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Abstract: Population maps of the corpus callosum (CC) and cortical lobe connections were generated by
combining cortical gray matter parcellation with the diffusion tensor fiber tractography of individual sub-
jects. This method is based on the fact that the cortical lobes of both hemispheres are interconnected by the
corpus callosal fibers. T1-weighted structural MRIs and diffusion tensor MRIs (DT-MRI) of 22 right-
handed, healthy subjects were used. Forty-seven cortical parcellations in the dorsal prefrontal cortex, ven-
tral prefrontal cortex, sensory-motor cortex, parietal cortex, temporal cortex, and occipital cortex were
semi-automatically derived from structural MRIs, registered to DT-MRI, and used to identify callosal
fibers. The probabilistic connections to each cortex were mapped on entire mid-sagittal CC voxels that
had anatomical homology between subjects as determined by spatial registration. According to the popu-
lation maps of the callosal connections, the ventral prefrontal cortex and parts of the dorsal prefrontal cor-
tex both project fibers through the genu and rostrum. The CC regions through which the superior frontal
cortex passes extend into the posterior body. Fibers arising from the parietal lobe and occipital lobe run
mainly through the splenium, while fibers arising from the sensory-motor cortex pass through the isth-
mus. In general, dorsal or medial cortical lobes project fibers through the dorsal region of the CC, while
lateral cortical lobes project fibers through the ventral region of the CC. The probabilistic subdivision of
the CC by connecting cortical gray matter provides a more precise understanding of the CC. Hum Brain
Mapp 29:503–516, 2008. VVC 2006Wiley-Liss, Inc.
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INTRODUCTION

Corpus callosal fibers interconnect the cerebral hemi-
spheres. The critical role of these fibers is in functional asso-
ciations between the two hemispheres and has long been an
area of research interest. The traditional approach has been
to measure the area of either the whole corpus callosum
(CC) or a subdivision of the mid-sagittal section to evaluate
their role in functional, behavioral, and/or gender differen-
ces. This volumetric approach is based on the hypothesis
that the size of the mid-sagittal area of the CC is related to
the total number of fibers and, therefore, is an indicator of

Contract grant sponsor: Korea Research Foundation; Contract grant
number: KRF-2004-003-D00503.

*Correspondence to: Jong Doo Lee, MD, PhD, Department of Nu-
clear Medicine, Yonsei Medical Center, 134 Shinchon-dong, Seodae-
mun-gu, Seoul, 120-749, Korea. E-mail: jdlee@yumc.yonsei.ac.kr

Received for publication 11 August 2005; Revised 5 June 2006;
Accepted 22 June 2006

DOI: 10.1002/hbm.20314
Published online 28 November 2006 in Wiley InterScience (www.
interscience.wiley.com).

VVC 2006Wiley-Liss, Inc.

r Human BrainMapping 29:503–516 (2008) r



neural connectivity between the hemispheres [Aboitiz et al.,
1992].
The CC is not a homogenous structure. Instead, the CC

appears to topographically represent the various cortical
lobes that are associated with the functional specialization of
callosal subdivisions. The CC is often subdivided into the
genu, midbody, isthmus, and splenium (see Fig. 1A). How-
ever, the CC does not have characteristic landmarks reflect-
ing the neuronal fiber properties, which are used as a basis
for subdivision. Therefore, the various methods for defining
the CC partitioning have been based on mid-sagittal geome-
try. Widely applied methods of mid-sagittal CC partitioning
have included the use of vertical lines spaced at fractions on
the maximal anterior–posterior length [Duara et al., 1991;
Witelson 1989] (see Fig. 1A) or the use of equal angular sec-
tors relative to the callosal centroid [Clarke et al., 1989].
Other proposed methods for detailed shape analysis include
a boundary model-based subdivision using equally matched
upper and lower boundaries [Denenberg et al., 1991] and a
medial model-based subdivision using equal divisions along
the medial line of the CC [Peters et al., 2002]. The use of vari-
ous partitioning methods may contribute to the discrepan-
cies between study results on gender, handedness, and
schizophrenia in relation to the CC area [Bishop and
Wahlsten, 1997]. Notably, each partitioningmethod described

