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Abstract
Despite the common co-occurrence of cognitive impairment and brain structural deficits in alcoholism, demonstration of 
relations between regional gray matter volumes and cognitive and motor processes have been relatively elusive. In pursuit of 
identifying brain structural substrates of impairment in alcoholism, we assessed executive functions (EF), episodic memory 
(MEM), and static postural balance (BAL) and measured regional brain gray matter volumes of cortical, subcortical, and 
cerebellar structures commonly affected in individuals with alcohol dependence (ALC) compared with healthy controls 
(CTRL). ALC scored lower than CTRL on all composite scores (EF, MEM, and BAL) and had smaller frontal, cingulate, 
insular, parietal, and hippocampal volumes. Within the ALC group, poorer EF scores correlated with smaller frontal and 
temporal volumes; MEM scores correlated with frontal volume; and BAL scores correlated with frontal, caudate, and pontine 
volumes. Exploratory analyses investigating relations between subregional frontal volumes and composite scores in ALC 
yielded different patterns of associations, suggesting that different neural substrates underlie these functional deficits. Of note, 
orbitofrontal volume was a significant predictor of memory scores, accounting for almost 15% of the variance; however, this 
relation was evident only in ALC with a history of a non-alcohol substance diagnosis and not in ALC without a non-alcohol 
substance diagnosis. The brain-behavior relations observed provide evidence that the cognitive and motor deficits in alco-
holism are likely a result of different neural systems and support the hypothesis that a number of identifiable neural systems 
rather than a common or diffuse neural pathway underlies cognitive and motor deficits observed in chronic alcoholism.
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Introduction

Chronic heavy drinking is associated with cognitive and 
motor deficits, including compromised executive functions, 
memory processes, and balance and gait (for reviews see 
Fama and Sullivan 2014; Le Berre et al. 2019; Oscar-Ber-
man et al. 2014). The pattern and extent of these impair-
ments can differ significantly among chronic heavy drink-
ers, and not all chronic heavy drinkers show cognitive or 
motor deficits (Fama et al. 2019; Pitel et al. 2011; Smith and 

Fein 2010). Alcoholism is a dynamic disease with periods 
of active drinking and abstinence and associated with an 
increased incidence of comorbid diagnoses including drug 
use that can contribute to the heterogeneity observed in 
functional deficits.

The constellation of brain volume deficits associated with 
alcoholism and commonly identified with pathology (Cour-
ville 1955; Harper and Kril 1990) and imaging (Cardenas 
et al. 2007; Makris et al. 2008) include cerebral cortex—
notably frontal lobes (Dupuy and Chanraud 2016; Grodin 
et al. 2013; Jernigan 1990; Sullivan et al. 2018), subcorti-
cal tissue—notably limbic (Le Berre et al. 2014; Pfeffer-
baum et al. 2018; Pitel et al. 2013) and basal ganglia (Ritz 
et al. 2014), and cerebellum (Sawyer et al. 2016; Sullivan 
et al. 2000a, 2006), notably the anterior superior vermis. 
Recently, a model was proposed delineating three independ-
ent yet highly interconnected frontally based neural systems 
affected in chronic alcoholism—frontostriatal, frontolimbic, 
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and frontocerebellar—that extend to subcortical and cere-
bellar structures and are associated with alcoholism-related 
cognitive and motor deficits (Sullivan and Pfefferbaum 
2005; Zahr et al. 2017).

Two imaging studies lent further evidence of frontal lobe 
involvement in alcoholism. A positron emission tomography 
(PET) study provided a direct voxel-by-voxel comparison 
between the degrees of structural and metabolic abnormali-
ties in 17 alcoholics and identified gray matter shrinkage in 
nodes of the frontostriatal, frontocerebellar, and frontolimbic 
circuits, including frontal and cerebellar cortices, cingulate 
gyrus, thalamus, and hippocampus (Ritz et al. 2016). A lon-
gitudinal structural MRI study on 222 individuals with alco-
hol dependence reported frontal regional volumes that were 
most extensively affected, including the precentral, supple-
mentary motor, and medial cortices (Sullivan et al. 2018). 
Further, that study observed age-alcoholism interactions for 
total frontal cortical volume and regionally for precentral 
and superior frontal cortices.

Despite the common co-occurrence of cognitive impair-
ment and brain structural deficits in alcoholism, demonstra-
tion of relations between structural regional gray matter 
volumes and cognitive and motor processes have been less 
than forthcoming. Chanraud and colleagues reported rela-
tions between tests of working memory, fluency, sequenc-
ing, and inhibitory control and frontal, temporal, insular, 
hippocampal, thalamic, and cerebellar gray matter volumes 
(Chanraud et al. 2007). Based on these relations, they pro-
posed a cortical-thalamo-cerebellar model of executive 
dysfunction in alcoholism. Another structural MRI study 
reported that lower executive function scores, assessed 
with tasks of conceptualization, mental flexibility, motor 
programming, and interference sensitivity, were related to 
smaller left rostral middle frontal volume and smaller left 
cerebellar cortical volume (Nakamura-Palacios et al. 2014). 
Taken together, these studies provide evidence of frontal 
lobe system involvement in relation to the functional deficits 
often observed in chronic heavy drinkers.

