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Abstract
Introduction—Quantitative fiber tracking with diffusion tensor imaging (DTI) provides a new
approach for assessing deficits in the microstructural integrity of white matter circuits that may
underlie cognitive deficits associated with conditions affecting white matter, including chronic
alcoholism.

Methods—Alcoholic men and women (n=87) and healthy controls (n=88) performed the Digit
Symbol (DS) test and underwent structural and diffusion tensor imaging. Measures of fractional
anisotropy (FA) of fibers passing through genu and splenium were computed, as were size of genu
and splenium fiber target regions of interest (ROI).

Results—Alcoholics scored lower than controls on the DS and had even greater deficits in genu
than splenium fiber FA. In alcoholics, fiber FA of the genu selectively predicted DS scores after
accounting for splenium FA. Neither fiber FA measure predicted incidental recall of the symbols
used in the task. Size of genu and splenium ROI, although reduced in alcoholics, did not predict DS
score or incidental recall.

Conclusions—Quantitative tractography of frontal fibers connecting left and right hemispheres
selectively predicted performance by alcoholics on a coordinated psychomotor task and provide
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support for frontally based systems in Digit Symbol performance, both of which are compromised
in recovering alcoholics.
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Fiber tractography; Diffusion tensor imaging; Corpus callosum; Alcoholism; Digit Symbol test;
Genu; Splenium

Introduction
Demonstration of in vivo selective brain-behavior relationships, particularly in patients who
have diffuse or partial rather than focal or complete brain lesions, is often elusive. Such a
condition is alcoholism, in which the characteristic deficits in component processes of
executive function, visuospatial function, and balance (Fein et al. 1990; Oscar-Berman 2000;
Parsons et al. 1987; Sullivan et al. 2000; Tarter and Alterman 1984) are probably related to
disruption of circuits that link fronto-cerebellar neural nodes (Sullivan 2003; Sullivan and
Pfefferbaum 2005) and provide interhemispheric integration (Schulte et al. 2004) rather than
to focal deficits in specific regions.

Diffusion tensor imaging (DTI) with quantitative tractography provides a powerful tool for
assessing the integrity of specific white matter tracks and may be more useful than either
quantitative measures of regional brain macrostructure or DTI measures of regional
microstructural integrity for demonstrating selective brain-behavior relationships. DTI may be
particularly sensitive in the identification of brain substrates of cognitive and motor tasks
involving interhemispheric integration in alcoholism and other conditions characterized by
partial lesions. A primary measure in DTI is fractional anisotropy (FA), which reflects the
extent to which water molecules move in a common restricted orientation in white matter tracts,
with higher values representing more consistency, and by implication greater integrity of its
microstructural components, such as myelin. Quantitative tractography is a method that extends
the use of FA, on an intervoxel basis, to visualize and quantify white matter connectivity, i.e.,
neural tracts, in the brain.

The corpus callosum, a complex band of white matter fibers linking homologous regions of
left and right hemispheres (Gazzaniga 2005), is a key structure for integrating functions
between the hemispheres. Interhemispheric connections have been demonstrated postmortem
in humans (Aboitiz et al. 1992; Gross et al. 1977; Seltzer and Sherwin 1983) and in non-human
primates (Pandya and Seltzer 1986). Recent in vivo studies using DTI and white matter FA
orientational color maps and fiber tractography (Abe et al. 2004; Hofer and Frahm 2006; Huang
et al. 2005; Park et al. 2007; Sullivan et al. 2006) are consistent with postmortem studies in
suggesting that fibers of the genu, the anterior portion of the corpus callosum, connect left and
right ventral prefrontal cortex and parts of the dorsal prefrontal cortex, whereas fibers of the
splenium, the posterior portion of the corpus callosum, connect bilaterally distributed sites of
the temporal, parietal, and occipital cortices (Pandya and Seltzer 1986). Thus, complete or
partial lesions at the anterior extent of the corpus callosum could affect the execution of
bilaterally distributed executive functions, whereas posterior callosal lesions could affect the
transfer of visuospatial information between hemispheres.

