeated cannabis use can progress to cannabis use 

disorder, characterized by persistent drug-seeking and 

impaired control despite adverse consequences [2]. The 

salience network is central to these processes because 

it integrates internal and external signals that guide 

attention, motivation, and behavioral responses [3]. 

The insular cortex, a major hub of this network, 

contributes to interoception, craving, reward 

processing, and the integration of emotionally salient 

information [4].  

Structural MRI studies examining cannabis-related 

neuroanatomical changes have produced inconsistent 

findings, particularly regarding insular cortical 

thickness and gray-matter volume. Differences in 

participant characteristics, comorbid substance use, 

imaging methodology, and analytic resolution may 

partly explain these discrepancies. In addition, although 

functional abnormalities of the insula are well 

documented in addiction, relatively little evidence has 

examined the structural integrity of white matter 

pathways connecting the insula to cortical and 

subcortical regions involved in reward, affective 

processing, memory, and behavioral control [5, 6].  

The current research examined both the 

morphology of the insula and the structural 

connectivity centered around the insula in individuals 

who use cannabis chronically, compared to matched 

control subjects. We used high-resolution cortical 

parcellation to assess insular thickness and volume, 

while diffusion MRI tractography quantified 

microstructural properties of insula–cortical and 

insula–subcortical pathways. We proposed that long-

term cannabis consumption would correlate with 

specific morphometric changes in the insula and 

targeted disruption of the structural connections that 

link the insula to limbic and cortical areas related to 

salience and valuation. 

Materials and Methods 

Investigative strategy 

We conducted a case-control MRI study comparing 

13 men with CCU and 13 male non-user controls. 

Sample size was estimated from previously reported 

mean and standard deviation values for insular cortical 

thickness, yielding a minimum of 13 participants per 

group [7]. Recruitment proceeded through two routes. 

The first recruitment pool originated from an earlier 

survey of 2,183 individuals, 329 of whom indicated that 

they would consider participating in brain imaging. 

Screening identified 28 potential CCUs. Five cannabis 

users and 10 controls recruited through this pathway 

completed the imaging protocol. Community 

recruitment subsequently provided another eight 

cannabis users and three controls, resulting in a final 

sample of 26 participants. 

Participants were classified as CCU when they 

reported at least 10 cannabis-use occasions per month 

over a period of two years or longer. Participants 

reporting use of substances other than cannabis or 

cigarettes more than once per month were excluded. 

Other exclusion criteria were hypertension, previous 

brain surgery, psychiatric disorders, neuropsychiatric 

medication use, alcohol use, epilepsy, autism, 

claustrophobia, metal implants, attempted suicide, self-

harm, and reported histories of sexual assault or 

childhood abuse. Eligibility was assessed by self-

report.  

MRI Acquisition 

Magnetic resonance imaging was performed on all 

participants using a 3-T Siemens Prisma system, 

equipped with a 20-channel phased-array head coil. For 

anatomical reference, a three-dimensional sagittal 

MPRAGE sequence was employed, with imaging 

parameters set as follows: TR = 2,300 ms, TE = 2.98 

ms, TI = 900 ms, flip angle = 9°, slice count = 176, and 

isotropic spatial resolution = 1 mm³. 

Diffusion-sensitized data were subsequently acquired 

using a single-shot spin-echo EPI sequence, with TR = 

7,600 ms and TE = 89 ms, and a voxel size of 1.8 mm³ 

isotropic. The diffusion protocol consisted of 60 non-

collinear gradient directions at b = 1,500 s/mm², along 

with non-diffusion-weighted images. Images with 

opposing anterior-to-posterior and posterior-to-anterior 

phase encoding were obtained to support susceptibility-

distortion correction. All anatomical and diffusion 

images underwent visual assessment for gross motion, 

acquisition failure, and other artifacts before 

processing. 

Morphometric Analysis 

Cortical reconstruction and subcortical 

segmentation were performed on the T1-weighted data 

with FreeSurfer 7.8.0 and its recon-all workflow [8]. 

