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BACKGROUND—Chronic stress associates with major adverse cardiovascular events (MACE)
via increased stress-related neural network activity (SNA). Light/moderate alcohol consumption
(ACym) has been linked to lower MACE risk, but the mechanisms are unclear.

OBJECTIVES—The purpose of this study was to evaluate whether the association between
ACym and MACE is mediated by decreased SNA.

METHODS—Individuals enrolled in the Mass General Brigham Biobank who completed a health
behavior survey were studied. A subset underwent 18F-fluorodeoxyglucose positron emission
tomography, enabling assessment of SNA. Alcohol consumption was classified as none/minimal,
light/moderate, or high (<1, 1-14, or >14 drinks/week, respectively).

RESULTS—Of 53,064 participants (median age 60 years, 60% women), 23,920 had no/minimal
alcohol consumption and 27,053 ACym,. Over a median follow-up of 3.4 years, 1,914 experienced
MACE. AC/m (vs none/minimal) associated with lower MACE risk (HR: 0.786; 95% ClI:
0.717-0.862; P< 0.0001) after adjusting for cardiovascular risk factors. In 713 participants

with brain imaging, ACy;m (vs none/minimal) associated with decreased SNA (standardized beta
-0.192; 95% CI: -0.338 to —0.046; P=0.01). Lower SNA partially mediated the beneficial effect
of ACym on MACE (log OR: —0.040; 95% CI: -0.097 to —0.003; P< 0.05). Further, ACy/m
associated with larger decreases in MACE risk among individuals with (vs without) prior anxiety
(HR: 0.60 [95% CI: 0.50-0.72] vs 0.78 [95% CI: 0.73-0.80]; Pinteraction = 0.003).

CONCLUSIONS—AC, associates with reduced MACE risk, in part, by lowering activity of a
stress-related brain network known for its association with cardiovascular disease. Given alcohol’s
potential health detriments, new interventions with similar effects on SNA are needed.

Keywords

alcohol consumption; amygdala; brain; cardiovascular disease; chronic stress; stress-associated
neural network activity

Several epidemiological studies have identified a U- or J-shaped association between alcohol
consumption and the risk of major adverse cardiovascular disease events (MACE).12
Specifically, studies have suggested that light/moderate alcohol consumption (<1 drink/d
for women or <1-2 drinks/d for men) associates with lower MACE risk compared

with abstinence,3* whereas more excessive alcohol consumption associates with higher
MACE risk and other complications.> However, it remains unclear whether the potential
cardiovascular benefits of light/moderate alcohol consumption result from alcohol itself or
whether they may stem from confounders (eg, associated health behaviors, socioeconomic
factors).*6:” Moreover, the mechanisms by which light/moderate alcohol consumption may
attenuate cardiovascular risk remain unclear. A better understanding of the underlying
biology is needed to inform novel treatments that could achieve similar benefits without
alcohol’s potential adverse effects.

Various physiological effects of alcohol have been hypothesized to explain light/moderate
alcohol’s benefits on MACE. Light/moderate alcohol consumption associates with favorable
changes in various cardiometabolic markers, including increased high-density lipoprotein
cholesterol, decreased fibrinogen, increased adiponectin, and improved insulin sensitivity;
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yet, such changes do not sufficiently explain alcohol’s impact on MACE.8° Rarely
mentioned among alcohol’s potentially protective influences are its effects on the central
nervous system and its interactions with psychosocial stress, another important risk factor
for MACE.10

Alcohol induces a relaxation response in humans and has historically been used for

this purpose. Alcohol’s acute anxiolytic effects are mediated through its impact on stress-
associated brain regions (eg, the amygdala).1112 Functional magnetic resonance imaging
experiments have shown that alcohol acutely reduces amygdalar reactivity to threatening
stimuli.1112 Nevertheless, alcohol’s chronic effects on the neurobiology of stress are
incompletely characterized.

Multisystem imaging with 18F-fluorodeoxyglucose positron emission tomography (18F-
FDG-PET) has provided insights into how chronic stress may lead to increased MACE risk.
Specifically, chronic stress triggers a serial pathway that involves heightened stress-related
neural network activity (SNA) (notably involving heightened amygdalar activity), leading
to downstream sympathetic stimulation and leukopoiesis, atherogenesis, and atherosclerotic
inflammation, which culminate in MACE.19:13 Given the acute anxiolytic effects of alcohol,
we posited that chronic light/moderate alcohol consumption confers cardiovascular benefits,
in part, by reducing activation of these pathological, stress-associated mechanisms.

