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Abstract

Background: Ibudilast, a novel neuroimmune modulator to treat alcohol use disorder (AUD), 

was shown in a randomized controlled trial (NCT03489850) to reduce ventral striatum (VS) 

activation in response to visual alcohol cues. The present study extended this finding by probing 

the effects of ibudilast on alcohol cue-elicited functional connectivity (i.e., temporally-correlated 

activation) with the VS seed. The study also tests the association between functional connectivity 

and alcohol use during the trial.

Methods: Non-treatment-seeking participants (n=45) with current alcohol use disorder were 

randomized to receive either ibudilast (50 mg/BID; n=20) or placebo (n=25). Upon reaching 

the target dose on the medication, or placebo, participants completed a functional neuroimaging 

alcohol cue-reactivity paradigm. Drinks per drinking day were assessed at baseline and daily 

during the two-week trial.

Results: Ibudilast reduced alcohol cue-elicited functional connectivity between the VS seed and 

reward processing regions including the orbitofrontal and anterior cingulate cortices compared to 

placebo (p<0.05). Cue-elicited functional connectivity was correlated with drinks per drinking day 

(R2=0.5351, p<0.001), and ibudilast reduced this association in similar reward processing regions 

compared to placebo.

Conclusions: Ibudilast’s effects on drinking outcomes may be related to attenuation of 

functional connectivity in frontostriatal circuits related to reward processing. These results provide 

an important proof-of-concept for this novel pharmacotherapy and support the clinical utility of 
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incorporating neuroimaging – and especially functional connectivity – analyses into medications 

development.
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Introduction

Alcohol use disorder (AUD) is a highly prevalent chronic relapsing disorder (Grant et al., 

2015); however, it is among the most undertreated health conditions (Carvalho et al., 2019), 

with only 7% of adults with AUD receiving treatment (Hasin et al., 2007). The Food and 

Drug Administration has approved only four pharmacotherapies for the treatment of AUD 

to date, and these medications are limited in efficacy (Ray et al., 2019). There is a great 

need to develop new and more effective treatments for AUD, with a specific focus on novel 

molecular targets (Litten et al., 2016, 2012).

One such novel pharmacotherapy is ibudilast (IBUD; also known as MN-166, previously 

AV411 and available as Ketas in Japan for the treatment of bronchial asthma and 

for cerebrovascular disorders). Ibudilast is a selective phosphodiesterase (PDE) inhibitor 

(inhibiting PDE3, 4, 10, and 11) (Gibson et al., 2006) and an allosteric macrophage 

migration inhibitory factor (MIF) inhibitor (Cho et al., 2010), which has shown promising 

preclinical and clinical outcomes in the treatment of alcohol use disorder. IBUD has been 

shown to reduce drinking and relapse in preclinical rodent models of AUD, including 

preferentially reducing drinking in dependent compared to non-dependent mice (Bell et al., 

2015). In a previous human laboratory study by our group, IBUD was shown to reduce 

craving and improve mood following stress and alcohol cue exposure (Ray et al., 2017a), but 

the neurobiological processes related to these clinical outcomes remain unclear.

A useful tool for identifying neural mechanisms of novel pharmacotherapies is the use of 

functional magnetic resonance imaging (fmri) to examine the modulation of brain activation 

and connectivity in regions associated with AUD (Grodin and Ray, 2019). In order to 

explore the mechanisms of action of IBUD in the human brain, a recent clinical trial from 

our group (Grodin et al., in press) employed a functional magnetic resonance imaging 

(fMRI) paradigm of visual alcohol cue exposure to investigate the effect of IBUD on cue

elicited neural activity in the ventral striatum (VS). This region is commonly associated with 

reward and has been shown to have a high expression of PDE4A, B, and D (Pérez-Torres 

et al., 2000) and to be highly relevant for alcohol cue-reactivity tasks (Schacht et al., 2013). 

The study found that IBUD significantly reduced VS activity in response to alcohol cues 

relative to placebo. Further, reductions in VS activity due to ibudilast were associated with 

reductions in drinking during the 2-week trial, as compared to placebo (Grodin et al., 

in press). Cue-reactivity has been shown to be predictive of treatment response (Schacht 

et al., 2017), demonstrating the clinical utility of functional neuroimaging in providing 

mechanistic data for pharmacotherapy development.