The resulting surfaces and anatomical labels were 

visually reviewed before quantitative measures were 

exported. FreeSurfer provided the subcortical volumes 

A 
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and estimated total intracranial volume used in 

subsequent analyses. Insular measurements were 

obtained from the 696-region Yale Brain Atlas 

parcellation [9]. Insular parcels were analyzed 

individually and combined to derive hemisphere-

specific whole-insula measurements. Non-insular atlas 

parcels were assigned to prespecified cortical 

macroregions using their anatomical locations and 

published descriptions of insular connectivity [10, 11]. 

Diffusion Processing and Tractography 

Diffusion processing was undertaken with FSL 

6.0.7.19 and MRtrix3 3.0.8 [12, 13]. Susceptibility-

related displacement was estimated from the reverse-

phase data with TOPUP. Eddy-current distortion and 

participant motion were then corrected with eddy, 

followed by ANTs-based bias-field correction. Tensor 

estimation generated maps of fractional anisotropy, 

axial diffusivity, mean diffusivity, and radial 

diffusivity. 

The predefined anatomical parcellations were 

transformed into the diffusion space native to each 

individual participant. To maintain the discrete, non-

continuous identity of the insular and cortical territories 

defined by the YBA atlas, a nearest-neighbor 

interpolation strategy was applied during the 

resampling process. Bilateral volumetric masks 

representing the thalamus, caudate nucleus, putamen, 

globus pallidus, hippocampus, amygdala, and nucleus 

accumbens were derived from automated 

segmentations performed using FreeSurfer. Estimation 

of fiber-orientation distributions was performed using 

single-shell constrained spherical deconvolution. 

Subsequently, whole-brain probabilistic fiber tracking 

was executed employing the iFOD2 algorithm, all 

within a tractography framework constrained by 

anatomical priors. The initiation of streamline 

propagation was positioned precisely at the cortical 

gray–white matter junction. For each reconstructed 

pathway linking the insula to its designated target 

structures, diffusivity metrics, including FA, MD, AD, 

and RD, were extracted along the surviving streamlines 

and subsequently averaged, yielding summary 

diffusion measures for each individual connection. 

Statistical Analysis 

All analyses were performed using R version 4.5.2. 

Between-group contrasts were examined using general 

linear models that included age, BMI, and estimated 

total intracranial volume as covariates, as appropriate 

for the outcome. Streamline-count measures were log-

transformed before modeling to address distributional 

skewness. Multiplicity was managed separately within 

each prespecified family of tests using the Benjamini–

Hochberg false discovery rate method. Adjusted q 

values below 0.05 were interpreted as statistically 

significant. Effect sizes and their corresponding 95% 

confidence intervals were provided for findings that 

met this criterion. 

Results 

Participant characteristics 

The final cohort consisted of 26 men, equally 

divided between the cannabis and control groups. Mean 

age was 24.5 ± 4.7 years among cannabis users and 25.7 

± 4.7 years among controls; no statistically significant 

age difference was detected (p=0.510). Mean BMI was 

23.6 ± 3.5 and 22.6 ± 2.3 kg/m², respectively (p=0.402). 

Participant characteristics are summarized in Table 1. 

Global, cortical, and subcortical morphometry 

The groups did not exhibit any statistically 

significant differences in estimated total intracranial 

volume. Cannabis users had lower total gray-matter 

volume than controls (660,906.8±55,636.1 vs 

694,086.6±58,823.0 mm³; p=0.036, q_FDR=0.036). 

No significant differences were detected in total 

cerebral white-matter volume or composite brain-

segmentation measures. Regional volume reductions in 

cannabis users involved the brainstem 

(19,891.2±2,006.3 vs 21,996.1±1,706.3 mm³; 

q_FDR=0.008), left amygdala (1,716.3±179.7 vs 

1,861.4±160.4 mm³; q_FDR=0.033), right thalamus 

(7,843.2±1,213.3 vs 8,547.6±571.4 mm³; 

q_FDR=0.037), left cerebellar cortex 

(55,058.0±7,010.5 vs 58,312.6±6,650.1 mm³; 

q_FDR=0.049), and right orbitofrontal gyrus 

(10,006.8±616.1 vs 11,388.6±1,516.0 mm³; 

q_FDR=0.035). No other regional volume or macro-

regional cortical-thickness differences survived FDR 

correction (Table 2). 

