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Abstract

Atrophy of brain white matter (WM) often is considered a signature injury of alcohol use disorders
(AUDSs). However, investigations into AUD-related changes in WM volume have yielded complex
findings that are difficult to synthesize in a narrative review. The objective of this study was to
obtain an averaged effect size (ES) for WM volume reduction associated with AUD diagnosis and
to test potential moderators of ES. Study inclusion criteria were: 1) English language; 2) peer-
reviewed; 3) published before December 2011; 4) use of MRI; 5) human participants; 6) inclusion
of AUD group; 7) inclusion of non-AUD comparison group; 8) reporting or testing of total or
cerebral WM volume. Moderators included study design, MRI methodology, and AUD
characteristics. Nineteen studies with a total of 1,302 participants (70% male) were included, and
calculated ES were confirmed by the corresponding author for 12 studies. The magnitude of the
averaged ES adjusted for small sample bias (Hedges’ g) for WM reduction in AUDs was .304
(standard error =.134, range = —.57-1.21). Hierarchical linear modeling indicated that the overall
ES differed significantly from 0, {18) = 2.257, p=.037, and that the distribution of the 19 ES
showed significant heterogeneity beyond sampling error, X2(18) =52.400, p<.001. Treatment-
seeking status and length of abstinence were significant moderators of ES distribution. These
results are suggestive of WM recovery with sustained abstinence and point to the need for further
investigation of factors related to treatment-seeking status.
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Introduction

Neuroscientific models of alcohol use disorders (AUDs) posit dysfunction of networks
involved in self-regulation, motivation, and reward, leading to impaired insight and loss of
control over drinking behavior (Koob and Volkow, 2010). Inquiry into the neural substrates
of AUDs has been facilitated by rapid development of /» vivo neuroimaging technology,
particularly magnetic resonance imaging (MRI). White matter (WM) networks, which form
the connective structure enabling communication among neurons, are a critical element in
neuroscientific conceptualization of AUDs. WM is highly involved in cognition and
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emotion in general (Filley, 2010), and WM health has been linked to memory and
visuospatial functioning in AUDs (Muller-Oehring et al., 2009; Sullivan et al., 2000).
Experts have reached consensus that WM atrophy is a hallmark injury of AUDs (Kril and
Halliday, 1999; Oscar-Berman and Marinkovi¢, 2007; Sullivan, 2000; Sullivan and
Pfefferbaum, 2005), but the nature, magnitude, and moderators of WM reduction are
complex and poorly understood. Given the broad functional significance of WM,
characterizing the extent of atrophy is key to understanding the pathophysiology of AUDs.
By combining effect sizes (ES) from MRI studies comparing AUD and control groups, this
meta-analysis sought to provide a reliable estimate of WM volume reduction associated with
AUD diagnosis. Factors that might systematically influence outcomes, such as
methodological and design characteristics, were examined as moderators of ES distribution.
The two main categories of moderators were those of broad importance to research and
those specific to the study of AUDs. The former included year of publication, sample size,
funding source, affiliation with Veterans Affairs (VA), and MRI methods. AUD-specific
moderators were participant age, duration of AUD, lifetime consumption of alcohol, length
of abstinence, and treatment-seeking status. In addition, group differences in education were
considered as a proxy for socioeconomic differences. Rationale for selection of these
variables is briefly discussed, followed by the methods and results of the meta-analysis.
Longitudinal studies of WM volume were too few in number for meta-analysis but are
reviewed in Supplementary Information.

Sample Characteristics

Age and duration of AUD—Because WM volume changes dynamically across the
lifespan, age of participants may be a critical factor when studying effects of alcohol in the
brain. Across the lifespan, WM volume exhibits a quadratic pattern, peaking in the 40’s and
then decreasing (Ge et al., 2002; Walhovd et al., 2005). In clinical AUD samples, aging and
AUD duration may interact to produce a synergistic effect on WM, making it difficult to
isolate the effects of alcohol abuse (Pfefferbaum et al., 2006; Sullivan, 2000). Similarly, the
effects of alcohol abuse on the adolescent brain are only beginning to be understood, and the
meta-analysis included adolescent studies in the interest of providing a complete picture of
WM changes from a developmental perspective.

