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Abstract

Epidemiological estimates indicate not only an increase in the proportion of older adults, but also
an increase in those who continue moderate alcohol consumption. Substantial literatures have
attempted to characterize health benefits/risks of moderate drinking lifestyles. Not uncommonly,
reports address outcomes in a single outcome, such as cardiovascular function or cognitive
decline, rather than providing a broader overview of systems. In this narrative review, retaining
focus on neurobiological considerations, we summarize key findings regarding moderate drinking
and three health domains, cardiovascular health, Type 2 diabetes (T2D), and cognition.
Interestingly, few investigators have studied bouts of low/moderate doses of alcohol consumption,
a pattern consistent with moderate drinking lifestyles. Here, we address both moderate drinking as
a lifestyle and as an acute event.

Review of health-related correlates illustrates continuing inconsistencies. Although substantive
reductions in risk for cardiovascular and T2D events are reported, robust conclusions remain
elusive. Similarly, whereas moderate drinking is often associated with enhanced cognition and
lower dementia risk, few benefits are noted in rates of decline or alterations in brain structure. The
effect of sex/gender varies across health domains and by consumption levels. For example, women
appear to differentially benefit from alcohol use in terms of T2D, but experience greater risk when
considering aspects of cardiovascular function. Finally, we observe that socially relevant alcohol
doses do not consistently impair performance in older adults. Rather, older drinkers demonstrate
divergent, but not necessarily detrimental, patterns in neural activation and some behavioral
measures relative to younger drinkers. Taken together, the epidemiological and laboratory studies
reinforce the need for greater attention to key individual differences and for the conduct of
systematic studies sensitive to age-related shifts in neurobiological systems.

1. Introduction

It is widely recognized that the number of older adults is expected to increase dramatically
in the next decades. Current projections indicate that individuals 65 years of age and older
will constitute approximately 22% of the US population in 2050. In comparison, this age
group comprised only about 15% of the population in 2016 (US Census Bureau, 2018). Less
appreciated are data illustrating the fact that rates of current drinking in older adults are also
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on the rise. Recent analyses of the National Epidemiologic Survey on Alcohol and Related
Conditions (NESARC) comparing 2001/2002 and 2012/2013 reports found an 11.8%
increase in the prevalence of recent (past year) alcohol consumption among adults between
45 and 64 years of age and an even larger increase (22.4%) among persons 65 and older
(Grant et al., 2017) with greater increases among women than men (Dawson, Goldstein,
Saha, & Grant, 2015). Most data indicate that while more older adults report current
drinking, only a small percentage increase their drinking (Britton & Bell, 2015). Together,
these population shifts signal that the number of older adults maintaining non-problem or
moderate drinking will increase dramatically in the next decades. Importantly, the health and
policy implications of these changes are incompletely understood.

Despite widespread interest in the effects of “moderate drinking lifestyles,” the term remains
variably defined (see Kalinowski & Humphreys, 2016; Topiwala & Ebmeier, 2018).
Epidemiological and large sample studies often use estimates of typical drinking (i.e.,
typical standard (std.) drinks/day) (Breslow, Castle, Chen, & Graubard, 2017). However, as
discussed in later sections, upper limits for “moderate” drinking are inconsistently applied.
Additionally, the alcohol content associated with the definition of a std. drink varies across
countries. For example, in the United Kingdom a std. drink is defined as having 8g of
absolute alcohol. In the United States, a std. drink is currently defined as 14g of absolute
alcohol (NIAAA, 2016). Yet, an alternate definition of 12g is often used (see, Dawson,
2003). These inconsistencies challenge interpretation and international collaborations.
Further complicating study of moderate drinking is the fact that drinkers in some studies are
classified on the basis of clinical/diagnostic criteria rather than drinking quantity (e.g., Grant
etal., 2017). Finally, a subset of published work, composed largely of human laboratory
studies, combines these approaches; setting drinking limits and excluding persons who meet
clinical criteria (e.g., Gilbertson, Ceballos, Prather, & Nixon, 2009; Marczinski & Fillmore,
2003).

Regardless of nosologic approach, drinking patterns among moderate drinkers are
heterogeneous. As evidenced in subsequent sections, some investigators disregard
differences in quantity/or frequency among moderate drinkers, treating them as a unitary
group. Other researchers subgroup participants by level of drinking (e.g., light vs. heavy),
permitting more refined analysis of level of drinking. Yet, uniform definitions for these
subgroups are not widely incorporated. Furthermore, drinkers’ outcomes are commonly
compared to that of non-drinkers, a reference group that may include individuals who drank
previously but are now abstinent (i.e., former drinkers), as well as life-time abstainers. These
methodological differences profoundly impact conclusions and recommendations.

Embracing these interpretive challenges, the role of continued drinking with increasing age
is a critical area of study. Even healthy aging is accompanied by ubiquitous neuro/biologic
adaptations that may impact sensitivity to alcohol’s potential effects. Depending on the
biological system, exposure levels, and individual factors, alcohol may impart benefit or
enhance risk. A comprehensive review of organ systems and functions is beyond our scope.
Therefore, we provide a narrative review. In selecting studies to be included, priority was
given to recently published meta-analyses, widely-recognized longitudinal studies, and
additional investigations with sufficient detail to permit meaningful comparison/comment.
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To provide a sense of the evolution of this work, older as well as more recent investigations
were considered.

Given the overarching theme of this volume, we constrain our focus to the association
between moderate drinking and two common age-related conditions that are, themselves,
associated with negative neurobehavioral sequelae: cardiovascular disease (CVD) and Type
2 diabetes (T2D). Following our overview of CVD and T2D, we explore the effects of
moderate drinking lifestyles on cognitive status, cognitive decline, and dementia risk.

Although there is a substantial literature regarding moderate drinking lifestyles, there are
relatively few data addressing the impact of the consumption of low/moderate alcohol dose
among older drinkers, a drinking pattern inherent to the generally accepted definition of
moderate drinking lifestyles. With the numbers of current drinkers increasing in older age
groups, clarifying the acute effects of alcohol at doses relevant to older adults’ moderate
drinking lifestyles is highly pertinent. Thus, we summarize recent work directed to
clarifying age-related vulnerability to the acute effects of low/moderate alcohol doses in
Section 3.

Finally, sex/gender is a highly relevant biological variable. Yet, as broadly reported, sex
differences are often understudied. Thus, to the extent data permit, we address sex
differences throughout our review.

2. Moderate drinking lifestyles: Impact on peripheral systems and

neurobehavior

2.1 Introduction/rationale

Before proceeding, two caveats bear mentioning. As described above, consistent definitions
of standard drinks and “moderate” consumption remain elusive. Furthermore, as evidenced
below, the specific domains vary in their reporting practices. To mitigate confusion, to the
extent possible, we converted alternate units of measure (i.e., units or std. drinks) to grams.
These issues are noted by other investigators (e.g., Peters, Peters, Warner, Beckett, &
Bulpitt, 2008) and provide a particularly robust challenge for the cognitive literature. For
example, some investigators used definitions consistent with 14g/drink for some types of
alcohol beverages (e.g., a 120z. beer) and 12g/drink for other types of beverages (e.g.,
assuming a mixed drink has 1.250z. of liquor). Where sufficient information was lacking, we
report measures (e.g., “drinks”) employed by the authors. We retain categorical definitions
employed by the cited studies, making no attempt to create a uniform lexicon. Most
commonly, drinkers are compared to non-drinking reference groups, which, unless otherwise
noted, encompass both lifetime abstainers and currently abstinent previous drinkers (i.e.,
former drinkers).