Insular morphometry 

Whole-insula volumes were not significantly 

different (Table 3). In direct opposition, mean cortical 

Table 1. Participants characteristics (N=13, all male). 

Group 

Age (years) 

(mean ± 

SD) 

BMI (kg/m²) 

(mean ± SD) 
Welch’s p 

Cannabis 24.5 ± 4.7  23.6 ± 3.5 0.510 

Control 25.7 ± 4.7 22.6 ± 2.3 0.402 

 

Note. BMI denotes body mass index and was calculated as 

weight in kilograms divided by height in meters squared 

(kg/m²). Between-group comparisons were performed using 

Welch’s two-sample t-test. 
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thickness was lower in cannabis users in the left insula 

(3.062±0.280 vs 3.409±0.196 mm; p=0.001, 

q_FDR=0.005), right insula (3.034±0.295 vs 

3.347±0.207 mm; p=0.005, q_FDR=0.010), and 

bilateral mean (3.048±0.279 vs 3.378±0.173 mm; 

p=0.002, q_FDR=0.005). Parcel-wise analysis 

identified eight parcels with significantly lower 

thickness: L_I1_A, L_I4_A, L_I4_C, L_I5_C, R_I3_A, 

R_I3_C, R_I4_B, and R_I5_B (q_FDR=0.002–0.044). 

Thickness reductions were approximately 0.30–0.70 

mm. The spatial distribution of these significant parcels 

is illustrated in Figure 1. No parcel-level insular 

volume difference survived correction (Table 4). 

Insula–subcortical structural connectivity 

At the whole-region level, the only FDR-significant 

result was observed for mean diffusivity in the left 

insula–amygdala connection. Mean diffusivity was 

0.972±0.050×10⁻³ mm²/s in cannabis users and 

1.031±0.051×10⁻³ mm²/s in controls (p=0.014, 

Table 2. Global and regional brain-volume differences that remained significant after FDR correction. 

Anatomical 

domain 
Measure 

Cannabis 

mean ± SD 

Control 

mean ± SD 
p q_FDR 

Global Total gray-matter volume 660906.8 ± 55636.1 694086.6 ± 58823.0 0.036 0.036 

Cortical Right orbitofrontal gyrus 10006.8 ± 616.1 11388.6 ± 1516.0 0.001 0.035 

Subcortical Left amygdala 1716.3 ± 179.7 1861.4 ± 160.4 0.033 0.033 

Subcortical Right thalamus 7843.2 ± 1213.3 8547.6 ± 571.4 0.037 0.037 

Infratentorial Brainstem 19891.2 ± 2006.3 21996.1 ± 1706.3 0.008 0.008 

Infratentorial Left cerebellar cortex 55058.0 ± 7010.5 58312.6 ± 6650.1 0.049 0.049 

 

Note. Values are group means ± SD in mm³. q_FDR denotes Benjamini-Hochberg-adjusted p values; q_FDR < 0.05 was 

considered significant. 

Table 3. Hemispheric profile of whole-insula volume and cortical thickness. 

/ Measure Unit 
Cannabis 

mean ± SD 

Control 

mean ± SD 
p q_FDR 

Left Volume mm³ 4816.8 ± 550.3 4751.1 ± 447.6 0.741 0.741 

Left Cortical thickness mm 3.062 ± 0.280 3.409 ± 0.196 0.001 0.005 

Right Volume mm³ 4673.8 ± 565.9 4982.8 ± 1154.3 0.398 0.597 

Right Cortical thickness mm 3.034 ± 0.295 3.347 ± 0.207 0.005 0.010 

Bilateral Total volume mm³ 9490.6 ± 990.4 9733.8 ± 1379.9 0.611 0.733 

Bilateral Mean thickness mm 3.048 ± 0.279 3.378 ± 0.173 0.002 0.005 

 

Note. Values are group means ± SD. The bilateral summary is reported as total volume and mean thickness. q_FDR values were 

obtained using the Benjamini-Hochberg adjustment. 

Table 4. YBA insular parcels with FDR-significant cortical thinning, ordered by hemisphere and mean difference. 

