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ARTICLE INFO ABSTRACT

Keywords: Alcohol craving plays a central role in sustaining alcohol use and contributing to relapse. Noninvasive neuro-
Alcohol modulation techniques such as transcranial photobiomodulation (tPBM) and transauricular vagus nerve stimu-
Craving

lation (taVNS) may target craving-related neural circuits through complementary cortical and subcortical
mechanisms. However, their relative and combined effects on craving and related symptoms remain unclear. To
compare the effects of tPBM, taVNS, and combined tPBM + taVNS on alcohol craving, alcohol use, and psy-
chological outcomes in individuals with subclinical alcohol use. Sixty participants were randomized to one of
three intervention groups: tPBM, taVNS, or combined tPBM + taVNS. Participants self-administered the assigned
stimulation five times per week for five weeks using portable home devices (15 min/session, total 25 sessions).
Change in craving was the primary outcome. Both tPBM and combined tPBM + taVNS produced significant
reductions in craving (PACS: p < 0.001) and alcohol use (AUDIT: p < 0.011) compared with taVNS alone.
ANCOVA revealed a significant group effect on craving (F(2,54) = 5.24, p = 0.008). Logistic regression showed
higher odds of craving response with tPBM (OR = 8.09) and of drinking-behavior improvement with combined
stimulation (OR = 16.73). tPBM and combined tPBM + taVNS effectively reduced craving, alcohol use in in-
dividuals with subclinical alcohol use.

Transcranial photobiomodulation (tPBM)
Transauricular vagus nerve stimulation
(taVNS)

Noninvasive brain stimulation

Introduction addiction [5]. However, it remains unclear whether targeting cortical
executive networks or subcortical autonomic pathways yields superior
clinical outcomes in reducing craving. Transcranial photobiomodulation

(tPBM) and transauricular vagus nerve stimulation (taVNS) represent

Alcohol craving is a central mechanism sustaining alcohol use and
relapse [1]. It arises from dysregulation within prefrontal-limbic cir-

cuits governing reward, emotion, and self-control, leading to impaired
inhibition and heightened salience of alcohol cues [2]. While pharma-
cological interventions remain the standard of care, their clinical utility
is often limited by partial efficacy and adverse effects, leaving many
individuals with persistent, unmanageable craving [3,4]. This highlights
the critical need for novel therapeutic strategies that can directly
modulate the neural substrates of addiction.

Noninvasive brain stimulation (NIBS) has emerged as a promising
tool for modulating the dysfunctional neural circuits involved in
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two distinct mechanistic approaches to this challenge.

The rationale for combining these modalities lies in their potential to
synergistically target the neural substrates of addiction [6]. tPBM de-
livers near-infrared light to cortical tissue, enhancing mitochondrial
respiration and cerebral blood flow [7]. This “top-down” stimulation of
the prefrontal cortex has been shown to improve cognitive performance
and mood, suggesting it may restore the cortical control required to
dampen craving [8,9]. Conversely, taVNS targets “bottom-up” pathways
by stimulating vagus afferents that project to limbic and monoaminergic
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assessments and were included in the analyses. Baseline demographic
and clinical characteristics did not differ significantly among the three
groups (Table 1).

Primary outcome

Within-group analyses revealed significant reductions in PACS scores
from baseline to post-intervention in both the tPBM and combined
taVNS + tPBM groups (paired t-tests: tPBM, #(18) = 5.96, p < 0.001;
combined, #(18) = 5.08, p < 0.001; Table 2), whereas the taVNS-only
group did not show a significant change (£(19) = —1.56, p = 0.14).

ANCOVA controlling for baseline PACS scores revealed a significant
main effect of group on post-intervention craving levels (F(2, 54) = 5.24,
p = 0.008; Table 3, Fig. 2). Post-hoc pairwise comparisons with Holm
correction indicated that both the tPBM (p = 0.045, Holm-adjusted) and
combined taVNS + tPBM (p = 0.001, Holm-adjusted) groups showed
significantly greater reductions in craving compared with the taVNS-
only group, while the difference between the tPBM and combined
groups was not significant (p = 0.45, Holm-adjusted).