earlier is basically geometric and does not take into account
neuronal fiber composition or fiber connections through the
CC.
An in vitro approach has been used to subdivide the CC

according to fiber composition or fiber connections. The CC
axonal fiber composition was explored by Aboitiz et al.
[1992] in 20 postmortem human brains. This group found
that the density of thin fibers (smaller than 2 mm in diame-
ter) peaks at the genu. These fibers decrease toward the pos-
terior midbody and increase in the posterior pole of the CC.
In contrast, the opposite is true for thick fibers. This topo-
graphic distribution of heterogeneous fibers supports the ra-
tionale for studying the subdivided CC and could be used to
subdivide the CC.
The relationship of callosal fibers to the division of the cer-

ebral cortex has been researched in cats [Lomber et al.,
1994], in the posterior parietal and superior temporal cortical
and the inferior premotor regions of rhesus monkeys
[Cipolloni and Pandya, 1985; Pandya et al., 1971; Seltzer and
Pandya, 1983], and in the temporal lobe regions of macaques
[Demeter et al., 1990]. These studies were all accomplished
using an autoradiographic tracing method. As noted by de
Lacoste et al. [1985], sulcal and gyral configurations of cat,
rhesus, and macaque brains differ conspicuously from the
human brain. The association lobes of these animals are

Figure 1.

Regional geometric subdivision of the CC and procedures for

matching the anatomical homology of the CC. A widely used

subdivision of the CC suggested by Witelson [1989] is dis-

played in the left panel (A). This geometric subdivision is based

on neither fiber composition nor fiber connection through the

CC. The right panel (B) shows the spatial normalization pro-

cess that was used. The voxel-wise anatomical homology

between each subject’s CC was found by mapping each CC to

a template CC by applying nonlinear warping W between a

fiber-bundle segmented fractional anisotropy map and individual

segmented fractional anisotropy maps. Statistical evaluation was

performed on this anatomical homology of the CC. The corre-

spondence between the DT-MRI and T1-weighted image of a

subject was found by affine transformation (M) of the T2-

weighted b0-image (T2W) of DT-MRI to the T1-weighted image

(T1) of the subject.
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poorly developed, which might make their CC topography
incompatible with the human brain.
In humans, the CC fiber topological distribution was

determined by correlating the Wallerian degeneration distri-
bution in the CC with anatomical sites of focal cortical
lesions [de Lacoste et al., 1985]. This in vitro method of CC
partitioning by fiber connectivity is potentially vulnerable to
shrinkage, deformation, and damage during postmortem
fixation. Furthermore, the number of samples in this study
was too limited to allow for statistical evaluation of the pos-
sible intra-group variations in the whole brain fiber connec-
tions.
In vivo examination of the CC tissue properties and fiber

connectivity can be conducted using diffusion tensor mag-
netic resonance imaging (DT-MRI). The CC fiber properties
have been assessed by using diffusion indices such as frac-
tional anisotropy (FA) and mean apparent diffusion coeffi-
cients [Moeller et al., 2005; Shin et al., 2005]. DT-MRI also
shows the local fiber orientation through the major eigenvec-
tors of the diffusion tensor at each voxel. Thus, it is possible
to use this local orientation information iteratively across
many voxels to propagate a virtual particle and thereby
trace the fiber to the outer white matter [Basser et al., 2000;
Conturo et al., 1999; Jones et al., 1999; Mori et al., 1999]. Fiber
tractography, a method of estimating fiber streams by con-
necting points along the anisotropic diffusion direction, has
been used to identify callosal fiber distributions [Tench
et al., 2002]. Xu et al. [2002] showed a framework for the
population distribution of fibers that crossed several posi-
tions in the CC. In addition, Abe et al. [2004] presented cal-
losal fibers crossing the genu and splenium using tractogra-
phy. Both methods used fiber tractography seeding from
predefined regions of the CC. Recently, Huang et al. [2005]
applied DT-MRI tractography in parcellating the CC. In this
study, the CC was divided into six major subdivisions using
a 2-regions of interest (ROI) method of fiber tractography for
eight subjects (five right-handed and three left-handed). Six
ROI planes were defined in a relatively coarse and arbitrary
way, and fibers crossing the CC were partitioned according
to the secondary planes that they crossed. However, this
method of CC parcellating using fiber tractography is not
based on precise cortical gray matter structures and there-
fore has a limited ability to cluster fibers according to the
detailed partitions of the cortical structures that they con-
nect. Dougherty et al. [2005] presented occipital-callosal pro-
jections from four subjects using diffusion tensor imaging
seeded from the manually defined occipital lobe. The results
were related to four cortical visual field maps derived from
functional MRI (fMRI). This study is important because it
was the first to match anatomical connectivity with function-
ally defined maps. Unfortunately, these results were re-
stricted to four occipital subregions and a small subject num-
ber (N ¼ 4).
Thus far, no study has shown population topographic

