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Abstract The chronic, excessive consumption of alcohol
results in significant modification of selective neural sys-
tems of the brain structure, physiology, and function. Quan-
titative MR structural imaging, diffusion tensor imaging
(DTI), and functional MRI (fMRI), together with neuro-
psychological challenges, have enabled rigorous in vivo
characterization of the results of alcoholism on the brain
in the human condition. Neuroimaging has also enabled
longitudinal study for the examination of alcoholism’s
dynamic course through periods of drinking and sobriety.
Controlled studies have revealed compelling evidence for
alcohol-related brain structural and functional modification
—some longstanding, some transient, and some compen-
satory. Patterns of circuitry disruption identified through
structural and functional MRI studies suggest a central role
for degradation of frontocerebellar neuronal nodes and con-
necting circuitry affecting widespread brain regions and
contributing to alcoholism’s salient, enduring, and debil-
itating cognitive and motor deficits—executive dysfunc-
tion, visuospatial impairment, and ataxia.
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Introduction

A salient characteristic of alcohol use disorders is the
consumption of dangerous quantities of alcohol despite
knowledge of the adverse effects of such behavior. The
development of tolerance and dependence marks change in
brain structure, function, and basic physiology. Our studies
of the persistent brain structural and behavioral changes
manifest by even well-detoxified alcoholic individuals
attest to the importance of these alcoholism-induced brain
insults to which the alcoholic must adapt. This neuro-
adaptation allows for some restoration of function with
sobriety in a damaged brain, albeit at the expense of func-
tional reserve and plasticity, and may contribute to the self-
sustaining nature of alcoholism.

Here, we review evidence for alcoholism-related brain
structural and functional modification—some longstand-
ing, some transient, and some compensatory—from our
quantitative in vivo MRI and neuropsychological studies of
detoxified alcoholic men and women. Identified patterns of
circuitry disruption from structural and functional studies
suggest a central role for degradation of frontocerebellar
neuronal nodes and connecting circuitry affecting wide-
spread brain regions and contributing to the cognitive and
motor sequelae of alcoholism. Descriptions of the MR
imaging methods and quantification approaches consid-
ered herein are presented elsewhere in didactic reviews
(Adalsteinsson et al. 2002; Pfefferbaum and Sullivan 2005b;
Rosenbloom et al. 2003).

In vivo evidence for brain macrostructural
compromise in chronic alcoholism

Cross-sectional studies Depending on age, the brain of the
detoxified alcoholic can appear as ravaged as that of a
patient with Alzheimer’s disease, although the behavioral
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and neuropsychological consequences are typically far less
severe and the brain dysmorphology is at least partially
reversible. Both cortical gray matter (Fein et al. 2002;
Jernigan et al. 1991) and white matter sustain widespread
volume loss (Pfefferbaum et al. 1992), which is greatest in
the prefrontal cortex and prefrontal and frontal white mat-
ter (Kubota et al. 2001) in older alcoholics (Pfefferbaum
et al. 1997). In most brain regions and structures examined,
we have observed an age—alcoholism interaction, where
older alcoholics have greater volume shrinkage for their
age than younger alcoholics. In one study, this interaction
was shown to be independent of the possibility that older
alcoholics had the opportunity to drink more alcohol for a
longer time than younger alcoholics (Pfefferbaum et al.
1992).

In addition to the cortex, subcortical and brainstem struc-
tures are affected in uncomplicated alcoholism, that is,
in alcoholics free of the severe syndromes, arising from
alcohol-associated nutritional deficiencies or electrolytic
imbalance. These clinically dramatic conditions include
Marchiafava—Bignami disease, which primarily affects the
corpus callosum and results in a disconnection syndrome;
central pontine myelinolysis, which affects myelin in cen-
tral pons and can cause paraplegia; and alcoholic cerebellar
degeneration, which results in severe ataxia of gait and
posture. In contrast to these clinically-defined conditions
with characteristic radiological signs, quantitative analysis
of MRI has been required to identify brain structural and
functional deficits in uncomplicated alcoholics. None-
theless, the brain structures affected in uncomplicated al-
coholics are the same as those affected in these clinical
syndromes (albeit to a lesser degree) and include the cor-
pus callosum (Estruch et al. 1997, Hommer et al. 1996;
Pfefferbaum et al. 1996), pons (Sullivan et al. in press;
Sullivan and Pfefferbaum 2001), cerebellar hemispheres,
and vermis (Sullivan et al. 2000a). Perhaps the most
studied alcohol-related nutritional deficiency condition is
Korsakoff’s syndrome (Victor et al. 1989), which is com-
monly heralded by Wernicke’s encephalopathy (WE) and
resolves to render victims with global amnesia (Butters
and Cermak 1980). The neuropathological lesions mark-
ing WE are in thalamus, mammillary bodies, and inferior
colliculus. In addition to these sites of pathology, KS pa-
tients commonly have cerebellar involvement. The amne-
sia of KS has traditionally been attributed to lesions of the
thalamus and mammillary bodies (Squire et al. 1990), but
more recently was related to hippocampal volume loss
(Sullivan and Marsh 2003) and may even involve the cho-
linergically rich medial septum/diagonal band (Sullivan
et al. 2004a).