Gender—-Biological differences in alcohol metabolism have been thought to contribute to a
“telescoping effect” whereby women experience more severe consequences within a shorter
timeframe (Brady and Randall, 1999; Randall et al., 1999). Studies have found that alcoholic
cirrhosis develops after shorter drinking duration, accompanies lower levels of consumption,
and progresses more quickly in women than men (Saunders et al., 1981). Yet controversy
exists over a telescoping effect specific to alcohol-related brain damage (Hommer, 2003).
Jacobson (1986) reported that alcohol-dependent women with shorter duration of
dependence and lower estimated intake than their male counterparts had comparable brain
atrophy on CT scan, a finding that persisted even in subsets matched on age and duration of
dependence. A recent CT study also demonstrated a similar extent of brain atrophy in
alcohol-dependent women and men, even though average duration of dependence in women
was about half that reported by men (Mann et al., 2005). This study closely replicated the
results of an earlier CT study on an independent sample (Mann et al., 1992). However, other
studies have found lesser damage in women even when controlling for or matching gender
groups on intake and duration (Pfefferbaum et al., 2006; Sullivan et al., 2010).

Treatment-seeking status—Only 15% of individuals with AUDs ever receive treatment
of any kind, and evidence indicates that this subset differs substantially from the AUD
population as a whole on a number of relevant demographic, physiological, and
psychological variables (Hasin et al., 2007). Epidemiological data show that factors
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associated with treatment-seeking include older age, male sex, and greater lifetime incidence
of mood, personality, and other substance use disorders (Cohen et al., 2007). Fein and
Landman (2005) compared alcohol use trajectories in treatment-naive individuals and
abstinent, treated individuals matched on age of alcohol dependence onset. Although groups
did not differ in the time from initiation of drinking to onset of heavy drinking, the treated
group had a significantly higher average intake and peak intake than the treatment-naive
group (Fein and Landman, 2005).

Few neuroimaging studies have directly compared treatment-seeking and non-treatment-
seeking AUD individuals. Gazdzinski et al. (2008) identified higher cerebrospinal fluid
(CSF) volume, smaller gray matter (GM) volumes in cortical lobes and thalamus, and lower
concentrations of metabolites reflecting neuronal viability in treatment-seeking versus
treatmentnaive AUD individuals. Moreover, few differences were found between the
treatment-naive AUD group and healthy controls. Therefore, convenience samples drawn
from treatment-seeking populations may overestimate the magnitude of brain abnormality in
the general population of AUD individuals.

Lifetime consumption and length of abstinence—Evidence from animal models of
alcohol dependence suggests that alcohol-related neurodegeneration occurs primarily auring
Intoxication, not during withdrawal as previously believed (Crews and Nixon, 2009;
Obernier et al., 2002). In the oxidative stress model proposed by Crews and Nixon (2009),
volume losses in AUDs are attributed to stimulation of proinflammatory cascades leading to
cell dysfunction or death and inhibition of neurogenesis in adult neural stem cells located in
the olfactory bulb and hippocampus. The observation that alcohol-related brain damage in
humans appears to be more closely related to recency of drinking than duration or quantity
of drinking lends support to this model (Crews and Nixon, 2009). Evaluating the relative
importance of cumulative exposure, measured in duration of AUD or in lifetime
consumption, versus recency of exposure is critical to understanding the neurobiology of
alcohol-related WM damage and repair.

MRI Methodology

Procedures for collecting, segmenting, and analyzing images have evolved in parallel with
rapid technological advances in MRI. Variables relevant to all structural MRI studies of
AUDs and selected for analysis as moderators were field strength of the instrument,
segmentation method, and adjustment for intracranial volume (ICV). Better resolution at
higher field strengths increases the signal-to-noise ratio of MRI data, potentially increasing
the ability to detect group differences (Moseley et al., 2009). Development of automated
algorithms for classifying tissue on MRI images into WM, GM, and CSF has obviated the
need for manual tracing of tissue compartments and may increase the precision of volume
measures (Zhang et al., 2001). Adjusting tissue volumes for ICV has become standard
practice in cross-sectional studies in recent years to reduce the influence of factors not
associated with the mechanism of interest, including height (Friedman et al., 1997;
Matsumae et al., 1996) and parental history of AUD (Gilman et al., 2007).

Materials and Methods

Literature Search

Keyword searches were conducted in Pubmed, ISI Web of Knowledge, and Google Scholar
using the terms “alcoholism,” “alcohol abuse,” “alcohol,” “brain,” “atrophy,” “volume,”
“white matter,” “adolescent,” and “magnetic resonance imaging.” Abstracts were examined
for references to brain volumes in AUDs, and the full text of the study was retrieved if it
appeared relevant. Reviews on structural brain changes in AUDs were examined for
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additional citations [e.g., (BUhler and Mann, 2011; Crews and Nixon, 2009; Sullivan and
Pfefferbaum, 2005)].