maps of the CC by individual cortical gray matter parcella-
tion covering the entire brain. Therefore, in this article, we
present CC population connectivity maps in 22 normal,

healthy subjects by combining DT-MRI with cortical gray
matter subdivisions. These subdivisions were semi-auto-
matically partitioned into approximately 47 cortical subre-
gions in the dorsal–prefrontal, ventral–frontal, sensory-
motor, parietal, temporal, and occipital cortexes.

METHODS

Subjects

Twenty-two healthy volunteers (11 males and 11 females)
were recruited from the community and were screened for a
current or lifetime history of any DSM-IV Axis I disorder
using the SCID [First et al., 1996]. All subjects were right-
handed, with a mean age of 30.3 years (SD ¼ 3.1, range ¼
25–35). None had a history of traumatic brain injury, epi-
lepsy, alcohol/substance abuse, or neurological problems.
Written informed consent was obtained from the subjects af-
ter the study was described in detail. The study was con-
ducted under the guidelines for the use of human subjects
that were established by the institutional review board.

Image Acquisition and Preprocessing

DT-MRI data were acquired at the Severance Hospital
using a Philips 1.5T scanner (Philips Intera, Philips Medical
System, Best, The Netherlands) with a SENSE head coil.
Head motion was minimized with restraining foam pads
provided by the manufacturer.
A high-resolution T1-weighted MRI volume data set was

obtained axially with the following acquisition parameters:
224 � 224 acquisition and 256 � 256 reconstructed matrix,
240 mm field of view, 0.9375 � 0.9375 � 1.5 mm3 voxels, TE
4.6 ms, TR 20 ms, flip angle 258, slice gap 0 mm, 1 averaging
per slice, noncardiac gating, resampled into 256 � 256 ma-
trix, (1 � 1 � 1 mm3), and 256 axial slices. Diffusion-encoded
images, parallel to the anterior commissure–posterior com-
missure line, were obtained using a single-shot echo-planar
acquisition with the following parameters: 112 � 112 acqui-
sition and 128 � 128 reconstructed matrix, 220 mm field of
view, 1.72 � 1.72 � 2 mm3 voxels, approximately 55 axial sli-
ces, SENSE factor 2, TE 70 ms, TR shortest (about 13,000 ms),
flip angle 908, slice gap 0 mm, b-factor of 600 s/mm2, non-
cardiac gating. Diffusion-weighted images were acquired
from 32 noncollinear, noncoplanar directions provided by
Philips with a baseline image containing minimum diffusion
weighting, also called a b0-image.
The spatial distortions induced by eddy currents in the

diffusion-weighted images were corrected using an AIR5
algorithm [Woods et al., 1992]. This algorithm registered the
diffusion-weighted images to the b0-image. We also used
second order nonlinear registration, which performed better
in eddy current correction than the affine linear registration
[Kim et al., 2005].
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DATA PROCESSING

