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White matter hemisphere asymmetries in healthy subjects and
in schizophrenia: a diffusion tensor MRI study
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Hemisphere asymmetry was explored in normal healthy subjects and in
patients with schizophrenia using a novel voxel-based tensor analysis
applied to fractional anisotropy (FA) of the diffusion tensor. Our voxel-
based approach, which requires precise spatial normalization to
remove the misalignment of fiber tracts, includes generating a
symmetrical group average template of the diffusion tensor by applying
nonlinear elastic warping of the demons algorithm. We then
normalized all 32 diffusion tensor MRIs from healthy subjects and
23 from schizophrenic subjects to the symmetrical average template.
For each brain, six channels of tensor component images and one T2-
weighted image were used for registration to match tensor orientation
and shape between images. A statistical evaluation of white matter
asymmetry was then conducted on the normalized FA images and their
flipped images. In controls, we found left-higher-than-right anisotropic
asymmetry in the anterior part of the corpus callosum, cingulum
bundle, the optic radiation, and the superior cerebellar peduncle, and
right-higher-than-left anisotropic asymmetry in the anterior limb of the
internal capsule and the anterior limb’s prefrontal regions, in the
uncinate fasciculus, and in the superior longitudinal fasciculus. In
patients, the asymmetry was lower, although still present, in the
cingulum bundle and the anterior corpus callosum, and not found in
the anterior limb of the internal capsule, the uncinate fasciculus, and
the superior cerebellar peduncle compared to healthy subjects. These
findings of anisotropic asymmetry pattern differences between healthy
controls and patients with schizophrenia are likely related to neuro-
developmental abnormalities in schizophrenia.
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Introduction

Hemisphere asymmetry in the brain has long been reported in
healthy subjects in both neuroanatomy and function (Galaburda
et al., 1978a; Geschwind, 1972; Geschwind and Galaburda,
1985a,b,c; Holinger et al., 2000; Kimura, 1973; Springer and
Deutsch, 1998; Toga and Thompson, 2003). More particularly,
neuroanatomical asymmetry, which has been presumed to be
associated with functional lateralization (Amunts et al., 2000;
Beaton, 1997; Kennedy et al., 1999; Moffat et al., 1998; Springer
and Deutsch, 1998), has been found at the cytoarchitectronic level
(Galaburda et al., 1978b; Rosen et al., 1993), in macrostructural
volumes (Geschwind, 1972), and in morphometry (Sowell et al.,
2002; Lancaster et al., 2003). Most typically, areas of macrostruc-
tural asymmetry include right frontal and left occipital petalias
(Kennedy et al., 1999), the Sylvian fissures (Galaburda et al.,
1978a; Sowell et al., 2002; Westbury et al., 1999), and the superior
temporal plane, especially involving the planum temporale and
Heschl gyrus (Anderson et al., 1999; Beaton, 1997; Galaburda
et al., 1978b; Good et al., 2001; Moffat et al., 1998; Pujol et al.,
2002; Watkins et al., 2001).

Neuroanatomical asymmetry in healthy subjects has been
revealed not only in cortical gray matter, but also in white
matter that interconnects cortical brain regions. White matter
asymmetry has been explored primarily in studies of white
matter volume of structures or in voxel-based concentration of
white matter among subjects using structural MRI (Good et al.,
2001; Pujol et al., 2002; Zhou et al., 2003). The recent advent
of diffusion tensor magnetic imaging (DT-MRI) techniques
(Basser et al., 1994), however, makes it possible to measure
the quality of the neuronal fiber bundles within white matter
regions of interest (ROI). For example, anisotropy of the
diffusion tensor (Basser, 1995) provides information about the
underlying structure of a given region, such as the myelination,
density, and coherence of fibers. Accordingly, white matter
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asymmetry has been investigated using diffusion tensor images
to explore anisotropic asymmetry in the uncinate fasciculi
(Kubicki et al., 2002), the cingulate fasciculi (Kubicki et al.,
2003), the anterior limb of internal capsule (Peled et al., 1998),
and subinsular white matter (Cao et al., 2003). With the
exception of the anterior limb of the internal capsule, the above
regions of interest, that is, uncinate fasciculi, cingulate fasciculi,
and subinsular white matter, all show a pattern of left-greater-
than-right anisotropy in healthy controls.

Of note, an alteration that deviates from normal asymmetry
has been explored in schizophrenia (Holinger et al., 2000) in
neuroanatomy, including both postmortem studies of parahippo-
campal, fusiform gyri, and temporal lobe (Highley et al.,
1998a,b, 1999; McDonald et al., 2000), and in MRI studies
of temporal lobe, anterior cingulate gyrus, and frontal lobe
(Takahashi et al., 2002; Turetsky et al., 1995), as well as in
functions, including auditory processing such as mismatch
negativity (Mohr et al., 2001; Rockstroh et al., 2001; Sommer
et al,, 2001; Youn et al., 2003). Alterations in white matter
asymmetry in schizophrenia have also been exploited using DT-
MRI in studies looking at the cingulum bundle and uncinate
fasciculus (Kubicki et al., 2002, 2003; Zhou et al., 2003).
These latter studies follow closely in time the first DT-MRI
studies of schizophrenia (Buchsbaum et al., 1998; Lim et al.,
1999).