Patients with alcoholism have compromised callosal morphology variously described in vivo
and postmortem as “thinning” or reduced area or volume compared with age-matched controls
(Cardenas et al. 2007; Estruch et al. 1997; Harper and Kril 1990; Hommer et al. 1996; Lee et
al. 2005; Oishi et al. 1999; Pfefferbaum et al. 1996, 2006a). Recent studies quantifying the
microstructural integrity of callosal white matter have found DTI to be more sensitive than
conventional MRI in detecting callosal compromise in alcoholic women (Pfefferbaum and
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Sullivan 2002). Other DTI studies of patients with a history of chronic heavy alcohol use have
noted a greater predilection for compromised integrity in frontal than posterior callosal regions
(Pfefferbaum and Sullivan 2002; Pfefferbaum et al. 2000). Furthermore, a twin study showed
that while genetic influences on regional morphology are similar from anterior to posterior
extent, white matter integrity is more susceptible to environmental than genetic influences in
the anterior portion than in the posterior portion (Pfefferbaum et al. 2001). DTI thus enhances
the ability to differentiate regional sensitivity of the corpus callosum to the environmental toxin
of heavy alcohol consumption.

Both macrostructural size and microstructural DTI measures of the anterior genu of the corpus
callosum based on a region-of-interest approach have been associated with age or alcohol
related impaired performance on several frontally mediated executive tasks, including Trail
Making and Symbol Digit tests (Jokinen et al. 2007), episodic memory retrieval time (Bucur
et al. 2007), and interhemispheric transfer performance (Schulte et al. 2005). These findings
support the functional significance of the topographic organization of the corpus callosum.
Few studies (Pfefferbaum et al. 2007; Sullivan et al. 2006), however, have used quantitative
fiber tracking to test for associations and dissociations of selective brain-behavioral relations
that reflect interhemispheric integration.

The Digit Symbol (DS) subtest of the WAIS-R (Wechsler 1981) has been widely used as a test
of psychomotor performance and visual perception in neuropsychological research and clinical
settings because of its sensitivity to brain insult from trauma, neuropsychiatric disease, and
environmental toxins including alcohol (Lezak 1995). Patients with alcoholism are commonly
impaired on the DS (Beatty et al. 2000; Davies et al. 2005; Harris et al. 2003; Hochla et al.
1982; Sullivan et al. 2002a; Sullivan et al. 2000), as are many patients with any brain
dysfunction. Although DS was not designed as an interhemispheric transfer task, coordination
of the executive, visuospatial, motor, and mnemonic processes is required to perform the DS
test successfully (Glosser et al. 1977; Joy et al. 2000, 2003a, b; Kaplan et al. 1991) and likely
invokes frontally-based systems and interhemispheric communication. In support of this
possibility, we recently reported that executive abilities contributed over and above the
contribution of visuospatial, motor, and mnemonic function to prediction of DS scores in
patients with alcoholism (Sassoon et al. 2007).

In the present study, we analyzed the contribution of fiber tractography FA of fiber bundles
passing through the genu and splenium into their left and right hemisphere cortical targets to
performance on the standard DS test. For comparison, we also examined the contribution of
these brain measures to performance on an incidental recall test of the symbols. This
comparison task was used because it permits examination of a non-frontally based function
using the same material as used for the target coordinated psychomotor test. Based on our
earlier analysis of factors contributing to DS performance (Sassoon et al. 2007), we tested the
hypothesis that integrity of fibers crossing at the genu would contribute more to DS
performance than integrity of fibers crossing at the splenium. By contrast, we hypothesized
that neither genu nor splenium fiber integrity would contribute selectively to incidental recall.

