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Abstract

Background: Alcohol stimulates cerebral blood flow (CBF) in brain reward regions, but neural 

processes that support sustained alcohol motivation after the first drink are not well understood.

Methods: Using a novel placebo-controlled, randomized, crossover experiment, 27 alcohol users 

who binge drink (BD; 15 M, 12 F) and 25 social drinkers (SD; 15 M, 10 F) who do not 

binge, engaged in a behavioral test of self-motivated alcohol consumption to assess initial alcohol 

motivation using an Alcohol Taste Test (ATT) conducted with alcoholic and non-alcoholic placebo 

beer on separate days immediately prior to perfusion functional magnetic resonance imaging 

(fMRI) scanning. Immediately following each fMRI scan, participants also engaged in a post-scan 

ATT with placebo beer on both days to assess sustained alcohol self-motivation without active 

alcohol effects and relative to initial alcohol self-motivation. Linear mixed-effects models were 

used to examine the effects of drinking group on the placebo-controlled effect of initial alcohol 

motivation on brain perfusion (whole brain corrected p<0.001, cluster corrected p<0.025) and on 

the relationship between placebo-controlled brain perfusion and sustained alcohol motivation.

Results: Initial alcohol self-motivation in the alcohol relative to placebo session led to markedly 

decreased activation in the medial orbitofrontal cortex (OFC) and the ventral striatum, indicative 

of neural reward tolerance, but also enhanced neural response in behavioral intention regions of 

the supplementary motor area (SMA) and inferior frontal gyrus (IFG) regions in the BD relative 

to SD group. Moreover, greater sustained alcohol motivation was seen in BD relative to SD in the 

post-scan ATT in the alcohol relative to placebo session. Correspondingly, only in BD and only 

in the alcohol session, lower alcohol-induced OFC response correlated with concurrent sensitized 

SMA response, and each predicted the subsequent sustained higher alcohol motivation in the 

post-scan ATT.

Conclusions: The findings suggest that alcohol-related OFC tolerance plays a significant role 

in sustained alcohol motivation, and that both specific alcohol-related neural reward tolerance 
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and pre-motor sensitization responses may contribute to escalating alcohol motivation to drive 

excessive alcohol intake, even prior to development of alcohol use disorders.
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Introduction

Enjoying an alcoholic drink or two socially is common. But why do some people want 

more? Worldwide rises in binge drinking have increased the risk of alcohol-related negative 

health consequences, including the development of alcohol use disorder (AUD) (Knox et al., 

2019, SAMHSA, 2020). However, mechanisms driving sustained alcohol motivation after 

initial intake are not well-understood. The subjective and physiologically stimulating effects 

of alcohol are well known, as is the concomitant activation of the nucleus accumbens/ventral 

striatum (VS), one of the regions involved in signaling alcohol reward (Burke and Tobler, 

2016, Blaine et al., 2016, Boileau et al., 2003, Leyton et al., 2002). Binge alcohol intake is 

also associated with subjective, physiological, and neuroendocrine tolerance (Lee and Rivier, 

1997, Lee et al., 2004, Richardson et al., 2008, King et al., 2006, King et al., 2011) and 

increased attentional bias to alcohol cues (Field et al., 2004, Cofresí et al., 2019, Barker et 

al., 2015), suggesting that higher binge levels of alcohol consumption lowers biobehavioral 

responses to acute alcohol, while at the same time increasing alcohol salience and increasing 

motivation for alcohol. However, the neural responses that may drive such increased alcohol 

motivation in the face of lower alcohol response has not been studied.

Previous neuroimaging research assessing effects of fixed doses of acute alcohol intake 

has reported lower brain response in reward regions such as the nucleus accumbens in 

alcohol users who binge relative to non-binge moderate users, consistent with the previously 

cited blunted subjective, physiological and neuroendocrine responses to alcohol found in 

binge users (Glimcher, 2011, Gilman et al., 2012, Kareken et al., 2004, Kareken et al., 

2010). However, fixed dose acute alcohol effects on brain responses represent only the 

psychopharmacologic effect of alcohol at specified investigator-selected doses, and the 

brain regions and networks that may play a role in increased self-motivation for alcohol 

remain unclear. We reasoned that to understand neural responses associated with increased 

motivation after an initial drink it is important to quantify initial self-motivation for alcohol 

in a controlled manner, i.e., how much alcohol does a person want and consume relative 

to placebo alcohol, and at low levels equivalent to 1-2 drinks so as to benchmark initial 

motivation against future sustained motivation. Thus, we defined sustained motivation as 

an increase in motivation for alcohol relative to the initial alcohol self-motivation, and 

assessed both initial and sustained alcohol self-motivation in a controlled alcohol vs. placebo 

randomized experiment.