Methods used to explore white matter asymmetry, however,
have been mostly based on measuring volume or anisotropy of a
given region, that is, region of interest (ROI) in white matter
structures. For example, early DT-MRI studies of white matter
hemispheric asymmetry have included an evaluation of the
internal capsule (Peled et al., 1998), the uncinate fasiculi
(Kubicki et al., 2002), and the cingulate fasciculi (Kubicki
et al., 2003) of healthy subjects and/or schizophrenia, and are
based on an ROI method. Cao et al. (2003) also studied asymmetry
of anisotropy of the subinsular white matter. The ROI-based
approach requires a priori hypothesis to predefine the expected
region of interest.

As an explorative method, the voxel-based strategy can be more
helpful in identifying unanticipated or unpredicted/unhypothesized
areas of neuroanatomical asymmetry. The voxel-based analysis of
gray/white matter asymmetry has been conducted using voxel-
based morphometry (VBM) (Good et al., 2001; Watkins et al.,
2001) and deformation field analysis (Lancaster et al., 2003). The
voxel-based analysis of white matter asymmetry has been con-
ducted with structural MRI, where white matter throughout whole
brain is regarded as homogeneous (Good et al., 2001). Such
studies, using voxel-based morphometry to evaluate gray/white
matter, have focused mainly on detecting the anatomical shape as
well as regional volumetric difference. However, no study has been
reported, as far as we know, on the asymmetry of white matter fiber
bundles using voxel-based analysis of diffusion tensor images,
where more sophisticated spatial normalization might be required
to remove anatomical confounds, such as misalignment of narrow
fiber bundles.

In this paper, we propose a new method for the voxel-based
exploration of asymmetry of diffusion tensor using a higher
order spatial normalization technique for tensor data (Guimond
et al., 2002; Park et al., 2003a). This technique matches
homologous locations in fiber bundles and minimizes potential
misinterpretation of results that might otherwise be caused by
misregistration. Using this method, we explore anisotropic

asymmetry in diffusion tensor images of healthy subjects and
patients with schizophrenia.

Methods
Subjects

Thirty-two normal male healthy subjects, with a mean age of 44
(30-55, SD: 6.2), were recruited from the general community.
Twenty-three male patients with schizophrenia, with a mean age
of43 (28—53, SD: 7.2) were recruited from inpatient, day treatment,
outpatient, and foster care programs at the VA Boston Healthcare
System, Brockton, MA. The inclusion criteria for all subjects were
right-handedness, no history of electroconvulsive shock treatment,
no history of neurological illness or significant head trauma, no
alcohol or drug dependence in the past 5 years, and no abuse within
the past year, no medication with known effects on MR (such as
steroids), verbal 1Q above 75, English as a first language, and an
ability and desire to cooperate with the procedures. In addition,
healthy subjects were screened to exclude individuals who had a
first-degree relative with an Axis I disorder, based on DSM-IV
criteria. As part of a comprehensive neuropsychological battery, all
subjects were evaluated using the verbal paired associate learning
subtest of the Wechsler Memory Scale-3rd ed. (WMS) (Wechsler,
1997b), the Wisconsin Card Sorting Test (Nestor et al., 1998), the
Trail Making Test, and the similarities subtest of the WAIS-III
(Wechsler, 1997a). This research was approved by the local insti-
tutional review board of the VA Boston Healthcare System, and all
subjects signed written informed consent before participation.

Acquisition of diffusion tensor images

Subjects were scanned using Line Scan Diffusion Imaging
(LSDI) (Gudbjartsson et al., 1996; Maier et al., 1998; Mamata et
al., 2002), which is comprised of a series of parallel columns lying
in the image plane. The sequential collection of these line data in
independent acquisitions makes the sequence largely insensitive to
bulk motion artifact since no phase encoding is used and shot-to-
shot phase variations are fully removed by calculating the magni-
tude of the signal.

A quadrature head coil was used on a 1.5 T GE Echospeed
system (General Electric Medical Systems, Milwaukee, WI), which
permits maximum gradient amplitudes of 40 mT/m. For each slice,
six images with high diffusion-weighting (1000 s/mm?) along six
noncolinear and noncoplanar directions were collected. Two base
line images with low diffusion-weighting (5 s/mm?®) were also
collected and averaged. Scan parameters were as follows: rectan-
gular FOV (field of view) 220 X 165 mm; 128 X 128 scan matrix
(256 x 256 interpolated image matrix); slice thickness 4-mm;
interslice distance 1-mm; receiver band width =4 kHz; TE (echo
time) 64 ms; effective TR (repetition time) 2592 ms; scan time 60 s
per slice/section. A total of 31-35 coronal slices covering the
entire brain were acquired, depending upon brain size.