Material and methods
Participants

We combined data from alcoholic and control participants from two studies in our laboratory
on the effects of chronic alcoholism on brain structure and cognitive and motor abilities. The
first study involved only alcoholics and controls (46 alcoholics, 50 controls). The second study
provided an additional 41 patients with alcoholism and 38 controls. Neuroimaging data from
the first study (Pfefferbaum et al. 2006a, b; Schulte et al. 2005) and a sample combining subjects
from both studies (Pfefferbaum et al. 2006c, 2007; Schulte et al. 2007) have appeared in other
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reports. Extensive clinical and demographic descriptions and analysis of the first (Rosenbloom
et al. 2005) and second (Rosenbloom et al. 2007) cohorts are also provided elsewhere. A
summary of the demographic characteristics of the 175 men and women in the current analysis
appears in Table 1.

Men and women with alcoholism were recruited by referral from several San Francisco Bay
Area outpatient substance abuse treatment centers. Control subjects were recruited by referral
from patient participants, by Internet posting, newspaper advertisements, flyers and word of
mouth. Referrals and inquiries were followed up with a brief screening interview designed to
identify subjects who would be ineligible for the study by virtue of a diagnosis of schizophrenia,
bipolar disorder, neurological disease not related to alcohol use, or inability to undergo MRI.
Those who met initial criteria were invited for a more detailed assessment at our laboratory
(Cohort 1) or the AIDS Community Research Consortium (ACRC; Cohort 2), where a trained
nurse informed them about the full scope of the study and obtained informed consent.

Clinical evaluation
All alcoholic patients and controls underwent a series of structured interviews designed to
characterize alcohol history and other pertinent medical and psychiatric information.
Admission to or exclusion from the study was based on the Structured Clinical Interview for
DSM-IV (SCID) (First et al. 1998), administered by clinicians. Any prospective subject who
met lifetime criteria for schizophrenia or bipolar disorder or for nonalcohol substance
dependence or abuse within the prior 3 months was excluded, as were prospective controls that
met DSM-IV criteria for any other Axis I disorder. All subjects classified as alcoholics met
DSM-IV criteria for alcohol dependence. The SCID was also used to rate functioning using
the Global Assessment of Functioning (GAF) scale (Endicott et al. 1976). All subjects were
HIV negative either by self-reported medical history (Cohort 1) or by blood test (cohort 2). A
history of alcohol consumption (Pfefferbaum et al. 1992; Skinner 1982; Skinner and Sheu
1982) yielded quantitative lifetime consumption of alcohol and time since last drink. Interviews
and questionnaires assessed current depression symptoms using the Beck Depression Inventory
—II (Beck et al. 1996); socioeconomic status (SES) using a two-factor scale based on education
and occupation (Hollingshead and Redlich 1958); handedness (Crovitz and Zener 1962);
history of smoking (current, past or never), and body mass index (height, cm/weight kg2), an
index of nutritional status. Statistics of these and other demographic values are presented in
Table 1.

MRI acquisition and processing
Magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI) protocols were used
to acquire brain data on a General Electric 1.5T system. Methods of acquisition and analysis
were described in detail in our previous report (Pfefferbaum et al. 2007), and are summarized
briefly here. MRI data were acquired in the coronal plane and included: (1) a dual-echo fast
spin echo (FSE) sequence (47 contiguous, 4 mm thick slices; TR/TE1/TE2=7,500/14/98 ms;
matrix=256 × 192); and (2) a SPoiled Gradient Recalled Echo (SPGR) sequence (94 2 mm
thick slices; TR/TE=25/5 ms, flip angle=30°, matrix=256 × 192) to provide neuroanatomical
context for the DTI data. DTI was also acquired in the coronal plane with the same slice location
parameters as the dual-echo FSE, using a single shot spin-echo echo-planar imaging technique
with a 24 cm field of view (47 contiguous, 4 mm thick slices, TR/TE=10,000/103 ms,
matrix=128 × 128, in-plane resolution=1.875 mm2). Diffusion was measured along six
noncollinear directions with alternating signs to minimize the need to account for cross terms
between imaging and diffusion gradients. Six images were acquired and averaged for each
gradient direction. The coronal MRI and DTI acquisitions produced either 2 or 4 mm thick
slices and were prescribed for consistent slice locations so that each 4-mm slice encompassed
a pair of 2 mm thick slices. To align the structural and DTI images, the dual-echo FSE images
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were passed through the FSL Brain Extraction Tool (BET; Smith 2002) to extract the brain
and exclude dura, skull, scalp and other non-brain tissue. Eddy-current correction preceded
alignment of DTI data with FSE data using a non-linear 3D warp (Woods et al. 1998).

