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White Matter Fiber Degradation Attenuates Hemispheric
Asymmetry When Integrating Visuomotor Information

Tilman Schulte,1 Eva M. Müller-Oehring,1,2 Torsten Rohlfing,1 Adolf Pfefferbaum,1,2 and Edith V. Sullivan2

1Neuroscience Program, SRI International, Menlo Park, California 94025, and 2Department of Psychiatry and Behavioral Sciences, Stanford University
School of Medicine, Stanford, California 94305

Degradation of white matter fibers can affect the transmission of signals in brain circuits that normally enable integration of highly
lateralized visual and motor processes. Here, we used diffusion tensor imaging tractography in combination with functional magnetic
resonance imaging to examine the specific contributions of interhemispheric and intrahemispheric white matter fibers to functional
measures of hemispheric transfer and parallel information processing using bilateral and unilateral left and right visual field stimulation
in normal and compromised systems. In healthy adults, a greater degree of bilateral processing advantage with the left (nondominant)
hand correlated with higher integrity of callosal fibers connecting occipital cortices, whereas less unilateral processing advantage with the
right hand correlated with higher integrity of left-hemispheric posterior cingulate fibers. In contrast, alcoholics who have compromised
callosal integrity showed less bilateral processing advantage than controls when responding with the left hand and greater unilateral
processing advantage when responding with the right hand. We also found degraded left posterior cingulate and posterior callosal fibers
in chronic alcoholics, which is consistent with functional imaging results of less left posterior cingulate and extrastriate cortex activation
in alcoholics than controls when processing bilateral compared with unilateral visual field stimulation. Together, our results demon-
strated that interhemispheric and intrahemispheric white matter fiber pathways mediate visuomotor integration asymmetrically and
that subtle white matter fiber degradation in alcoholism attenuated the normal pattern of hemispheric asymmetry, which may have
ramifications for the efficiency of visual information processing and fast response execution.

Introduction
To explore our visual environment, the brain integrates informa-
tion from each visual hemifield via the contralateral cerebral
hemisphere (Wandell et al., 2007). Although basic visual stimuli
are processed bilaterally (de Lacoste et al., 1985; Corballis et al.,
2002), asymmetrical processing arises for high-level visual repre-
sentations to optimize processing quality, speed, and capacity
(Mevorach et al., 2005). The degree to which activity between the
hemispheres is symmetrical or asymmetrical may depend on the
integrity of corpus callosum fibers connecting the hemispheres
(Stark et al., 2008).

Splenial fibers have extensive projections to posterior cortical
regions, including extrastriate cortex (Pandya and Seltzer, 1986;
Hofer and Frahm, 2006; Park et al., 2008), and may subserve
parallel processing and integration of visual information pre-
sented separately to each hemisphere (Schulte et al., 2005) (Fig.
1). Asymmetric callosal projections from primary visual (Putnam
et al., 2010) and motor (Guye et al., 2003) cortices may provide

functional asymmetries, such as faster right-to-left than left-to-
right interhemispheric transfer time for visuomotor information
(Barnett and Corballis, 2005) or a left-hemispheric superiority
for handedness (Tommasi, 2009). Integration of lateralized vi-
sual input and motor output may be further mediated by intra-
hemispheric connectivity involving fibers connecting the visual
area of medial parieto-occipital cortices (Galletti et al., 2003;
Gamberini et al., 2009) and supplementary motor area (Haaxma
and Kuypers, 1975). Whether individual variation in interhemi-
spheric and intrahemispheric white matter fibers, determined
with in vivo fiber tracking, mediates functional brain asymmetry
and visuomotor integration has yet to be tested.

The anatomical arrangement of the human visual system per-
mits examination of independent contributions from each hemi-
sphere for the integration of parallel visuomotor processes and
can be assessed by comparing paired with single targets presented
to one or both visual hemifields (Miller, 1986; Mordkoff and
Yantis, 1991). In a previous functional magnetic resonance im-
aging (fMRI) study, processing advantages occurred for paired
stimuli simultaneously presented in both hemifields relative to
the sum of the two stimuli presented singly in each hemifield and
were associated with enhanced activation of bilateral extrastriate
cortices, suggesting interhemispheric neural summation (Schulte
et al., 2006). Because efficient transmission of signals in circuits
for sensory and motor processing depends on the integrity of
cerebral fiber tracts (Barrick et al., 2007; Turken et al., 2008),
subtle disruption of callosal fiber integrity, such as seen in alco-
holism (Wang et al., 2009; Pfefferbaum et al., 2010), can disturb the
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normal balance of interhemispheric and lateralized cognitive pro-
cesses (Schulte et al., 2008).

To examine the contribution of interhemispheric and intra-
hemispheric fiber tracts to functional measures of hemispheric
transfer and integration, we used diffusion tensor imaging (DTI)-
based tractography and fMRI. Recovering chronic alcoholics are
known to have disrupted white matter fiber tract integrity with-
out frank lesions (Sullivan and Pfefferbaum, 2005) and provide a
model population in which to test hypotheses about interhemi-
spheric and intrahemispheric information processing. We hy-
pothesized that disruption of white matter fiber tracts related to
alcoholism would impair bilateral and enhance unilateral pro-
cessing advantage, thereby impeding interhemispheric integra-
tion and the normal pattern of functional asymmetry, verified
with functional imaging.

Materials and Methods
Study participants
Groups comprised 17 alcoholic men and 16 control men. Alcoholics were
recruited from local rehabilitation programs, and controls were volun-
teers from the local community. All subjects were screened with the
Structural Clinical Interview for Diagnostic and Statistical Manual of
Mental Disorders, fourth revision (SCID) (American Psychiatric Associ-
ation, 2000) and a clinical examination to rule out other Axis I diagnoses
or nonalcohol substance abuse. Subject groups were matched in age,
handedness, and other demographic variables (Table 1). All subjects
were right handed except for two (one control and one alcoholic), who
self-reported right handedness but scored in the non-right-handed range
as determined from an objective quantitative questionnaire (Crovitz and

Zener, 1962). The National Adult Reading
Test, an estimate of premorbid intelligence, did
not distinguish controls and alcoholics (Table
1), who were neither demented nor amnesic.
Lifetime alcohol consumption was estimated
using a semistructured interview and was ex-
pressed in kilograms (Pfefferbaum et al., 1988).
Drinks of each type of alcoholic beverage were
standardized to units containing �13.6 g of al-
cohol and summed over the lifetime. Two con-
trols without quantitative drinking histories
underwent a clinical interview with the SCID,
which inquired about alcohol and other drug
use. Subjects gave written informed consent to
participate in this study, which was approved
by the institutional review boards at SRI Inter-
national and Stanford University School of
Medicine.

