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Abstract

BACKGROUND: Alcohol misuse is associated with externalizing behaviors, including rule
breaking. Studies have implicated altered reward processing in externalizing behaviors and
alcohol misuse. Here, we investigated whether reward or punishment reactivity more significantly
influenced alcohol use severity and rule-breaking behavior in young adult drinkers.

METHODS: We curated data from the Human Connectome Project and identified 181 binge (132
men) and 288 nonbinge (97 men) drinkers performing a gambling task during brain imaging.
Alcohol use severity was quantified by the first principal component of principal-component
analysis of all drinking measures. We analyzed the imaging data using published routines and
evaluated the results at a corrected threshold. We examined the interrelationship between imaging
and clinical metrics with mediation and path analyses.

RESULTS: Compared with nonbingers, bingers showed more severe rule-breaking behavior

and responded significantly faster during post-loss than during post-win trials. Compared with
nonbingers, bingers demonstrated greater inferior/middle frontal gyrus and cerebellum activations
in loss-predominating blocks but no differences in regional responses to win-predominating
blocks, relative to an interblock baseline. The right caudate body showed loss reactivity that
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was positively correlated with the rule-breaking score. No regional responses to wins were
significantly correlated with the rule-breaking score. Mediation and path analyses demonstrated
significant models with inferior/middle frontal gyrus and caudate reactivity to loss interrelating
rule breaking and alcohol use severity.

CONCLUSIONS: Punishment rather than reward reactivity was associated with alcohol use
severity and rule breaking in young adults. The findings highlight the roles of negative emotions in
psychological models of externalizing behaviors and alcohol misuse.

Alcohol Misuse and Rule-Breaking Behavior

Externalizing behaviors, including rule-breaking, aggressive, and antisocial behaviors,

are considered as a significant risk factor for binge drinking (1). Delinquency in early
adolescence promotes problem drinking later in life (2,3). A genetic behavioral study
showed that the GABAergic (gamma-aminobutyric acidergic) system may conduce to
problem alcohol use via rule-breaking behavior in midadolescence (4). Conversely, problem
drinkers are less able to control their impulsive behavior and are prone to making poor
decisions and breaking rules (5,6). It is not surprising that rule breaking and alcohol use
co-occur and relate in severity in both adolescents and young adults (7-9).

Alcohol Misuse and Motivational Reactivity

Individuals may engage in alcohol misuse because of dysfunctional positive and/or negative
emotional reactivity (10). Alcohol consumption contributes to positive mood (11-15), social
pleasure (16), and perceived friendship (17,18). Greater alcohol-elicited enhancement of
positive mood predicted more drinking problems at 18 months (19). Indeed, difficulty in
regulating positive emotions was implicated in alcohol misuse in adolescents and adults
(20-23). On the other hand, alcohol misuse is associated with anxiety, depression, cognitive
deficits, sleep disturbance, and a host of physical problems (24-29). Individuals may drink to
manage depression and other negative emotions, and the negative reinforcement perpetuates
alcohol misuse (30). Greater negative mood reduction from alcohol consumption predicted
more drinking problems (19). Drinking relative to nondrinking individuals place higher bets
after losses than after wins in gambling (31), suggesting heightened loss reactivity. Thus,
alcohol misuse is also associated with dysfunctional reactivity to negative emotions.

Imaging research has provided evidence of the influences of both positive and negative
emotional reactivity on alcohol misuse. People who wanted to consume more alcohol