Accordingly, we leveraged a large, well-characterized Biobank cohort to evaluate the
hypothesis that light/moderate alcohol reduces MACE by attenuating adverse stress-related
neural mechanisms. To explore this, we first evaluated the impact of light/moderate alcohol
consumption on MACE after adjusting for a range of genetic, clinical, lifestyle, and
socioeconomic confounders that have been inconsistently accounted for previously. Next, we
assessed the effect of light/moderate alcohol consumption on resting SNA. Then, we tested
whether this effect mediates the beneficial impact of light/moderate alcohol consumption on
MACE. Last, we evaluated whether the impact of light/moderate alcohol on MACE is more
pronounced among individuals who are expected to have chronically heightened SNA (ie,
individuals with a diagnosis of anxiety).14

METHODS
STUDY POPULATION.

Individuals enrolled in the Mass General Brigham (MGB) Biobank were included. The
MGB Biobank, established in April 2010, is a biorepository that recruits subjects through
hospitals in the MGB network.1® The MGB Human Research Committee approved the study
protocol.

ALCOHOL CONSUMPTION.

As of December 23, 2020, 53,064 participants had enrolled in the Biobank and completed
an optional comprehensive health behavior survey upon enroliment. The survey included a
question on alcohol intake during the year before enrollment (Figure 1, Supplemental Figure
1A). Alcohol consumption was classified for both men and women as none/minimal (<1
drink/wk), light/moderate (1-14 drinks/wk), and high (>14 drinks/wk).16

JAm Coll Cardiol. Author manuscript; available in PMC 2024 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mezue et al.

Page 4

STRESS-ASSOCIATED NEURAL NETWORK ACTIVITY.

Among the subset of 8,734 individuals who provided genetic data, we identified 1,038
participants who underwent clinically indicated 18F-FDG-PET/computed tomography (CT),
often for cancer surveillance or diagnosis. Exclusion criteria for this subgroup were
inadequate brain imaging or the presence of brain tumors. 18F-FDG-PET/CT imaging was
performed in a resting state after an overnight fast per the standard clinical protocol (using
Biograph 64, Siemens Healthcare, or equivalent). 18F-FDG was administered ~370 MBq
(~10 mCi) intravenously, and PET images were acquired in 3-dimensional mode after ~60
minutes. For attenuation correction, a low-dose, non-contrast-enhanced CT (120 keV, 50
mA) was acquired.

An experienced investigator (S.A.) who was blinded to clinical data measured regional brain
activity on 18F-FDG-PET/CT images, as previously described.10 Briefly, using a ~15-mm
circular region of interest, 18F-FDG uptake was measured as the maximum standardized
uptake values (SUVSs) in the left and right amygdalae, which were averaged. These averages
were divided by the mean activity of the ventromedial prefrontal cortex (vmPFC) to provide
the measure of SNA.17 Whole brain tissue activity was measured by drawing a region of
interest around the whole brain on 3 axial planes, 5 mm apart, at the level of the thalamus
and averaging the SUVs to provide a background comparison for amygdalar and vmPFC
measurements in isolation. Additional details of these measurements are provided in the
Supplemental Appendix.

ADVERSE CARDIOVASCULAR DISEASE EVENTS.

MACE was defined according to Framingham Heart Study criteria and included

myocardial infarction, coronary revascularization (surgical and percutaneous), unstable
angina, cerebrovascular accidents, transient ischemic attacks, peripheral vascular disease,
and heart failure.1® MACE data were obtained from the medical records using International
Classification of Disease (ICD)-10 codes (Supplemental Table 1). Incident MACE events
were assessed for 2 periods: 1) the time from enrollment to the date of data lock (December
23, 2020); and 2) the 10-year period preceding data lock.

COVARIABLES.