Stimuli and experimental design
Study participants underwent visual testing
and all structural and functional imaging pro-
tocols in a clinical whole-body 3T scanner
(General Electric). Using a back-projection
system, participants viewed stimuli on a mirror
attached to the head coil. They were instructed
to fixate on a point in the middle of the display
throughout the test and to have feet, legs, and
arms separated to minimize the possibility of
cross-cueing. The task was to press a button
(Button-Pad; PsyScope) as fast as possible
whenever a stimulus appeared, whether a sin-
gle or a paired event. The interstimulus interval
varied among 500, 700, and 900 ms. All stimuli
were displayed for 150 ms. Stimuli were filled
white disks on a dark gray background local-
ized left and right of the fixation point and
above and below the horizontal meridian (to
avoid the blind spot) and were presented singly
or in pairs to the left and right visual hemifield

(bilateral stimulation) and to the same hemifield ipsilateral to the re-
sponding hand (unilateral stimulation). Two runs were presented, one
requiring a right-hand response and the other a left-hand response; the
run order (i.e., “right hand–left hand” vs “left hand–right hand”) was
counterbalanced across subjects. Each run comprised 20 blocks of nine
trials (eight stimuli, one fixation trial) for each condition block: single
left, single right, paired bilateral, single unilateral, paired unilateral (Fig. 2a).

The task comprised 360 trials in total: 160 stimulus trials and 20 fixa-
tion trials for each run. Each run contained 32 single left, 32 single right,
32 paired bilateral, 32 single unilateral, and 32 paired unilateral stimulus
presentations. Stimulus blocks were intermixed. Fixation performance
was assessed using a brief color change of the fixation point in the middle
of the screen between trials (fixation trial). Reaction times (RTs) �100
ms (anticipations) and �3 SD (prolonged responses) were excluded
from analysis.

Crossed– uncrossed difference and redundant targets effect. Behavioral
testing elicited the crossed– uncrossed difference (CUD), a behavioral
index of interhemispheric transfer time (IHTT) (Poffenberger, 1912),
and the redundant targets effect (RTE), a behavioral index of visuomotor
integration, which describes faster responses to paired than single stim-
uli, and was tested with bilateral and unilateral visual field stimulation.
The CUD provides a behavioral index of IHTT based on the notion that
the uncrossed response (i.e., left hemifield/left hand, right hemifield/
right hand) can be processed within the same hemisphere, whereas
crossed responses (i.e., left hemifield/right hand, right hemifield/left
hand) require transfer of visuomotor information between hemispheres.
Subtracting the sum of crossed responses from the sum of uncrossed
responses and dividing this difference by 2 computed the CUD. Sub-
tracting responses to paired stimulation from the mean of the two

Figure 1. Top, Schematic representation of the highly lateralized visual projection system. The visual information from each
visual hemifield is projected to the visual cortex of the contralateral hemisphere; it is transmitted from the retina along the optic
nerve through the optic chiasm, where fibers from the nasal retinal nerve cells cross to join the fibers from the temporal retinal
nerve cells of the other eye. This way, the brain merges visual information from one visual hemifield to form an optic tract, which
travels from the chiasm to the lateral geniculate nucleus (LGN) in the thalamus and then along the optic radiation fibers to the
visual cortex of each cerebral hemisphere. Bottom, Illustration of posterior corpus callosum fibers, and cingulate fiber bundles for
interhemispheric and intrahemispheric integration of visuomotor information within dynamically co-operating brain networks.
Our results indicate that at the cortical level, between-hemisphere visuomotor integration is mediated cooperatively via posterior
corpus callosum fibers and within-hemisphere integration is conveyed via left posterior cingulate fibers in an inhibitory fashion.
Individual variation of white matter fiber structure modulates visuomotor integration dynamically and in interaction with a
dominant left-hemispheric motor output system. Subtle white matter fiber degradation, as seen in alcoholism, contributes to an
attenuation of the normal functional brain asymmetry.
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single stimulations calculated the RTE. RT differences in RTE reflect
the individual’s overall response facilitation from redundant targets
in milliseconds.

Enhanced RTE. We further analyzed the RTE according to the horse
race measure R(t) (Miller, 1982). The race model assumes two stochas-
tically independent processes; RT is initiated when information process-
ing of either one of two stimuli is completed. If the shorter response to
paired targets depends on the winner of a race between two independent
processes initiated by either of two stimuli (S1 or S2), then the race model
predicts that the cumulative probability of observing a response to re-
dundant targets (S1 and S2) by time t would be less than or equal to the
sum of the cumulative probabilities for detecting each component by
time t:

P(RTS1 and S2 � t) � P(RTS1 � t) � P(RTS2 � t). (1)

Equation 1 provides an upper limit of the gain achieved by the detection
of redundant targets. By transforming Equation 1 into Equation 2, we
can test whether the shortening of RTs under double stimulation condi-
tions violates the predictions of the race model by comparing the cumu-
lative distribution function for redundant targets P(RTS1S2) with the sum
of cumulative distribution functions for single targets, P(RTS1) �
P(RTS2):

R�t� � P(RTS1S2) � [P(RTS1) � P(RTS2)]. (2)

In Equation 2, the race measure R(t) can only be evaluated when P(RTS1) �
P(RTS2) � 1. Thus, the range of possible values of R(t) is �1.0 to 1.0. To
evaluate whether the shortening of RTs with redundant targets violates
the predictions of the race model, we used this race measure, R(t). The
graph of R(t) was calculated for each subject by ranking the RTs for the
three stimulus conditions (S1, S2, and S1S2). We defined a bin consisting

of 8 RTs and computed a cumulative distribution function, counting the
number of stimuli in each condition in the first bin containing the 8
shortest RTs, in the second bin containing the 16 shortest RTs, and so on,
cumulatively. Positive R(t) values indicate a higher number of fast re-
sponses elicited by bilateral than by unilateral trials within one bin (i.e.,
the amount of violation). To quantify violation, we used the amplitude of
the violation graph R(t) [peak value of R(t)] (Schulte et al., 2005). The
R(t) amplitude reflects the individual’s maximal response facilitation.