(32) and bingers relative to nonbingers (33) exhibited greater bilateral activation of the
ventral striatum (VS) during monetary wins than during losses. Adolescents engaged in
problem drinking and gambling showed a hyperactive VS and ventromedial prefrontal
cortical responses to monetary rewards (34). Elevating the risk for alcohol use disorder
(AUD) in early adulthood, adolescent alcohol use was associated with a greater V'S response
to reward anticipation (35). Adolescents with a family history of AUD showed higher
reward-related brain activation (36), and a higher VS response to risky decisions predicted
future binge drinking (37). Other studies have highlighted the role of negative emotions

in problem drinking. For instance, individuals with alcohol dependency showed higher
regional activations to negative than to positive emotional images and higher activations
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than control subjects to negative emotional images (38). An electrophysiological study also
reported greater attentional responses, as evident in a larger P2, to salient images in drinkers
than in nondrinkers, and the difference was particularly clear during exposure to negative
images (39). The severity of problem drinking was associated with higher posterior cingulate
response to punishment than to reward in the monetary incentive delay task (MIDT) in
adolescents (40). Another study reported that reduced VS reactivity to monetary reward was
associated with higher risk of anhedonia and problem drinking in individuals with early-life
stress (41).

Thus, although the participant populations and behavioral paradigms varied across studies,
the literature supports dysfunctional motivational reactivity in alcohol misuse.

Externalizing Traits and Motivational Reactivity

Risky behaviors most likely occur during intense emotions (23,42,43), accompanied by
dysfunctional reward and punishment processing or behavioral activation and inhibition
(44). Intense positive emotions promote distractibility (45), less discriminative use of
information (46), actions for short- versus long-term goals (47), gambling (48), and

risky sexual behavior (49,50). Individuals exhibiting aggressive responses to provocation
showed greater VS activity during retaliation (51). Likewise, aggressive behavior during
violent video gaming activated the striatal reward system (52). Over time, the externalizing
behaviors become self-perpetuating (53). Individuals may also break rules, seeking external
stimulation to alleviate negative emotions (54,55). Impulsive individuals showed higher
physiological arousal to salient events, including performance errors—a negative outcome
—in a stop signal task (56). Individuals with alcohol dependency showed reduced skin
conductance response (SCR) to both positive and negative emotional stimuli, and blunted
SCR to positive but not negative stimuli was associated with impulsivity (57). In imaging
studies, an attenuated neural response to rewarding social-emotional signals was associated
with rule breaking and other behavioral problems (58).

Thus, externalizing behaviors, including alcohol misuse and rule breaking, appear to
implicate both positive and negative emotional reactivity. However, the great majority

of these studies did not directly contrast their roles in alcohol misuse or rule breaking.
Furthermore, no studies to our knowledge have investigated the neural processes interlinking
alcohol misuse and rule breaking.

The Present Study

The current work aimed to address these issues using the dataset from the Human
Connectome Project (HCP), which comprised imaging data of a gambling task from
young adults. We hypothesized that binge drinkers would demonstrate more externalizing
symptoms and rule-breaking behaviors as well as altered regional responses to both reward
and punishment than nonbinge drinkers. We investigated how the neural processes were
related to the severity of alcohol use and rule breaking and performed mediation and

path analyses to examine the interrelationship between the neural correlates, rule-breaking
behavior, and alcohol misuse.
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METHODS AND MATERIALS

Dataset and Demographics

With permission from the HCP (59), we used the 1200 Subjects Release (S1200) data,

as in our previous work (18,60-63). Binge drinking was defined as having =4/5 drinks
(women/men) on a single occasion (64). The binge drinking group comprised 181 adults
who reported binge drinking at least once a week for the last 12 months (132 men, 72.9%)
(65). A total of 314 adults reported no binge drinking in the prior year. However, 26 of the
314 met criteria for lifetime alcohol abuse or dependence and were excluded, leaving 288
adults (97 men, 33.7%) in the nonbinge drinking group. Thus, the data of a total of 469
adults (229 men, mean age + SD = 27.9 + 3.6 years; 240 women, mean age 29.8 + 3.7 years)
were included in this study, with more men than women in the binge drinking group (X21
=68.52, p<.001). In male (n=132) and female (n7 = 49) bingers, 75 and 20, respectively,
each met DSM-1V criteria for alcohol abuse or dependence. Analysis of variance (ANOVA)
showed significant group (Fseg = 5.76, p=.017) and sex (F46g = 13.63, p < .001) main
effects as well as a group x sex interaction (F46g = 5.12, p=.024) effect of age. Age and sex
were included as covariates in the analyses of all subjects, and age alone was included as a
covariate in the analyses of men and women separately. All subjects were physically healthy
with no severe neurodevelopmental, neuropsychiatric, or neurologic disorders. The HCP was
approved by the Washington University Institutional Review Board (IRB #201204036).