The current study is a secondary analysis of the aforementioned trial (ClinicalTrials.gov 

identifier: NCT03489850). While the registered aim of the main trial examined the effects 
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of IBUD on VS cue-reactivity using an a priori defined region of interest (ROI), the 

current study further probes this aim and evaluates regions in which neural activation in 

response to alcohol cues is temporally correlated with VS cue-reactivity. This strategy, 

often referred to as functional connectivity (O’Reilly et al., 2012), offers a more complex, 

holistic picture of the circuits involved, in comparison to a single ROI (Courtney et al., 

2016; Lim et al., 2019). A functional connectivity approach also builds on the main study by 

using the same VS region as an a priori designated seed, since its activity in response 

to alcohol cues was shown to be affected by IBUD in this sample (Grodin et al., in 

press). Previous medication studies from our group have successfully used this cue-reactivity 

task-based functional connectivity approach. For example, in previous studies we reported 

that naltrexone enhanced cue-elicited functional connectivity (relative to placebo) from a 

VS seed in heavy drinkers (Lim et al., 2019) and from caudate and precuneus seeds in 

methamphetamine users (Courtney et al., 2016).

Based on the premise that novel compounds, such as ibudilast, require proof-of-mechanism 

via a host of brain-based biomarkers, the primary aim of the present study was to 

test whether IBUD altered functional connectivity. Given that we previously found that 

VS cue-reactivity was significantly attenuated under IBUD, we hypothesized that VS 

functional connectivity would similarly be reduced in the IBUD condition compared to 

placebo. To connect brain-to-behavior, the current study also tested whether IBUD’s effects 

on functional connectivity were associated with one of the primary registered drinking 

outcomes of the main trial: drinks per drinking day in the week following the fMRI 

scan. The previous report (Grodin et al., in press) found that VS cue-reactivity predicted 

the drinks per drinking day outcome, such that individuals in the IBUD group who had 

attenuated VS activation had the fewest number of drinks per drinking day. Therefore, we 

hypothesized that individuals in the IBUD group who had reduced functional connectivity 

from the VS seed would also have the fewest drinks per drinking day. While the VS is our 

a priori seed of interest, we considered the broader literature on neural reactivity to alcohol 

cues and explored a host of additional seeds. The dorsal striatum (DS), anterior cingulate 

cortex (ACC), posterior cingulate cortex (PCC), and precuneus were selected as alternative 

exploratory seeds, as these regions have shown a strong cue-reactivity signal and modulation 

by pharmacological and behavioral treatments (Schacht et al., 2013).

Materials and Methods

This study was performed as part of a two-week randomized controlled trial 

(ClinicalTrials.gov NCT03489850) of IBUD for drinking reduction. The trial was approved 

by the Institutional Review Board of the University of California, Los Angeles. All study 

participants provided written informed consent for screening, medication, and neuroimaging 

procedures. The current study used fMRI data from individuals who completed the 

neuroimaging visit.

Participants

Participants were recruited between July 2018 and March 2020 from the greater Los 

Angeles metropolitan area via mass transit and social media advertisements. Detailed 
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description of the screening and experimental procedures has been published elsewhere 

(Grodin et al., in press). Briefly, participants included 45 non-treatment-seeking individuals 

with an AUD [20 IBUD, 25 Placebo; 17 female, 28 male; mean±SD age 32.51±8.59], who 

completed the fMRI neuroimaging paradigm after being randomly assigned to take either 

IBUD or placebo.

Eligibility was initially assessed through a telephone interview, after which eligible 

participants underwent in-person screening in the laboratory. Eligibility criteria included 

an age range between 21 and 50 years; meeting criteria for current AUD as assessed with 

the Structured Clinical Interview for DSM-5 (American Psychiatric Association, 2013) and 

drinking more than 14 drinks per week for men (more than 7 for women) in the 30 days 

prior to screening. Exclusion criteria included currently receiving or seeking treatment 

for AUD; past year DSM-5 diagnosis of any other substance use disorder (excluding 

nicotine); lifetime diagnosis of schizophrenia, bipolar disorder, or any psychotic disorder; 

non-removable ferromagnetic objects in body; claustrophobia; serious head injury or 

prolonged period of unconsciousness (>30 minutes); medical conditions thought to interfere 

with safe participation (unstable cardiac, renal or liver disease, uncontrolled hypertension, 

diabetes, or elevated liver enzymes); and pregnancy, nursing, or refusal to use reliable birth 

control (women). Participants were also excluded if taking medications that could interact 

with ibudilast or alter their alcohol use.

