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ABSTRACT

BACKGROUND: Expanding our previous findings that model-based/model-free (MB/MF) control—often
conceptualized as goal-directed and habitual behavior—at age 18 years was associated with alcohol drinking
trajectories over 3 years, in this study, we investigated whether changes in MB/MF control from ages 18 to 21 1)
stem from alcohol exposure and 2) predict drinking patterns up to age 24.

METHODS: We followed a community sample of 124 18-year-old men for 6 years. At ages 18 and 21, participants
performed a 2-step task assessing MB and MF control while undergoing functional magnetic resonance imaging
(91 neural datasets). Drinking behavior was assessed using annual interviews complemented by questionnaires
every 6 months. Correlation coefficients assessed the effect of cumulative alcohol exposure from ages 18 to 21
on changes in MB/MF parameters. Latent growth curve models were used to evaluate associations between MB/
MF changes and drinking trajectories from ages 21 to 24.

RESULTS: Alcohol exposure from ages 18 to 21 showed no significant effect on changes in MB/MF control. An
increased MB behavioral score was protective for binge drinking, while an increased MF behavioral score predicted
higher binge drinking at age 21 but not its future development. Changes in MF ventral striatum signals were asso-
ciated with escalated consumption score development from ages 21 to 24, whereas MF ventromedial prefrontal
signals showed a protective effect.

CONCLUSIONS: Changes in behavioral and neural MB and MF control were linked to future drinking patterns,
suggesting that interventions aimed at modulating MB/MF controls could help mitigate subsequent risky drinking

behaviors.
https://doi.org/10.1016/j.biopsych.2025.06.028

Alcohol use disorder (AUD) poses significant health risks and
societal challenges, making understanding its underlying
mechanisms a public health priority (1). The progression of
AUD is marked by the transition from initially controlled, pri-
marily goal-directed alcohol use to more habitual consump-
tion, with some researchers suggesting that this may involve
elements of automaticity (2,3). This transition underscores the
necessity of dissecting the intertwined causes and conse-
quences of AUD to develop preventions or interventions that
directly target the underlying processes.

The 2-step task, introduced by Daw et al. (4), is a well-
established tool for exploring the interplay between goal-
directed and habitual behaviors. Grounded in reinforcement
learning, it distinguishes between model-based (MB) and
model-free (MF) control systems. The MF system calculates
the value of actions based on past rewards, with reward pre-
diction error (RPE) signal predominantly originating in the
midbrain (5). While these phasic signals align with MF pre-
dictions, evidence suggests that midbrain dopamine neurons
also contribute to associative learning and outcome-specific

predictive learning rather than being strictly MF (6,7). This al-
lows task structure and future outcomes to influence rein-
forcement learning, integrating elements of MB computations
alongside MF learning (4,8). In contrast, the MB system de-
pends on interactions between ventral striatum (VS) dopamine
and lateral prefrontal cortex (PFC) activation (9), engages in
forward-planning decision making, and is sensitive to envi-
ronmental structure (10). While the MF system is efficient in
stable environments, its inflexibility becomes apparent in more
complex settings. The MB system, although more adaptive
and future-oriented, incurs higher computational costs,
potentially leading to inefficiency. Typically, human decision
making in the 2-step task reflects a blend of both strategies,
balancing efficiency with flexibility (4).

Some evidence suggests an association between reduced
MB control and AUD severity. No significant behavioral dif-
ferences were reported between people with AUD and healthy
volunteers by Voon et al. (11) and Sebold et al. (12), the latter in
contrast to an initially significant finding (13). However, Sebold
et al. (12) observed that individuals who relapsed exhibited
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lower MB neural responses in the medial PFC. In nonclinical
populations, Dofamayor et al. (14) observed reduced MB
control among adults with severe binge drinking. In a large
online study, Gillan et al. (15) found a link between lower MB
control and higher scores on the Alcohol Use Disorder Iden-
tification Test (AUDIT) (16). Conversely, Patzelt et al. (17) did
not detect this association in an online study using a modified
version of the 2-step task (18).