Secondary outcomes

Significant within-group improvements were observed in alcohol
use severity (AUDIT) and depressive symptoms (BDI) in the tPBM
and combined taVNS + tPBM groups (paired t-tests: AUDIT—tPBM, t
(18) =3.83,p =0.001; combined, t(18) = 2.84, p = 0.011; BDI—tPBM, t
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(18) =2.13, p = 0.047; combined, t(18) = 2.79, p = 0.012), whereas the
taVNS-only group did not show significant change in either measure (t
(19) = 1.20, p = 0.25, t(19) = 1.26, p = 0.22, respectively).

ANCOVA analyses for secondary outcomes revealed no significant
group effects for alcohol habit (AUDIT), depression (BDI), anxiety (BAI),
sleep quality (PSQI) (Table 3).

Correlation analysis showed a positive association between changes
in craving (PACS) and changes in depressive symptoms (BDI), although
this did not reach statistical significance (r = 0.24, p = 0.067).

Table 3
ANCOVA results comparing post-intervention outcomes across intervention
groups, controlling for baseline scores.

Outcome F(2,54) p-value Partial °
Craving 5.24 0.008** 0.16
AUDIT 1.92 0.16 0.07
Depression 0.86 0.43 0.03
Anxiety 1.17 0.32 0.04
Sleep 0.17 0.84 0.006

*Descriptive statistics and within-group paired t-tests are reported in Table 2.
Double asterisks denote statistical significance (p < 0.01).

Abbreviations: PACS, Penn Alcohol Craving Scale; AUDIT, Alcohol Use Disor-
ders Identification Test; BDI, Beck Depression Inventory; BAI, Beck Anxiety In-
ventory; PSQI, Pittsburgh Sleep Quality Index; taVNS, transauricular vagus
nerve stimulation; tPBM, transcranial photobiomodulation.

Table 1
Demographic and baseline clinical characteristics of participants by intervention group.
taVNS (n = 20) tPBM (n = 19) tPBM + taVNS (n = 19) p-value

age (mean (SD)) 26.45 (4.51) 28.53 (4.89) 27.63 (4.79) 0.39
Sex (%)
Male 9 (45.0) 8 (42.10) 8 (42.1) 0.98
Female 11 (55.0) 11 (57.90) 11 (57.9)
Marriage (%)
Unmarried 18 (90.0) 17 (89.50) 16 (84.2) 0.83
Married 2(10.0) 2(10.50) 3(15.8)
Education (years, mean (SD)) 15.65 (1.42) 15.84 (1.95) 16.21 (1.99) 0.62
AUDIT (mean (SD)) 10.55 (6.16) 10.58 (5.01) 10.37 (5.20) 0.99
PACS (mean (SD)) 7.95 (5.34) 7.32 (4.71) 6.42 (2.67) 0.56
BDI (mean (SD)) 9.30 (6.78) 8.68 (7.79) 8.47 (4.93) 0.92
BAI (mean (SD)) 3.95 (4.95) 4.26 (4.92) 3.00 (3.07) 0.66
BIS. (mean (SD)) 64.45 (11.03) 62.58 (11.01) 61.32 (9.86) 0.65
PSQI (mean (SD)) 6.60 (2.33) 6.95 (2.80) 5.42 (2.09) 0.14

Abbreviations: AUDIT, Alcohol Use Disorders Identification Test; PACS, Penn Alcohol Craving Scale; BDI, Beck Depression Inventory; BAI, Beck Anxiety Inventory;
BIS, Barratt Impulsiveness Scale; PSQI, Pittsburgh Sleep Quality Index; taVNS, transauricular vagus nerve stimulation; tPBM, transcranial photobiomodulation.

Table 2
Within-group pre—post changes in outcome measures from baseline to week 5.