Clinical Measures

The HCP data comprised 15 interrelated drinking metrics to assess the severity of alcohol
use. We performed a principal component analysis on the 15 measures and identified one
principal component (PC1) with an eigenvalue of >1 that accounted for 60.73% of the
variance. Table S1 shows the mean £ SD of the drinking measures, PC1 (“drinking severity
PCL1,” henceforth), and the statistics of the group x sex ANOVA. All participants were
assessed using the Achenbach Adult Self Report syndrome scales (66). The rule-breaking
subscale (Supplemental Methods) comprises 14 items, each scored from 0 to 2, so the score
sums from 0 to 28 (range: 0-20 for the current sample), with a higher score indicating
more rule-breaking behavior. We performed a group x sex ANOVA of the score with age
as a covariate and followed with simple effects analyses to examine sex differences in each
drinking group (e.g., male vs. female bingers) and group differences in each sex (e.g., male
bingers vs. nonbingers).

Imaging Protocol and Gambling Task for Functional Magnetic Resonance Imaging

Imaging protocols are described in Supplemental Methods (60-62). Participants completed 2
runs of a gambling task (~3 minutes and 12 seconds per run), each with 4 blocks—2 each

of reward and punishment, with more win and loss trials, respectively—and a fixation period
(baseline, 15 seconds) between blocks (67).

We performed a 4-way (trial x block x group x sex) repeated-measures ANOVA of the
reaction time (RT) of trials following loss (post-loss) and win (post-win) in reward and
punishment blocks to assess loss and win reactivity. We also performed a linear regression of
post-loss RT and post-win RT against rule-breaking score and PC1 for all subjects with age
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and sex as covariates and for men and women separately with age as a covariate. Further, we
examined sex differences in the regression with a slope test.

Imaging Data Modeling and Statistics

We followed published routines (68,69) in image data preprocessing and modeled the blood
oxygen level-dependent signals to identify regional responses to reward and punishment
blocks relative to the baseline (Supplemental Methods). In group analyses, we performed a
group x sex full factorial with age as a covariate and evaluated the results with uncorrected
voxel p<.001 in combination with familywise error (FWE)-corrected cluster p < .05.

Functional regions of interest were defined based on clusters obtained from whole-brain
analyses. We used MarsBaR (http://marsbar.sourceforge.net/) to derive the activity (B
contrast averaged across voxels) of the regions of interest for individual subjects.

Mediation and Path Analyses

We performed mediation analyses following published routines (70,71), as detailed earlier
(68,72,73) (Supplemental Methaods), to evaluate the relationships among neural markers,
rule-breaking score, and drinking severity PC1 across all subjects (see Results).

Following up on mediation analysis and the findings of a significant correlation between
inferior frontal gyrus/middle frontal gyrus (IFG/MFG) and caudate activity (see Results), we
performed path analyses (Supplemental Methods) to examine the interrelationship between
IFG/MFG and caudate activity and rule-breaking score and drinking severity PC1.

Note that the results of mediation or path analyses did not imply causality. Rather, the
findings served to clarify the interrelationships of multiple, correlating variables.

RESULTS

Clinical Measures

Rule-breaking score showed significant group main (F46g = 57.51, p < .001), sex main (Fsg8
=25.40, p< .001), and group x sex interaction (F46g = 9.09, p=.003) effects (Figure

1A). Post hoc analyses showed higher rule-breaking scores in men than in women and in
both male and female bingers than in nonbingers. Male bingers compared with nonbingers
showed a greater difference in the rule-breaking score than female bingers compared with
nonbingers. Table S2 shows the results of an ANOVA on other Achenbach Adult Self Report
measures.

