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Abstract

Background.—Impairments in inhibitory control and its underlying brain networks (control/

salience areas) are associated with substance misuse. Research often assumes a causal substance 

exposure effect on brain structure. This assumption remains largely untested and other factors 

(e.g., familial risk) may confound exposure effects. We leveraged a genetically-informative sample 

of 24-year-old twins and a quasi-experimental cotwin control design to separate alcohol or 

cannabis exposure effects during emerging adulthood from familial risk on control/salience 

network cortical thickness.

Methods.—In a population-based sample of 436 24-year-old twins, dimensional measures of 

alcohol and cannabis use (e.g., frequency, density, quantity, intoxications) across emerging 

adulthood were assessed. Cortical thickness of control/salience network areas were assessed using 

MRI and defined by a fine-grained cortical atlas.

Results.—Greater alcohol, but not cannabis, misuse was associated with reduced thickness of 

prefrontal (e.g., dorso/ventrolateral, right frontal operculum) and frontal medial cortices, as well as 

temporal lobe, intraparietal sulcus, insula, parietal operculum, precuneus, and parietal medial 

areas. Effects were predominately (pre)frontal and right lateralized. Cotwin control analyses 

suggested the effects likely reflect both the familial predisposition to misuse alcohol, and 

specifically for lateral prefrontal, frontal/parietal medial, and right frontal operculum, an alcohol 

exposure effect.

Conclusions.—This study provides novel evidence that alcohol-related reductions in cortical 

thickness of control/salience brain networks likely represent the effects of alcohol exposure and 
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premorbid characteristics of the genetic predisposition to misuse alcohol. The dual effects of these 

two alcohol-related causal influences have important and complementary implications regarding 

public health and prevention efforts to curb youth drinking.
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Introduction

Substance misuse is a leading concern for young adults. Alcohol and cannabis are the two 

most commonly used recreational substances among emerging adults aged 18 to 25; 

according to a 2018 United States national survey (1), approximately 55% were regular 

drinkers, 17% of those were heavy drinkers, and 35% were cannabis users. Emerging 

adulthood is an important developmental period with continued changes in structural brain 

development (2,3) (particularly in various prefrontal cortex [PFC] areas) occurring alongside 

peak lifetime levels of alcohol and cannabis (mis)use (4,5). This may create a vulnerable 

period where the structure (e.g., cortical thickness) of the still-developing young adult brain 

is particularly sensitive to deleterious effects of alcohol or cannabis exposure.

Impairments in inhibitory/cognitive control, salience/ventral attention, and their proposed 

brain-based substrates reflect core attributes of substance misuse (6–9). Cortical grey matter 

reductions are observed across several forms of substance use in regions such as the 

dorsolateral PFC, anterior cingulate/frontal medial cortex, insula, and temporal cortex (7,10–

12). All of these areas have been implicated in specific large-scale cortical networks (13) 

thought to support cognitive control (e.g., behavioral adaptation) and salience (e.g., ventral 

attentional orienting toward salient stimuli) processes (14–17), which are ‘two sides of the 

same (inhibitory control) coin’ (18,19). Individual differences in the structure of control/

salience areas may reflect neural substrates of substance-related deficits in inhibitory control 

(20). The greatest effects on cortical grey matter structure are typically observed for alcohol, 

with less consistent findings for cannabis (21,22). Recent studies report alcohol-specific 

cortical grey matter reductions but no evidence for cannabis-specific effects (11,23), though 

others report decreases in certain prefrontal areas (e.g., anterior cingulate; (24)). 

Contributing to the lack of cannabis findings in prior work may be the use of limited 

phenotypes (e.g., use vs. no use) or small samples (typically N < 100).

Research has often assumed a causal deleterious exposure effect of alcohol, cannabis, or 

other substance use on control/salience brain networks (25,26). Experimental non-human 

primate models suggest that alcohol exposure during the rhesus macaque equivalent of 

young adulthood causes grey matter shrinkage (27,28). Prospective studies of genetically-

unrelated adolescents have reported accelerated decline in frontal grey matter after drinking 

initiation (29–31). This is often explicitly or implicitly interpreted as reflective of an 

exposure effect, however, those who misuse substances typically differ from those who do 

not on important characteristics that may influence both substance use and brain outcomes 

(32,33). Rather than reflecting exposure, substance-related brain anomalies may instead be 

due to familial risk (e.g., genetic liability, rearing environment) influences. For example, 
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high-risk adolescents with a family history of alcohol use disorder exhibit reduced thickness 

in right frontal regions (34), suggesting a premorbid risk effect. Despite significant public 

health implications (e.g., policy decisions, targeted prevention efforts), there remains a lack 

of evidence separating these sources of causality related to alcohol and cannabis use on the 

emerging adult brain. This is largely because the overwhelming majority of prior research is 

correlational in nature and has been unable to disentangle familial risk from exposure. Novel 

research designs approximating true experiments (35,36) are needed in human research to 

make stronger causal inferences regarding the effects of alcohol and cannabis on the 

structure of control/salience brain networks.

