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Left hemispheric language dominance is well established, but the
structural substrate for this functional asymmetry is uncertain.
We report a strong asymmetry in the relative ¢ber density of the
arcuate fasciculus, a white matter pathway associated with lan-
guage that connects the frontal, temporal, andparietal lobes.Mea-
sured with di¡usion tensor tractography, nearly all study
participants demonstrated greater relative ¢ber density in the left

arcuate fasciculus than in the right arcuate fasciculus. In compari-
son, we found no asymmetry in the corticospinal tract, an impor-
tant white matter pathway with no known role in language.
Combined with data on volumetric and activation asymmetry,
greater connectivity may provide the elements of a neural system
model for language lateralization. NeuroReport 00:000^000 �c
2005 Lippincott Williams &Wilkins.
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INTRODUCTION
In our daily activities, nearly all of us demonstrate a
preference for one hand over the other, a puzzling
phenomenon in light of the brain’s superficial symmetry.
A fundamental asymmetry of the two hemispheres was first
described by Broca, who noted that lesions affecting
language usually localized to the left hemisphere [1]. This
functional asymmetry is now considered to include general
classes of information processing, with greater left hemi-
spheric involvement in the verbal, analytic, and temporal
domain, whereas processing of spatial and spectral in-
formation occurs in the right hemisphere [2]. Many studies
from the early days of functional imaging have shown
reliably greater activation of left hemispheric regions for
verbal and right hemispheric regions for spatial tasks [3], yet
structural asymmetries have been less clearly demonstrated.
Nonetheless, a growing body of evidence suggests that this
functional asymmetry may have a structural substrate.
Early evidence from 133Xe clearance studies suggested a

higher percentage of gray matter in the left hemisphere,
especially in temporal regions [4]. These asymmetries have
been confirmed with magnetic resonance imaging (MRI) [5].
In the temporal lobe, specifically, the left planum temporale
is larger than the right [6], and the degree of activation
detected during a language task is a function of the size of
the left planum temporale [7]. Handedness may also be
related to the relative sizes of the central sulci [8]. The
relationship between structure and function in the brain is
still unclear, but recent evidence suggests that white matter
organization may play an important part in the functional
asymmetry of the brain. White matter volumes are asym-
metric in the temporoparietal regions associated with
language [9]. Increased ratio of white matter to gray matter

in the left parietal lobe has been correlated to improved
performance on a language task [10], while right hemi-
spheric white matter volume has been associated with better
performance on spatial tasks [11].
Diffusion tensor magnetic resonance imaging (DT-MRI) is

a relatively new imaging technique based on measuring
water diffusivity in the brain tissue and provides an
excellent characterization of white matter [12]. Water
diffusivity is considerably more anisotropic (directional) in
white matter than in gray matter, probably owing to an
arrangement of axonal membranes and microskeletal
components that inhibit motion perpendicular to the
orientation of the axon. By applying multiple directional
motion probing gradients, DT-MRI can be used to quantify
this anisotropy of water diffusivity and provide a useful
assessment of the microstructural integrity of white matter.
In DT-MRI, each voxel has an associated tensor that
specifies the magnitude (eigenvalues) and orientation
(eigenvectors) of the diffusivity of water. Diffusivity-based
measures derived from these tensors are used to character-
ize white matter. For example, fractional anisotropy (a scalar
measure of anisotropy) is decreased in the temporal–parietal
white matter of patients with reading disorders [13]. The
utility of DT-MRI can be extended by using the directional
information in the diffusion tensor to generate fiber tracts.
This technique allows the direct visualization of the
anatomy of known white matter pathways, with excellent
correspondence to conventional dissection [14–17].
We used fiber tracking in healthy people to examine the

arcuate fasciculus, a pathway that has long been associated
with language [2]. Connecting the frontal, parietal, and
temporal lobes, the arcuate fasciculus was thought to be
responsible for the functional relationship between speech

ED: Susan Koshy Op: padmini WNR: lww_wnr_3048

BRAIN IMAGING NEUROREPORT

0959-4965�c LippincottWilliams &Wilkins Vol 00 No 00 & & 2005 1



production (in the frontal and anterior parietal lobes) and
speech perception (in the temporal lobe). It was originally
described by Carl Wernicke, who proposed that lesions to
this pathway would cause a specific type of aphasia,
‘conduction aphasia’, with features distinct from motor or
receptive aphasia. Although patients with conduction
aphasia have been identified, it is still unclear whether
their symptoms are due to white matter dysfunction,
cortical dysfunction, or a combination of both [18]. Conse-
quently, the role of the arcuate fasciculus in language is still
not well understood. Through our analysis of the arcuate
fiber tracts using DT-MRI fiber tracking, we demonstrate a
significant left-dominant asymmetry that may provide the
foundation for future functional and structural studies.

MATERIALS AND METHODS
Study participants: Written informed consent was ob-
tained from 27 medically healthy volunteers (14 men and 13
women), with no history of any disorder affecting brain
function. All participants were right-handed, as assessed by
questionnaire [19]. The protocol for this study was approved
by an institutional review board.