Voxel-based analysis: asymmetry of diffusion tensor

The previous voxel-based analysis of hemisphere asymmetry
has been performed by normalizing gray/white matter to a sym-
metric group average template and by comparing raw and flipped
images of these normalized images (Good et al., 2001; Watkins et
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al., 2001). Neuroanatomical correspondences between left and
right hemisphere across subjects were determined by spatial
normalization to a symmetric template.

The essential requirement for a voxel-based analysis of the
diffusion tensor, including a study of white matter asymmetry, is to
minimize the misinterpretation of statistical results due to mis-
alignment. Most previous voxel-based DTI reports (Barnea-Goraly
et al., 2003; Eriksson et al., 2001; Foong et al., 2002; Rugg-Gunn
et al., 2001) have used a method similar to the one used for the
voxel-based analysis of the structural scans called “voxel based
morphometry”.

In this study, we propose a method for voxel-based analysis of
diffusion tensor image by reducing misalignment using a group
template and higher order spatial normalization using multiple
channel information.

Spatial normalization using multiple channel information of tensor
field

Since diffusion tensor image contains underlying information
(i.e., orientation, magnitude, and anisotropy of the tensor) of white
matter, the registration needs to match these properties of the tensor
to find correspondence between two images. We used a multiple
channel demons algorithm (Guimond et al., 2001) to estimate
deformation fields in the spatial normalization. This algorithm
finds the displacement v(x) for each voxel x of a target image T
to match the corresponding location in a source image S. One
channel of T2-weighted image and six channels of tensor compo-
nents (Dxx, Dxy, Dxz, Dyy, Dyz, and Dzz) make it possible to
match the shape, as well as the magnitude and orientation of local
tensors between images. During the registration, the local tensor
orientations were adjusted based on the deformation field as
described by Alexander et al. (2001). Registration using the whole
tensor information shows better registration performance than just
using a channel of fractional anisotropy (FA) image or a channel of
T2-weighted image (Park et al., 2003a).

Group atlas representing the mean of tensor field and mean of

brain morphology

We created a group diffusion tensor atlas from 32 normal subjects
by combining the average tensor field of all the normalized diffusion
images and the average deformation field (Guimond et al., 2000;
Park et al., 2003a). A diffusion image from healthy subjects was
chosen as a temporary atlas, and all other images were registered to
the temporary atlas with the adjustment of tensor orientation. The
average of the registered diffusion images was resampled with the
inverse of the average deformation field to achieve a morphological
(shape) mean as well as an intensity (tensor) mean of the group. The
average map was again used for the target atlas of the next iteration
to reduce the effect of the first template chosen from a subject. Four
iterations were used to create an average diffusion tensor map.

Symmetric atlas as a template for hemisphere correspondence

To create a symmetric template, both Good and Watkins groups
(Good et al., 2001; Watkins et al., 2001) utilized the averaging of
intensities from the original and flipped images of a scalar volume
which may cause blurring of the template image due to hemispher-
ic asymmetry. To address the issue of the blurring, we developed a
novel method using a registration scheme with a multiple-channel
demons algorithm (Guimond et al., 2000) to make a tensor image
symmetric along the interhemispheric fissure, that is, midsagittal
plane with reduced blurring effects. To make a diffusion tensor

image / to be symmetric, the algorithm searches homologous
locations between hemispheres by registering the tensor image /
to its flipped image F, that is, F(xy, X2, x3) = I(—x1, X2, x3), flipped
along the midsagittal plane. As a result of the registration, the
displacement v(x) and the transformation A(x), that is, A(x)=x+v(x),
at each voxel x(x1, x», x3) of the image / can be found to match the
corresponding anatomical location in its flipped image F. Using the
transformation, A(x), the registered image R was created by
resampling the original diffusion tensor image / with the adjust-
ment of the tensor orientation using the “Preservation of Principal
Direction” algorithm described by Alexander et al. (2001). We
averaged the flipped image, F, and the registered tensor image, R,
which can be In this study, we propose a method for voxel-based
analysis of diffusion tensor image by reducing misalignment using
a group template and higher order spatial normalization using
multiple channel information. Eq. (1).

R(x) = Jr(h(x)) x I(h(x)) (1)

S(x) = 1/2[F(x) + R(x)]

where Jr(h(x))x indicates the adjustment of tensor orientation.
Eq. (1) renders the average of tensor component images between
corresponding positions of both hemispheres. The final step was to
resample the average diffusion tensor image with the inverse of the
mean displacement field as Eq. (2).

5(x) = v(x) /2, () = x 4+ 7(x) )

This step renders the corresponding tensors to be located at the
symmetric positions along the midsagittal section of the brain and
thus renders the average of anatomical shape between hemispheres.

Since the transformation from the left hemisphere to its
corresponding right hemisphere and the transformation from the
right hemisphere to its corresponding left hemisphere are not
necessarily coincident, that is, A(h(x)) =x, at the final stage, we
averaged both S(x) and its flipped tensor image along the midsagittal
section. Since S(x) already is fairly close to symmetric, this final step
did not introduce much blurring. This method combined both the
average tensor field, that is, average magnitude and average direc-
tion of the tensor, and the average morphology, that is, shape, size,
and position of the white matter, between left and right hemispheres.