One such research design is the cotwin control (CTC) analysis (37,38), a “natural” quasi-

experiment that uses twins as ideal genetic and shared environmental controls, to more 

appropriately and stringently evaluate for causal alcohol/cannabis exposure effects 

(unconfounded by familial influences) than is possible with cross-sectional or longitudinal 

studies of genetically-unrelated individuals. In this design, outcomes of the lesser-using twin 

provide a close approximation of the expected outcomes for the heavier-using twin had they 

had less exposure (e.g., used less alcohol or cannabis). For example, if reduced thickness of 

control/salience network areas reflects a substance-related exposure effect, the heavier-using 

twin would be expected to have decreased thickness relative to their lesser-using cotwin. In 

contrast, if familial risk accounts for the observed association, thickness should be 

comparable between the cotwins.

The current study was designed to address this important gap in the literature by testing the 

causal relationship between alcohol and cannabis (mis)use in emerging adulthood and 

thickness of control and salience networks in a large population-based, etiologically-

informative sample of 436 24-year-old twins. Of primary interest was the use of the CTC to 

separate familial risk influence from exposure effects on cortical thickness.

A secondary interest of this study was to provide greater localization of alcohol/cannabis 

effects relative to most prior work in this area that used brain atlases to segment the cortex 

into a small number of spatially large/coarse areas based solely on structural boundaries 

(e.g., Desikan-Killiany atlas (39)). To make more nuanced inferences regarding the spatial 

localization and potential functional significance of any observed alcohol/cannabis effects, 

we used a recent empirically derived atlas (40) to define fine-grained cortical areal 

boundaries within specific spatial networks clustered within well-established functional 

systems (13). This approach is well suited to this study because it allowed us to select a 

priori cortical areas of interest within predefined control/salience networks related to 

response inhibition.

Given prior work, we hypothesized that substance misuse across emerging adulthood would 

be associated with reduced thickness in control/salience network areas including the 

dorsolateral/ventrolateral prefrontal cortex, anterior cingulate/medial frontal cortex, and 

insula, all of which are central to neurocognitive models of inhibitory/cognitive control, 

salience detection (18,41,42), and substance misuse (8,20). Greater individual-level 

phenotypic associations were expected for alcohol than cannabis based on previous work 

suggesting a strong link between alcohol and grey matter reductions and less consistent 
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findings for cannabis-specific effects (11,22,23). For all significant associations, we tested 

whether associations differed between sexes given suggestive evidence of an increased 

liability for substance-related effects in women (43–46) and the need for more well-powered 

neuroimaging studies evaluating substance-related sex differences (8). Follow-up CTC 

analysis models were conducted for significant alcohol or cannabis phenotypic associations 

to assess the relative contribution of familial risk (e.g., genetic propensity) and potential 

exposure-related effects on cortical thickness.

Methods and Materials

Sample

Participants were same-sex twins assessed at the target age of 24 from the population-based 

Minnesota Twin Family Study Enrichment Sample (47). By design (participants were able to 

complete in-person MRI assessments; met standard MRI safety exclusions), 441 individuals 

underwent structural MRI scans. Four individuals with clinically significant brain anomalies 

(determined by a clinical radiologist) and one with coil failure during scanning were 

excluded. The final sample contained 436 individuals (age: mean [SD] = 24.3 [0.8] years; 

254 women) from 120 complete MZ pairs (i.e., 240 MZ twins), 30 unpaired MZ twins, 66 

complete DZ pairs (i.e., 132 DZ twins), and 34 unpaired DZ twins. See Supplemental 

Section S1 for racial composition. The authors assert that all procedures contributing to this 

work comply with the ethical standards of the relevant national and institutional committees 

on human experimentation and with the Helsinki Declaration of 1975, as revised in 2008.

Substance use assessment

Substance use history was assessed by trained interviewers using an expanded version of the 

Substance Abuse Module of the Composite International Diagnostic Interview (48). 

Measures used in this report were dimensional index scores of alcohol and cannabis use 

(e.g., frequency; quantity; intoxications) designed to capture variations in normative patterns 

of alcohol/cannabis exposure (i.e., spanning no use to heavy misuse) across emerging 

adulthood in this population-based sample. This approach has been used in several other 

studies from our group (49–54).

A drink index (55) (possible range: 0.00–5.75) was derived by taking the average of four 

dimensional alcohol use items: frequency of drinking (last seven years); typical number of 

drinks per occasion (quantity; last seven years); maximum number of drinks consumed in 24 

hours (last seven years); and number of intoxications (lifetime) (Cronbach’s α = 0.78; 

average pairwise r = 0.47, range = 0.22–0.61). A cannabis index (possible range: 0.00–5.00) 

was derived by taking the average of two dimensional cannabis use items (both last seven 

years): frequency of use; number of uses (pairwise r = 0.94). See Table S1 for details.