Data acquisition and analysis: DT-MRI was performed
with a 3.0 T Siemens scanner using 12 motion probing
gradients [12]. DT-MRI data were acquired using single-shot
spin-echo-type echo planar imaging, with the following
parameters: repetition time of 6500ms, flip angle of 901,
echo time of 99ms, b factor of 800 s/mm2. Images were
acquired using a 22 cm field of view onto a 128�128 matrix,
with 3-mm-thick axial slices.
Fiber tracking was performed with the free software

Diffusion TENSOR Visualizer II (University of Tokyo
Hospital, Tokyo, Japan) using the continuous tracking
(FACT) method described by Mori and van Zijl [16] and
Masutani et al. [17]. In addition, a semiautomated method
was used to define the seed regions of interest (ROIs) in
order to exclude extraneous white matter tracts and gray
matter. First, one to five voxels were selected interactively
on the directionally encoded tensor map in either the deep
white matter of the posterior parietal lobe (arcuate fascicu-
lus) or the cerebral peduncle (corticospinal tract). The
principal eigenvector for each voxel in the ROI was then
compared with that of each adjacent voxel that was not in
the ROI. The adjacent voxel was added to the ROI if the two
vectors subtended an angle less than 101. This process was
iterated until the seed ROI contained a total of 70–100
voxels. The target ROI was constructed in the same manner,
except that the process was continued until the target ROI
contained a total of 1000–1100 voxels, and the initial voxels
were selected in the deep white matter of the posterior
temporal lobe (arcuate fasciculus) or posterior limb of the
internal capsule (corticospinal tract).
Approximately 600–800 subvoxel points were randomly

generated within the seed ROI, and a fiber track was
extended bidirectionally from each point following the
pathway of greatest diffusion until it entered a voxel with
fractional anisotropy below 0.18, indicating it had probably
reached gray matter. Using the two-region method, the
three-dimensional fiber tracts were then classified into
arcuate tracts and nonarcuate tracts on the basis of whether
they had passed through a predefined target in the posterior

temporal lobe [15]. The structure of the fiber tracts was
visually inspected and was always in keeping with known
white matter anatomy; any fiber track that extended
posterior to the fourth ventricle was considered part of the
cerebellar circuit and therefore excluded when evaluating
the corticospinal tract.

In order to normalize the size of the ROIs and the fiber
tracts across participants, a new measure, relative fiber
density, was defined as Narcuate/Ntotal (the ratio of the
number of arcuate tracts to the total number of fiber tracts
generated in the arcuate ROI). Similarly, the corticospinal
tract, a separate pathway involved in descending control of
motor function, was quantified with Ncorticospinal/Ntotal (the
ratio of the number of corticospinal tracts to the total
number of fiber tracts generated in the corticospinal ROI).
The corticospinal tract is not believed to be involved in
lateralized tasks such as language, and thus the relative
fiber density of the corticospinal tract was used for control
purposes.

Statistical comparisons were performed using the Stu-
dent’s t-test for independent samples (two-tailed).

RESULTS
Figure 1a and b superimposes fiber tracking of the arcuate
fasciculus and corticospinal tract on a T2-weighted para-
sagittal image of a representative participant. The arcuate
fasciculus, displayed in red, extended from the posterior
frontal lobe, through the parietal lobe, and then curved
inferiorly toward the posterior temporal lobe. Nonarcuate
fiber tracts (not shown) were heterogeneous and often
entered the occipital lobe or crossed the midline via the
corpus callosum. For this individual, the relative fiber
density of the arcuate fasciculus on the left side, 0.29 (a), was
more than an order of magnitude greater than the relative
fiber density on the right side, 0.02 (b). This example of
evident white matter asymmetry, in a region of the brain
known to support language, can be used to establish the link
between local function and underlying white matter
structure.

The corticospinal tracts, displayed in yellow, extended
inferiorly from the region of the central sulcus to the
cerebral peduncles and then continued into the brainstem.
In this individual, the corticospinal tracts were much less
asymmetric (left relative fiber density¼0.12, right relative
fiber density¼0.32), which is to be expected given the
known symmetry in cortical control of motion.

The diffusion tensors calculated for the same participant
are illustrated in Fig. 1c. The color map indicates the overall
direction of white matter fibers in the surrounding volume.
In regions of gray matter, diffusion is much less anisotropic
and the diffusion tensor is not represented. No gross
asymmetry was observed between the left hemisphere and
the right hemisphere. The white matter volume surrounding
the arcuate fasciculus, * in Fig. 1c, did not exhibit the degree
of asymmetry seen in the fiber tracts. This probably reflects
the presence of multiple white matter tracts in the same
volume with different degrees of asymmetry, demonstrating
the advantages of fiber tracking in the isolation and
characterization of specific white matter pathways. Further-
more, these axial images are based only on the information
contained within a particular voxel. In contrast, the proper-
ties of a fiber track through a voxel depend on signals from
multiple regions, as the track represents the connectivity of
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a voxel to the rest of the brain. Fiber tracking effectively
‘incorporates signal distal to the ROI’ [16].
The fiber track density of the arcuate fasciculus was