The mixed evidence underscores the intricate and multi-
faceted nature of the relationship between MB/MF control and
AUD. The varying findings could be, at least partly, attributed
to the complex interplay between inherent predispositions and
the consequences of alcohol use, which makes it challenging
to delineate clear cause-and-effect patterns. In this context,
we followed young adults age 18 years for 6 years until age 24,
which is a critical period when risky alcohol use and distinctive
drinking patterns develop (19,20). At age 18, no association
was detected between MB/MF control and drinking behaviors
(21). However, our findings indicate that more MB behavioral
control at age 18 was associated with a reduction in the
development of binge drinking over the following 3 years.
Conversely, more MF RPE in the VS and ventromedial PFC
(vmPFC) were associated with an increase in the development
of higher consumption scores. These findings support the role
of MB and MF control as predisposing factors (22). In this
study, we obtained data on 1) MB/MF decision making at age
21 and 2) annual/biannual alcohol use from ages 21 to 24. We
wanted to assess whether changes in the balance between
MB/MF controls at ages 18 to 21 were associated with 1)
alcohol use during this time period and 2) the future develop-
ment of risky drinking behaviors from ages 21 to 24. This
allowed us to examine the temporal direction of associations
between changes in MB/MF control and the development of
drinking behavior. Following our previous finding that MB
behavioral control and MF neural responses at age 18 pre-
dicted future risky drinking development (22), we expected
changes in MB/MF parameters to be associated with both the
development of future drinking trajectories and cumulative
drinking up to age 24.

METHODS AND MATERIALS

Participants and Procedure

At baseline, 201 18-year-old men recruited from local regis-
tration offices in Berlin and Dresden took part in our study.
Participants needed to have normal or corrected-to-normal
vision, be right-handed and eligible for magnetic resonance
imaging (MRI), and have had at least 2 drinking occasions
during the past 3 months. Individuals with a history or current
diagnosis of mental disorder or substance dependence
(excluding nicotine), as assessed through structured clinical
interviews based on DSM-IV (23), were excluded, while in-
dividuals who met criteria for alcohol abuse were included.
We recruited only males because we believed that the
higher prevalence of hazardous drinking in males compared
with females would increase our statistical power to detect
associations in our longitudinal study. Additionally, sex differ-
ences in MB and MF control [later found in (15)] could intro-
duce interactions that reduce statistical power, also making it
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more difficult to detect associations. In retrospect, a sample of
both females and males would have been preferable.

Participants performed the 2-step sequential decision-
making task (4) during functional MRI (fMRI) at ages 18 and
21. Following quality control, 188 behavioral and 146 imaging
datasets from baseline (age 18) were included in the final
analysis (21,22). At age 21, 124 behavioral datasets remained
after exclusions. Imaging data were preprocessed identically
to baseline, with 91 participants included in the final longitu-
dinal analysis (see Supplemental S-1).

Drinking behavior was assessed annually (ages 18-24) us-
ing the Munich Composite International Diagnostic Interview
(M-CIDI) (24) and the AUDIT (16) questionnaire biannually
starting at age 18.5 years. More details about drinking behavior
assessments are provided in Supplemental S-2.

Drinking Behavior

To assess cumulative alcohol consumption, 2 key variables
were considered: total alcohol consumption (in kg) and the
total number of binge drinking occasions from ages 18 to 21
(25), both derived from M-CIDI assessments. The details of this
calculation can be found in Supplemental S-2.

Regarding the analysis of how the changes in MB/MF
control affect future drinking trajectories, we used the gram/
occasion variable (binge drinking score) and the AUDIT con-
sumption (AUDIT-C) score from ages 21 to 24. These 2 vari-
ables were selected to maintain consistency with our previous
study (22).

Two-Step Task
Details of the 2-step task (4) are described in Figure 1.

Behavioral Parameters. As established in Daw et al. (4),
the MF agent tends to repeat the first-stage choice following a
reward, while the MB agent also considers transition struc-
tures, and this results in a reward-by-transition interaction.
These scores, derived from the participant’s first-stage deci-
sion across all trials, quantify the extent to which their behavior
aligns with pure MF and MB agents. Specifically, the MF score
is formulated as the main effect of reward on the decision
probability P: P(rewarded common) + P(rewarded rare) —
P(unrewarded common) — P(unrewarded rare). Meanwhile, the
MB score captures the interaction of reward and transition:
P(rewarded common) — P(rewarded rare) — P(unrewarded
common) + P(unrewarded rare).