MRI acquisition and processing

Acquisition parameters are detailed in Supplemental Section S2.

All images were normalized and manually reviewed for artifacts/structural anomalies prior 

to processing in Freesurfer (version 5.3.0) (56,57) and segmentation according to the 400-
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area cortical parcellation atlas from Schaefer et al. (40) mapped to the 17-networks from Yeo 

et al. (13).

For our study, analyses were restricted to cortical thickness of areas with functional/

anatomical relevance to prominent models of inhibitory/cognitive control and salience 

detection (15,17,42,58) and neurobiological models of substance use/addiction (8). As 

shown in Figure 1, cortical thickness from 112 individual areas of the control and salience/

ventral attention networks were calculated for analysis.

Statistical analysis

Linear mixed models (LMMs; (59)) were fit in R (60) with Kenward-Roger approximated 

denominator degrees of freedom (61) and random intercepts at the family level to adjust for 

within-twin-pair correlations in dependent measures. All models included sex, age, zygosity, 

scanner, and acquisition software as covariates.

First, we tested the individual-level phenotypic associations between drink or cannabis index 

scores (independent variable) and thickness of each area (dependent measure). Comparisons 

across the 112 areas were adjusted using a false discovery rate (FDR) (62,63) at q-value < 

0.05 (64). For significant associations, sex-related differences were tested by adding a sex 

(coded for women) by drink/cannabis index interaction term.

For each significant effect, follow-up CTC analyses (37) evaluated causal exposure and 

familial risk effects. Outcomes (e.g., thickness) were compared between members of a twin 

pair; if a twin used alcohol (or cannabis) more than their cotwin, the outcome of the lesser-

using twin provides a close approximation of the expected outcome (unobserved 

counterfactual (65)) for the heavier-using twin had she/he used less. The index score was 

decomposed into two orthogonal components: (1) the twin-pair mean score (between-pair 

effect), indexing all familial risk influences (genetic; shared environmental), whether 

measured or unmeasured, holding constant twin differences in drinking; and (2) an 

individual’s deviation from their respective twin-pair mean (within-pair effect), reflecting 

the nonshared environmental substance exposure effect (66). A significant between-pair 

effect would be consistent with familial risk influencing both use and thickness. A 

significant within-pair effect would be consistent with the potential effect of alcohol (or 

cannabis) exposure (unconfounded by all measured and unmeasured familial factors 

influencing use (66)) on thickness. A zygosity by within-pair interaction compared the 

magnitude of within-pair effects between MZ (100% genetic control) and DZ (50% genetic 

control) twins; statistically comparable MZ/DZ effects would be strongly consistent with an 

exposure effect (37).

Results

Alcohol and cannabis use scores

Descriptive statistics for the drink and cannabis index scores are presented in Table 1. There 

were moderate familial influences and substantial within-pair differences in alcohol/

cannabis exposure, which supported the use of the CTC analysis in this sample. See 

Supplemental Section S3 for further details.
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Individual-level analyses

As reported in Table 2 and shown in Figure 2, greater drinking index scores were 

significantly associated with reduced thickness in 31 cortical areas after FDR adjustment 

(see Table S2 for all results). Significant associations were found for the control network 

right dorsolateral PFC, precuneus, and temporal lobe; left medial posterior PFC; and 

bilateral lateral PFC, ventrolateral PFC, and intraparietal sulcus. Significant salience 

network areas were the right frontal operculum, insula, ventrolateral and medial posterior 

PFC, and parietal medial cortex; left lateral PFC and parietal operculum; and bilateral 

frontal medial. The majority of effects were right lateralized (65%) and located in 

(pre)frontal areas (68%). For all 31 areas, the alcohol effects did not statistically differ as a 

function of sex (interaction p-values range: 0.0806–0.9956).

For cannabis, only three areas were nominally significant at p < 0.05 and none survived FDR 

adjustment (see Figure 2, Table S3).

Alcohol-thickness associations were by and large robust to the inclusion of various potential 

confounders (e.g., psychopathology, trauma; Supplemental Section S4, Table S4–5).

Post-hoc analyses tested whether cortical thickness deviations in areas showing significant 

alcohol use relate to behavioral disinhibition, where positive findings would suggest a link 

between cortical thickness, disinhibitory traits, and drinking. Behavioral disinhibition was 

nominally associated (p < 0.05) with reduced thickness in four salience network areas 

(frontal medial, parietal medial, insula, frontal operculum cortex) (Supplement Section S5, 

Table S6); however, while all tests were in the expected direction (greater externalizing – 

decreased thickness), small effect sizes precluded significance after FDR adjustment.