On DTI images, the apparent diffusion coefficient was mapped, and the general diffusion tensor
was then diagonalized, yielding eigenvalues λ1, λ2, λ3 as well as eigenvectors that define the
predominant diffusion orientations. Based on these eigenvalues, fractional anisotropy (FA)
was calculated on a voxel-by-voxel basis yielding new images for analysis after alignment with
the anatomical images.

Identification of the corpus callosum and its sectors
Alignment enabled anatomical identification of the corpus callosum in a common space for
each subject from FA images. The corpus callosum was identified on the midsagittal slice
extracted from the FA data with a semi-automated edge identification procedure with high
interrater reliability (r=0.99; Schulte et al. 2004; Sullivan et al. 2002b). Genu and splenium
regions of interest (ROI) were defined geometrically by projecting radii at +15° (genu +
rostrum) and +160° (splenium) from the midpoint of a plane connecting the anterior extreme
of the genu and the posterior extreme of the splenium and computing the area of these regions.

Quantitative fiber tracking of the genu and splenium
The genu and splenium ROIs served as targets for fiber tracking. The fiber sources were parallel
planes perpendicular to the midsagittal plane and located 10 mm anterior to the genu target
and 10 mm posterior to the splenium target on the aligned FA data. Targets and sources were
then transformed back to each subject’s coordinates on the native unwarped DTI image and
fiber tracking performed for each callosal region of interest separately, using software
distributed by Gerig and colleagues (Gerig et al. 2005) based on the method of Mori and
colleagues (Mori and van Zijl 2002; Xu et al. 2002; Xue et al. 1999). This process identified
individual fibers for which the FA of each voxel was determined. Quantification yielded the
number and mean length of fibers coursing through either genu or splenium and mean FA for
each “fiber system.” After fiber detection the fiber locations were transformed back to common
coordinates for display (Fig. 1).

Behavioral testing
Digit Symbol (DS) subtest of the WAIS-R (Wechsler 1981)—Participants were
presented with 93 randomly assigned digits from one to nine, each in a box with a blank box
below and were required to fill in the blank box by pairing each digit with a symbol from a
key displayed above the grid. The score was the number of boxes correctly completed in 90 s.
As previously reported (Sassoon et al. 2007), subjects also completed the entire grid and
following a 30 s delay, they were given a sheet containing the nine digits and instructed to fill
in the matching symbol for each number from memory.

Statistical analysis
Group differences for brain and behavioral data were assessed with repeated measures analysis
of variance (ANOVA) and t-tests. Relations between variables were tested with Pearson
product-moment correlations (r). When the association between measures of either genu or
splenium and a behavioral measure was significant, multiple regression analyses were used to
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examine the relative contribution of genu and splenium measures to predict these cognitive
scores. For group comparisons α=.05.

To control for the normal effects of age on white matter fiber integrity (Sullivan et al. 2006),
fiber FA measures were converted to age-corrected Z scores, using age effects detected in the
larger control sample (n=120), as described in an earlier report (Pfefferbaum et al. 2007). Genu
and splenium areas were converted to both age and brain size corrected Z scores, while DS and
incidental recall scores were converted to age- and education-corrected Z scores based on the
performance of the normal control sample.

Results
Group differences in number and length of fibers, fiber FA, and region size

Raw scores for number and mean length of fibers are summarized in Table 2. Significantly
more fibers were identified in the splenium than the genu bundle, with alcoholics showing a
trend for fewer fibers than controls. There was no group by region interaction. On average,
fibers in the splenium bundle were longer than those in the genu bundle. Groups did not differ
in fiber length, but alcoholics had longer fibers in the splenium whereas controls had longer
fibers in the genu.