significantly greater on the left side than on the right. The
average arcuate relative fiber density was 0.4170.04 on the
left side, and 0.1270.02 on the right side (po0.001). The
asymmetry index, defined as (Densityleft�Densityright)/
(Densityleft +Densityright), may be used to quantify the
degree of asymmetry for each participant (values range
from�1 to + 1; positive values indicate leftward asymmetry,
negative values indicate rightward asymmetry). The mean
asymmetry index of the arcuate fasciculus was 0.62. In all

but one participant, the asymmetry index of the arcuate
fasciculus was positive. The single participant with right-
ward asymmetry had a psychological profile that was
similar to the other participants, and probably represents a
normal variant. In 16 of 27 participants, the asymmetry
index was greater than 0.50, and in four of them the
asymmetry index was 1 (i.e. the right-sided arcuate fibers
were below the threshold of detection).
In contrast to the arcuate fasciculus, the corticospinal tract

was relatively symmetric. The mean relative fiber density of
the corticospinal tract was 0.3170.03 on the left side and
0.3470.03 on the right side, not a significant difference. The
mean asymmetry index of the corticospinal tract was �0.01.
The asymmetry index of the corticospinal tract was positive
in 11 participants and negative in 16 participants. Figure 2
compares the asymmetry indices of the arcuate fasciculus
and the corticospinal tract for each participant. Even when
strong leftward asymmetry was found in the arcuate
fasciculus, a normal distribution of asymmetry was ob-
served in the corticospinal tract. The lack of a strong
relationship between asymmetry in the arcuate fasciculus
and asymmetry in the corticospinal argues against an
overall hemispheric asymmetry. Rather, asymmetry must
be determined separately for each white matter tract.

DISCUSSION
Increasing evidence exists for asymmetry in white matter
structure throughout the brain, including increased white
matter volume in the left temporal lobe [9]. Using DT-MRI,
increased relative anisotropy has been found in the left
subinsular white matter [20]. A voxelwise analysis of
fractional anisotropy showed leftward asymmetry in the
superior uncinate fasciculus but rightward asymmetry in
the inferior uncinate fasciculus [21]. Finally, Buchel et al. [22]
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Fig. 2. The asymmetry index of arcuate fasciculus is plotted against the
asymmetry index of the corticospinal tract for each participant.The arc-
uate fasciculus demonstrates strong leftward asymmetry, whereas the
corticospinal tract does not. No clear relationship exists between corti-
cospinal asymmetry and arcuate asymmetry.

Fig. 1. Reconstructions of left (a) and right (b) arcuate fasciculus (red)
and corticospinal tract (yellow) from a representative participant are
superimposed on a parasagittal T2-weighted image. Note that ¢ber
tracts are represented with stream tubes to improve visibility; only one
sample is rendered of the 600^800 ¢ber tracts generated. (c) Axial sec-
tions from a representative participant, indicating the direction of the
principal eigenvector of di¡usion (red¼medial^ lateral, blue¼superior^
inferior, green¼rostral^ caudal).The approximate location of the left arc-
uate fasciculus is indicated by *.
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showed leftward asymmetry in regions of temporal white
matter containing the arcuate fasciculus. However, multiple
white matter tracts potentially exist within any given brain
volume, complicating a voxel-based analysis of structural
asymmetry. In our study, for example, short cortical
association fibers accounted for a large number of the white
matter tracts found even in a well defined volume. The short
cortical association fibers may not have the same degree of
asymmetry as the longer tracts that they overlap. Separating
them from the white matter tract of interest requires
information regarding the entire course of the fiber, which
is only obtained through a procedure such as fiber tracking.
Because language processing requires participation of a

distributed neural system in the left hemisphere [23], the
present finding of greater connectivity in the language areas
of the left hemisphere provides a possible structural
substrate for the functional asymmetry. Measurement of
the relative fiber density of the arcuate fasciculus may prove
useful in the study of language disorders such as dyslexia,
where interregional connectivity has been implicated [24].
Such measures could also be useful for understanding
conduction aphasia. An association between the severity of
aphasia and diminished relative fiber density would
support a role for the arcuate fasciculus in this disorder.
Furthermore, decreased white matter asymmetry in the
temporal lobe has been associated with stuttering [25];
determination of the degree to which this involves the
arcuate fasciculus may prove helpful in identifying causes
of this and other communicative disorders.

CONCLUSION
This study builds on reports of local microstructural
differences in the left and right hemispheres and compares
the overall fiber densities of the entire left and right arcuate
fasciculi. Greater relative fiber density is found in the left
arcuate fasciculus than in the right arcuate fasciculus in
nearly all participants. Remarkably, this strong degree of
asymmetry is specific to the arcuate fasciculus, as the
corticospinal tract is symmetric. This was further demon-
strated by the lack of asymmetry in whole-brain tensor
maps. This asymmetric connectivity may provide the neural
substrates for hemispheric language organization.
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