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Magnetic resonance diffusion tensor imaging (DTI) has revealed the disruption of brain white matter microstructure in normal aging and

alcoholism undetectable with conventional structural MR imaging. The metrics of DTI can be useful in establishing the nature of the

observed microstructural aberrations. Abnormally low fractional anisotropy (FA), a measure of diffusion orientation and coherence, may

result from increased intracellular or extracellular fluid, which would be reflected in complementary high apparent diffusion coefficients

(bulk mean diffusivity) and low FA, or from disorganization of fiber structure, which would be reflected in low FA but with a lack of the

inverse FA and diffusivity relationship. To test these competing possibilities, we examined 15 alcoholic men and 31 control men with DTI

to quantify diffusivity in the genu and splenium of the corpus callosum and centrum semiovale. In addition to the previously observed FA

deficits in all the three brain regions, the alcoholics had abnormally high white matter diffusivity values in the genu and centrum. Further,

inverse correlations between FA and diffusivity were significant in the genu (r¼�0.52, po0.05) and centrum (r¼�0.92, p¼ 0.0001).

Multiple regression analyses examining diffusivity and age as predictors of FA identified diffusivity as a significant unique contributor to FA

in both regions. These results suggest that decreased orientational coherence of brain white matter in alcoholism is attributable, at least in

part, to the accumulation of intracellular and extracellular fluid in excess of that occurring in aging, and that the differential influence of

these fluid compartments can vary across brain regions.
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INTRODUCTION

White matter pathology is a consistent finding in the brains
of alcohol-dependent individuals. Postmortem study of
alcoholics has identified pathology in white matter’s
constituents and has noted demyelination (Lewohl et al,
2000; Tarnowska-Dziduszko et al, 1995), microtubule
disruption (Paula-Barbosa and Tavares, 1985; Putzke et al,
1998), and axonal deletion, as well as morphological
distortion involving cell processes (Harper et al, 1987;
Pentney, 1991) and volume reduction arising from shrink-
age or deletion of cell bodies, typical of Wallerian
degeneration (Alling and Bostrom, 1980; Badsberg-Jensen
and Pakkenberg, 1993; De la Monte, 1988; Harper and Kril,

1991, 1993; Lancaster, 1993). Although postmortem study
has been essential in identifying sources of microstructural
and cytoskeletal abnormalities in alcoholism, the brain
fixation process and postmortem collapse of fluid-filled
spaces (eg, ventricles, sulci, and blood vessels) alter brain
morphology from the living state; thus, postmortem results
do not necessarily reflect the alcohol-related effects on the
living brain (Pfefferbaum et al, 2004). Nonetheless, in vivo
neuroimaging with conventional MRI has provided con-
vergent validity for the gross white matter dysmorphology
observed postmortem, by showing evidence for white
matter volume shrinkage with alcoholic drinking (Agartz
et al, 2003; Estruch et al, 1997; Hommer et al, 1996, 2001;
Pfefferbaum et al, 1996, 1992; Symonds et al, 1999) and at
least partial recovery of volume with abstinence (O’Neill
et al, 2001; Pfefferbaum et al, 1995; Shear et al, 1994).
Depiction of the gross anatomy of the living alcoholic brain
was a critical initial step for verifying alcoholism-associated
untoward effect on brain structure, but even high-resolution
structural MRI has not enabled characterization of the
microstructural integrity of the residual white matter
volume in vivo.
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Recent developments in MR diffusion tensor imaging
(DTI) afford a noninvasive approach for in vivo examina-
tion of the microstructure of brain tissue, particularly white
matter (for reviews, see Basser and Jones, 2002; Kubicki
et al, 2002; Lim and Helpern, 2002; Rosenbloom et al, 2003;
Sullivan and Pfefferbaum, 2003). DTI permits assessment of
water diffusion orientational coherence, measured as
anisotropy, by quantifying the magnitude and orientation
of water mobility on a voxel-by-voxel basis in a structure
of interest. A tissue with high anisotropy is indicative of
restricted diffusion typically in a regularly organized region,
such as a white matter fiber. DTI studies in alcoholism are
newly emerging and have revealed abnormally low aniso-
tropy in white matter brain structures, in particular, the
centrum semiovale and genu of the corpus callosum,
implying disruption or disorganization of fiber structure.
The alcohol-related deficits in white matter anisotropy
exceed those observed in normal aging (Pfefferbaum et al,
2000b; Sullivan et al, 2001), cannot be accounted for by
shrinkage in the underlying tissue mass (Pfefferbaum and
Sullivan, 2003), relate to cognitive performance on tests of
attention and working memory (Pfefferbaum et al, 2000a),
and occur in both men (Pfefferbaum et al, 2000a) and
women (Pfefferbaum and Sullivan, 2002).
Taken within the context of postmortem and ex vivo