In pursuit of brain structural substrates of impairment, we 
assessed executive functions, episodic memory, and balance 
and measured cortical gray matter, subcortical, and cerebel-
lar volumes, regions commonly affected in individuals with 
alcohol dependence compared with healthy controls. We 
tested the hypotheses that scores on tests of cognitive and 
motor functions would be related to selective regional brain 
volumes, in particular, frontal volumes. A second hypoth-
esis predicted that a pattern of different relations would be 
evident among regional nonfrontal volumes, with executive 
functions related to caudate volume, memory processes 
related to hippocampal and thalamic volumes, and balance 
ability related to pontine and cerebellar volumes. Lastly, we 
tested the hypothesis that older age and greater lifetime alco-
hol consumption in the alcoholic group would be related to 

poorer executive functions, memory processes, and balance 
abilities.

Materials and methods

Participants

Study participants included 94 individuals with alcohol 
dependence (ALC; 73 men and 21 women), recruited from 
local substance abuse treatment programs, sobriety sup-
port groups, and word of mouth, and 37 normal comparison 
participants (CTRL; 21 men, 16 women), recruited from 
the local community. These participants were a subset of 
those with MRI (Sullivan et al. 2018) drawn from a study 
published by our laboratory that examined the neurological 
and nutritional factors associated with cognitive and motor 
deficits in alcoholism (Fama et al. 2019; Pitel et al. 2011).

All participants were screened by calibrated research cli-
nicians using the Structured Clinical Interview for DSM-
IV (SCID) (First et al. 1998) and completed health ques-
tionnaires. All 94 alcoholics met DSM-IV-TR criteria for 
alcohol dependence. Alcoholic and control participants 
were excluded at screening if they had fewer than 8 years of 
education or a significant history of medical (e.g., epilepsy, 
stroke, multiple sclerosis, uncontrolled diabetes, or loss of 
consciousness > 30 min), psychiatric (i.e., schizophrenia or 
bipolar I disorder) or neurological disorder (e.g., neurode-
generative disease). An additional exclusion criterion was 
any DSM-IV-TR Axis I disorder in the CTRL group. All par-
ticipants underwent a semi-structured timeline follow-back 
interview (Skinner 1982; Skinner and Sheu 1982) to quan-
tify lifetime alcohol consumption. Severity of depressive 
symptoms was assessed with the Beck Depression Inven-
tory-II (Beck et al. 1996) in all participants. This research 
protocol was approved by the Institutional Review Boards of 
Stanford University and SRI International. Written informed 
consent was obtained from all participants, none of whom 
was clinically demented or conserved.

The average age of onset of alcohol dependence 
was 24.2 ± 8.7 years (range 12–48 years), and the aver-
age length of alcohol dependence was 23.8 ± 11.5 years 
(range 3–51 years). Alcoholic participants drank an aver-
age of 1357 ± 1017 kg of alcohol over their lifetime (range 
178–4783 kg; median = 1051 kg), whereas controls drank 
significantly less over their lifetime, on average 26 ± 34 kg 
alcohol (range 0–136 kg; median = 11 kg). Duration of absti-
nence for the alcoholic group was 16 weeks (SD = 16 weeks, 
range 1–107  weeks, median = 12  weeks). Time since 
last met an alcohol diagnosis was on average 27 weeks 
(SD = 41 weeks, range 0–286 weeks, median = 14 weeks). 
No alcoholic participant had ever been diagnosed with 
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Wernicke’s encephalopathy or met criteria for alcohol-
induced persisting amnestic disorder.

Regarding DSM-IV-TR alcohol dependence remission 
criteria at the time of visit, 12 of 94 (12.7%) were in sus-
tained remission, 74 of 94 (78.7%) were in early remission, 
and 8 of 94 (8%) had current alcohol dependence. Of the 94 
alcoholics, 36 (38%) met lifetime DSM-IV-TR criteria for 
cannabis abuse or dependence and 52 (55%) met DSM-IV-
TR criteria for abuse/dependence on other drugs including: 
45 participants (48%) for cocaine, 17 (18%) for ampheta-
mine, 14 (15%) for opioid, 6 (6%) for hallucinogen, 5 (5%) 
for sedative, and 2 (2%) for other. For those alcoholics with 
a history of substance abuse or dependence all were in 
remission (at least 1 month) with the exception of one par-
ticipant who met criteria for current cannabis dependence. 
For those in remission, median time since last met criteria 
for substance abuse or dependence was 286 weeks (range 
6–1784 weeks). No control participant met DSM-IV-TR 
criteria for substance abuse or dependence. For nicotine, 47 
(50%) of the 94 ALC participants were current smokers and 
18 (19%) were past smokers, whereas 2 of 37 (5%) controls 
were current smokers and 1 (3%) was a past smoker.

Demographics for the ALC and CTRL groups are pre-
sented in Table 1. The ALC and CTRL groups did not dif-
fer in age, but the ALC group had on average fewer years 
of formal education than the CTRL group. National Adult 
Reading Test (NART) scores (Nelson 1982) were available 
for a subset of participants and showed a modestly lower 
estimated premorbid IQ for the ALC group than the CTRL 
group. As expected, the ALC group had greater lifetime 
alcohol consumption than the CTRL group. The ALC group 
endorsed more depressive symptoms (Beck et al. 1996) and 
scored lower on a general cognitive screening test (Mattis 
2004) than the CTRL group.