We previously utilized the Alcohol Taste Test (ATT), a well-known and valid test of 

ad-lib alcohol intake and also implicit alcohol motivation (Jones et al., 2016), in which 

individuals are asked to drink alcohol from two 12-oz beers and determine if the beers 

are same or different (Blaine et al., 2019). We found highly stable measurements of initial 
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alcohol self-motivation of intake at low levels of 1-2 drinks across 3 experimental sessions 

(Cronbach α=0.85), and also evidence of alcohol-related neuroendocrine tolerance and high 

subjective craving in binge (BD) versus non-binge, social drinkers (SD) (Blaine et al., 

2019). Thus, utilizing alcoholic and non-alcoholic beer for the alcohol and placebo sessions 

respectively, we used this previously validated ATT procedure to establish ‘initial’ alcohol 

self-motivation measured as the amount consumed in the alcohol and placebo sessions, 

akin to what may occur in the early phase of a drinking episode. Given that alcoholic 

and modern non-alcoholic (placebo) beer are highly similar in taste(Pieczonka et al., 2021, 

Melton, 2022) and the low amounts of beer availability in the pre-scan ATT, we expected no 

differences in initial self-motivation amounts in the pre-scan alcohol vs placebo session or 

by the BD and MD groups. However, given the findings cited above that binge drinkers have 

altered subjective, physiologic, endocrine and neural responses to specific doses of alcohol 

and also higher subjective craving in response to initial self- motivated consumption (Blaine 

et al., 2019), we hypothesized that there will be an increased sustained self-motivation in 

BD, relative to the SD, in the alcohol but not the placebo session, indicative of increased 

‘sustained’ self-motivation for alcohol, i.e. seeking out more alcohol, relative to initial 

alcohol self-motivation.

To understand the neural responses that may drive the hypothesized sustained alcohol self-

motivation after initial self-motivation during the early phase of a drinking episode, we 

adapted the ATT procedures to assess neural activity associated with initial self-motivation 

immediately prior to an functional magnetic resonance imaging (fMRI) scan in the pre-scan 

ATT and assessed sustained alcohol motivation immediately following the fMRI in a post-

scan ATT, with each ATT assessing different aspects of self-motivation (i.e., initial and 

sustained) and with different predictions for each as outlined above. We utilized arterial 

spin labeling (ASL) perfusion fMRI that assesses cerebral blood flow (CBF) to assess 

neural responses to initial self-motivated consumption of alcoholic vs. non-alcoholic beer 

on two separate days in a randomized, placebo-controlled, single-blind cross-over design. 

ASL approaches have benefit over BOLD fMRI in that they provide a direct, absolute 

quantification of regional cerebral blood flow effects of acute pharmacologic drugs such 

as alcohol over resting/placebo cerebral blood flow, while BOLD fMRI only provides an 

indirect relative measure of neural activity and is susceptible to neurovascular coupling 

effects on cerebral blood flow and volume as discussed in previous research(Rickenbacher 

et al., 2011, Stewart et al., 2014, Chen et al., 2011, Geil et al., 2014). Based on previous 

research on neural effects of alcohol in BD and AUD samples, we hypothesized that BD 

would show blunted neural reward responses in the VS and also in the orbitofrontal cortex 

(OFC). Moreover, given the OFC’s role in alcohol reinforcement and flexible control of 

alcohol intake (Moorman, 2018, Balleine et al., 2011), we further hypothesized that the 

alcohol session- specific OFC blunting would be predictive of greater sustained behavioral 

alcohol self-motivation in the post-scan ATT in BD relative to SD.
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Materials and Methods

Participants:

Beer drinking, non-smoking men and women ages 21-45 (N=52) with no physical and 

mental health disorders were recruited from the Greater New Haven area using online and 

social media advertisements during the period from September 2016 through June 2018 (see 
Supplemental Figure 1 for CONSORT Diagram). Prior to experimental sessions, the 90 

day Timeline FollowBack (Sobell and Sobell, 1992) and Cahalan Quantity and Frequency 

Variability Index (Cahalan et al., 1969) interviews were used to assess recent drinking 

behavior. On the basis of the reported current alcohol intake patterns on these interviews, 

participants were classified into BD (N=27) and SD (N=25) groups utilizing established 

NIAAA binge drinking criteria (NIAAA, 2016). Using these criteria, the non-binging Social 

Drinkers (SD) were those who did not exceed 7 standard drinks/wk for women and 14 
standard drinks/wk for males, with no occasions of binge drinking, and those who reported 

regular alcohol use in binges of 4 or more drinks per episode for women or 5 for men and 

at least 8 standard drinks/wk for women and at least 15 standard drinks/wk for men were 

classified as binge drinkers (BD). Current DSM-V psychiatric disorders, as assessed by the 

Structured Clinical Interview for DSM-5 (SCID-5)(First et al., 2015), including AUD, were 

exclusionary as were any prescription medications. Sample size estimates were based on 

effect size and power calculations from our previous experimental work utilizing the novel 

pre-scan ATT procedures to assess alcohol self-motivation (Blaine et al., 2019)) and from 

previous neuroimaging studies of acute fixed dose alcohol administration in BD and SD 

(Gilman et al., 2012). Groups were matched demographically (age, sex, race, education), 

on family history of AUD, years of regular drinking, current stress levels, and number 

of lifetime traumatic events (see Supplemental Table 1 for Participant Characteristics). 
All participants provided written informed consent and the study protocol was approved 

by the Yale University Human Investigation Committee. The study was registered on 

Clinicaltrials.gov (NCT03165942).

