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Abstract

Background: Cognitive behavioral therapy (CBT) is an effective treatment for alcohol
use disorder (AUD). We hypothesized that the dorsolateral prefrontal cortex (DLPFC),
a region implicated in cognitive control and goal-directed behavior, plays a role in
behavior change during CBT by facilitating the regulation of craving (ROC).

Methods: Treatment-seeking participants with AUD (N=22) underwent functional
magnetic resonance imaging (fMRI) scanning both before and after a 12-week, single-
arm trial of CBT, using an ROC task that was previously shown to engage the DLPFC.
Results: We found that both the percentage of heavy drinking days (PHDD) and the
overall self-reported alcohol craving measured during the ROC task were significantly
reduced from pre- to post-CBT. However, we did not find significant changes over time
in either the ability to regulate craving or regulation-related activity in any brain region.
We found a significant 3-way interaction between the effects of cue-induced craving,
cue-induced brain activity and timepoint of assessment (pre- or post-CBT) on PHDD
in the left DLPFC. Follow-up analysis showed that cue-induced craving was associated
with cue-induced activity in the left DLPFC among participants who ceased heavy
drinking during CBT, both at pre-CBT and post-CBT timepoints. No such associations
were present at either timepoint among participants who continued to drink heavily.
Conclusions: These results suggest that patients in whom DLPFC functioning is more

strongly related to cue-induced craving may preferentially respond to CBT.

KEYWORDS
alcohol use disorder, cognitive control, craving, dorsolateral prefrontal cortex, regulation of
craving

INTRODUCTION Cognitive behavioral therapy (CBT) is an effective treatment
for AUD that involves learning strategies for managing crav-
Alcohol use disorder (AUD) is associated with significant mor- ings and negative emotional states that promote heavy drink-

bidity and mortality that has substantially increased since 2020 ing (Longabaugh & Morgenstern, 1999; McCrady et al., 2014;
(Sacks et al., 2015; White et al., 2020, 2022; Yeo et al., 2022). Witkiewitz et al., 2019; Witkiewitz & Marlatt, 2011). Prior
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research on the mechanisms of behavior change in CBT has fo-
cused on understanding the role of various psychological con-
structs, e.g., the self-regulation (Berking et al.,, 2011; Roos &
Witkiewitz, 2017), self-efficacy (Kadden & Litt, 2011), and the
acquisition of coping skills (Morgenstern & Longabaugh, 2000).
However, attempts at studying these psychological mechanisms
have yielded inconsistent results (Magill et al., 2020; Morgenstern
& Longabaugh, 2000). These inconsistencies may result from
the inherent complexity in these constructs, which are likely to
engage multiple underlying cognitive functions. Also, behavior
change may occur through processes that occur outside of con-
scious awareness and thus are inaccessible by self-report and
exacerbated by impaired insight that is common in substance use
disorders (SUDs) (Goldstein et al., 2009). Furthermore, these con-
structs may not directly relate to neural mechanisms underlying
AUD (Naqvi & Morgenstern, 2015). Studying neural mechanisms
of behavior change may help overcome these limitations, allowing
for the identification of brain systems that are more specifically
targeted to (1) make CBT more effective and (2) develop novel
treatments.

Behavior-change constructs such as self-regulation, self-efficacy,
and coping can be conceptualized as mental processes that engage
cognitive control. Cognitive control involves the coordinated de-
ployment of attention, goal representation, action selection, and
the suppression of competing behaviors, all in the service of re-
ducing automaticity and increasing flexible, goal-directed behavior
(Friedman & Robbins, 2022). Cognitive control can thus be seen as
a general function that subserves behavior change across multiple
domains. The dorsolateral prefrontal cortex (DLPFC) is a large and
heterogeneous region of prefrontal cortex that, broadly speaking,
is thought to play a central role in cognitive control (Friedman &
Robbins, 2022; Miller & Cohen, 2001; Turnbull et al., 2019). Both
DLPFC structure/function (Beylergil et al., 2017; Li et al., 2009;
Pfefferbaum et al., 1997, 1998; Zou et al., 2018) and behavioral mea-
sures of cognitive control (Naqvi et al., 2015; Wilcox et al., 2014)
are negatively impacted in AUD. Thus, by facilitating cognitive
control, CBT may remediate deficits in DLPFC function, increasing
the capacity to regulate alcohol-seeking motivational states such
as craving. We have proposed elsewhere (Naqvi et al., 2014) that
treatments such as CBT, which seek to increase both the saliency of
the negative consequences of drinking and the value of alternative
rewards, promote a more goal-directed and less automatic mode of
alcohol seeking (Tiffany & Conklin, 2000). According to this model,
this goal-directed mode of alcohol seeking leads to less drinking, and
whatever drinking remains is more driven by craving, a deliberative
process subject to regulation (Suzuki et al., 2019). The goal-directed
mode is likely more strongly dependent upon cognitive control func-
tions mediated by the DLPFC, in coordination with higher-order af-
fective processing and risk representation within the ventromedial
prefrontal cortex and the insula (Everitt & Robbins, 2005).