Neuropsychological test measures

Three functional domains were assessed: executive func-
tions, episodic memory, and static balance.

Executive functions

The Trail Making Test: Part B (Reitan 1958)  Participants 
attempted to connect circles in order of alternating number 
and letter sequence (i.e., 1-A-2-B-3-C …) as quickly as pos-
sible. Score was time to complete test.

Controlled Oral Word Association Test (COWAT) (Borkowski 
et  al. 1967)  Participants were given 60-s to generate as 
many words as possible that began with the letter F, then 
A, and then S. Score was the total number of correct words 
produced across the three conditions.

Ruff Figural Fluency Test (RFFT) (Ruff 1988)  The RFFT, 
considered a visual analog of the COWAT, required partici-
pants to generate as many different designs as possible using 
straight lines to connect at least 2 of the 5 dots in each of 
five arrays. The test consists of five conditions, some with 
distractors, each with a 1-min time limit. The total number 
of correct unique designs was summed across all five condi-
tions.

Episodic memory

Wechsler Memory Scale‑Revised: Logical Memory (WMS‑R) 
(Wechsler 1987)  Participants recalled the details of two 
short narratives two times, once immediately after each 

Table 1   Demographic characteristics of participants (mean, standard deviation, range)

NA not applicable
a NART​ National Adult Reading Test—estimated IQ; ALC n = 44, NC n = 26
b BDI-II Beck Depression Inventory-II

Group Age (years) Education 
(years)

NART IQa BDI-IIb Dementia  
Rating Scale

Lifetime Alc 
consumption 
(kg)

Age of Alc 
Dep Onset

Weeks since last met 
Alc Dep Dx

Alcoholic (ALC n = 94) 48.5 12.9 106.6 9.8 135.9 1336.5 24.1 27.1
(10.4) (2.3) (9.0) (6.9) (5.1) (1008.9) 8.7 41.2
25–69 9–21 91–124 0–38 121–144 176–4711 12–48 0–286

Control (CTRL n = 37) 47.5 15.6 110.7 3.1 139.1 24.2
(12.8) (2.6) (9.5) (3.9) (2.7) (33.7) NA NA
25–73 11–21 92–126 0–16 130–144 0–136

Group differences (t test) p = .65 p < .0001 p = .08 p < .0001 p < .0001 p < .0001
95% CI [− 3.3, 5.3] [− 3.5, − 1.7] [− 8.6, .5] [4.3, 9.1] [− 4.9, − 1.4] [992.2, 1654.1]
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story was read to them by the examiner and then again after 
a 30-min delay. Score for both immediate and delayed con-
ditions was the number of details recalled from both stories 
(max = 50 for each condition).

Rey‑Osterrieth Complex Figure: immediate and  delayed 
recall (Rey 1942)  Participants drew a complex figure 
from memory immediately after having copied it and then 
again after a 30-min delay. The number of details recalled 
(max = 36), according to standardized scoring instruc-
tions, was calculated for each recall condition.

Static balance

Modified Fregly–Greybiel Test of Ataxia (Fregly 1968; Fregly 
et al. 1972)  Participants balanced on one leg at a time, first 
right and then left, initially with their eyes open and then 
with their eyes closed. Thus, the four conditions consist 
of (1) balance on right leg with eyes open; (2) balance on 
left leg with eyes open; (3) balance on right leg with eyes 
closed; and (4) balance on left leg with eyes closed. Two 
30-s trials for each condition were administered. If the par-
ticipant performed the first trial of a condition for the maxi-
mum time allowed (30-s), the second trial of that condition 
was not given and maximum score (30-s) was recorded. The 
dependent measure was the average age- and education-
standardized score for all four conditions based on the con-
trol group.

MRI acquisition and analysis

Image acquisition

MRI data were acquired on 3 Tesla GE whole body 
MR systems (General Electric Healthcare, Wauke-
sha, WI) using an 8-channel phased-array head coil. 
T1-weighted Inversion-Recovery Prepared SPGR images 
(TR = 6.55/5.92 ms, TE = 1.56/1.93 ms, TI = 300/300 ms, 
matrix = 256 × 256, thick = 1.25 mm, skip = 0 mm, 124 
slices) based on an axial structural sequence was used 
for volumetric analysis. Drift was corrected by adjusting 
scanner calibration parameters when necessary to main-
tain spatial stability within manufacturer guidelines, and 
routine phantom data were used to evaluate spatial fidelity.

Image processing

Preprocessing of the T1-weighted MRI data involved noise 
removal (Coupe et al. 2008), correcting field inhomogeneity 
via N4ITK (Tustison et al. 2011), and segmenting the brain 
mask by majority voting (Rohlfing et al. 2004). The voting 

was performed with respect to the maps generated by sepa-
rately applying FSL BET (Smith 2002), AFNI 3dSkullStrip 
(Cox 1996), FreeSurfer mri_gcut (Sadananthan et al. 2010), 
and the Robust Brain Extraction (ROBEX) method (Iglesias 
et al. 2011) to the bias and non-bias corrected T1-weighted 
MRIs.