MRI studies have also revealed temporal lobe white
matter deficits (Sullivan et al. 1996), particularly in patients
with a history of seizure; significant mammillary body
(Davila et al. 1994; Shear et al. 1996; Sullivan et al. 1999)
and anterior hippocampal (Sullivan et al. 1995) shrinkage
in amnesic and nonamnesic alcoholics; and a higher inci-
dence of substantial white matter hyperintensities than
matched controls (Gallucci et al. 1989; Jernigan et al. 1991;
but see Pfefferbaum et al. 1992, 2005b; Pfefferbaum and

Sullivan 2005a). Volume shrinkage in thalamus (Sullivan
et al. 2003b), caudate, and putamen (Sullivan et al. in press)
occurs in alcoholics. Of particular relevance to the iden-
tification of neural substrates of addiction, we have observed
significant volume shrinkage in the nucleus accumbens of
recently drinking alcoholics relative to ones who had been
sober for at least a month (Sullivan et al. in press), and the
volume shrinkage is even greater than that observed in KS
patients (Sullivan et al. 2004a).

Both alcoholic men and women are vulnerable to alco-
holism’s untoward effect on brain structure, although the
sex-related pattern of brain structural involvement is con-
troversial. For example, one series of studies reported more
severe ventricular expansion and tissue volume deficits in
cortex (Hommer et al. 2001), corpus callosum (Hommer
et al. 1996), and hippocampus (Agartz et al. 1999) in al-
coholic women than men. By contrast, another series of
studies revealed virtually the opposite pattern, where men
had greater abnormalities than women in size of the lateral
ventricles, cortical gray matter (Pfefferbaum et al. 2001b)
and white matter, corpus callosum, and pons (Pfefferbaum
et al. 2002).

In vivo MRI studies are consistent with the postmortem
studies of gross brain morphology, which report white
matter abnormalities in brainstem and subcortical struc-
tures, including the cerebellar vermis (Phillips et al. 1987),
mammillary bodies (Alling and Bostrom 1980), hippo-
campus (Harding et al. 1997), and corpus callosum, which
thins (Harper and Kril 1988) and atrophies (Tarnowska-
Dziduszko et al. 1995). Although white matter pathology is
reported more often than gray matter pathology, neuronal
loss does occur but is restricted to the superior frontal
cortex (Harper and Kril 1989; Harper et al. 1987; Kril et al.
1997).

Longitudinal studies Our controlled longitudinal MRI
studies of alcoholics in recovery or relapse have revealed
that with short-term (about 1 month) abstinence from alcohol
cortical gray matter increases in volume. With longer-term
abstinence (about 1 year), the third ventricle shrinks, but with
relapse it expands and white matter shrinks (Pfefferbaum et
al. 1995). Over a 5-year interval, the degree of excessive
drinking in alcoholics is related to the degree of cortical
gray matter loss, especially in the frontal lobes (Pfefferbaum
etal. 1998). Although the amount of alcohol consumed over
a lifetime has not usually been a reliable predictor of quan-
titative measures of the condition of the brain, estimations
of recency and frequency of heavy drinking have served as
better indicators (e.g., Parsons et al. 1987). In support of the
recency—frequency index, we observed that the more alco-
hol consumed during a 5-year period of relapse, the greater
the cortical gray matter volume loss alcoholics sustained
(Pfefferbaum et al. 1998). Additional studies suggest that
cortical white matter volume may be particularly amenable
to recovery with abstinence (O’Neill et al. 2001; Shear et
al. 1994) or vulnerable to further decline with continued
drinking (Pfefferbaum et al. 1995). Possible dehydration or
rehydration of white matter tissue, particularly to account
for volume changes with abstinence, has been considered



but has received little support (Harper et al. 1988; Mann et
al. 1992, 1995).