Severity of alcohol use, as indexed by the PC1, showed significant group (F4gg = 1375.70, p
<.001), sex (Faeg = 16.47, p< .001), and group x sex interaction (Fzgg = 14.27, p< .001)
effects, with a greater difference in male than in female bingers versus nonbingers (Figure
1B).

The rule-breaking score showed a significant correlation with PC1 (all: r=0.456, p<.001;
men: r=0.411, p<.001; women: r=0.305, p < .001) with age as a covariate; in slope tests,
men and women did not differ in the slope of regression (Figure 1C).
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Behavioral Measures of the Gambling Task

To characterize how individuals reacted to wins and losses, we computed individual RTs of
trials following loss (post-loss RT) and win (post-win RT) each for reward and punishment
blocks. The results of a 4-way (trial x block x group x sex) repeated-measures ANOVA
are shown in Table S3. There were significant block (F46g = 60.90, p < .001) and group
(Fags = 3.91, p=.049) main effects, with simple effects analyses showing shorter RT in
punishment (434 + 112 ms) than in reward (452 + 111 ms) blocks (#4gg = —8.38, p < .001,
paired ftest) and shorter RT in binging (426 £101 ms) than in nonbinging (454 + 112 ms)
individuals (g7 = —2.75, p = .006, two-sample ftest). There were also significant trial x
block (F46g = 6.05, p=.014) and trial x group (F468 = 4.62, p=.032) interactions, each
with higher post-win RT than post-loss RT in reward (11 £ 77 ms) than in punishment

(-1 = 76 ms) blocks (#4465 = 2.50, p=.013, paired ttest) and in binging (27 + 47 ms)

than in non-binging (13 £ 51 ms) individuals (g7 = 3.11, p=.002, two-sample #test). No
other main or interaction effects, including those involving sex as a factor, were significant.
However, in Figure 1D, we followed the format of Figure 1A and FigurelB and showed the
difference between post-win and post-loss RT separately for men and women.

In linear regressions with age as a covariate, the difference in RT between post-win and
post-loss trials was significantly correlated with drinking severity PC1 across all subjects
(r=10.148, p=.001) and in men (r=0.183, p=.006) but not in women (r=0.057, p=

.377) alone. However, a slope test did not show a significant sex difference in the correlation
(Figure 1E). The difference in RT was not correlated with the rule-breaking score across all
(r=10.086, p=.063), male (r=0.089, p=.183), or female (r=0.030, p = .646) subjects,
and a slope test did not show a sex difference (Figure 1F). Thus, the extent of faster RT

in post-loss compared with post-win trials was positively correlated with the severity of
drinking but not rule breaking.

Binge Drinking and Win-/Loss-Related Regional Brain Activations

A group x sex full factorial of the contrast reward minus baseline did not reveal any
significant clusters for group (binger vs. nonbinger) at uncorrected voxel p=.001 and FWE-
corrected cluster p < .05. At the same threshold, a full factorial of the contrast punishment
minus baseline showed higher activation in bingers than in nonbingers in the cerebellum
(CBL) (x = -4,y = -74, z = -10; Z= 4.48, volume - 504 mm3) and a cluster comprising
the right IFG/IMFG (x = 28, y = 22, z = 32; Z= 4.44, volume = 1096 mm3) (Figure 2A). We
extracted the Bs of the IFG/MFG and CBL for individual subjects and visualized the group
difference (binger vs. nonbingei) in IFG/MFG (men: &7 = 2.64, p=.009; women: f3g =
5.32, p<.001) (Figure 2B) and the CBL (men: b7 = 4.18, p< .001; women: f3g = 2.43,
p=.016) (Figure 2E). The IFG/MFG but not the CBL showed a significant group x sex
interaction (F465 = 5.99, p=.015 and F45g = 0.48, p=.491, respectively).