Inclusion and Exclusion Criteria

Coding

Statistics

Inclusion criteria were as follows: 1) English language; 2) peer-reviewed (i.e., dissertation
and poster abstracts not eligible); 3) published before December 2011; 4) use of MRI for
quantification of volume; 5) human participants; 6) inclusion of an AUD group; 7) inclusion
of a non-AUD comparison group; 8) reporting or testing of total or cerebral WM volume.
No minimum sample size was required.

Exclusion criteria were as follows: 1) study of primary drug of abuse other than alcohol; 2)
no AUD group (i.e., study of alcohol effects in the population or moderate drinkers); 3) use
of region-of-interest, diffusion tensor imaging (DTI), deformation-based morphometry
(DBM), or voxel-based morphometry (VBM) methodology to study WM without reporting
or testing of overall or cerebral WM volume. Practically speaking, most studies that used a
region-of-interest approach also reported overall WM volume either in the same study or in
a separate report on the same sample. The same was not necessarily true of DBM or VBM
studies, yet their outcome measures (focal areas of difference reported as coordinates and Z-
scores of significant clusters) diverge from global WM volume measures to the extent that
combining these types of statistics would be of questionable meaning (see Ashburner and
Friston, 2000). See Table 1 for examples of excluded studies.

In one case where data for a portion of the sample had been published previously [i.e., males
in Pfefferbaum et al. (2001)], the ES was calculated from the report that included the largest
number of participants.

Application of automated segmentation algorithms in MRI studies means that WM volumes
are calculated incidentally by the majority of studies appearing in the literature. By itself,
mention of tissue segmentation into GM, WM, and CSF was not sufficient for inclusion in
the meta-analysis; reports were required to investigate WM volume as a variable of interest
in AUDs. This criterion was met when the study either reported means and standards
deviations for WM volume or performed a test of group differences in WM volume. In 3
cases (Gazdzinski et al., 2010; Gazdzinski et al., 2005; Lee et al., 2007) where WM volume
differences had been tested but sufficient data to calculate the ES were absent (e.g., test
statistics reported only as non-significant), the corresponding author was contacted for more
information.

Moderators were coded as follows: affiliation with VA: 0 = no, 1 = yes; funding by National
Institute on Alcohol Abuse and Alcoholism (NIAAA) and/or other National Institutes of
Health (NIH): 0 = no, 1 = yes; tissue segmentation method: semi-automated (requiring some
human input, rating, or judgment) = 0, fully automated (performed entirely by computerized
algorithm) = 1; volume adjustment for ICV: 0 = no, 1 = yes; treatment-seeking status: non-
treatment-seeking = 0; treatment-seeking = 1. Continuous data were recorded for year of
publication, total sample size, MRI field strength in Tesla (T), average age of the total
sample, percentage of males in the total sample, difference in years of education between
control and AUD groups, duration of heavy drinking or AUD in the AUD group, lifetime
consumption of alcohol in the AUD group, and number of days abstinent at MRI scan.

Hedges’ g was chosen as the ES because it adjusts obtained ES by sample size (Hedges,
1981). ES and their variances were entered into hierarchical linear modeling [HLM

Ad(dict Biol. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Monnig et al.

Page 5

(Raudenbush and Bryk, 2002)] using the HLM 6.04 software package (Raudenbush et al.,
2000). ES were inversely weighted by their sampling variances so that ES with larger
samples and lower sampling error received greater weight than smaller samples with greater
sampling error. Using full maximum likelihood estimation, the random intercept model was
first fitted to calculate the overall mean ES, test whether it was significantly different from
0, and assess the heterogeneity of the ES distribution. Following significant heterogeneity,
moderators were set to fixed effects and assessed by the #statistic in level 2 analyses (least
squares estimates of fixed effects, with robust standard errors). Moderator analyses for
difference in years of education, duration of AUD, lifetime consumption, number of days
abstinent, and treatment-seeking status were performed within the subsets of studies
reporting those variables. In addition, mean ES were calculated for male and female samples
for each study reporting data from men and women separately. Moderator analyses were not
performed within male and female subsets due to power limitations.

Because number of days abstinent showed positive skew, a square root transformation was
applied prior to moderator analyses. In a study where mean number of days abstinent was
not reported (Mechtcheriakov et al., 2007), the minimum required of participants at the time
of scanning was substituted.