Participants were also assessed for a broader scope of alcohol use measures, including: 

a daily diary assessment, from which the study’s drinks per drinking day outcome was 

derived; 30-day Timeline Follow-Back (Sobell and Sobell, 1992), from which the baseline 

drinks per drinking day variable was derived; Structured Clinical Interview for DSM-5 

(SCID) (First et al., 1995); Alcohol Use Disorder Identification Test (AUDIT) (Saunders 

et al., 1993); Clinical Institute Withdrawal Assessment – Alcohol Revised (CIWA-Ar) 

(Sullivan et al., 1989); Alcohol Dependency Scale (ADS) (Skinner and Allen, 1982); Penn 

Alcohol Craving Scale (PACS) (Flannery et al., 1999); and Obsessive Compulsive Drinking 

Scale (OCDS) (Anton, 2000). Clinical and demographic characteristics of the participants 

are detailed in Table 1.

At each in-person visit, participants were required to have a breath alcohol concentration 

(BrAC) of 0.00 g/dl and to test negative on a urine toxicology screen for all drugs of abuse 

(except cannabis) and urine pregnancy test (if female). IBUD was titrated as follows: 20 mg 

b.i.d. on days 1–2 and 50 mg b.i.d. on days 3–14. The neuroimaging session occurred at the 

midpoint visit, after participants had been taking medication for seven days.

fMRI Data Acquisition

Neuroimaging took place at the UCLA Center for Cognitive Neuroscience (CCN) on a 

3.0T Siemens Prisma Scanner (Siemens Medical Solutions USA, Inc., Malvern, PA). A T2‐
weighted, high‐resolution matched‐bandwidth (MBW) anatomical scan (time to repetition 

(TR) = 5,000 ms, time to echo (TE) = 34 ms, flip angle = 90°, voxel size: 1.5 mm × 1.5 

× 4 mm, field of view (FOV) = 192 mm2, 34 slices, ~1.5 minutes) and a T1‐weighted 

magnetization‐prepared rapid gradient‐echo (MPRAGE) sequence (TR = 2,530 ms, TE = 

1.74 ms, time to inversion = 1,260 ms, flip angle = 7°, voxel size: 1 mm3, FOV = 256 mm2, 
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~6.2 minutes) were acquired for co‐registration to the functional data. A T2*‐weighted echo 

planar imaging (EPI) scan (TR = 2,200 ms, TE = 35ms, flip angle = 90°, FOV = 192 

mm, slices = 36, 3.0 mm, ~12 minutes) was acquired to examine the blood oxygen-level 

dependent (BOLD) signal during the visual alcohol cue reactivity task.

Participants completed a well-validated 720s-long visual alcohol cue-reactivity task (Schacht 

et al., 2013), in which they were presented with 24 pseudo-randomly interspersed blocks 

of alcoholic beverage images (ALC), non-alcoholic beverage images (BEV), blurred images 

to serve as visual controls, and a fixation cross. Each block was composed of 5 individual 

pictures of the same type, each presented for 4.8 seconds, for a total of 24 seconds. Each 

block was followed by a 6-second washout period during which participants reported on the 

urge to drink. Alcoholic beverage blocks were distributed between images of beer, wine, and 

liquor (2 of each).