Hemisphere 
YBA 

parcel 

Cannabis 

mean ± SD, mm 

Control 

mean ± SD, mm 

Mean difference* 

mm 
p q_FDR 

Left L_I4_C 3.09 ± 0.44 3.79 ± 0.31 -0.70 <0.001 0.002 

Left L_I5_C 3.01 ± 0.41 3.63 ± 0.40 -0.62 <0.001 0.003 

Left L_I1_A 2.88 ± 0.32 3.23 ± 0.29 -0.35 0.005 0.030 

Left L_I4_A 2.47 ± 0.17 2.77 ± 0.32 -0.30 0.002 0.014 

Right R_I5_B 2.66 ± 0.50 3.32 ± 0.49 -0.66 0.005 0.030 

Right R_I3_C 3.55 ± 0.64 4.06 ± 0.48 -0.51 0.009 0.043 

Right R_I4_B 2.78 ± 0.51 3.23 ± 0.39 -0.45 0.010 0.044 

Right R_I3_A 2.68 ± 0.26 2.98 ± 0.20 -0.30 0.002 0.014 

 

Note. *Mean difference was calculated as the cannabis-group mean minus the control-group mean; negative values indicate lower 

thickness in cannabis users. Parcel labels correspond to the YBA parcellation in Figure 1. q_FDR values were adjusted using the 

Benjamini-Hochberg procedure. 
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q_FDR=0.041). FA, AD, and RD for this whole-insula 

connection did not meet the adjusted significance 

threshold, and no other whole-region insula–

subcortical comparison was significant after 

correction. The finer parcel-level analysis identified 

a cluster of findings involving the left amygdala. 

Compared with controls, cannabis users had higher 

FA in the L_I2_B–amygdala connection 

(0.291±0.059 versus 0.221±0.034; q_FDR=0.019). 

Lower diffusivity values were found for: MD in the 

L_I2_B–, L_I4_A– and L_I5_A–amygdala 

connections, AD in the L_I3_C–, L_I4_A– and 

L_I5_A–amygdala connections, and RD in the 

L_I2_B– and L_I5_A–amygdala connections. The 

adjusted q values for these left-sided parcel-level 

findings ranged from 0.026 to 0.039. In the right 

hemisphere, FA was lower for the R_I5_C–

hippocampus connection in the cannabis group 

(0.234±0.042 versus 0.394±0.073; p=0.005, 

q_FDR=0.050). Complete estimates are provided in 

Table 5, and the reconstructed insular connectome is 

illustrated in Figure 2. 

Insula–cortical structural connectivity 

In the left hemisphere, ROI-level FA was lower 

in cannabis users for insula connections with the 

lateral occipital fusiform gyrus (0.434 ± 0.026 vs 

0.469 ± 0.021; q_FDR = 0.011), medial occipital 

fusiform gyrus (0.444 ± 0.049 vs 0.487 ± 0.017; 

q_FDR = 0.043), and posterior lingual gyrus (0.468 

± 0.041 vs 0.504 ± 0.023; q_FDR = 0.043). Edge-

wise analysis identified higher RD in the L_I4_A–

medial fusiform connection (q_FDR = 0.021). In the 

right hemisphere, no ROI-level differences survived 

correction; however, FA was lower in the R_I5_A–

   

 

Figure 1. Three-dimensional YBA parcellation of the left and right insulae. Atlas-defined subdivisions are identified by their 

parcel labels, and regions demonstrating significant between-group differences in cortical thickness after FDR correction are 

highlighted in green. 

 

Table 5. Insula-subcortical connectivity: ROI summary and FDR-significant parcel-level findings. 