Author Confirmation

Following calculation of the cross-sectional ES, the corresponding author from each study
was contacted via email, with two exceptions. In Cardenas et al. (2005), the obtained ES was
simply compared to the ES published in the original report and found to be very similar. For
Mechtcheriakov et al. (2007), a valid email address for the corresponding author could not
be found. When contacting authors, the ES was presented along with a request for the author
to evaluate it in light of his or her expertise on the study. The 12 authors who responded to
this request indicated the acceptability of the calculated ES. In addition, authors were
contacted to confirm the independence of samples in cases requiring clarification.

Interrater Reliability

Results

The primary coder (MAM) trained an independent rater (RAY) on the coding scheme
developed for this study in order to assess interrater reliability. Because ES for 12 of 19
studies were confirmed by a corresponding author, the independent rater coded 3 studies for
which author confirmation was not obtained, chosen at random from within that subsample.
For calculation of the overall ES, interrater reliability was excellent, Pearson’s r=.981,
intraclass correlation coefficient (/CC) = .970, 95% confidence interval = .607-.999.
Complete agreement for continuous measures was obtained for year of publication, MRI
field strength, difference in education, percentage male, duration of AUD, and number of
days abstinent. Reliability was acceptable to high for sample size, /CC = .678, and age, /CC
=.998. For categorical measures, all kappa coefficients = 1, indicating complete agreement.

From 127 articles retrieved on the basis of their abstracts, a total of 19 studies met criteria
for inclusion in the meta-analysis. Table 2 summarizes design and sample characteristics for
each study as well as the obtained ES and variance. For all ES, a positive sign indicates
greater WM volume in the control group, and a negative sign indicates greater WM volume
in the AUD group.

Descriptive Characteristics

Publication dates ranged from 1992-2011, with 2005 being the median. VA affiliation was
documented for 11 studies (58%), and 14 studies (74%) reported NIAAA/NIH funding.
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MRI field strength was 1.5 T in 16 studies, 2.0 T in 1 study, and 3.0 T in 2 studies. Tissue
segmentation on MR images was semi-automated in 9 studies and fully automated in 10
studies. WM volume was adjusted for ICV in 11 studies, with the remaining 8 studies
reporting either raw volume or Zscore or percent difference with respect to the comparison

group.

The grand total of participants was 1,302, of whom 70% were male. Average sample size
was 69 participants (34 control, 35 AUD), with a median of 50. Seven investigations studied
men exclusively. An additional study (Gazdzinski et al., 2010) was included in the male-
only mean because males comprised > 90% of the sample. One study (Symonds et al., 1999)
compared an all-male AUD group to a comparison group that was 54% female and was not
included in the male-only mean. For one study that presented data for both genders, the male
subsample had been published previously in a separate report and was not included twice in
the meta-analysis (Pfefferbaum et al., 2001). Thus, 2 investigations presented novel data for
females only, and 9 studies reported on both men and women. Fourteen studies (74%)
recruited treatment-seeking participants. The 4 non-treatment-seeking samples were
heterogeneous and included treatment-naive, current heavy drinkers (Cardenas et al., 2005;
Fein et al., 2002), AUD individuals with long-term abstinence (Fein et al., 2009), and
teenagers with AUDs recruited from high schools (Nagel et al., 2005). Treatment-seeking
status could not be determined for 1 study (De Bellis et al., 2000). The non-AUD
comparison group was a healthy control sample for every study except O’Neill et al. (2001),
which compared AUD participants with and without cocaine dependence to a combined
group of healthy controls and individuals with cocaine dependence only. Descriptive
characteristics for demographic and clinical characteristics of samples are presented in Table
3 to provide a snapshot of the “average” participant and to convey study heterogeneity.

Overall ES—The averaged ES for all studies was g = .304 [standard error (SE) = .134;
standard deviation (SD) = .371]. This ES was significantly different from 0, {18) = 2.257, p
=.037. The test for heterogeneity of ES was also significant, X2(18) =52.400, p<.001.
These findings indicate that non-AUD participants had significantly greater WM volume
relative to AUD participants and that the magnitude of this advantage varied significantly
across studies (see Figure 1).

ES for males and females—The mean ES for male samples (7= 12) was g=.239 (SE
=.157, SD = .406). This ES was not significantly different from 0, {11) = 1.525, p=.155.
The mean ES for female samples (n7=6) was g=.538 (SE =.241, SD = .513), which
showed a trend toward significance, 45) = 2.233, p=.074. ES for men and women were not
significantly different from each other, {16) =.752, p=.463. Thus, the effect of AUD
diagnosis on WM volume was not significantly different for men and women.