Neural Parameters. At the neural level, we analyzed the
imaging data from age 21 using the same first-level model as
we outlined in our baseline report (21). Our primary regressors
of interest in the fMRI model were the MF and MB RPEs. These
RPEs, modeled as 2 parametric regressors, corresponded to
the onset of the second-stage cue and the outcome presen-
tation. They were computed with the same computational
model detailed in Nebe et al. (21). Our regions of interest were
the bilateral vmPFC and the VS. From these regions, we
extracted the MF and MB RPEs. These MB and MF RPEs
obtained from the VS and vmPFC were then used to predict
future drinking trajectories.
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Figure 1. Two-step paradigm. Schematic of the
2-step decision-making task. In the depicted 2-step
paradigm (4), participants begin each trial by
choosing 1 of 2 gray boxes within a 2-second limit.
For example, selecting the left box leads to a
common transition to a green pair of stimuli with a
70% probability or a rare transition to a yellow pair
with a 30% likelihood. If the right box is chosen,
these transition probabilities to the second-stage
stimuli are reversed. Upon entering the second
stage, participants were required to select 1 of the 2
second-stage stimuli within a 2-second time frame.
Below each second-stage stimulus are fluctuating
reward probability charts, illustrating the chance
(ranging from 25% to 75%) of earning a monetary
reward throughout the task, according to a
Gaussian random walk algorithm. Monetary rewards
are given based on this probability, as depicted by
the coin image at the bottom. Participants received
€10 for each hour of their participation, in addition
to a bonus determined by their performances on the
2-step task. The payouts for this bonus ranged from
€3.80 to €8, based on a randomly selected one-
third of the trials.
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MB and MF Control Parameters

To maintain consistency with our previous study (22), we used
the same behavioral and neural predictors in the current study.
At the behavioral level, we calculated the MF and MB scores
based on whether participants repeated their first-stage choice
in subsequent trials (4). Neural MB/MF RPEs were extracted
from the VS and vmPFC at age 21 using the same first-level
model as in our baseline report (21). See Figure 1 for detailed
specifications of MB/MF parameters.

After extracting the 2 behavioral and 4 neural parameters,
we assessed the stability of the 6 parameters across 3 years.
Specifically, we reported the intraclass correlation coefficients
(ICCs) and Spearman’s rho, as the Shapiro-Wilk tests
confirmed non-normal distributions. This assessment provides
insights into individual changes over time. Additionally, to test
for changes in the overall mean, we performed Wilcoxon
signed-rank tests.

Association Between Alcohol Exposure and
Changes in MB/MF Control

The objective of this analysis was to assess the association
between cumulative alcohol use and changes in MB/MF con-
trol. Given that both total alcohol consumption and total binge
drinking occasions were not normally distributed (see
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Figure S1), we computed Spearman’s correlation coefficients
between the 2 drinking variables and the six 2-step measures.
Associations between alcohol consumption and 2-step
behavioral measures were assessed using data from 124
participants, while associations between alcohol consumption
and neural measures were analyzed using data from 91
participants.

Latent Growth Curve Model Analysis: Changes in
MB/MF Control in Association With Future Drinking
Trajectories

The aim of this analysis was to examine whether changes in
MB and MF control from ages 18 to 21 were associated with
drinking trajectories over the subsequent 3 years (from ages
21-24), while controlling for the values of 2-step predictors at
age 18. We previously published findings on the association
between baseline MB/MF control and the 3-year drinking tra-
jectory; here, we focused specifically on the impact of changes
during follow-up. Controlling for baseline MB/MF control is
essential to isolate the effect of these changes and avoid
biases such as regression to the mean (26). This was achieved
by fitting latent growth curve models (LGCMs) using the lavaan
package in R (27). The missing data can be handled using the
full information maximum likelihood method, which has been
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shown to be unbiased when data are missing at random (28).
The testing of the missing pattern in the drinking data sup-
ported the assumption that the missings were random (details
in Supplemental S-3).

We first confirmed that the development of drinking trajec-
tories from ages 21 to 24 followed a linear rather than a
quadratic pattern, and therefore we constructed the LGCM
models for gram/occasion and AUDIT-C score based on the
conceptual model (details in Figure S2). We included both
baseline and change score 2-step predictors in our models,
regressing them against the latent intercepts and slopes. Un-
like in our previous work (22), we separated the behavioral and
neural models to enhance the robustness of our analysis by
retaining more observations, given that only 91 participants
had complete data for both types of assessment. This resulted
in 4 models: 2 behavioral (MB and MF scores as predictors)
and 2 neural (RPE signals in the VS and vmPFC for MB and MF
control), each considering the trajectories for both gram/
occasion and the AUDIT-C score. Additional analyses exam-
ining MB/MF indices at age 21 and their associations with
drinking trajectories are summarized in Supplemental S-4 and
Table S2. We also investigated potential associations and in-
teractions between alcohol expectancy scores and MB/MF
control (Supplemental S-5).