While theoretical accounts highlight a potential role for the
DLPFC in behavior change in CBT, research evidence is limited.
Schneideretal.(2001) examined how CBT impacted neural correlates
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of cue-induced craving and found that treatment reduced cue-
induced activity in the amygdala and hippocampus, while increasing
activity in the superior temporal sulcus. However, DLPFC activity
did not change during CBT. This study did not examine any cogni-
tive control or regulation functions, and it included pharmacologi-
cal interventions that were likely to have confounded CBT-related
changes (Schneider et al., 2001). DeVito et al. (2012) used a cognitive
control task (the Stroop task (Friedman & Robbins, 2022)) to exam-
ine the changes in brain activity over a course of CBT in individu-
als with a variety of substance use disorders, including AUD. They
found that CBT decreased Stroop-related activity in the DLPFC, as
well as in the anterior cingulate cortex and midbrain. However, this
study was not focused on AUD exclusively. In cocaine use disorder,
Brewer et al showed that reductions in Stroop-related DLPFC ac-
tivity were associated with increased treatment retention (Brewer
et al.,, 2008), while DeVito et al. (DeVito et al., 2017) showed that
changes in Stroop-related activity in DLPFC were associated with
the number of CBT sessions completed. In aggregate, these prior
studies support a role for the DLPFC in behavior change during CBT
for AUD. However, none examined cognitive control processes as
they specifically relate to alcohol-seeking motivational states, e.g.,
craving, which may be more sensitive and specific to mechanisms of
CBT (Magill et al., 2015). Moreover, no prior study has examined the
relationship between changes in brain function and clinical drinking
outcomes of CBT for AUD.

One of the core skills taught in CBT is the ability to regulate
craving in high-risk situations using various cognitive strategies, in-
cluding by thinking about the long-term negative consequences of
drinking (Magill et al., 2015). This is a form of reappraisal-based emo-
tion regulation, which is theorized to depend upon cognitive control
(Ochsner et al., 2012). Kober and colleagues created an functional
magnetic resonance imaging (fMRI) paradigm designed to assess
this type of regulation, applying it across a variety of substances, in-
cluding alcohol (Koban et al., 2023; Kober, Kross, et al., 2010; Kober,
Mende-Siedlecki, et al., 2010; Naqvi et al., 2015; Suzuki et al., 2019).
A consistent set of findings in these studies is that regulation of
craving (ROC) is associated with increased activity in areas within
DLPFC, superior temporal sulcus, and anterior cingulate and ven-
trolateral prefrontal cortices, coupled with decreased activity in the
ventral striatum/nucleus accumbens and amygdala. We have previ-
ously shown this form of regulation to be impaired at the behavioral
level in individuals with AUD (Naqvi et al., 2015). The ROC task may
be a particularly sensitive probe for revealing the role of the DLPFC
in behavior change during CBT. However, to date, this task has never
been combined with a clinical treatment for AUD.

In this study, we used fMRI to examine how brain function re-
lated to regulation of cue-induced alcohol craving changes over
the course of CBT for AUD and how these changes are related
to drinking outcomes. We recruited treatment-seeking partici-
pants with AUD who were drinking heavily at the baseline. They
then completed the ROC task both before and after undergo-
ing approximately 12weeks of manualized CBT for AUD. In this
task, participants are shown alcohol cues that are known to elicit
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tive consequences of drinking vs. immediate pleasurable conse-
quences, using food cues as control stimuli, while brain activation
and self-reported craving are measured. We chose reduction in
the percentage of drinking days as the primary clinical outcome
since it is a clinically meaningful outcome that has been used in
prior treatment studies (Bogenschutz et al., 2022; Falk et al., 2019;
Hagman et al., 2022) and is more attainable than total abstinence.
We also explored how the relevant variables (cue induced brain
activity, cue induced craving, and timepoint) may be related to
each other as well as heavy drinking. We hypothesized that (a) CBT
will increase the ability to regulate cue-induced alcohol craving; (b)
this improved ability to regulate craving during CBT will be associ-
ated with an increase in DLPFC activity; and (c) increased DLPFC

activity will in turn be related to reductions in heavy drinking days.