Moderators—Table 4 shows statistics for tests of moderators. VA affiliation, NIAAA/NIH
funding, sample size, MRI field strength, segmentation method, adjustment for ICV, year of
publication, age, percentage male, group difference in education, duration of AUD, and
lifetime consumption were not significant moderators of ES.

Treatment-seeking status was a significant moderator. Treatment-seeking and non-
treatment-seeking samples had significantly different ES, {16) = 2.839, p=.012. The ES for
studies with non-treatment-seeking samples was b (unstandardized) = -.088 (SE = .121),
whereas the ES for studies with treatment-seeking samples was positive, 6= .433 (SE =.
183). In short, the negligible difference between non-treatment-seeking samples and control
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groups stood in contrast to a medium-sized effect for WM reduction in treatment-seeking
samples compared to control groups.

Number of days abstinent was also a significant moderator, 4= -.013 (SE =.006), p = .044.
The negative coefficient for this moderator signified that the magnitude of WM volume
difference between AUD and healthy controls groups decreased as length of abstinence
increased.

Discussion

The main finding of this meta-analysis was a small-to-medium ES (g = .304) for AUD
diagnosis, indicating a significant WM volume deficit in AUD groups relative to healthy
comparison groups. Of 14 contextual, methodological, and sample characteristics tested as
moderators, only treatment-seeking status and length of abstinence at scanning significantly
moderated ES distribution.

Because the population of studies that recruited non-treatment-seeking AUD groups was
small and included both treatment-naive individuals and long-term abstinent individuals,
generalizations about the importance of treatment-seeking status as a significant moderator
of the ES distribution should be considered speculative. Yet this finding supports the
assertion that treatment-seeking status marks an important distinction within the AUD
population (Fein and Landman, 2005; Gazdzinski et al., 2008). A mere 15% of individuals
with AUDs ever receive treatment (Hasin et al., 2007), raising questions about the
generalizability of findings of neurobiological abnormality to the AUD population as a
whole. Although treatment-seeking individuals with AUDs typically manifest impairment in
attention, executive function, memory, and visuospatial abilities, a recent investigation of
cognitive functioning in actively drinking, treatment-naive individuals with alcohol
dependence found no evidence of impairment on an extensive neuropsychological battery
sensitive to the effects of alcohol abuse (Smith and Fein, 2010). Our finding of negligible
WM effects in non-treatment-seeking samples, in contrast to substantial WM atrophy in
treatment-seeking samples, is consistent with these differences in cognitive functioning.
Because healthy WM is critical to normal attention, executive function, memory, and spatial
orienting (Filley, 2001), it is likely that WM atrophy accounts in part for the impairment
observed in treatment-seeking samples. Further, the harmful effects of alcohol abuse on WM
and cognition may be especially problematic in the context of psychosocial treatments for
AUDs, which typically require effortful information processing and reevaluation of reward.
Better understanding of the neurobiological risk factors associated with greater cognitive
impairment and WM atrophy in treatment-seeking individuals is an important next step in
research on AUDs.

This meta-analysis found that length of abstinence was significantly, inversely associated
with magnitude of atrophy in AUDs. On the basis of cross-sectional studies alone, this
association constitutes weak evidence for recovery of WM tissue with abstinence. However,
the longitudinal studies reviewed in Supplementary Information provide converging
evidence of WM recovery beginning in early abstinence and continuing for several months.
If length of abstinence, rather than how much or for how long the individual drank, is a
major determinant of brain recovery, this finding would be highly encouraging in the
context of AUD treatment. Simply knowing that brain injury can begin to reverse itself
within days of drinking cessation and that present abstinence is more important than past
drinking may strengthen the resolve of many individuals seeking to change their drinking
behavior.
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The significance of number of days abstinent but not lifetime consumption or duration of
AUD as a moderator of ES distribution could be interpreted as support for a model in which
alcohol-related brain damage occurs primarily during intoxication, not withdrawal (Crews
and Nixon, 2009). The ability of the brain to heal itself after a sizable but time-limited dose
of alcohol is supported by an animal model of binge drinking showing complete
normalization of ventricular dilation after 7 days of recovery (Zahr et al., 2010). An
alternative explanation is that duration of abstinence possessed greater predictive power than
lifetime consumption or AUD duration because it was quantified with greater precision,
thereby introducing less random error into analyses. Although the reliability and validity of
lifetime consumption and AUD duration have proven adequate in most cases (Jacob et al.,
2006; Koenig et al., 2009), these measures necessarily entail estimation and interpolation in
the participant’s self-report. Many study participants resided in controlled environments
with supervised abstinence prior to data collection, a factor likely to increase the accuracy of
the abstinence variable.