2.2 Impact on peripheral systems

There is an extensive literature identifying relationships between peripheral systems,
particularly vascular and metabolic functions, and cognitive integrity in older adults, (e.g.,
Bucur & Madden, 2010; Crichton, Bryan, & Murphy, 2013; Flicker, 2010; Launer, Feskens,
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Kalmijn, & Kromhout, 1996; Leritz, McGlinchey, Kellison, Rudolph, & Milberg, 2011,
Sabia et al., 2019). These functions are impacted by alcohol use, yet relatively few studies
examine alcohol as a potential mediator of compromise between peripheral and neural
systems (but see, Downer, Jiang, Zanjani, & Fardo, 2015; Harrison et al., 2017; Panza et al.,
2008; Ruitenberg et al., 2002). Consequently, while numerous potential mechanisms
underlying these relationships have been examined, including alcohol interactions with
apolipoprotein E, angiotensin, insulin sensitivity, and inflammatory cytokines (e.g., Herring
& Paulson, 2018; Schrieks, Heil, Hendriks, & Beulens, 2015), their relative impact on
neurobehavioral functions in aging remains insufficiently characterized. Despite this
limitation, the robust, but incompletely consistent, literatures regarding the impact of alcohol
consumption on two prevalent age-related conditions, cardiovascular disease (CVD) and
Type 2 diabetes (T2D), merit inclusion in any overview of moderate drinking and
neurobehavioral outcomes. To aid interpretation, a short glossary of relevant terms is
provided in Tables 1 and 2A and B summarize studies addressing cardiovascular health and
T2D and are located at the conclusion of Section 2.2.2.

2.2.1 Alcohol and cardiovascular health—The so-called “J-shaped curve” describes
a dose-response function wherein the impact of an intervening variable shifts from providing
benefit to exacting costs in a dose-dependent manner. It has found wide application in
studies of alcohol consumption on cardiovascular integrity, wherein relative risks for CVD
morbidity, mortality, and related conditions appear reduced at lower (light-to-moderate)
levels of consumption, but elevated at heavier levels. Notable examples of large-scale
longitudinal examinations consistent with this relationship include the Cardiovascular Health
Study (e.g., Bryson et al., 2006), the National Health Interview Survey (e.g., Mukamal,
Chen, Rao, & Breslow, 2010), the National Epidemiological Survey on Alcohol and Related
Conditions (e.g., Balsa, Homer, Fleming, & French, 2008), the Framingham Heart study
(e.g., Walsh et al., 2002), and the Physician’s Health Study (e.g., Malinski, Sesso, Lopez-
Jimenez, Buring, & Gaziano, 2004). Similar outcomes have been reported in samples from
Great Britain, Germany, France, China and Japan (e.g., Britton, Singh-Manoux, & Marmot,
2004; Inoue et al., 2012; Keil, Chambless, Doring, Filipiak, & Stieber, 1997; Renaud,
Gueguen, Schenker, & d’Houtaud, 1998; Yuan, Ross, Gao, Henderson, & Yu, 1997). In
contrast, a recent report from the Prospective Urban Rural Epidemiological study included
data from 12 countries with heterogeneous incomes/economic status. Relative to never
drinkers (lifetime abstainers), current drinking was not associated with risk reduction for
incident cardiovascular disease (HR: 0.97), although risk for myocardial infarction was
reduced (HR: 0.76; Smyth et al., 2015).

Several meta-analyses (e.g. Larsson et al., 2015; Ronksley et al., 2011) offer some support
for cardioprotection at moderate doses. However, they also indicate that protective effects
may be weaker, more heterogeneous, and occur at lower levels of consumption than
previously reported. For instance, in a meta-analysis of CVD mortality, Ronksley et al.
(2011) noted that the lowest risks for coronary heart disease (CHD), CHD mortality, and
CVD mortality occurred at 15-30g/day, while stroke mortality risk appeared lowest at <15g/
day. A meta-analysis focused on stroke risk, conducted by Larsson et al. (2016),
demonstrated that risk for both intracerebral and subarachnoid hemorrhage was reduced
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among groups consuming either <12 or 12-24g/day. Roerecke and Rehm (2012) conducted
a meta-analysis of ischemic heart disease mortality and morbidity, in which they stratified by
sex and employed a lifetime abstainer reference group. They noted modest evidence of
cardioprotection in men and women and demonstrated substantial heterogeneity, challenging
interpretations of a unitary “J-shaped” function. A recent meta-analysis conducted by Wood
et al. (2018) also observed heterogeneous relationships across cardiovascular health
measures. For example, calculating HRs per 100g/week, they found that alcohol
consumption was linearly related to stroke (HR 1.14), but inversely related to myocardial
infarction (HR.94). Those who drank more than 100g/week had lower life expectancy at age
40, with greater reductions associated with higher levels of weekly drinking.

Earlier work (e.g., Britton et al., 2004; Walsh et al., 2002) suggested stronger
cardioprotective effects of moderate consumption among men than in women. More recent
meta-analyses of hypertension risk (e.g., Briasoulis et al., 2012; Taylor et al., 2009) observed
protective effects only among women. The meta-analysis by Roerecke and Rehm (2012)
illustrates the complexity of sex effects; estimations of ischemic heart disease mortality
suggested similar risk reductions between men and women drinking 10-20g/day, but
indicate that at higher levels (e.g., 50-60g/day) women display markedly increased relative
risks whereas men remain at lower risk. Similar susceptibility to these higher doses among
women was also apparent for morbidity outcomes. In contrast, greater protective effects
were observed for moderately drinking women (~10-30g/day) than were apparent for men at
any dose (Roerecke & Rehm, 2012). These observations are consistent with studies focused
on women, including the Women’s Health Study (Djousse, Driver, & Gaziano, 2009), which
found consumption of 5-15g/day was associated with lower risk of CVD and ~50% lower
risk of CVD mortality, relative to abstainers at 12-year follow-up. A recent meta-analysis
(Colpani et al., 2018) examining similar levels (8-14g/day) supported these conclusions,
noting reductions in CVD, CHD and mortality among women.

2.2.2 Alcohol and type 2 diabetes (T2D)—Review of the T2D literature reveals a
generally strong protective effect of moderate drinking, with relative risk reductions of T2D
development of ~30% commonly observed among such drinkers (e.g., Carlsson et al., 2005).
Several investigations observe maximal risk reductions at lower, relative to higher, doses
(e.9., 129 vs. 36g/day; Kao, Puddey, Boland, Watson, & Brancati, 2001), but in contrast to
the cardiovascular literature, substantially increased risk at higher levels of consumption is
infrequently reported. Inverse linear relationships between consumption levels and T2D are
more commonly observed (e.g., Djousse, Biggs, Mukamal, & Siscovick, 2007; Hu, van
Dam, & Liu, 2001), with some studies reporting risk reductions of up to 40% at higher
levels of consumption (i.e., >50g/day; Conigrave et al., 2001).