Data Analysis

Preprocessing of neuroimaging data followed conventional procedures as implemented in 

FMRIB Software (FSL v6.0.1http://www.fmrib.ox.ac.uk/fsl), including motion correction 

(Jenkinson et al., 2002), high-pass temporal filtering (100-second cut-off), and smoothing 

with a 5-mm full-width, half-maximum Gaussian kernel. Functional and structural data were 

skull-stripped to remove non-brain tissue. Each subject’s functional images were registered 

to their MBW, followed by their MPRAGE using affine linear transformations, and then 

were normalized to the Montreal Neurological Institute (MNI) 152-brain-average template 

through non-linear registration (Andersson et al., 2007). All fMRI data had been used in 

previous studies (Burnette et al., 2021; Grodin et al., in press), and, as such, met criteria 

for quality control (exclusion criteria: >2mm translational displacement, >1.5° rotation). 

Therefore, no participants or images were excluded for quality control issues, including 

motion, as part of this study. The time series of activation was extracted from an a priori 

defined region of interest: bilateral ventral striatum (VS), a 6 mm-radius sphere centered at 

MNI coordinates x=12, y=6, z=9 (Schacht et al., 2017), which was then reverse-registered 

from standard space to each participant’s anatomical image.

Functional connectivity analyses were conducted in FSL using psychophysiological 

interaction (PPI) to examine the interaction of task conditions and functional connectivity 

between the time course of activation for specific seed regions with the rest of the brain 

(O’Reilly et al., 2012). PPI analyses were conducted to examine the interaction of the 

ALC>BEV contrast and the VS seed region for the comparisons: IBUD > PLAC and PLAC 

> IBUD. The first-level PPI models included four regressors: the main ‘psychological’ 

regressor to model the difference in task conditions (ALC-BEV), a second ‘psychological’ 

regressor to account for the shared variance between task conditions (ALC+BEV), a 

‘physiological’ regressor to model the seed time course, and a ‘psychophysiological 

interaction’ regressor which is the product of the main ‘psychological’ and ‘physiological’ 

regressors. Age, sex, and cigarette smoking status were entered as neuroimaging-relevant 

covariates often associated with differential brain activation in fMRI studies. Whole-brain 

contrast images were generated with cluster-forming thresholds of Z>2.3 and cluster

probability thresholds of p<0.05 (Worsley, 2001). Average drinks per drinking day in the 

Burnette et al. Page 5

Alcohol Clin Exp Res. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl


last week of the study was added as a covariate of interest in separate higher-level analyses 

paralleling those described above. In these analyses, baseline drinks per drinking day was 

also included as a covariate.

Clusters revealed by the PPI to significantly correlate with drinks per drinking day in both 

groups were selected as ROIs. The activation profile (percent signal change) was then 

extracted for these PPI ROIs using the Featquery tool in FSL for all subjects in the model, 

regardless of whether or not a subject had significant task-related activation in the cluster 

(Bradley et al., 2016). General linear model (GLM) analyses probing medication effects 

on the relationship between the PPI ROI activation profiles and drinks per drinking day 

were conducted in R (RStudio 1.2.5001), controlling for baseline drinks per drinking day. 

Associations between PPI ROI percent signal change and drinks per drinking day were 

assessed across groups, as well as separately in the IBUD and placebo groups.

Exploratory PPI analyses were also conducted to examine functional connectivity from 

additional seeds. The dorsal striatum (DS), anterior cingulate cortex (ACC), posterior 

cingulate cortex (PCC), and precuneus were selected as alternative seeds (anatomical ROIs 

derived from the Harvard-Oxford atlas), as these regions have shown a strong cue-reactivity 

signal and modulation by pharmacological and behavioral treatments (Schacht et al., 2013). 

Age, sex, and cigarette smoking were included as neuroimaging-relevant covariates in these 

exploratory analyses as well.

Results

IBUD Effects on Functional Connectivity

As compared to placebo, treatment with IBUD resulted in reduced alcohol cue-elicited 

functional connectivity from the VS seed, as indicated by PPI analysis. Specifically, IBUD, 

compared to placebo, resulted in reduced functional connectivity from the VS to multiple 

regions including the left orbitofrontal cortex, right medial frontal cortex, and bilateral 

anterior cingulate (see Figure 1 and Table 2). Whole-brain results were thresholded using 

cluster-corrected statistics with a height-threshold of Z > 2.3 and cluster-forming threshold 

of p < 0.05.