Although the mechanism for either volume loss or res-
toration with abstinence remains unclear, it probably
involves changes in both myelination and axonal integrity
in white matter and glial and dendritic changes in cortical
neuropil. MR spectroscopy (MRS) (Adalsteinsson et al.
2002) provides an in vivo method to quantifying brain
biomarkers of factors (e.g., Martin et al. 1995; Meyerhoff et
al. 2004; Seitz et al. 1999), including neuronal integrity (V-
acetyl aspartate, NAA), glial activity (myo-Inositol, mI),
and cell membrane turnover (choline, Cho). Longitudinal
studies using MRS have revealed significant increases in
NAA in selective brain regions, providing quantitative,
within-subject biochemical evidence for improvement in
the condition of neuronal integrity (Parks et al. 2002; but
see O’Neill et al. 2001).

Observed brain structural and biochemical recovery is
testimony to the neuronal regenerative possibilities (cf.
Nixon and Crews 2002 and 2004), and improvement in
cognitive and motor abilities with abstinence from alcohol
(reviewed below) supports the functional value of such
regeneration. Indeed, a growing number of longitudinal
neuropsychological studies report significantly better scores
on tests of working memory, visuospatial abilities, and gait
and balance with abstinence from alcohol and further de-
cline or lack of improvement with resumption of drinking.
Some components of these functional domains recover
faster (Rosenbloom et al. 2004) or more fully than others
(e.g., Becker et al. 1983; Brandt et al. 1983; Mann et al.
1999; Nixon and Glenn 1995; Parsons et al. 1987; Sullivan
et al. 2000c), but at least a measurable degree of recovery
typically accompanies prolonged sobriety.

In vivo evidence for brain microstructural compromise
in chronic alcoholism

Structural MRI enables quantification of bulk volume and
some aspects of tissue quality of brain but does not directly
assess the microstructure of brain tissue and its compo-
nents, such as axons, microtubules, and myelin. By con-
trast, diffusion tensor imaging (DTI) is especially suited for
the study of white matter and can reveal quantitative in-
formation about its microstructural integrity through exam-
ination of coherence and connectivity of white matter tracts
(Moseley et al. 1990; for reviews on the method and ap-
plication in human studies, see Kubicki et al. 2002; Le
Bihan 2003; Lim and Helpern 2002; Pfefferbaum and
Sullivan 2005b; Rosenbloom et al. 2003; Sullivan and
Pfefferbaum 2003).

Diffusion tensor imaging The intrinsic properties of water
diffusion in human brain tissue can provide information
about the structural characteristics of the tissue. The dif-
fusion of water molecules in tissue with unconstrained
microstructure (e.g., CSF) is characterized by Brownian
motion. The resultant molecular displacement has a gauss-
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ian distribution, and the diffusion is, therefore, “isotro-
pic”—the molecules move equally in all directions. In
tissue with a regular and orderly microstructure, such as
brain white matter, the water molecules behave in a more
constrained fashion with a preponderant motion in a given
orientation; the diffusion is “anisotropic.” Tissue can also
be characterized in terms of the amount of its water dif-
fusion, expressed as “diffusivity.”

White matter is highly organized in fiber bundles, which
restrict diffusion of water, and the orientation of the dif-
fusion depends on the orientation of the specific fiber tracts
observed (Waxman et al. 1995). The axon’s cytoskeleton
consists of axoplasm and organelles, including neurofila-
ments, mitochondria, and microtubules. The gross morphol-
ogy of axons resembles bundles of cable wiring organized
as fasciculi, commissures, and fibers that link brain regions.
With trauma or disease, the cytoskeleton, including the
linear orientation of neurofilaments that lends to high an-
isotropy in healthy white matter, can be perturbed and result
in diminished anisotropy (Arfanakis et al. 2002) and re-
active glia can form (Sandvig et al. 2004). In addition to
intracellular space, extracellular spaces between fibers se-
quester fluid and provide an avenue for water movement in
white matter, contributing to anisotropic diffusivity.

Anisotropy is calculated on a within-voxel basis and is
commonly expressed as a percent or fraction, i.e., fractional
anisotropy (FA) (Pierpaoli and Basser 1996). FA of CSF is
near 0 and can approach 1 in the corpus callosum. Some
regions of white matter normally have considerably lower
FA than others, even though they are fully volumed, that
probably represents architectural differences in fiber track
organization at the intravoxel level, i.e., intact fibers cros-
sing within an image voxel. Processes that cause changes at
the microstructural level, such as demyelination or aberrant
accumulation of interstitial fluid, can cause a significant
measurable decrease in FA of white matter.