RESULTS

Drinking Behavior

From ages 18 to 24, participants consumed an average of 57 g
of alcohol per occasion, with 6 drinking occasions per month.
Binge drinking occurred approximately 12 times per year, and
total alcohol consumption was 4.4 kg/year (SD = 4.7). The
mean AUDIT-C score remained stable at around 4.3 (SD = 2.0)
over 6 years. Compared with the general German population
(29), our sample showed higher at-risk drinking behaviors.
Further details are provided in Supplemental S-2.

We also plotted and described the drinking trajectories of
gram/occasion and the AUDIT-C score from ages 21 to 24 in
Figure 2.

Development of MB/MF Control From Ages 18 to 21

The descriptive statistics for MB and MF behavioral scores and
neural responses in the VS and vmPFC are presented in
Table 1. At the group level, no significant changes in MB and
MF control or their neural underpinnings were found from ages
18 to 21 (Wilcoxon signed-rank test: all ps = .138; all rs =
0.17). However, this stability at the group level does not pre-
clude changes at the level of individuals, as visualized in
Figure S4.

To assess temporal stability, Spearman’s correlations and
ICCs were calculated over 3 years. The MB score exhibited
moderate temporal stability (p = 0.46; p < .001; ICC3 ¢ = 0.47;
95% Cl, —0.32 to 0.59), while the stability of the MF score was
minimal (p = —0.01; p = .946; ICC3,1 = 0.01; 95% CI, —0.16 to
0.19). Neural MF responses in the VS and vmPFC exhibited
modest stability, while the MB signals in these regions
exhibited relatively low stability. Further details are presented
in Table 1. These findings indicate that there were changes in
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Drinking Trajectories (Ages 21 to 24)
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Figure 2. Drinking trajectories. Integrated observed and predicted indi-
vidual drinking trajectories using unconditional latent growth curve models
(LGCMs). The graph presents individual growth trajectories for key mea-
sures of alcohol consumption: Alcohol Use Disorder Identification Test
consumption (AUDIT-C) scores (left panel) and grams of alcohol per occa-
sion (right panel) across the ages of 21 to 24. The linear trajectories were
modeled using unconditional LGCMs that allow for the estimation of initial
status (intercept) and change over time (slope) for each individual’s drinking
behavior. By fitting the LGCMs without external predictors, the models
provide a pure view of each participant’s developmental pattern based on
the observed data across the specified time points. Each colored line de-
picts an individual’s predicted trajectory. Colored dots represent the actual
observed data, while the open circles indicate the model’s predicted values
for each time point. The thick green line represents the mean of the model’s
predicted values over time. The blue dashed line represents the threshold for
risky drinking, which is 60 g for the gram/occasion variable (42) and 4 for the
AUDIT-C score (43). At the group level (see the thick green line in both plots),
the mean gram/occasion exhibited a slight increase while the AUDIT-C
score remained stable. The individual trajectories illustrated here exhibited
a combination of increases and decreases.

these predictors over time, which is to be expected given that
there were 3 years between the initial and final assessments.

Association Between Alcohol Exposure and
Changes in MB/MF Control

We examined the association between alcohol exposure,
measured by total alcohol consumption and total number of
binge drinking occasions from ages 18 to 21, and changes in
2-step parameters over this period. No significant associations
were found (all ps = .175) (Table 2), indicating that alcohol
exposure was not substantially associated with the changes in
MB and MF control. Similarly, alcohol exposure showed no
significant associations with MB/MF outcomes at age 21
(Table S4). To provide a comprehensive overview, we also
examined the association between the cumulative AUDIT-C
score and the MB/MF control changes; the results are pre-
sented in Supplemental S-6.