Demographic data were determined at the time of Biobank enrollment. Prespecified
cardiovascular disease (CVD) risk factors in the primary analysis were defined as
hypertension, hyperlipidemia, diabetes mellitus (all derived from ICD codes), and smoking
history. Smoking status was derived from survey data upon Biobank entry as current or
prior smoking. Using the medical record, the Charlson comorbidity index was computed
from ICD codes, 1519 as was a history of sleep disorders, anxiety disorders, or depression
(Supplemental Table 2). Physical activity was obtained from questions in the health survey,
which assessed the duration that study participants spent on physical and recreational
activities, and was quantified as a total metabolic equivalence of task minutes per week

for each respondent (Supplemental Figure 1B). Socioeconomic variables (ie, employment
status and educational level) were also obtained from the survey (Supplemental Figure
1C). Median income was derived from census data at the zip code level based on each
participant’s home address. Additional details are provided in the Supplemental Appendix.
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To adjust for possible genetic influences on the relationship between light/moderate alcohol
use and brain activity, we leveraged genomic analysis that was performed on the subset

of participants who had consented to genetic analysis (8,734 study subjects). A validated
polygenic risk score capturing genetic liability for neuroticism that increases the risk

for other stress-related syndromes (PRSg) was generated based on single nucleotide
polymorphism effect estimates from a large, published genome-wide association study of
neuroticism.20 PRS associates with anxiety disorders and depression.2! Additional details
are provided in the Supplemental Appendix.

STATISTICAL METHODS.

RESULTS

Statistical analyses were performed using SPSS version 28 (IBM Corporation). Continuous
variables were reported as mean + SD or, when not normally distributed, as median (IQR).
Independent sample Student’s #tests were used to compare continuous variables between
groups for normally distributed data and the Wilcoxon Mann-Whitney test for skewed data.
Categorical variables were compared using chi-square or Fisher exact tests as appropriate.
All statistical tests were 2-sided with an alpha level of 0.05.

Cox proportional hazards models adjusted for potential confounders were used to calculate
HRs and 95% Cls. The covariables in the primary analysis (ie, age, sex, and CVD risk
factors) were defined a priori. We performed log-rank tests to generate Kaplan-Meier
estimates of MACE-free survival among individuals with none/minimal vs light/moderate
alcohol consumption. The interaction of alcohol consumption with baseline anxiety
disorders on MACE was tested in Cox models. Additional details of data analysis, including
secondary analyses and the implementation of a 10-year event horizon, are described in the
Supplemental Appendix.

Linear regression models adjusted for age and sex were used to test for associations of
alcohol consumption with the continuous standardized variable of SNA. These models were
further adjusted for other variables that may affect SNA, including socioeconomic factors,
lifestyle factors, PRSgg, and the Charlson index. Logistic regression models adjusting for
age, sex, and CVD risk factors were implemented to derive ORs assessing associations
between SNA and MACE.

Mediation analysis, which tests a putative causal relationship among variables (ie, a path),
was performed to test whether light/moderate alcohol consumption exerts its effect on
MACE via SNA. This analysis was carried out with SPSS PROCESS Model 4 macro, which
uses ordinary least squares and logistic regression-based path frameworks to estimate direct
and indirect effects and produce 95% Cls from 10,000 bias-corrected bootstrap samples.2?
Additional details are provided in the Supplemental Appendix.

BASELINE CHARACTERISTICS.

Baseline characteristics are listed in Table 1. Of 53,064 study subjects, 23,920 had <1
drink/wk (none/minimal intake), 27,053 had 1 to 14 drinks/wk (light/moderate intake),
and 2,091 subjects had >14 drinks/wk (high intake). The median age was 60 years (IQR:
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47-73 years), and 31,762 (59.9%) were women. Subjects with no/minimal alcohol intake
were more likely to be female, hypertensive, diabetic, and to have a history of anxiety and
depression. Light/moderate drinkers were more likely to be male, smokers, and physically
active, and had a higher neighborhood income compared with participants with no/minimal
alcohol consumption. Notably, the high alcohol consumption group represented 3.9%

of the clinical cohort and 5.4% of the imaging cohort. Because the adverse effects of
excess alcohol consumption are well-recognized, and because our hypotheses focused on
differences between no/minimal vs light/moderate drinkers, most analyses excluded excess
drinkers.

LIGHT/MODERATE ALCOHOL CONSUMPTION AND SUBSEQUENT MACE.

