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Abstract

Based on our current understanding of insular regions, effects of chronic alcohol use on the insula 

may affect the integration of sensory-motor, socio-emotional, and cognitive function. There is no 

comprehensive understanding about these differences in individuals with alcohol use disorder that 

accounts for both structural and functional differences related to chronic alcohol use. The purpose 

of this study was to investigate these variations in both the anterior and posterior insula in persons 

with alcohol use disorder. We investigated insula gray matter volume, morphometry, white matter 

structural connectivity, and resting state functional connectivity in 75 participants with alcohol use 

disorder (females = 27) and 75 age-matched healthy control participants (females = 39). Results 

indicated structural differences mostly in the anterior regions, while functional connectivity 

differences were observed in both the anterior and posterior insula in those with alcohol use 

disorder. Differing connectivity was observed with frontal, parietal, occipital, cingulate, cerebellar, 

and temporal brain regions. While these results align with prior studies showing differences 

primarily in anterior insular regions, they also contribute to the existing literature suggesting 
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differences in anterior insular connectivity with brain regions shown to be engaged during higher 

cognitive and emotional tasks.
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1 | INTRODUCTION

Approximately 29.1% of Americans over the age of 18 have met criteria for alcohol 

use disorder (AUD) at some point in their lives (Grant et al., 2015). Prior studies have 

shown altered brain function and structure (both white matter and gray matter) associated 

with excessive alcohol use. These effects have been primarily observed in prefrontal and 

subcortical areas that are involved in executive functioning, emotion regulation, cognition, 

and memory. However, regions associated with impulsivity and related functions, such as 

parietal and temporal regions have also shown effects associated with alcohol abuse (Dupuy 

& Chanraud, 2016; Monnig et al., 2013).

Among all regions of the brain, the insula is considered one of the most involved. It is 

considered a multifunctional brain region that integrates sensory-motor, socio-emotional, 

and cognitive function (Uddin et al., 2017). In-vivo studies have shown that the insula can be 

primarily divided into two subregions: anterior and posterior, separated by the central sulcus 

that passes through this structure. The anterior region predominantly consists of pyramidal 

cells while the posterior region consists of mostly granule cells, thus characterizing the 

subregions with somewhat different functionality. The anterior insula also consists of von 

Economo neurons, which are large bipolar neurons involved in empathy, social awareness, 

and self-control (Allman et al., 2010). The anterior insula is associated with higher cognitive 

and emotional tasks, while the posterior insula is considered to facilitate somatosensory 

and viscerosensory functions (Nieuwenhuys, 2012). Moreover, animal studies (Mufson 

& Mesulam, 1982) that utilized tracer techniques as well as diffusion weighted imaging 

studies in humans (Cerliani et al., 2012; Cloutman et al., 2012; Ghaziri et al., 2017; 

Uddin et al., 2011) have identified that anterior portions of the insula have a greater 

number of connections to the frontal and cingulate areas, while posterior portions have a 

greater number of connections to parietal, temporal, and sensorimotor areas. Importantly, 

these findings have also been consistent with those from studies investigating functional 

connectivity of the insula (Cereda et al., 2002; Nomi et al., 2016).

Signatures of alcohol use have been observed in the insula, starting at the neurochemical 

level, where studies have shown a reduction in the insular glutamate/glutamine concentration 

with increased levels of alcohol compulsion and greater alcohol use severity (Betka et al., 

2019). This change in levels of glutamate has been associated with selective neuronal death 

and atrophy (Tsai et al., 1995). Furthermore, the anterior, agranular insula consists of a high 

density of dopamine, opioid, and corticotrophin-releasing hormone receptors, all of which 

have a role in mediating drug-related reward and motivational responses (Baumgärtner et al., 

2006; Hurd et al., 2001).
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One widely accepted explanation of the role of the insula in addiction is that interoceptive 

signals resulting from the drugassociated physiological state initiate activation of the 

posterior insula. The posterior insula then, relays signals to the anterior insula where 

somatic-marker representation links the association to memory (Naqvi & Bechara, 2009; 

Naqvi et al., 2014). The association of drug cues with memory is a learning process, 

that is well established in persons with AUD. When one such person is presented with 

an alcohol-related stimulus, the representation of the alcohol-related memory initiates the 

physical sensation of craving that is processed by the posterior insula. Such response in the 

presence of drug cues is facilitated by the connections to brain regions that are associated 

with impulsive and reflective behavior such as the amygdala, anterior cingulate cortex 

(ACC), and hippocampus (Droutman et al., 2015).