Changes in MB/MF Control in Association With
Future Drinking Trajectories

Having established that alcohol exposure from ages 18 to 21
was not significantly associated with MB and MF control
changes, we then examined whether these changes predis-
posed individuals to different drinking trajectories from ages 21
to 24. Using LGCM models, we assessed the association
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Table 2. Associations Between Alcohol Exposure and
Development of MB/MF Control

Total Number of

Total Alcohol Binge Drinking
Consumption, kg Occasions

Age 21 Minus Age 18 p p p p
A MB Score 0.07 433 -0.02 .856
A MF Score 0.10 .279 0.11 213
A MB VS 0.02 .841 —0.03 .796
A MB vmPFC -0.05 .620 —0.06 591
A MF VS -0.14 175 —0.04 727
A MF vmPFC -0.13 .205 -0.10 .388

MB, model-based; MF, model-free; vmPFC, ventromedial prefrontal cortex;
VS, ventral striatum.

between the MB/MF control changes (ages 18-21) and sub-
sequent drinking trajectories (ages 21-24). Three of the 4
models demonstrated moderate to good model fit (binge
drinking score with behavioral predictors, AUDIT-C models
with behavioral and neural predictors) (Table 3). The binge
drinking score model with neural predictors showed poor fit
and is reported in Supplemental S-7.

For the binge drinking score measure (Figure 3A), which
assesses the alcohol consumption per drinking occasion, we
observed a negative association between MB score changes
and the slope of the gram/occasion trajectory (B = —14.07,
SE = 5.80, p = .015). This suggests that participants with
stronger increases in MB behavioral scores exhibited greater
decreases in binge drinking score development. Conversely,
MF score increase was associated with higher binge drinking
scores at age 21, as evidenced by its positive association with
the intercept (B = 41.72, SE = 15.82, p = .008).

The AUDIT-C trajectory, which evaluated changes in
drinking frequency and quantity, showed that higher MB
behavioral scores at age 18 were associated with a higher
AUDIT-C intercept (B = 1.88, SE = 0.70, p = .007), indicating
that individuals with higher MB control at baseline tended to
have higher AUDIT-C scores at age 21 (Figure 3B). Conversely,
changes in the behavioral score did not significantly predict the
AUDIT-C score trajectories.

In the AUDIT-C model with neural RPE signals (Figure 3C),
we observed that a higher MB signal in the VS at age 18 was
associated with a lower AUDIT-C score intercept ( = —1.38,
SE = 0.54, p = .010). This means that individuals with
stronger MB signals in the VS at baseline tended to have
lower AUDIT-C scores at age 21. Regarding the changes in
the neural responses, we found that an increase in the MF
RPE signal in the VS was associated with a more pro-
nounced upward trend in the AUDIT-C score trajectory from
ages 21 to 24 (B = 0.24, SE = 0.12, p = .041). Conversely,
changes in the MF vmPFC signals showed an inverse effect,
whereby an increase was associated with a more pro-
nounced decline in AUDIT-C score development (f = —0.22,
SE = 0.09, p = .016).

Exploratory Mediation and Moderation Analysis

The observed results indicated that the changes in MF RPE
signals in the VS and vmPFC had opposite roles when
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Table 3. Latent Growth Curve Model Results

Behavioral/ Unstandardized Standardized
Neural MF/MB Path Estimate SE z p Estimate
Gram/Occasion
Behavioral MF age 18 Behavioral score — intercept 40.244 24.340 1.653 .098 0.310
Behavioral score — slope —9.004 9.858 -0.913 .361 -0.171
A MF A Behavioral score — intercept 41.718 15.817 2.638 .008* 0.498
A Behavioral score — slope —-6.274 6.480 —0.968 .333 -0.184
MB age 18 Behavioral score — intercept 5.641 13.046 0.432 .665 0.079
Behavioral score — slope 3.570 5.777 0.618 537 0.122
A MB A Behavioral score — intercept 19.928 13.798 1.444 149 0.269
A Behavioral score — slope —14.067 5.801 —2.425 .015* —0.468
Model fit: 4?1 = 23.85, p = .013, CFl = 0.946, RMSEA = 0.097, SRMR = 0.054
Neural Model fit: %%31 = 81.19, p < .001, CFI = 0.894, RMSEA = 0.133, SRMR = 0.143
AUDIT-C
Behavioral MF age 18 Behavioral score — intercept 0.767 1.322 0.580 .562 0.073
Behavioral score — slope 0.158 0.195 0.810 418 0.134
A MF A Behavioral score — intercept 0.855 0.850 1.006 315 0.124
A Behavioral score — slope 0.075 0.125 0.600 .548 0.096
MB age 18 Behavioral score — intercept 1.878 0.702 2.676 .007* 0.318
Behavioral score — slope 0.066 0.104 0.633 527 0.100
A MB A Behavioral score —intercept 0.075 0.125 0.600 .548 0.096
A Behavioral score — slope -0.130 0.106 -1.219 .223 -0.193
Model fit: %40 = 67.09, p = .005, CFl = 0.968, RMSEA = 0.074, SRMR = 0.080
Neural MF age 18 VS —intercept —0.933 0.994 —0.939 .348 —0.158
vmPFC — intercept 1.602 0.827 1.938 .053 0.330
VS — slope —0.039 0.134 —0.290 772 —0.060
vmPFC — slope —0.035 0.111 -0.312 .755 —0.065
A MF A VS —intercept -1.275 0.815 —1.563 118 —0.263
A vmPFC — intercept 1.007 0.641 1.570 116 0.273
A VS —slope 0.236 0.115 2.046 .041* 0.445
A vmPFC — slope -0.219 0.091 —2.401 .016* —0.543
MB age 18 VS —intercept —1.376 0.535 —2.571 .010* —0.558
vmPFC — intercept 0.634 0.390 1.626 .104 0.351
VS — slope 0.033 0.073 0.450 .652 0.122
vmPFC — slope 0.035 0.054 0.641 522 0.176
A MB A VS —intercept -0.297 0.307 —0.968 .333 -0.179
A vmPFC — intercept 0.138 0.243 0.566 571 0.105
A VS —slope 0.024 0.042 0.568 .570 0.130
A vmPFC — slope 0.009 0.034 0.272 .785 0.065