Brain tissue segmentation (gray matter, white matter, and 
cerebrospinal fluid) of the skull-stripped T1-weighted MRI 
was generated via Atropos (Avants et al. 2011). The label 
map was further parcellated into the regions defined by the 
SRI24 atlas (Rohlfing et al. 2010) by non-rigidly register-
ing the atlas to the MRI via ANTS (Avants et al. 2008). 
Gray matter was parcellated into six lobar regions: frontal, 
temporal, parietal, occipital, cingulate, and insular cortices 
(Fig. 1). Automatic labeling was always visually inspected 
for accuracy by a trained research scientist. Based on our 
hypotheses we also measured subcortical and cerebellar 
regions including the caudate, pons, hippocampus, thalamus, 
and superior cerebellum.

Statistical analyses

Test scores were statistically corrected for age and edu-
cation and standardized on the control group [mean and 
standard deviation for CTRL group: Z = 0 ± 1], allowing 
direct comparison of tests across groups. Where higher raw 
scores indicated worse performance (e.g., time to complete 
a test), scores were multiplied by − 1, so that lower Z-scores 
always indicated worse performance. For data reduction and 
to minimize Type I error, theoretically derived composite 
scores were calculated comprising each of the 3 functional 
domains: Executive Functions (EF), Episodic Memory 
(MEM), and Static Balance (BAL). Composite Z-scores 
were computed by averaging the Z-scores across all meas-
ures included in that composite. The Shapiro–Wilk Test 
was used to examine for heteroscedasticity for all composite 
scores and brain measure volumes.

Group differences in the composite scores were assessed 
with t-tests. Cohen’s effect size was also reported for signifi-
cant group differences. Correlational analyses (Pearson prod-
uct-moment) tested relations between composite scores and 
brain volumes and relations among these measures and alcohol 
or demographic variables within the ALC group. When data 
distribution was skewed or when groups had noticeably dif-
ferent sample sizes non-parametric statistics were used. Power 
analyses were conducted and given the number of subjects 
included in this study a correlation coefficient above .30 was 
determined to reflect cases in which there was an 80% chance 
that the null hypothesis was accurately rejected. Use of False 
Discovery Rates (FDR: based on 3 comparisons across the 
cognitive and motor domains; p ≤ .0167/.033/.05) reduced the 
risk of reporting false positive results (Benjamini and Hoch-
berg 1995). All probabilities values are reported as two-tailed 
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with the exception of the correlational analyses examining 
the relations between the composite scores and the lobular 
and associated regional brain volume measures based on a 
priori hypotheses (i.e., frontal, temporal, parietal, occipital, 
cingulate, insular, caudate, pons, hippocampus, thalamus, and 
superior cerebellum), where greater volumes were predicted 
to correlate with better performance scores. Multiple regres-
sion analyses were conducted to determine the independence 
of factors that demonstrated first-order relationships with the 
dependent variables; Cook’s distance was calculated to assess 
the level of influence of each participant’s score such that no 
one score carried the analysis (Di value < .5).

Results

Raw scores for all test measures included in the composite 
scores are in Table 2.

Heteroscedasticity was detected in the EF and MEM com-
posite Z-scores and analyses indicated that 3 EF scores and 
1 MEM score were outliers. These cases were omitted from 
subsequent analyses examining EF and MEM composite 
scores.

Cognitive and motor composite scores

ALC scored lower than CTRL on all three composite 
scores [EF t(120) = 2.83, p = .006, Cohen’s d = .52; MEM 
t(125) = 4.50, p < .0001, Cohen’s d = .81; BAL t(123) = 2.87, 
p = .0025, Cohen’s d = .52] (Fig. 2).

Regional brain volumes

Heteroscedasticity was tested among brain volume meas-
ures; a non-normal distribution was detected for pontine vol-
ume. The two pontine cases that were determined to be outli-
ers were omitted in all analyses examining pontine volume.

ALC had smaller cingulate [t(129) = 2.36, p = .020, 
Cohen’s d = .42, 3.5% smaller], insular [t(129) = 2.84, 
p = .005, Cohen’s d = .42, 4% smaller], parietal 
[t(129) = 2.39, p = .018, Cohen’s d = .42, 3% smaller], and 
hippocampal [t(127) = 2.16, p = .033, Cohen’s d = .38, 
3.5% smaller] volumes and modestly smaller frontal 
[t(129) = 1.96, p = .052, Cohen’s d = .35, 2% smaller] vol-
umes than CTRL (Table 3). 

Fig. 1   Color-coded atlas identifying the gray matter regional volumes
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Correlations between functional composite scores 
and regional brain volumes in ALC

Lower EF scores correlated with smaller frontal (r = .20, 
p = .036), temporal (r = .26, p = .008), and insular (r = .24, 
p = .014) volumes (Table 4). Lower MEM scores correlated 
with smaller frontal volumes (r = .23, p = .015). Lower BAL 
scores correlated with smaller frontal (r = .32, p = .0013), 
caudate (r = .24, p = .012), and pontine (r = .30, p = .014) 
volumes. Spearman rank-order correlation coefficients were 
also significant for each of these relations.