White matter in normal aging and alcoholism

White matter in normal aging and alcoholism To deter-
mine the effects of alcoholism on the brain, the effects of
normal aging must first be characterized because the pos-
sibility of the interaction of age and alcoholism occurring
at the microstructural level. Several DTI studies have dem-
onstrated variability of white matter anisotropy across
brain regions in healthy individuals, depending on the
linearity and homogeneity of the local fiber structure
(Pfefferbaum et al. 2005¢ in press; Pierpaoli et al. 2001;
Virta et al. 1999). Normal aging and certain neurological
and psychiatric conditions also modulate regional FA and
diffusivity (for reviews, see, Kubicki et al. 2002; Moseley
2003; Pfefferbaum and Sullivan 2005b; Sullivan and
Pfefferbaum 2003). A series of studies by Peters and
colleagues in monkey models of aging revealed cross-
sectional evidence for fluctuations in the condition of
myelin, including increase in number of myelin lamellae
with age (Peters et al. 2001), occasional splits in the



586

myelin sheaths permitting formation of blisters of fluid
(Peters and Sethares 2002), age-related lysing of the my-
elin sheath, and abnormally thin sheaths of myelin, which
is a sign of remyelination (Peters and Sethares 2003). DTI
is likely to provide sensitive in vivo markers of such age-
related, degenerative, and restorative alterations in the
structural integrity of axonal constituents.

Our initial studies using DTI in uncomplicated alcohol-
ism reported abnormally low anisotropy in regionally
defined white matter of alcoholic men (Pfefferbaum et al.
2000) and women (Pfefferbaum and Sullivan 2002). Both
men and women show deficits in the callosal genu and
centrum semiovale, and men showed additional deficits in
the callosal splenium; pericallosal white matter is also
affected (Pfefferbaum et al. 2000). In women, the white
matter abnormality identified with DTI went undetected
with structural MRI (Pfefferbaum et al. 2002; Pfefferbaum
and Sullivan 2002). Figure 1 provides examples of aver-
aged DTI images of anisotropy (FA) and bulk mean dif-
fusivity ((D)) in alcoholics and controls.

Age—alcoholism interactions have been observed in
callosal macrostructure, postmortem (Wiggins et al. 1988)
and in vivo (Pfefferbaum et al. 1996). Recently we showed
an age—alcoholism interaction in both FA and diffusivity,
where older alcoholics had greater abnormalities for their
age than younger ones (Pfefferbaum et al. 2005b). Dif-
fusivity, which is strikingly higher in alcoholic men and
women than controls and shows regionally nonspecific,
substantial correlations, provides additional clues for ex-
plaining the alcohol-related erosion of white matter con-
stituents. Alcoholism disrupts cytoskeletal integrity (Harper
1998; Putzke et al. 1998) and may reduce intracellular
structural complexity so that it is less obstructive to water
movement. Given low anisotropy and high diffusivity, we
have speculated that intravoxel diffusivity in alcoholism
arises from both intracellular and extracellular compart-
ments (Pfefferbaum and Sullivan 2005a).

As with the MRI studies of the brain’s macrostructure, in
vivo DTI studies of white matter’s microstructure in aging
and alcoholism are consistent with postmortem findings
(Kemper 1994). Small connecting fibers of the anterior
corpus callosum are especially vulnerable in aging and
likely contribute to deficits in cognitive processes depen-
dent on prefrontal circuitry (Craik et al. 1990; Gunning-
Dixon and Raz 2003; Raz 1999). Degradation of myelin
and microtubules, and even axon deletion, also accompany
normal aging (Aboitiz et al. 1996; Meier-Ruge et al. 1992).
Brain white matter is especially affected in alcoholism (De
la Monte 1988; Harper et al. 2003) in both sexes (Harper
et al. 1990). In addition, callosal and other supratentorial
white matter sustains demyelination (Lewohl et al. 2000;
Tarnowska-Dziduszko et al. 1995), microtubule disruption
(De la Monte 1988; Mayfield et al. 2002; Paula-Barbosa
and Tavares 1985; Putzke et al. 1998; Wiggins et al. 1988),
and axonal deletion, possibly arising from regional neuro-
nal loss (Alling and Bostrom 1980; Badsberg-Jensen and
Pakkenberg 1993; Courville 1955; De la Monte 1988;
Harper and Kril 1991, 1993; Kril et al. 1997; Lancaster
1993).