Outcome Group Baseline Week 5 Mean t-score p-value Effect size (d)
Mean (SD) Mean (SD) Difference (SD)

Craving (PACS) taVNS 7.95 (5.34) 6.55 (4.50) —1.40 (4.02) -1.56 0.136 0.35
tPBM 7.32 (4.71) 4.11 (3.99) -3.21 (2.35) 5.96 <0.001* 1.37
tPBM + taVNS 6.42 (2.67) 2.89 (2.66) —3.53 (3.03) 5.08 <0.001* 1.17

AUDIT taVNS 10.55 (6.16) 9.40 (5.14) —1.15 (4.28) 1.2 0.245 0.27
tPBM 10.58 (5.01) 8.11 (4.86) —2.47 (2.82) 3.83 0.001* 0.88
tPBM + taVNS 10.37 (5.20) 7.26 (3.21) -3.11 (4.77) 2.84 0.011* 0.65

Depression (BDI) taVNS 9.30 (6.78) 7.60 (4.89) —1.70 (6.03) 1.26 0.222 0.28
tPBM 8.68 (7.79) 5.79 (8.29) —2.89 (5.92) 2.13 0.047* 0.49
tPBM + taVNS 8.47 (4.93) 5.16 (4.37) -3.32(5.19) 2.79 0.012* 0.64

Anxiety (Bai) taVNS 3.95 (4.95) 3.40 (5.44) —0.55 (4.36) 0.56 0.579 0.13
tPBM 4.26 (4.92) 5.37 (6.59) 1.11 (3.13) -1.54 0.141 -0.35
tPBM + taVNS 3.00 (3.07) 3.00 (3.43) 0.00 (2.85) 0 1.000 0

Sleep (PSQI) taVNS 6.60 (2.33) 5.90 (2.45) —0.70 (3.29) 0.95 0.354 0.21
tPBM 6.95 (2.80) 6.42 (2.83) —0.53 (2.50) 0.92 0.371 0.21
tPBM + taVNS 5.42 (2.09) 5.42 (2.04) 0.00 (2.03) 0 1 0

Values are presented as mean (standard deviation). Paired t-tests were performed to compare pre- and post-intervention scores within each group. p < 0.05 was
considered statistically significant. Abbreviations: PACS, Penn Alcohol Craving Scale; AUDIT, Alcohol Use Disorders Identification Test; BDI, Beck Depression In-
ventory; BAI, Beck Anxiety Inventory; PSQI, Pittsburgh Sleep Quality Index; taVNS, transauricular vagus nerve stimulation; tPBM, transcranial photobiomodulation.
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Fig. 2. Changes in alcohol craving across intervention groups over 5 weeks.
Mean Penn Alcohol Craving Scale (PACS) scores (+95% CI) are shown for each
group at baseline and week 5. ANCOVA controlling for baseline PACS scores
revealed a significant main effect of group on post-intervention craving levels (F
(2, 54) = 5.24, p = 0.008). Post-hoc pairwise comparisons with Holm adjust-
ment indicated that both the tPBM (p = 0.045) and combined taVNS + tPBM
(p = 0.001) groups showed significantly greater reductions in craving compared
with the taVNS-only group, whereas the difference between the two tPBM-
containing groups was not significant (p = 0.45).

Logistic regression analyses examined predictors of treatment
response. For the PACS response, the tPBM-only group showed signifi-
cantly higher odds compared with the taVNS-only group (OR = 8.75,
95% CI = 2.07-37.05, p = 0.004; Table 4, Fig. 3), which was significant
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after adjusting for age, sex, baseline PACS score (OR = 8.09, 95%
CI =1.81-36.10, p = 0.006). For the AUDIT response (>30% reduction
from baseline), the combined taVNS + tPBM group demonstrated
significantly higher odds of achieving a response compared with the
taVNS-only group (OR =12.37,95% CI = 2.59-93.14, p = 0.004), which
was significant after adjusting for age, sex, baseline AUDIT score
(OR = 16.73, 95% CI = 3.16-144.45, p = 0.003). Sensitivity analyses
using 20% and 50% reduction thresholds yielded consistent findings:
tPBM and combined tPBM + taVNS produced higher responder rates
than taVNS at every threshold for both PACS and AUDIT (Supplemen-
tary Fig. S1, Supplementary Table S1). Significant adjusted between-
group differences were observed at multiple thresholds, including for
tPBM versus taVNS on PACS at 20% (OR = 32.74, p = 0.002) and for
combined tPBM + taVNS versus taVNS on AUDIT at 50% (OR = 12.15,
p = 0.041).