Cotwin control analysis of alcohol use

As reported in Table 3, the between-pair effect (reflecting familial influences shared by 

cotwins) had a significant negative association with thickness in nearly all areas. The within-

pair effect (reflecting nonshared environmental exposure unconfounded by familial 

influences) had a significant negative association with the control network lateral PFC, and 

the frontal medial, frontal operculum, and parietal medial areas of the salience network. That 

is, after adjusting for all measured and unmeasured sources of potential familial risk 

affecting these brain outcomes, heavier-drinking twins showed decreased thickness of the 

lateral PFC, frontal/parietal medial cortex, and frontal operculum relative to their lesser-

drinking cotwins. Although in the expected negative direction, neither the salience network 

insula nor the ventrolateral PFC produced significant within- or between-pair effects. 

Scatterplots for three illustrative sets of CTC effects are depicted in Figure 3. Consistent 

with expectations for a within-pair effect (37), the MZ and DZ within-pair effects were 

statistically equivalent (in all cases, the zygosity by within-effect interaction terms were non-

significant [p-values ≥ 0.1379]).

The CTC design controls all shared confounders but cannot control for individual-specific 

unshared factors that may confound within-pair effects. Supplemental analyses indicated 

that the observed within-pair effects are robust and cannot be attributed to the heavier-
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drinking twins differing from the lesser-drinking twin on potentially confounding unshared 

factors (e.g., internalizing, externalizing, trauma history) (Supplemental Section S6).

To complement the CTC, supplemental etiologically-informative bivariate biometric models 

were fit to test whether significant familial (between-pair) effects are better explained by 

genetic vs. shared environmental influence and to calculate the relative genetic/

environmental contributions to alcohol-thickness phenotypic correlations (see Supplemental 

Section S7 for details). Results suggest that additive genetic influences, not shared 

environment, underlie the familial associations observed between drinking and thickness 

(Table S7). As shown in Figure 4, genetic influence was the largest contributor to phenotypic 

correlations across a majority of areas, consistent with the ubiquity of significant between-

pair effects. Turning to areas with significant between-pair and within-pair effects, the 

control network lateral PFC phenotypic correlation was largely explained by nonshared 

environmental influence, whereas salience network frontal/parietal medial effects were 

primarily driven by genetic contribution in the context of significant nonshared 

environmental influence.

Overall, the pattern of etiologically-informative results suggest that the observed alcohol 

effects likely reflect both the brain manifestation of the genetic predisposition to misuse 

alcohol, and specifically for control network lateral PFC, and salience network frontal 

medial cortex, parietal medial cortex, and frontal operculum areas, an alcohol exposure 

effect.

Discussion

The current report investigated the causal association between alcohol and cannabis use 

during emerging adulthood and cortical thickness of control and salience brain network 

areas related to inhibitory control in a large population-based sample of 24-year-old twins. 

While associations between grey matter reductions in various cortical regions implicated in 

cognitive control and salience processes (e.g., PFC, insula, cingulate cortex) and alcohol use 

(to a lesser extent, cannabis use) have been documented, the causal nature of these 

associations has remained largely unknown. Using a quasi-experimental CTC analysis that 

builds on other work using the CTC (67), the present study provides important novel 

evidence regarding the potential exposure-related consequences of alcohol use on the 

emerging adult brain in a field where true experimentation is often unfeasible.

Using dimensional measures to capture several complementary aspects of alcohol exposure 

across the emerging adulthood period, the current study supports previous findings of 

alcohol-related reductions in a collection of areas implicated in cognitive control and 

salience processing (11,23,26). We observed that greater scores on the drink index 

(indicative of increased alcohol misuse) were associated with decreased thickness in a 

collection of subregions spanning the frontal and association cortices, including lateral, 

dorso/ventrolateral, and medial posterior aspects of the bilateral PFC, right frontal 

operculum and insula, frontal medial cortex, and the intraparietal sulcus (among others). 

Collectively, these regions are thought to contribute to flexible behavioral adaptation and 

salience detection processes to facilitate successful inhibitory/cognitive control (16,17,68). 
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Effects were predominantly right-lateralized, which is interesting given evidence that 

inhibitory control is strongly right-lateralized (18). Evidence suggests that specific areas 

(i.e., frontal medial; precuneus; frontal operculum) related to alcohol use in this report 

reflect structural and functional hubs that play a central role in information transfer and 

higher-order cognitive functioning (69), while others, particularly the right frontal 

operculum, have preeminent roles in successful inhibitory control (17). Individual 

differences in these areas may result in a decreased ability to detect the need for control 

(e.g., frontal medial cortex), which as a result, could lead to a decreased likelihood that 

prefrontal areas (e.g., frontal operculum, insula, lateral PFC) will be recruited to initiate the 

‘braking’ system to pause or outright suppress an inappropriate response (18,68), which may 

contribute to the impulse control problems often observed in alcohol/substance misuse 

(7,20,32,33,70). Interestingly, frontal medial, parietal medial, insula, and frontal operculum 

thickness were nominally associated with disinhibitory externalizing traits, offering some 

preliminary support for this interpretation. However, small effect sizes precluded 

significance robust to FDR adjustment and further work in larger samples is needed to more 

strongly link alcohol-related cortical thickness variations and problematic behaviors. 