Fig. 1 shows a coronal slice from a single diffusion tensor
image (upper row) and a coronal slice from the symmetric average
tensor template (lower row) derived from the 32 healthy subjects.
The major eigenvector of each voxel is displayed with a line (in-
plane component of the eigenvector) and color (from green to red,
out-of-plane component of the eigenvector) on the background
image of fractional anisotropy (FA), which is defined below:

\/(l, —L) 4+ (L =5+ (h - k)
V2VE+ B+ E

where /1, b, /5 are eigenvalues of the tensor from larger to lower
values, respectively.

FA =

(3)

Spatial smoothing of fractional anisotropy

To reduce the effect of misregistration in spatial normalization
and to increase signal to noise ratio, smoothing with Gaussian filter
is usually used before applying statistics. We considered two
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Fig. 1. Coronal slices from a single diffusion tensor image (upper panel, A and B) and coronal slices from the symmetric average tensor template derived from
32 healthy subjects (lower panel, C and D). Major eigenvectors for each voxel are displayed with line (in-plane component of the eigenvector) and color (from
green to red, out-of-plane component of the eigenvector) on the background image of fractional anisotropy.

approaches to smooth the fractional anisotropy: (1) the fractional
anisotropy from the Gaussian filtered tensor field and (2) the
Gaussian filtered fractional anisotropy derived from the raw tensor
field. The former, which is a local averaging of the tensor field with a
Gaussian mask, is a powerful way to measure the local coherence of
the fibers and results in stable estimates of the tensor directionality in
the area where there is a clear bias in one direction (Westin et al.,
2002). However, it may not be optimal for reducing the effect of
misalignment for statistical analysis of fractional anisotropy. For
example, the application of Gaussian filter on tensor fields where
neighboring fiber bundles are perpendicular to each other, such as in
the cingulum bundle and corpus callosum, will result in mixing
tensors of different orientation and thus reduced fractional anisot-
ropy in that region. The two smoothing operations are thus very
different. The first case, smoothing the tensor data, should be viewed
as a data relaxation operation, where tensor data information is
spread spatially. The second case of smoothing FA should be viewed
as a feature relaxation operation, where the derived feature here is
FA, and the smoothing spreads this information spatially. It is not
surprising that the results are different since the calculation of FA is a
nonlinear operation. However, sometimes the two operations give
similar results. In regions of coherent tensors, anisotropic or not, the
two methods tend to perform similarly, but in regions of mixed
tensors, they give very different results. Smoothing tensor data
reduce the FA in such regions. This is especially noticeable along
the boundary of white matter and in regions of fiber crossings or
differently oriented fiber bundles at close proximity. However,
smoothing the fractional anisotropy spreads the information spatial-
ly and thus reduces the effect of registration errors in the statistical
evaluation of fiber bundle anisotropy. Therefore, we have chosen to
use the latter method, that is, smoothing the fractional anisotropy of
normalized tensor images, which was registered to a symmetric
template.

The kernel size of Gaussian smoothing can be determined by
weighting the need for reduction of anatomical misalignment and
increase of the signal to noise ratio versus the loss of spatial
resolution. Previous studies have used different size of Gaussian
kernels, for example, full width at half maximums (FWHM) of 4 X
4 X 4 mm (Barnea-Goraly et al., 2003), 8 x 8 x 8 mm (Eriksson
et al., 2001), and 12 X 12 X 12 mm (Burns et al., 2003). Fig. 2
shows example of the two filtering approaches defined above with
different kernel sizes of FWHMs 3 X 3 X 3 mm, 6 X 6 X 6 mm,
and 9 X 9 X 9 mm. In this study, we applied Gaussian smoothing
with FWHM of 6 X 6 X 6 mm to all normalized fractional images.
Note how the FA from the smoothed tensor field is darker in the
interfaces between bundles having different fiber directions.

Statistical analysis of diffusion anisotropy between hemispheres
The statistical analysis of hemispheric asymmetry can be
summarized as follows:

(1) We normalized all tensor images to a symmetric DT-MRI
template.

(2) We smoothed the fractional anisotropy images with a Gaussian
filter of FWHM 6 X 6 X 6 mm.

(3) We created left/right flipped smoothed FA images along the
interhemispheric fissure, that is, midline of the symmetric atlas.

(4) We calculated statistics and created a statistic map of
anisotropic difference at each voxel between the original FA
images and their flipped images.

(5) We defined the threshold and the cluster extent of the statistic
maps. To evaluate the effect of smoothing kernel size on
statistical results, we also applied the same statistical procedures
to the Gaussian filtered images with both FWHM 3 X 3 X 3 mm
and 9 X 9 X 9 mm.
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Fig. 2. Smoothing methods and kernel size for fractional anisotropy. The original raw fractional anisotropy map and its 2D glyphs display are shown in panels
A and D. Coronal slices of Gaussian filtered fractional anisotropy (B, C, and D) and coronal slices of fractional anisotropy of Gaussian filtered tensor field
(F, G, and H) have been displayed with full-width half-maximum FWHMs of 3 X 3 X 3 mm, 6 X 6 X 6 mm, and 9 X 9 X 9 mm.