Fractional Anisotropy
15 Alcoholics

19 Controls

Bulk Mean Diffusivity
19 Controls 15 Alcoholics

Fig. 1 Averaged images at two levels in 15 alcoholics and 19
controls for FA (fop) and bulk mean diffusivity (bottom). Taken
from Pfefferbaum and Sullivan (2005a)

Functional concomitants of alcoholism: implications
for neural circuitry disruption

A significant percentage of recovering chronic alcoholics
exhibit mild to moderate, transient to enduring deficits in
complex cognitive processes. Typically, the processes af-
fected are visuospatial abilities, executive functions, and
gait and balance (for reviews, see Fein et al. 1990; Moselhy
etal. 2001; Oscar-Berman 2000; Sullivan 2000), evidenced
in both alcoholic men (Sullivan et al. 2000d) and women
(Sullivan et al. 2002b). The executive functions affected
include working memory, problem solving, temporal or-



dering, response inhibition, and psychomotor speed (Moselhy
et al. 2001; Nixon et al. 2002; Oscar-Berman and Hutner
1993; Sullivan 2000). Sobriety can effectively reverse or at
least reduce impairment in visuospatial abilities, gait and
balance, and selective executive functions, but difficulties
in components of working memory (Brandt et al. 1983;
Parsons 1983; Sullivan et al. 2000c) and postural stability
can linger, the latter especially in women (Rosenbloom
et al. 2004).

Brain structure—function correlations have been difficult
to establish using volumetric MRI measures of brain struc-
tures. Even attempts to correlate selective component pro-
cesses of executive functions with prefrontal volumes in
alcoholics have been largely unsuccessful, despite consis-
tently observed significant behavioral deficits and volume
deficits in the target variables. A few correlations based on
brain structural volumes, however, have been forthcoming,
and most were based on relationships with sensory or
motor functions that may be indicative of the more focal
nature of such processes relative to cognitive processes,
which draw on multiple brain regions for successful per-
formance. In particular, olfactory discrimination ability was
correlated with thalamic volumes in one study (Shear et al.
1992), and two other studies showed that postural stability
correlated selectively with anterior superior cerebellar ver-
mian volumes (Sullivan et al. 2000a, Butler et al. 2005).

The brain structural mechanism underlying alcohol-re-
lated cognitive compromise may arise from degradation of
selective neural circuitry rather than frank lesions or com-
plete disconnections (Estruch et al. 1997; Sullivan 2003).
That is, performance may be impaired by disruption, rather
than severing, of white matter tracts providing connectivity
between cortical sites. The white matter systems substrate
of cognitive deficits is particularly relevant in individuals
with an impaired, but not lost, function. Supporting this
concept, we have shown that DTI measures have functional
relevance in alcoholism. For example, the brain micro-
structure—function relationships have comported with the
systematic organization of the corpus callosum with its to-
pographically compartmentalized tracts, where the genu
connects lateralized frontal sites and the splenium connects
lateralized parietal and occipital sites (de Lacoste et al. 1985;
Purves and Seltzer 1986). In two separate samples of alco-
holic men and a sample of alcoholic women (Pfefferbaum et
al. 2000, in review, 2005b; Pfefferbaum and Sullivan 2002),
we observed that the level of performance on tests of at-
tention, working memory, and visuospatial ability related
selectively to regional microstructural integrity of the cor-
pus callosum in alcoholics. In one study (Pfefferbaum et al.,
in review, 2005b), we calculated a working memory com-
posite score based on Backward Digit Span and Block
Spans from the Wechsler Memory Scale-Revised (Wechsler
1987) and Trail Making Part B (Lezak 1995), which was
hypothesized to be related to DTI measures of frontal white
matter integrity, and also assessed visuospatial ability with
the Matrix Reasoning subtest of the Wechsler Abbreviated
Scale of Intelligence (Wechsler 1999), performance on
which is selectively impaired by lesions of the parietal cor-
tex (Villa et al. 1990). A series of multiple regression anal-
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yses identified a double dissociation in alcoholics: low
scores on the working memory composite correlated with
high diffusivity (i.e., increase freely moving water mole-
cules) in the genu, whereas low scores on matrix reasoning
correlated with high diffusivity in the splenium.