Earlier T2D meta-analyses largely supported conclusions of a “U-shaped” function, with
moderate consumption producing the greatest risk reduction (relative to abstainers and
heavier drinkers), but heavier consumption failing to markedly increased risk relative to
abstainers (e.g., Carlsson et al., 2005; Koppes, Dekker, Hendriks, Bouter, & Heine, 2005).
More recent analyses have produced mixed results. Whereas Li et al. (2016) observed results
consistent with the earlier meta-analyses, a meta-analysis by Baliunas et al. (2009) and a
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review by Pietraszek, Gregersen, and Hermansen (2010), note protective effects, but observe
increased risk at higher doses (e.g., 50-60g/day).

A meta-analysis conducted by Knott et al. (2015) supports a modest “J-shaped” relationship,
albeit with several caveats. Their analyses stratified studies on the basis of whether the
reference group was composed of only lifetime abstainers or lifetime abstainers and former
drinkers. This analysis suggested that when lifetime abstainers are utilized as controls, no
protective effect of moderate consumption is evident, i.e., benefit is observed only when
moderate drinkers were compared with former drinkers. Moreover, when analyses were
stratified by sex, no protective effect was apparent among men, regardless of reference
group. Although the lack of T2D protection in men is notable, Knott and colleagues’
observation of lower relative risks among moderate-drinking women is broadly consistent
with the larger literature (e.g., Hodge, English, O’Dea, & Giles, 2006; Stampfer et al., 1988).
It merits mention that while much of the work includes older adults, age is rarely a specific
focus. However, examination of age effects suggests that protection associated with
moderate consumption may be greater among older, relative to younger, adults (=60 vs. <60
years; Li et al., 2016).

2.3 Neurobehavioral outcomes

In this section, we summarize key investigations of the relationship between moderate
drinking and specific aspects of cognitive change with age. The first section addresses group
differences in cognitive abilities; the second, the association between alcohol use and
dementia risk; the third, the relationship between alcohol and cognitive decline; and the
fourth, alcohol’s association with structural brain changes. An overview of key studies from
this section is provided in Table 3, just prior to in Section 2.4.

2.3.1 Cognitive status—Early work examining cognitive performance and moderate or
social drinking (i.e., 1977-1996, as reviewed in Neafsey & Collins, 2011) tended to report
either alcohol-associated decrements in cognitive function (e.g., Parker & Noble, 1977), or
no difference relative to non-drinkers (e.g., Parsons, 1986; see Parsons & Nixon, 1998 for
review). Similarly, several earlier studies reported no risk reductions for dementia (e.qg.,
Graves et al., 1991; Hebert et al., 1992). As methodological sophistication and attention to
moderate/low-risk patterns have matured, conclusions drawn from more recent work have
shifted markedly.

A number of subsequent reports focusing on older adults suggested J-shaped relationships,
with the greatest risk reductions and/or cognitive advantages noted at light/moderate levels
(e.g., Britton et al., 2004). In subgroups of older adults whose average consumption was
characterized as either “minimal” or “moderate” drinking, Ganguli, Vander Bilt, Saxton,
Shen, and Dodge (2005) observed benefits in multiple neurocognitive tasks, including
indices of executive functions, relative to non-drinkers. However, some investigators have
reported relative benefit at drinking levels as high as 40 and 80g/day for women and men,
respectively (Zuccala et al., 2001). Similarly, based on data from the Framingham Heart
Study, Elias, Elias, D’Agostino, Silbershatz, and Wolf (1999) reported better performance on
a number of cognitive functions including verbal memory, visual memory, abstract
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reasoning, and attention at consumption ranges of up to 24-48 and 48-96g/day for women
and men, respectively. In more recent work, Herring and Paulson (2018) reported better
performance among moderate drinking adults (<28g/day) over age 65 in several cognitive
domains. Advantages persisted across the ~7 year follow-up period for 10 of the 12
measures employed, including measures of executive function, visuospatial skills, verbal
fluency, and verbal memory.

In contrast to much of this literature, which utilizes average consumption as a primary
predictor, Reas et al. (2016) examined both average quantity and frequency of consumption.
They observed positive linear relationships between executive function and both measures of
consumption, but U-shaped functions for memory, with the greatest advantages among
moderate and infrequent (1-2 days/week) drinkers. Similar advantages among older
moderate drinkers were recently noted by Hogenkamp et al. (2014) for executive and
psychomotor functions and Downer et al. (2015) for episodic memory function. In contrast
to these findings, Topiwala et al. (2017) observed enhanced cognitive functions (lexical/
word fluency and recall memory) among women drinking 8-16 g/day and men drinking 8-
24 g/day in their early 40 s, but this difference did not persist across the subsequent 30 years
of follow-ups.

2.3.2 Dementia risk—Consistent with reports of enhanced cognitive function, a number
of investigations have observed protective effects associated with moderate alcohol for
dementia risk in aging adults. Ruitenberg et al. (2002) followed ~8000 healthy older adults
for approximately 6 years. Daily consumption of 1-3 drinks was associated with substantial
risk reductions for development of any dementia (HR: 0.58), with the most robust protection
for vascular dementia (HR: 0.30). Subsequent studies examining risks for dementia and/or
cognitive impairment have largely supported these risk reductions (e.g., Bachman et al.,
2003; Deng et al., 2006; Garcia, Ramon-Bou, & Porta, 2010; Huang, Qiu, Winblad, &
Fratiglioni, 2002; Lindsay et al., 2002; Ogunniyi et al., 2006; Richard et al., 2017; Weyerer
etal., 2011).

Peters et al. (2008) conducted a meta-analysis that demonstrated risk reductions for any
dementia among moderate drinkers (RR: 0.63). The reduction was similar for Alzheimer’s
disease (AD) risk (RR: 0.57) but reduction for vascular dementia did not reach significance
(RR: 0.89). A meta-analysis conducted by Anstey, Mack, and Cherbuin (2009) supported the
observed reductions for any dementia (RR: 0.74), AD (RR: 0.72), and in contrast to Peters et
al. (2008), also noted reductions in vascular dementia (RR: 0.75). The meta-analysis
reported by Neafsey and Collins (2011) stratified by study date including research conducted
from 1998 to 2011. They concluded that the average cognitive RR across studies, including
dementia and cognitive impairment, was 0.77. A recent meta-analysis conducted by Xu et al.
(2017) found consistent, but weaker relationships (RR: 0.90 for all-cause dementia), with
risk reductions confined to low doses (6—12.5g/day).

2.3.3 Cognitive decline trajectories—While observing an alcohol-related reduction
in risk of developing dementia and/or cognitive impairment, the previous meta-analyses
(Neafsey & Collins, 2011; Peters et al., 2008) did not detect the alcohol-related effect on rate
of cognitive decline, noted in other studies (e.g., Ganguli et al., 2005; Wright, Elkind, Luo,
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Paik, & Sacco, 2006). Similarly, recent work has found little evidence for moderate alcohol-
associated alterations in cognitive change across time. Herring and Paulson (2018)
conducted a latent growth curve analysis of cognitive performance in older moderate
drinkers over approximately 7 years, but found no evidence for alcohol-associated effects on
rate of cognitive change. In contrast to the larger literature wherein both sexes are included,
Hogenkamp et al. (2014) studied men from the age of 70-77. They noted age-related
cognitive decline in men, but despite alcohol-associated advantages at both measurement
periods, observed no differential rate of decline between moderate vs. non-drinking men.
These conclusions are strengthened by cross-sectional work suggesting that stratification by
dose (i.e., light vs. moderate) fails to distinguish trajectories of cognitive decline (Moussas et
al., 2015). Though less commonly reported, Topiwala et al. (2017) observed more rapid
declines in lexical fluency, but not semantic fluency or word recall, relative to non-drinkers
of 14%, 17%, and 16% for light, moderate, and heavy drinkers, respectively, over a 30-year
study period. As discussed below, investigations reporting alcohol-associated benefit on rate
of decline tend to be either single-sex examinations, or note sex-specific effects.