DTI
DTI and MRI acquisition. All imaging data were acquired with an eight-
channel head coil at 3T after higher-order (nonlinear) shimming (Kim et
al., 2002). DTI and fast spin echo (FSE) structural data were collected
with the same slice locations: DTI, two-dimensional (2D) echo-planar:
repetition time (TR), 7300 ms; echo time (TE), 86.6 ms; thickness, 2.5 mm;
skip, 0 mm; locations, 62; b � 0 [five number of excitations (NEX)] � 15
noncollinear diffusion directions, b � 860 s/mm2 (two NEX) � 15 opposite
polarity noncollinear diffusion directions, b � 860 s/mm2 (two NEX); FOV,
240 mm, x-dim � 96, y-dim � 96, reconstructed to 128 	 128; 4030 total
images); FSE, 2D axial: TR, 7850 ms; TE, 17/102 ms; thickness, 2.5 mm; skip,
0; locations, 62. The dual-echo FSE sequence acquired as part of the DTI
protocol was used for coregistering structural and diffusion images. T1-
weighted spoiled gradient-recalled acquisition in a steady state (SPGR)
[three-dimensional (3D) axial inversion recovery-prep; TR, 6.5 ms; TE,
1.6 ms; thick, 1.25 mm; skip, 0 mm; locations, 124] images were aligned,
such that two 1.25 mm SPGR slices subtended each 2.5-mm-thick FSE/
DTI slice. A field map was generated from a gradient recalled echo se-
quence pair (TR, �460 ms; TE, 3/5 ms; thickness, 2.5 mm; skip, 0 mm;
locations, 62).

DTI analysis. DTI quantification was preceded by eddy current correc-
tion on a slice-by-slice basis using within-slice registration, which took
advantage of the symmetry of the opposing-polarity acquisition
(Bodammer et al., 2004) and also allowed for compensation of the diffu-
sion effect created by the imaging gradients (Neeman et al., 1991), reduc-
ing the data to 15 noncollinear diffusion-weighted images per slice for
tensor computation. Using the field maps, B0-field inhomogeneity-
induced geometric distortion in the eddy current-corrected images was
corrected with PRELUDE [Phase Region Expanding Labeler for Un-
wrapping Discrete Estimates (Jenkinson, 2003)] and FUGUE [FMRIB’s
Utility for Geometrically Unwarping EPIs (Jenkinson, 2001)].

DTI models water diffusion within each voxel as a zero-mean multi-
variate Gaussian distribution, which is parameterized by its symmetric
3 	 3 covariance matrix, the diffusion tensor. The diffusion-weighted
data measured with respect to each of the diffusion gradient directions
exhibits a signal attenuation relative to b � 0 data acquired without
diffusion gradients. The logarithm of this signal attenuation is a linear
combination of the six unique elements of the diffusion tensor, their
weights determined by the direction of the diffusion gradients. Comput-
ing a least-squares solution for this overdetermined linear equation sys-
tem independently at each voxel yielded the elements of the diffusion
tensor for that voxel. The diffusion tensor was then diagonalized to ob-
tain eigenvalues �1, �2, �3, and corresponding eigenvectors. From the
eigenvalues, fractional anisotropy (FA) and two orientational diffusivity
measures, �l and �t, were calculated on a voxel-by-voxel basis (Pierpaoli
and Basser, 1996; Basser and Pierpaoli, 1998; Basser and Jones, 2002).
These “native space” DTI data were also used for fiber tracking.

A diffusion tensor can be graphically represented by an equidensity
ellipsoid. The axes of this ellipsoid are oriented according to the eigen-
vectors of the tensor, and their lengths are proportional to the square
roots of the corresponding eigenvalues. In tissue that is highly linear, one

Table 1. Means and SDs of demographic data of the two study groups: chronic alcoholics (ALC) and controls (CTL)a

Group Age Education NART IQ Handedness CROVITZb Visual acuity Lifetime alcohol consumption (kg)

ALC 51 (7.2) 15 (2.9) 111 (7.8) 21 (5.2) 1.3 (0.7) 1538 (600.2)
CTL 49 (15.3) 16 (2.3) 116 (6.6) 21 (9.3) 1.8 (0.9) 22 (35.0)
p n.s. n.s. n.s. n.s. n.s. 0.0001
aBetween-group t test: significance at p � 0.05, two-tailed n.s; not significant.
bCROVITZ score: 14-32 right-handed, 50-70 left handed (Crovitz and Zener, 1962).

Figure 2. a, Redundant targets paradigm: stimulus parameter timing. b, Statistical Para-
metric Mapping contrasts for interhemispheric and intrahemispheric integration.

12170 • J. Neurosci., September 8, 2010 • 30(36):12168 –12178 Schulte et al. • Functional Hemispheric Asymmetry



eigenvalue dominates the other two. The ellipsoid is therefore long and
narrow and has a preferential orientation, presumed to indicate the
course of white matter fiber tracts. FA quantifies the degree to which
water diffusion exhibits a predominant orientation: the more linear and
organized the fibers in a region, the higher the FA. In an ellipsoid with a
preferential orientation, its long axis is referred to as longitudinal, or
axial, diffusivity (�l � �1), which has been shown to be an indicator of
axonal integrity. The mean of the short axes of the diffusion ellipsoid is
referred to as transverse, or radial, diffusivity (�t � [�2 � �3]/2), which
is considered a marker of myelin integrity (Song et al., 2002; Sun et al.,
2006).

Fiber bundle identification and tracking. Fiber tracking was performed
with the software by Gerig et al. (2005) based on the method of Mori and
colleagues (Mori and van Zijl, 2002; Xue et al., 1999; Xu et al., 2002). This
approach requires the identification of a group of “source” voxels from
which streamlines (i.e., fiber tracts) are initiated and propagated
throughout the brain following the orientation of the principal eigenvec-
tor of the diffusion tensor at each point along the fiber. To describe a
particular fiber bundle selectively, a group of “target” voxels is also iden-
tified, and only the streamlines that pass through the target are retained.
Thus, each identified fiber bundle is required to originate in a source
voxel and pass through at least one target voxel.

Fiber tract sources and targets were identified on the FA image of the
SRI24 atlas (Rohlfing et al., 2010) (http://nitrc.org/projects/sri24) as fol-
lows. The major targets for the commissural tracts were identified as all
voxels of the corpus callosum in the midsagittal slice. They were then
divided into seven sectors, reflecting divisions determined with histolog-
ical analysis (Pandya and Seltzer, 1986). Commissural sources were two
3-mm-thick planes, 5 mm bilateral to commissural targets. The cingulate
bundle was identified in three sections: superior, posterior, and inferior.
The midpoint voxel of each cingulate section was dilated with a morpho-
logical operator to produce a 5 mm cube as the fiber tracking target.
Sources were 3-mm-thick planes placed 5 mm anterior and 5 mm pos-
terior to the targets.