We conducted statistical analysis for each voxel within the Mudholkar normality test (Lin and Mudholkar, 1980) at each
white matter of the average image of normalized images using a voxel, showed no significant evidence for non-Gaussian distribu-
pairwise ¢ test, since the sample sizes were sufficiently large (32 for tion of fractional anisotropy in the white matter. At a threshold P <
NC and 23 for SZ) and since a test of normality, using the Lin- 0.005 without a correction for multiple comparisons, clusters

p <0.005

Fig. 3. The statistical map of the statistically significant asymmetric regions in fractional anisotropy of healthy subjects. Colored dots in the left hemisphere
(neurological convention) indicate voxels with higher fractional anisotropy in the left hemisphere than right, and colored dots in the right hemisphere indicate
voxels with higher fractional anisotropy in the right hemisphere than the left. The white thin lines in the images show boundary voxels where a pairwise # test
was conducted.



218 H.-J. Park et al. / Neurolmage 23 (2004) 213-223

consisting a minimum of 60 contiguous voxels were considered to
show asymmetry statistically.

Results

Fig. 3 shows the statistical map of the significantly asym-
metric regions in fractional anisotropy of healthy subjects thresh-
olded by P < 0.005, P < 0.001, P < 0.0005, P < 0.00005, and
P < 0.00001 with a cluster size of >60 voxels at P < 0.005.
Colored dots in the left hemisphere (neurological convention, left
hemisphere on the left side of the picture) indicate voxels with
higher fractional anisotropy in the left hemisphere than right, and
colored dots in the right hemisphere indicate voxels with higher
fractional anisotropy in the right hemisphere than the left. The
white thin lines in the images, which were extracted from the
template, show boundary voxels where a pairwise ¢ test was
conducted.

Table 1 summarizes hemispheric asymmetry from fractional
anisotropy in healthy subjects. Left-greater-than-right asymmetry
was found in genu, rostrum, and splenium of the corpus
callosum, cingulum bundle, optic radiation, and superior cere-
bellar peduncles, while right-greater-than-left asymmetry was
found at the prefrontal regions of anterior limb of the internal
capsule fibers, the uncinate fasciculus, internal capsule, and the
superior and inferior aspect of the arcuate fasciculus (superior
longitudinal fasciculus and inferior longitudinal fasciculus).

Right-greater-than-left asymmetry of the uncinate fasciculus
appears in the stem and the inferior aspect of the fiber bundle.

Table 1
Hemispherical asymmetry of fractional anisotropy in healthy subjects

Description of Talairach coordinates Cluster z-Score

extent of cluster of most significant size®
voxel (x, y, z)
Cingulum bundle L>R -7.8 355,104 946 5.81
and CC
Optic radiation L>R -36.0, —44.1, 8.0 614 5.81
Superior cerebellar L>R -7.8,-51.8,-329 161 5.00
peduncle
Splenium (CC) L>R —114,-4909, 112 173 4.60

Posterior limb IC X L >R —23.7, —5.3, 24.1 140 4.36
SLF

Medial prefrontal L>R -219,238,1.0 78 4.70
white matter

Anterior prefrontal L<R 27,277, —4.1 406 6.14
white matter

Uncinate fasciculus L <R 25.6, —14, —17.9 305 5.80

Splenium (CC) x L<R 32.6,-305, 34 262 5.29

posterior SLF
Inferior longitudinal L <R  32.6, —22.7, —15.5 206 4.54
fasciculus

SLF L<R 326, -1609,27.0 200 3.97

Anterior limb IC L<R 6.2,64,36 129 4.65

Posterior limb IC L<R 62, -11.1, -9.6 80 3.72

Arcuate fasciculus L<R 274, -14,173 69 4.05
and SLF complex

Superior prefrontal L<R 18.6,31.6,26.0 62 3.77

white matter

CC, corpus callosum; SLF, superior longitudinal fasciculus; IC, internal
capsule; X, crossing area of fiber bundles.
# Cluster size is in the unit of voxel.

However, we did not find significant left-greater-than-right asym-
metry at the uncinate fasciculus. Having in mind the previous
report (Kubicki et al., 2002), we explored the effect of smoothing
kernel size on the results. Fig. 4 demonstrates three consecutive
coronal slices of the statistical asymmetry maps in healthy subjects
derived from three different Gaussian kernel sizes, that is, FWHM
of 3 X3 X3mm,6 X6 X 6mm,and9 X 9 X 9 mm. For this
particular structure, statistical maps with smaller smoothing filter
with FWHM 3 X 3 X 3 mm (Fig. 4C) demonstrate the left-greater-
than-right asymmetry in controls in superior portion of uncinate
fasciculus, which is consistent with the previous manual result
(Kubicki et al., 2002) measured at the similar location. Since the
uncinate fasciculus is coherent only for a very short distance, the
smoothing kernel of 6 X 6 X 6 mm FWHM might enhance the
partial volume effect by including low anisotropy voxels located
outside the stem of this fiber bundle, reducing the statistical power
in this region. In the map of larger smoothing kernel size with
FWHM 9 X 9 X 9 mm, the anisotropy of the cingulum bundle was
smeared into neighboring low anisotropy structures, and the
asymmetry was not detected significantly in the cingulum bundle
(Figs. 4G-1).