CC Template Generation

To minimize errors in spatial registration used in anatomi-
cally matching the CC between subjects, a group average
template of diffusion tensor images was created using the
method described in the paper [Park et al., 2003].
In brief, the diffusion tensor template was constructed using

an iterative spatial normalization scheme combining the mean
intensities of the spatially registered diffusion tensor images
and the mean deformation fields from individual diffusion
tensor images [Guimond et al., 2000]. A diffusion tensor image
from the group was chosen as a temporary template, and all
other diffusion tensor images were registered to this tempo-
rary template. The average of the registered tensor images
was resampled with the inverse of the average deformation
field to achieve the morphological (shape) mean as well as the
mean intensity. The resampled average diffusion tensor image
was used again for the target template of the next iteration.
Four iterations were used to create an average brain diffusion
tensor template. During the registration, the tensor orienta-
tions were adjusted iteratively according to deformation field
using the preservation of principal direction algorithm, as
described by Alexander et al. [2001].
A template CC was manually delineated at the mid-sagit-

tal slice in the segmented FA map of the final average diffu-
sion tensor template.

Mapping From a Template CC to Individual

DT-MRI Spaces

Mapping from a template CC to individual DT-MRI
spaces was a two-step process: (1) generation of a segmented
FA map of the diffusion tensor template along with seg-
mented FA maps of individual diffusion tensor images, and
(2) nonlinear transformation of the segmented FAmap of the
template to segmented FA maps of individual tensor images
(W in Fig. 1B).
Segmented FA maps of both individual tensor images and

the tensor template were generated by using fiber tractography
with seed points at the whole brain white matter as described in
the following section. The streamline points of each fiber bundle
have FA of the tensor defined by Basser and Pierpaoli [1996] in
the continuous tensor field. The mean FA at a voxel was calcu-
lated by averaging FA at the corresponding streamline point of
all fiber bundles that passed the voxel. Since the mean FA was
defined only where the fiber-bundles passed, the generated FA
map appeared to be segmented by the fiber bundles.
Nonlinear transformation from the template to individual

images was calculated using the Demon’s algorithm
[Guimond et al., 2001], which derives deformation fields
from the template segmented FA map to the segmented FA
maps of individual brains. Using the calculated nonlinear
transformations, the CC points from individuals homolo-
gous to the template CC points were found by transforming
the points in the template CC into individual DT-MRI space.

Since the segmented FA map represents where fiber bundles
were reconstructed, the registration algorithm appeared to
match homologous positions at mid-sagittal CC voxels more
reliably than the registration of T2-weighted images.
To classify the fiber bundles according to their connection

to cortical parcellations in the T1-weighted images, the indi-
vidual T2-weighted B0 diffusion weighted images acquired
as the baseline of DT-MRI were co-registered to the T1-
weighted image using an affine transformation of the SPM2
co-registration algorithm [Ashburner and Friston, 1997].

Corpus Callosal Fiber Extraction

Automated fiber tracking and processing of the diffusion
tensor images was accomplished using DoDTI (Yonsei Uni-
versity, http://neuroimage.yonsei.ac.kr/dodti), home-made
software, which runs on MATLAB6 [Mathworks, USA]. The
fourth order Runge-Kutta method was used as the integra-
tion solver [Press et al., 1992] in fiber tracking. This fiber
tracking algorithm virtually creates a trace of propagating
streamlined points by following the local fiber orientation,
which is defined by the diffusion tensor field.
Instead of tracking fiber bundles starting from a seed point,

whole white matter fiber bundles were reconstructed and
fiber bundles crossing the given seed point were extracted.
This approach effectively reduces problems caused by the par-
tial volume effect in the diffusion tensor image [Mori and Van
Zijl, 2002]. For the reconstruction of whole white matter fiber
bundles, seed points were assigned at all voxels inside the
white matter segmented using SPM2 [Ashburner and Friston,
1997]. The seed point number was approximately 80,000;
therefore, a corresponding number of fiber tracks were con-
structed. The stopping criteria for fiber tracking included a
low FA (0.2) and a rapid change of direction (608 per 1 mm). A
trilinear interpolation method was used for obtaining the sub-
voxel estimation with a 1-mm step size.
Callosal fibers were chosen from the reconstructed fibers,

which crossed the CC points of each subject, corresponding
to the template CC points.