PATIENTS AND METHODS
Participants

The details of participant recruitment, including the inclusion/ex-
clusion criteria, study structure, and data collection are published
elsewhere (Srivastava et al., 2021). Briefly, men and women of
ages 21-65 seeking treatment for alcohol-related problems were
recruited from the New York City Area. In total, we consented 38
participants (24 men and 14 women) aged 26-64. All participants
met the Diagnostic and Statistical Manual for Mental Disorders,
Fifth Edition, criteria for AUD, as confirmed by the MINI (Sheehan
et al., 1998). Participants were excluded from the study for neu-
rological or medical illnesses that would interfere with magnetic
resonance imaging (MRI) scanning, other moderate or severe sub-
stance use disorders besides tobacco or caffeine use disorder,
significant psychiatric illness, or a significant alcohol withdrawal
history. The study was approved by the New York State Psychiatric
Institute (NYSPI) Institutional Review Board. All participants pro-
vided informed consent.

Clinical outcome and analysis

The primary clinical outcome was percentage of heavy drinking
days (PHDD), defined as the percentage of days over the previous
28 days on which participants consumed 24 standard drinks/day for
women and 25 drinks/day for men, as assessed using the 28 Day
Timeline Followback (TLFB) procedure (Sobell & Sobell, 1995). The
PHDD was calculated for both pre-CBT and post-CBT timepoints,
approximately 12 weeks (the study duration) apart. The PHDD was
measured at the pre-CBT and post-CBT behavioral assessments and
was contrasted using a paired t-test. To consider the role of dropout,
we performed a last observation carried forward (LOCF) analysis in
which the pre-CBT PHDD for each participant who dropped out was
imputed as its post-CBT PHDD.

CBT sessions

Participants received up to 12 sessions of CBT, administered by
a master's- or doctoral-level clinician with experience deliver-
ing CBT, adhering to the Project Match CBT Manual (Kadden
et al,, 2003). Each session lasted 1h and included the following
modules: (1) Introduction to Coping Skills; (2) Coping with Craving
and Urges to Drink; (3) Managing Thoughts About Alcohol and
Drinking; (4) Problem-Solving; (5) Drink Refusal Skills; (6) Planning
for Emergencies and Coping with Lapses; (7) Seemingly Irrelevant
Decisions; and (8) up to five elective modules on various topics as
relevant. Additionally, sessions included the assessments of drinking
levels and psychiatric symptoms. Only participants who completed a

minimum of six sessions were included in the analyses.

The ROC task and analysis

At both the pre- and post-CBT timepoints, each participant per-
formed the ROC task while fMRI data were collected. The task
was programmed in E-Prime version 2.0 (Psychology Software
Tools, Sharpsburg, PA) and displayed to the participants using a
back projection mirror. Prior to performing the ROC task in the
scanner, participants completed eight practice trials outside the
scanner. The structure of the ROC task is as follows (Figure S1):
Participants were shown an instructional word for 2s, directing
them to focus on either the immediate, pleasurable consequences
of consuming the depicted item (“LOOK”) or the long-term, nega-
tive consequences (“NEGATIVE") of repeatedly consuming the
depicted item. They were then immediately shown a picture cue
for 6s: either an image of an alcoholic beverage or an image of
a high-calorie food, followed by a fixation cross during an inter-
stimulus interval randomly jittered between 1 and 7.5s. They
were then shown a visual instruction to rate the desire to con-
sume the depicted item (craving) on a 1-5 point Likert scale, dur-
ing which they made rating responses with their right hand using
a five-finger button-response unit. They were given up to 3s to
make their response. Once the response was made (or after 3s,
which ever came first), participants were then shown a fixation
point during the inter-trial interval, which was randomly jittered
between 1 and 7.5s; this was then followed by the next trial. The
cue images (alcohol and food) were previously validated as elicit-
ing moderate cravings in participants with AUD [35]. The order
of instructions was counterbalanced across alcohol and food
cues. The food (n=40) and alcohol (n=40) cues were presented
in pseudorandom order, and different cue images were used for
the pre- and post-CBT scans. Participants performed 4 runs of the
task with 20 trials per run. We examined how self-report response
data (craving scores) varied as a function of cue (food vs alcohol
cues), instruction (LOOK vs. NEGATIVE), and treatment timepoint
(pre-CBT vs. post-CBT) with a repeated measures ANOVA. Post
hoc comparisons for this and subsequent ANOVAs were assessed
using paired t-tests with a threshold of p <0.05.
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MRI acquisition and preprocessing

The scanning procedures for both pre- and post-treatment MRI scan-
ning sessions were the same. Participants first completed a 7-day
TLFB (Sobell & Sobell, 1995) to quantify recent drinking and reported
the time since the last drink. They were then administered a breath
alcohol test, vital signs, the Clinical Institute Withdrawal Assessment
of Alcohol Scale-Revised (CIWA-Ar) (Sullivan et al., 1989), and a urine
drug screen. This was followed by ROC task practice trials outside
the scanner, followed by fMRI scanning during ROC task during, fol-
lowed by a 10-min resting state scan. The results of the resting-state
scans are published elsewhere (Srivastava et al., 2021, 2022).