Whether tested as a categorical variable or as a percentage, gender was not a significant
moderator of ES distribution in this meta-analysis, and our study was not designed to
directly address whether women manifest a telescoping effect in terms of health
consequences. Nonetheless, a qualitative difference between ES for men and women arose,
as the averaged ES in men (g = .239) was smaller than that for women (g = .538). Firm
conclusions about relative vulnerability to alcohol-related WM damage cannot be made on
the basis of the available evidence, especially given the small population of studies
contributing ES for women, but a cautious interpretation is that women seem to be at least as
severely affected as men.

Heightened vulnerability to alcohol-related brain damage with increasing age observed in
some samples (e.g., Pfefferbaum et al., 2006) was not instantiated in this population of
cross-sectional studies, as age was not a significant moderator. The average age range
included adolescents as well as mature adults, suggesting that individuals with AUDs sustain
a comparable extent of damage across most of the lifespan. However, the absence of studies
focusing on adults in their 60’s and older limits conclusions and may account for the lack of
an age effect.

The functional significance of WM reductions in AUDs, their reversal with sustained
abstinence, and their ability to account for variance in AUD outcomes are issues of pressing
importance. In a study of participants included in 2 studies above (Pfefferbaum et al., 1992;
Pfefferbaum et al., 1995), increase in posterior WM volume was significantly correlated
with recovery of memory function after several months of abstinence (Sullivan et al., 2000).
A naturalistic longitudinal study found that processing speed, which relies heavily on intact
WM (Filley, 2001), and a metabolic marker of neuronal integrity in frontal lobe WM were
significant predictors of drinking outcomes following AUD treatment (Durazzo et al., 2008).
In a DBM study of an overlapping sample, volumes of bilateral orbitofrontal cortex and
surrounding WM at baseline were significantly smaller in those who relapsed than those
who abstained during the year following treatment (Cardenas et al., 2011). In a DTI study,
frontal WM integrity at baseline differed significantly between those who resumed heavy
drinking and those who sustained treatment gains at 6-month follow-up (Sorg et al., 2011).
These findings suggest that baseline differences in WM health, particularly in frontal lobes,
constitute an important individual difference with potential treatment implications.

Due to demonstrated effects on neurophysiology, nicotine dependence (Durazzo et al.,
2007), anxiety (van Tol et al., 2010), depression (Drevets et al., 2008; Peterson and
Weissman, 2011), family history of AUD (Gilman et al., 2007), presence of Wernicke-
Korsakoff syndrome (Kril et al., 1997), liver disease (Pfefferbaum et al., 2004), and
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comorbid drug use disorders (Berman et al., 2008; Lorenzetti et al., 2010; O'Neill et al.,
2001) merit further consideration as factors influencing WM atrophy in AUDs. In particular,
brain abnormality in AUDs overlaps considerably with changes found in mood, anxiety, and
other substance use disorders. Because epidemiological data have linked AUD treatment-
seeking to higher lifetime incidence of mood, personality, and other substance use disorders
(Cohen et al., 2007), it is plausible that an overall greater burden of psychopathology
accounts in part for the significantly larger ES observed in treatment-seeking samples in the
present study. One limitation of the present study is that these variables could not be coded
reliably due to inconsistent reporting in the original studies. Future studies systematically
investigating the influence of comorbid disorders will assist in identifying shared versus
unique effects on neurobiology.

In conclusion, the present meta-analysis found an ES of .304 for WM volume reduction in
AUDs. This effect was robust with regard to potential confounds such as sample size, age,
and MRI methodology. Treatment-seeking status and duration of abstinence were significant
moderators of the ES distribution, with group differences maximized in treatment-seeking
populations and in early abstinence. Because women and non-treatment-seeking individuals
have been underrepresented in neuroimaging research in AUDs, conclusions about the effect
of AUDs on WM in these populations remain tenuous. Future studies would profit from
examining moderators and mediators of the effects of treatment-seeking status and length of
abstinence in larger, more representative samples and with methods such as DTI, which is
sensitive to changes in WM integrity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1
Examples of excluded studies
Criterion Excluded study Reason
Use of MRI for quantification of volume Mann et al. (1992) CT study
Mann et al. (2005) CT study

Inclusion of AUD group

Alcohol as primary substance of abuse

Reporting or testing of overall or cerebral WM volume

Anstey et al. (2006)
Sasaki et al. (2009)
Thompson et al. (2004)
Medina et al. (2007)
Chanraud et al. (2007)
Bartsch et al. (2007)
Fein et al. (2010)
Laakso et al. (2002)

Population-based sample
Moderate drinking sample
Primary amphetamine dependence
Primary marijuana use
VBM; no WM measure
Global volume change; no WM measure
WM signal hyperintensities only

Frontal lobe WM volume only

Ad(dict Biol. Author manuscript; available in PMC 2014 May 01.