studies, compromised white matter fiber coherence detected
in vivo with DTI may signify the breakdown of micro-
structural components marked by boggy tissue due to
excessive fluid within or between cells or, alternatively, to
cytoskeletal or extracellular collapse, for example, of myelin
rather than from fluid invasion between myelin sheaths. To
determine the contribution of excessive intracellular or
extracellular fluid to low anisotropy in alcoholism, bulk
mean diffusivity, another diffusion metric, needs to be
invoked (c.f., Pierpaoli et al, 2001). Bulk mean diffusivity
(/DS), derived from the trace of the tensor matrix, is the
average magnitude of diffusion within a voxel and can be,
but is not necessarily, inversely related to anisotropy
(Pfefferbaum et al, 1999b; Pierpaoli et al, 2001). When high
diffusivity accompanies low anisotropy, the imaged tissue is
characterized by poor coherence and excess fluid, as occurs
in regions of tissue recovery following resolution of
ischemic stroke (Moseley et al, 1990; Rumpel et al, 1998).
Alternatively, when diffusivity and anisotropy are poorly
related and are both low, as occurs in the early stages of
stroke (Bykowski et al, 2004; Pierpaoli et al, 2001),
disrupted intravoxel coherence is characterized by dis-
ordered cellular microstructure, despite cell swelling, which
increases diffusivity (Sehy et al, 2002). Nonetheless,
intracellular fluid accounts for about 85% of brain tissue
water and dominates diffusivity in normal and ischemic
tissue (Silva et al, 2002).
Given that DTI enables in vivo quantitative characteriza-

tion of tissue anisotropy and diffusivity on a microstructur-
al (that is, intravoxel) basis, the current analysis tested two
competing hypotheses to determine the nature of low
anisotropy in alcoholics: (1) a complementary relationship
between low anisotropy and high diffusivity would support
excessive fluid as contributing to fiber structure disorgani-
zation; (2) lack of regional low anisotropy/high diffusivity
correlations would indicate an alternative cause of intra-
voxel incoherence, possibly implicating breakdown of

cytoskeletal constituents, such as microtubules (Ringer
et al, 2001), without concomitant increase in intracellular
or interstitial fluid. To test these hypotheses, we quantified
trace from subjects in our previously published DTI study
of regional white matter anisotropy in alcoholic and control
men (Pfefferbaum et al, 2000a). The regions selected, the
genu and splenium of the corpus callosum and centrum
semiovale, are two large regions of supratentorial white
matter known to show volume shrinkage on in vivo
MRI and neuropathological abnormalities on postmortem
examination in alcoholism. Neuropathology in these
regions may set the stage for development of serious
alcoholism-related white matter disorders, such as March-
iafava–Bignami disease or central pontine myelinolysis.
Here, we examined group differences in regional diffusivity,
measured the relationship between anisotropy and diffu-
sivity, and determined the variance in anisotropy accounted
by the independent contributions of age, alcohol consump-
tion, and diffusivity. To extend the characterization of the
water diffusion in each white matter region, we parsed the
diffusion ellipsoid into three geometric componentsF
linear, planar, and sphericalFeach describing a predomi-
nant shape of the diffusion ellipsoid, defined and limited by
the local structure (Alexander et al, 2000; Pfefferbaum and
Sullivan, 2003). We tested the hypothesis that the degree of
anisotropy of the alcoholics would best be predicted by a
spherical (indicative of high fluid presence) rather than a
linear (indicative of highly regular structure) model of water
molecular diffusion. Finally, in a follow-up to our previous
observation of a selective relationship between splenium
anisotropy and working memory test performance in
alcoholics, we tested whether working memory was better
predicted by anisotropy, an index of fiber integrity and
coherence, or by diffusivity, an index of excessive fluid
presence in white matter.