These targets and sources were mapped to the corresponding locations
on the native-space DTI images for each subject using coordinate trans-
formations computed by nonrigid image registration (Rohlfing and
Maurer, 2003) (http://nitrc.org/projects/cmtk/). In particular, the SPGR
channel of the SRI24 atlas was registered to each subject’s SPGR image,
which was registered to that subject’s FSE image pair, which in turn was
registered to the b � 0 image of the subject’s DTI acquisition. All three
transformations were concatenated to produce sources and targets in the
subject’s DTI space using only a single reformatting operation.

The tensor data as well as targets and sources were passed to the fiber
tracking routine in native space, thus avoiding the need for tensor field
resampling and tensor reorientation. Fiber tracking parameters included
white matter extraction threshold (minimum FA) of 0.17, minimum
fiber length of 37.5 mm, maximum fiber length of 187.5 mm, fiber track-
ing threshold of 0.125 (terminates a fiber if the vector field in the local
neighborhood is too noisy), and angle of maximum deviation of 0.80
(�37° maximum angle between successive fiber segments). In post-
processing, we enforced the additional constraint that a commissural
fiber originating in a source voxel in one hemisphere was required to
pass through a target voxel in the corpus callosum and also through at
least one source voxel in the other hemisphere. Similarly, cingulate
fibers originating on one side of the cingulate target were also re-
quired to pass through at least one source voxel on the other side of
the target.

The output of the fiber tracking for each subject and each source-target
pair was a 3D geometric model of the fiber paths comprising a table of all
point locations along each fiber with local DTI metrics (FA, MD, �1, �2,
�3). Mean FA, longitudinal diffusivity (�l), and transverse diffusivity
(�t) for each fiber bundle were the units of subsequent analysis.

fMRI
fMRI acquisition. Whole-brain fMRI data were acquired with a T2*-
weighted gradient echoplanar pulse sequence (2D axial; TE, 30 ms; TR,
2200 ms; flip angle, 90°; in-plane resolution, 3.75 mm; thick, 5 mm; skip,
0 mm; locations, 36; FOV, 240 mm; one NEX). The start of the scan was

triggered automatically from PsyScope software. Test instructions were
reviewed with the subject by the examiner via the scanner’s intercom
system before the onset of each run. Structural data acquired were a
dual-echo FSE (2D axial; TR, 5000 ms; TE, 17/102 ms; thick, 5 mm; skip,
0 mm; xy matrix, 256; flip angle, 90°; locations, 36; FOV, 240 mm; one
NEX) used for spatially registering the fMRI data.

fMRI analysis. Image preprocessing and statistical analyses were per-
formed using the SPM8 software package (Wellcome Department of
Cognitive Neurology). The fMRI analysis focused on the whole brain.
The functional images were subjected to geometric distortion (field map)
correction and motion correction. The FSE structural images were coreg-
istered to the mean unwarped and motion-corrected functional image
for each subject and segmented into gray and white matter images. Func-
tional and structural gray matter images were normalized to Montreal
Neurological Institute space, and volumes were smoothed with a Gauss-
ian kernel of 8 mm (full-width at half-maximum). Individual statistics
were computed using a general linear model approach (Friston et al.,
1995) as implemented in SPM8. Statistical preprocessing consisted of
high-pass filtering at 44 s, low-pass filtering through convolution with
the SPM8 canonical hemodynamic response function, and global scaling.
A random-effects analysis was conducted for group averaging and pop-
ulation inference. To this end, one image per contrast was computed for
each subject from a design matrix that included estimated individual
movement parameters as regressors in addition to stimulation condi-
tions as explanatory variables.

RTE contrasts of interest were “paired versus sum of two single” stim-
ulation and were computed for bilateral-left hand, bilateral-right hand,
unilateral-left hand, and unilateral-right hand conditions (Fig. 2b). For
second-level group analyses, these RTE contrast images were subjected to
a full factorial model involving three factors: group (controls vs alcohol-
ics), RTE stimulation (bilateral vs unilateral), and RTE response hand
(left vs right). For within-group analyses, peak-intensity thresholds were
set at Puncorr � 0.001, k � 10; for between-group analyses, thresholds
were set at PFWEcorr � 0.05 for combined spatial extent and peak intensity
(Poline et al., 1997). We used the MarsBar region-of-interest toolbox
(http://marsbar.sourceforge.net) to extract the mean parameter esti-
mates from significant clusters to explore the relationship between re-
gional activation and the integrity of closely located white matter fiber
bundles.

Statistical analyses
Group differences in FA and diffusivity measures (�l and �t) were tested
with ANOVA. To examine the relationships predicted between DTI mea-
sures (FA and diffusivity) and the behavioral measures of interhemi-
spheric (CUD and bilateral RTE) and intrahemispheric transmission
(unilateral RTE), we used Pearson correlation in each subject group
separately. Relationships between white matter integrity, lifetime alcohol
consumption, and CUD were tested one-tailed, based on the assump-
tions of lower fiber integrity with higher lifetime alcohol consumption,
and of faster IHTT with higher fiber integrity. All other relationships
were tested two-tailed. The � level was set to 0.05 for all statistical tests,
including hypotheses-driven analyses of structure–function relation-
ships. In addition, Bonferroni-corrected p levels were set at p � 0.007
(two-tailed) or 0.014 (one-tailed) for corpus callosum and p � 0.016 for
intrahemispheric cingulate multiple comparisons.

Results
Behavioral results
CUD
The CUD is a behavioral estimate of interhemispheric transfer
time, typically indicated by longer RTs to crossed than uncrossed
“visual field–response hand” conditions. Although the alcoholics
(7.96 
 16 ms) had longer CUDs than controls (0.42 
 19.5 ms),
this difference was not significant by ANOVA with group as
between-subjects factor and with CUD (crossed, uncrossed) and
response hand (left, right) as within-subject factors (Table 2). A
significant stimulation-by-response hand interaction indi-
cated longer response times to crossed than uncrossed trials
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when responding with the left hand but faster response times
to crossed than uncrossed trials when responding with the
right hand (Table 2).