Note that significant asymmetry was detected at fiber crossing
areas, such as left-higher-than-right in the medial regions where the
superior longitudinal fasciculus and fibers from posterior limb of
the internal capsule are crossing, and right-higher-than-left in the
posterior regions where corpus callosum fibers (splenium) cross
the superior longitudinal fasciculus.

The statistical asymmetry map of fractional anisotropy in
schizophrenics is shown in Fig. 5 and is summarized at Table 2.
Here, it is clear that patients with schizophrenia show reduced
hemispheric asymmetry in fractional anisotropy compared with
healthy subjects.

We found anisotropy asymmetry in patients with schizophrenia
at cingulum bundle, callosal fibers, optic radiation, and middle and
posterior portions of superior longitudinal fibers. Normal asym-
metry in controls was not found at anterior limb of the internal
capsule and at the uncinate fasciculus.

Fig. 6 shows the results of our study superimposed on the
three-dimensional model of white matter fiber tracts, obtained
with the method described elsewhere (Park et al., 2003b). The
colors in the fiber bundles are derived from the voxel’s z-values
and show left—right asymmetry. The portion of the figure above
the yellow line illustrates left-greater-than-right FA asymmetry
similar to Figs. 3 and 5, whereas the portion of the figure below
the line shows FA asymmetry in the opposite direction (i.e.,
right-greater-than-left). These z-values for the cingulum bundle
and the anterior portion of the CC clearly demonstrate a left-
greater-than-right asymmetry in controls that is present, albeit,
reduced in schizophrenia.

Discussion

Voxel-based analysis of asymmetry of diffusion tensor in white
matter

For voxel-based analysis, the basic requirement is to correctly
find anatomical correspondence between images. In the analysis of
gray matter, each gyrus and sulcus can be mapped to the
corresponding template structure based only on the signal intensity
obtained from T1- or T2-weighted images. However, structural
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p <0.005

Fig. 4. Statistical asymmetry map of fractional anisotropy in healthy subjects: similarity and difference between Gaussian kernel size of 3 X 3 X 3 mm, 6 X 6 X 6
mm, and 9 X 9 X 9 mm in FWHM. All voxels having lower P values than 0.005 were displayed without application of exclusion criteria of the cluster size.

p <0.005

Fig. 5. The statistical map of the statistically significantly asymmetric regions in fractional anisotropy in schizophrenics. Colored dots in the left hemisphere
(neurological convention) indicate voxels with higher fractional anisotropy in the left hemisphere than right, and colored dots in the right hemisphere indicate
voxels with higher fractional anisotropy in the right hemisphere than the left.
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Table 2
Hemispherical asymmetry of fractional anisotropy in schizophrenic subjects

Talairach Cluster  z-Score
coordinates of size®

most significant

voxel (x, y, z)

Description of
extent of cluster

Cingulum bundle L>R -7.8,29.7, 13.6 426 6.05
and CC

Optic radiation L>R 378, -30.5, —1.8 455 4.49

Posterior limb L>R —=23.7,0.6,244 177 5.15
IC x SLF

Splenium (CC) L>R —184, —53.8,163 175 3.61

Splenium (CC) x L<R 203,324,245 348 4.46
posterior SLF

Anterior prefrontal L<R 13.3,49.1, -3.0 93 3.50
white matter
Superior prefrontal L<R 18.6,355, 174 83 3.76

white matter
Arcuate fasciculus L<R 274,6-53,223 78 3.83
and SLF complex

CC, corpus callosum; SLF, superior longitudinal fasciculus; IC, internal
capsule; X, crossing area of fiber bundles.
 Cluster size is in the unit of voxel.

MR images, which have been generally used for previous voxel-
based studies of fractional anisotropy (Barnea-Goraly et al., 2003;
Burns et al., 2003; Eriksson et al., 2001; Foong et al., 2002; Rugg-
Gunn et al., 2001), do not include information essential for finding
anatomical correspondence of the white matter structures (namely,
fiber tract’s orientation and organization) and thus might not be
appropriate for finding precise anatomical correspondence in DT-
MRI. This is why we used a more complex registration approach
that utilizes multiple channel tensor information to match anatom-
ical correspondence between subjects and between hemispheres
instead of using fractional anisotropy or T2-weighted images, even
for the analysis of fractional anisotropy.