Studies investigating the effects of alcohol on the structure of the insula have shown 

significant changes mostly in the anterior insula volume and morphometry (Grodin et 

al., 2013, 2017; Momenan et al., 2012; Senatorov et al., 2015), with only one study 

reporting changes in the posterior insula (Galandra et al., 2018). These studies indicate a 

reduction in insula volume and morphometry, that may be a result of chronic injury to 

von Economo neurons present in the anterior portion of the insula (Senatorov et al., 2015). 

Reduced anterior insula volume has been associated with higher levels of impulsivity and 

compulsivity measures in AUD (Grodin et al., 2017). Moreover, reductions in integrity of 

the white matter (WM) associated with the insula have been shown, in those with AUD 

(Hampton et al., 2019; Pfefferbaum et al., 2006). Although the exact mechanisms driving 

alcohol-induced reduction in WM volume are not fully understood, neuropathological and 

neuroimaging studies indicate that it may be due to alcohol toxicity, which results in damage 

to the myelin sheath or axonal size, leading to neural death (Oscar-Berman, 2000). WM-

related damage has been observed in the corpus callosum, internal and external capsules, 

fornix, superior longitudinal fasciculus, frontolimbic, and fronto-cortical–striatal projects; 

essentially indicating widespread effects of alcohol use (Fortier et al., 2014; Hommer et al., 

1996; Zahr & Pfefferbaum, 2017; Zou et al., 2018). Changes in WM have been linked to 

impairment in cognitive functioning such as decision-making, memory, executive function, 

and psychomotor performance in persons with AUD (Konrad et al., 2012; Le Berre et al., 

2017; Pfefferbaum et al., 2010). While the research into WM microstructural changes in 

AUD is extensive, more research is needed to understand WM connectivity associated with 

the insula and its relation to alcohol misuse.

Evidence of effects of chronic alcohol use on the structure of the insula alone is insufficient 

to draw conclusions regarding how it may affect the function of the brain. Functional 

connectivity studies help elucidate these effects by providing insight into the interplay 

between structural and functional connectivity. Resting state functional connectivity studies 

have shown that individuals with AUD have increased between network, and decreased 

within network connectivity in executive control, default mode, basal ganglia, salience, 

and visual networks (Chanraud et al., 2011; Müller-Oehring et al., 2015; Zhu et al., 2017, 

2018). Changes in these networks have been linked to changes in impulsivity, cognition, and 

memory and have also been found to be able to predict AUD severity (Fede et al., 2019). 

Resting state analyses investigating functional connectivity with the insula have shown 

reduced connectivity with frontal, parietal, and temporal areas in AUD, while one study 
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also showed increased functional connectivity in the temporal, limbic, and orbito-frontal 

cortex in nontreatment seeking individuals with AUD (Halcomb et al., 2019; Sullivan & 

Pfefferbaum, 2013; Vergara et al., 2017).

Although there have been a number of studies investigating differences in insula structure 

and function in AUD, we do not yet have a complete understanding of this brain region. 

Moreover, the majority of research that investigated the impact of alcohol use on the anterior 

and posterior subregions of the insula has been limited to animal studies. The current 

study attempts to address these gaps in the literature by investigating various aspects of the 

anterior and posterior insula regions in AUD compared to healthy individuals. As such, we 

investigated (i) gray matter (GM) volume and morphometry of the insula, (ii) WM structural 

connectivity of insula, and (iii) resting state functional connectivity between the insula and 

the rest of the brain. To our knowledge, this is the first study that has investigated data 

with respect to the insula using multiple modalities collected from the same participant. 

Therefore, the results from this study may help shed light on the interplay between the 

structure and function of the insula in AUD. We hypothesize that results from this study will 

indicate significant structural and functional differences associated with the anterior insula in 

persons with AUD. Furthermore, we expect that overall the results will show insula-related 

connectivity (both structural and functional) impairment with frontal, parietal, and temporal 

brain regions.