RTE
Given the effect of response hand on CUD, we calculated RTEs
for bilateral and unilateral stimulation separately for left- and
right-hand responses. For each person, mean RTs to paired stim-
ulation were subtracted from the mean RTs of summed single
stimulations. To test whether processing advantages from paired
stimulation (RTEs) for these conditions differed between alco-
holics and controls, we conducted an ANOVA with group as
between-subject factor and hemispheric stimulation (unilateral,
bilateral) and response hand (left, right) as within-subject factors.
Table 3 and Figure 3 illustrate the results. Processing advantages
(i.e., RTEs) were greater for controls than alcoholics. Specifically,
for bilateral RTEs, alcoholics showed less response facilitation
than controls when responding with the left (nondominant)
hand, but not when responding with the right (dominant) hand.
The opposite pattern was found for unilateral RTEs: alcoholics
showed greater response facilitation than controls when re-
sponding with the right hand but not when responding with the

left hand. This significant three-way interaction was mainly at-
tenuated by the reduced bilateral response facilitation in alcohol-
ics relative to controls when responding with the left hand.

Enhanced RTEs
We calculated the horse race measure R(t) for each subject (see
Eq. 2) to test whether the time of responding to the paired targets
was faster than the fastest response to either one of the single
targets. R(t) values �0 indicate enhanced RTEs that exceed prob-
ability and imply a coactivation process. Enhanced RTEs were
observed in four to seven controls (23– 41%) and two to six alco-
holics (12–35%) depending on condition (i.e., stimulation and
response hand). The number of individuals exhibiting such en-
hanced RTEs did not differ between groups for any condition (� 2

test; all P � 0.2).

Enhanced RTEs and lifetime alcohol consumption
Pearson correlation tested whether the degree of RTE in alcohol-
ics was associated with the amount of lifetime alcohol consumed.
Attenuated RTEs indicated by lower R(t) amplitudes correlated
with higher lifetime alcohol consumption (RTEunilateral-right hand:
r � �0.45, p � 0.035; RTEbilateral-right hand: r � �0.45, p � 0.034),
a relationship that was not observed in controls (P � 0.17)
(Fig. 4).

DTI tractography results
Corpus callosum
To test for group differences in the integrity of white matter fibers
connecting the two cerebral hemispheres, we conducted separate

Table 2. Crossed and uncrossed reaction time means for left- and right-hand responses for each group: alcoholics (ALC) and controls (CTL)a

CUD

CTL ALC

ANOVALeft hand Right hand CUD Left hand Right hand CUD

Crossed 385 (63) 335 (74) 395 (90) 379 (120) (G)b

Uncrossed 363 (68) 356 (68) 367 (88) 391 (121) F � 0.69, p � 0.4
Paired difference 22.2 (31) �21.4 (22) 0.42 27.8 (23) �11.9 (18) 7.96 (2-I)
t test t � 2.84, p � 0.013 t � �3.93, p � 0.001 t � 4.91, p � 0.0001 t � �2.69, p � 0.016 F � 49.33, p � 0.0001
aValues in parentheses are SDs.
bG, Main effect for group; 2-I, two-way interaction between crossed– uncrossed conditions and response hand.

Table 3. Group means for chronic alcoholics (ALC) and controls (CTL): RTE difference reaction times (single minus paired targets) for RTE in msa

RTE Bilateral stimulation Unilateral stimulation ANOVA

Left hand Right hand Left hand Right hand

CTL 22.6 (25.9) 4.0 (19.1) 9.5 (19.6) 17.3 (17.7) (G)b F � 5.16, p � 0.03;
ALC 0.75 (19.3) 8.9 (20.7) 5.2 (21.9) �0.8 (33.5) (3-I) F � 10.69, p � 0.003
t test t � 2.76, p � 0.009 t � 0.72, p � 0.5 t � 0.59, p � 0.6 t � 1.92, p � 0.06
aValues in parentheses are SDs.
bG, Main effects for group; 3-I, three-way interaction between group, stimulation, and response hand.

Figure 3. RTEs. Shown is the mean (
SE) for difference (Diff.) RTs [(S1 � S2)/2 � S1S2] for
each condition (bilateral-left hand, bilateral-right hand, unilateral-left hand, unilateral-right
hand) and each group (controls, alcoholics).

Figure 4. Pearson correlation between lifetime alcohol consumption (kilograms) and the
amplitude of violation of the race measure’s prediction R(t) by redundant targets in alcoholics
(ALC) and controls (CTL).
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group-by-callosal sector ANOVAs for FA, �l, and �t with group
(alcoholics, controls) as between-subject factor and the seven cal-
losal sectors (prefrontal, frontal, premotor, motor, sensory, pari-
etal, occipital) as within-subject factor. For FA, the group main
effect (F(1,31) � 5.68; p � 0.023) and group-by-callosal sector interac-
tion (F(1,31) � 4.49; p � 0.042) were significant, indicating that the
alcoholic group had lower FA than the control group, particularly in
the prefrontal and frontal callosal sectors (follow-up t tests; FA
prefrontal: t(31) �2.72,p�0.011;FAfrontal: t(31) �2.70,p�0.011).A
significant group difference was also found for �t (F(1,31) � 4.19; p �
0.049) but not for �l (F(1,31) � 1.71; p � 0.2). However, a significant
group-by-callosalsectorinteractionfor�l(F(1,31)�6.32;p�0.017)and
a trend for �t (F(1,31) � 4.04; p � 0.053) indicated higher diffusivity in
the alcoholic than control group in frontal (�t 2: t(31) �2.37, p�0.024)
and parietal (�l 6: t(31) � 2.17, p � 0.038; �t 6: t(31) � 2.33, p � 0.026)
callosalsectors.Thus,theinterhemisphericconnectionsmostaffectedin
this alcoholic group involved regions of prefrontal, frontal, and parietal
cortices (Fig. 5A).