Model fit: 4?70 = 130.19, p < .001, CFl = 0.940, RMSEA = 0.097, SRMR = 0.117

AUDIT-C, Alcohol Use Disorder Identification Test consumption; CFI, comparative fit index; MB, model-based; MF, model-free; RMSEA, root mean square error of
approximation; SRMR, standardized root mean square residual; vmPFC, ventromedial prefrontal cortex; VS, ventral striatum.

predicting the trajectory of AUDIT-C from ages 21 to 24. This
divergence suggests a potentially intricate relationship be-
tween the RPE signals in these 2 regions concerning their in-
fluence on future drinking behaviors. To better understand this
dynamic, we tested whether vmPFC RPE signals moderated or
mediated the relationship between VS RPE signals and AUDIT-
C score trajectory. Moderation analysis examined whether
vmPFC altered this relationship, while mediation analysis
tested whether vmPFC explained part of the effect of VS RPE
on drinking behavior. Results suggest competitive mediation
rather than moderation. See Figure 4 and Supplemental S-8 for
more details.
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DISCUSSION

In our longitudinal study, we tracked a community sample of
18- to 24-year-old men for 6 years and found that changes in
MB and MF control during young adulthood were predisposing
factors for subsequently observed drinking trajectories.
Notably, an increase in MB behavioral control from ages 18 to
21 was found to be protective and associated with a stronger
decrease in binge drinking scores over the subsequent 3 years.
Furthermore, an increase in the MF RPE signal in the VS pre-
ceded an escalation in consumption scores. The influence of
changes in the VS RPE signals on future drinking behavior was
found to be competitively mediated by changes in the MF RPE
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Figure 4. Mediation analysis results. We utilized
the R mediation package (44) for the mediation
analysis. The direct effect of A model-free (MF)
ventral striatum (VS) on Alcohol Use Disorder Iden-
tification Test consumption (AUDIT-C) score drink-
ing trajectory is significant (estimate = 0.114, p =
.028), implying that changes in A MF VS are asso-

A MF vmPFC

0.895 -0.102 ciated with an increase in the slope of the drinking

p <.001 Average causal mediation effect: -0.090 P=.011 trajectory. The mediation effect, as represented by
p=.014 the average causal mediation effect of A MF

ventromedial prefrontal cortex (vmPFC) is significant

(estimate = —0.090, p = .014) and operates in the

Total effect: 0.024 AUDIT-C opposite direction of the direct effect, thereby indi-

p =.510 Joo ] cating competitive mediation (33). This suggests

A MF VS > drinking trajectory that the influence of A MF VS on AUDIT-C scores is
Direct effect: 0.114 (slope) partly offset by the mediating role of A MF vmPFC.