Functional Connectivity and Drinks per Drinking Day

Further PPI analysis examined the association between alcohol cue-elicited functional 

connectivity with the VS seed and drinks per drinking day. Whole-brain results showed 

that, overall (i.e., across medication groups) functional connectivity with the VS seed was 

correlated with drinks per drinking day and that this correlation was stronger in the placebo 

group than in the IBUD group. Regions in which functional connectivity showed a stronger 

correlation with drinks per drinking day in the placebo group compared to the IBUD 

group included the left caudate, temporal pole, and orbitofrontal cortex, bilateral anterior 

cingulate, and right lateral occipital cortex within the ALC>BEV contrast (see Figure 2 

and Table 3). Whole-brain results were thresholded using cluster-corrected statistics with a 

height-threshold of Z > 2.3 and cluster-forming threshold of p < 0.05.
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Across both groups, functional connectivity with the VS seed correlated positively with 

activation in regions including the left parahippocampal gyrus and postcentral gyrus, right 

frontal pole, and right inferior temporal gyrus (see Table 4). Further GLM analysis of the 

correlation between drinks per drinking day and connectivity between the VS seed and 

these regions (controlling for baseline drinks per drinking day) revealed this association to 

be significant across groups (R2=0.5351, p<0.001) and in the placebo group (R2=0.7363, 

p<0.001), but not in the IBUD group (R2=0.09506, p>0.05). These associations in the 

placebo and ibudilast groups were significantly different from each other (p<0.005).

Exploratory Analyses

PPI analyses from alternative seeds – DS, ACC, PCC, and precuneus – were conducted. 

Of these, only functional connectivity from the DS seed showed an effect of IBUD. 

Specifically, in comparison to placebo, IBUD reduced functional connectivity from the 

DS to the right temporal pole and middle temporal gyrus (see Figure 4 and Table 5). Whole

brain results were thresholded using cluster-corrected statistics with a height-threshold of Z 

> 2.3 and cluster-forming threshold of p < 0.05. This attenuation of functional connectivity 

from the DS seed did not show a significant correlation with drinks per drinking day.

Discussion

This study investigated the effects of ibudilast on temporally correlated activation to visual 

alcohol cues (i.e. cue-elicited functional connectivity) from a VS seed in a sample of 

individuals with current AUD. Functional connectivity analyses were employed to further 

our understanding of the effects of ibudilast on neural responses to alcohol cues.

Consistent with results from the main study, which found that IBUD diminished alcohol cue

reactivity in the VS ROI, IBUD was also found to reduce correlation in activity between the 

VS seed and frontal regions including the orbitofrontal cortex (OFC) and anterior cingulate 

cortex (ACC). These brain regions are heavily implicated in reward processing, decision

making, and selective attention (Volkow et al., 2011). Disrupted function in the OFC is a 

characteristic of addiction broadly and of AUD in particular (Moorman, 2018). Given the 

OFC’s primary role in controlling flexible, goal-directed behavior and its association with 

reward identification and acquisition, this region is implicated in regulating alcohol seeking 

in AUD. Of interest within the context of the current study, preclinical and clinical studies 

have shown cellular correlates of neuroinflammation in the OFC in both humans with AUD 

(Vetreno et al., 2013) and animals with chronic alcohol exposure (Qin and Crews, 2012), 

making this region a salient target for neuroimmune modulators like ibudilast. The ACC is 

strongly implicated in the experience of craving (Goldstein and Volkow, 2002), with human 

neuroimaging studies indicating that BOLD signal in the ACC increases in response to 

alcohol cues (Grüsser et al., 2004; Heinz et al., 2007). Individuals with AUD also have 

greater glutamate levels within the ACC than healthy controls, and ACC glutamate levels 

were shown to be significantly reduced by acamprosate (Frye et al., 2016; Umhau et al., 

2010), another medication for AUD that may also act through neuroimmune mechanisms 

(Germany et al., 2018). Studies suggest that ibudilast may work similarly to protect against 

the hyper-glutamatergic state and maintain glutamate homeostasis in the brain (Bachtell et 
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al., 2017; Tominaga et al., 1996). Animal (Johansson et al., 2012) and human (Pérez-Torres 

et al., 2000) studies show that PDE4A, B, and D are well-expressed in the cingulate and 

frontal cortices, indicating that IBUD may inhibit PDE throughout this reward-processing 

circuit. Additionally, research shows that subjective craving is correlated with alcohol cue

induced functional connectivity between the VS and regions including the OFC and ACC 

(Strosche et al., 2021); therefore, diminishing these connections through ibudilast may 

facilitate the inhibition of reward processing and craving, and ultimately a reduction in 

alcohol use.