Stepwise forward multiple regression analyses tested 
whether any of the brain ROIs were independent predictors 
of composite scores. Modeling EF scores from brain ROI 
volumes indicated that temporal (p = .0014) and caudate 
(p = .047) volumes were independent predictors. No single 
brain volume was an independent predictor of MEM score. 
Modeling BAL scores from brain ROIs indicated that fron-
tal (p = .005), occipital (p = .007), caudate (p = .022), and 
pontine (p = .01) volumes were independent predictors of 
variance. Using Cook’s distance statistic, no score was iden-
tified as having undue influence on any overall model (all 
scores < .5).

Table 2   Raw scores for 
cognitive and motor tests: ALC 
and CTRL (mean, SD, range)

WMS-R Wechsler Memory Scale-Revised

ALC CTRL

Executive functions
 Trails B: number of seconds to complete 95.54 65.08

(56.46) (21.95)
31–316 29–118

 Controlled Oral Word Association Test: total words produced 39.72 47.69
(13.03) (12.45)
15–78 12–69

 Ruff Figural Fluency Test: number of unique designs 62.97 78.05
(23.07) (19.58)
19–126 31–118

Episodic Memory
 Logical Memory I—WMS-R: immediate memory (max = 50) 20.60 26.65

(8.57) (7.24)
2–37 8–39

 Logical Memory II—WMS-R: delayed memory (max = 50) 16.07 22.60
(8.70) (6.97)
1–35 5–34

 Rey-Osterrieth Complex Figure: immediate recall (max = 36) 10.74 14.89
(5.32) (5.61)
0–29 4.5–26.5

 Rey-Osterrieth Complex Figure: delayed recall (max = 36) 11.13 14.11
(4.90) (5.80)
2.5–23.5 5–24.5

Balance test
 Eyes open—right leg (max = 60 s) 38.10 53.70

(22.83) (12.60)
0–60 17–60

 Eyes open—left leg (max = 60 s) 37.53 53.38
(21.47) (14.66)
0–60 10–60

 Eyes closed—right leg (max = 60 s) 11.47 19.68
(12.40) (18.62)
0–60 0–60

 Eyes closed—left leg (max = 60 s) 11.99 20.73
(12.23) (19.12)
0–60 0–60
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Composite scores and regional brain volumes: 
relations with demographic and alcohol 
consumption variables

Correlational analyses tested relations in the ALC group 
between age, sex, total alcohol consumption, duration of 
sobriety, and time since an individual last met diagnostic 
criteria for an alcohol diagnosis and cognitive and motor 
scores and regional brain volumes. Depending on the dis-
tribution of scores either Pearson’s or Spearman’s tests 
were conducted. Lower BAL scores correlated with older 
age (r = − .36, p = .0006), whereas EF and MEM scores 
did not correlate with age (r = − .15, p = .16; r = − .03, 
p = .77). By contrast, lower EF (rho = − .24, p = .025) 
and lower MEM (rho = − .33, p = .002), but not BAL 
(rho = − .142, p = .19) scores correlated with greater life-
time alcohol consumption (Fig. 3). Duration of abstinence 
and time since last met alcohol dependence diagnosis was 

not correlated with any of the composite scores. There 
were no sex differences on any of the composite scores.

Multiple regression analyses examined whether age or 
total alcohol consumption were independent predictors of 
EF, MEM, or BAL scores. Neither age nor total alcohol 
consumption was an independent predictor of EF scores. 
Total alcohol but not age was an independent predictor 
of MEM scores, whereas age but not total alcohol was an 
independent predictor of BAL scores, keeping in mind that 
these composite scores were already corrected for normal 
aging effects. For MEM scores age accounted for 1.6% of 
the variance, whereas total alcohol consumption accounted 
for 14.8% of the variance. For BAL scores age accounted 
for 11.3% of the variance and total alcohol did not account 
for any of the variance.

Most of the alcohol participants in this sample reported 
having smoked cigarettes. At the time of testing, there was 
smoking information for 92 of 94 ALC subjects with 27 

Fig. 2   Box plots with individual data points depicting age- and education-corrected Z-scores (based on the control group: mean = 0, standard 
deviation = 1) for executive functions (EF), memory (MEM), and static balance (BAL) scores for the ALC and CTRL groups
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never having met nicotine dependence, 18 had past nico-
tine dependence, and 47 had current nicotine dependence. 
There were no differences observed between individuals 
who had no history of nicotine dependence compared with 
individuals who had past, current, or lifetime nicotine 
dependence on EF, MEM, BAL composite scores or any 
brain volume measure. The group of alcoholics who had 
a lifetime nicotine dependence diagnosis (past or current) 
had fewer years of formal education than the group of 
alcoholics who never met criteria for nicotine dependence 
(Z = 2.64, p = .008).

For regional brain volumes, older age was predic-
tive of smaller overall frontal (r = − .34, p = .004), insu-
lar (r = − .24, p = .009), caudate (r = − .22, p = .017), and 

thalamic (r = − .43, p < .0001) volumes. Greater lifetime 
alcohol consumption was predictive of smaller insular vol-
umes (rho = − .33, p = .001). Duration of abstinence and time 
since last met alcohol dependence diagnosis was not cor-
related with any brain volume measure with the exception 
of time since last met diagnosis and frontal orbital volume 
(rho = − .22, p = .03) but this was in the unexpected direc-
tion (greater duration since last met diagnosis was related to 
smaller volume). No sex differences were observed between 
alcoholic men and women, with the exception of parietal 
volume (Z = 2.19, p = .029), with alcoholic men having 3.7% 
smaller volume than alcoholic women.