MRI data were collected on a 3T MR750 GE Scanner. Details of
the image acquisition protocol are described elsewhere (Srivastava
et al., 2021). Pre-processing procedures were performed using fM-
RIPrep version 1.5.10, including alignment to individual's anatomical
data, movement correction, distortion correction, and atlas align-
ment into MNI volume space (Esteban et al., 2019). We then used
Ciftify version 2.3.3 to adapt these data, in which T2w anatomical
images and field maps were not acquired, to Human Connectome
Project Pipelines (Dickie et al., 2019). Specifically, Ciftify performs
surface-based extraction and surface atlas alignment of gray matter
voxels to improve the co-registration of functional maps between
individuals and with standard surface atlases (Dickie et al., 2019;
Glasser et al., 2016).

ROl selections for parcel-based analyses

We used a surface-based parcel-wise analysis, which has been
shown to improve alignment across both subjects and studies and
provides more reliable anatomical specificity of brain function than
voxel-based approaches (Coalson et al., 2018; Glasser et al., 2013).
Cortical areas were defined using a multimodal parcellation from
Glasser et al. (2016). Subcortical parcellations were defined using
separate atlases containing dorsal and ventral striatal structures
(Tyszka & Pauli, 2016), amygdala (Pauli et al., 2018), and bed nucleus
of the stria terminalis (BNST) (Theiss et al., 2017).

Analysis of brain activation during the ROC task

A parcel-wise generalalized linear model (GLM) was used to estimate
the BOLD response at each parcel for each cue-instruction event
type (LOOK/alcohol, NEGATIVE/alcohol, LOOK/food, NEGATIVE/
food). Following previous studies using the ROC task (Kober, Mende-
Siedlecki, etal., 2010; Suzuki et al., 2019), the instruction and picture
cue events were combined into a single 8-s event. The self-report
response interval was modeled separately. Each event type was
modeled as a separate boxcar regressor that was then convolved
with the hemodynamic response function (Grinband et al., 2008).
These were entered into the first level GLM analyses as predictors
of the measured BOLD response, resulting in a parameter estimate
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(B-weight) for each of the four cue-instruction event conditions,
at each parcel, in each participant, at each timepoint. For each
brain parcel, we then examined how cue-instruction event-evoked
brain activity varied as a function of cue (food vs alcohol cues),
instruction (LOOK vs NEGATIVE), and measurement timepoint
(pre-CBT vs. post-CBT) using a repeated-measures ANOVA. A
false discovery rate (FDR) correction (adjusted p <0.05) using the
Benjamini-Hochberg procedure (Benjamini & Hochberg, 1995) was
performed for each factor to correct for the multiple comparisons
across the 396 parcels. Post-hoc t-tests were Bonferroni corrected
for multiple comparisons. To allow for more direct comparison
between our results and those of previous studies (Kober, Mende-
Siedlecki, et al., 2010), we also performed supplemental analyses
that more closely resembled those earlier studies, specifically: (1)
a whole-brain grayordinate analysis examining the main effect of
regulation and (2) an ROI-based ANOVA analysis examining how
activity in the in areas shown to be implicated in ROC in prior
studies (Kober, Mende-Siedlecki, et al., 2010) varied as a function
of cue-type, instruction and timepoint (i.e., how regulation-related
brain activity may change with CBT). See the Appendix S1 for

detailed methods and results.

Analysis of the relationships between whole-brain
activity, craving and heavy drinking, at pre-CBT to
post-CBT timepoints

For exploratory analyses, we used a linear mixed effects model to
examine how PHDD varied as a function of pre- vs. post-CBT time-
point, cue-induced alcohol craving, and alcohol cue-induced brain
activity, as well as their interaction. Analyses were performed on
each parcel. Following prior cue-reactivity imaging studies, we
defined alcohol cue-induced brain activity as the average BOLD
response (B-weight) in that parcel during alcohol trials minus the
average BOLD response during nonalcohol (food) trials (Ekhtiari
et al., 2022; Schacht et al., 2013; Zeng et al., 2021), while we de-
fined cue-induced alcohol craving as the average Likert scale rat-
ing for alcohol cues only (Fryer et al., 2013; MacNiven et al., 2019).
For both alcohol cue-induced brain activity and the self-reported
cue-induced alcohol craving, trials were averaged without re-
gard to LOOK vs. NEGATIVE instruction (i.e., regulation was not
included as a factor in this regression analysis). Time between
scans was also entered as an independent variable. Continuous
variables were z-scored. The individual participants were modeled
as a random effect. We restricted this analysis to parcels in the
DLPFC, selecting 26 DLPFC parcels (13 in each hemisphere), as
defined by Glasser et al. (Figure S3). In a supplemental analysis,
the same regression was performed across the whole brain using
grayordinates, to allow for closer comparison to the results of ear-
lier studies using whole-brain voxel-based approaches (see the
Appendix S1 for detailed methods). All statistical analyses were
performed in Matlab v 2022a and HCP Workbench v 1.5. Power
analyses were performed with G*Power v. 3.1.
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RESULTS

Demographics

For the CONSORT diagram, see Figure 1. Table 1 describes demo-
graphic characteristics of the 22 participants who were included in
the analyses. For detailed demographic data, see the Appendix S1.