Experimental Design and Procedures (Figure1):

Randomization and Blinding: This study involved two fMRI scans, one week apart, 

using a single-blind, counter-balanced, randomized, placebo-controlled, cross-over design. 

Initial beer self-motivation Session (alcoholic vs. non-alcoholic) was a Within Subjects 

factor where each subject was exposed to alcohol and placebo alcoholic beer on separate 

scan days, while the binge and non-binge drinking grouping was a Between Subjects factor 

in the experimental design. Randomization was conducted by one of the investigators (SB) 

using an online random number generator program that assigned participants to the order of 

the placebo or alcohol session. The participant, MRI technologist and MRI research assistant 

were blind to the pre-scan ATT alcoholic and non-alcoholic beers used in each session.

Experimental Procedures: Prior to each experimental scan session, participants were 

required to be drug free as tested by a urine drug screen for cannabis, benzodiazepines, 

opiates, and stimulants, and also alcohol-free using a Draeger breathalyzer. The 10-minute 

pre-Scan Alcohol Taste Test (pre-scan ATT) involved presenting the participant with 3 

alcoholic (Alcohol) or non-alcoholic (Placebo) beers (total of 1065 ml) and instructing them 
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to taste the beers to assess if they were the “same or different” kind of beer. They were 

also instructed to “drink as much as they need to” to make that determination and that they 

would be paid $10 if they are correct. Therefore, a participant could taste as much or as 

little as they wanted from each beer glass to make their decision. In the alcohol session, 

participants received beer with a 4.2% alcohol concentration during the pre-scan ATT. In the 

placebo session, participants were provided with non-alcoholic beer. Notably, participants 

often choose to consume more than a sip of each beer, and the amount consumed serves 

as a reliable behavioral index of alcohol self-motivation (Jones et al., 2016, Blaine et al., 

2019). This placebo-controlled design with the opportunity to consume only low amounts 

of alcohol/placebo allowed for the isolation of the pharmacologic alcohol effect from 

expectancies and external cues, and thus the alcohol versus placebo contrast was utilized 

to assess initial alcohol self-motivation and alcohol drug effect in the alcohol versus the 

placebo session.

After the pre-Scan ATT on each test day, participants were placed in the 3T MRI and 

underwent three 5-minute runs of arterial spin labeling (ASL) perfusion imaging for a total 

of 15 minutes ASL measurement, which was accompanied by measurements of subjective 

stimulation, sedation, craving, cortisol, and breath alcohol levels. Arterial spin labeling 

of brain perfusion is an alternate measure to brain oxygenation level dependent (BOLD) 

measures, and is a direct and absolute measure of regional cerebral blood flow related to 

a specific stimulus. ASL is especially useful if that stimulus itself (i.e., alcohol) may have 

significant effects on the cerebrovascular environment and vascular flow (Rickenbacher et 

al., 2011, Stewart et al., 2014, Chen et al., 2011, Geil et al., 2014). On the other hand, BOLD 

fMRI relies on changes in the magnetic properties of oxygen-rich and oxygen-poor blood 

to map brain activity, while ASL uses a magnetic pulse to label arterial blood and calculate 

blood flow in the brain, providing a more direct quantitative measure. Total time in the 

scanner was 55 minutes.

During each scan session, breath alcohol levels, blood plasma samples for cortisol 

assessments, the Biphasic Alcohol Effects Questionnaire and Drug Effects Questionnaire 

(Martin et al., 1993, Morean et al., 2013), were administered at 8 timepoints (see Figure 1). 

Repeated plasma cortisol samples (4 ml each) were processed and analyzed using standard 

radioimmunoassay procedures. Breath alcohol levels were measured using the Draeger 

Alcotest 6820 (Lubeck, Germany) using a system developed by Gan et al. to obtain breath 

alcohol measurements in an MRI environment (Gan et al., 2014). Specifically, we obtained 

samples (approximately 1.5l) of end-expiratory air using a tube (PVC, 140 cm) connected to 

a standard children’s toy balloon (diameter of 75 cm), which was then quickly attached to 

the breathalyzer and the air blown through the device.

Assessment of Sustained Alcohol Self-Motivation:

Immediately following the MRI, participants underwent a post-scan ATT with only non-
alcoholic beer in both alcohol and placebo beer sessions to assess sustained alcohol self-

motivation as a function of the initial self-motivated amount consumed in the alcohol vs 

placebo assessment, and to isolate the specific neural effect of initial self-motivation of 
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alcohol vs. placebo and its potential subsequent effect on sustained alcohol self-motivation 

versus the placebo session without introducing any further pharmacological alcohol effect.