Cingulate fiber bundles
To test for group differences in the integ-
rity of white matter fibers of the cortico-
subcortical limbic system with posterior
bundles connecting to the visual area of me-
dial parieto-occipital cortices within each
cerebral hemisphere, we conducted separate
group-by-cingulate sector ANOVAs for FA,
�l, and �t with group (alcoholics, con-
trols) as between-subject factor and the
cingulate fiber bundle sectors (superior,
posterior, inferior) and hemisphere as
within-subject factors. Overall, groups
did not differ in FA (F(1,31) � 0.94; p �
0.34), �l (F(1,31) � 0.003; p � 0.95), or �t
(F(1,31) � 0.52; p � 0.48). However, we
observed a significant three-way interac-
tion involving group, hemisphere, and
cingulate sector for FA (F(1,31) � 10.96; p �
0.002) and �t (F(1,31) � 4.39; p � 0.044) but
not �l (F(1,31) � 0.00; p � 0.98). Follow-up
analyses indicated that alcoholics had lower
FA and higher transverse diffusivity (�t) in
the left than the right hemisphere, specifi-
cally in posterior cingulate fibers (within-
group region-by-hemisphere interaction;
FA: F(1,16) � 20.49, p � 0.0001; �t: F(1,16) �
27.12, p � 0.0001), but not controls (FA:
F(1,15) � 0.45, p � 0.51; �t: F(1,15) � 0.36,
p � 0.56). Thus, the intrahemispheric con-
nections most affected in this alcoholic
group involved left-hemispheric posterior
cingulate fibers (Fig. 5B).

Relationships between behavior and
fiber integrity
CUD and callosal fiber integrity
Pearson correlations tested whether a
small CUD, a behavioral measure of fast
interhemispheric transfer time, was re-
lated to regional callosal white matter fi-
ber integrity. In controls smaller CUDs
were related to lower diffusivity (i.e.,
greater integrity) in the parietal callosal
sector (�l: r � 0.55, p � 0.015). Paradox-

ically, in the alcoholic group, smaller CUDs correlated with
greater longitudinal diffusivity (i.e., poorer integrity) in the pre-
frontal callosal sector (r � �0.52; p � 0.017) (Fig. 6). To explore
this paradox and in view of the larger left- than right-hand CUDs
in both groups, we tested for relationships between corpus callo-
sum integrity and CUDs for each hand separately: while smaller
left-hand CUDs correlated with higher parietal callosal fiber in-
tegrity in the control group (FA: r � �0.61, p � 0.008; �t: r �
0.44, p � 0.049), smaller right-hand CUDs correlated with higher
prefrontal (�l: r � �0.61, p � 0.005; �t: r � �0.46, p � 0.031)
and frontal (�l: r � �0.42, p � 0.049) callosal diffusivity (i.e.,
poorer integrity) in the alcoholic group. Thus, in controls,
higher posterior callosal fiber integrity was associated with
faster left-to-right interhemispheric transfer of information
needed by the subdominant right hemisphere to perform the
task efficiently (left-hand responses), whereas the dominant left
hemisphere (right-hand responses) did not need (right-to-left)
callosal input from the subdominant hemisphere. In contrast, in

Figure 5. DTI-based visualization of interhemispheric corpus callosum fibers (A) divided into seven sectors (prefrontal, frontal,
premotor, motor, sensory, parietal, occipital) and intrahemispheric cingulate fibers (B) in each cerebral hemisphere divided into
three sectors (superior, posterior, and inferior bundles). The mean (
SE) for FA, longitudinal (�l), and transverse (�t) diffusivity
for each fiber sector and group (control men, alcoholic men) is shown.
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alcoholics, greater compromise of anterior callosal fiber integrity
was associated with shorter CUD for right-hand responses (i.e.,
when the dominant left hemisphere was assigned to do the task).

RTE and callosal and cingulate fiber integrity
Pearson correlations tested whether RTEs, behavioral measures
of bilateral and unilateral processing advantages, were related to
callosal and cingulate white matter fiber integrity. In the control
group, greater bilateral RTEs for left-hand responses correlated
with better callosal fiber integrity connecting occipital cortices
(FA: r � 0.49, p � 0.05; �t: r � �0.53, p � 0.035) (Fig. 7A) (i.e.,
better posterior callosal fiber integrity was associated with faster
summation between hemispheres). Greater unilateral RTEs for
the right-hand responses correlated with poorer integrity of left-
hemispheric posterior cingulate (RTE: �l: r � 0.58, p � 0.019; �t:
r � 0.50, p � 0.049; R(t) amplitude: �l: r � 0.68, p � 0.004; �t: r �
0.60, p � 0.014) (Fig. 7C) and inferior cingulate (RTE: �t: r �
0.56, p � 0.023) (Fig. 7D) fiber bundles (i.e., better posterior
cingulate fiber integrity was associated with less summation
within the left hemisphere). In the alcoholic group, in contrast,
bilateral processing advantages (large RTEs) correlated with in-
trahemispheric white matter fiber integrity. In particular, higher
left cingulate fiber diffusivity (poorer integrity) correlated with
less enhanced RTEs as indicated by lower R(t) amplitudes when
responding with the ipsilateral right hand (inferior cingulate; �l:
r � �0.58, p � 0.015) and with enhanced RTEs [i.e., higher R(t)
amplitudes] when responding with the contralateral left hand
(posterior cingulate; �l: r � 0.61, p � 0.009) (Fig. 7B).

fMRI results
RTE contrast (pair � single), all conditions
We used fMRI to test whether response time advantage for paired
targets compared with single targets (RTE) was reflected by dif-
ferent neural activation for “paired � single” stimulation condi-
tions. Indeed, processing redundant relative to single targets was

associated with greater blood oxygenation level-dependent
(BOLD) response in bilateral extrastriate cortices in controls.
However, alcoholics activated the left extrastriate cortex more to
paired than single stimulation (Fig. 8A) and also activated bilateral
subcortical gray matter of the thalamus and pallidum and the left
cerebellum (supplemental Table 1, available at www.jneurosci.org as
supplemental material).

RTE contrasts for bilateral and unilateral stimulation conditions
We next tested whether the greater bilateral than unilateral RTEs
were also reflected by different neural activation for bilateral and
unilateral RTEs (paired � single). For bilateral RTE, controls
activated bilateral extrastriate cortices (Fig. 8B), and this activa-
tion was higher and more extensive than for unilateral RTE
(merged for left and right hemifield stimulation) (Fig. 8C). Con-
trols also activated bilateral thalamic areas for bilateral but not
unilateral RTE.