Clustering of Corpus Callosal Fibers Using Gray

Matter Parcellation

The extracted callosal fibers were automatically labeled
using cortical gray matter parcellation derived from the T1
images. Cortical gray matter from the structural T1 images
was partitioned using FreeSurfer (MGH, Harvard Medical
School), a program that parcellates the cortex into 84 ana-
tomically relevant brain subregions using a surface-based
approach [Fischl et al., 2004]. From 84 subregions, only 64
cortical gray matter regions were selected by removing the
white matter subregions and merging the small and over-
fractionized subregions.
The coordinates from the streamlined points of the corpus

callosal fibers were transformed into T1-image space using the
affine transformation. This transformation was previously
derived from matching the DT-MRI T2-weighted image to the
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T1 image (M in Fig. 1B). All fibers were classified by assigning
the fibers labels of the cortical parcellations where each fiber
ended [Park et al., 2004a]. To make a fiber streamline fall into
or hit the gray matter cortical layer, we extended the stream-
line propagation to two more steps (2 mm) along the propaga-
tion direction at the terminal point of the streamline. The five
successive end points (5 mm in total length) from the terminal
point on each side of the fiber streamline were hit-tested with
every cortical parcellation. The index of cortical parcellations
maximally hit by these five end points was assigned to each
fiber side representing a cortical connection through the fiber.
Figure 2 shows the clustering of corpus callosal fibers

from a subject using cortical gray matter parcellation. Figure
2A displays half of the callosal fibers bisected by a mid-sagit-
tal plane, indicating where the topographic mapping was
conducted. The gradual colors assigned to the callosal fibers
in Figure 2A were based on the similarity between fibers.

The similarity between fiber endpoints was determined
using the method by Brun et al. [2004] without any reference
to the connection of the cortical gray matter parcellation dis-
played in Figure 2B. In contrast, Figure 2C shows the callosal
fiber interconnection using a parcellated CC color-coded
with cortical gray matter parcellation labels.

Probabilistic CC Topography

Because of the low DT-MRI spatial resolution (about 2 � 2
� 2 mm3), several tissue structures may lie within a specific
voxel and contribute to the formation of a single tensor at
that particular voxel. Therefore, instead of assigning a domi-
nantly connected cortical parcellation index to a CC voxel,
each cortex has a probabilistic connection map to all CC vox-
els. In this way, a voxel could represent multiple fiber bun-
dles that connect different cortical lobes.

Figure 2.

Callosal fiber parcellation of a subject using cortical gray matter

parcellation. Approximately 64 gray matter parcellations from the

structural T1 image were used to parcellate the white matter fiber

bundles. Panel A shows a cross-section of callosal fibers in the

mid-sagittal plane. The cross-section is displayed with continuous

colors irrelevant to the cortical gray matter parcellation. The cal-

losal fiber colors in panel A were assigned by their similarity to

neighboring fibers, i.e., similar directional fibers have similar colors.

Panel B shows cortical parcellation that was used to parcellate cal-

losal fibers according to their connection to the cortical lobes.

Panel C shows the parcellated callosal fibers color-coded accord-

ing to the assigned colors of their interconnecting cortical lobes.
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Figure 3.
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For each subject’s cortex, a probabilistic CC connection
map was created using the parcellated fibers that were
derived as described earlier. The connection probability at
each CC voxel to a specific cortical region was defined as the
ratio of the number of callosal fibers interconnecting a given
cortical region versus the number of callosal fibers intercon-
necting all cortical regions through the voxel (total number
of cortical subregions, C ¼ 64). This is summarized by the
equation below:

Pðc; v; sÞ ¼ Nðc; v; sÞ
PC

c0¼1 Nðc0; v; sÞ

PcðvÞ � 1=S
XS

s¼1

Pðc; v; sÞ ð1Þ

where N(c, v, s) is the number of fibers connecting the cor-
tex subregion (c) through voxel (v) for a subject (s) in the
group sample size (S ¼ 22). The population callosal map of
a cortical subregion c, i.e., Pc(n), was derived by averaging
individual probabilistic CC connection maps (P(c, v, s)) for
the cortical lobe c. In counting N(c, v, s), if a fiber connected
two cortical regions of both hemispheres, including either
a homotopic or a heterotopic cortical region at the contra-
lateral hemisphere, we assigned two cortical indices (c) for
a voxel (v). If a fiber connected a cortical region and a non-
cortical structure, a cortical index (c) was assigned to the
voxel (v) when definingN(c, v, s).
The definition in Eq. (1) does not take into account the

varying numbers of connections of a cortical region likely to
be identified for each voxel. To know if more or less connec-
tion to given cortical regions are identified in one voxel rela-
tive to another, an additional connection probability was
defined by the equation below:

P1ðc; v; sÞ ¼ Nðc; v; sÞ
PV

v0¼1 Nðc; v0; sÞ

PvðcÞ � 1=S
XS

s¼1

P1ðc; v; sÞ ð2Þ

where V is the total number of voxels in the CC. Connec-
tion probabilities defined in Eqs. (1) and (2) between a
voxel and a cortical region differ in the normalization
term: in Pc(v), the number of interconnecting fibers nor-
malized by the total callosal fibers crossing a voxel v; and
in Pv(c), the number of interconnecting fibers normalized
by the total fibers crossing a cortical region c.
We used the probabilistic population connection maps of

the CC cortical subregions defined by Eq. (1) to generate the
first and second most dominant connection maps. To accom-
plish this, color labels representing the cortical subregions
with the first or second maximal callosal connection proba-
bilities were assigned to each voxel.
The reliability of the most dominant connection map was

evaluated by calculating the voxel-by-voxel correspondence
between a dominant connection map of an individual sub-
ject and the group of 22 subjects. The voxel-by-voxel corre-
spondence rate was defined using the following equation:

C1ðvÞ ¼ 1=S
XS

s¼1

d lsðvÞ � lg1ðvÞ
� �

;

where dðxÞ ¼ 1; for x ¼ 0; dðxÞ ¼ 0; for x 6¼ 0 ð3Þ

where C1(v) is the correspondence rate at the voxel v for
the total subject number (S ¼ 22), and ls(v) and lg1(v) are

Figure 3.

Statistical callosal connection maps of the cortex. A: Callosal connec-

tion maps of the interhemispheric dorsal prefrontal cortex were

derived from the superior frontal gyrus (SFG), transverse frontopolar

gyrus (FPG), superior frontal sulcus (SFS), middle frontal sulcus (MFS),

frontomarginal sulcus (FMS), middle frontal gyrus (MFG), and inferior

frontal gyrus and sulcus (IFGS). Callosal connection maps were also

derived from the ventral prefrontal cortex, including the rectus gyrus

(RG), orbital medial/olfactory sulcus (OMO), orbital gyrus (OG), sub-

orbital sulcus (SOS), frontomarginal gyrus (FMG), subcallosal gyrus

(SCG), and orbital H-shaped sulcus (OHS). The color scale indicates

the percentage of interconnection to a given cortical region when

compared with other cortical regions at each voxel. B: Callosal con-

nection maps of the interhemispheric sensory-motor cortex were

derived from the cingulated sulcus marginalis region (CMS), paracen-

tral gyrus (PaG), precentral gyrus (PrG), precentral sulcus (PrS), cen-

tral sulcus (CS), postcentral sulcus (PoS), and postcentral gyrus (PoG).