Additionally, the path from the independent variable

p=.028
to the mediator (A MF VS to A MF vmPFC) is sig-

nificant (estimate = 0.895, p < .001). The total effect of A MF VS on the drinking trajectory is nonsignificant (estimate = 0.024, p = .510), which is consistent with
the competitive mediation, where the mediator’s effect contrasts with the direct effect. This competitive dynamic suggests that while the MF VS reward
prediction error (RPE) changes are associated with an increase in AUDIT-C scores, the vmPFC signal changes offset this effect, leading to a nuanced interplay
between the neural correlates and the progression of alcohol use behavior. The bolded p values highlight the statistical significance of the relationships

between the variables.

signal in the vmPFC, indicating that the latter signal may serve
as a protective factor against increasing drinking behavior.
Conversely, our analysis does not support the hypothesis that
moderate alcohol consumption during young adulthood alters
MB and MF control. These findings suggest that MB/MF
development may play a role in the progression of alcohol use
in young adults, potentially informing the development of tar-
geted early intervention strategies.

Overall, our findings are very consistent with our previous
research (22). Earlier, we found that high MB behavioral control
at age 18 protected against binge drinking score development
from ages 18 to 21. The current study extends this under-
standing by showing that an additional increase in MB
behavioral control during early adulthood was associated with
stunted progression of binge drinking score development over
the subsequent 3 years, i.e., after age 21. This finding em-
phasizes the protective role of MB behavioral control for the
binge drinking trajectory. Furthermore, we previously observed
that the MF RPE signal in the VS at age 18 positively correlated
with the development of consumption scores during the
following 3 years, i.e., was a risk factor (22). We have extended
this by demonstrating that changes in this MF signal during
early adulthood may be linked to excessive alcohol use. Taken
together, these findings provide additional evidence that not
only MB/MF control at one time point but also their develop-
ment may be associated with future drinking trajectories. This
indicates that MB/MF control and drinking trajectories

codevelop in a dynamic manner. Importantly, these associa-
tions were identified after the initial levels of MB/MF control at
age 18 were included as predictors, allowing us to test whether
MB/MF control at age 18 was also associated with future
drinking trajectories. In summary, consistent with our hypoth-
esis, these findings delineate MB behavioral control as pro-
tective and MF processes as detrimental in shaping alcohol
use trajectories.

However, not all findings align neatly. Upon initial exami-
nation, the negative association between changes in the MF
signal in the vmPFC and consumption score development was
not consistent with the hypothesis that increasing MF signals
are a risk factor. This unexpected result prompted the hy-
pothesis that a moderation or mediation effect might be pre-
sent. Exploratory analyses suggest that changes of the vmPFC
RPE signal act as a competitive mediator (30). We speculate
that the vmPFC signal may be involved in action inhibition
during the development of addiction (31), counteracting the
heightened MF RPE signals from the VS, thus providing a
protective mechanism against future risky drinking patterns.
This idea is consistent with the broader literature, which sug-
gests that the vmPFC is crucial for integrating various signals
and guiding decision making based on the expected value of
an action (32). Additionally, the competitive dynamic between
MF vmPFC and VS signals may indicate distinct roles in MF
processing: VS signals likely reflect habitual, reward-driven
tendencies, whereas the vmPFC MF signal may encode

Figure 3. Latent growth curve model (LGCM) results. Significant pathways in LGCM results. This figure illustrates the results from the LGCMs: the binge
drinking score model measured in grams of alcohol consumed per occasion (A) and Alcohol Use Disorder Identification Test consumption (AUDIT-C) scores
(B, C). Green paths indicate significant positive associations, whereas red paths indicate significant negative associations. In the grams/occasion behavioral
model, a negative association was found between the change in the model-based (MB) score and the development of the binge drinking trajectory (slope) from
ages 21 to 24. Conversely, a positive association was observed between change in the model-free (MF) behavioral score and the binge drinking score at age
21 (intercept). In the AUDIT-C behavioral model, we found a positive association between the MB behavioral score at age 18 and the intercept. To maintain
clarity, only significant path estimates are displayed for the AUDIT-C neural model; comprehensive details are provided in Table 3. The change in MF ventral
striatum (VS) signal is positively associated with the rate of change (slope) in the AUDIT-C trajectory, while the change in the MF ventromedial prefrontal cortex
(vmPFC) signal is negatively associated with this rate of change. Additionally, the MB reward prediction error signal in the VS is negatively associated with
drinking behavior at age 21 (intercept). *p < .05, **p < .01.
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more nuanced feedback about the broader consequences of
behavior, mitigating the influences of heightened VS activity.
The differential maturation of the VS and vmPFC during this
period may also underlie these contrasting roles, with the
vmPFC’s later development enhancing its ability to regulate
behaviors (33). However, MB and MF RPE signals in the 2-step
task may not be entirely distinctive (34), suggesting that our
measurements may reflect general RPE signals rather than
distinct MF or MB RPE signals having a direct influence on
choices during the task. Overall, these findings highlight the
complex interaction between neural signal changes and future
drinking behavior, emphasizing the significant role of the
vmPFC in this dynamic.