Table 3   Brain volume measures 
for ALC and CTRL (mean, SD, 
range)

*p < .05, **p < .01, @p < .06

ALC CTRL t test (2-tailed) 95% CI

ROIs
 Frontal 147.9 150.5 p = .052 @ [− 5.27, .02]

(7.3) (5.7)
129.9–161.3 138.3–164.1

 Temporal 95.9 97.4 p = .117ns [− 3.26, .36]
(4.7) (4.7)
82.9–106.1 88.5–106.7

 Parietal 72.7 75.1 p = .018* [− 4.48, − .42]
(5.5) (4.9)
60.4–85.6 61.3–85.9

 Occipital 63.3 63.7 p = .679ns [− 2.20, 1.44]
(4.9) (4.2)
51.3–74.4 54.2–74.3

 Cingulate 20.1 20.8 p = .020* [− 1.22, − .11]
(1.5) (1.4)
16.1–24.0 16.5–22.7

 Insula 12.3 12.8 p = .005** [− .91, − .16]
(1.0) (1.0)
10.1–14.61 11.0–15.4

 Caudate 8.4 8.2 p = .152ns [− .08, .49]
(.8) (.7)
6.3–10.2 7.0–10.2

 Pons 8.0 8.3 p = .231ns [− .57, .14]
(.9) (.9)
5.6–9.9 6.3–10.9

 Hippocampus 8.5 8.8 p− .033* [− .50, − .02]
(.1) (.7)
7.0–9.6 7.6–10.6

 Thalamus 11.8 11.9 p = .407ns [− .46, .19]
(.8) (.8)
10.2–14.2 10.2–13.5

 Superior cerebellum 50.2 50.1 p = .914ns [− 1.61, 1.79]
(4.1) (4.9)
39.2–59.4 35.3–61.2
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Exploratory analyses

Frontal subregional volumes

In support of our hypothesis, EF, MEM, and BAL scores 
correlated with smaller volumes of the total frontal cortex. 
Frontal subregional volumes were quantified in the same 
way as were our other regional brain volumes (Fig. 4). ALC 
had smaller precentral volumes than CTRL [t(128) = 2.99, 
p = .002; Cohen’s d = .53, 6% smaller] (Table 5). Explora-
tory analyses sought possible dissociable relations between 
frontal subregional volumes [precentral, superior, orbital, 
middle, inferior, supplementary motor, and medial] and 
EF, MEM, and BAL scores. These analyses indicated that 
lower MEM scores correlated with smaller orbital (r = .439, 
p = .0001) and inferior (r = .236, p = .013) frontal volumes. 
Lower BAL scores correlated with smaller precentral 
(r = .249, p = .01), middle (r = .251, p = .01), and supple-
mentary motor (r = .250, p = .01) frontal volumes (Table 5).  

Stepwise forward multiple regression analyses modeling 
composite scores from regional frontal volumes indicated 
that frontal superior (p = .04) and frontal orbital (p = .0002) 
volumes were independent predictors of MEM scores.

Non‑alcohol substance diagnosis history in the alcohol 
group

Next, we examined whether a history of a non-alcohol sub-
stance diagnosis in the context of alcoholism was associated 
with more severe deficits or different brain correlates from 
those reported on the entire alcohol group, which included 
alcoholics who did not have a history of a non-alcohol sub-
stance diagnosis. Examination of these 2 ALC subgroups 
(no history of non-alcohol substance diagnosis versus yes 

history of non-alcohol substance diagnosis) revealed no 
differences on EF, MEM, or BAL composite scores or any 
brain volume measure with the exception of occipital vol-
umes (Z = 2.00, p = .045): the ALC subgroup with a history 
of a non-alcohol substance diagnosis had larger occipital 
volumes than the ALC subgroup without a drug history.

In the subgroup of alcoholics with no drug diagnosis 
history, lower EF scores were related to smaller temporal 
(r = .533, p = .0024) and frontal superior (r = .372, p = .043) 
volumes. Lower MEM scores in this subgroup were related 
to smaller frontal superior (r = .405, p = .021) and frontal 
inferior (r = .396, p = .025) volumes. Lower BAL scores 
were related to smaller overall frontal (r = .453, p = .009), 
frontal precentral (r = .510, p = .003), and frontal inferior 
(r = .374, p = .035) volumes.

In the subgroup of alcoholics with a drug diagnosis his-
tory, lower EF scores were related to smaller insula vol-
umes (r = .277, p = .039). Lower MEM scores were related 
to smaller frontal orbital volumes (r = .521, p = .0001). 
Within this subgroup, lower BAL scores were related to 
smaller occipital (r = .290, p = .03), frontal middle (r = .282, 
p = .037), and pontine (r = .282, p = .037) volumes.

The difference between the correlation coefficient reflect-
ing the relation of MEM scores with frontal orbital volumes 
in the subgroup of alcoholics with a non-alcohol substance 
diagnosis in their lifetime and those without a non-alcohol 
substance diagnosis in their lifetime approached significance 
(r = .52 vs. r = .17, p = .07) (Fig. 5).