Statistical Analyses:

Changes in breath alcohol levels, stimulation, sedation, craving, and cortisol responses 

over repeated time points were analyzed in the alcohol vs. placebo initial self-motivation 

sessions. The effect of Session was assessed using multilevel mixed effects models with 

Participants as the random factor, Group as a fixed factor, and timepoint and Session as 

repeated measures fixed factors. pre-scan ATT beer amount consumed was included as a 

co-variate in all subjective neuroendocrine and neuroimaging data analyses.

Neuroimaging Procedures and Analysis:

MRI scans were performed on a Siemens 3T Prisma scanner using a 64-channel head coil. 

A three-plane localizer was first acquired followed by a high-resolution whole-brain T1-

weighted three-dimensional magnetization-prepared rapid gradient echo (MPRAGE) volume 

scan (Field-of-view (FOV): 256 x 256 mm2, Slice per slab: 208, Slice thickness: 1.0 mm, 

repetition time (TR): 1860 ms, echo time (TE): 1.96 ms, Flip Angle (FA): 8°, bandwidth: 

240 Hz/Pixel, voxel size: 1.0x1.0x1.0 mm3). Cerebral blood flow (CBF) measured using 

the EPISTAR QUIPSS PASL with parameters as follows: FOV 220 x 220 mm2, matrix 

88 x 88, bandwidth 2,185 Hz/pixel, slice thickness 3.6mm, TR 3000 ms, TE 20 ms, FA 

90°. Data were converted from Digital Imaging and Communication in Medicine format 

to Analyze format using XMedCon. General linear models were used for individual-level 

analysis on each voxel in the entire brain volume. Trials with linear motion in excess of 1.5 

mm or rotation greater than 2 mm were discarded. The number of trials discarded was not 

different between the BD and SD groups. Temporal filtering was carried out by including 

drift correction in the general linear model. Each trial was spatially smoothed using a 6-mm 

Gaussian kernel and individually normalized to generate beta maps (3.44 mm3).

To account for individual anatomical differences, three sequential registrations were 

performed using BioImage Suite: linear registration of raw data into two-dimensional 

anatomical images, the two-dimensional to three-dimensional (1.3 x 1.3 x 1 mm) linear 

registration, and a nonlinear registration to a reference three-dimensional image, the Colin27 

Brain. Images were corrected for small participant motions (using SPM12) and high-pass 

filtered to remove baseline drift. After correction of the linear global drift on a per-voxel 

basis and in-plane low-pass filtering with a Gaussian kernel of 6 mm, time series of the 

perfusion-weighted images were obtained by pair-wise “surround” subtraction between 

interleaved label and control pairs, resulting in a temporal resolution of 2TR. The mean 

difference map (Δ M) was calculated by averaging all the difference images in the time series 

for each of the 3 ASL runs. The same low-pass filtering was applied to the proton-density 

image (M 0
∗ ). Given ΔM and M 0

∗  maps, the absolute CBF (f) (ml/100g/minute) map was 

calculated using the Bloch Equation incorporating cerebral tissue perfusion terms, assuming 

T1a = 1490ms, λ = 0.9ml ∕ g, απ = 0.95, TI1 = 700 ms, TI2 = 1400 ms, and the post-labeling delay 

time of each slice (Aguirre et al., 2002, Wong et al., 1997, Wang et al., 2003, Luh et al., 

1999).
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For group level data analysis, linear effects models using AFNI 3dLME (http://

afni.nimh.nih.gov) was implemented with a 2 (session: Alcohol, Placebo) x 3 (run: 1, 2, 

3) x 2 (group: BD, SD) design while covarying for pre-Scan ATT amount of beer consumed 

in milliliters, age, and sex. Session and run were treated as within-participant fixed-effect 

factors, group as a between participants factor, and participant as a random factor. To 

correct for multiple comparisons, we used family-wise errors (FWE) correction determined 

by Monte Carlo simulation using the AFNI 3dClustSim version (16.3.05, October 2016) 

program. Results are shown at p<0.05 cluster corrected with an initial whole brain analysis 

threshold of p<0.001 (9 voxels = 243 mm3). Despite our a priori circuit level hypotheses, 

we performed full brain analyses to increase rigor, as ROI analyses are susceptible to false 

positives (Eklund et al., 2016). Four participants completed only one scan (3 placebo, 1 

active). Blood samples were not collected from 2 participants. Associations between changes 

in perfusion and subjective and behavioral measures were tested using two-way ANOVAs 

and/or linear regression.

Study approval:

The protocol was approved by the Yale University School of Medicine Human Investigation 

Committee. All participants provided informed, written consent before participation.