Contrary to some prior work suggesting more pronounced alcohol-related grey matter 

reductions in women (10,44,46), alcohol-thickness effects were statistically comparable 

between sexes in this relatively large sample.

No significant associations between cannabis use and thickness were observed. The lack of 

cannabis-specific effects is consistent with literature reviews (21,22), large sample studies 

(11,23,71), and evidence that observed cannabis effects may be accounted for by comorbid 

alcohol (72,73). As noted elsewhere (23,74), previous null/inconclusive findings may be 

partially due to limitations/variations in cannabis use assessments across studies (e.g., users 

vs. non-users; past 30-day use). However, even with a measure capturing both frequency and 

amount of cannabis use across emerging adulthood, we did not find any associations with 

control or salience network cortical thickness. We noted that there is evidence that cannabis 

use is associated with decreased volume of the hippocampus, ventral striatum, nucleus 

accumbens, and amygdala (71,74); perhaps cannabis is most strongly associated with 

structures containing high densities of endocannabinoid receptors, such as the 

aforementioned subcortical areas (22).

Evidence from the CTC design suggested a causal effect of alcohol exposure (within-pair 

effect) on the thickness of the lateral PFC, frontal medial, parietal medial, and frontal 

operculum areas. After controlling for all sources of potential familial confounding shared 

by members of a twin pair, thickness reductions in these areas were observed in twins who 

drank more relative to their lesser-drinking cotwin. This is consistent with the interpretation 

that alcohol exposure in emerging adulthood confers a detrimental effect to the structure of 

inhibitory/cognitive control and salience/ventral attention brain networks. Exposure effects 

appear to develop as early as age 24; emerging adulthood may represent a ‘window of 

vulnerability’ for the deleterious consequences of alcohol exposure on the still-developing 

young adult brain. If confirmed through further research, the finding that even normative 

levels of alcohol use during emerging adulthood produce exposure effects on key brain 

networks of response inhibition, cognitive control, and salience processing has potentially 

significant public health implications given the ubiquity and high rates of alcohol use during 
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this developmental period (1). Given evidence that the frontal medial cortex plays a central 

role in inhibitory/cognitive control by detecting the need for behavioral adaptation (salience/

ventral attention processes) then broadcasting that signal to recruit lateral prefrontal/frontal 

operculum regions to execute control/inhibition processes (16,17,75), the observed 

exposure-related changes in these three particular areas may reflect brain-based correlates/

mediators of alcohol-related disinhibition (see Supplemental Section S5).

In addition, we also observed alcohol effects in the CTC analysis that are likely not due to 

drinking, but instead reflect the brain-based expression of the genetic vulnerability to misuse 

alcohol (between-pair effect). The same genetic risk factors that influence drinking also 

appear to influence the thickness of nearly all control/salience brain areas associated with 

drinking in this study, and individual differences in these areas likely reflect premorbid 

characteristics that would be observed prior to, and confer risk for, drinking escalation. As 

no evidence was found for a cannabis-related risk signal, effects likely reflect genetic risk 

for alcohol use specifically. Because alcohol misuse is comorbid with the externalizing 

spectrum (32,33), individuals with these brain-based predispositions may also at heightened 

risk for other negative outcomes including addiction, illicit drug use, and antisocial behavior. 

Recent evidence suggests only partial genetic overlap between alcohol use disorder (AUD) 

and alcohol use (76,77); it is unclear whether these familial effects would extend to AUD.

Similar findings have been reported in a high-risk offspring study (34) and an independent 

sample of adolescent twins (52), where the strongest evidence was for alcohol-related 

familial risk causing reduced grey matter volume/thickness. A recent study (67) reported 

evidence for a genetic relationship between drinking and dorsolateral PFC volume in a 

sample spanning adolescence to middle age, agreeing with our findings. However, the two 

aforementioned studies using CTC and discordant twin/sibling designs, respectively, did not 

find strong evidence for an exposure effect, whereas the current report did. This may be due 

to several factors, including our hypothesis-driven focus on the narrow developmental period 

of emerging adulthood and rich phenotyping of alcohol use during that timeframe that made 

this study well suited to identifying exposure effects. Seeing as the current report observed 

both familial and exposure effects on the brain, more research should focus on emerging 

adulthood as a vulnerable period for insults to the still-developing young adult brain.