Discussion

This study identified a number of brain-behavior relations 
in alcoholism. These relations lend support to hypotheses 
invoking different neural systems rather than one common 
or diffuse neural pathway underlying the cognitive and motor 
deficits observed in chronic alcoholism.

Brain volume deficits in this sample of alcoholic partici-
pants reflected those observed in the full alcoholic group 
from which this sample was selected (Pfefferbaum et al. 
2018; Sullivan et al. 2018) and are consistent with reports 
from previous imaging studies (Cardenas et al. 2007; Ritz 
et al. 2016; Makris et al. 2008). Using atlas-based quan-
titative MRI, this study demonstrated that the alcoholic 
group examined herein had volume deficits in frontal, cingu-
late, insular, parietal, and hippocampal regions as observed 
in the larger sample (Sullivan et al. 2018; Pfefferbaum et al. 
2018). In addition, after taking normal aging into account, 
older age was associated with greater volume deficits in 
frontal, insular, caudate, and thalamic regions, also consist-
ent with our previous reports.

This study extends previous research by directly compar-
ing nonamnesic alcoholics across several functional domains 

Table 4   Pearson correlations between cognitive and motor composite 
scores and regional brain volumes in ALC

Correlations were tested one-tailed: greater volume related to better 
performance.  Correlations in bold text denote statistically significant 
relations

EF MEM BAL

Frontal .195 .228 .317
Temporal .262 .109 − .054
Parietal − .039 − .018 .095
Occipital − .125 − .060 .209
Cingulate .121 .120 .030
Insula .238 .095 .100
Caudate .167 .152 .242
Pons .110 − .235 .296
Hippocampus .053 − .034 .105
Thalamus .032 − .144 .163
Superior Cerebellum .041 − .057 − .043



2096	 Brain Structure and Function (2019) 224:2087–2101

1 3

Fig. 3   Scatterplots depicting relations between EF, MEM, and BAL scores (age- and education-corrected Z-scores) and age at testing and total 
lifetime alcohol consumption (kg) in ALC
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Fig. 4   Color-coded atlas identifying the subregional volumes of the frontal cortices

Table 5   Frontal regional brain 
volume measures for ALC and 
CTRL (mean, SD, range)

**p < .01

ALC CTRL t test (2-tailed) 95% CI

Frontal ROIs
 Precentral 17.4 18.5 p = .003** [− 1.81, − .37]

(1.9) (1.7)
12.9–22.9 13.5–21.7

 Superior 19.3 19.2 p = .826ns [− .59, .73]
(1.8) (1.5)
15.8–24.6 16.0–22.5

 Orbital 26.1 26.4 p = .440ns [− 1.10, .48]
(2.1) (1.8)
21.8–33.3 23.9–32.4

 Middle 25.2 25.9 p = .093ns [− 1.49, .12]
(2.1) (1.9)
19.8–31.0 23.5–31.3

 Inferior 23.8 24.1 p = .323ns [− .98, .33]
(1.8) (1.5)
20.0–27.6 20.5–27.4

 Supplementary motor 11.2 11.4 p = .303ns [− .75, .24]
(1.3) (1.1)
8.5–14.1 9.3–14.1

 Medial 24.7 24.9 p = .625ns [− .81, .49]
(1.6) (1.8)
21.1–28.2 21.3–28.8
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in relation to cortical and subcortical brain volumes. As 
predicted, all three composite scores—executive function, 
memory, and balance—were related to frontal lobe volume 
in our alcoholic group. These results support the hypothesis 
that consistent functional deficits observed in individuals 
with alcohol use disorder are associated with frontally based 
neural systems (Oscar-Berman and Hutner 1993; Zahr et al. 
2017). In addition to relations with the frontal lobe, inde-
pendent predictors of executive functions included temporal 
and caudate volumes and independent predictors of balance 
included frontal, occipital, caudate, and pontine volumes.

Executive functions comprise a wide array of higher-
order cognitive processes including set-shifting, divided 
attention, inhibitory control, planning, and decision mak-
ing and have been shown to be associated with extra-fron-
tal regions (Alvarez and Emory 2006). The relevance of 
temporal lobe and caudate volumes to executive function 
performance highlights the role of extra-frontal regions 
in the execution of these multifactorial tasks, also pro-
posed previously (Chung et al. 2014; Hanganu et al. 2015). 
Functional MRI studies have demonstrated the involve-
ment of the temporal regions in the executive functions of 
inhibitory and set-shifting processes (Collette et al. 2006). 
Similarly, use of intracerebral recording in individuals 
with epilepsy indicates a role for temporal neocortex in 
executive functions (Bockova et al. 2007; Rusnakova et al. 
2011). Slower information processing speed generally 

considered as a feature of executive functions was asso-
ciated with cortical thinning including temporal regions 
(MacPherson et al. 2017). These results also extend a pre-
vious study (Macfarlane et al., 2013) that reported poorer 
executive function was associated with smaller caudate 
volumes in a sample of older adults with abnormal white 
matter signal on MRI. Taken together, these studies dem-
onstrate the relevance of temporal neocortical and caudate 
integrity to the performance of tasks purported to assess 
executive functions.