2331 Sexdifferences: Several large studies investigating women support benefits of
moderate consumption on cognitive function, including decelerated rates of decline. Barnes
et al. (2007) identified an OR for maintaining optimal cognitive functioning vs. cognitive
decline of 1.25 in a large group of ~10,000 older women. Examining data from the similarly
large Nurses’ Health Study, Stampfer, Kang, Chen, Cherry, and Grodstein (2005) identified
RRs of 0.81 for global cognitive impairment among women drinking less than 15g/day, and
0.85 for “substantial decline” over a 2-year period. Consistent with other null results in
decline trajectory, Wardzala et al. (2018) examined alcohol-associated changes in a battery
of neuropsychological tests, as well measures of global impairment, with protective effects
of moderate alcohol noted only in one memory task. Interestingly, when analyses were
stratified by sex, only women displayed the memory improvement, however, moderate
drinking men evinced reduced decline in global measures. In another recent study, Sabia et
al. (2014) report outcomes dependent on sex and dose. Men consuming =36g/day evinced
more rapid decline across cognitive domains. At lower levels of consumption, rates were
equivalent between moderate and non-drinking men. In contrast, lower levels of drinking
(<10g/day) in women was associated with slower rates of decline relative to non-drinking
women. These findings are consistent with a number of investigations identifying stronger
protective effects of moderate drinking on cognitive function in women than in men (e.g.,
Dufouil, Ducimetiere, & Alperovitch, 1997; McGuire, Ajani, & Ford, 2007; Stott et al.,
2008), and highlight both the import and complexity of considering sex as a critical
covariate in neurobehavioral analyses of alcohol effects.

2.3.4 Brain structure—Topiwala et al. (2017) analyzed both structural (MRI) and
behavioral measures collected over ~30 years of follow-ups from the Whitehall 11 cohort in
the United Kingdom. They observed dose-dependent acceleration of cognitive decline and
hippocampal atrophy. Although deficits in similar measures have been observed in clinical
populations with chronic heavy consumption (e.g., Sullivan, Marsh, Mathalon, Lim, &
Pfefferbaum, 1995), Topiwala and colleagues observed significantly accelerated decline
even among moderate drinkers (~16—24g/day), with odds of right-sided hippocampal
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atrophy 3.4 times that of non-drinking individuals. This relationship persisted among men
when analyses were stratified by sex. Consistent with other sex-dependent cognitive
findings, no alcohol-associated insult was observed for women. Similar negative
associations between alcohol and total brain, hippocampal, ventricular, and amygdalar
volumes have been observed at doses within light-to-moderate ranges (e.g., den Heijer et al.,
2004; Ding et al., 2004; Paul et al., 2008). In contrast, Downer et al. (2015) observed
alcohol-associated protection in hippocampal volumes among older drinkers from the
Framingham Heart Study Offspring Cohort. Moderate drinkers had larger hippocampal
volumes relative to non-drinkers, which appeared to account for between-group differences
in episodic memory. Similar neuroprotective effects were observed for total brain volume by
Gu et al. (2014) and measures of white matter integrity by Mukamal, Longstreth, Mittleman,
Crum, and Siscovick (2001) and McEvoy et al. (2018).

Taken together these investigations suggest that among older adults, while moderate
drinking may provide at least modest benefit to cognitive function, similar benefits to brain
structure are not apparent, with findings often revealing negative volumetric associations.
Davis et al. (2014) refer to this contrast between cognitive/behavior outcomes and structural
measures as the “alcohol paradox,” given findings that in aging adults volumetric measures
correlate positively with cognitive function (e.g., Fletcher et al., 2018; MacLullich et al.,
2002). Davis et al. (2014) demonstrate that these positive associations persist among light-
to-moderate older drinkers, but observed that despite improved cognitive outcomes,
moderate drinkers failed to display the implied volumetric increases. Whether this
discontinuity is the product of methodological heterogeneity, may be explained by
alterations in peripheral function (i.e., cardiovascular health), or reflects subtle neural
alterations requiring more sophisticated physiological measures (e.g., shifts in functional
connectivity), remains unknown.

2.4 Summary/limitations

The scope of our current work is insufficient to accommodate granular examination of
methods employed by each referenced study. Several observations, however, are broadly
applicable. Persistent issues include: (1) inconsistent stratification, classification, and
terminology regarding consumption levels (i.e., light vs. moderate vs. heavy); (2) failure to
account for patterns of drinking frequency and per occasion quantity, typically overlooked in
lieu of average daily consumption; (3) fundamental differences between abstainers and
drinkers that are independent of alcohol, but cannot be easily disambiguated or accounted
for; and (4) reference group classification, including failures to stratify or otherwise account
for potential differences between lifetime abstainers and past drinkers.

The third and fourth issues are particularly challenging. Nearly all of the discussed studies
accounted for an extensive collection of covariates. That said, some characteristics of
moderate drinkers remain difficult to control statistically. Moderate drinking appears to be a
marker of general well-being, expressed as a diverse set of constructs, including prosperity,
social functioning, mental and physical health, recreation, and others (e.g., Hansel et al.,
2010). Relatedly, moderate drinkers are more likely to exercise regularly and report healthier
eating behaviors (e.g., Barefoot et al., 2002), greater utilization of medical services from
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preventative dental care to mammography (Green, Freeborn, & Polen, 2001). They also
report higher rates of subjective well-being (Nekvasil & Liu, 2016). These differences have
led to criticism that J- and U-shaped relationships in alcohol-associated health outcome
studies may be spurious, resulting from the inability to control for the full constellation of
health-related factors that differentiate moderate drinkers from abstainers. Support for such
criticism is drawn from observations that J-shaped relationships appear in a host of health
measures for which beneficial causal roles of alcohol are difficult to reconcile (reviewed by
Fekjaer, 2013), such as liver cirrhosis (Rehm et al., 2010) and postnatal outcomes (Kelly,
Leggett, & Cronise, 2009). The challenges in identifying lifestyle factors that differentiate
moderate from non-drinkers is compounded by the common practice of including former
drinkers with lifetime abstainers in a single reference group. Several studies report that when
former drinkers are excluded, alcohol-associated protective effects are far more limited (e.g.,
Fillmore, Stockwell, Chikritzhs, Bostrom, & Kerr, 2007; Makela, Paljarvi, & Poikolainen,
2005). One leading hypothesis for this discrepancy, proposed by Shaper, Wannamethee, and
Walker (1988) often referred to as the “sick quitter” hypothesis, suggests individuals who
are not lifetime abstainers often cease use due to negative health consequences. Finally,
conclusions regarding the association between moderate drinking and neurobehavioral
outcomes remain most tentative. Prospective longitudinal studies with greater attention to
reference groups and more sophisticated neurobehavioral measures may aid future
interpretation.