Results

Initial Alcohol Self-Motivation with the Pre-scan ATT:

Across groups and sessions, participants were unable to distinguish the alcoholic vs placebo 

beer, χ2= 0.1, p= 0.99 and correctly guessed that the beers within each ATT were the 

same only at chance level, rendering the alcohol and placebo beers indistinguishable from 

each other. Findings show indistinguishable initial alcohol self-motivation in P\pre-scan ATT 

for alcohol and placebo sessions and similar breath alcohol levels (BrAC) in BD and SD, 

indicating equivalent initial alcohol self-motivation in the placebo and alcohol sessions and 

also across SD and BD groups (Fig 2A-2B). Furthermore, as expected, alcohol significantly 

increased heart rate relative to the placebo pre-Scan ATT session (F(1,100)=8.1, p=0.005; 

Fig 2C), documenting the well-known alcohol-related physiological stimulation effect, and 

with no differences between the BD and SD groups.

Sustained Alcohol Self-Motivation with the Post-scan ATT:

Sustained alcohol self-motivation measured as change from initial self-motivation within 

person and in alcohol relative to placebo beer session revealed that BD showed significantly 

greater sustained alcohol self-motivation than SD (Fig 2D) only in the alcohol session and 

not in the placebo session.

Validation of the Alcohol Self=Motivation Responses:

Notably and as expected, pre-Scan ATT and post-Scan ATT beer self-motivation amounts 

were found to be highly stable and consistent (Cronbach: ALL α=0.94, BD α=0.96, SD 

α=0.9, Fig 3A,B) and also significantly associated with real world alcohol intake levels, 

thereby providing ecological validity of the behavioral assessment of alcohol self-motivation 

(Fig 3C).
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Subjective Ratings of Stimulation, Sedation, and Craving:

Lower stimulation in alcohol relative to placebo session was seen in the BD, while SD 

showed the opposite (Group X Session: F(1,531)=4.25, P=0.04). BD also showed lower 

sedation in the Alcohol relative to Placebo session, while SD again showed the opposite 

(Group X Session: F(1,557)=6.57, p=0.01). Additionally, BD experienced significantly 

greater craving in the Alcohol versus the Placebo Session whereas SD showed the opposite 

(Group X Session X Time: F(1,532)=6.09, p=0.01, Fig SF2A-F).

Plasma Cortisol Responses:

Consistent with previous research (Blaine et al., 2019), BD showed higher basal cortisol 

levels than SD (p<0.003, Fig SF3A). In response to the alcohol pre-scan ATT relative to 

placebo, the BD group showed neuroendocrine tolerance, whereas the SD group showed 

an increased cortisol response, (F(1,529)=4.62,p=0.03, Fig SF3B). This blunted cortisol 

response to pre-Scan ATT, in Alcohol versus Placebo Session, was negatively related to the 

sustained alcohol self-motivation amount consumed in the Alcohol post-Scan ATT in BD 

only, F(1,25)=7.68, p=0.01 (Fig SF3C).

Neural CBF Response During Alcohol relative to Placebo Scan:

A significant Group x Session interaction was seen after whole brain correction at p<0.001 

and cluster correction at 0.05. Marked blunted neural response was observed in brain reward 

regions of the OFC and VS for BD relative to SD (Fig 4A-B, E-F) as well as additional 

lower activation in the caudate, medial thalamus, dorsal anterior cingulate (data not shown, 

see Supplemental Table ST2). In contrast, BD showed greater activation in the Right inferior 

frontal gyrus (IFG) and supplementary motor area (SMA) vs. SD in the Alcohol vs Placebo 

sessions (Fig 4C-D,G-H).

Neural CBF Response associated with Differential Sustained Alcohol Self-Motivation:

Notably, alcohol-related blunted OFC and a sensitized SMA responses each correlated with 

greater sustained alcohol self-motivation amount in the alcohol post-scan ATT session in 

BD, but not SD, with no significant relationship in the placebo session (Fig 5).

In contrast, lower VS (F(1,45)= 6.19, p=0.02) and higher right IFG CBF (F(1,45)= 5.01, 

p=0.03) were associated with higher sustained alcohol motivation amounts in the in the 

alcohol relative to placebo session for all participants. (Fig 6). Moreover, as expected, 

alcohol related CBF in the OFC was strongly positive associated with the VS CBF across all 

participants. Finally, lower OFC perfusion was also correlated with enhanced IFG perfusion 

across all participants (Fig 6).

Discussion

Current findings identified potential neurobehavioral processes that may drive sustained 

alcohol motivation in a single drinking bout in at-risk binge versus non-binge alcohol users. 

Using a placebo-controlled, randomized, cross-over clinical experiment, we showed that 

the neural response to initial self-motivated intake of low amounts of alcoholic but not 

placebo beer was associated with a sustained increase in alcohol self-motivation in BD and 
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not SD. The validity of the experimental procedure was demonstrated in three ways. First, 

participant behavior in this protocol related significantly to real-world drinking behavior. 

Second, participants were unable to tell the difference between active alcoholic and non-

alcoholic placebo beer as evidenced by equivalent amounts of pre-scan ATT amounts 

consumed across both sessions. Finally, the experimental manipulation to benchmark initial 

alcohol self-motivation was successful in that there were no differences between BD vs 

SD in beer amounts consumed across alcohol and placebo sessions and across groups. 