Another source of evidence for the importance of cir-
cuitry to performance by alcoholics derives from tasks
requiring callosal transfer (Schulte et al. in press), whether
for tasks naturally requiring processing contributions from
both hemispheres or for tasks demanding bihemispheric
processing because of neurological compromise. Regard-
ing the first instance, cognitive and motor tasks typically
invoke multiple functions of both hemispheres and require
callosal integrity for interhemispheric information exchange
(Ellis and Oscar-Berman 1989; Schulte et al. 2003). In
groups of controls and alcoholics, we tested whether DTI
indices of callosal integrity would predict reaction time
measures of interhemispheric processing. The paradigms
used were the crossed—uncrossed difference (CUD), testing
visuomotor interhemispheric transfer, and the redundant
targets effect (RTE), testing parallel processing of visual
information by each cerebral hemisphere; a large CUD and
a small RTE each is indicative of slower interhemispheric
transfer. We found that in controls a large CUD correlated
with low FA and high diffusivity in the genu and splenium,
and that in alcoholics, a small RTE correlated with low FA
in genu and splenium and high diffusivity in the callosal
body. These results suggest that even subtle degradation of
callosal fiber coherence can result in “mild yet detectable
disturbance in interhemispheric processing” (Schulte et al.
in press). Regarding the second instance, even when only
one cerebral hemisphere is needed for task execution, el-
derly and compromised individuals (Cabeza et al. 2002),
including alcoholics (Pfefferbaum et al. 2001a), commonly
draw on both hemispheres.

Cerebellar circuitry disruption: a mechanism
of functional impairment in alcoholism

Neuropsychological behaviors characteristic of chronic al-
coholism include impaired judgment, blunted affect, poor
insight, social withdrawal, reduced motivation, distracti-
bility, and attentional deficits (for reviews, Oscar-Berman
and Hutner 1993; Parsons et al. 1987; Sullivan 2000) and
are typical of frontal lobe dysfunction (Cummings 1993;
Fuster 1999). As noted earlier, quantitative testing has con-
sistently shown alcoholics to be impaired in these frontal
executive functions (e.g., Becker et al. 1983; Brandt et al.
1983; Nixon et al. 1992; Noel et al. 2001; Oscar-Berman
and Hutner 1993; Parsons 1993; Sullivan et al. 1993, 1997).
In vivo structural neuroimaging studies have confirmed the
presence in frontal lobes of substantial volume shrinkage
(Fein et al. 2002; Kubota et al. 2001; Pfefferbaum et al.
1997), proton metabolite abnormality (Martin et al. 1995;
Parks et al. 2002; Schweinsburg et al. 2003; Seitz et al.
1999), glucose metabolic and perfusion impairment (Gansler
et al. 2000; Gilman et al. 1990) in alcohol abusing and
dependent individuals (for reviews, Fein et al. 1990; Moselhy
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et al. 2001; Oscar-Berman 2000), but in only some ins-
tances have frontal abnormalities predicted impaired exe-
cutive function (Adams et al. 1995; Dao-Castellana et al.
1998; Rosse et al. 1997).

It is now recognized that the cerebellum and its exten-
sive circuitry supports functions classically associated with
the frontal lobes, including verbal associate learning, word
production, problem solving, cognitive planning, attention-
al set shifting, and working memory (e.g., Courchesne et al.
1994; Schmahmann 2000). These findings are relevant to
alcoholism because of the significant structural compro-
mise sustained following chronic alcohol exposure by se-
lective regions of cerebellum. In vivo neuroimaging studies
have demonstrated significant volume deficits of the cer-
ebellum that are profound in the anterior superior vermis
(Sullivan et al. 2000a). These findings are consistent with
postmortem reports of shrinkage, prominent in large neu-
rons of the anterior superior vermis (Harper 1998; Phillips
et al. 1987; Torvik and Torp 1986), and with fetal and adult
animal models of alcoholism, identifying cerebellar vol-
ume loss and cell dysmorphology (Dlugos and Pentney
1997, 2000; Green et al. 2002; Pentney 1991; Pentney and
Dlugos 2000). Taken together with dysmorphology of the
prefrontal cortex and its underlying white matter, these
observations point to frontocerebellar endpoint and cir-
cuitry disruption as a candidate mechanism of both tran-
sient and enduring behavioral impairments characteristic of
alcoholism (Schmahmann 1997). Recently, we found that
selective regions of cerebellar volume shrinkage (Fig. 2)
were better predictors of the three principal neuropsycho-
logical signs of alcoholism—executive, visuospatial, and
balance impairment—than frontal lobe volumes (Sullivan
2003). Furthermore, the possibility of recovery suggests
that either a brain lesion is incomplete and damage repa-
rable or alternative brain systems can compensate for dam-
age (Filley 2001; Sullivan 2000).