In addition, as a result of the better coregistration of the
corresponding anatomical structures between subjects and be-
tween hemispheres, and as a result of the combination of the
averaged deformation field, our mean image (symmetric tem-
plate further used for normalization) was both less blurred and
more representative of the morphology of the group than is the
case for more traditional voxel-based studies. In spite of our
strategy for better registration, by looking at the overlap of
normalized white matter segmentations thresholded with FA >

Z-value

0.3, we found some registration errors in the boundary of
narrow fiber bundles. These errors were most likely due to
anisocubic voxels (0.8594 X 5 X 0.8594 mm, an interpolated
image voxel unit of the original scan unit 1.7 X 5 X 1.7 mm),
relatively low resolution tensor images that we used for the
analysis, as well as due to presumable interindividual variations
of topology.

To reduce the effect of normalization errors on the statistical
analysis, Gaussian smoothing was applied to the normalized
fractional anisotropy images. As was demonstrated in Fig. 4, a
smaller smoothing kernel can be used to detect asymmetry even in
narrow fiber bundles or in the fibers in close proximity to
neighboring fibers, although using such a smaller smoothing kernel
increases the probability of a type I error. On the other hand, a
larger smoothing kernel increases robustness to errors resulting
from either registration or artifacts, or both, as it sacrifices spatial
resolution. Thus, the smoothing kernel size should be small enough
to detect narrow structures but large enough to be robust to errors.
Finally, although we determined smoothing kernel size by exper-
iment in our case, a more generalized method using an appropriate
model needs to be further researched.

Since diffusion tensors characterize diffusion strength and
orientation much better than the FA indices, tensor asymmetry
comparison, instead of FA asymmetry comparison, would be the
appealing and logical choice. From a clinical perspective, however,
asymmetry in the tensor of one voxel or of neighboring voxels is
not easy to interpret. On the other hand, FA has a relatively clearer
meaning; that is, it reflects the fiber bundle quantity underlying the
voxel, such as myelination, coherence, and/or density.

Asymmetry of fractional anisotropy in white matter of normal
controls and patients diagnosed with schizophrenia

We found anisotropic asymmetry differences for the cingulum
bundle, which showed left-higher-than-right anisotropy in healthy
subjects. This finding is consistent with a previous finding from
our group based on an ROI method (Kubicki et al., 2003). We also
noted an anisotropic asymmetry in healthy controls in the anterior
limb of the internal capsule and extended fibers that connect orbital
frontal regions, which showed higher anisotropy in the right than
left and which is also consistent with a previous finding in the
literature (Peled et al., 1998).

The subinsular regions, reported to be left-greater-than-right
asymmetry (Cao et al., 2003) using manual ROI methods, did not

€
2.58

Fig. 6. Asymmetry of fractional anisotropy (FA) in normal controls (NC) and patients with schizophrenia (SZ) superimposed on the three-dimensional
tractography. The colors in the fiber bundles are derived from the left—right asymmetry z-values displayed in Figs. 3 and 5. The portion of the figure above the
yellow line illustrates left-greater-than-right FA asymmetry, while the portion below shows FA asymmetry in opposite direction (right-greater-than-left). A

indicates anterior; P, posterior.
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show a significant asymmetry (P < 0.001) but did show a tendency
toward asymmetry (P < 0.005), as depicted in Fig. 4. This slight
discrepancy might be due to the narrow structure of the subinsular
region and thus due to low spatial alignment after normalization of
this region.

In our results, in healthy controls, uncinate fasciculus was
compromised of fibers showing two different patterns of asymme-
try (right-greater-than-left in the middle and inferior portion, and
left-greater-than-right in the superior portion at the smoothed FA
images with FWHM 3 X 3 X 3 mm). Previous DT-MRI report of
Kubicki et al. (2002), which investigated uncinate fasciculus by
measuring fractional anisotropy at a center point of each tract at
most perpendicular to the coronal plane, was able to demonstrate
only the second pattern of asymmetry, that is, left-greater-than-
right fractional anisotropy in control subjects, and no asymmetries
in schizophrenia. In postmortem study of Highley et al. (2002),
both schizophrenia and controls showed right-greater-than-left
asymmetry of cross-sectional area and fiber number in the uncinate
fascicle. Therefore, the asymmetry of the uncinate fasciculus is still
controversial, and further study is necessary for both control group
and schizophrenia group.

In schizophrenia, the overall pattern of asymmetry findings was
similar to that of healthy controls but showed reduced asymmetry.
More specifically, in the uncinate fasciculus and in the anterior
limb of the internal capsule, the asymmetry pattern observed in
controls was not found in schizophrenia subjects, while reduced
asymmetry was observed in the anterior part of the corpus
callosum in schizophrenics compared to control subjects. Aniso-
tropic asymmetry was also observed in the cingulum bundles of
schizophrenia, which corresponds to a previous report by our
group (Kubicki et al., 2003).

The cingulum bundle is the most prominent connection be-
tween limbic structures and is known to consolidate information by
interconnecting thalamus, prefrontal, parietal, temporal lobes (in-
cluding amygdala, hippocampus, and parahippocampal gyrus) with
cingulate gyrus. The anisotropic asymmetry of the cingulum
bundle indicates the lateralization of brain function, which appears
to be similar in both normal controls and schizophrenics, that is,
left greater than right.