Therefore, the subjective, neuroendocrine, and neural differences seen between groups were 

not related to conscious alcohol expectations and all effects were seen while controlling for 

individuals’ pre-scan ATT consumption. As there were no differences in initial alcohol-self 

motivation between groups or across alcohol vs. placebo sessions, the increases in sustained 

alcohol self-motivation may be attributable to the differences between groups in neural, 

subjective and endocrine response to acute initial alcohol self-motivation, above and beyond 

any differences between groups in drinking history.

Importantly, we demonstrated alcohol-specific blunted neural reward responses in the 

BD relative to SD group, that in turn contributed to sustained increases in alcohol self-

motivation. Specifically, SD showed expected alcohol-induced increased CBF in VS and 

OFC regions in the alcohol vs placebo contrast. The VS and OFC regions are associated 

with alcohol reward (Boileau et al., 2003, Stalnaker et al., 2018) and have also been 

associated with predicting receipt of drug reward (Schultz et al., 1993), but the BD 

group showing alcohol-induced blunted neural reward responses is suggestive of neural 

reward tolerance. Tolerance is an automatic neurophysiologic learned signal (Siegel, 1977), 

observed here in key regions associated with drug reinforcement, and possibly signaling 

lower reward, only in the alcohol and not in the placebo session, and only in the BD 

group. Furthermore, the alcohol-induced OFC tolerance (i.e., blunted activation) in BD was 

significantly associated with sustained increases in alcohol self-motivation in the alcohol, 

but not placebo session. Notably, these results are consistent with previous work showing 

neural opioid tolerance increasing heroin self-administration and drug seeking in laboratory 

animals (Xi et al., 2004, Luo et al., 2004), and in previous human studies where OFC-striatal 

hypoactivation predicted escalated alcohol intake in individuals with AUDs (Blaine et 

al., 2020, Volkow et al., 2017, Martinez and Narendran, 2010). While a history of binge 

drinking clearly distinguishes the group in their neural, subjective ad endocrine responses 

to initial alcohol-self motivation in the alcoholic vs. placebo beer sessions, the placebo-

controlled experimental nature of this study permitted assessment of acute sustained increase 

in self-motivation within a single session above and beyond overall group differences due to 

drinking history. The findings across the neural, subjective, endocrine and sustained alcohol 

self-motivation responses show differences between alcohol vs placebo responses which 

points to specific alcohol pharmacologic effects at the low alcohol intake levels.

The blunted response of the OFC to alcohol-relative to placebo and its association with 

increased sustained alcohol motivation only in BD suggests that neural tolerance in reward 

regions contributes to sustained alcohol-self-motivation. The OFC has been described 

as necessary for flexible, motivated behavior (Moorman, 2018), in addition to reward 

evaluation of sensory input that underlies alcohol intake behavior (Rolls, 2015). Notably, 

blunted OFC in BD was correlated with concurrent sensitized SMA blood flow, suggesting 
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that the tolerant OFC signal may be related to sensitized neurobehavioral motivational 

intention signal in the SMA(Lee et al., 2017, Bari and Robbins, 2013, Aron et al., 2014). 

Thus, we speculate that the blunted OFC response may represent a right shift in the 

learned neurophysiologic positive reinforcement set-point signal, that in turn, may promote 

sustained neurobehavioral alcohol motivation in BD. These findings suggest a significant 

role of neural reward tolerance, independent of negative reinforcement mechanisms in 

escalating alcohol intake prior to development of AUD and consistent with other pre-clinical 

and clinical studies. For example, in rats,, inactivation of the medial PFC produced the same 

effects as training doses of alcohol on the medial PFC’s cortical and thalamic connections, 

suggesting a clear role for deactivation of the PFC in response to alcohol in a model of 

AUD (Jaramillo et al., 2016). Moreover, the OFC is also highly interconnected with the 

other regions in which SD show greater alcohol related activation, i.e., the striatum. Chronic 

alcohol consumption alters these prefrontal-striatal connections and such changes are linked 

to steeper delay discounting in drinkers (Arias et al., 2021).

On the other hand, BD showed greater perfusion in areas associated with behavioral 

intention, motor planning and attentional control, i.e., right IFG and right SMA. This 

greater CBF in the SMA in BD was positively and significantly related to greater sustained 

alcohol self-motivation. Heightened excitability in the prefrontal motor cortex has been 

seen in people with AUD post detoxication (Naim-Feil et al., 2014) and has been linked 

to compensatory upregulation of NMDA glutamate receptors (Gass and Olive, 2008, 

Tzschentke and Schmidt, 2003). Preclinical studies utilizing low alcohol concentrations, 

modeling comparable amounts of alcohol, have shown that acute exposure to alcohol 

increases the intrinsic excitability of neurons, especially in animals with previous chronic 

alcohol exposure (Signore and Yeh, 2000). Moreover, disrupted motor timing has been 

linked to treatment outcomes and alcohol self-efficacy (Young et al., 2018) and may be 

related to these changes in intrinsic excitability of motor cortices.