Callosal connection maps were also derived from the parietal cortex,

including the precuneus gyrus (PcG), parieto-occipital sulcus (POS),

subparietal sulcus (SPS), parietal superior gyrus (PSG), intraparietal

and parietal transverse sulcus (IPS), and parietal inferior gyrus angular

part (IAG). Connection maps of cingulated gyrus (CGG) and cingulate

sulcus (CGS) are also shown. C: Callosal connection maps of the

interhemispheric temporal cortex were derived from the temporal

pole (TP), occipito-temporal medial and lingual sulcus (OTS), occipito-

temporal medial gyrus parahippocampal region (OTG), collateral

transverse anterior sulcus (CAS), inferior temporal gyrus (ITG), infe-

rior temporal sulcus (ITS), superior temporal gyrus (STG), superior

temporal sulcus (STS), and middle temporal gyrus (MTG). Callosal

connection maps were also derived from the occipital cortex, includ-

ing the occipital pole (OP), occipital superior gyrus (SOG), calcarine

sulcus (CAS), cuneus gyrus (CNG), occipito-temporal medial gyrus

lingual part (OTG), occipital superior and transversalis sulcus (SOS),

occipital inferior gyrus and sulcus (IO), occipital middle and Lunatus

sulcus (MOS), and occipital middle gyrus (MOG).
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the most dominant cortical labels at the voxel v for sub-
ject s and for the group of 22 subjects.
The rate at which an individual CC voxel mediates the

connection of the cortical subregion to either the first or sec-
ond most dominant group maps was defined by the addi-
tional correspondence rate:

C2ðvÞ¼1=S
XS

s¼1

d lsðvÞ� lg1ðvÞ
� �þd lsðvÞ� lg2ðvÞ

� �� � ð4Þ

where C2(v) is the correspondence rate at the voxel v
between cortical label (ls(v)) of the most dominant con-

nection map of a subject s and those of the first (lg1(v))
and the second (lg2(v)) most dominant connection map.

RESULTS

The population callosal maps defined by Eq. (1) are pre-
sented in the following categories: dorsal prefrontal cor-
tex and ventral prefrontal cortex (Fig. 3A), sensory-motor
cortex and parietal cortex with cingulate (Fig. 3B), temporal
cortex and occipital cortex (Fig. 3C). Cortical parcellations of
the average cortical surface in the subjects (N ¼ 22) are dis-
played as 3D rendered cortical surfaces to specify the cortical
regions corresponding to the callosal maps. The upper left

Figure 4.

Dominant connection maps of the CC. The most dominant con-

nection map of the corpus callosum (B) shows the color label dis-

tribution of the corresponding cortical lobes (A) that have the

maximal interconnection probability through each voxel from all of

the cortical subregions. Panel C shows the second most dominant

map with cortical lobes that have the second most probable inter-

connection through each voxel. In panel B, a geometric subdivision

method using vertical lines suggested by Witelson [1989] is over-

laid with the callosal connection map derived from DT-MRI. Ten

examples of the most dominant individual subject maps are dis-

played in panel D. Panel E shows the correspondence rate

between the 22 individual, most dominant maps and the most

dominant map of the group (B). Panel F shows the correspon-

dence rate between 22 individual, most dominant maps and either

the most dominant map (B) or the second most dominant map

(C).

Figure 5.

Statistical callosal topography based on the projection from cortical

lobes. Callosal connection maps that explain topographic connection

projected from given cortical lobes were derived from the dorsal pre-

frontal cortex, including the superior frontal gyrus (SFG), transverse

frontopolar gyrus (FPG), superior frontal sulcus (SFS) and middle fron-

tal gyrus (MFG), the ventral prefrontal cortex, including the rectus

gyrus (RG), orbital medial/olfactory sulcus (OMO), orbital gyrus (OG),

suborbital sulcus (SOS), frontomarginal gyrus (FMG), and subcallosal

gyrus (SCG), the sensory-motor cortex, including the paracentral

gyrus (PaG), precentral gyrus (PrG), central sulcus (CS), and postcen-

tral gyrus (PoG), the parietal cortex, including the precuneus gyrus

(PcG), parietal superior gyrus (PSG), and parietal inferior gyrus angular

part (IAG), the temporal cortex, including occipito-temporal medial

and lingual sulcus (OTS), inferior temporal gyrus (ITG), superior tem-

poral gyrus (STG), and middle temporal gyrus (MTG), the occipital cor-

tex, including the occipital pole (OP), occipital superior gyrus (SOG),

calcarine sulcus (CAS), cuneus gyrus (CNG), occipito-temporal medial

gyrus lingual part (OTG), occipital superior and transversalis sulcus

(SOS), occipital inferior gyrus and sulcus (IO), and occipital middle

gyrus (MOG), and cingulated gyrus (CGG) and cingulate sulcus (CGS).
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Figure 5.
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color bar in each callosal map shows the color of the corre-
sponding cortex subregion on a 3D surface. The right color
bar shows the probability scale with the maximal range given
in percentage units. Out of the approximately 64 cortical sub-
regions parcellated from the whole cortical gray matter, we
have displayed 47 cortical subregion connection maps, which
contain a certain number of callosal interconnections.
The CC is predominantly made up of fibers interconnecting