The B estimate of the IFG/MFG was significantly correlated with PC1 across all subjects (-
=0.219, p<.001) and in men (r=0.198, p=.003) and women (r= 0.227, p< .001) alone.
The B estimate of the CBL was significantly correlated with PC1 across all subjects (r=
0.213, p<.001) as well as in men (r=10.277, p<.001) and women (r=0.151, p=.019)
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alone. The slopes of regressions did not show sex differences (IFG/MFG: Z2=-0.33, p=
.741) (Figure 2C) (CBL: Z=1.42, p=.156) (Figure 2F).

The B estimate of the IFG/MFG was significantly correlated with the rule-breaking score
across all subjects (r=0.156, p=.001} as well as in women (r=0.233, p < .001) but not
in men (r=10.083, p=.212) alone. However, the slope of regressions fell short of being a
significant difference (Z=-1.66, p=.097) (Figure 2D). The B estimate of the CBL was
significantly correlated with the rule-breaking score across all subjects (r=0.158, p=.001)
as well as in men (r=0.214, p=.001) but not in women (r=0.092, p=.157) alone. The
slope of regressions did not differ significantly between men and women (Z=1.35, p=
.177) (Figure 2G).

The B estimate of the IFG/MFG was not correlated with post-loss RT (r=0.025, p=.584)
or post-loss minus post-win RT (7= 0.065, p=.157) in the punishment blocks across all
subjects. Likewise, the p estimate of the CBL was not correlated with post-loss RT (r=
0.055, p=.237) or post-loss minus post-win RT (r=—-0.005, p=.919) either.

Neural Correlates of Rule Breaking: Win and Loss Reactivity

A whole-brain linear regression of the contrast reward minus baseline against the rule-
breaking score for the entire sample did not reveal any clusters. The regression of the
contrast punishment minus baseline showed a significant cluster in the right caudate (16,
-16, 24, Z= 4.45, 520 mm?3) (Figure 3A). The B estimate of the right caudate was
significantly correlated with both the rule-breaking score (r=0.236, p< .001) (Figure 3B)
and drinking severity PC1 (r=0.103, p=.026) (Figure 3C) in a linear regression with age as
a covariate.

The B estimate of the right caudate was not correlated with post-loss RT (r=0.047, p=.305)
or post-loss minus post-win RT (7= 0.030, p=.518) of the punishment blocks.

The Interrelationship of Loss Reactivity, Rule-Breaking Behavior, and Severity of Alcohol
Use

A principal component analysis of the 15 drinking measures identified a single factor (PC1)
with an eigenvalue of >1 and that accounted for 60.73% of the variance (see Methods and
Materials). Across subjects, the individual weight of PC1 was positively correlated with
the rule-breaking score (r=0.456, p <.001) and with the IFG/MFG B of punishment
minus baseline (r=0.219, p< .001) with age as a covariate. We performed a mediation
analysis to examine the interrelationship between PC1, rule-breaking score, and IFG/MFG
B, with age as a covariate. We considered all 6 models and used a corrected p value (.05/6
=.0083) to evaluate the mediation effects. Two models (rule-breaking score — PC1 —
IFG/MFG B and IFG/MFG B — PC1 — rule-breaking score) showed significant (and
complete) mediation (Figure 4A; statistics in Table S4). We also performed mediation
analyses between PC1, rule-breaking score, and caudate p with age as a covariate, and 2
models (PC1 — rule-breaking score — caudate p and caudate p — rule-breaking score —
PC1) showed significant (and complete) mediation (Figure 4B; Table S5).

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 8

Furthermore, because the caudate and IFG/MFG activities were correlated (r=0.281, p<
.001), we performed a path analysis to examine which path model of caudate B, IFG/MFG
B, severity of alcohol use, and rule-breaking behavior demonstrated a significant and best
statistical fit. With age as a covariate, one model demonstrated a significant and the best

fit (Figure 4C) (root mean square error of approximation = 0.000 [90% CI, 0.000-0.072],
Xzo_goo, standardized root mean square residual = 0.017, and comparative fit index = 1.000).
The other models and fit statistics are shown in Figure S1 and Table S6.