2 | MATERIALS AND METHODS

2.1 | Participants

Seventy-five participants with alcohol use disorder (females = 27, mean age ± SD = 40 ± 10 

years) and 75 age-matched healthy control participants (females = 39, mean age ± SD = 40 

± 11 years) enrolled in screening protocols at the National Institute on Alcohol Abuse and 

Alcoholism (NIAAA), underwent a structural magnetic resonance imaging (MRI) scan, a 

diffusion weighted imaging (DWI) scan, and a resting state MRI (rs-fMRI) scan. Participants 

in the AUD group were enrolled in the inpatient treatment program at NIAAA. All AUD 

participants were sober at the time of their scan. AUD participants were scanned at various 

points throughout their approximately 28 day stay after withdrawal symptoms had subsided. 

The mean days of abstinence between participants' last drink and their scan date was 

23 days (Min = 7, Max = 52). All participants provided written informed consent prior 

to participating in this study. Behavioral data characteristic of drinking behavior such as 

the Lifetime Drinking History (LDH) (Skinner & Sheu, 1982), Alcohol Use Disorders 

Identification Test (AUDIT) (Saunders et al., 1993), and the Structured Clinical Interview 

for DSM-IV (SCID-IV) (First et al., 2007) Axis 1 Disorders or for DSM-5 (SCID-5) (First 

et al., 2015) was completed (Table 1). All participants in the AUD group were found to have 

either alcohol dependence (based on DSM-IV criteria) or moderate-to-severe AUD (based 

on DSM-5 criteria).

Participants with neurological disorders, history of psychotic symptoms, history of 

significant head trauma, claustrophobia, ferrous metal in the body, positive urine drug tests, 

and positive pregnancy tests (if applicable) were excluded from the study.
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2.2 | Data acquisition

All scans were collected on a 3 Tesla MRI scanner (Siemens Skyra) with a 20-channel 

head coil. In the scanner, participants completed a T1-weighted scan, a DWI scan, a 

fat suppressed T2-weighted scan, and a rs-fMRI scan. High-resolution T1-weighted 3-D 

structural scans were acquired for each participant using an MPRAGE sequence (128 axial 

slices, TR = 1900 ms TE = 30 ms, 256 × 256 matrix, 0.938 × 0.938 × 1.0 mm3). The DWI 

scan included 80 volumes (Gradient field strength = 50 mT/m, TR of 8600 ms, TE of 84.0 

ms, 2.5 × 2.5 × 2.5 mm3 voxel size, 80 directions). The fat suppressed T2-weighted scan 

was collected to be used for EPI distortion correction later in the preprocessing pipeline as 

is described as best practice by Irfanoglu et al. (2012) (100 axial slices, TR = 11,770 ms TE 

= 90 ms, 150 × 192 matrix, 1.719 × 1.719 × 1.7 mm3). For the rs-fMRI scan, participants 

lay in the dark for 10 min with eyes open and no additional stimuli. This scan was acquired 

using an echo planar-imaging pulse sequence (TR: 2000 ms, TE: 30 ms, flip angle: 90°, 

FOV: 24 × 24 cm, 3.8 mm slice thickness, 36 slices, multi-slice mode: interleaved). Trained 

research assistants visually inspected all images prior to processing the data.

2.3 | Data analysis

2.3.1 | Insula volume analysis—T1-weighted structural images were processed using 

FreeSurfer version 5.3 (Fischl, 2012), an automated parcellation program to obtain insula 

volume measures. Briefly, the processing pipeline consists of motion correction, removal of 

non-brain tissue, automated Talairach transformation, segmentation of subcortical structures, 

intensity normalization, tessellation of the gray matter/white matter boundary, topology 

correction, and surface deformation. The images were then automatically parcellated based 

on cortical gyral and sulcal structure (for further details see (Fischl & Dale, 2000; Fischl et 

al., 2004)). Thereafter, AFNI toolbox (Cox, 1996) was used to translate all the volumetric 

and surface data into an AFNI compatible NIFTI format, to translate the FreeSurfer 

generated surfaces into standard meshes, and to create tissue-based maps. These maps were 

then used to calculate the volume of the anterior and posterior insula for each participant. 

In addition, the intracranial volume was also calculated, which was then used to normalize 

insula volume, in order to account for differences in brain sizes. A two-way MANCOVA 

with left and right insular volumes as the outcomes was used to assess differences between 

the groups while controlling for effects of age, sex, and years of education. The significance 

level of all analysis completed in the current study was set at p < .025, correcting for 

multiple comparisons for left and right regions.