Analysis 

level 

Insula-subcortical 

connection 

Metri

c 

Cannabis 

mean ± SD 

Control 

mean ± SD 
p 

q_FD

R 

ROI level Left whole insula-amygdala FA 0.228 ± 0.030 0.215 ± 0.022 0.413 0.413 

ROI level Left whole insula-amygdala MD 0.972 ± 0.050 1.031 ± 0.051 0.014 0.041 

ROI level Left whole insula-amygdala AD 1.188 ± 0.044 1.247 ± 0.065 0.019 0.057 

ROI level Left whole insula-amygdala RD 0.864 ± 0.056 0.924 ± 0.048 0.018 0.053 

Parcel level L_I2_B-amygdala FA 0.291 ± 0.059 0.221 ± 0.034 0.001 0.019 

Parcel level L_I2_B-amygdala MD 0.887 ± 0.033 1.049 ± 0.156 0.008 0.039 

Parcel level L_I2_B-amygdala RD 0.753 ± 0.054 0.937 ± 0.153 0.003 0.035 

Parcel level L_I3_C-amygdala AD 1.160 ± 0.079 1.352 ± 0.014 0.006 0.026 

Parcel level L_I4_A-amygdala MD 0.988 ± 0.098 1.100 ± 0.077 0.006 0.039 

Parcel level L_I4_A-amygdala AD 1.186 ± 0.087 1.303 ± 0.082 0.002 0.026 

Parcel level L_I5_A-amygdala MD 0.911 ± 0.096 1.113 ± 0.107 0.004 0.039 

Parcel level L_I5_A-amygdala AD 1.119 ± 0.103 1.336 ± 0.121 0.004 0.026 

Parcel level L_I5_A-amygdala RD 0.807 ± 0.097 1.002 ± 0.107 0.005 0.035 

Parcel level R_I5_C-hippocampus FA 0.234 ± 0.042 0.394 ± 0.073 0.005 0.050 

 

Note. FA is dimensionless; MD, AD, and RD are expressed in ×10⁻³ mm²/s. Whole insula indicates a hemisphere-wide seed. ROI-

level rows provide all four-diffusion metrics for the left insula-amygdala connection, whereas parcel-level rows are limited to 

findings retained after FDR adjustment. q_FDR values were adjusted using the Benjamini-Hochberg procedure. 
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precentral gyrus edge (0.281 ± 0.044 vs 0.359 ± 

0.044; q_FDR = 0.050). No other insula–cortical 

effects survived FDR correction (Table 6). 

Discussion 

The principal finding of this study was bilateral 

insular cortical thinning in CCU, detectable both at the 

whole-insula level and within several high-resolution 

YBA parcels, despite preserved insular volume. This 

pattern suggests that cortical thickness may be more 

sensitive than regional volume to subtle structural 

differences associated with chronic cannabis exposure. 

Because cortical volume reflects both thickness and 

surface area, focal thinning can occur without 

measurable volumetric loss, particularly in small 

samples. Previous structural MRI studies of cannabis 

use have reported heterogeneous findings, likely 

reflecting differences in age, dependence severity, 

comorbid substance use, imaging methods, and analytic 

resolution [14-16]. Our parcel-based approach may 

therefore have detected localized insular effects that are 

diluted in broader whole-brain or atlas-level analyses. 

In individuals who consume cannabis, 

neuroimaging studies indicate diminished total gray 

matter volume, as well as reductions in specific regions, 

including the right orbitofrontal gyrus, right thalamus, 

left amygdala, brainstem, and left cerebellar cortex. 

These regions contribute to reward valuation, affective 

salience, arousal, sensory integration, and cognitive 

control and are frequently implicated in addiction-

related neurocircuitry. The orbitofrontal cortex and 

amygdala are particularly relevant because both are 

involved in incentive valuation and emotional learning 

and are enriched in cannabinoid receptors. However, 

large multisite studies have not consistently identified 

the same regional abnormalities [14, 16, 17]. 

Consequently, these results should be viewed as 

evidence of specific structural variations in different 

regions, rather than as a consistent neuroanatomical 

characteristic of cannabis consumption. 

The findings from the tractography analysis 

indicate that CCU is linked to changes in the 

microstructural organization of insula-centered neural 

networks. At the level of regions of interest (ROI), the 

left insula–amygdala pathway exhibited a reduced 

mean diffusivity. Furthermore, parcel-level analyses 

revealed additional decreases in both axial and radial 

diffusivity, alongside an increase in fractional 

anisotropy (FA) within specific insula–amygdala 

connections. A right insula–hippocampus connection 

also showed lower FA. These pathways support the 

integration of interoceptive, emotional, contextual, and 

reward-related information, processes relevant to 

craving and habitual drug use. Nevertheless, diffusion 

measures such as FA, MD, AD, and RD are 

biologically nonspecific and can be influenced by 

crossing fibers, tract geometry, and streamline 

selection. Thus, the present findings are best interpreted 

as altered white-matter microstructure rather than direct 

evidence of changes in myelination or axonal density.  