PATIENTS AND METHODS

Subjects

The alcoholic group (Table 1) comprised 15 men (40–72
years old), recruited from local inpatient and outpatient
treatment facilities to participate in our brain-imaging
studies. Potential participants were interviewed with the
SCID and received a DSM-IV diagnosis of substance
dependence for alcohol. Screening excluded patients with
a history of hospitalization for DSM-III-R or DSM-IV
diagnosis of schizophrenia, major affective disorders, or
medical or neurological conditions affecting CNS, seizure
disorder unrelated to alcohol withdrawal, diphenylhydan-
toin or steroid use in the past month, or the meeting criteria
for substance abuse other than alcohol within the past year.
One alcoholic man met the DSM-IV criteria for substance-
induced persisting amnestic disorder (that is, alcoholic
Korsakoff’s syndrome), and had a difference of 40 points
between his estimated premorbid IQ, as assessed by the
national adult reading test (NART) (Nelson, 1982), and the
General Memory Index of the Wechsler Memory ScaleF
revised (Wechsler, 1987). Subjects also underwent physical
examinations and a semi-structured alcohol consumption
assessment interview (Pfefferbaum et al, 1992; Skinner,
1982; Skinner and Sheu, 1982). The median time between
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the last drink and MRI scanning was 332 days (range¼ 25–
5110 days).
The healthy control subjects (Table 1) were 31 men (23–

76 years old), recruited from the local community, and
formed the group on which adjustment for normal variation
in age was calculated (Pfefferbaum et al, 1994). Of this
group, 19 men (40–76 years old) were matched in age to the
alcoholic patients and were used in control vs alcoholic
group comparisons. All subjects completed a detailed
questionnaire inquiring about current and past medical
and psychiatric conditions, medications, and substance use;
13 subjects were also given the SCID and a physical
examination. Demographic and alcohol history information
for the alcoholic and control groups is presented in Table 1.

MRI Acquisition Protocols

All scans were acquired on a 1.5T GE Signa with Horizon
EchoSpeed gradients. A fuller description can be found in
Pfefferbaum et al (2000b).

Anatomical MRI. On the midsagittal image from a sagittal,
spin-echo scout sequence, the anterior and posterior
commissures (AC-PC) were identified. For tissue segmenta-
tion, a fast spin-echo (FSE) sequence was collected (5mm
thick slices, 0mm slice gaps, TR¼ 2500ms, TE¼ 20/80ms,
echo train length¼ 8, 256� 256 acquisition matrix, field of
view¼ 24 cm, 18 slices beginning 2 cm below and aligned
with the AC-PC).

Diffusion tensor imaging (DTI). DTI was performed using
a single-shot spin-echo echo-planar imaging technique
(5mm thick slices, 0mm slice gaps, TR¼ 6000ms,
TE¼ 106ms, 128� 128 zerofilled to a 256� 256 acquisition
matrix, field of view¼ 24 cm, 18 slices). The slice locations
were identical to the anatomical MRI. The amplitude of
the diffusion-sensitizing gradients was 1.4 Gauss/cm, with
32ms duration and 34ms separation. This resulted in a
total b-value of 860 s/mm2.
Diffusion was measured along six noncollinear direc-

tions: (x,y,z)¼ [(1,1,0), (0,1,1), (1,0,1), (�1,1,0), (0,�1,1),
(1,0,�1)]. For each gradient direction, four images were
acquired and averaged. Two images with no diffusion
weighting (b¼ 0 s/mm2) were acquired and averaged, and
two similar images (b¼ 0 s/mm2) with a CSF-attenuating
inversion recovery pulse were also acquired and averaged.

Image Processing

MRI tissue segmentation. Tissue segmentation was per-
formed with a modified version (Pfefferbaum et al, 1999a)
of the automated three-compartment model of Lim and
Pfefferbaum (1989), which took advantage of the different
tissue contrast in short- and long-echo spin-echo data. The
contents of the intracranial cavity (brain and cerebrospinal
fluid (CSF)) were separated from the skull and external
tissue with a stripping algorithm that used the bright
peripheral CSF signal to define a margin. The images were
then filtered to remove radiofrequency inhomogeneities
with a homomorphic spatial filter. Long-echo images were
subtracted from short-echo images to enhance the CSF/
tissue contrast, and the image was segmented into CSF and
tissue (Kittler and Illingworth, 1986). The CSF was then
used as a mask on the short-echo image, and a nonpara-
metric histogram operator (Otsu, 1979) was applied to
separate gray matter from white matter (Figure 1). All
analyses were performed blind to subject identity.
Visually identified segmentation errors in white matter

regions, primarily around the posterior horns of the lateral
ventricles, classified as CSF or gray matter were manually
edited into the white matter compartment. An automated
program was used to classify pixels as WMHIs by their
proton density and T2 characteristics. Two-point T2 and
proton density (ie, the intercept from the T2 computation
approximating proton density) images were constructed. A
nonparametric histogram operator roughly bisected the
proton density distribution and a histogram of the T2 values
in the pixels with high proton density was constructed.
Pixels in the edited white matter compartment with T2