2.3.2 | Insula morphometry analysis—Insula morphometry was investigated using 

FSĽs voxel-based morphometry (Douaud et al., 2007) toolbox. First, whole-brain extraction 

was performed on the T1 mprage images. Afterwards, gray matter was segmented before 

being registered to the MNI152 standard space using nonlinear registration (Andersson et 

al., 2007). The resulting images were used to create a study-specific gray matter template, 

thereafter all native gray matter images were nonlinearly registered to this template and 

modulated to correct for local changes. The images were then smoothed with an isotropic 9 

mm full-width at half-maximum Gaussian smoothing kernel. Finally, a two-way ANCOVA 

was used to examine group differences in morphometry for each insula ROI (Figure 1) 

using the randomize function, controlling for effects of age, sex, and years of education. 
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The randomize was applied using 5000 permutations and significant clusters were identified 

using Threshold-Free Cluster Enhancement (TFCE) at a family-wise error (FEW) corrected 

threshold of p < .025.

2.3.3 | Insula white matter connectivity—All diffusion images, T1w, and T2w 

images were converted to NIFTI format; Supplementary gradient files were created for 

the diffusion images by setting a coordinate of (0, 0, 0) at the volume's center of mass. 

Then, subjects' T1w and DWI images were aligned to their T2w reference volume. Next, any 

diffusion images with significant artifacts were removed before creating a whole-brain mask 

of the raw images. Images were closely examined to verify that none of the participants 

included in the analysis had >10% of volumes corrupted. Freesurfer software was then 

used to preprocess the T1w anatomical volume to create tissue maps and, perform skull-

stripping, surface mesh estimation, and whole-brain segmentation and parcellation. Using 

TORTOISE's Diff_prep command, all DWI images were computed to b-matrix gradients, 

corrected for motion, eddy current distortions, and EPI related distortions, and reoriented 

into the T1w target space with b-matrix orientation. Afterwards the Diff_Calc function was 

used to provide an estimation of the diffusion tensor at each voxel.

2.3.4 | Creating a group probabilistic map—First, the probabilistic tractography was 

generated between each insula ROI and the rest of the brain, for all subjects using AFNI 

software (FA threshold = 0.2, tracts per voxel threshold = 0.001, number of seeds per voxel 

per iteration = 5, number of Monte Carlo iterations = 1000). Afterwards, the probabilistic 

tractography for each subject was binarized and summed before thresholding at 25% to 

create a map. The map consisted of connecting fiber tracks present in at least 25% of all the 

subjects, in order to ensure that the map represented tractography of both AUD and healthy 

individuals. Group maps representing the WM connectivity between each of the insula ROIs 

and the rest of the brain were created (Figure 2).

2.3.5 | Tract-based spatial statistics analysis—Voxel-wise statistical analysis of 

the FA data was carried out using FSĽs tract-based spatial statistics (TBSS) (Smith et al., 

2006). First, FA images were created using the AFNI toolbox as described above. Nonlinear 

registration was then carried out to align all FA data to a 1 mm3 standard space using a 

b-spline representation of the registration warp field. Next, the mean FA image was created 

and then used to create a mean FA skeleton which represents the centers of all tracts 

common to the subjects. An FA threshold of 0.2 was used in order to exclude voxels that are 

primarily gray matter or CSF. Each subjecťs aligned FA data were thereafter projected onto 

the skeleton created. Voxel-wise statistics were then performed on the resulting image using 

FSĽs randomize (Winkler et al., 2014) using 5000 iterations for nonparametric permutation 

testing and the group probabilistic map to mask the data. Similarly the mean diffusivity 

(MD) images were also analyzed. A two-way ANCOVA tested for differences between the 

two groups for each ROI, while covarying age, sex, and years of education. Significant 

clusters were identified using threshold-free cluster enhancement (TFCE) at a family-wise 

error (FEW)-corrected threshold of p < .025.
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2.3.6 | Insula resting state functional connectivity—All rs-fMRI data were 

preprocessed using AFNI (Cox, 1996). For each subject, the first three TRs were removed 

from the time course. Then, 3dDespike was applied to smooth spikes in the signal over the 

time course. Next, the cardiac and respiratory artifacts were removed from the data using 

3dretroicor function. Time courses were shifted for each voxel to be aligned to the beginning 

of the TR by detrending then interpolating the time series. For each subject, volumes 

across the time series were aligned to the base volume and then to the skull-stripped 

anatomical image. These images were then mapped to standard Talairach space using the 

non-linear warping procedure. Finally, each volume was blurred with a 6-mm full-width at 

half-maximum Gaussian smoothing kernel.