A major strength of this study is its potential generalizability to the community at large 

through use of a population-based representative sample of 24-year-old emerging adults 

whose level and range of drinking (and cannabis use) is comparable to that observed in the 

general United States population (1). The twin sample strengthened our ability to draw 

stronger inferences regarding the causal nature of alcohol-related structural brain deviations 

than the typical cross-sectional or prospective study of unrelated individuals. However, there 

are limitations to the current work. Measurement error in the exposure can attenuate within-

pair effects more strongly than individual-level effects (37), meaning the observed within-

pair effects may be underestimated. While potentially relevant unshared confounders had 

minimal impact on the observed within-pair effects, the full extent of other unshared 

confounders is unknown. Results offer evidence consistent with an alcohol exposure effect 

but do not necessarily imply direct neurotoxicity. The role of additional substances cannot be 

excluded; however, there is a lack of evidence for non-alcohol-related substance-specific 
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effects (e.g., unique to stimulants) on thickness (11). Future work will benefit from 

exploring other complementary measures (e.g., surface area, density) and using prospective 

genetically-informative samples to understand how alcohol may impact normative cortical 

developmental trajectories. This sample was designed to reflect the demographics of 

Minnesota in the target birth years and is predominantly White/Caucasian; replication is 

needed in diverse samples. Potential causal effects of prolonged heavy alcohol or cannabis 

exposure on other cortical areas cannot be ruled out.

Results suggest that premorbid cortical thickness reductions in control and salience brain 

regions related to inhibitory control may predispose an individual toward alcohol misuse 

during emerging adulthood, which then confers an additional alcohol exposure effect on 

certain cortical areas. Both the exposure and genetic risk effects reported in this report have 

important implications in terms of etiological/developmental models of alcohol misuse, 

public health policy, and targeted preventions. A potential consequence of these dual 

alcohol-related causal effects is that efforts should be focused on both a) reducing emerging 

adult drinking to prevent the development of exposure effects on the brain (e.g., public 

health messaging), and b) targeting individuals with the brain-based predisposition 

(endophenotypes; (78,79)) toward alcohol misuse to help identify and intervene with high-

risk individuals before they begin drinking. Results may be used to inform neuromodulation/

cognitive-behavioral training interventions to target these particular alcohol risk/

consequence areas (80) and future work on the premorbid brain-based predictors of 

substance use development using longitudinal twin designs (e.g., Adolescent Brain 

Cognitive Development study; (81)).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The 400-area cortical parcellation from Schaefer et al. (2018) displaying the 112 areas 

within the three control networks (A, B, and C) and two salience networks (A and B) chosen 

for analysis in the current report. Each area is identified by a specific shade of its network 

color (assigned based on the networks from Yeo et al. (2011)), and the numbers for each 

area correspond to the assignment from the Schaefer et al. (2018) atlas. For example, the 

four right hemisphere frontal medial areas within the Salience A network are colored in dark 

purple. Areas in grey are not members of the control/salience networks and were not 
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analyzed in this report. Figure was created using the ggseg (82) R package. Abbreviations: 

Cing, cingulate; m, medial; IPS, intraparietal sulcus; PFC, prefrontal cortex; d, dorsal; l, 

lateral; v, ventral; Temp, temporal; IPL, inferior parietal lobule; p, posterior; pCun, 

precuneus; FrMed, frontal medial; FrOper, frontal operculum; Ins, insula; ParMed, parietal 

medial; ParOper, parietal operculum; PrC, precentral gyrus; OFC, orbitofrontal cortex.
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Figure 2. 
Association between cortical thickness and alcohol or cannabis use. [A] Brain maps plotting 

the significance (false discovery rate [FDR]-adjusted −log10(q) values; larger value = 

greater significance/smaller q-value) of the drink index effect for each area. Greater alcohol 

use was associated with decreased thickness in a collection of prefrontal cortex (lateral 

[PFCl], dorsolateral [PFCld]; ventrolateral [PFClv]; medial posterior [PFCmp]), frontal 

operculum (FrOper), and frontal medial cortex (FrMed) areas. Significant alcohol effects 

were also found in the parietal medial cortex (ParMed), precuneus (pCun), temporal lobe 

Harper et al. Page 17

Biol Psychiatry. Author manuscript; available in PMC 2022 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Temp), insula (Ins), parietal operculum (ParOper), and intraparietal sulcus (IPS). The color 

scaling is such that yellow-red signifies those areas showing a significant negative 

association with drink index scores that survived FDR multiple comparison adjustment, 

whereas blue denotes areas that were not significant/did not survive FDR adjustment. [B] 

The same as A, but for the cannabis index. No effects survived FDR adjustment for cannabis 

use. Note that the coloring of the area labels (e.g., PFCl) corresponds to the network color 

assignments in Figure 1 (i.e., orange = Control A network). Figure was created using the 

ggseg (82) R package.
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Figure 3. 
Partial residual plots of alcohol use and cortical thickness for three illustrative cortical areas. 