Table 1 Subject Group Characteristics (Means and SD)

Group Age Education NART IQ WMS-R GMI DRS total Lifetime alcohol consumption (kg)

Control 54.4 16.1 114.9 109.4 140.1 65.9

[N¼ 15] [12.3] [2.6] [6.5] [19.2] [4.0] [99.9]

Alcoholic 55.4 14.5 109.5 104.5 136.1 1484.6

[N¼ 19] [9.6] [2.6] [7.9] [16.3] [6.2] [1193.7]

t-test pp NS NS 0.05 NS 0.05 0.0001

For controls, N¼ 9 for WMS-R GMI, N¼ 16 for DRS total, N¼ 17 for alcohol consumption.

Figure 1 Segmented axial MR images with geometric identification of
regions of interest for application to FA and mean diffusivity images.
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values greater than 2SD from the mean were classified as
WMHIs. In the control group, WMHI volumes in each
region of interest correlated significantly with age (genu
r¼ 0.64, splenium r¼ 0.56, centrum r¼ 0.71, pp0.001).
When correcting the regional WMHI for the influence of
normal age, the alcoholics did not differ significantly from
the controls in WMHI volume in any region (t-tests for
alcoholics4controls, p40.78 for all regions). On average,
WMHIs accounted for only 2–4% of the total regional
volumes. WMHIs were not excluded from any region of
interest because WMHIs are a normal variant of aging (eg,
Jernigan et al, 1991; this report).

Regions of interest. For DTI analysis, the regions of interest
were determined from the native anatomical MR images,
and the DTI data were classified as white matter, gray
matter, or CSF based on the segmentation map, not the FA
maps, thus avoiding the problem of using the dependent
variable (ie, FA) to define the anatomic regions. The white
matter regions selected for study were those best viewed in
the axial plane. The genu and splenium of the corpus
callosum were indexed separately and measured on the
three successive slices on which they were fully volumed.
The anterior and posterior margins of the genu and
splenium were identified with a combination of manual
and automated region of interest drawing and segmentation
overlay. The lateral extents of these two structures were
determined with a morphological erosion operator used to
define the medial 30% of the slice. The region representing
the centrum semiovale was composed of white matter in the
medial 55% of the left and right hemispheres taken from
three contiguous slices, starting from the most superior
slice that included a fully volumed lateral ventricle in at
least one hemisphere (Figure 1).

DTI Quantification

As described previously (Pfefferbaum et al, 2000a, b), DTI
quantification was preceded by eddy current correction
based on the inversion recovery images, which were used to
unwarp eddy current-induced image distortions that vary
from one diffusion direction to the next in the diffusion-
weighted images (de Crespigny and Moseley, 1998). This
procedure employed a six-parameter affine correction on a
slice-by-slice basis (Woods et al, 1998).
Using the eddy current-corrected averaged images with

b¼ 0 and 860 s/mm2, six maps of the apparent diffusion
coefficient (ADC) were calculated, each being a sum of two
diagonal elements and one off-diagonal element of the
diffusion tensor. Solving the six independent equations with
respect to ADCxx, ADCxy, etc yielded the elements of the
diffusion tensor. The trace of the tensor matrix (the sum of
the eigenvalues) and bulk mean diffusivity (the mean of the
eigenvalues), like FA, were calculated on a voxel-by-voxel
basis.
The general diffusion tensor was then diagonalized,

yielding eigenvalues l1, l2, l3, as well as eigenvectors that
define the predominant diffusion orientation. Based on the
eigenvalues, the fractional anisotropy (FA) was calculated
on a voxel-by-voxel basis. Thus, each diffusion-weighted
study was reduced to a set of three images for each slice

(FA, diffusivity, and b¼ 0) to be used for analysis in
conjunction with the anatomical images.

Ellipsoid shape analysis. As described previously (Pfeffer-
baum and Sullivan, 2003), FA is a standardized measure
reflecting the degree to which one of the three lambdas
calculated from the tensor matrix dominates the other two.
To take advantage of quantitative information about the
separate contributions of the nondominant lambdas and
their relationship to each other, we characterized the shape
of the diffusion ellipsoid following the analysis approach of
Alexander et al (2000). This approach models the shape of
the diffusion ellipsoid as a combination of linear, planar,
and spherical shapes (Westin et al, 2002).