Alcohol’s untoward effect on the cerebellum is macro-
scopically and microscopically selective, affecting the
anterior superior lobules of the vermis, the Purkinje cell
structure (Pentney 1993), and granular and molecular cell
layers (Phillips et al. 1987), notable in alcoholic patients
with a history of thiamine deficiency (Baker et al. 1999).
Frontal feedback endpoints of these damaged systems in-
clude dorsolateral prefrontal cortex, which is selectively
affected, and motor cortex, which remains relatively spared
by alcoholism (Harper and Kril 1989). Complementing this

Alcoholic

Fig. 2 Midsagittal view of an
MRI of the brain of an alcohol-
ic, showing severely shrunken
folia of the anterior superior
vermis compared with an age-
matched control man. Taken
from Sullivan et al. (2003a)

dissociation of alcohol’s selective effect within the frontal
lobes is the discovery in nonhuman primates of parallel
closed-loop cerebellar circuits. Each loop has feedforward
and feedback components between cerebellar and frontal
sites, and each has functional correlates (Kelly and Strick
2003). In one loop, the motor cortex (M1) receives input
from Purkinje cells of cerebellar lobules IV-VI and sends
projections to the granule cells there. In the other loop,
prefrontal cortical area 46 receives Purkinje cell output from
Crus II of the inferior posterior cerebellum and projects to
granule cells there. Behavioral studies accompanying these
circuitry studies revealed that the motor loop supports per-
formance on a motor tracking test, whereas the cognitive
loop supports performance on a motor sequencing task.
Establishment of an analogous brain structure—function
double dissociation in alcoholics awaits testing but if ob-
served would support the existence of such parallel systems
in humans and confirm the selective nature of alcoholism’s
action on brain circuitry. We further speculate that pathol-
ogy affecting single nodes (e.g., cerebellum) of such a brain
system may impair function of a spatially distant node (e.g.,
problem solving subserved by prefrontal cortex), and pa-
thology affecting multiple nodes (e.g., prefrontal and
cerebellar) may exert a compounded effect on the selective
functions of each neural node of the system (e.g., problem
solving and balance; cf. Sullivan 2003).

fMRI evidence for process-demanding compensatory
shifts in alcoholism

Functional MRI (fMRI) enables the detection of blood flow
response to the activation of specific brain regions by
motor, sensory, or cognitive processes. Our findings based
on fMRI suggest the importance in alcoholics of cerebellar
activation in otherwise frontal lobe functions. This addi-
tional activation enabled alcoholics to achieve normal lev-
els of coordinated motor performance despite evidence for
cerebellar dysmorphology but at a cost to processing capac-
ity. This functional style observed in alcoholics, while
perhaps compensatory, has been characterized as inefficient
(Nixon and Parsons 1991). As noted by Nixon (1993),
traditional concepts of processing inefficiency derive from
conditions engendering altered speed/accuracy trade-offs.
Alcoholics move slower to attain normal accuracy, as we
observed in a quantified version of the finger-to-nose test, in

Control




which alcoholics achieved equivalent or even smaller
trajectory deviations than controls (Sullivan et al. 2002a).
This performance is symptomatic of cerebellar hemisphere
dysfunction, characterized by deliberation of otherwise
automatic movements. When automatic processing be-
comes effortful, it calls on limited processing capacity,
which is then unavailable for other tasks. Consistent with
this model is an fMRI study, demonstrating that finger
tapping output of alcoholics was less efficient than controls
in terms of tapping rate/pixel number activation (Parks
et al. 2003). Evidence for “disorganized inefficient brain
functioning” also derives from electrophysiological studies
of event-related potentials (ERPs). One such study re-
corded ERPs to rare nontargets and observed that alco-
holics had smaller-than-normal P3a amplitudes to rare
nontargets and a less coherent pattern of brain activation
than controls (Hada et al. 2000). Another study focused on
the ERP at N400, which is prominent when semantic ex-
pectancies are not fulfilled (e.g., “I take my coffee with
horse”). Detoxified alcoholics produced lower N400 am-
plitudes than controls across all cranial electrode sites
examined (Nixon et al. 2002). Taken together, these diver-
gent phenomena suggest a common psychological mech-
anism—processing inefficiency—and perhaps a neural
mechanism—degraded white matter microstructure—as
underlying these possible instances of impaired neural
transmission.