The individual-level phenotypic effects (i.e., without regard to twin-pair membership, 

analogous to a standard regression of outcome on exposure) and cotwin control analysis 

within-pair and between-pair effects are depicted along with model fit lines and p-values 

from the linear mixed models of drink index scores on cortical thickness (adjusting for all 

covariates). For the within-pair effects, the model fit lines illustrate that heavier-drinking 

twins (positive within-pair difference scores) exhibited significantly reduced thickness of the 

lateral prefrontal and frontal medial, but not dorsolateral prefrontal, cortices relative to their 

lesser-drinking cotwins (negative within-pair difference scores), consistent with an exposure 

effect (after accounting for all familial confounding; see Methods). For the between-pair 
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scores, model fit lines illustrate the significant relationship between cortical thickness of all 

three areas and the mean level of alcohol use within a twin pair (twin-pair mean score), 

consistent with a premorbid familial risk effect. The visreg R package (83) was used to 

create the figure. Abbreviations: PFCl, lateral prefrontal cortex; PFCld; dorsolateral 

prefrontal cortex; FrMed, frontal medial cortex.
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Figure 4. 
Bar graph of the biometric model-implied phenotypic correlations between drink index 

scores and cortical thickness. Bars are filled according to the relative contribution of genetic 

(dark grey) and nonshared environmental influences (light grey) to the phenotypic 

correlation. See Supplemental Section S7 and Table S7 for details. Whiskers depict 

likelihood-based 90% confidence intervals corresponding to one-tailed, α = 0.05 hypothesis 

tests given expectations set by the individual-level phenotypic linear mixed model results of 

negative phenotypic correlations between alcohol use and thickness. Note that for the 

parietal operculum, because the genetic and nonshared environmental influences were in 

opposing directions (as were the between-pair and within-pair cotwin control effects), their 

relative contributions to the phenotypic correlation are also in opposing directions but still 

sum to the phenotypic correlation. Abbreviations: PFC, prefrontal cortex; IPS, intraparietal 

sulcus; Temp, temporal; pCun; precuneus; FrMed, frontal medial; FrOper, frontal 
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operculum; Ins, insula; ParMed, parietal medial; ParOper, parietal operculum; l, lateral; d, 

dorsal; v, ventral; mp, medial posterior.
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Table 1.

Descriptive statistics for the drink and cannabis index measures.

Measure

Total Sample Men Women

Mean (SD) Range Mean (SD) Range Mean (SD) Range

Drink Index 2.79 (0.97) 0–4.75 3.17 (0.91) 0–4.75 2.52 (0.92) 0–4.50

 Frequency 2.82 (0.83) 0–5.00 3.03 (0.85) 0–5.00 2.67 (0.78) 0–4.00

 Amount 1.59 (0.81) 0–5.00 1.84 (0.86) 0–5.00 1.42 (0.72) 0–5.00

 Max drinks 3.39 (1.22) 0–6.00 3.91 (1.13) 0–6.00 3.01 (1.15) 0–6.00

 Intoxications 3.32 (1.93) 0–6.00 3.86 (1.83) 0–6.00 2.93 (1.91) 0–6.00

Cannabis Index 1.72 (1.76) 0–5.00 2.31 (1.85) 0–5.00 1.30 (1.57) 0–5.00

 Frequency 1.69 (1.78) 0–5.00 2.28 (1.87) 0–5.00 1.28 (1.59) 0–5.00

 Amount 1.75 (1.79) 0–5.00 2.33 (1.87) 0–5.00 1.33 (1.60) 0–5.00

Note: All alcohol and cannabis use scores were greater for men compared to women (p-values < 0.0001).
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Table 2.

Individual-level associations between alcohol use and cortical thickness.