Spatial registration DTI protocol. In order to accurately
superimpose the structural and FA images, we derived a
warping function to correct the spatial distortion inherent
in echo-planar imaging. This procedure (third-order, two-
dimensional polynomial function; Woods et al, 1998, 1992))
was used to optimize the fit of the b¼ 0 and late-echo FSE
(that is, anatomical MRI) images and then applied to the
diffusion-weighted images. This approach avoided using the
dependent variable in the warping procedure. Although this
procedure can be applied before or after tensor calculation,
warping the basis images prior to FA and diffusivity
computation was desirable, as it allowed the generation of
spatially warped eigenvector data for the computation of
intervoxel coherence (C; not used in this report), which can
be used to examine voxel-to-voxel orientational coherence
(Pfefferbaum and Sullivan, 2002; Pfefferbaum et al, 2000a)
and avoid the problem of phase wraparound when applying
warping functions to eigenvector data (Pfefferbaum et al,
2000b).

Working Memory Testing

The alcoholic men received three tests of working memory:
Backward Digit Span, Backward Block Span, and Trail
Making Part B. Following our previously published method
(Sullivan et al, 1994), single working memory composite
score was derived by transforming the individual test scores
to age-corrected standardized Z-scores based on control
values and then taking the mean of the three individual test
Z-scores for each alcoholic man. Scores below 0 are in the
direction of impairment.

Statistical Analysis

Group differences in diffusivity were examined with
repeated-measures analysis of variance (ANOVA) and
follow-up unpaired t-tests between the group of 15 alcoholic
patients and the age-matched group of 19 controls. Analyses
were conducted twice: once on values adjusted with
regression analysis based on values from the 31 control
men to remove the observed effects of normal aging and to
express group results in terms of effect size, and then again
on the median values without age adjustment to determine
the variation in magnitude of diffusivity across regions
(Pfefferbaum et al, 2000b). The resulting values were
standardized age-corrected Z-scores, where the expected
mean of the controls was 071SD (Pfefferbaum et al, 1992).
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Correlations between DTI measures and demographic and
alcohol variables were performed with Pearson tests. All
comparisons were tested two-tailed (alpha¼ 0.05).

RESULTS

Regional mean FA values and correlations with demo-
graphic and alcohol variables of these groups were reported
previously (Pfefferbaum et al, 2000a) and do not appear
herein. For a visual display of group differences, Figure 2
presents the average images of FA and diffusivity for the 15
alcoholics and 19 controls. Grand average images were
constructed for illustrative purposes (Figure 2). Each
individual’s slices were spatially normalized to allow
structural alignment. The segmented structural images were
aligned to those of an index control chosen at random using

a two-dimensional, six-parameter, affine model (AIR)
(Woods et al, 1998). The transformation for each subject
was then applied to his FA and diffusivity images, and a
grand average constructed by simple averaging on a pixel-
by-pixel basis.

Group Differences in Mean Diffusivity

For age-corrected Z-scores of diffusivity, a two-group�
three-region ANOVA yielded a significant group effect
(F(1,32)¼ 4.603, p¼ 0.0396), but neither a region effect
(F(2,64)¼ 1.473, NS) nor interaction (F(2,64)¼ 2.101, NS).
Relative to the controls, the alcoholics had greater
diffusivity values in all the three regions; the difference
was significant in the centrum (t(32)¼ 2.696, p¼ 0.0111)
and showed a trend in the genu (t(32)¼ 2.022, p¼ 0.0517).
The raw-scores ANOVA yielded a trend for a group effect

(F(1,32)¼ 3.806, p¼ 0.0599), a significant region effect
(F(2,64)¼ 174.294, p¼ 0.0001), and no interaction
(F(2,64)¼ 2.149, p¼ 0.125). The pattern of group differ-
ences for the raw mean diffusivity values of each region
followed that of the Z-scores (Figure 3), where diffusivity
was significant in the centrum (t(32)¼ 2.433, p¼ 0.0207),
showed a trend in the genu (t(32)¼ 1.876, p¼ 0.0698), and

Figure 2 Averaged images at two levels in the brains of the 15 alcoholics
and 19 controls for FA (top panel of four images) and mean diffusivity
(bottom panel of four images).

Figure 3 Raw values and age-corrected Z-scores (7SEM bars) of
regional callosal and centrum trace. Alcoholics had higher mean diffusivity
than controls despite equivalent tissue volumes of the regional samples.
The alcohol effect was most profound in the centrum (41SD).
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no effect in the splenium (t(32)¼ 0.4448, NS). Trace group
effects could not be attributed to group differences in the
tissue volume on which the DTI measures were based
because there were none (genu: t(32)¼ 1.445, p¼ 0.1582;
splenium t(32)¼ 1.061, p¼ 0.2967; centrum t(32)¼ 0.500,
p¼ 0.6208).