During a median follow-up of 3.4 years (IQR: 2.0-4.8 years), 1,914 individuals experienced
incident MACE after enroliment. Notably, we observed a U-shaped relationship between
alcohol consumption and MACE (Supplemental Figure 2), whereby reduced MACE
incidence was seen with light/moderate alcohol (vs hone/minimal consumption) but not high
alcohol consumption. Light/moderate alcohol (vs none/minimal) associated with reduced
MACE (HR: 0.786; 95% CI: 0.717-0.862; £< 0.0001) after adjusting for age, sex, and
CVD risk factors (Supplemental Table 3, Supplemental Figure 3) and remained associated
with reduced MACE risk in models further adjusted for socioeconomic factors, health
behaviors, and psychological/medical comorbidities (all < 0.01) (Supplemental Table

3). Additionally, light/moderate alcohol consumption (vs none/minimal) associated with a
reduced incidence of the major subcomponents of MACE (Figure 2). Importantly, however,
light/moderate alcohol consumption associated with an increase in cancer (adjusted HR:
1.23; 95% CI: 1.14-1.33; £< 0.0001). Similar findings were seen when 10-year MACE risk
was assessed (Supplemental Table 3).

Next, we sought to account for a potential abstainer bias, in which the nondrinking

group may include a disproportionate number of individuals who do not consume alcohol
because of existing health concerns. To do so, we conducted sensitivity analyses wherein
nondrinkers were excluded. In these analyses, the relationships between light/moderate
alcohol consumption (vs minimal) and reduced MACE risk persisted (Supplemental Table
4). Further, there was a similar relationship between light alcohol consumption (vs none/
minimal) and reduced MACE risk (Supplemental Table 5).

LIGHT/MODERATE ALCOHOL CONSUMPTION ASSOCIATES WITH DECREASED STRESS-
RELATED NEURAL NETWORK ACTIVITY.

To test whether light/moderate alcohol associates with lower SNA, we evaluated the
relationship between alcohol consumption and resting SNA in participants with PET
imaging data. Among the 754 participants who underwent clinical 18F-FDG-PET/CT
imaging, 366 (48.5%), 347 (46.0%), and 41 (5.4%) had none/minimal, light/moderate,

and heavy alcohol consumption, respectively. Within this subset, we observed a U-shaped
relationship between alcohol consumption and resting SNA (Central Illustration), whereby
a reduced SNA was seen with light/moderate alcohol, but not high alcohol consumption.
Notably, light/moderate (vs none/minimal) alcohol consumption associated with decreased
SNA (ie, the ratio of amygdalar SUV to vmPFC SUV) in a model adjusted for age and
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sex (standardized beta: —0.192; 95% CI: —0.338 to —0.046; £ = 0.01) (Table 2, Central
Illustration), remaining robust to further adjustments for socioeconomic factors, lifestyle
factors, genetic factors, and the Charlson index.

Because SNA is measured as the ratio of amygdalar activity (Amyg) divided by regulatory
activity of the vmPFC, we next assessed the impact of light/moderate alcohol activity

on these individual components of SNA (Supplemental Figures 4A and 4B). In an

analysis adjusted for age and sex, we observed that light/moderate alcohol (vs none/
minimal) associated with lower amygdala activity (standardized amygdala SUV relative

to whole brain activity, standardized beta: —0.172; 95% CI: —0.313 to -0.031; A= 0.017)
(Supplemental Figure 4A). On the other hand, vmPFC activity (standardized vmPFC SUV
relative to whole brain activity) did not differ between the light/moderate alcohol and
none/minimal groups (-0.002; 95% CI: -0.147 to 0.144; P=0.982) (Supplemental Figure
4B). Although whole brain metabolic activity did not change with light/moderate alcohol
consumption (vs none/minimal), there was a trend toward decreased brain activity with high
alcohol consumption (Central Illustration).

Next, we assessed the impact of SNA on MACE in this cohort, as done previously.10

We again observed that higher SNA predicted greater MACE risk (OR: 1.194; 95%

Cl: 1.006-1.418; £=0.042) in a model adjusted for age, sex, and CVD risk factors.
Furthermore, SNA positively associated with measures of atherosclerosis (as coronary artery
calcium score and arterial 18F-FDG uptake) and with inflammatory and leukopoietic indices.
Light/moderate alcohol consumption was generally inversely associated with those measures
(Supplemental Table 6).