The anterior limb of the internal capsule connecting prefrontal
association cortex and subcortical nuclei comprise frontal-subcor-
tical feedback loops. The asymmetry of right>left in healthy
subject is not found in schizophrenia. Absence of anisotropic
asymmetry in schizophrenia might be related to functional discon-
nection as well as a disturbance in thalamic filtering in this group.
Zhou et al. (2003) reported right-greater-than-left asymmetry in the
volumes of anterior limb in both controls and patients with
schizophrenia, although the schizophrenia group showed signifi-
cantly increased asymmetry compared with controls. However, our
voxel-based approach showed reduced, right-greater-than-left
asymmetry of fractional anisotropy in schizophrenia.

Of further note, the uncinate fasciculus, the major fiber tract
connecting the inferior frontal and anterior temporal lobes (Ebeling
and von Cramon, 1992), is known to play a role in decision making
as well as in the retrieval of semantic and episodic memory. The
absence of asymmetry of fractional anisotropy in the uncinate
fasciculus in schizophrenia thus suggests an abnormality in the
integrity of the fibers connecting the inferior frontal and anterior
temporal regions (Akbarian et al., 1996; Deakin and Simpson, 1997).

In our study, one of the most significant asymmetry regions for
controls was observed for the anterior portion of the corpus

callosum. This asymmetry was also found but in a reduced way
in patients with schizophrenia. Of interest here, we note that the
anterior corpus callosum interconnects the prefrontal lobes of both
hemispheres (Makris et al., 1999) and is reported to be involved in
the higher order transfer of semantic information (Gazzaniga,
2000). Furthermore, thin fibers that are lightly myelinated, of
which a large majority are believed to interconnect association
cortex, are most dense in the anterior corpus callosum (genu),
relative to total corpus callosum (Aboitiz et al., 1992). Moreover,
heterotopic connections between nonequivalent cortical regions in
each hemisphere are known to be numerous and widespread (Di
Virgilio and Clarke, 1997; Toga and Thompson, 2001). Thus, these
neuroanatomical and functional differences in the anterior part of
the corpus callosum may play a critical role in our finding of
fractional anisotropic asymmetry of the anterior corpus callosum.

Note that we did not directly compare asymmetry difference
between healthy subjects and schizophrenic subjects in this study.
While we considered using an asymmetric index, as for example,
(L — R)/ (L +R)/ 2, such asymmetry indices assume that the
normalization error is not significantly different between groups
when matching homologous points. For the schizophrenic group,
this assumption may not be true. In fact, when we checked the
within-group overlap of normalized white matter segmentations,
derived from individual subjects of each group using a threshold of
0.3 for FA, the overlap of schizophrenics was less than that of
healthy subjects especially in the narrow fiber structures. This
might be associated with the high interindividual anatomical
variability known to exist in schizophrenia, a very heterogeneous
group. For this reason, we decided to use a within-group compar-
ison of hemisphere asymmetry.

Interpretation of fractional anisotropy asymmetry between
hemispheres

Although we found hemispheric asymmetry of fractional an-
isotropy in healthy subjects and, to a much lesser extent, in
schizophrenia, the interpretation of these results requires some
caution. For example, since fractional anisotropy represents a
combination of fiber size, density, myelination, and fiber coher-
ence, any of these factors can influence the results. Moreover,
fractional anisotropy can be influenced by fiber crossings, espe-
cially in areas where two or more major bundles cross. One such
area lies lateral to the genu of the corpus callosum, where fibers
coming out of the corpus cross with internal capsule radiation
fibers and fibers of the superior longitudinal fasciculus. Therefore,
fractional anisotropy differences do not necessarily indicate differ-
ences in indices of the anatomical connectivity, such as the number
of fibers or myelination. Likewise, the lack of FA differences does
not necessarily indicate unambiguous connectivity. The interpreta-
tion should be further researched.

One potential approach to increase the specificity of DT-MRI
asymmetry studies is to use fiber tractography. We have applied
such an approach to explore asymmetry of neural connectivity in
both controls and schizophrenia by measuring mean fractional
anisotropy along the fibers (Park et al., 2003b). However, explo-
ration of asymmetry using fiber tractography can only be used in
an exploratory manner since there are many caveats, not the least
of which is the problem of how to evaluate fibers that cross. Other
problems include partial volume effects, signal to noise ratio, and
validation of fiber tracking. If we can strive to achieve reliable
tractography, this would be an important step toward evaluating the
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asymmetry of fibers, which would lead to a further understanding
of “neural connectivity.”

Conclusion

In this study, we proposed a novel method for exploring voxel-
based white matter asymmetry. Findings demonstrate anatomical
asymmetry of white matter anisotropy in healthy subjects in
cingulum bundles, uncinate fasciculus, anterior portion of corpus
callosum, the internal capsule, and optic radiation, with similar,
albeit more attenuated, findings in schizophrenia.
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