Page 16

Monnig et al.

(T002)
(50) 21— — — SewINjoA mey SL LTy se[ewsy Zy (ix44 sofewsy /& 0 66L ‘[e 18 Wneqiayeld
(z66T)
— (¥07) v — SaWIN|oA Mey SL 0'St s9jewW 6y g'Sy sajew gy 00T 6 "[e 18 WineqJayeld
ADI 10} (4 9w €2) U e/w
— — (60) ¥8° paisnipe awnjoA Sl v'Sy  s[enplAIpul 62 oge  8T)SENPIAIPUITZ Z8 05 (1002) ‘219 1118N.O
ADI 10} (3 G/wg) @ 2w
(FT) ey pawsnlpeawnioA ANV UM ‘'SIN 29 sfenpiAlput €T g9T 0T) sfenpiAIput /T 09 0€ (5002) '[e 18 [96EN
(3 8/w ¥T) (3 8/w (2002) '|e
— — (607) 28 awinjoA mey SL 9'€S  s[enpiaIpul gz L'€S ¥T) S[enpiAIpul 2z 9 44 19 AOMELIBYIYOBIN
— (o17) 26— — 3WINJOA Mmey SL 10§ s9jew TZ 0'%S s9jew 17 00T rA7 (8002) ‘12 1 sIxfeIN
— (e17) 98- — 3WNJOA Mey SL 8'ee sajew €T 6'2¢ sajew 8T 00T 1€ (2002) '[e 18 937
Al o}
— (zt) 12T — paisnipe swnjoA SL gey safew 0z Sy s9jew 07 00T o (2002) "1e 1 Buer
ADI o} (g ge) (3 z/w (0t02)
— (207 o1 — paisnipe swnjoA SL ¥'67  Slenplalpul 98 €8y 02) sfenpiAlpul zz 26 285 ‘[e 18 BisuIzpze
ADI 10} (S002)
— (90") 8¢ — paisnipe swnjoA SL S'6Y sajew /¢ £'sy sajew 0g 00T 19 "[e 18 Bisuizpzes
DI 10} uoissiwal @ ve/w 12) (3 ez
(60)ce-  (80)6T- (¥0) 0z'-  pawsnlpeawnjon  wusk-Buojul'SIN  L'9F  S[ENPIAIpUI TG g'sh €2) S[enpIAIpul 9 zS 16 (6002) "1e 10 uted
N Al o} »
— (01 pST — paisnlpe awnjop oAV WM SIN e safeW g 0'0g safew /T 00T v (2002) 'Ie 10 ute
AJl 10} q(66T)
— (0z) sz — paisnipe swnjoA Sl 1'6S sofew TT 0€9 saew 6 00T 0z ‘e 18 1uefe|ds 1a
ADI 10} @ ez 12) (3 zg/w (T102)
(807) 96° (L0) 59 (¥0) 9s" paisnipe awnjoA Sl 9'9F  s[enplalpul 0§ 06y 7€) sfenpiaIpul 99 €S 9TT |e 19 BOYRAIWRQ
@ zT/w Q) (3 yT/w (0002)
— — (e1)1€°0 aWNjOA MeY umouxun LT s[enpiaIpul g1 0'LT 0T) S[enpIAIpUI #Z rA7 9 ‘le19 sijjeg eq
ADI 10} (4 Gp/w 62) (3 8g/w
(90)8eT  (e0) 00T (zod et paisnipe swnjoA Sl 00y  slenpiaipul 2T 0ve €/) slenpialpul TTT G9 Gee (T702) "le 38 UBYD
ADI 10} e (3 6/w 0Y) (3 /W (S002)
(cz) ST (s0) LT’ o) €T paisnlpe swnjop  pANV WM SIN - 1 spenpiaipul 67 9Ty 0v) S[enpIAIpUI 61 Z8 86 ‘[e 30 Seuapied
(@ouelrRN) (@ouelIeN) ueawl a|dwes
USLIOM (eouelren) s ppusb snes abe ueawl [e101 Ulafew
Jojs3 UdW I0yS3  ylog JojS3  dInsesw M si1anv anv dnosb any  ebfe OH dnoJB OH % N [eloL Apnis

Ad(dict Biol. Author manuscript; available in PMC 2014 May 01.