To further examine this connection between brain and behavior, we conducted an 

exploratory analysis of associations between cue-elicited functional connectivity and drinks 

per drinking day in the week following the fMRI scan. Across medication groups, drinks 

per drinking day was positively correlated with alcohol cue-elicited functional connectivity 

from the VS seed. Further probing of this association revealed that brain areas in which 

this correlation was stronger in the placebo group than in the IBUD group included similar 

reward-processing regions. These results indicate that IBUD’s effects on reducing functional 

connectivity were indeed beneficial, as it also reduced drinks per drinking day during the 

two-week trial. Additionally, recency of drinking was considered as a variable. The IBUD 

and placebo groups did not differ significantly on recency of drinking (p>0.05). When 

included as a covariate in the models, recency of drinking did not significantly impact the 

results, and therefore was not included in the final model.

In order to probe the specificity of the effects seen from the VS seed, we conducted 

exploratory PPI analyses from alternative seeds, including the DS, ACC, PCC, and 

precuneus. Of these exploratory analyses, only the DS seed showed an IBUD-associated 

reduction in functional connectivity, and did not predict drinks per drinking day. These 

results indicate that the findings from the VS seed were relatively specific, especially those 

that correlated with drinks per drinking day. However, it is worth noting that IBUD’s effects 

on alcohol-induced functional connectivity from the VS may not be the only mechanism 

underlying the effects of IBUD on drinking outcomes.

This study has several strengths and limitations that should be considered in evaluating 

its findings. It is strengthened by the combination of neurobiological and self-reported 

behavioral (real-world drinking) outcomes. Another strength lies in the utilization of 

psychophysiological interaction (PPI) analyses to explore functional connectivity, allowing 

us to visualize effects of IBUD on broader reward processing circuitry beyond the ventral 

striatum itself. However, as mentioned in the main paper, the study is limited by its modest 

neuroimaging sample size, as well as its recruitment of a non-treatment-seeking sample, 

meaning that these results may not generalize to a sample of treatment-seeking participants 

(Ray et al., 2017b). An ongoing randomized controlled trial of IBUD (NCT03594435) 

aims to expand these results to a larger sample of treatment-seeking individuals with AUD. 

Additionally, IBUD’s actions on PDE have the potential to result in vascular effects. In 

order to probe these effects, blood pressure was collected at every in-person visit. However, 

the IBUD and placebo groups did not differ significantly on systolic or diastolic blood 

pressure at either baseline or at the scan visit, nor did either group’s blood pressure at the 

scan visit differ significantly from their baseline blood pressure (p>0.05). Finally, this study 
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was conducted in a relatively high-functioning outpatient sample with mild-to-severe AUD, 

which may have limited our ability to detect effects of IBUD on pathologies associated 

with greater AUD severity levels. The ongoing trial in treatment-seekers may serve to 

address this outstanding question as well, as treatment-seeking populations tend to report a 

greater number of AUD symptoms and consume more drinks per drinking day (Ray et al., 

2017b). Severity of AUD and overall brain pathology may be particularly relevant given that 

ibudilast has been studied for a host of brain-based biomarkers in clinical trials for multiple 

sclerosis (Fox et al., 2018; Naismith et al., 2021).

Ibudilast’s effects are hypothesized to be mediated by its effects on neuroinflammation 

and brain volume and structural integrity (Mizuno et al., 2004). Therefore, while beyond 

the scope of the current paper, future studies associating neural effects of ibudilast with 

inflammatory markers, as well as work probing possible long-term effects of ibudilast on 

brain morphometry, are warranted.