3. Acute alcohol effects

3.1 Introduction/rationale

The acute effects of alcohol on brain and behavior have been widely studied, particularly in
relatively young drinkers, e.g., between the ages of 21 and 40 using alcohol doses targeting
breath alcohol concentrations (BrACs) of ~0.08g/dL (see Weafer & Fillmore, 2012; Wolff,
Gussek, Stock, & Beste, 2018; Holloway, 1994, but see Tupler, Hege, & Ellinwood Jr.,
1995). There is a paucity of systematic study addressing the effects of lower, socially-
relevant, alcohol doses in older adults. Given changing population demographics and
drinking patterns, this represents a significant gap in our understanding.

There is, however, a small body of work that has examined postural stability, balance and
fine motor coordination using lower alcohol doses. For example, Vogel-Sprott and Barrett
(1984) conducted a relatively early study with men between the ages of 19 and 63. Targeting
a BrAC of 0.069g/dL, they found that age was negatively associated with balance and fine
motor coordination. Jones and Neri (1994) administered an alcohol dose of 0.68g/kg to men,
20-59 years of age. Their data suggested an age-related vulnerability with older drinkers,
i.e., those over 40, experiencing greater compromise in postural stability. In contrast to these
earlier studies, Wu et al. (2017) applied a more contemporary definition of “older,” studying
balance and postural sway in current drinkers over age 65 (mean age ~74) with women
comprising 62% of the sample. Before administration of a 0.4g/kg alcohol dose (peak
BrACs ~30mg/dL), individuals were assigned to either a good-balance or poor-balance
group based on their ability to maintain a stance on one foot (unipedal stance) of > or <30s,
respectively. After alcohol, both groups showed greater center of pressure displacement,
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particularly in the anterior-posterior direction. Only the good-balance group showed a
decline in unipedal stance time. The absence of an effect in the poor-balance group was not
anticipated. Given their performance at baseline (unipedal mean stance time of only ~13.3s),
the outcome may be attributable to a floor effect. Taken together, these studies emphasize
the possibility that even low alcohol levels may increase fall risk in older adults. One
constraining generalization, is the fact that none of these studies included a placebo control
and only the Wu et al. (2017) study included women.

In preparing this review, we conducted a search to identify studies addressing age
differences in response to low/moderate alcohol doses. The results of this search, at least to
the best of our knowledge, indicate that most of the published work in this domain has been
conducted by our laboratory. Given recent attention to this issue (Boissoneault, Frazier,
Lewis, & Nixon, 2016; Van Skike, Goodlett, & Matthews, 2019; Wu et al., 2017), we were
surprised. Nonetheless, as a consequence, this section relies heavily on research directed by
the first author and her colleagues. A short list of key terms is presented in the glossary for
this section (Table 4).

As an introduction to this work and to minimize later redundancy, we first summarize our
general methods and overarching framework. Across these studies, we applied a double-
blind placebo control design and included both men and women. Younger participants were
healthy community volunteers between the ages of 25-35 (younger; mean across studies
~28). Older participants ranged from 50 to 70 years of age in earlier studies (mean ~57.2)
and 55-70 in more recent work (mean ~62). We recognize that this upper age range excludes
a substantive proportion of the aging population. Initial efforts to recruit drinkers beyond 70
were largely unsuccessful. Participants were current social drinkers whose typical drinking
patterns fell within National Institute of Alcohol Abuse and Alcoholism (NIAAA, 2009 &
2016) guidelines for low-risk/moderate drinking, i.e., <1 std. drink/day with not more than 3
on any occasion for women, and <2 std. drinks/day with not more than four on any occasion
for men. [We should mention that the NIAAA (2016) guidelines recommend that men >65
years of age consume alcohol at levels recommended for women. This recommendation is
not included in the USDHHS and USDA (2015) current dietary guidelines and was not
applied herein]. Individuals completed a structured clinical research interview and were
excluded if meeting criteria for significant mental health disorders including alcohol or drug
use disorders. Finally, persons were ineligible if reporting a medical condition that
contraindicated alcohol consumption or might confound interpretation. Stratified by age
group and sex, individuals were randomly assigned to either a placebo or an active alcohol
dose targeting BrACs consistent with an episode of moderate drinking. Age and sex
differences in alcohol metabolism were controlled by standardizing alcohol dose on the basis
of body water calculations (Watson, Watson, & Batt, 1981). The effectiveness of this
procedure is reflected in the absence of main or interaction effects of sex or age on alcohol
pharmacokinetics across the alcohol curve, as shown in Fig. 1 Across these studies, average
daily alcohol consumption for each group (age by sex) was less than 14g (1 std. drink/day).

Within these studies, age and alcohol main effects were expected. These main effects are not
of primary interest. Rather, the fundamental question is whether alcohol differentially
impacts neurobehavioral processes in older vs. younger healthy social drinkers, i.e., the
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interaction of alcohol and age. Neurobehavioral functions modulated by the prefrontal
cortices and their networks (i.e., executive functions), particularly attention and working
memory processes, are impacted by both age and acute alcohol administration (e.g., Andres,
Parmentier, & Escera, 2006; Drag, Bieliauskas, Kaszniak, Bohnen, & Glisky, 2009; Weafer
& Fillmore, 2008). Leveraging these findings, we interrogate these domains through
administration of select laboratory tasks as well as more ecologically valid and complex
tasks such as simulated driving.

3.2 Behavioral outcomes

Gilbertson et al. (2009) examined performance on a common test of set-shifting (i.e., Trail
Making Test, Form B; Reitan & Wolfson, 1993) on both the ascending and descending limbs
of the BrAC curve. As expected, there was an age main effect with the younger cohort
completing the task more quickly than did the older group. Of greater relevance was the
differential effect of alcohol in the two age groups. On the ascending limb, older adults
receiving low dose alcohol (targeted peak BrAC =0.04g/dL) performed more poorly than
their age- cohorts receiving placebo. There was no effect of alcohol for older adults at an
equivalent BrAC on the descending limb. Interestingly, self-reported ratings of perceived
impairment indicated that older adults were relatively unaware of their impairment on the
ascending limb. On the descending limb, where alcohol did not impact performance, older
adults receiving alcohol reported higher levels of perceived impairment than their cohorts
receiving placebo. The younger group was unaffected by alcohol on either limb and reported
no differences in perceived impairment.

At peak BrAC, in this same study, participants completed a covert visual attention task
(Luck et al., 1994), previously shown to be sensitive to both age (e.g., see Carriere, Cheyne,
Solman, & Smilek, 2010) and alcohol (Acons, Chan, Drummond, & Tiplady, 2006).
Cogpnitive efficiency, as reflected in the ability to respond both quickly and accurately, was
ascertained (Sklar, Gilbertson, Boissoneault, Prather, & Nixon, 2012). The construct has
demonstrated sensitivity to both age (Salthouse, Matlaga, & Wykoff, 1977) and acute
alcohol administration (Tiplady et al., 2001) and has been widely applied in studies of
alcohol use disorder (Nixon, 1993; Oscar-Berman & Marinkovic, 2007). Efficiency ratios
were equivalent for the two age groups in the placebo condition. Alcohol benefitted
performance in the younger cohort with those receiving alcohol being more efficient than
their age-cohort receiving placebo. Unexpectedly, alcohol did not affect cognitive efficiency
in the older group. Further analyses revealed that unlike the other groups, older adults
receiving alcohol sacrificed speed for accuracy in maintaining efficient performance.