Area Beta (SE) t (df) p-value q-value

Control A

PFCl_1 (r) −0.021 (0.009) −2.321 (403) 0.0208 0.0439

PFCl_4 (r) −0.018 (0.008) −2.388 (404) 0.0174 0.0412

PFCl_2 (l) −0.020 (0.007) −3.063 (421) 0.0023 0.0140

IPS_1 (r) −0.023 (0.010) −2.370 (392) 0.0182 0.0412

IPS_3 (l) −0.022 (0.008) −2.748 (417) 0.0063 0.0260

Control B

PFCld_2 (r) −0.026 (0.010) −2.636 (426) 0.0087 0.0301

PFCld_3 (r) −0.035 (0.012) −3.026 (403) 0.0026 0.0140

PFCld_4 (r) −0.025 (0.010) −2.507 (416) 0.0126 0.0327

PFClv_4 (r) −0.016 (0.007) −2.298 (425) 0.0221 0.0439

PFClv_1 (l) −0.022 (0.009) −2.510 (423) 0.0124 0.0327

PFClv_2 (l) −0.019 (0.008) −2.238 (423) 0.0258 0.0475

PFClv_3 (l) −0.021 (0.008) −2.580 (418) 0.0102 0.0301

PFCmp_1 (l) −0.032 (0.012) −2.686 (428) 0.0075 0.0287

Temp_1 (r) −0.028 (0.012) −2.302 (391) 0.0219 0.0439

Temp_2 (r) −0.048 (0.014) −3.496 (390) 0.0005 0.0080

Control C

pCun_1 (r) −0.035 (0.010) −3.353 (404) 0.0009 0.0087

pCun_4 (r) −0.028 (0.011) −2.578 (414) 0.0103 0.0301

Salience A

FrMed_3 (r) −0.028 (0.013) −2.171 (422) 0.0305 0.0489

FrMed_4 (r) −0.076 (0.015) −4.975 (404) <0.0001 <0.0001

FrMed_2 (l) −0.038 (0.011) −3.285 (421) 0.0011 0.0092

FrMed_3 (l) −0.047 (0.015) −3.135 (413) 0.0018 0.0131

FrOper_2 (r) −0.022 (0.008) −2.596 (428) 0.0097 0.0301

Ins_4 (r) −0.025 (0.011) −2.237 (421) 0.0258 0.0475

ParMed_1 (r) −0.027 (0.009) −3.006 (411) 0.0028 0.0140

ParMed_3 (r) −0.017 (0.008) −2.194 (402) 0.0288 0.0483

ParMed_4 (r) −0.026 (0.007) −3.437 (422) 0.0006 0.0080

ParOper_2 (l) −0.023 (0.010) −2.189 (407) 0.0291 0.0483

Salience B

PFCl_1 (l) −0.025 (0.010) −2.491 (411) 0.0131 0.0327

PFCl_2 (l) −0.018 (0.008) −2.219 (413) 0.0270 0.0480

PFClv_1 (r) −0.026 (0.009) −2.759 (408) 0.0061 0.0260

PFCmp_1 (r) −0.033 (0.009) −3.776 (426) 0.0002 0.0045

Notes: All tests survived false discovery rate adjustment (q < 0.05). The numbers in each parcel name denote the parcel number from the Schaefer 
et al. (2018) atlas (see Figure 2 for a visual depiction), and parentheses denote hemisphere (l, left; r, right).

Abbreviations: PFC, prefrontal cortex; IPS, intraparietal sulcus; Temp, temporal; pCun, precuneus; FrMed, frontal medial; FrOper, frontal 
operculum; Ins, insula; ParMed, parietal medial; ParOper, parietal operculum; l, lateral; d, dorsal; v, ventral; mp, medial posterior.
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Table 3.

Cotwin control analysis between alcohol use (drink index) and cortical thickness.

Cotwin control

Within-pair Between-pair

Area Beta (SE) t (df) p-value Beta (SE) t (df) p-value

Control A

PFCl −0.081 (0.026) −3.096 (185) 0.0023 −0.051 (0.025) −2.059 (179) 0.0409

IPS −0.040 (0.024) −1.629 (185) 0.1050 −0.047 (0.020) −2.348 (179) 0.0200

Control B

PFCld −0.052 (0.032) −1.608 (185) 0.1096 −0.111 (0.031) −3.616 (179) 0.0004

PFClv −0.033 (0.033) −0.964 (185) 0.3363 −0.125 (0.037) −3.390 (179) 0.0009

PFCmp −0.017 (0.019) −0.935 (185) 0.3509 −0.044 (0.018) −2.462 (179) 0.0148

Temp −0.058 (0.039) −1.509 (185) 0.1331 −0.092 (0.028) −3.330 (179) 0.0011

Control C

pCun −0.035 (0.027) −1.319 (185) 0.1888 −0.080 (0.023) −3.430 (179) 0.0007

Salience A

FrMed −0.113 (0.049) −2.285 (185) 0.0234 −0.205 (0.054) −3.825 (179) 0.0002

FrOper −0.031 (0.013) −2.431 (185) 0.0160 −0.012 (0.012) −0.945 (179) 0.3458

Ins −0.021 (0.018) −1.151 (185) 0.2514 −0.018 (0.015) −1.176 (179) 0.2412

ParMed −0.068 (0.027) −2.547 (185) 0.0117 −0.063 (0.026) −2.443 (179) 0.0156

ParOper 0.006 (0.018) 0.349 (185) 0.7278 −0.040 (0.014) −2.845 (179) 0.0050

Salience B

PFCl −0.032 (0.023) −1.411 (185) 0.1599 −0.052 (0.020) −2.560 (179) 0.0113

PFClv −0.027 (0.016) −1.627 (185) 0.1054 −0.025 (0.013) −1.954 (179) 0.0523

PFCmp −0.015 (0.014) −1.065 (185) 0.2881 −0.036 (0.013) −2.806 (179) 0.0056

Notes: Significant effects (p < 0.05) are in bold. Cortical thickness was summed across parcels within the same network and cortical regions that 
showed significant individual-level associations with alcohol (e.g., the three Control A PFCl parcels in Table 2) prior to the cotwin control analysis 
to reduce multiple comparisons.

Abbreviations: PFC, prefrontal cortex; IPS, intraparietal sulcus; Temp, temporal; pCun; precuneus; FrMed, frontal medial; FrOper, frontal 
operculum; Ins, insula; ParMed, parietal medial; ParOper, parietal operculum; l, lateral; d, dorsal; v, ventral; mp, medial posterior.
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