After preprocessing the data, correlation maps between each insula seed mask and the rest 

of the brain were generated for each subject. Fisher's Z transformation formula was then 

applied to the correlation maps to reduce skewness and make the sampling distribution 

normal. Group differences were identified using an MANCOVA that explored functional 

connectivity with each insula ROI, covarying for age, sex, and years of education.

2.3.7 | Correlation analysis—In an effort to better address the insula structure–

function relationship, we performed an exploratory correlation analysis on the data. 

Associations were examined between GM morphometry, WM connectivity as measured 

by the mean FA value of significantly different WM clusters, and resting state connectivity 

measured by the connectivity coefficient between regions. These correlations were run 

within insular regions, that is that gray matter density in the left anterior insula was 

correlated only with structural and functional connectivity observed between the left anterior 

insula and demonstrated significant regions.

Associations between smoking status and the neuroimaging measures described above were 

examined in the AUD group as a secondary analysis. Results from this analysis can be found 

in the supplement. Pearson's correlation analysis was performed for both the anterior and 

posterior insula.

3 | RESULTS

3.1 | Insula gray matter volume and morphometry

Insula gray matter volume analysis revealed a significant effect of group for both anterior 

(F(2,144) = 8.42, p < .001), and posterior (F(2,144) = 11.14, p < .001) insula. None of 

the nuisance covariates were significant. Volumetric differences between AUD and control 

groups were observed in all four regions of the insula (Table 2). Insula morphometry 

analysis revealed significant differences (pFWE < .025) between groups, for the anterior 

insula in both hemispheres and left posterior insula (Figures 3 and 4). Collectively these 

results suggest higher insula gray matter volume and density in the control group.

The correlation analysis performed between smoking status and GM density in individuals 

with AUD revealed that the lower density of left anterior insula may be due to a combined 

effect of AUD and smoking, and that the actual differences in volume between the two 
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groups may be greater if smokers were excluded from the study (Table S1). It is important to 

note that although this result was significant, the correlation itself was weak (r = 0.28).

3.2 | Insula white matter connectivity

Group probabilistic maps created for the anterior insula revealed connectivity involving the 

inferior frontal, anterior temporal, and inferior parietal regions. The maps created for the 

posterior insula revealed connections involving the anterior temporal and inferior parietal 

regions.

The connectivity analysis showed significant differences between groups (control > AUD) 

for only the left and right anterior insula (pFWE < .025, Table 3), where connectivity was 

higher in the control group. The clusters that significantly differed in FA of the left anterior 

insula tractography between healthy controls and AUD groups belonged to the left inferior 

fronto-occipital fasciculus (IFOF), and left uncinate fasciculus. For the right anterior insula, 

the clusters belonged to the forceps major and right inferior fronto-occipital fasciculus. 

There were no structural connectivity differences observed in either left or right posterior 

insula between healthy controls and AUD groups. Connectivity analysis performed using the 

MD images complemented the FA results reported above. Results from this analysis can be 

found in the supplement.

3.3 | Insula resting state functional connectivity

Overall, we found significantly greater resting state connectivity for both the anterior and 

posterior insula with frontal, parietal, temporal, and occipital regions in controls compared 

to AUD (p < .025, FDR corrected, a cluster size of k > 120 determined using 3dClustSim, 

Figures 3 and 4).

Specifically, significantly higher connectivity was observed between the left anterior insula 

and the left occipital cortex, middle cingulate gyrus, right cerebellum, left superior temporal 

gyrus, and left precuneus (Figure 3a), while higher right anterior insula connectivity was 

observed with the left and right cuneus, as well as the left superior temporal gyrus (Figure 

3b). Connectivity between the left anterior insula and the right cerebellum is potentially even 

lower in AUD participants that also smoked (Table S1).

For the left posterior insula, higher connectivity was observed with the left cuneus, left 

superior temporal gyrus, left precuneus, right middle cingulate gyrus, and right cerebellum 

(Figure 4a). Very similarly, for the right posterior insula, increased connectivity was 

observed with the same regions (except the left precuneus) as the left posterior insula 

(Figure 4b).