Correlates of Mean Diffusivity

Correlations across subjects within each group involving
diffusivity were based on raw values (ie, non-age-corrected
values). In all three regions, diffusivity correlated inversely
with FA in both controls and alcoholics (Figure 4). The
correlations between diffusivity and age in the alcoholics
were significant in the centrum, modest in the splenium,
and not significant in the genu. Total lifetime consumption
of alcohol did not correlate with diffusivity in any region;
lack of observable relationship may be related to the wide
range in length of sobriety in the alcoholics and reflect
variability in point of recovery. The diffusivity–age correla-
tion pattern in the controls differed from the alcoholics
with respect to the genu; specifically, the controls showed
significant correlations between age and diffusivity in the
genu and centrum, and a nonsignificant trend in the
splenium (Table 2).
We next tested the value of diffusivity and age in

predicting FA. Together, diffusivity and age accounted for
39% of the FA variance in the genu, 27% in the splenium,
and 87% in the centrum in the alcoholics. To test the
independent contributions of age and diffusivity to FA in
each group, a series of multiple regression analyses entered
regional diffusivity and age as simultaneous predictors of
the associated regional FA. In general, these analyses
indicated that diffusivity made a greater independent
contribution to FA than did age; however, the predictive
value of diffusivity over age was significant only in the
centrum (Table 3). The same analyses applied to the
controls yielded a pattern different from that of the
alcoholics in the genu and centrum. Specifically, diffusivity
and age together accounted for 60% of the variance in the
genu, 28% in the splenium, and 75% in the centrum.
Multiple regression analysis using age and diffusivity as

predictors of FA in the controls revealed significant
independent contribution from diffusivity to genu FA and
from diffusivity and age to centrum FA (Table 3). The total
lifetime consumption of alcohol did not correlate with
diffusivity in any region in the alcoholics.

Ellipsoid Shape Analysis

The first set of correlations tested the relationship between
the three shape dimensions and age. We predicted that the

Figure 4 Lower FA and higher mean diffusivity were related to each other in controls and alcoholics.

Table 2 Correlations with Age (Raw Values)

Alcoholics (n¼15) Controls (n¼ 19)

r p r p

Diffusivity

Genu 0.26 NS 0.66 0.002

Splenium 0.42 NS 0.38 0.110

Centrum 0.63 0.012 0.57 0.011

FA components

Genu

Linear �0.41 NS �0.56 0.012

Planar �0.61 0.016 �0.18 NS

Spherical 0.55 0.033 0.58 0.009

Splenium

Linear �0.40 NS �0.45 0.053

Planar �0.13 NS �0.05 NS

Spherical 0.35 NS 0.39 0.100

Centrum

Linear �0.68 0.006 �0.72 0.001

Planar �0.56 0.030 �0.67 0.002

Spherical 0.64 0.011 0.72 0.001
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greater the degree to which the diffusion could be described
as linear or planar, the younger the individual, whereas
diffusion described by a spherical ellipsoid would be
associated with older age. In general, this pattern was
present in both the alcoholics and controls, although none
of the correlations was significant in the splenium (Table 2).
We then examined the independent predictive value of

the three shape dimensions to FA in the alcoholics. For the
genu, splenium, and centrum, the linear and the spherical
dimensions were significant independent predictors of FA
in the respective regions. When these analyses were applied
to the mean diffusivity, only one variable emerged as a
significant independent predictor: the planar component
predicted genu diffusivity, but the effect was modest
(po0.05) (Table 4).

Predictors of Working Memory

Previously, we reported that working memory performance
by these alcoholic subjects showed a selective relationship
with FA Z-scores (ie, age-corrected values) in the splenium
(Pfefferbaum et al, 2000a). Here we questioned whether this
relationship could be attributed to FA (a marker of fiber
coherence) or to diffusivity (an index of intracellular or
extracellular fluid content). Multiple regression analysis,
based on Z-scores for FA, diffusivity, and working memory,
identified FA as a unique predictor of working memory
(partial F¼ 8.465, p¼ 0.0131) over and above the contribu-
tion from diffusivity (partial F¼ 1.278, p¼ 0.2804).