Complementary to the predisposing effects that we
observed, our study is the first to investigate whether alcohol
consumption alters MB/MF control in humans. Overall, we
found no evidence that moderate levels of alcohol consump-
tion [1 standard drink per day on average (35)] or binge drinking
in young adults were associated with changes in MB and MF
control. While research in this area is limited, Groman et al. (36)
did find that both MB and MF control were reduced in rats
following self-administered methamphetamine use. Our find-
ings do not rule out the possibility that alcohol consumption
may alter MB/MF control; rather, the lack of observed changes
in the current study may be attributable to moderate alcohol
use in our study population during early adulthood. Future
research is required to determine whether higher levels of
alcohol consumption and/or longer durations of alcohol
exposure impact MB/MF control over time.

Our findings on the predisposing side underscore the
importance of the development of decision-making mecha-
nisms during early adulthood, which in turn influence future
drinking behaviors. This highlights a critical opportunity for
preventive measures. One promising direction is evaluating
existing neuropsychological interventions, such as those
reviewed by Verdejo-Garcia et al. (37). For example, goal
management training has been proposed as a means of
enhancing goal-directed behaviors by training techniques such
as mindfulness practices, response inhibition, goal setting,
self-monitoring, and decision-making strategies (38). Addi-
tionally, the ongoing study by Karl et al. (39) explores in-
terventions such as chess-based cognitive remediation and
habit-modifying training in smokers, aimed at balancing goal-
directed and habitual behavior. These approaches could be
adapted to prevent risky drinking, highlighting a promising
research avenue on the impact of such training or intervention
on improving MB/MF decision making and thus mitigating risky
alcohol use.

Limitations

Although we found evidence that MB/MF control predicts the
course of future drinking behavior, this should not simply be
interpreted as a dichotomy between goal-directed and
habitual control (40,41). The complexities that underlie these
constructs suggest that our findings may reflect broader
cognitive processes rather than a straightforward binary
categorization. Additionally, the stability of our measure-
ments was modest. This could be attributed to 2 factors:
significant changes and the fact that consistency
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measurement represents only the lower bound of real sta-
bility. Measurement errors might also have contributed to the
low ICCs or correlation coefficients that we observed,
emphasizing the need for further research to disentangle
stable traits from the state-dependent aspects of unbalanced
MB/MF control, which may provide a more profound under-
standing of their impact on drinking behavior. Additionally,
the substantial amount of missing data at age 24 represents a
limitation, as it required the use of imputation methods; future
studies should aim for larger initial sample sizes to more
efficiently address attrition during critical developmental
stages. The neural model for binge drinking scores demon-
strated suboptimal fit, requiring cautious interpretation; future
studies should aim to increase sample size and the number of
measurement time points to improve model robustness.
Finally, our findings, derived from a male-only sample ages 18
to 24, limits the generalization of the results to other age
groups, developmental stages, or to female populations.
Having identified these associations in males, future research
should examine whether they hold in females and more
diverse samples. Additionally, the exclusion of participants
with prior mental illness, intended to minimize variance and
ensure task homogeneity, might have omitted particularly at-
risk individuals, given the high comorbidity between mental
iliness and substance use. Moreover, these findings may not
be applicable to other drinking cultures or countries with
differing regulations regarding alcohol use, availability, and
marketing, indicating a need for broader demographic and
cultural representation in future research.

Conclusions

Building on our previous research, this study further elucidates
the crucial role of MB and MF control in shaping drinking be-
haviors during young adulthood in nondependent social
drinking men. We found that increases in MB behavioral con-
trol acted as a protective factor against the development of
future binge drinking. Furthermore, changes in MF RPE signals
in the VS and vmPFC both significantly impacted future
drinking behaviors. The VS signal appears to predispose in-
dividuals to future alcohol consumption, while a vmPFC signal
may have a protective effect. Our study is the first to address
both the predisposing factors for and consequences of risky
drinking behavior for MB/MF control. These findings highlight
mechanisms that could potentially inform interventions during
this pivotal developmental period, offering valuable insights for
developing preventive strategies against risky drinking in this
crucial age bracket.
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