Table 6. FDR-significant insula-cortical connectivity differences organized by analysis level. 

Analysis 

level 
Insula-cortical connection Metric 

Cannabis 

mean ± SD 

Control 

mean ± SD 
p q_FDR 

ROI level Left whole insula-lateral fusiform FA 0.434 ± 0.026 0.469 ± 0.021 0.001 0.011 

ROI level Left whole insula-medial fusiform FA 0.444 ± 0.049 0.487 ± 0.017 0.010 0.043 

ROI level Left whole insula-posterior lingual FA 0.468 ± 0.041 0.504 ± 0.023 0.013 0.043 

Parcel level L_I4_A-medial fusiform RD 0.666 ± 0.010 0.527 ± 0.001 <0.001 0.021 

Parcel level R_I5_A-precentral gyrus FA 0.281 ± 0.044 0.359 ± 0.044 <0.001 0.050 

 

Note. FA is dimensionless, and RD is expressed in ×10⁻³ mm²/s. Whole insula indicates a hemisphere-wide seed. All displayed 

rows met the reported FDR criterion, with q_FDR values adjusted using the Benjamini-Hochberg procedure. Parcel labels 

correspond to Figure 1. 

 

 

Figure 2. Sagittal visualization of the right insular structural 

connectome derived from diffusion MRI tractography. 

Streamlines generated using a high-angular-resolution diffusion 

imaging (HARDI) approach depict pathways linking the right 

insula to cortical and subcortical regions and are displayed over 

the corresponding anatomical image. Fiber colors encode the 

principal diffusion orientations, illustrating the organization of 

white-matter pathways associated with the insula. 
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We also observed reduced FA in left insula 

connections with occipital fusiform and posterior 

lingual regions and in a right insula–precentral 

connection. These selective cortical effects may reflect 

altered coupling between salience processing and 

visual or sensorimotor systems, which may be relevant 

to cue-driven attention and behavioral responses. Their 

modest magnitude and the reduced sample size for 

some tract estimates, however, require cautious 

interpretation and independent replication. 

The pattern of focal cortical thinning and selective 

tract abnormalities is broadly compatible with an 

endocannabinoid-linked vulnerability model. Prior 

studies have reported associations between cannabis-

related cortical changes and regional CB1 receptor 

availability or endocannabinoid-related molecular 

markers [18]. Because the insula, orbitofrontal cortex, 

and amygdala participate in salience, interoception, and 

valuation, structural alterations within this network 

may contribute to dysregulated cue processing and 

impaired behavioral control.  

The sample was small, male-only, and cross-

sectional, limiting generalizability and statistical 

power. Cannabis potency, age at onset, abstinence 

duration, and nicotine exposure were not modeled in 

sufficient detail to assess dose-response effects. In 

addition, some tractography estimates were unavailable 

for all participants. Larger longitudinal studies with 

detailed exposure phenotyping and advanced diffusion 

methods are needed to determine whether these insular 

and network-level abnormalities represent 

consequences of chronic cannabis exposure, pre-

existing vulnerability, or adaptive remodeling. Despite 

these limitations, the convergence of morphometric and 

tractography findings supports further investigation of 

the insula as a potentially sensitive structural marker of 

chronic cannabis exposure. 

Conclusion 

CCU was associated with selective structural brain 

alterations, most prominently bilateral insular cortical 

thinning without significant insular volume loss. 

Additional reductions were observed in total gray 

matter and several addiction-relevant regions, 

including the amygdala, thalamus, cerebellar cortex, 

brainstem, and orbitofrontal cortex. Diffusion 

tractography further revealed altered microstructural 

organization in insula-centered pathways, particularly 

in connections to the amygdala, hippocampus, occipital 

cortex, and precentral gyrus. Together, these findings 

suggest that chronic cannabis exposure may 

preferentially affect neural circuits involved in salience 

processing, interoception, affective valuation, and 

sensorimotor integration. The coexistence of focal 

cortical thinning and selective connectivity 

abnormalities supports an endocannabinoid-linked 

vulnerability model. However, larger longitudinal 

studies are required to determine causality and clarify 

the clinical significance of these structural changes. 
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