Heavy drinking outcomes and self-reported craving
in the ROC task

Percentage of heavy drinking days (PHDD) was significantly reduced
over the course of CBT (t(21)=15.69; p<0.0001), with 10/22
participants ceasing heavy drinking (PHDD=0) at the post-CBT
timepoint. LOCF analyses similarly showed a significant reduction
in PHDD (t(34)=6.84; p<0.0001). We found significant main
effects of regulation instruction (F(1,21)=10.69; p=0.004) and
time (F(1,21)=13.40; p=0.0015) as well as a significant interaction
effect of cue type and time (F(1,21)=16.16; p=0.0006) on self-
reported craving. We did not find a significant main effect of cue,

significant interaction effects of instruction and cue, significant

interaction effects of instruction and time, or significant 3-way
interaction effects of instruction, cue, and time. Post-hoc testing
showed that the self-reported craving was (1) significantly greater
in LOOK than in NEGATIVE conditions (t(87)=4.86; p<0.0001),
(2) significantly greater at the pre-CBT timepoint than post-CBT
timepoint (t(87)=5.35; p<0.0001), and (3) significantly lower for
alcohol cues at the post-CBT timepoint compared with the pre-
CBT timepoint (t(43)=6.80; p<0.0001) but not for food cues
(t(43)=1.23; p=0.22) (Figure 2).

Brain activation during the ROC task

There was a significant main effect of cue-type in multiple
parcels within bilateral posterior occipital, temporal and parietal
cortices, ventral anterior cingulate and ventromedial prefrontal
cortices, and posterior insular cortices (Figure 3A, Table S1). We
found a significant main effect of regulation instruction on brain
activity in parcels corresponding to the left ventral superior
temporal sulcus, bilateral dorsal superior temporal sulcus, the left
ventrolateral prefrontal cortex/frontal operculum, and left lateral

parietal lobe (Figure 3B, Table S1). We also found a significant

[ Enrollment ]

Assessed for eligibility (n=445)

— (n= 66)

Excluded (n=407)

+ Not treatment seeking/enrolled in
another trial (n=108)

+ Did not complete screening process

+ Did not meet minimum AUD criteria
(n=75)

+ Excluded for psychiatric/medical
conditions, cognitive impairment, or
other exclusion criteria (n=158)

Enrolled (n= 38)

Did not undergo fMRI scanning (n= 3)
+ Medical instability (n=1)

+ Tattoo (n=1)
+ Head too large for scanner (n=1)

Underwent baseline
fMRI scanning (n=35)

[ Analysis Analyzed (n= 22)

(n=1)

abstinence (n=0)

+ Excluded from analysis (dropped out of study) (n=12)
+ Excluded from analysis (no post-CBT assessments)

+ Excluded from analysis (CIWA-AR>9 after 24 hours of

FIGURE 1 CONSORT diagram of study.
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TABLE 1 Subject characteristics.

Initially consented (n=35)
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Included in the analyses (n=22)

Mean+SD

Age 459+11.6
Female
Hispanic
Race
White
Black
Asian
Multi-racial
Other
DSM-5 Diagnoses
MDD
GAD
Panic disorder
Anorexia nervosa
Cannabis use disorder (mild)
Cocaine use disorder (past)
Baseline Utox®
Baseline ADS
Baseline PHDD
Baseline CIWA-Ar

14.4+6.49
81.1+16.3
1.14+1.42

Number of CBT sessions completed 7.46+3.98

n (%) Mean +SD n (%)
46.68+12.4
14 (40) 8(36.4)
9(25.7) 4(18.2)
24 (68.6) 17 (77.3)
5(14.3) 3(13.9)
1(2.9) 1(4.6)
1(2.9) 0(0.0)
4(11.4) 1(4.6)
11(31.4) 6(27.2)
2(5.7) 0(0.0)
1(2.9) 0(0.0)
1(2.9) 1(4.6)
1(2.9) 1(4.6)
1(2.9) 1(4.6)
7 (20) 4(18)
13.6+6.74
81.5+15.3
0.68+0.89
10+1.69

Abbreviations: ADS, Alcohol Dependence Scale; CBT, Cognitive behavioral therapy; CIWA, Clinical Institute Withdrawal Assessment of Alcohol
Scale, Revised; GAD, Generalized anxiety disorder; MDD, Major depressive disorder; PHDD, Percentage of heavy drinking days; Utox, Urine

toxicology (for drugs other than alcohol).