The use of neuroimaging in medications development continues to evolve (Grodin and Ray, 

2019). Understanding the neurobiological mechanisms of action of novel pharmacotherapies 

represents an important aspect of medications development, especially when these biological 

findings are paired with disorder-related behavioral outcomes (i.e. drinking outcomes 

as in the case of the current study), representing a window into the clinical utility of 

neuroimaging in the development of pharmacological treatments. This study’s combination 

of a functional connectivity analysis based on an original a priori ROI analysis extends 

previous research to explore the actions of IBUD beyond a single region, showing its 

attenuation of functional connectivity throughout a reward-processing circuit including the 

ventral striatum, orbitofrontal cortex, and anterior cingulate cortex. Furthermore, the current 

study supports the primary neuroimaging finding from the main clinical trial – i.e. that 

IBUD diminishes VS reactivity to visual alcohol cues and that this effect is associated with 

drinking outcomes – and expands on these findings to give an early proof of mechanism 

that IBUD’s effects on drinking outcomes may be specifically related to effects in broader 

frontostriatal neural circuitry related to reward processing.
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Figure 1. Whole-brain analysis clusters, IBUD<PLAC, Ventral Striatum Seed.
PPI analyses indicating functional connectivity from ventral striatum seed during 

ALC>BEV contrast in regions where functional connectivity was lower in the IBUD group 

than the placebo group (see Table 2 for list of clusters). Color bar represents z-values. 

Whole-brain results are thresholded at z > 2.3, cluster-forming threshold of p<0.05. Brain 

maps are displayed in radiological convention (right = left).
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Figure 2. Drinks per Drinking Day whole-brain analysis clusters, IBUD<PLAC, Ventral 
Striatum Seed.
PPI analyses indicating functional connectivity from ventral striatum seed during 

ALC>BEV contrast with drinks per drinking day as a covariate, in regions where functional 

connectivity was lower in the IBUD group than the placebo group (see Table 3 for list 

of clusters). Color bar represents z-values. Whole-brain results are thresholded at z > 2.3, 

cluster-forming threshold of p<0.05. Brain maps are displayed in radiological convention 

(right = left).
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Figure 3. Correlation between functional connectivity from Ventral Striatum seed and Drinks 
per Drinking Day.
Activation profile (percent signal change) within clusters showing correlated activation 

from VS seed vs. Drinks per Drinking Day in the last week of the trial (controlling for 

baseline drinks per drinking day. Across groups (green): R2=0.5351, p<0.001; IBUD (blue): 

R2=0.09506, p>0.05: Placebo (yellow): R2=0.7363, p<0.001.
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Figure 4. Whole-brain analysis clusters, IBUD<PLAC, Dorsal Striatum Seed.
PPI analyses indicating functional connectivity from dorsal striatum seed during ALC>BEV 

contrast in regions where functional connectivity was lower in the IBUD group than the 

placebo group (see Table 5 for list of clusters). Color bar represents z-values. Whole-brain 

results are thresholded at z > 2.3, cluster-forming threshold of p<0.05. Brain maps are 

displayed in radiological convention (right = left).
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Table 1.

Demographic and Clinical characteristics (collected at baseline screening visit) of ibudilast and placebo 

medication groups within the sample and comparisons between the groups.

Variable Ibudilast (n=20) Placebo (N=25) Comparison

Age 34.40 ± 9.67 31.00 ± 7.49 T = −1.293
p = 0.205

Gender, No. (%)

 Male 13 (65%) 16 (64%) X2 = 0.001
p = 0.973

 Female 7 (35%) 9 (36%)

Race/Ethnicity, No. (%)

 White 14 (70%) 11 (44%) X2 = 8.577
p = 0.127

 African-American 4 (20%) 2 (8%)

 Asian 0 (0%) 4 (16%)

 Pacific Islander 0 (0%) 1 (4%)

 Mixed Race 1 (5%) 5 (20%)

 Another Race 1 (5%) 2 (8%)

Hispanic or Latino 5 (25%) 6 (24%)