DISCUSSION

Young adult binge drinkers demonstrated significantly higher rule-breaking scores than
nonbinge drinkers as evaluated by the Achenbach Adult Self Report syndrome scales.
Bingers relative to nonbingers demonstrated faster RT in post-loss than in post-win trials,
suggesting loss-elicited impulsivity. Bingers relative to nonbingers did not demonstrate
differences in regional activations during reward blocks but showed higher IFG/MFG and
CBL responses in the punishment blocks, where they were exposed more frequently to
monetary losses than wins, relative to baseline. Across subjects, the right caudate body
response to punishment was correlated with a higher rule-breaking score. Furthermore,
IFG/MFG and caudate responses showed a significant, positive correlation with both rule-
breaking score and severity of alcohol use. Mediation and path analyses characterized

the interrelationships of IFG/MFG and caudate reactivity to loss, rule-breaking behavior
score, and the severity of alcohol use. Together, these findings support loss reactivity

in association with both binge drinking and rule-breaking and highlight frontal striatal
activities interlinking alcohol use severity and externalizing problems.

Alcohol Misuse, Externalizing Problems, and Loss Reactivity

Bingers as compared to nonbingers were significantly faster in responding during post-loss
than during post-win trials, indicating loss-evoked impulsivity. Bingers as compared to
nonbingers showed a higher CBL and IFG/MFG activation to punishment blocks in which
loss trials predominated in the gambling task. These findings are consistent with studies
showing a higher MFG response to monetary loss in individuals with alcohol dependence
than in control subjects in the MIDT (74,75), and a recent review reports the same in

AUD and gambling disorder (76). In a reward go/no-go task, higher physiological arousal,
as reflected in SCR, in response to losses than to wins was positively correlated with
intersubject variation in reward sensitivity (77). Furthermore, relative to control subjects,
adolescent substance users had more externalizing problems and showed a higher MFG
activation during failed than during successful inhibitions in a go/no-go task in association
with the severity of externalizing problems (78). In our studies of the stop signal task,

we also noted a positive correlation between impulsivity traits and SCR to stop errors in
neurotypical adults (56). Thus, whether associated with a material reward or not, negative
outcomes appear more salient and may elicit higher MFG reactivity in association with
externalizing problems. Because the IFG/MFG activities were not correlated with RT
differences between post-loss and post-win trials in punishment blocks, it remains to be seen
how the IFG/MFG may signal downstream structures to influence behavior in the gambling
task.

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 9

Notably, in a monetary risk-taking task in which participants placed a risky or safe bet,
patients with alcohol dependence relative to control subjects showed lower right MFG
activation in response to risky bets that resulted in loss as compared with safe bets with
small wins (79). Anticipatory activities during risky bets—a decision involving greater
conflict—may account for these contrasting findings. In support, overriding the conflicting,
directional visual cue to make rewarded antisaccades, adolescents with more severe
externalizing problems showed hypoactivation of the MFG (80). However, externalizing
symptoms were positively associated with MFG activation during no-go responses to cues
previously conditioned to a higher likelihood of reward in the MIDT (81). Thus, how the
MFG responds during decision making in relation to alcohol misuse and/or externalizing
behaviors may depend on which psychological processes—outcome, action, or inhibition of
action to override conflict—are queried.

Alcohol Misuse, Externalizing Behaviors, and Caudate Reactivity

The caudate showed higher activities during punishment blocks in positive association with
both the rule-breaking score and drinking severity. In an imaging study with half of the
smokers allowed and the other half not allowed to smoke during a break, the group not
allowed to smoke exhibited a greater right caudate response to monetary loss during a
card guessing task than the group allowed to smoke (82). Cannabis users showed higher
left caudate and bilateral IFG responses to monetary loss in the MIDT than nonusers

(83). Boys with externalizing behavior problems showed greater caudate activation when
offered less in return and incurring monetary loss in a trust task (84). Thus, as with the
IFG/MFG, the caudate exhibited higher reactivity to negative outcomes in individuals with
more externalizing problems. In accord, the caudate also responded intensely to negative
emotional stimuli (85,86).