In an independent sample, similarly selected participants were assigned to one of three
groups; targeted BrAC of 0, 0.04, or 0.065¢/dL. Participants completed a working memory
(WM) task (Boissoneault, Sklar, Prather, & Nixon, 2014; Gazzaley, Clapp, Kelley, McEvoy,
Knight, & D’Esposito, 2008) at peak BrAC. The task involved presentation of a short series
of individually presented faces and scenes followed by a short delay (WM maintenance
period) and then the presentation of a probe stimulus, which was judged as being either
present or absent in the previous series. Instructions to remember the faces or the scenes
were counterbalanced within participants. Efficiency ratios for “hits” (accurately identifying
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a stimulus as appearing in the previous series) and “correct rejections” (accurately
identifying a stimulus as being novel) were derived. Alcohol had no effect on performance
in the younger cohort. For hit efficiency, the older group was inferior to the younger group at
both placebo and moderate alcohol doses. Interestingly, the low dose benefitted performance
in the older group and resulted in hit efficiency ratios equivalent to that of the younger
cohort. Analysis of correct rejections, where detection of novelty is critical, revealed a
different pattern. Among older participants, performance was negatively affected at both
alcohol doses relative to placebo. For the younger group, performance for the placebo and
low dose groups was equivalent, while there was a trend for enhanced efficiency at the
moderate dose. The data for Hit and CR efficiency are shown in Fig. 2.

Lewis, Garcia, Boissoneault, Price, and Nixon (2019) conducted a replication study using
identical selection criteria and the same WM task. Both studies showed that older cohorts in
the placebo and moderate doses had significantly lower hit efficiency than their younger
cohorts receiving these doses, with the older group receiving the low dose achieving
performance equivalent to younger cohorts. Similarly, the moderate alcohol dose was
associated with reduced correct rejection efficiency in the older cohort as compared to the
younger cohorts in both studies. Age-related compromise in correct rejection efficiency at
the low dose was observed only in the original study. Taken together, these studies
demonstrate differential effects of acute alcohol with age. Furthermore, they suggest that
processes related to “attending” and those related to “ignoring” may be impacted differently.
Notably, the association between alcohol dose and performance was not linear, and may be
facilitatory at some doses. In short, low and moderate alcohol doses are associated with
divergent patterns of outcomes in older versus younger drinkers.

Often, there are insufficient women to allow analysis of sex differences (e.g., Boissoneault et
al., 2014; Lewis, Boissoneault, Gilbertson, Prather, & Nixon, 2013). The Lewis et al. (2019)
paper is an exception. Given identical selection criteria, doses and tasks, participants in the
Boissoneault et al., 2014 and Lewis et al., 2019 were combined, permitting sufficient power
for analysis of sex differences. Importantly, means for the four groups (2 age by 2 sex) were
equivalent on key demographic variables with all groups reporting typical alcohol
consumption of between % to 1 drink/day. Fig. 1, presented earlier, illustrates the absence of
age or sex effects in alcohol metabolism at these doses. It might be noted that the absence of
group differences in the BrAC curves is consistent with other reports from this group
(Gilbertson et al., 2009; Sklar et al., 2012; Sklar, Boissoneault, Fillmore, & Nixon, 2014).
Given earlier discussion, only sex main and interaction effects will be discussed. Hit
efficiency was not impacted by the inclusion of sex. To the contrary, complex interactions
including sex, age, dose and instruction set were obtained for correct rejection efficiency.
The most striking outcome was an age-related divergence with older women in the moderate
dose group being disproportionately disadvantaged. In contrast, younger women receiving
this dose performed far better than all other groups. Furthermore, the magnitude of this
difference was largest when the task demanded that faces be ignored. This pattern eludes
ready explanation, but suggests that future work may benefit from greater consideration of
(a) existing literature on age differences in face processing (Sullivan, Ruffman, & Hutton,
2007; Wong, Cronin-Golomb, & Neargarder, 2005), and (b) potential age differences in
alcohol’s effects on cognitive control processes.
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Importantly, ~15% of drivers aged 45-64% and 8% of those 65+ report a current (30day)
history of driving after drinking (National Highway Traffic Safety Administration, 2011).
Thus, understanding the behavioral outcomes associated with drinking and driving among
older adults is of high import. Toward that end, Sklar et al. (2014) examined the age by
alcohol interaction in a simulated driving task where driving demands were minimized. They
found that core driving skills such as consistency in maintaining speed were compromised in
older adults receiving low/moderate doses of alcohol. More recently, Price, Lewis,
Boissoneault, Frazier, and Nixon (2018) examined performance in complex scenarios (i.e.,
country or city settings) and explored drivers’ responses when presented with either relevant
(e.g., a pedestrian crossing the street) or irrelevant (e.g. a pedestrian walking on a parallel
sidewalk) stimuli. These analyses showed that older adults altered their response strategy
contingent on dose and scenario. In less complicated scenarios, the older cohort receiving
alcohol became more conservative, decelerating more and braking earlier to relevant stimuli
than their cohorts receiving placebo and producing a response pattern largely opposite to that
of younger drinkers. In the more complicated metropolitan scenario, those receiving alcohol
extended this strategy to irrelevant stimuli, braking and decelerating unnecessarily. There
were no sex main or interaction effects with dose. It should be mentioned that to better
approximate conditions under which older adults commonly drive after drinking, e.g., after a
social event or dinner, the driving task was conducted on the descending BrAC limb in both
the Sklar et al. (2014) and Price et al. (2018) studies. Thus, these age-contingent differences
in alcohol effects occurred at very low BrACs; ~0.05 and ~0.28g/dL for the moderate and
low dosed groups, respectively.

3.3 Neurophysiological outcomes

Complementing behavioral studies of age-differences in vulnerability to acute alcohol are
limited investigations using electroencephalographic (EEG) methods. Shifts in the
underlying neural activity associated with time-locked events, or event related potentials
(ERPs) offer unique opportunities to study individual and group differences in the temporal
dynamics of underlying neural processes. One of the most commonly investigated ERP is
the P3 (also referenced as the P300). Relative increases in the P3 amplitude presumably
reflect heightened neuronal activity, often to target or relevant stimuli. Its latency is typically
shorter when tasks are easier and is hypothesized to reflect stimulus evaluation time. Of
particular relevance, the P3 is vulnerable to both age and acute alcohol administration (see
Polich, 2013 for overview). Lewis et al. (2013) examined the amplitude and latency of the
P3 elicited by target stimuli during performance on the covert visual attention task
introduced earlier (i.e., Sklar et al., 2012). The P3 was not impacted by alcohol in the
younger group. In the older cohort, alcohol blunted P3 amplitudes and extended latencies
relative to older adults receiving placebo, a pattern suggesting possible disruption in
resource allocation during attentional processing (Polich, 2012). (See Fig. 3, adapted from
Lewis et al., 2013).