Linear regression analyses revealed that baseline PACS scores
significantly predicted the magnitude of craving reduction (APACS;
p=[-0.34], p =0.004; Fig. 4a), and baseline AUDIT scores significantly
predicted the change in AUDIT scores (AAUDIT; = [—0.49], p < 0.001;
Fig. 4b), indicating that higher initial severity was associated with
greater improvement.

Discussion

This study is the first to directly compare and combine the efficacy of
tPBM and taVNS neuromodulation for reducing alcohol craving. Our
primary finding is that a five-week course of tPBM, administered alone
or in combination with taVNS, resulted in a significant reduction in
alcohol craving. In contrast, taVNS alone did not produce a significant
change. These results partially support our hypothesis, suggesting that

Table 4
Response rates (>30% reduction from baseline) at week 5.
Outcome Group Responders n/N (%) Unadjusted odds ratio (95% CI) p-value Adjusted odds ratio® (95% CI) p-value
PACS (craving) taVNS 6/20 (30.0%) Ref. - Ref. -
tPBM 15/19 (78.9%) 8.75 (2.07-37.05) 0.004* 8.09 (1.81-36.10) 0.006*
tPBM + taVNS 11/19 (57.9%) 3.21 (0.88-12.71) 0.084 3.03 (0.80-12.50) 0.111
AUDIT (alcohol use) taVNS 2/20 (10.0%) Ref. - Ref. -
tPBM 6/19 (31.6%) 4.15 (0.81-31.58) 0.11 5.25 (0.94-43.34) 0.078
tPBM 4 taVNS 11/19 (57.9%) 12.37 (2.59-93.14) 0.004** 16.73 (3.16-144.35) 0.003*

*Asterisks denote statistical significance (p < 0.05; p < 0.01).

Abbreviations: PACS, Penn Alcohol Craving Scale; AUDIT, Alcohol Use Disorders Identification Test; taVNS, transauricular vagus nerve stimulation; tPBM, trans-

cranial photobiomodulation; OR, odds ratio; CI, confidence interval.
a

PACS responders
*

AUDIT responders
*

adjusted for age, sex, baseline PACS (for craving), baseline AUDIT score (for alcohol use).

Fig. 3. Response rates (>30% reduction from
baseline) in alcohol craving and alcohol use
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57.9% dence interval) for each treatment condition:

transauricular vagus nerve stimulation (taVNS),

transcranial photobiomodulation (tPBM), and

combined taVNS + tPBM. Response was defined
as a >30% reduction from baseline on the Penn
Alcohol Craving Scale (PACS) or Alcohol Use
Disorders Identification Test (AUDIT) at week 5.
Logistic regression analyses adjusted for age, sex,

31.6%

group showed significantly higher odds of PACS
response compared with the taVNS group
(p = 0.006), and the combined tPBM + taVNS

l and baseline scores indicated that the tPBM

group showed higher odds of AUDIT response
compared with the taVNS group (p = 0.003).
Asterisks indicate significant between-group dif-
ferences based on adjusted logistic regression
(p < 0.05).

tPBM
(n=19)

tPBM + taVNS
(n=19)
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Fig. 4. Forest plots showing standardized regression coefficients () and 95% confidence intervals (CI) for predictors of change in (a) Penn Alcohol Craving Scale
(APACS) and (b) Alcohol Use Disorders Identification Test (AAUDIT) scores following 5 weeks of intervention. Multiple linear regression analyses included baseline
variables as predictors: AUDIT, PACS, Beck Depression Inventory (BDI), and Beck Anxiety Inventory (BAI) scores. Higher baseline PACS scores significantly predicted
greater reduction in craving (APACS; = —0.34, p = 0.004), and higher baseline AUDIT scores significantly predicted greater reduction in alcohol use (AAUDIT;
B = —0.49, p < 0.001). Error bars represent 95% confidence intervals. Abbreviations: PACS, Penn Alcohol Craving Scale; AUDIT, Alcohol Use Disorders Identifi-
cation Test; BDI, Beck Depression Inventory; BAI, Beck Anxiety Inventory; CI, confidence interval.

neuromodulation targeting the frontal cortical network is a potent
strategy for craving reduction, while the incremental benefit of
concurrently stimulating vagal afferent pathways remains limited in this
specific population.