THE ASSOCIATION BETWEEN LIGHT/MODERATE ALCOHOL CONSUMPTION AND CVD
EVENTS IS MEDIATED BY LOWER STRESS-RELATED NEURAL NETWORK ACTIVITY.

Mediation analysis was conducted to evaluate the putative mechanism by which light/
moderate alcohol consumption may lead to reduced MACE. Specifically, we evaluated the
hypothesized path: light/moderate alcohol consumption (vs none/minimal) — {SNA —
VMACE risk. This analysis demonstrated that the indirect path wherein SNA mediates the
link between light/moderate alcohol consumption and MACE was significant in a model
adjusted for age and sex (log OR: —0.040; 95% CI: —0.097 to —0.003; £< 0.05) (Central
[llustration).

CVD BENEFITS OF LIGHT/MODERATE ALCOHOL CONSUMPTION ARE HIGHER AMONG
INDIVIDUALS WITH PRIOR ANXIETY DISORDERS.

Given that the mediation analysis suggested that impact of light/moderate alcohol on CVD
events may occur via decreased SNA, we next hypothesized that light/moderate alcohol
might have greater CVD benefits among individuals with greater chronic stress (a condition
known to associate with higher SNA).14:23.24 Thys, within the overall study population, we
compared the effect of light/moderate alcohol consumption (vs none/minimal) on incident
MACE among individuals with (vs without) a prior history of anxiety. We observed

that light/moderate alcohol consumption was associated with greater relative decreases in
incident MACE after enroliment among individuals with (vs without) a history of anxiety
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in models adjusted for age, sex, and CVD risk factors (HR: 0.71 vs 0.83), although
the interaction term was nonsignificant (P interaction = 0.17). Moreover, in analyses
that utilized a 10-year MACE horizon, the relative reduction in HR associated with light/
moderate alcohol consumption (vs low/none) was substantially greater among those with (vs
without) baseline anxiety, with a significant interaction term (HR: 0.60 vs 0.78; Pinteraction
= 0.003) (Figure 3).

DISCUSSION

Although light/moderate alcohol consumption has repeatedly been found to associate with
lower CVD risk (vs none/minimal consumption), the independence of this effect has

been challenging to disentangle, and the mechanisms mediating this effect have not been
clearly defined. In the current study, we leveraged a large, well-characterized Biobank
cohort and observed a U-shaped association between alcohol consumption and MACE.
Further, light/moderate alcohol consumption associated with reduced MACE risk (vs none/
minimal intake) after accounting for potential confounders, including demographic and
socioeconomic factors as well as health behaviors. Moreover, using advanced brain imaging,
we observed that light/moderate alcohol consumption (vs none/minimal) associated with
decreased resting stress-associated neural network activity (mainly by reducing amygdalar
activity) and that this neural effect mediated the beneficial effect of light/moderate alcohol
consumption on MACE. As an extension of this finding, we observed that alcohol associates
with greater effects on CVD risk reduction among individuals with a history of anxiety

in the overall study population. These findings yield insights into mechanisms by which
alcohol may improve MACE risk and suggest that interventions targeting stress-associated
neural networks may improve CVD outcomes. However, because light/moderate alcohol
consumption also associates with adverse noncardiac effects, such as a heightened risk of
cancer, alternative approaches to reduce SNA are needed.

Studies over several decades have described a reduction in CVD events with light/
moderate alcohol consumption.1=4 Other studies have raised doubts that light/moderate
alcohol consumption has protective effects against CVD, citing the possibility of residual
confounders to explain the observed association.®” Although the effect of confounders has
long been debated, a recent study of 330,000 individuals suggested that light/moderate
alcohol consumption reduces CVD risk after robust adjustment for socioeconomic variables
and health behaviors.® The current study provides important validation of those findings.
Additionally, prior studies raised uncertainty regarding the protective effect of light/
moderate alcohol, citing possible abstainer bias.2> However, in the current study, this
possibility was also addressed by conducting a sensitivity analysis that excluded abstainers
in which similar results were obtained.