IFG/MFG and Caudate Loss Reactivity Interrelates Alcohol Use Severity and Rule Breaking

The findings of the mediation and path analyses interlink IFG/MFG and caudate loss
reactivity with rule breaking and alcohol use severity. According to the most significant
model (Figure 4C), rule-breaking behavior modulated the severity of alcohol misuse, and
both alcohol misuse and, via caudate activity, rule-breaking modulated loss reactivity of the
IFG/MFG. Thus, although the mediation analyses suggest bidirectional influences between
alcohol misuse and rule breaking, the path analyses that incorporated caudate reactivity
favored a model in which rule-breaking influenced alcohol misuse, but not the other way
around. These results should be considered as specific to the HCP sample of young,
neurotypical adults; how chronic alcohol exposure may impact rule breaking and other
externalizing behaviors in AUD remains to be investigated. Furthermore, the mediation and
path models do not imply causality, which can best be elucidated with longitudinal data and
with respect to specific hypotheses. Also notable from the mediation model are the missing
behavioral metrics of the gambling task, which we discuss below as a limitation.

Limitations, Other Considerations, and Conclusions

A few limitations need to be considered for this study. First, the sample comprised more
bingers in males and more nonbingers in females. Although we have specifically examined
and noted that there are largely no sex differences in the findings (see the Supplement),
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it remains unclear how this may have influenced the results. Second, behavioral reactivity
(RT) was missing from the path models. As discussed earlier, neither IFG/IMFG nor caudate
responses in the punishment blocks were correlated with RT differences between post-loss
and post-win trials. We were limited by the block design of the gambling task, which

does not allow a clear dissection of regional brain responses to changes in RT trial by

trial. New experiments with event-related paradigms are needed to elucidate the neural
correlates specific to loss-related changes in RT. Third, the results of the mediation and
path analyses did not inform causality. Rather, the results should be regarded as a way to
conceptually organize the multiple, correlating variables in models that best describe their
interrelationships. Finally, we used drinking severity PC1 rather than any of the measures
that may more specifically reflect binge drinking because these measures (e.g., frequency
of drinking 4+/5+ drinks in past 12 months, frequency drunk in past 12 months) (Table

S1) were all highly correlated with PC1 across all subjects, in men, and in women (r=
0.721-0.905, ps < .001). Nonetheless, PC1 reflects the overall level of alcohol misuse but is
not a unique feature of binge drinking.

We used both regional brain activities and RTs to reflect reactivity, as investigators typically
do to quantify how participants behave in response to external events. For instance,
investigators have used post-error slowing to identify the extent of behavioral adjustment
and its neural correlates in the stop signal task (87-90). Other indices, including measures
of physiological arousal, if available, can potentially be used to quantify reactivity on a
trial-by-trial basis (56,77,91). We tested sex differences in the analytics of behavioral and
neural metrics. Both male and female bingers showed higher rule-breaking scores and
drinking severity than nonbingers. However, no correlations between clinical metrics and
IFG/MFG or caudate reactivity showed a significant sex difference in regression slopes.
Thus, it is possible that the neural processes of alcohol misuse and externalizing problems
are related to loss reactivity similarly in men and women. Of interest is a recent study
showing that compared with placebo, healthy participants receiving a selective serotonin
reuptake inhibitor before scanning showed a diminished response of the right caudate to
monetary loss in a similar card guessing task (92). The serotonergic system is implicated in
the pathophysiology of mood and anxiety disorders; thus, the current findings provide clues
for neuropharmacological research of loss reactivity.