DISCUSSION

The aim of this in vivoMR diffusion imaging analysis was to
test specific hypotheses regarding the presence and
relevance of excessive intracellular and extracellular fluids
in explicating the nature of microstructural degradation in
selected regions of white matter of the brains of alcoholics.
The structures targeted were the genu and splenium of the
corpus callosum and centrum semiovale. It had already
been established that these alcoholic men had significant
disruption of brain white matter microstructure, observed
as low regional anisotropy, beyond that occurring in normal
aging. The present analysis addressed whether the abnor-
mally low anisotropy, an index of fiber orientational
coherence on the intravoxel level, resulted from increased
fluid, which would be reflected in complementary high
diffusivity, or from disorganization of fiber structure, which
would be reflected in low anisotropy but with a lack of the
complementary inverse correlation with diffusivity. We
observed that, in addition to the abnormally low anisotropy
in all the three regions examined, the alcoholics exhibited
abnormally high diffusivity in the genu and centrum.
Further, low anisotropy was related to high diffusivity in
all the three regions, with the highest inverse correlation in
the centrum and the lowest in the splenium. Analyses
examining diffusivity and age as predictors of anisotropy
identified diffusivity over age as a significant unique
contributor to anisotropy in the centrum and genu. These
results suggest that decreased brain white matter intravoxel
coherence in alcoholism is attributable, at least in part, to
the accumulation of interstitial or intracellular fluid or both
fluid compartments, especially in the centrum, in excess of
that occurring with advancing age.
It is not directly discernable from DTI data whether the

higher diffusion in the white matter of alcoholics receives a
greater contribution from excessive fluid in intracellular or
in extracellular space. A common assumption is that high
diffusion is associated with fluid in extracellular space,
where water motility is less obstructed than in intracellular
space, which is crowded by cytoskeleton (Norris et al, 1994;
Rumpel et al, 1998). A recent report based on rodent models
of stroke challenges this assumption (Silva et al, 2002). Silva
et al estimated that 85% of the total apparent diffusion
coefficient (ADC), an index of diffusivity, could be
attributed to intracellular fluid in a sample of rat brain
tissue. Using an isolated Xenopus oocyte model, Sehy et al
(2002) demonstrated that an increase in intracellular fluid
produced increases in both the slow and fast components of

Table 3 Multiple Regression Analysis: Predictors of FA (Raw
Values)

Alcoholics (N¼15) Controls (N¼19)

Predictor Predicted F (partial) p F (partial) p

Genu FA

Genu diffusivity 3.33 0.100 9.72 0.007

Age 2.40 0.150 0.70 0.410

Splenium FA

Splenium diffusivity 2.37 0.150 2.59 0.130

Age 0.45 0.510 1.40 0.260

Centrum FA

Centrum diffusivity 37.86 0.000 15.17 0.002

Age 0.98 0.340 5.99 0.030

Table 4 Multiple Regression Analysis: Alcoholics (N¼ 15) (Raw
Values)

Predicted

FA Diffusivity

Predictors F (partial) p F (partial) p

Genu

Linear 43.04 0.000 0.66 0.436

Planar 0.04 0.846 5.36 0.041

Spherical 10.46 0.008 2.33 0.156

Splenium

Linear 10.15 0.008 0.26 0.623

Planar 0.08 0.788 0.01 0.918

Spherical 6.88 0.024 0.58 0.464

Centrum

Linear 15.81 0.002 0.49 0.498

Planar 3.23 0.100 2.70 0.129

Spherical 36.61 0.000 0.01 0.924
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ADC, calling into question the use of fast vs slow ADC as a
marker distinguishing intracellular from extracellular fluid.
It is unlikely that the chronic alcoholics in our study had
acute cell swelling as seen in early stroke. Converging
evidence from molecular studies of microtubule integrity in
rodent models of alcoholism and ischemic stroke suggests
that the mainstay of the high diffusivity in the current study
could arise from disruption of cell cytoskeleton. In
particular, a molecular analysis of the brains of alcohol-
preferring AA rats chronically exposed to high doses of
alcohol revealed substantially lower levels of microtubule-
associated protein-2 (MAP-2) mRNA in selective brain
regions than in nonexposed rats, indicating disruption of
cytoskeletal integrity by alcohol (Putzke et al, 1998). The
cerebral ischemia study examined whether the high
diffusion, measured with MR diffusion-weighted imaging
in the hours immediately following stroke produced by
occlusion, was related to MAP-2 or to the astrocytic marker,
glial fibrillary acidic protein (GFAP) immunoreactivity. The
results revealed significant loss of MAP-2 immunoreactivity
in the ischemic area with high diffusion, indicative of
microtubule compromise, but not of GFAP, indicative of
morphologically normal astrocytes (Ringer et al, 2001). All
of these factors, taken together within the context of the
regionally different relationships among FA, diffusivity, and
age observed in the alcoholics in the present study, lead to
the following speculations: Overall, intravoxel diffusivity is
greater in the alcoholics than controls and arises primarily
from the intracellular compartment, regardless of the degree
of relationship between FA and diffusivity. In cases where
FA and diffusivity show strong negative correlations, such
as the centrum semiovale and to a less extent the genu, fluid
presence in the extracellular compartment is also contrib-
utory to local diffusivity. Where FA and diffusivity are less
strongly correlated, such as the splenium, the intracellular
compartment may predominate.
Constituents of white matter are vulnerable to alcohol-