The current study provides novel insights into a mechanism by which light/moderate
alcohol may reduce CVD. Using 18F-FDG-PET/CT brain imaging, light/moderate alcohol
consumption associated with decreased SNA independently of key confounding factors.
This effect on SNA appears to be driven by decreased activity of the amygdala rather

than by enhanced activity of the regulatory vmPFC. Although several studies previously
reported that alcohol ingestion acutely decreases amygdalar activation, 1112 this study is the
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first to demonstrate a chronic neurobiological effect (as SNA) of light/moderate alcohol

on this structure. Further, the observation that light/moderate alcohol consumption did not
significantly change resting metabolic activity in the vmPFC (or whole brain) deserves
further discussion. It is important to assert that excessive alcohol consumption induces
deleterious effects on the hippocampus, corpus callosum, mamillary bodies, and cerebellum,
among other brain regions.2% Indeed, in the current study, we observed a trend toward a
reduction in whole brain metabolism among heavy drinkers. However, there is equipoise
regarding the impact of light/moderate alcohol consumption on brain health. Some studies
suggest adverse effects of light/moderate alcohol (eg, increased dementia risks, hippocampal
atrophy, and reduced total brain volume),2” whereas others suggest more favorable effects
(eg, improved cognition, lower dementia risk, and larger total brain volumes).28 Although
the current study was not powered to discern the overall impact of light/moderate alcohol

on higher brain function, it was found to associate with a substantial reduction in amygdalar
activity relative to vmPFC activity, resulting in overall reductions in SNA. This finding

is important, given the established association between heightened SNA and downstream
CVD,10.13 and partially explains the protective effect of light/moderate alcohol (vs none/
minimal) on CVD risk in this population. In the current study, we again observed that SNA
is associated with MACE as well as heightened leukopoietic activity and heightened arterial
inflammation. Furthermore, we observed that light/moderate alcohol is associated with
reduced leukopoietic activity and high-sensitivity C-reactive protein. Taken together, these
results suggest that light/moderate alcohol may reduce MACE through down-regulation of a
neural-leukopoietic-arterial axis that otherwise potentiates CVD.10.13

The finding that alcohol reduces CVD risk by attenuating SNA prompted an evaluation of
whether alcohol’s CVD benefits are greater among individuals with a history of anxiety

(a condition known to associate with higher SNA).14:23.24 \We observed that light/moderate
alcohol consumption (vs none/minimal) had a larger relative impact on CVD risk among
individuals with a pre-existing anxiety disorder. This observation provides important support
for the conclusions provided by the imaging substudy, which suggested that lower SNA may
mediate light/moderate alcohol’s CVD benefits.

Nevertheless, despite the findings that light/moderate alcohol consumption may improve
cardiovascular risk, this benefit must be carefully weighed against its potential adverse
impacts on other noncardiac disease processes (eg, malignancy, dependence/abuse). In

the current study, we found that even light/moderate alcohol consumption associates with
heightened cancer risk. Additionally, with higher intakes of alcohol, we observed decreases
in prefrontal and whole brain activity. Such findings may associate with adverse cognitive
health.2® Ultimately, an intervention that acts similarly on SNA without alcohol’s potential
detrimental effects would be a far more attractive therapeutic option.

STUDY LIMITATIONS.

An important limitation is the current study’s observational design. Although statistical
analyses were adjusted for numerous potential confounders, there remains the possibility
that the findings may have resulted from factors that were not assessed. Further, ICD codes
were used to identify MACE, which might lead to the misclassification of events. We could
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not fully distinguish individuals who consumed 1 drink/d from those who consumed 2
drink/d because of the limitations of the survey instrument (Supplemental Figure 1A). This
distinction is important because the dietary guidelines recommend not more than 1 drink/d
for women and 2 drinks/d for men. The alcohol consumption assessment was based on
self-reported intake at the time of enrollment; some participants may have underreported
their alcohol consumption (which could mean that lowering of MACE risk could occur
with higher daily intakes than those reported), and drinking patterns may have changed
over the course of the follow-up period. Our survey instrument did not record the status of
former drinkers, and this could have introduced an abstainer bias. However, we performed
sensitivity analysis with the available data that omitted all abstainers and obtained similar
results.