To conclude, punishment rather than reward reactivity was associated with alcohol use
severity and rule breaking in young adults. The findings highlight the roles of negative
emotions in psychological models of externalizing behavior and alcohol misuse and of the
prefrontal cortex and caudate in supporting the interrelationship between rule breaking and
drinking severity.
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Figurel.

Clinical and behavioral measures of male binger (MB), male nonbinger (MnB), female
binger (WB), and female nonbinger (WnB) subjects. (A) Rule-breaking score. (B) Severity
of alcohol use as quantified by the weight of the first principal component (PC1) of a
principal component analysis of all 15 drinking measures. (C) Correlation of drinking
severity PC1 with rule-breaking score across all subjects (regression line in black) and

men (blue line) and women (red line) separately. (D) Difference in post-win and post-loss
reaction time (RT). All histograms show mean + SE; **p < .001 and *p < .05 show the
statistics of simple effects analyses. Correlation of (E) drinking severity PC1 and of (F)
rule-breaking score with RT (post-win minus post-loss) are shown for all subjects (black
line), men (blue line), and women (red line). Data points are represented by different
symbols for MB, MnB, WB, and WnB. The rand o values reflect the correlation for all
subjects, and the Zand p values reflect the slope tests of sex differences in the regression.
We did not show the rand p values separately for men and women because the regressions
did not show significant sex differences in the slope. Note that the residuals are plotted here
with age accounted for in the regressions.
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Figure 2.

(Ag; Regional brain activations to the contrast punishment minus baseline in bingers vs.
nonbingers from the full factorial analysis; color bars show voxel fvalues, and warm
indicates a positive value. Threshold: voxel p < .001 in combination with a cluster
familywise error—corrected p < .05. Clusters are overlaid on a T1 structural image in
neurologic orientation: right = right. The B contrast of punishment minus baseline (mean £
SE) of the (B) Inferior frontal gyrus/middle frontal gyrus (IFG/MFG) and (E) cerebellum
(CBL) were computed for all subjects and are shown here separately for male binger (MB),
male nonbinger (MnB), female binger (WB), and female nonbinger (WnB) subjects. *p
<.05 and **p < .001 indicate the statistics of post hoc simple effects analyses. Linear
regression of the B contrast of IFG/MFG against (C) drinking severity first principal
component (PC1) and (D) rule-breaking score and of the B contrast of CBL against (F)
drinking severity PC1 and (G) rule-breaking score are shown for all subjects (black line),
men (blue line), and women (red line). Data points are represented by different symbols for
MB, MnB, WB, and WnB. The rand p values reflect the correlation for all subjects, and the
Zand pvalues reflect the slope tests. Note that residuals are plotted here with age accounted
for in the regressions. L, left; R, right.
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A All, regression against rule-breaking score
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Figure 3.

(A) The linear regression of the B contrast punishment minus baseline against the rule-
breaking score identified a cluster in the right caudate that was positively correlated for all
subjects. Voxel p< .001 in combination with a cluster familywise error—corrected p < .05.
Color bars show voxel ¢values; warm indicates a positive correlation. The cluster is overlaid
on a T1 structural image in neurologic orientation: right = right. Linear regression of the g
contrast of caudate against (B) rule-breaking score and (C) drinking severity first principal
component (PC1). The rand pvalues reflect the correlation for all subjects, and the Zand

p values reflect the slope tests. Note that residuals are plotted here with age accounted for

in the regressions. L, left; MB, male binger; MnB, male nonbinger; R, right; WB, women
binger; WnB, women nonbinger.
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(A, B) Mediation analysis and (C) path model to show the interrelationship of caudate and
IFG/MFG activity, severity of drinking, and rule-breaking score. Only significant models are
shown. The statistics of all 6 mediation models are shown in Tables S4 and S5. Other path
models and fit statistics are shown in Figure S2 and Table S6, respectively. e, measuring
error; IFG, Inferior frontal gyrus; MFG, middle frontal gyrus.
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