Recently, the group extended its previous work with WM by examining ERP perturbations
during the presentation of either “to be attended” or “to be ignored” facial stimuli (Garcia,
Lambertus, Lewis, Boissoneault, & Nixon, 2019). Given their sensitivity to respondent age
and stimulus content (i.e., faces), they investigated P1 amplitude and N1 latency (Gazzaley
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et al., 2008; Herrmann, Ehlis, Ellgring, & Fallgatter, 2005; Luck & Kappenman, 2012;
Rossion & Jacques, 2012). Although data are not entirely consistent, P1 amplitude is
generally shown to be larger to face vs. non-face stimuli, particularly when face stimuli are
relevant, i.e., attended to, to task completion (here, WM performance). In contrast, the N170
latency is typically earlier to these stimuli. Studies of age effects (e.g., Gazzaley et al., 2008)
suggest that older adults exhibit less robust effects of stimulus relevance for both P1
amplitude and N170 latency. In the current analysis, the investigators examined age by
alcohol interactions on these components. For P1 amplitude, when faces were to be attended,
only the moderate dose was associated with age-divergent outcomes. In this condition, P1
amplitudes for the older adults were lower than those for the older cohorts at either the low
or placebo doses. For the younger cohort, the moderate dose was associated with higher P1
amplitudes than other conditions when face stimuli were to be explicitly ignored, i.e.,
irrelevant, a different pattern was observed. In that condition, older adults receiving the low
dose had higher P1 amplitudes than did the other older groups, whereas this dose was
associated with lower P1 amplitudes in the younger group relative to the placebo condition.
In short, the degree to which the two age groups demonstrated divergent responses was
influenced not only by dose, but also by task demands/stimulus relevance.

Other studies have employed analysis of neural oscillations using indicators of spectral
power. Spectral power provides insight regarding the degree to which specific EEG
frequency bands are engaged within defined time-locked windows (see Rangaswamy &
Porjesz, 2014 for brief review) and are presumed to be temporally associated with sensory or
cognitive events. Given their sensitivity to age (Dias et al., 2015; McEvoy, Pellouchoud,
Smith, & Gevins, 2001), acute alcohol administration (Boha et al., 2009; Ehlers, Wills, &
Havstad, 2012), and task demands (McEvoy et al., 2001; Wang, Rajagovindan, Han, &
Ding, 2016), frontal theta power (FTP) and posterior alpha power (PAP) are particularly
relevant to the current discussion. FTP has been positively related to performance with
higher levels often interpreted as being indicative of mental effort and shifts posited to
reflect resource allocation. The association between PAP and performance is contingent on
task demands. PAP is presumed to reflect the engagement of inhibitory processes. Thus, PAP
is increased during performance on tasks where potentially distracting information is being
inhibited, as demanded in the maintenance phase of WM tasks. In contrast, when tasks
demand that externally directed visual attention is required, PAP is reduced (see Wang et al.,
2016 for discussion).

In the first of these studies, Boissoneault et al. (2016) examined FTP and PAP during the
memory maintenance phase of a WM task. Contrary to expectations, there were no age, dose
or interaction effects on FTP. PAP, on the other hand, was sensitive to the age by dose
interaction. Relative to their age-specific cohort receiving placebo, younger adults receiving
the low dose had significantly higher PAP, a pattern expected when inhibitory control must
be activated to maintain memory. A similar pattern was observed for the moderate dose
group. The reverse pattern was found for older adults. Older adults receiving the low dose
had lower PAP relative to the placebo group. A similar outcome, approaching significance (P
=0.07), was observed for the moderate vs. placebo doses. As shown in Fig. 4, there were no
age differences at the placebo dose. Furthermore, the active doses, relative to placebo, had
equivalent effects on PAP within each age group.
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Given the presumed relationship between PAP and inhibitory control, the association
between PAP and WM performance was also considered. There was no relationship between
PAP and WM performance for the younger cohort. Again, a different outcome was obtained
for the older cohort. Among older adults receiving the moderate dose, lower PAP was
associated with better performance. This finding is both counterintuitive and provocative. As
mentioned above, neurobiological models posit that lower levels of PAP are associated with
attention directed to external stimuli (see Wang et al., 2016). Extrapolating from such
models, the authors speculated that the older cohort receiving the moderate dose may be
directing attention externally, i.e., to the fixation “+,” during the maintenance period rather
than directing attention internally, as anticipated. If so, these results are another indicator of
age-specific strategic shifts to compensate for alcohol’s effects on inhibitory processes.

In a second study, this group (Lewis, Boissoneault, Frazier, & Nixon, 2016) compared FTP
and PAP during simulated driving. FTP was again insensitive to alcohol or age by alcohol
interactions. As predicted, there was a significant age by dose interaction for PAP. The age
by dose interaction shown in Fig. 4 reflects significant age-related divergence. Under low
dose conditions, PAP was reduced in the younger group, presumably reflecting greater
attention to external objects/events, as would be anticipated during driving. For older adults,
PAP in both alcohol conditions was higher than it was for the placebo group. Although
speculative, the pattern suggests that older adults receiving alcohol disproportionately
engaged inhibitory processes, perhaps to minimize the influence of distractors in the
environment. Taken together, these studies reflect age-specific shifts in neural patterns
underlying attention and WM memory that can be observed at both peak BrAC and at much
lower alcohol concentrations.

3.4 Summary/limitations

As a whole, these studies illustrate an age-related vulnerability to the acute effects of
alcohol. The results are of particular importance for several reasons: (a) The targeted peak
BrACs were consistent with drinking levels achieved in typical social settings by moderate
drinkers; (b) Age-related vulnerabilities were obtained with a very healthy sample where
selection criteria were determined by the intent to assess age and alcohol interactions—
without confounds associated with common age-related disorders. Thus, one might
anticipate that the effects would be more robust if less healthy adults were selected. (c) Age
by alcohol interactions were observed with an older sample that did not exceed age 70; (d)
The interaction was obtained at peak and on both limbs of the BrAC curve, and (e) The age-
related sensitivity was observed at doses producing no effect in younger adults. Whether
processing of relevant (i.e., attending) vs. irrelevant (i.e., ignoring) information is
differentially affected is unclear and demands further study. It is also noteworthy that
alcohol’s effects in the older cohort were not uniformly negative. For some tasks and some
doses, the older group benefitted.

In summary, the primary findings across this developing research are diverging patterns of
alcohol effects between young and older healthy non-problem drinkers, obtained at socially
relevant alcohol doses and observable in both behavior and neural activation patterns. These
effects cannot be attributed to age differences in pharmacokinetics. As shown in Fig. 1, the
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alcohol metabolism curves are virtually identical for the two age groups. Neither do age
differences at baseline account for the differences after alcohol consumption. Thus, the
outcomes appear to arise from age-related vulnerability to the acute effects of alcohol
consumption, i.e., an age by alcohol interaction.

Most of the published work on age by alcohol interactions explores attention and WM
processes; i.e., neurobehavioral processes modulated by the prefrontal cortices and their
networks. The driving studies extend the work to more ecologically valid settings, but again,
study design has been largely directed to disentangling the impact on directed attention.
Research targeting other neurobehavioral domains, functions and measurement methods are
needed. Relatedly, with the exception of the spectral power studies, little attention has been
directed to identifying mechanisms. For example, given the work indicating age and alcohol
related changes in eye-tracking and the impact of these shifts on performance, programmatic
study of this (and other) potential mediators and moderators is needed. Finally, greater
emphasis must be placed on systematic study of sex differences in response to alcohol across
the adult lifespan.