Years of Education 15.30 ± 2.79 15.28 ± 1.72 T = −0.075
p = 0.940

Cigarette Smokers, No. (%) 10 (50%) 15 (60%) X2 = 0.492
p = 0.483

Baseline THC+, No. (%) 7 (35%) 6 (24%) X2 = 0.228
p = 0.633

AUD Severity 0/4/9/7 1/6/13/5 X2 = 1.929
p = 0.587

PACS Total Score 12.50 ± 5.52 11.60 ± 6.96 T = 0.484
p = 0.631

OCDS Total Score 19.35 ± 8.00 18.00 ± 9.88 T = 0.506
p = 0.615

ADS Total Score 13.20 ± 6.59 11.40 ± 6.57 T = 0.911
p = 0.368

CIWA-Ar Total Score 0.75 ± 1.74 0.44 ± 1.08 T = 0.695
p = 0.492

AUDIT Total Score 16.70 ± 6.30 16.40 ± 6.26 T = 0.159
p = 0.874

Drinking Days (30-day baseline) 21.25 ± 7.00 19.96 ± 6.30 T = 0.642
p = 0.525

Drinks per Day (30-day baseline) 4.02 ± 2.21 3.85 ± 3.77 T = 0.196
p = 0.846

Drinks per Week (30-day baseline) 28.19 ± 15.49 26.97 ± 26.41 T = 0.196
p = 0.846

Drinks per Drinking Day (30-day baseline) 5.91 ± 2.72 5.45 ± 3.85 T = 0.461
p = 0.647
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Table 2.

Significant clusters for psychophysiological interaction analyses using the Alcohol > Beverage contrast, 

IBUD<PLAC, Ventral Striatum seed. Z-statistic maps were thresholded using cluster-corrected statistics with a 

height-threshold of Z > 2.3 and cluster-forming threshold of p < 0.05. All coordinates are in MNI space.

Brain Region Cluster Voxels Max Z-statistic x y z

Placebo > Ibudilast – PPI during Alc>Bev; VS Seed

L Orbitofrontal Cortex 9599 4.13 −46 18 −16

 Bilateral Anterior Cingulate 3.8 0 14 18

 R Medial Frontal Cortex 3.68 2 46 −12

 L Superior Frontal Gyrus 3.65 −6 46 32
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Table 3.

Significant clusters for psychophysiological interaction analyses with drinks per drinking day as a covariate 

using the Alcohol > Beverage contrast, IBUD<PLAC, Ventral Striatum Seed. Z-statistic maps were 

thresholded using cluster-corrected statistics with a height-threshold of Z > 2.3 and cluster-forming threshold 

of p < 0.05. All coordinates are in MNI space.

Brain Region Cluster Voxels Max Z-statistic x y z

Placebo > Ibudilast – PPI during Alc>Bev × DPDD; VS Seed

L Orbitofrontal Cortex 8477 4.1 −38 20 −20

 L Caudate 4.01 −18 24 4

 L Temporal Pole 3.91 −44 24 −24

 Bilateral Superior Frontal Gyrus 3.7 0 44 36

 Bilateral Anterior Cingulate 3.63 −6 36 6

 R Caudate 3.62 12 22 6

R Temporal Pole 828 4.07 46 8 −38
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Table 4.

Significant clusters for psychophysiological interaction analyses with drinks per drinking day as a covariate 

using the Alcohol > Beverage contrast, across groups. Z-statistic maps were thresholded using cluster

corrected statistics with a height-threshold of Z > 2.3 and cluster-forming threshold of p < 0.05. All 

coordinates are in MNI space.

Brain Region Cluster Voxels Max Z-statistic x y z

Mean functional connectivity across groups – PPI during Alc>Bev × DPDD; VS Seed

L Parahippocampal Gyrus 2368 5.12 22 −16 −26

L Postcentral Gyrus 2050 4.63 −6 −40 72

R Frontal Pole 1162 4.52 24 48 −20

R Inferior Temporal Gyrus 952 4.74 48 −32 −26
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Table 5.

Significant clusters for psychophysiological interaction analyses using the Alcohol > Beverage contrast, 

IBUD<PLAC, Dorsal Striatum seed. Z-statistic maps were thresholded using cluster-corrected statistics with a 

height-threshold of Z > 2.3 and cluster-forming threshold of p < 0.05. All coordinates are in MNI space.

Brain Region Cluster Voxels Max Z-statistic x y z

Placebo > Ibudilast – PPI during Alc>Bev; DS Seed

R Temporal Pole 781 3.68 58 12 −42

 Middle Temporal Gyrus 3.24 66 6 −34
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