3.4 | Relationship between structural and functional measures

To better understand the relationship between observed differences in brain structure 

and function in those with AUD, we conducted an exploratory correlational analysis 

investigating the relationships between white matter connectivity, gray matter morphometry, 

and resting state functional connectivity in regions that demonstrated significant differences 

from the group-level analyses.
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The results from this exploratory analysis provided limited evidence for relationships 

between these measures. All correlations were weak and only one remained significant 

at a threshold of p < .01. We observed a significant positive correlation between gray matter 

density in the right anterior insula and functional connectivity of the right anterior insula 

with the left superior temporal gyrus (r = 0.30, p < .01).

4 | DISCUSSION

The current study investigated the morphometry, structural, and functional connectivity of 

anterior and posterior insula regions in AUD, and how they compare to healthy individuals. 

As hypothesized, there were significant differences in insula structure and connectivity of 

persons with AUD compared to controls. Furthermore, as expected, the results indicated 

differing connectivity with frontal, parietal, occipital, cerebellar, and temporal brain regions 

in AUD. While the design of this study does not allow for conclusions about causality, we 

observed a relationship between structural and functional measures in the AUD group that 

was not present in the control group. The following sections discuss these results in terms of 

group differences for both the anterior and posterior insula.

4.1 | Differences in GM volume and morphometry

Insula GM volume analysis revealed significantly lower volume in the AUD group in 

the anterior and posterior insula in both hemispheres compared to the control group. 

Morphometry analysis revealed lower GM density in the AUD group in anterior insula in 

both left and right hemispheres, but only in the left hemisphere for the posterior insula. 

While reduced anterior insula volume and GM density is consistent with preliminary 

findings from a subset of the current sample (Grodin et al., 2013, 2017; Momenan et al., 

2012) and prior literature (Senatorov et al., 2015), there is very little evidence showing 

differences in posterior insula volume. One study by Galandra and colleagues investigating 

the posterior insula showed AUD-related volume differences primarily in the right posterior 

insula (Galandra et al., 2018), instead of the left posterior insula as observed in the 

current study. However, this discrepancy and the lack of differences in posterior insula 

volume reported by other prior studies could be due to low power. Importantly, the WM 

and functional connectivity results of this study support the differences observed within 

the volumetric results. Alcohol misuse is known to affect cognitive functioning, and the 

posterior insula has been suggested to be associated with both affective-perceptual and 

cognitive–evaluative forms of empathy (Fan et al., 2011). Therefore, the effects of chronic 

alcohol use on the posterior insula may contribute to cognitive difficulties observed in other 

studies. Overall it is possible that such differences in function between the anterior and 

posterior insula (Kurth et al., 2010) influence how much each region is affected by alcohol 

misuse.

4.2 | Insula WM tractography and differences in WM microstructure

As expected (Cerliani et al., 2012; Cloutman et al., 2012; Ghaziri et al., 2017; Uddin et 

al., 2011), the WM tractography generated for the anterior insular regions traversed the 

inferior frontal, superior temporal, and inferior parietal regions, while WM tractography for 

the posterior insular regions is involved in superior temporal and inferior parietal regions. 
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This illustrates the influence of the insula on regions involved in executive functioning and 

goal-directed movement. It has been suggested that the anterior insula plays the role of 

integrating autonomic and visceral information into emotional and motivational functions, 

while the posterior insula integrates somatosensory, vestibular, and motor functions (Naqvi 

et al., 2014).

Overall, lower WM integrity (i.e., connectivity) in the brain has been observed in those 

with AUD compared to controls (Crespi et al., 2020; Pfefferbaum et al., 2009). There 

are asymmetric differences in the healthy brain, where WM connecting frontal, parietal, 

and temporal regions are left hemisphere biased, while WM connecting the posterior 

temporal and superior parietal lobe is right hemisphere biased (Barrick et al., 2006). As 

the results suggest, the primary difference in FA for the left anterior insula was observed 

in the regions belonging to the left inferior fronto-occipital fasciculus. Dysfunction of 

these pathways have been shown to be associated with emotionally driven responses and 

sensation seeking behavior (Fettes et al., 2017). Differences in FA for the right anterior 

insula were observed in regions belonging to the forceps major, right inferior longitudinal 

fasciculus, and right inferior fronto-occipital fasciculus. The peaks of these clusters with 

differing FA were situated in or around the right parietal area, indicating alcohol-related 

effects in WM pathways that also propagate transcallosally, between hemispheres. The right 

posterior parietal cortex exerts strong inhibitory activity over the contralateral homologous 

areas that is mediated by direct pathways located in the posterior corpus callosum (Koch 

et al., 2011). Moreover, lesion studies have shown that damage to these parietal areas 

can result in visuospatial neglect (Vallar et al., 2003). Collectively, these results suggest 

that differences to the insular WM tractography could implicate integration of cognitive, 

visuospatial attention, and goal-directed functions.