Both raw and age-corrected Z scores for fiber FA and age and intracranial volume corrected
size of the target ROIs are summarized in Table 3. Statistics were performed on the Z scores.
Fiber FA was significantly lower in the alcohol group than controls, and the deficit was
disproportionately greater in the genu than the splenium. Genu and splenium size were both
reduced in alcoholics relative to the controls, with greater deficits at the genu (−0.46 SD) than
the splenium (−0.21 SD) but the group-by-region interaction was not significant. ANOVAs
for group and sex for fiber FA or size of each region revealed no significant effects for sex or
group-by-sex interactions.

Group differences in DS and incidental recall performance
Alcoholics performed more poorly than controls on the DS test but did not show deficits in
incidental recall of the symbols (see Table 4). ANOVAs for group and sex revealed that women
as a whole performed better than men on the DS test (F(1,163)=24.39, p<0.0001), but there
was no sex by diagnosis interaction.

Other contributing factors to callosal fiber or DS measures
Greater lifetime alcohol consumption among the alcoholics modestly correlated with lower DS
score (r=−0.297, p<0.006) but not with fiber FA of the genu or splenium. Length of sobriety
before testing was not associated with DS, incidental recall, or fiber FA of genu or splenium.
Alcoholic patients were significantly more likely (73%) to have ever been a cigarette smoker
than controls (25%; see Table 1). However, among alcoholics, ANOVA for the factor of
nicotine use (never, past, current) did not show a significant effect on fiber FA at either
splenium (F(2,83)=0.61, p=0.54) or genu (F(2,83)=0.89, p=0.41). Smoking also had no effect
on DS performance among the alcoholics (F(2,83)=0.42, p=0.65) and did not account for group
differences in DS performance; ANOVA for diagnosis and nicotine use revealed no effect for
nicotine use or a diagnosis-by-nicotine use interaction. Half of the alcoholic sample reported
remote (median=3 years) prior abuse or dependence on other substances. However, former-
users of other substances were not significantly different from never-users on DS performance
or fiber FA at genu or splenium.
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Fiber tractography and ROI size predictors of performance
Simple regressions analyzed genu and splenium measures separately as associates of
performance. Where significant associations were found, both brain measures were entered
into multiple regressions to see if one measure persisted as a predictor of behavior after
accounting for the contribution of the other. This analysis does not necessarily imply causality
or a longitudinal process.

Among the alcoholics, Pearson product-moment correlations showed that higher DS scores
were significantly associated with higher fiber FA in the genu but not the splenium. A similar
pattern of results was found for the absolute number of fibers in the genu and splenial bundles
(Table 5 and Fig. 1). By contrast neither genu nor splenium size was associated with DS score
in the control group. Simple and multiple regression results for fiber FA are presented in Table
5 and indicated that FA in both these fiber bundles together accounted for 8% of the variance
in performance and the contribution of the genu persisted after accounting for that of the
splenium. This genu effect was also seen in alcoholic men (n=59) and women (n=28) examined
alone but was significant only in the larger sample of men.

Neither fiber FA nor size of the genu or splenium ROIs was significantly associated with
incidental recall of DS symbols in simple regressions in either alcoholics or controls.

Discussion
This study provides evidence for a selective relation between DS performance and fiber tract
integrity of the genu of the corpus callosum—specifically, FA of fiber tracking targeted at the
genu predicted coordinated psychomotor performance in chronic alcoholics after accounting
for the contribution from FA of fiber bundles coursing through the splenium. This selective
relationship demonstrates a predominantly frontal contribution to the DS test, a visually based
psychomotor task, requiring speeded eye-hand coordinated actions. By contrast, although genu
and splenium of the corpus callosum are reduced in size (based on the size of the target ROIs)
in patients with alcoholism, neither region size was associated with performance on the DS
test.