(6T =/V) SAIpMIS ||B 10} S9ZIS 19343 paulr1qo pue sansualoeteyd ajdwes pue ubisag
zalqeL
NIH-PA Author Manuscript

NIH-PA Author Manuscript NIH-PA Author Manuscript



Page 17

Monnig et al.

‘dnoib Buibe rewuou,, ‘Japjo ue sem dnoib QH m:._.Q

*(266T) ‘18 10 WneqJagald ul ajduwes Jabe| e Jo wed se paysijgnd Usaq pey Ssjew Uo eyep se ‘pasn Sem 19sgns ajeway ay) b:om

"aNV PI1gIoWod INoyIM aduapuadap auredod yym suedioied pue syuedioned DH yoq pastidwod dnoub siy

4

"Z0€‘T 01 SIsAJeue-e1aWw ay} Joy [e10] puelb sy 3ybnoiq saseo arealjdnp gT asayl Buinowsy
‘A1snoinaid paysiignd asem dnolb dny ays ul siuedionted g pue dnoib DH ay: ul syuedioiued 1oy elep ‘(0T0Z ‘6 J9qwiadaq ‘uoiredlunwiwod jeuosiad ‘suizpzes *S) Joyine Buipuodsailod ayl Bn_m

“(0T0Z ‘9T Jaquiadaq ‘UoIeIIUNLIWIOD

Jeuos.ad ‘yyoysaksIA “r *@) Joyine Buipuodsaliod sy woiy Indul Jo d[ay Byl YIM Palewilsa Sem az1S 198449 SIU L “JUedIuBIS-UoU Sem DH pue QMY Usamiag sousJaip syl yeyl Ajuo payers 1odas feulblio ay L

7/

*80UBpUadap [0YOJ[e BWINBI| 10 BLIBILID AI-NSA 18W S[eNpIAIpUL v,

"paIRIN[BD SBM S 8U1 YOIUM WOJ) BIEP SWUNJOA N PRY WOyMm J0 0Z Ajuo ‘(5z =) 8jdwes [e10) 8y Joy paiodas alam solydesbowsq

q
"81q161168u sem dnolb @Ny ay3 Ul sjenpiAipul

any-uou Ajqissod Jo uonodoid sy 8sneasq papnjoul Sem Apnis SIUL ‘AN dWINSI| 1oy eLIBILIO 18W dARY Aew ING ‘@MY 1USLIND 104 BLIBILIO Al-NSA 188W Jou pip dnoab siy) ul spenpiAipul oML,

“JaNewW aNyM = M ‘Buryses-luswieal) = S1 Buiness-luswiesi)-uou = SN ‘WNJOA [eIUBIOBAUI = AD] ‘]0NU0D AUIfesy = DH ‘8ZIS 108)48 = ST “48PJOSIp asn [0Y0dJe = ANV :SUOHRIABINGY

oH O G ve/w (666T)
— — o) 28 aAIje[9] 8109S-Z sl v'8y safew g zg9  60)ySrenpinipul €9 0L 11 "I 19 SPUOWIAS
OH 01 8A1e[3)
CRITEYETITT (9002)
(ez)s0T — — SICRIER] SL 8Ly sofewsy / AL sofewsy 91 0 €z "[e 18 Buiyjyoy
(eouel.ren) (@ouelIeN) ueawl a|dwes

USLIOM (e2UR1 NRN) s opuab snies abe ueswl [e101 Ul 3w

lojs3 WW JojS3  y1oq JojS3  Jnsesw WM siLanv anvy dnoibany  8be OH dnoJB OH % N [eloL Apnis

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Ad(dict Biol. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Monnig et al.

Table 3

Demographic and clinical characteristics of samples (V= 19).

Characteristic Number of Mean Median Range
studies (unweighted)

reporting
Average age for all participants 19 43.0 45.2 16.6 -61.2
Difference in years of education (control - AUD) 14 1.7 1.8 -4-35
Number of days abstinent at MRI scan 14 390.3 26.1 4.5-2229.0
Duration of AUD or heavy drinking in years 15 15.1 12.7 1.4-274
Lifetime consumption of pure ethanol in kg 9 776.8 644.4 103.2 -1361.0
Percentage of AUD group who were current smokers 8 73.6 775 43.0-100
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