Our findings provide additional evidence of the integrity 
of the pons and caudate to motor functions associated with 
balance in alcoholism. These results are consistent with pre-
vious reports and further highlight critical nodes within the 
frontopontocerebellar systems subserving balance and gait 
(Sullivan et al. 2003). These results also extend a previous 
study (Macfarlane et al. 2015) that reported poorer gait and 
balance was associated with shape abnormalities of the cau-
date nucleus in a sample of older adults with abnormal white 
matter signal on MRI. Balance and gait deficits are often 
reported in alcoholics, even after prolonged sobriety (Smith 
and Fein 2011; Sullivan et al. 2000b). Despite statistically 
removing the effects of normal aging, older age persisted in 
predicting poorer static balance in the alcoholics which in 
turn could contribute to an increased risk of falls with aging.

Fig. 5   Scatterplots depicting relations between MEM scores and frontal orbital volumes in ALC subgroups divided into those who have never 
had a non-alcohol substance diagnosis in their lifetime and those who had or have a non-alcohol substance diagnosis
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Subregional frontal volumes

Exploratory analyses investigating relations between sub-
regional frontal volumes and composite scores identified 
different patterns of associations between neural substrates 
and cognitive and motor processes in alcoholism. In particu-
lar, orbitofrontal volume was a unique predictor of memory 
scores, accounting for almost 15% of the variance. Integrity 
of the frontal cortex, specifically orbitofrontal regions (Frey 
and Petrides 2000, 2002), is critical for memory processes 
(Buckner et al. 1999). Convergent evidence from non-human 
primate studies (Meunier et al. 1997) and human functional 
imaging studies (Frey and Petrides 2000, 2002) indicate 
that orbitofrontal cortex plays a key role in the encoding of 
information. A debate endures in studies of human alcohol-
ism divided on whether the memory deficits are a conse-
quence of executive dysfunction or whether they are a result 
of genuine memory compromise (Pitel et al. 2007). Tak-
ing a systems approach, it may be that the memory circuit 
compromised in nonamnesic alcoholics includes impairment 
of orbitofrontal, medial temporal regions, or both regions, 
especially given their rich connections (Frey and Petrides 
2002). Thus, impairment in memory performance may be a 
result of both an encoding deficit subserved by orbitofrontal-
medial temporal integrity and executive dysfunction, spe-
cifically retrieval deficits, subserved by a separate frontally 
based neural system (Eichenbaum 2017). Further to this 
point, post hoc analyses revealed that the relation between 
orbitofrontal volumes and memory scores was observed only 
in the alcohol subgroup with a drug diagnosis history and 
not the alcohol subgroup without a drug diagnosis history. 
This result suggests that heterogeneity pertaining to mem-
ory performance in nonamnesic alcoholics could possibly 
be partially explained by the comorbidity of lifetime non-
alcohol substance diagnosis in the context of alcoholism.

Relations between age and alcohol variables 
and performance

Demographic and disease-related variables were predictive 
of alcohol-related functional deficits. Age and total life-
time alcohol consumption, although related to each other 
as would be expected, demonstrated selective relations with 
cognitive and motor abilities in our alcoholic group. Older 
age was predictive of poorer performance on static balance, 
whereas greater total lifetime alcohol consumption was pre-
dictive of poorer memory performance. These findings pro-
vide evidence of the moderating influences of demographic 
and disease-related variables in relations to the memory and 
motor deficits observed in chronic alcoholism.

Limitations

Limitations of this study include the difficulty inherent in 
measuring small regions of the cerebellum, medial temporal, 
and diencephalic regions. Although global volumes can be 
assessed for these regions, parcellation of specific regions 
is more difficult. Segmentation and parcellation of regional 
cerebellar volumes are particularly challenging, and lack 
of demonstrated brain-behavior relations in this study does 
not argue against the demonstrated relevance of the cerebel-
lum to cognitive and motor abilities demonstrated in other 
studies. In addition, reflective of the population, the alcohol 
group in this study had a number of comorbid conditions that 
could influence their performance on cognitive and motor 
tasks including a history of drug abuse or dependence, cur-
rent smoking, and current depression and anxiety. Although 
statistical analyses were conducted to assess the moderating 
influence of these factors to performance, small sample sizes 
preclude determination of the effects of different drugs on 
observed deficits. Nonetheless, post-hoc analyses did deter-
mine that it was the alcohol group with a history of drug 
diagnosis that showed the relationship between memory per-
formance and orbital frontal volume and not the alcoholics 
without a history of drug diagnosis. Further, by virtue of the 
cross-sectional nature of this study, it must be acknowledged 
that the observed outcomes reported here could be due to 
pre-existing risk factors, and thus causal direction cannot 
be determined. Finally, given the sample size of our alcohol 
group, interpretation of first-order correlations below r = .30 
should be deemed speculative.

Conclusion

Taken together, these results demonstrate brain-behavior 
relations in a cohort of alcoholic participants and provide 
further evidence that the cognitive and motor deficits in 
alcoholism are likely a result of different neural systems. 
These results also demonstrate differential moderating influ-
ences of age and total alcohol consumption on cognitive and 
motor deficits in alcoholism. Further, this study indicates 
moderating influences of drug use in the context of alcohol-
ism notable on episodic memory processes and associated 
orbital frontal volume. Together these relations contribute 
to the identification of factors underlying heterogeneity in 
the expression of brain structural and functional deficits of 
alcohol use disorder.
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