Due to the structure of the health questionnaire, it was also not possible to analyze or
distinguish the impact of other aspects of alcohol consumption that contribute substantially
to final health outcomes, such as the role of different alcoholic beverages, drinking with or
without food, binge drinking vs regular moderate drinking, and so on.

Although SNA tends to be stable over time,3C the imaging findings relied on a single
measurement of SNA. Additionally, the subset of participants who underwent 18F-FDG-
PET/CT imaging did so for clinical indications (most commonly cancer surveillance). Thus,
the related findings may not be generalizable to the broad population. Moreover, although

a decrease in vmPFC and whole brain activities with light/moderate alcohol consumption
was not observed, the study may have had limited power to observe such an effect. Larger
prospective studies could be conducted to overcome several of these limitations and could
also extend the imaging evaluations (eg, via PET/cardiac magnetic resonance imaging).

CONCLUSIONS

This study’s results suggest that the benefit of light/moderate (vs none/minimal) alcohol
consumption on CVD risk in part stems from its ability to attenuate stress-related neural
network activity. As an extension of this finding, we observed that the beneficial impact of
light/moderate alcohol intake on MACE in this population was nearly twice as great among
individuals with (vs without) anxiety. However, the CVD observations were counterbalanced
by adverse findings related to malignancy. New interventions with positive effects on

the neurobiology of stress but without the potentially deleterious effects of alcohol (eg,
increased risk of malignancy) are needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS AND ACRONYMS

18F.FDG-PET 18F_fluorodeoxyglucose positron emission tomography
CVvD cardiovascular disease
ICD International Classification of Diseases
MACE major adverse cardiovascular event(s)
SNA stress-associated neural network activity
vmPFC ventromedial prefrontal cortex
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PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE:

Light/moderate alcohol intake reduces stress-associated neural network activity as
assessed by relative amygdala to cortical PET-FDG uptake in association with decreased
cardiovascular risk.

TRANSLATIONAL OUTLOOK:

A better understanding of the effect of alcohol on stress-associated neural network
activity could pave the way for novel treatments that achieve similar cardiovascular risk
reduction without adverse effects.
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Brain Imaging Substudy
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50,973 participants with health behavior and
outcomes data for none/minimal vs
light/moderate alcohol consumption analysis

Figure 1. Study Cohort
This schematic describes how the patient populations for the clinical outcomes cohort and

brain imaging cohort were derived. 18F-FDG-PET/CT = 18F-fluorodeoxyglucose positron
emission tomography/computed tomography.
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MACE Component *HR (95% ClI); P Value

All MACE ——— All MACE 0.78 (0.71-0.86); P < 0.001
Coronary MACE @ Coronary MACE (MI + UA + Revasc) 0.78 (0.67-0.91); P = 0.001
ACS MACE @ ACS MACE (MI + UA) 0.78 (0.67-0.92); P = 0.002
HF —_— HF (Heart Failure) 0.79 (0.70-0.88); P < 0.001
PVD .- PVD (Severe PVD + PVD Revasc) 0.72 (0.55-0.93); P = 0.013
Stroke e Stroke (Ischemic + Hemo + TIA) 0.74 (0.66-0.84); P < 0.001

All Cancers —_ TAll Cancers 1.23 (1.14-1.33); P < 0.001

0.5 0.75 1 1.25 1.5
HR (Log Scale)

Figure 2. Alcohol Consumption, Cardiovascular, and Cancer Risk
This figure shows HRs (dots) and 95% Cls (bars) for Light/moderate vs no/minimal alcohol

consumption and different major adverse cardiovascular events (MACE) components and
cancer (in log-scale). For the MACE components: *HRs were obtained from Cox regression
models that included age, sex, hypertension, hyperlipidemia, diabetes mellitus, and smoking
history. TFor the composite cancer outcome: HR was obtained from a Cox regression model
that included age, sex, body mass index, smoking, and the Charlson index. ACS = acute
coronary syndrome; Hemo = hemorrhagic; HF = heart failure; M1 = myocardial infarction;
PVD = peripheral vascular disease; revasc = revascularization; TIA = transient ischemic
attack; UA = unstable angina.
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an P Value P Value
for Difference for Interaction