Our fMRI study of verbal working memory provides
evidence for the role of the cerebellum in augmenting or
compensating for functional impairment of the prefrontal
cortex in alcoholics. Using a Sternberg paradigm in two-
condition (low vs high memory load) block design (Desmond
et al. 1997), subjects were given either one or six letters to

Fig. 3 This region-of-interest
analysis reveals greater activa-
tion in alcoholics relative to
matched controls in left pre-
frontal cortex (two lefi columns
of images) and right superior
cerebellar cortex, specifically
Larsell’s lobule HVI (two right
columns of images) (Larsell and
Jansen 1972). Numbers along x
(top row), y (middle row), and z
(bottom row) axes refer to MNI
coordinates. Note that this figure
is a composite set of represen-
tative images taken from Figs. 4
and 5 of Desmond et al. (2003)
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keep in mind for 5 s, after which subjects respond as
quickly and accurately as possible whether a test letter was
previously presented. Despite equivalent reaction time and
accuracy performance by controls and alcoholics, a region-
of-interest analysis revealed greater activations in the al-
coholics than controls in left prefrontal cortex and right
superior cerebellum (Desmond et al. 2003) (Fig. 3). Pri-
mate studies have shown that these two distant brain re-
gions are connected (Schmahmann 1996; Schmahmann
and Pandya 1997). These brain regions are notably affected
in alcoholics, whom we hypothesize recruit more far-reach-
ing brain areas within the frontocerebellar system than
controls to perform tasks at normal levels. The advantage of
recruitment of brain regions in addition to those normally
used to complete a task is to overcome functional impair-
ment; the potential disadvantage is reduction of cognitive
capacity or reserve to perform other tasks simultaneously.

Nonalcoholism factors contributing to the condition
of brain structure and function

It seems undeniable that chronic alcoholism takes a toll on
brain structure and function, but myriad social, genetic,
behavioral, environmental, and nutritional factors have the
potential of compounding the alcoholism effects. Factors
that may predate alcoholism’s onset and perhaps contribute
to its development have also been identified and include
below-average regional brain volumes and behavioral
problems commonly accompanying alcoholism [including
attention-deficit/hyperactivity disorder (Castellanos et al.
2003); antisocial personality disorder (Ceballos et al. 2003);
electrophysiological signs (Begleiter and Porjesz 1984;
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Porjesz et al. 1998); and psychiatric comorbidity (Grant et
al. 2004a,b; Sullivan et al. 2000b, 2003b). Furthermore,
abuse or dependence on nonalcohol addicting substances
often accompany alcoholism and must be considered on
their own right as neurotoxins and as additive or interactive
agents to alcohol’s neurotoxic effects (Bjork et al. 2003; Di
Sclafani et al. 1998; Nixon et al. 1998). Nutritional defi-
ciencies, which are common concomitants of chronic abu-
sive drinking, have notorious deleterious effects on brain
structure and cognitive and motor performance and may
interact with the untoward effects of alcoholism to produce
particularly profound and devastating sequelae, as can
accompany conditions like central pontine myelinolysis,
Wernicke’s encephalopathy, and Marchiafava—Bignami dis-
ease (e.g., Martin et al. 2003; Victor et al. 1989). Indeed, a
series of neuropathological studies, which used retrospec-
tive, symptom criteria to verify Wernicke’s encephalopathy
found that only alcoholics with antemortem signs of such
thiamine deficiency (Caine et al. 1997) showed decreased
Purkinje cell density and molecular layer volume in the
cerebellar vermis and flocculi (Baker et al. 1999), mam-
millary bodies (Harding et al. 2000; Sheedy et al. 1999), and
medial dorsal thalamic nuclei (Harding et al. 2000). Be-
cause of the difficult in obtaining accurate accounts of
nutritional histories, prospective studies of alcoholism—
nutritional interactions may best be conducted in animal
models (Pfefferbaum et al. 2005a). These significant cofac-
tors, typically noted as exclusionary variables, need to be
considered in any rigorous study of alcoholism, and their
inclusion in future studies should serve to enrich and broad-
en our understanding of'this complex, devastating addiction.

Conclusion

Alcoholism has profound untoward effects on the cerebrum
and cerebellum. Because of their far-reaching circuitry,
disruption of selective cerebellar loci can have significant
effects on remote brain regions, including the prefrontal
cortex. To date, our guiding hypothesis that disruption of
frontocerebellar circuitry is a principal neural mechanism
underlying alcoholism’s salient, enduring, and debilitating
deficits—ataxia, executive dysfunction, and visuospatial
impairment—has been consistently supported by our MRI
structural-neuropsychological studies and fMRI experi-
ments. Given the possibility of structural and functional
repair and recovery in sober alcoholics, at least a portion of
the neuropathology must be transient (Carlen et al. 1986;
Harper and Kril 1990) and the lesions incomplete (Filley
2001; Sullivan 2000). The transience of certain aspects of
brain pathology may belie the problem of finding specific
brain structural volume—functional relationships in alco-
holics. Indeed, the dynamic course of alcoholism presents
an important and challenging neuroscience model for un-
derstanding mechanisms of functional recovery, compen-
sation, and processing limitations that should be applicable
to any neurological condition characterized by a fluctuating
course.
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