4.3 | Differences in insular seed-based resting state functional connectivity

Similar to WM connectivity results, both left and right anterior insula resting state functional 

connectivity differences were observed with frontal, striatal, parietal, occipital, cingulate, 

cerebellar, and temporal regions in the AUD group. However, unlike structural connectivity 

findings, these differences were observed in both anterior and posterior regions. This is 

consistent with prior studies that tested resting state functional connectivity of the insula, 

and are considered impairments reflected in functional networks such as the fronto-parietal, 

default mode, and salience networks.

The resting fronto-parietal network is considered to represent the brain's control system, 

which regulates other systems in a goal-directed manner to promote and maintain 

homeostatic balance across distributed neural systems (Cole et al., 2013). Disruption of 

this system may indicate behavioral regulation difficulties present in persons with AUD. 

Changes to the default mode network have been linked with craving, negative mood, and 

relapse in addiction and impairment in integrating information from other brain regions for 

self-related decision making (Zhang & Volkow, 2019). Damage to the salience-detection 

network has been shown to impair attention and working memory in persons with AUD. 

Given that the insula is considered to integrate perceptual, cognitive, and autonomic 

information through this network (Galandra et al., 2018), lower connectivity between the 
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insula and regions of this resting network may be deleterious for functioning of these 

systems.

Additionally, the middle cingulate cortex (MCC) emerged as a noteworthy region, showing 

lower functional connectivity with the posterior insula in those with AUD. The cingulate 

cortex and the insula are considered as two of the major components of the salience network. 

The MCC has been implicated in cognitive and sensorimotor function (Bush et al., 2000; 

Critchley et al., 2004), while the posterior insula has been shown to receive interoceptive 

information (Craig, 2002; Critchley et al., 2004). Alcohol abuse can lower connectivity of 

the MCC related to stress cue processing, which is also an indication of subsequent alcohol 

relapse (Zakiniaeiz et al., 2016). The MCC and insula are anatomically connected and form 

a vitality form circuit, which plays a role in the expression of actions (e.g., gentle, rude 

etc.) (Cesare et al., 2021). Although the existing literature about the role of MCC in AUD is 

limited, based on prior findings it is possible that an alteration in response to stressful cues 

contribute to deviations from expression of normal vitality forms in persons with AUD.

The superior temporal gyrus and cerebellum were also identified as regions with 

significantly lower connectivity with the insula. Co-activation of the insula and superior 

temporal gyrus has been linked to the decision-making process (Paulus et al., 2005). The 

insula and superior temporal gyrus have shown to be structurally connected (Ghaziri et 

al., 2017). It has been shown that smaller surface area of the superior temporal gyrus 

is associated with greater trait impulsivity in addiction (Kaag et al., 2014). Although the 

structural changes of the temporal lobe were not investigated in the current study, this 

literature gives us an understanding about how the decision-making process may be affected 

in this population. In addition, correlational analyses revealed an association between 

decreased gray matter density in the right anterior insula with lower insular functional 

connectivity with the superior temporal gyrus. While exploratory, this finding could suggest 

that the impact of alcohol in the left anterior insula may have a more direct effect on its 

functional connectivity with the superior temporal regions, potentially carrying implications 

for decision-making processes in individuals with AUD as discussed above. Literature 

regarding the connectivity between the insula and cerebellum are limited. However, the few 

existing studies have shown that white matter systems of the cerebellum are vulnerable to 

chronic alcohol abuse. Moreover, greater cerebellar deficit has been linked to poorer motor 

performance (Zhao et al., 2019). Direct structural connections exist between the insula 

and brain regions involved in performing motor movements (Uddin et al., 2017). Lower 

connectivity between the insula and cerebellum observed in the current study could possibly 

indicate poor motor performance in AUD. Further investigation is warranted to verify this 

potential relationship.