ism’s untoward effects from multiple sources. Nutritional
deficiency, a common concomitant of chronic alcoholism,
also underlies several serious conditions involving white
matter deterioration. Exemplary conditions (Victor et al,
1989) include central pontine myelinolysis and Marchiafa-
va–Bignami disease. The former is marked by focal
demyelination of the pons basalis, caused by excessively
rapid correction of hyponatremia and possibly folate
depletion, resulting in quadriplegia in severe cases.
Marchiafava–Bignami disease is marked by severe demye-
lination, classically, of the corpus callosum and anterior
commissure, extending in some cases laterally to the
centrum semiovale and inferiorly to the optic nerve, tract,
and chiasm, and is related to thiamine deficiency (Gass et al,
1998) and generally poor nutrition (Rickert et al, 2001),
resulting in mild to severe cases of cerebral hemisphere
disconnection syndrome. One study demonstrated that even
a single bout of thiamine deficiency can cause significant
cortical and subcortical degeneration of white matter axons
(Langlais and Zhang, 1997). Perhaps the most basic
mechanism of alcohol-induced brain tissue disruption is
from acetaldehyde, alcohol’s primary metabolite and
mediator of microtubule system impairment (Pratt et al,
1990). It has been speculated that acetaldehyde interacts
with nutritional deficiencies to exacerbate its untoward

outcome, as evidenced from the graver clinical state
rendered by these nutritional deficiencies in alcoholics than
in nonalcoholics (Pratt et al, 1990). Further, alcoholism
influences genetic regulation of myelin production and
repair by downregulating myelin-related genes (Lewohl et al,
2000).
Chronic, uncomplicated alcoholism is not marked by

space-occupying lesions, but does result in brain tissue
volume shrinkage, expansion of ventricular and sulcal
spaces, and disruption of the brain’s microstructure. Thus,
rather than a ‘complete’ lesion resulting in focal disconnec-
tion syndromes, alcoholism appears to be characterized by
‘incomplete’ lesions, in the form of degradation of cell
microstructure, that are likely contributors to the mild, yet
consistently observed, cognitive and motor deficits in
alcoholism (for reviews, see Fein et al, 1990; Nixon, 1993;
Oscar-Berman, 2000; Sullivan, 2000). In particular, alcohol-
ism-related disruption of white matter fibers of the genu
may contribute to frontal lobe pathology reported in vivo
and postmortem and to neuropsychological deficits of
executive functions, including processing inefficiency (De
Rosa et al, 2004; Nixon et al, 1995) and problem solving
(Moselhy et al, 2001; Oscar-Berman, 2000; Sullivan, 2000),
typical of chronic alcoholism. Further, disruption of callosal
and centrum fiber tracts may serve to limit the flexibility in
pathways recruited to execute complex cognitive and motor
tasks requiring the coordination of widely distributed
networks. Some of these speculations have received support
from our earlier DTI study of uncomplicated alcoholism,
which reported a double dissociation of brain structure–
function relationships: measures of attention but not
working memory correlated with intervoxel anisotropy in
the genu but not the splenium, whereas measures of
working memory but not attention correlated with intra-
voxel anisotropy in the splenium but not the genu
(Pfefferbaum et al, 2000a).
In vivo MRI studies tracking the course of alcoholism

report shrinkage of brain white matter with active drinking
and a trend toward volume normalization with abstinence
(Pfefferbaum et al, 1995; Shear et al, 1994). White matter
constituents and architecture, including cytoskeleton, mi-
crotubules, oligodendrocytes, and cell body extensions,
which are capable of remodeling following injury, are
candidate contributors to such tissue recovery. Given the
success of DTI in predicting tissue viability following
stroke, the combined DTI measures of diffusion and
anisotropy provide a noninvasive, quantitative approach
for a longitudinal study of alcoholics in predicting brain
regions and tissue likely to have successful recovery and
restitution of function. These possibilities underscore the
value of examining additional white matter systems highly
vulnerable to chronic alcoholism, such as the pontocere-
bellar tracts and beyond (Sullivan, 2003), in alcoholic men
and women, both while actively drinking and during the
course of recovery.
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