The marked efficacy of tPBM in reducing alcohol craving aligns with
its proposed mechanism of enhancing prefrontal cortical function.
Addiction is widely conceptualized as a disorder of impaired prefrontal
top-down control over subcortical reward-driven behaviors [30]. Our

tPBM protocol employed a multi-phase sequence concluding with a
focused stimulation of the frontal region at 18 Hz, targeting frontal
networks with beta-band frequency, which is associated with alertness
and cognitive control [42]. tPBM acts by stimulating mitochondrial
cytochrome-c-oxidase and boosting ATP production [13,43]. Our find-
ings suggest that this enhancement of prefrontal resources bolsters the
cognitive control circuits crucial for inhibiting prepotent responses to
alcohol cues. This extends previous research on prefrontal tPBM for
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opioid craving [8] and positions it as a promising non-pharmacological
intervention for a broader range of substance use issues.

Conversely, the lack of a significant effect of taVNS on craving may
be attributed to the characteristics of our study population rather than
the inefficacy of the intervention itself. Previous studies demonstrating
the benefits of taVNS primarily focused on patients with alcohol
dependence experiencing protracted withdrawal symptoms, such as
anxiety and autonomic instability [12]. taVNS targets these symptoms
via “bottom-up” modulation of the nucleus of the solitary tract (NTS)
and noradrenergic projections [44]. However, our sample consisted of
individuals with subclinical alcohol use who likely lacked significant
withdrawal symptoms or severe autonomic dysregulation. Conse-
quently, the therapeutic target of taVNS, the alleviation of negative
affect and withdrawal distress, was largely absent in this group, poten-
tially explaining the result.

Contrary to our initial hypothesis, the combined tPBM + taVNS
intervention did not produce a significantly greater reduction in craving
compared to tPBM alone. This may suggest a ceiling effect, whereby the
robust impact of tPBM was the primary driver of craving reduction.
However, a nuance emerged from our responder analysis: while the
tPBM group had the highest odds of a craving reduction, the combined
group showed the highest odds of a reduction in overall problematic
alcohol use as assessed by AUDIT. This discrepancy implies a dissocia-
tion between the urge to drink and drinking behavior. It is possible that
while tPBM strengthens cognitive resistance to urges, the addition of
taVNS may subtly modulate broader behavioral patterns, leading to
changes in actual consumption. Notably, the positive correlation be-
tween baseline severity and the magnitude of improvement suggests
that the therapeutic effects might be even more pronounced in a clinical
population. This provides a strong rationale for future efficacy trials in
patients with AUD diagnosis.

This study also demonstrated the high feasibility of tPBM and taVNS
neuromodulation. Participants achieved a compliance rate of 98%,
which compares favorably to typical attrition rate in outpatient addic-
tion programs, which often range from 30% to 50% [45,46]. This con-
firms that such neuromodulation devices can effectively bridge the gap
between clinical efficacy and real-world accessibility.

However, the findings must be interpreted in light of several signif-
icant limitations. This study uses open-label, uncontrolled design, which
lacks a sham condition. Adding a credible sham control may help
determine true efficacy. Although the lack of effect in the taVNS group
argues against a purely non-specific effect, a rigorous, double-blind,
sham-controlled trial is the necessary next step to validate these re-
sults. Second, the focus in a subclinical population limits generalization
to individuals with diagnosed AUD, who may exhibit different neural
responsiveness to the interventions. Third, the five-week duration may
have been insufficient to elicit the full therapeutic potential, particularly
for taVNS, which can have slower-acting cumulative effects [47].
Finally, no dose-response relationship has been established for taVNS in
craving or alcohol-related outcomes, and the stimulation parameters
used here should be regarded as physiologically validated and tolerable
values drawn from an empirically supported range rather than as set-
tings optimized for craving reduction; systematic dose-finding in
alcohol-using populations remains needed.

In conclusion, this investigation highlights tPBM as an effective
intervention for managing alcohol craving. Future research should pri-
oritize large-scale, randomized, sham-controlled trials in clinical pop-
ulations with diagnosed AUD. Such studies should aim to determine
whether the combination of cortical and vagal stimulation offers syn-
ergistic benefits for clinical population.
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