2All participants who tested positive were positive for tetrohydrocannabinol (THC). One of these participants (who completed the study) additionally

tested positive for benzodiazepines.

interaction between instruction and cue in a parcel located
within the right lateral occipital cortex. We did not find significant
interaction effects of instruction and time or instruction, cue, and
time in any parcel. Supplemental grayordiante analyses showed
broad patterns of activation across the prefrontal cortex in the
NEGATIVE-LOOK contrast, aligning with peak prefrontal cortex
(PFC) activations from prior ROC studies examining this same
contrast (Kober, Mende-Siedlecki, et al., 2010; Suzuki et al., 2019)
(Figure S3). However, we did not find significant interaction
effects of instruction and time, cue and time, or instruction, cue,
and time in any of these areas (Appendix S1). Sensitivity analyses
demonstrated that the study was powered to detect effect sizes

larger than Cohen's F=0.57 (large effect size).

Neural and self-report correlates of heavy drinking

We found significant (p<0.05) 3-way interaction between effects
of cue-induced alcohol craving, pre-/post CBT timepoint, and cue-
induced brain activity on heavy drinking in 10/26 DLPFC parcels.
These included three DLPFC parcels in the right hemisphere and

seven DLPFC parcels in the left hemisphere. This interaction was
not significant in the BA 8 parcel that had been identified as playing
arole in ROC in prior studies (Figure 4; Appendix S1).

Follow-up analyses of the relationships
between cue-induced craving, cue-induced
DLPFC activity and heavy drinking at pre- and
post-CBT timepoints

To further clarify the role of the DLPFC in reductions in craving
and heavy drinking during CBT, we performed a set of follow-up
regression analyses focused on the average activity in a composite
DLPFC ROI comprising seven left-sided DLPFC parcels that showed a
significant 3-way interaction effect in the linear mixed effects model
described above. Given that our previous work in this same dataset
(Srivastava et al., 2021, 2022) demonstrated that an increase over
the course of CBT in resting state functional connectivity (RSFC)
between the left anterior insula and left DLPFC area 9/46 was
associated with a reduction in heavy drinking, we focused further
analyses on the left DLPFC parcels. The average parameter estimates
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FIGURE 2 Plots of heavy drinking (left) and craving (right) before and after CBT. Heavy drinking is represented by percentage of heavy
drinking days (PHDD). Craving is represented as Likert scale ratings (1-5) reported by participants as a function of cue type (alcohol/food),
instruction type (LOOK/NEGATIVE). Overall, heavy drinking was significantly reduced from pre-CBT to post-CBT. Significant main effects
were present for instruction and time, and a significant interaction effect between cue type and time was found. Post-hoc testing using
paired t-tests showed that craving for alcohol cues was significantly lower at the post-CBT time point when compared to the pre-CBT
timepoint. Significance is noted for both the difference in NHDD (left) and cue x time interaction (right) at *p <0.0001. Error bars represent
95% confidence intervals.

= Alcohol > Food [l NEGATIVE > LOOK
Food > Alcohol

24

Instruction

FIGURE 3 Main effects of cue type (left) and instruction (right) on the whole brain activity. Overall, significant main effects of cue type
were found in parcels within the posterior occipital, temporal, and parietal lobes bilaterally as well as in the left nucleus accumbens. Main
effects of instruction were found in parcels in the superior temporal sulcui (STS) bilaterally, left frontal operculum/VLPFC, left lateral parietal
lobe, and right amygdala. Post-hoc t-tests revealed that areas where BOLD response to alcohol cues was greater than food cues in parietal
and temporal areas as well as the nucleus accumbens (blue dots), whereas the BOLD response was greater for food than alcohol cues in the
occipital lobe (orange dots). For instruction, BOLD response in the STS bilaterally, frontal operculum/VLPFC, and lateral parietal lobe was
greater for the NEGATIVE compared with the LOOK condition (purple dots), whereas BOLD response was greater in the LOOK compared
with the NEGATIVE in the right amygdala (green dot). DLPFC borders from Glasser et al. are shown for reference. See the Appendix S1 for
parcel labels and detailed statistics.

of alcohol cue-induced brain activation were calculated within this There was no relationship between cue-induced DLPFC activity and
composite DLPFC ROI for each subject and then subjected to four PHDD at either the pre-CBT or post-CBT timepoints (Figure 5B).
pairs of follow-up regression analyses (Figure 5). Cue-induced While DLPFC activity was not associated with cue-induced alcohol
alcohol craving was significantly associated with PHDD at the post- craving at either timepoint in participants who continued drinking

CBT (r=0.42, p=0.049), but not the pre-CBT timepoint (Figure 5A). heavily after CBT (Figure 5C), DLPFC activity did correlate with
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cue-induced alcohol craving in participants who stopped drinking
heavily at both pre-CBT (r=0.65, p=0.041) and post-CBT (r=0.72,
p=0.02) timepoints (Figure 5D). Neither the baseline alcohol severity
nor baseline alcohol cue-induced differed between the two groups,
and trial-by-trial, within-subject variations in the DLPFC response
to alcohol cues were not associated cue-induced alcohol craving in
either group (see the Appendix S1 for more details).