4. Conclusions/future directions

Overall, this review demonstrates the challenges of drawing conclusions regarding the
impact of moderate drinking lifestyles and the bouts of drinking that constitute such
lifestyles. In this review, we focused on two peripheral systems, cardiovascular health and
T2D. They were selected given the prevalence of related health conditions in older adults as
well as the fact that several seminal epidemiological and large sample studies have been
reported. Furthermore, and of current relevance, cognitive change is often noted as a
consequence of compromise in both systems.

Despite the depth and breadth of current research, robust conclusions of risk vs. benefit are
often elusive. As noted in text and illustrated in Table 2A and 2B, some outcomes, e.g., a
benefit of moderate drinking on risk for ischemic stroke, are commonly observed, but such a
benefit does not fully generalize to other cardiovascular conditions. For T2D, a moderate
drinking lifestyle is linked to lower risk, but the dose-response benefit applies differentially
to women. Critically, the shape of the relationship between alcohol dose and outcomes varies
across the two conditions. This finding is highly relevant given the fact that T2D and CVD
may be interrelated, at least in some cases.

In reviewing the impact of moderate drinking on neurobehavioral outcomes (see Table 3),
conclusions must also be qualified. Moderate drinking appears to, at least modestly, be
associated with better cognitive performance, but its impact on rate of decline is unclear with
some work showing not only decline in function but increased mortality at ages as young as
40. Finally, the question of whether moderate drinking alters risk for dementia remains
incompletely resolved and may await more effective ways of differentiating dementias and
their etiology.

There are methodological differences that may contribute to differences across studies
including varying definitions of moderate drinking, measurement of/accounting for
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intervening variables, and the real-world relevance of the dependent/outcome variables (e.g.,
ecological validity of cognitive tests). Beyond drinking pattern and health condition, other
sources of individual variability are accounted for and/or mitigated by study design and
sample sizes. That said, commonly ignored individual variables may not only influence the
baseline risk for health conditions, but also modulate alcohol’s effects on disease onset and
progression. Alternative models explicitly extracting additional neurobiological and socio/
environmental factors may facilitate more effective identification of differential risk and
enable more effective prevention and intervention efforts.

In contrast to the large literature on moderate drinking lifestyles, only recently, and in
limited contexts, has there been programmatic attention directed to the effects of relevant
doses of alcohol in older adults. Accepting these caveats, the developing literature suggests
that healthy older and younger moderate drinking adults differ little in their neurocognitive
performance under placebo conditions, yet show divergent patterns under active alcohol
conditions. Importantly, these differences have been observed in both laboratory tasks and
simulated driving and using behavioral and neurophysiological measures. Although some
data suggest that older women may be particularly sensitive to low/moderate alcohol doses,
these results must be replicated and explored in other tasks. This work is provocative and
identifies vulnerability in cognitive control systems. It does not, however, address the
question of whether those individuals with the greatest age-related vulnerability are at higher
risk, with continued moderate drinking for age-related neurobehavioral compromise. This
critical question requires the conduct of longitudinal studies across which changes in the
effects of acute alcohol and moderate drinking lifestyles can be simultaneously ascertained.
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Fig. 1.

Breath alcohol concentrations (BrACs) across time. BrACs (Means £SE) for older (55-70)
and younger (25-35) healthy, moderate drinking men and women. No age or sex effects are
indicated. As expected, the moderate dose (targeted peak BrAC=0.065g/dL) produced higher
BrACs.
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Efficiency ratios for working memory (WM) performance. Age-contingent alcohol effects
on WM (Means +SE). For hit efficiency (triangles), low dose alcohol benefitted older adults
(open symbols) relative to placebo (£=0.03). Younger adults were unaffected by alcohol.
For CRs (circles), older adults exhibited a dose related decline (£=0.04, at moderate dose).
There was an opposite trend for younger adults (£=0.07). Data reported in Boissoneault, J.,
Sklar, A., Prather, R., & Nixon, S. J. (2014). Acute effects of moderate alcohol on
psychomotor, set shifting, and working memory function in older and younger social
drinkers. Journal of Studies on Alcohol and Drugs, 75(5), 870-879.
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Grand average P3 waveform: Covert visual attention task. Grand average P3 waveform
observed in covert visual attention task, differentiated by age and dose (only low and
placebo doses used). Data shown were obtained from occipital midline scalp electrode, with
similar patterns obtained at the midline parietal site. For older adults, alcohol significantly
dampened P3 amplitude (P=0.048) and extended P3 latency (£ <0.001), relative to placebo.
Younger adults were not impacted by dose. Figure republished with permission from Lewis,
B., Boissoneault, J., Gilbertson, R., Prather, R., & Nixon, S.J. (2013). Neurophysiological
correlates of moderate alcohol consumption in older and younger social drinkers.
Alcoholism, Clinical and Experimental Research 37(6), 941-951; Copyright John Wiley and
Sons, Inc.
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Fig. 4.

Pogsterior alpha power (PAP): WM maintenance and simulated driving. Posterior alpha
power (PAP) obtained during WM maintenance processing (circles) and simulated driving
(triangles). Under alcohol conditions, older (open symbols) and younger (filled symbols)
adults demonstrated divergent patterns of neural activity. WM: alcohol-related increase in
younger adults was anticipated (placebo vs. low: £=0.002). Older group produced opposite
pattern (placebo vs. low: £=0.02). In the drive, PAP was reduced alcohol for younger adults
(placebo vs. with low: £=0.026); in the older group, there was an opposite effect (placebo
vs. low: £=0.075). Task-related PAP differences at placebo were consistent with
performance demands. Data reported in Boissoneault, J., Frazier, 1., Lewis, B., & Nixon, S.J.
(2016). Effects of age and acute moderate alcohol administration on electrophysiological
correlates of working memory maintenance. Alcoholism, Clinical and Experimental
Research 40(9), 1874-1883 and Lewis et al., 2016, respectively.
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Table 1

Hazard ratio (HR)

Estimates of risk for a given condition (e.g., ischemic stroke) given exposure (e.g., moderate drinking) over time.
Commonly reported in survival analyses.

Odds ratio (OR)

Comparison of the ratio of persons who were vs. those who were not exposed (e.g., moderate drinkers vs. non-drinkers)
among persons with a known outcome (e.g., those who experienced ischemic stroke). OR’s <1.0 reflect reduced risk,
OR >1, greater risk. Text identifies significance vs. non-significance.

Relative risk/Risk
ratio (RR)

Probability of a disease outcome (e.g., presence or absence of ischemic stroke) among those exposed (e.g., moderate
drinkers). Parameters same as OR.
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Table 4
Section 3 glossary.
Cognitive efficiency References interplay of accuracy and response time in performance. Here, reflected as an efficiency ratio: %
accurate/mean RT (for accurate responses)
Hit efficiency Efficiency in correctly identifying target stimuli
Correct rejection (CR) Efficiency in correctly identifying stimuli as novel, i.e., not presented previously (non-targets)
efficiency
Working memory (WM) Neurobehavioral processes underlying manipulation of co-occurring stimulus streams/information sources.

WM & selective attention rely on top-down cognitive control for differential processing of relevant vs.
irrelevant information.

Neurophysiological methods Here, non-invasive EEG methods assessing event related shifts (event related potentials; ERPs) and neural
oscillations. The latter are reported in units (db) of spectral power, reflecting the degree to which a specific
EEG frequency (e.g., alpha) is observed within a given time window
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