Behavioral intention to continue consuming alcohol has repeatedly been shown to predict 

future drinking behavior (Cooke et al., 2016), but the neural underpinnings of such 

intentions have not been well understood thus far. Previous work with non-binge social 

drinkers found that an extremely small, fixed dose of alcohol (10 ml) resulted in greater IFG 

response to the taste of alcoholic than to non-alcoholic beer, but decreased activation in the 

SMA (Smeets and de Graaf, 2019). Our study is unique in that the dose was not fixed for 

participants and was driven by participants’ initial alcohol-self-motivation. Thus, we suggest 

this pattern of activation may be associated with greater sustained alcohol self-motivation as 

shown in the active but not the placebo session post-scan ATT.

Other previous studies have examined the effect of alcohol consumption on perfusion, but 

with key differences in study design, and critically, not examining the effects on alcohol self-

motivation. These differences include the time of perfusion measurement related to alcohol 

consumption and the use of a fixed dose of alcohol, thus removing any self-driven alcohol 

motivation component. Across these studies, alcohol consumption was generally associated 

with increased CBF in the brain overall and specifically in the frontal cortex(Khalili-Mahani 

et al., 2011, Rickenbacher et al., 2011, Marxen et al., 2014). However, only one study used 

a larger sample than the current study (Tolentino et al., 2011), while all others used an N 
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smaller than either of our groups. That study reported results similar to current findings, 

specifically, that individuals who show low response to alcohol (a genetically influenced risk 

factor associated with greater motivation for alcohol), showed lower CBF throughout the 

frontal cortex than those who are more responsive, despite equivalent blood alcohol levels, 

0.06mg%. Moreover, a smaller study that utilized intravenous alcohol infusions also showed 

lower CBF response in the dorsal anterior cingulate of low responders at 0.08mg% (Strang 

et al., 2015). Despite the clear differences in design and purpose between the current study 

and this previous work, the current findings generally align with previous studies.

It is important to note that despite the powerful cross-over within-person and between group 

experimental design, this study is limited by the smaller numbers of women included in 

the sample which prevented examination of sex-related differences in neuroendocrine and 

neural response to alcohol. Also, within the BD group, none of the participants met criteria 

for moderate-severe AUDs at the time of the study and it is unknown which, if any, would 

go on to develop moderate-severe AUDs. Additionally, although we carefully obtained 

drinking histories on separate days and across measures prior to SD and BD classification, 

no biochemical verification of current alcohol use was performed. Finally, despite high 

correlation with real world behavior, these findings are limited by the laboratory context of 

the experiment.

These limitations notwithstanding, we present novel findings utilizing a unique experimental 

paradigm to understand the neural correlates of sustained increases in alcohol self-

motivation which was benchmarked to initial alcohol self-motivation with-in a single session 

in groups who were well defined in terms of their current binge vs non-binge alcohol 

drinking patterns. We found that, compared to SD and after controlling for placebo effects, 

BD have less reward activation in response to initial self- motivated consumption of low 

levels of alcohol in the OFC, which in turn was associated with greater sustained alcohol 

self-motivation in the post-Scan ATT. BD also show greater neural activation in the SMA 

related to increased behavioral intention to consume alcohol that was associated with both 

the blunted alcohol-related OFC activation and also significantly related to greater alcohol 

self-motivation in the post-Scan ATT. These findings suggest that both acute alcohol-related 

neural reward tolerance in the OFC and pre-motor sensitization response in the SMA 

may underlie escalated alcohol motivation and contribute to excessive alcohol intake even 

prior to development of alcohol use disorders. Findings imply that resetting of positive 

reinforcement regulation in the OFC and neural reward circuits could be of benefit in 

reducing risk of escalated alcohol motivation in alcohol users who binge drink.
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Figure 1. Experimental design.
Participants underwent two neurobehavioral experimental sessions initiated at 1:00 pm 

on each day, one week apart. During each session, an intravenous line for repeated 

measurement of blood cortisol levels was inserted 45 minutes prior to the session (−45 

timepoint), followed by a pre-scan ATT assessment of initial alcohol self-motivation 

conducted with alcoholic beer (Alcohol) or non-alcoholic (Placebo) beer for 10 minutes. 