4.4 | Limitations

Those in the AUD group were more likely to report tobacco smoking and comorbid 

psychiatric diagnoses than controls, who had very few psychiatric diagnoses or tobacco 

use. Since these comorbidities were observed almost entirely in those with AUD, we could 

not effectively control for them as separate from the effects of group. Although the smoking 
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status analysis was able to provide some insight into the effects of smoking in AUD, future 

studies should give more consideration during recruitment to appropriately match groups.

In addition, while we included sex as a covariate in all analyses, we did not formally test 

the presence of sex differences. Prior research has shown that men typically have larger 

total brain volumes and larger volumes of several subregions, including the insula (Cosgrove 

et al., 2007; Ruigrok et al., 2014). Previous studies have also shown that men have lower 

gray matter volume, but higher gray matter density in insular regions (Cosgrove et al., 2007; 

Ruigrok et al., 2014). Additionally, there is some evidence for sex differences in functional 

connectivity of the insula with other brain regions (Kann et al., 2016). While some research 

has explored structural and functional sex differences in the context of AUD, results have 

been mixed and further research is needed to better understand the interaction between 

biological sex and observed differences associated with chronic alcohol use (Kisner et al., 

2021; Verplaetse et al., 2021).

Since these findings are not based on a longitudinal study, conclusions cannot be drawn 

regarding whether lower functional connectivity observed with the insula is in fact a more 

direct result of lower structural integrity. In the absence of a longitudinal component any 

causal relationship drawn from these data should be treated with caution. Furthermore, a 

longitudinal study could test whether lower structure or function of the insular regions serves 

as a predisposition for the development of AUD. Any claims regarding possible relationships 

between cognitive/behavioral deficits and observed neural alterations is based on findings 

from other studies; these associations were not tested in the current study.

5 | CONCLUSION

This is the first study of this sample size that assesses morphometric, structural, and 

functional connectivity of the insula associated with AUD. While functional differences 

were observed between AUD and healthy controls in both the anterior and posterior 

insula, the structural (morphometric and white matter connectivity) differences were mostly 

observed in the anterior regions. However, it seems that these structural differences in 

the anterior regions may contribute to functional differences mostly lateralized to the left 

hemisphere. These results conform with prior studies showing differences primarily in 

anterior insular regions. Importantly, based on existing knowledge of the functionality of the 

brain regions showing connectivity differences with the anterior insula, it is possible that 

the lower connectivity suggests alcohol-related effects on tasks requiring higher cognitive 

and emotional processing. A study constituting a larger sample size, better matched in 

demographics could serve to clarify these results. Furthermore, future studies testing 

longitudinal effects and relationships between neural correlates and behavioral measures 

are needed in order to better understand the effects of alcohol on the insula.
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Significance

Previous research has demonstrated differences in insular regions in those with alcohol 

use disorder (AUD) compared to healthy controls, using only structural or functional MR 

imaging. To the best of our knowledge, the present study is the first to utilize multiple 

MR modalities to simultaneously investigate the gray matter volume and morphometry, 

diffusion tensor imaging of white matter microstructure, and resting state functional 

connectivity alterations in insula in humans with chronic alcohol use. The findings 

reported here provide a more comprehensive insight into the impact of AUD on the 

structural and functional differences in the insula.
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FIGURE 1. 
(a) Left and right anterior insula mask. (b) Left and right posterior insula mask.
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FIGURE 2. 
Group probabilistic maps for (a) left and right anterior insula, and (b) left and right posterior 

insula tractography. Tractography was generated using an insula seed and FA threshold 

= 0.2. Probabilistic maps were created using a 25% thresholding to ensure that the map 

represented tractography of both AUD and healthy individuals.
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FIGURE 3. 
Difference in GM density, structural connectivity, and functional connectivity of (a) left 

anterior insula (b) right anterior insula (control > AUD, pFWE < .025, [FDR corrected, 

cluster size of k > 120 for functional connectivity analysis]). Higher t statistic and lower 

p-values indicate greater difference between the two groups.
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FIGURE 4. 
Difference in GM density and functional connectivity of (a) left posterior insula (b) right 

posterior insula (control > AUD, pFWE < .025, [FDR corrected, cluster size of k > 120 

for functional connectivity analysis]). Higher t statistic and lower p-values indicate greater 

difference between the two groups.
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