DISCUSSION

Here we showed that in participants seeking treatment for AUD,
receiving CBT is associated with (1) significant reductions in drink-
ing, indicative of a clinical effect for the purposes of a mechanistic
translational study, (2) a decrease in overall cue-induced alcohol
craving, but (3) no change in the ability to regulate craving as
measured in the ROC paradigm. Furthermore, in patients who
ceased heavy drinking, we found a strong relationship between

cue-induced craving and cue-induced DLPFC activation at both
pre- and post-CBT timepoints. These results are consistent with
a model in which CBT is more effective for individuals in whom
baseline subjective craving elicited by alcohol cues may be more
strongly tied to the baseline DLPFC response to these cues. The
results suggest that behavior change during CBT may depend on
how the DLPFC processes the incentive salience of alcohol cues
during treatment, and CBT may not change the ability to regulate
craving using cognitive strategies. The DLPFC region of interest
where we found relationships between cue-induced activity, cue-
induced craving and reductions in heavy drinking during CBT was
a relatively large and heterogeneous area that included parcels
spanning areas 9, 9/46, and the anterior portions of area 8 in the
left hemisphere, which have previously been shown to play a role
in multiple forms of cognitive control (Assem et al., 2020), as well
as arole in emotion regulation (Ochsner & Gross, 2005). We previ-
ously showed, in the same participants as in the present study, at
a trend level, that reduction in the number of heavy drinking days

t-statistic

-4

4

FIGURE 4 Parcellated map of 3-way interaction (cue induced alcohol craving x alcohol cue-induced brain activity x pre-CBT/post-CBT
timepoint) on PHDD. DLPFC parcels are outlined. DLPFC parcels significant at p <0.05 are in this 3-way interaction are noted and include
right DLPFC parcels 8C (b = -0.49; 95% CI -0.90 to -0.08; p = 0.020), 46 (=-0.29; 95% Cl -0.52 to -0.06; p=0.014), and 9-46d (b =
-0.26; 95% CI -0.51 to -0.02; p = 0.035) as well as left DLPFC parcels 8C (b = -0.27; 95% Cl -0.51 to -0.02; p = 0.033), 8Av (=-0.38;
95% Cl: -0.61 to -0.15; p=0.002), 9p (b = -0.23; 95% Cl -0.43 to -0.02; p =0.032), 9a (f=-0.30; 95% Cl: -0.48 to -0.11; p=0.003), 8Ad
(p=-0.25; 95% Cl -0.41 to -0.09; p=0.004), p9-46v (b = -0.22; 95% Cl -0.43 to -0.002; p = 0.048), and 9-46d ($=-0.21; 95% Cl: -0.38
to -0.03; p=0.023). See the Appendix S1 for detailed statistics of all DLPFC areas.
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FIGURE 5 Follow-regression analyses focused on left DLPFC. Shown are the regression lines for (A) the relationships between cue-
induced alcohol craving and PHDD at pre-CBT and post-CBT timepoints (B), the relationships between alcohol-cue induced DLPFC
activation at pre-CBT and post-CBT timepoints (C), and the relationship between baseline alcohol-cue induced DLPFC activation and
baseline cue-induced alcohol craving in participants with PHDD >0 post-CBT (C) and with PHDD =0 post-CBT (D).

was also associated with increased resting state functional con-
nectivity (RSFC) between left area 9/46 and left anterior insula
(Srivastava et al., 2021, 2022), a region that plays an important
role in craving (Naqvi et al., 2014). Together, this suggests that pre-
treatment DLPFC functional integrity may play a role in reduction
of craving and heavy drinking during CBT.

We initially hypothesized that CBT works to reduce drinking
through affecting the DLPFC's role in cognitive ROC, as assessed
by the ROC paradigm. However, while we found that overall crav-
ing for alcohol decreased over the course of CBT, there was no
change in the ability to regulate this craving at the behavioral level.
We did observe regulation-related activity in the same DLPFC re-
gion where it was reported in previous studies (the caudal aspect
of area 8). However, we did not find regulation-related activity
changed over time (i.e., there were no interaction effects of in-
struction and time or instruction, cue, and time) in this area or
any other PFC region. This suggests that PFC regions involved in
cognitive regulation of alcohol craving, as assessed by the ROC
paradigm, may not be the principal brain regions targeted by
CBT. The task demands of the ROC paradigm resemble the cop-
ing skills that are taught in CBT modules 2 (Coping with Craving
and Urges to Drink) and 3 (Managing Thoughts About Alcohol and
Drinking). Our results suggest that behavior change that results
from CBT may not be directly tied to an increased ability to utilize
these specific coping skills, at least as indexed by the ROC task.
Furthermore, the lack of an interaction effect of cue and time in
any DLPFC parcel, juxtaposed with a significant interaction effect
of cue and time on self-reported craving, suggests that changes in
craving over time may not be a singular process specifically related
to regulation.