This was immediately followed by three, 5-minute blocks of Arterial Spin Label (ASL) 

perfusion MRI scanning procedure, for a total of 15 minutes ASL measurement and total 

time in the scanner of 55 minutes. Immediately post MRI scans, participants underwent a 

second, post-scan ATT with non-alcoholic beer in both sessions to assess sustained alcohol 

motivation. Measurements of breath alcohol level (BrAC), cortisol, subjective craving, 

stimulation and sedation were obtained before and after the pre-Scan ATT (−10, 0), during 

scanning (+10, +25, +35, +45) and at post-Scan ATT(+60, +70) timepoints.
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Figure 2. Alcohol versus placebo intake experimental manipulation:
(A) In the pre-scan ATT, groups did not differ in alcohol/placebo intake amounts 

(F(1,100)=0.03, p=0.87), nor within groups across sessions, (BD: t(52)=0.15, p=0.88; 

SD: t(50)=0.29, p=0.77), indicating no differences between groups in initial alcohol self-

motivation. (B) Significantly higher breath alcohol levels were observed in the alcohol vs 

placebo Session (F(1,536)=121.5, p<0.0001) across both groups, with no group differences 

at any point during the experiment (Peak BrAC mean: BD - 0.026 +/− 0.005; SD - 0.017 

+/− 0.003). (C) Heart rate assessed during initial 30 minutes after Pre-Scan ATT increased 

in both groups in the alcohol compared to placebo Session (F(1,100)=8.1, p=0.005). (D) 
Sustained alcohol self motivation assessed as change in the post-pre scan ATT for alcohol 

relative to the placebo session indicated BD consumed significantly more amounts than SD 

(t(50)=2.55, p=0.01, and with no differences between groups in the post- pre amount for the 

placebo session (t(50)=08, p=0.43).
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Figure 3. Reliability and Consistency of the ATT Procedures.
(A) The strongest predictor of the amount of alcohol consumed in the post-scan ATT was 

the amount consumed in the pre-scan ATT, [All: F(1,94)=238.4, p<0.0001, R2 =0.72; BD 

F(1,26)= 121.5, p<0.0001, R2 =0.62;SD F(1,24)=28.51, p<0.0001, R2 =0.53, so pre-scan 

ATT was included as a co-variate in all analyses. (B) Participant consumption of alcoholic 

and placebo beer was highly correlated, providing further evidence that participants were 

unable to distinguish the two,[All: F(1,92)= 95.1, p<0.0001, R2 =0.51, BD: F(1,25)=62.26, 

p<0.001, R2=0.74; SD: F(1,22)=38.72, p<0.0001, R2 =0.64.]. (C) The amount of alcohol 

consumed in the ATTs was strongly related to the participants’ regular self-reported monthly 

alcohol consumption for all participants, [All: F(1,50)= 10.84, p=0.002, R2 =0.22; BD: 

F(1,25)= 5.557, p=0.03, R2 =0.18; SD: F(1,23)=4.348, p=0.048, R2 =0.6.]
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Figure 4. 
Whole brain CBF analyses of neural responses to alcohol vs placebo in SD vs BD 
groups, at p<0.001 threshold and cluster corrected p<0.05, with MNI coordinates x,y,z,. 
4A-B, 3E-F: Evidence of neural reward tolerance was observed in the OFC and VS for the 

BD relative to SD. 4C-D, 4G-H: Inversely, BD showed greater activation than SD in the 

Right inferior frontal gyrus (IFG) and supplementary motor area (SMA). Note: Red/yellow 
denotes SD>BD, blue denotes BD>SD. Images are presented in radiological convention 
with the right side of the brain in the left side of the image.
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Figure 5. Relationship between alcohol induced CBF and Alcohol Session Post-Scan ATT in the 
BD Group.
A-B: Lower alcohol-induced CBF in the OFC (F(1,22)=6.5, p=0.02, , R2 =0.12) and 

SMA F(1,21)=6.5, p=0.02,R2 =0.24, of BD predicted higher subsequent post-scan ATT 

intake only in the alcohol session, indicative of both OFC and SMA playing a role in 

subsequent sustained alcohol-related motivation. C-D: Furthermore, lower alcohol-induced 

OFC response (red) correlated with concurrent sensitized SMA response (blue) in BD, 

F(1,18)=6.1,p=0.02. R2=0.25, but not in SD.
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Figure 6. Association between CBF responses in reward and behavioral intention regions and 
with Alcohol Session Post-Scan ATT in the Full Samples.
(A) The-Alcohol- Placebo difference in VS perfusion was significantly negatively related 

to post-scan ATT intake in the alcohol session for the full sample, but not in the separate 

groups, F(1,45)= 6.19, p=0.02, R2 =0.12. (B) The Alcohol- Placebo difference in IFG 

perfusion was significantly positively related to post-scan ATT intake in the alcohol session 

for the full sample, but not in the separate groups, F(1,45)=5.01, p=0.03, , R2 =0.1. (C) 

Alcohol- Placebo VS perfusion was positively associated with perfusion in the OFC, F(1,50) 

=36,94, p<0.0001, R2=0.48, in the full sample. (D) Alcohol-Placebo perfusion in the IFG 

and SMA were positively associated, F(1,50)=8.65,p=0.005, R2=0.45 in the full sample 

€ Alcohol- Placebo OFC perfusion was significantly negatively related to IFG perfusion, 

F(1,50)= 11.12, p=0.004, R2=0.17 in the full sample.
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