Alcoholics and controls engaged similar regions (see conjunc-
tion analyses) (Fig. 8), yet extrastriate cortex activation was
smaller and more asymmetrical in alcoholics than controls. Sim-
ilar to controls, alcoholics engaged bilateral thalamic nuclei for
bilateral but not unilateral RTE. A significant interaction between
group and RTE laterality (bilateral vs unilateral) indicated that
controls specifically engaged left striate, extrastriate, and poste-
rior cingulate areas more than alcoholics for bilateral contrasted
with unilateral RTE (Fig. 8D; supplemental Table 1, available at
www.jneurosci.org as supplemental material). We next tested the
relationship between individual activation differences (bilateral
minus unilateral RTE) in left striate, extrastriate, and posterior
cingulate areas and the integrity of left posterior cingulate fiber
bundles. In controls, greater activation differences (i.e., more ac-
tivation for bilateral than unilateral RTE) correlated with pos-
terior cingulate fiber integrity, whereas in alcoholics, smaller
activation differences (i.e., more activation for unilateral than
bilateral RTE) correlated with posterior cingulate fiber integ-
rity (Fig. 8).

RTE contrasts left- and right-hand responses
In both groups, extrastriate cortex activation during RTE
processing was modulated by response hand, with more right-
lateralized activation for left-hand responses and more left-
lateralized activation for right-hand responses (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).
In alcoholics, RTE-related cortical activation was less than in
controls. However, for RTE processing with the left (nondomi-
nant) hand, alcoholics recruited additional brain areas such as
bilateral thalamic nuclei and the cerebellum more than controls.
A significant interaction between group and RTE response hand
(left vs right) showed that controls engaged the left putamen and
temporal cortex regions more than alcoholics when the RTE task
was assigned to the left (nondominant) in contrast to the right
(dominant) hand (supplemental Table 1, available at www.
jneurosci.org as supplemental material).

Summary of the main results
(1) Behaviorally, chronic alcoholics and controls did not differ in
CUD but did so in RTE. Controls showed an asymmetrical re-
sponse pattern with higher bilateral than unilateral RTE, espe-
cially for left-hand responses. This asymmetry was attenuated in
alcoholics and shifted toward bilateral over unilateral processing
advantages for right- but not left-hand responses. (2) DTI re-
vealed that alcoholics, compared with controls, showed subtle
but significant compromise in the integrity of interhemispheric
white matter fiber tracts connecting prefrontal, frontal, and pa-

Figure 6. Pearson correlation between the CUD and longitudinal diffusivity of prefrontal and
parietal callosal fibers for each group: controls (CTL) and alcoholics (ALC).
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rietal cortices of each cerebral hemisphere and additional com-
promise in left-intrahemispheric posterior cingulate fiber tracts
connecting the visual areas of medial parieto-occipital cortices
with frontal supplementary motor area. (3) Shorter CUDs (i.e.,
faster IHTT) correlated with greater parietal callosal fiber integ-
rity in controls and with lower prefrontal callosal fiber integrity in
alcoholics. (4) In healthy controls, but not in alcoholics, (a)
greater bilateral processing advantage of the left hand correlated
with higher integrity of fibers crossing the occipital callosal sec-
tion, and (b) lower unilateral processing advantage for the right
hand correlated with lower integrity of the left posterior and
inferior cingulate. (5) fMRI revealed abnormally low extrastriate
but preserved thalamic activation to RTE in alcoholics relative to
controls. (6) Higher left-hemispheric extrastriate/posterior cin-
gulate activation to bilateral over unilateral RTE correlated with
higher left posterior cingulate integrity in controls but with lower
left posterior cingulate integrity in alcoholics.

Discussion
Using DTI tractography in combination with fMRI, we have
identified an anatomical basis for the modification of normal
functional asymmetry in integration of visuomotor information.
Even subtle disruption of the integrity of interhemispheric cal-
losal and intrahemispheric cingulate fiber bundles altered hemi-
spheric asymmetry patterns. Specifically, RT speed gained by the
bilateral presence of redundant targets was less in alcoholics than

controls, especially when responding with the left hand. This
processing asymmetry could not be attributed to impaired inter-
hemispheric transfer time as estimated by the CUD, because the
groups did not differ on this measure.

Since the fundamental work of Sperry (1961), we have known
that visual information cannot transfer from one hemisphere to
the other in patients with surgically disconnected cerebral hemi-
spheres, but that performance is preserved, even with commis-
surotomy, when the required functions can be processed within
the hemisphere specialized for the task. Here, we were able to
show that visuomotor integration is not an all-or-none process
but rather a continuous process that involves both interhemi-
spheric cooperation via posterior corpus callosum fibers and in-
trahemispheric inhibition via cingulate fibers.

DTI results indicated a regional pattern of white matter fiber
compromise and sparing in chronic alcoholism (cf., Pfefferbaum
et al., 2009, 2010). For interhemispheric fiber connections, we
found that alcoholics showed greatest degradation in callosal
fibers linking prefrontal, frontal, and parietal cortices, and for
intrahemispheric connections, alcoholics showed greatest degra-
dation in posterior cingulate fibers of the left hemisphere. Poste-
rior cingulate fibers connect limbic circuitry (Morris et al., 1999;
Maddock et al., 2003; McCoy et al., 2003), thalamus, cingulate
and association cortices, and the hippocampus (Duvernoy, 2005)
and also have connections to dorsal and ventral visual pathways

Figure 7. Pearson correlation between the RTEs for bilateral (A, B) and unilateral (C, D) stimulation and FA (�l and �t, longitudinal and transverse diffusivity) of callosal and cingulate fiber sectors
for each group: controls (CTL) and alcoholics (ALC).
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(Ungerleider and Mishkin, 1982; Vogt et
al., 2006). Consistent with the finding of
degraded left posterior cingulate fibers in
alcoholics, fMRI results showed lower left
posterior cingulate and extrastriate cortex
activation in alcoholics than controls
when comparing BOLD responses to “bi-
lateral” versus “unilateral” redundant tar-
gets conditions.

In healthy adults, we demonstrated
specific structure–function relationships
involving both interhemispheric and in-
trahemispheric processes: behavioral bi-
lateral processing advantage for the left
hand was associated with higher callosal
fiber integrity connecting occipital corti-
ces, and behavioral unilateral processing
advantage for the right hand was asso-
ciated with lower integrity of left-
hemispheric posterior and inferior cingu-
late fibers. The examination of fMRI
activation patterns demonstrated bilateral
extrastriate activations when processing
bilateral redundant targets (in contrast to
single targets). This activation was less
when processing unilateral redundant
targets, which corresponds well to less be-
havioral redundancy gain for unilateral
than bilateral paired stimulation. Extra-
striate activations were more left-
lateralized for right-hand responses and
more right-lateralized for left-hand re-
sponses, implying that the hemisphere as-
signed to perform the motor response
triggered functional hemispheric asym-
metry in visuomotor integration.