Because we found no effects of CBT on regulation at the behav-
ioral level, we then explored how changes in cue-induced craving
and brain activity, irrespective of regulation status, may relate to
both each other and to heavy drinking. We found an interaction be-
tween the effects of cue-induced brain activity, cue-induced craving
and treatment timepoint on heavy drinking within a DLPFC region
comprising contiguous Glasser parcels 8, 9, and 9/46, which is ros-
tral to the region previously shown to play a role in cognitive ROC.
This discrepancy may be explained by the possibility that there are
at least two different forms of craving regulation involving differ-
ent DLPFC regions. One form may involve more explicit/controlled
processes and is engaged during the ROC task through activity in
the DLPFC (BA 8) (Buhle et al., 2013; Ochsner et al., 2012), while
the other form is more implicit/automatic (Dosenbach et al., 2006,
2008) that develops over time during CBT, if the baseline DLPFC
(broadly corresponding to Glasser areas 8, 9, and 9/46) functioning is
intact. This latter form may play a stronger role in drinking reduction
during treatment.

Conclusions from this study should be drawn carefully given its
limitations. First, our study included neither a control intervention
nor a nontreatment seeking group. Thus, we do not know whether
changes in alcohol craving or the lack of change in regulation-related
DLPFC activity over time were due to specific effects of CBT, non-
specific effects of treatment, nontreatment-related behavior change
processes, the physiological effects of drinking reduction, or the
mere passage of time. Second, the sample size was small, limiting
the ability to interpret findings. Specifically, while our study ruled
out any large effect-size changes in regulation-related DLPFC func-
tioning, small to medium effect size changes remain possible. The
small sample size also limits the interpretability of the 3-way inter-
action given the small degrees of freedom. Additionally, the baseline
craving scores were low, raising the possibility that DLPFC activity
changes related to changes in craving may not have been detectable.
Notably, craving scores were lower than those in previous studies
using this paradigm (Naqvi et al., 2015; Suzuki et al., 2019), which
were conducted in nontreatment seeking individuals with AUD.
This difference may suggest that the baseline group difference
(treatment-seeking vs. not) may dictate whether the ROC task is use-
ful for elucidating mechanisms of behavior change in CBT. However,
it would be problematic at an ethical level to deliver a treatment
intervention to individuals with AUD who are not seeking treat-
ment. Next, the ROC task may not resemble the craving regulation
strategies used by patients in their real lives, which may be much
more implicit/automatic, limiting ecological and clinical validity.
Furthermore, even though the measures that we defined for over-
all cue-induced alcohol craving and brain activity did not take into
account task regulation effects, they may nonetheless have been
influenced by regulation, given that half of the trials were under the
NEGATIVE (high regulation) instruction; this leads to a degree of un-
certainty about the relationship between cue-induced craving, ROC,
brain activity and heavy drinking. In addition, heavy drinking may be
driven in part by covert motivational processes that are not indexed
by craving self-reports, such as attentional bias toward alcohol cues,
automatic action tendencies, and psychophysiological responses
(Field et al., 2010; Tiffany & Conklin, 2000). Nevertheless, cue-
induced craving has been shown to be a strong predictor substance
use and relapse (Vafaie & Kober, 2022).

CBT involves bringing to awareness the triggers and con-
sequences of craving and heavy drinking, promoting alterna-
tive goals, and teaching the patient to engage in self-regulatory
strategies aimed at managing craving, negative emotions, and
impulsivity (Longabaugh & Morgenstern, 1999; Morgenstern &
Longabaugh, 2000; Witkiewitz et al., 2013). We have proposed
that treatments such as CBT depend upon a goal-directed mode
of alcohol seeking, in which drinking is subject to deliberation
and self-regulation, is strongly tied to craving, and dependent
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This model is supported by the finding that patients who cease
heavy drinking, who are presumably in a goal-directed state, ex-
hibit a stronger relationship between craving and DLPFC activ-
ity both prior to and after treatment, compared to patients who
continue heavy drinking. The clinical implications of the results,
which will be examined in future research, are that individuals
with AUD who have more intact DLPFC function pre-treatment
should benefit more from CBT, and biological interventions that
facilitate DLPFC function, such as repetitive transcranial magnetic
stimulation (rTMS) should increase the efficacy of CBT for AUD
(Hu et al., 2022).
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