Individuals Without none/minimal . 0.82
Pre-Existing Anxiety © 73' 0.93) 0.002
(27,351) light/moderate —_—— A i
Individuals With none/minimal 0.71 '
Pre-Existing Anxietyt ] < 0.001
(10,030) light/moderate —_ (0.59-0.86)
B : 10-Year MACE HR* P Value AVA T
Population (n) Alcohol Intake 0.75 HR (95% CI) for Differance 'for Interaction
Individuals Without | none/minimal 0.78
Pre-Existing Anxiety © 73-0 83) <0.001
(29,651) light/moderate —E— 2 ’ 0 003t
Individuals With none/minimal 0.60 '
Pre-Existing Anxietyt : < 0.001
(4,067) light/moderate _ (0.50-0.72)

Figure 3. Alcohol Consumption and Cardiovascular Risk in Subjects With vs Without Anxiety
The figure shows the effect of alcohol consumption on MACE among those with vs without

anxiety: (A) incident MACE event analysis (date of enrollment to last follow-up) and (B)
10-year MACE event analysis. HRs are shown as boxes with 95% Cls as bars, displayed
in log-scale. *Adjusted for age, sex, and cardiovascular risk factors (hypertension, diabetes
mellitus, hyperlipidemia, and smoking). TAnxiety after the index date (date of consent

and December 2010, respectively for A and B) is excluded. tInteraction term: alcohol
consumption (none/minimal vs light/moderate) x history of anxiety (yes vs no).
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Low Stress-Related Neural
Networlk Activity (SNA)

P=0.010

P=0114
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High Stress-Related Neural
Network Activity (SNA)

Higher
Amygdala Activity

P=0.733

P=0.080

I LA
—

0.6
0.4
0.2 -

0.0

SNA (Z-score)

-0.2

1
—

0.2+
0.0
-0.24
-0.4+
-0.64

Whole Brain Activity
(SUV mean Z-score)

None/ Light/
Minimal Moderate

High None/
Minimal

<1 1-6 7-14 15-28 >28 <1

Alcohol Consumption (Drinks/Week)

Light/ High
Moderate

1-6 714  15-28 >28

Alcohol Consumption (Drinks/Week)

a =log OR of alcohol vs SNA
b = log OR of SNA vs MACE

Light/Moderate
Alcohol

Indirect Path (lab):

Alcohol—SNA—MACE
ab=-0.040 (-0.097, -0.003)
P <0.050
Direct Path (c)

¢'=-0.783, P<0.001

CENTRAL ILLUSTRATION. Alcohol Consumption, Stress-Related Neural Network Activity,

and Cardiovascular Risk

(A and B) Axial brain 18F-fluorodeoxyglucose positron emission tomography (:8F-FDG-
PET) images with low and high stress-related neural network activity (SNA) (as amygdala
activity [circle] divided by ventromedial prefrontal cortical [arrow] activity). (C and D)
SNA and whole brain activity by alcohol consumption. Error barsrepresent SEM. (E)
Mediation (path) analysis, which tested whether light/moderate alcohol consumption exerts
its effect on major adverse cardiovascular events (MACE) risk via reductions in SNA. The
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hypothesized indirect path of light/moderate alcohol consumption — {SNA — |MACE
was significant, thus supporting a role for neural pathways in the mechanisms linking light/
moderate alcohol consumption to a reduction in MACE events.
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Standar dized Beta (95% CI) for Light/Moderate vs None/Minimal Alcohol

Linear Regression Models  n Consumption P Value
Model 1 713 -0.192 (—0.338 to —0.046) 0.010
Model 2 695 -0.202 (-0.352 to —0.052) 0.008
Model 3 698 -0.190 (—0.337 to —0.042) 0.012
Model 4 713 -0.189 (-0.335 to —0.043) 0.011
Model 5 378 -0.206 (—0.395 to —0.016) 0.034

Dependent variable: stress-associated neural network activity measured as amygdalar/ventromedial prefrontal cortex standardized uptake values.
Independent variable: Alcohol consumption (light/moderate vs none/minimal). Model 1: linear regression adjusted for age and sex. Model 2: model
1 + socioeconomic factors (education + employment + income). Model 3: model 1 + lifestyle factors (exercise + smoking). Model 4: model 1 +
Charlson index (medical comorbidities). Model 5: model 1 + PRSss (polygenic risk score for neuroticism).
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