Little is known about the functional
role of white matter integrity on visuomo-
tor functions. Both positive and negative
correlations between motor function and indices of white matter
integrity (e.g., FA) in the cingulum (Walther et al., 2010) and
corpus callosum (Schulte et al., 2005; Wahl et al., 2007) have been
observed, with negative relationships being interpreted as a result
of inhibitory mechanisms on motor cortices transmitted by these
fibers.

Our finding of behavioral advantages from bilateral but not
unilateral RTEs suggests that reciprocal interactions between
hemispheres via posterior callosal fibers are beneficial when re-
sponding with the nondominant hand. Here, hemispheric re-
source sharing is required to make this redundant targets process
more efficient (Maertens and Pollmann, 2005). In contrast, there
is no need for callosal transfer when the task is assigned to the left
hemisphere (right-hand responses) that can process the stimuli
on its own (Miller, 1982) because of its dominance in finger
movements in right-handed individuals (Grafton et al., 2002;
Hayashi et al., 2008). These results provide in vivo evidence that
interhemispheric and intrahemispheric white matter fiber path-
ways mediate response facilitation from redundant targets differ-
entially between and within hemispheres in healthy subjects.

The relatively subtle degradation of local white matter fiber mi-
crostructure in the alcoholics was adequate to show a relation with
behavioral measures of interhemispheric information transfer that
indicated abnormal functional asymmetry. Specifically, the normal

behavioral asymmetry was attenuated and shifted toward bilateral
over unilateral processing advantages for right- but not left-hand
responses. This shift in behavioral asymmetry was associated with a
shift in structure–function relationships: intrahemispheric and not
interhemispheric fiber systems were associated with bilateral pro-
cessing advantages in alcoholics, i.e., reduced integrity of left-
hemispheric posterior and inferior cingulate fibers was correlated
with reduced behavioral left-hemispheric (right-hand) and en-
hanced right-hemispheric (left-hand) processing advantages from
bilateral redundant targets. In addition, alcoholics activated the left
putamen less than controls when processing RTE and using the left
hand compared with the right hand. Because the putamen has been
associated with motor preparation (Alexander and Crutcher, 1990;
Maillard et al., 2000), lower left putamen activation in alcoholics
may have contributed to less left-hemispheric processing advantage.

Consistent with the low behavioral redundancy gain, func-
tional imaging results demonstrated that alcoholics engaged ex-
trastriate cortices less than controls. The combined fMRI–DTI
analysis additionally revealed that posterior cingulate fiber integ-
rity predicted the normal pattern of greater bilateral than unilat-
eral activation for visuomotor integration in controls, whereas
fiber degradation in alcoholism predicted greater activation for
unilateral than bilateral stimulation. The degradation of poste-
rior cingulate fiber integrity may change connectivity to cortical

Figure 8. fMRI: RTE-related brain activation (RTE: pair� single) merged over bilateral and unilateral simulation conditions (A),
for bilateral stimulation only (B), for unilateral stimulation only, merged over left and right visual field stimulations (C), and for
group-by-RTE interactions (D). For all contrasts, left- and right-hand responses were merged. Statistical second-level analyses
were derived from a full factorial model with three factors: group [controls (CTL) vs alcoholics (ALC)], RTE-by-stimulation (bilateral
vs unilateral), and RTE-by-response hand (left vs right).
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sites involved in bottom-up processes for fast response execution
to relevant stimuli (Aralasmak et al., 2006). For example, in other
functional imaging studies, the posterior cingulate cortex has been
the site of higher arousal in alcoholics when processing alcohol-
related stimuli (Tapert et al., 2003) and in cocaine-dependent pa-
tients when processing drug-related cues (Kosten et al., 2006).

In a recent DTI study, Putnam et al. (2010) observed in
healthy individuals greater right-to-left than left-to-right con-
nectivity between splenium and extrastriate visual cortex, a re-
gion implicated in bilateral redundancy gain (Schulte et al.,
2006). The observation of asymmetric splenium connectivity is con-
sistent with our finding that occipital callosal fiber connectivity me-
diated bilateral response facilitation for left-hand responses (right
hemisphere) but not for right-hand responses (left hemisphere). We
can speculate that the compromise of cerebral white matter in
chronic alcoholics (de la Monte, 1988) attenuated this normal hemi-
spheric asymmetry and promoted intrahemispheric processes.

Both of our study groups showed longer RTs to CUDs when
responding with the nondominant hand, a finding consistent
with other studies showing lower CUDs for right-to-left than
left-to-right hemispheric transfer of information (Filbey and
Gazzaniga, 1969; Marzi et al., 1991; Braun, 1992). Furthermore,
our observation in healthy controls that parietal callosal connec-
tivity was related to CUDs particularly for left-hand responses
(when information was transferred from the left to the right
hemisphere) provides in vivo support for the hypothesis (Saron
and Davidson, 1989; Putnam et al., 2010) that posterior callosal
connectivity forms the anatomical basis for hemispheric
asymmetry in simple visuomotor interhemispheric transfer
time (Saron et al., 2003; Barnett and Corballis, 2005).

These associations seen in controls were not found in alcohol-
ics. Instead, in alcoholics, prefrontal and frontal callosal degrada-
tion predicted faster right-to-left hemispheric transfer (shorter
CUDs), perhaps reflecting a reorganization of visuomotor
processes between and within hemispheres promoted by the
subtle but significant degradation of prefrontal, frontal, and
parietal callosal connectivity. Thus, callosal white matter deg-
radation, specifically of anterior fibers, appeared to have con-
tributed to altered hemispheric processing preferences in
chronic alcoholism.

In summary, by combining microstructural information
about white matter fibers with information on neural activation,
we demonstrated that visuomotor integration function is related
to integrity of interhemispheric and intrahemispheric pathways.
This observation is consistent with the idea that functional dy-
namics of visual cortical areas are constrained by the anatomical
characteristics of the underlying white matter tracts (Toosy et al.,
2004). Our findings provide clear evidence that white matter fiber
pathways between and within hemispheres mediate visuomotor
integration asymmetrically and that subtle white matter fiber
degradation attenuated the normal pattern of hemispheric asym-
metry in chronic alcoholics. These brain structural and func-
tional departures from normality are common concomitants of
aging and selective neuropsychiatric conditions (for review, see
Sullivan and Pfefferbaum, 2010) and may have ramifications for
the efficiency of visual information processing and fast response
execution.
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