Higher FA represents more consistency in water molecule diffusion, and by implication greater
integrity of local white matter. The resolution at which these DTI data were acquired, however,
precludes direct axonal measurement. Nonetheless, the fibers identified by the tractography
software as passing through the genu putatively link the left and right ventral prefrontal cortex
and parts of the dorsal prefrontal cortex, whereas fibers passing through the splenium putatively
link regions of left and right parietal, temporal and occipital cortices. Thus, a positive
association of FA in the genu bundle, reflecting the microstructural integrity of those white
matter fibers, with DS performance in alcoholics is consistent with behavioral evidence for a
strong executive component to successful DS task performance (Sassoon et al. 2007). Even
though FA in splenium fibers showed some association with DS task performance in alcoholics,
consistent with the visual scanning and associative learning skills required for this task, it did
not contribute independently. Although the DS certainly requires simple psychomotor skills
—tracking and filling in the boxes—our analysis suggests that performance also benefits from
higher order skills, such as directed attention. Performance on the incidental recall task was
not impaired in the alcoholic patients and, as predicted, was not associated with either genu or
splenium fiber bundle FA. The contrast between fiber tractography and regional size measures
as predictors of behavior suggests the possibility that integrity and number of fibers reaching
out into the cortical areas from the corpus callosum, rather than size of the section of corpus
callosum from which they originate better predict performance.
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A limitation of this study is that the DS task was the only behavioral task available across this
entire subject sample with which to assess the functional ramifications of impaired white matter
fiber integrity in genu and splenium of the corpus callosum. The two measures yielded by this
task—number of boxes completed in 90 s and score on incidental recall of the symbols—were,
nonetheless, successful in showing differential associations with genu and splenium.

As expected, and regardless of diagnosis, women as a group performed the DS test better than
men (Snow and Weinstock 1990), but there was no evidence to suggest that group differences
in performance were an artifact of the fact that there were a larger proportion of women in the
control sample than in the alcoholic sample. Furthermore, among the alcoholics, similar
patterns of association between DS performance and genu fiber FA were observed in both men
and women, albeit with a stronger effect in the larger sample of men.

Functional ramifications of the topographic organization of the corpus callosum in humans
have been studied by administering cognitive tests to patients with callosal lesions resulting
from relatively discrete trauma (e.g., Peru et al. 2003) to more extensive surgically induced
lesions (e.g., Funnell et al. 2000; Gazzaniga 2005). Such studies have illuminated complex
patterns of interhemispheric communication as well as compensatory mechanisms that develop
when the normal functional connections either fail to develop or are damaged. Recent brain
imaging studies using DTI are revealing not only the integrity of the corpus callosum and its
classically defined subsections, but are redefining those sections in terms of the source and
target of white matter fiber tracts that course through them (Hofer and Frahm 2006). The
application of quantitative tractography also permits the investigation of incomplete lesions in
the corpus callosum, such as those associated with chronic alcohol use, and provides evidence
that impaired integrity of white matter tracks coursing through the genu, the anterior portion
of the corpus callosum, contributes to impaired performance on tasks such as the DS that rely
on interhemispheric coordination of frontal lobe processes. As new analysis approaches permit
greater specificity in identifying and quantifying the integrity of white matter circuits linking
not only left and right hemispheres but also cortical-subcortical and anterior-posterior circuits
they will allow further investigations of the neural underpinnings of a wide range of cognitive
processing.
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Fig. 1.
Center column Fiber tracking from genu and splenium (upper panel) and area of genu and
splenium (lower panel) for a 33-year-old alcoholic woman. Values for all alcoholics for genu
fiber FA (upper left), genu target region of interest (ROI; lower left), splenium fiber FA (upper
right), and splenium ROI (lower right) plotted against performance on the Digit Symbol test.
All values are normalized against a control sample. Values above zero for each measure
represent individuals whose behavior or brain values were better than would be expected for
their age, education or head size. Values below zero for each measure represent individuals
whose behavior or brain values were worse than would be expected for their age, education or
head size. The simple regression line is also plotted
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