the prefrontal cortex, a region which extends from the genu
to the posterior part of the midbody. Cortical regions in the
sensory-motor cortex are interconnected mainly through the
isthmus. Fibers from the parietal lobes cross dorsal areas of
the splenium and isthmus, while fibers from the occipital
lobes pass through the ventral region of the splenium. Fibers
connecting the temporal lobes run mainly in a posterior–ante-
rior direction, largely connecting via the posterior and ventral
CC regions, such as the splenium or posterior isthmus.
Throughout the cortical lobes, the medial-sided cortical lobes
(e.g., CMS, PcG, SPS, CGS, CGG in Fig. 3B) tend to intercon-
nect through the relatively dorsal CC region. While in con-
trast, the lateral-sided cortical lobes (e.g., SFS, MFG, IFGS in
Fig. 3A and PrS and PrG in Fig. 3B) tend to interconnect
through the relatively ventral CC region.
Figure 4 displays the first and second most dominant cortical

connection maps of the CC. The color of each CC voxel repre-
sents the color of the cortical subregion (Fig. 4A) that intercon-
nects both hemispheres through the voxel with the first (Fig.
4B) and second (Fig. 4C) maximal probability. Figure 4A shows
only the cortical subregions that were depicted in Figure 4B,C.
These regions have at least one CC voxel through which the
cortical lobe is the first or second most dominantly intercon-
nected when compared with other cortical regions. Most of the
CC regions are prominently expressedwith medial cortical con-
nections. Compared to the most commonly used geometric
subdivisions generated by Witelson [1989], which are shown as
white vertical lines, cortical connection maps using this method
provide a more detailed subdivision of the CC.
By visual analysis, we found a relatively consistent distribu-

tion of dominant cortical labels across the subjects. This is
demonstrated in Figure 4D, which displays examples of the
individual, most dominant connection maps from 10 ran-
domly chosen subjects. The reliability of the most dominant
connection map (Fig. 4B), when applied to an individual CC,
can be examined in Figure 4E,F. These figures show the reli-
ability that a voxel of the mid-sagittal CC belongs to the most
dominant cortical label (Fig. 4E), and either the first or the sec-
ond most dominant cortical labels (Fig. 4F). The reliability of
the dominant CC connection maps is high at the body and
dorsal splenium where fibers predominantly interconnect the
superior frontal cortex and parietal cortex. In contrast, the reli-
ability of this connection map is low at the ventral splenium
where fibers mainly connected the temporal cortex. These cor-
respondence rate maps are thought to represent the inter-indi-
vidual variability of fiber connections; however, we cannot
disregard the effects of errors in the acquisition and process-
ing of the DT-MRI. Such errors would include acquisition
noise, registration errors, and fiber tracking.

Probabilistic connection maps defined by Eq. (2) are dis-
played in Figure 5, which shows the topographic projection
from the cortical lobes through the CC. The topographic pattern
of probabilistic connection maps in Figure 5 was found to be
similar to the pattern of connection maps displayed in Figure 3.

DISCUSSION

Population Topography of the CC

In this study, statistical connection maps of the CC were
generated by combining diffusion tensor fiber tracking with
structural gray matter parcellation in a group of healthy,
young, right-handed subjects. The basic premise is that corti-
cal gray matter parcellations are interconnected through the
white matter fiber bundles and therefore, precise parcella-
tion of the gray matter using high resolution structural MRI
can effectively be used for fiber bundle identification.
Except for the study by de Lacoste et al. [1985], little

cytoarchitectonic research has been conducted on the con-
nection-based topography of the human CC. The work of de
Lacoste et al. [1985] studied the CC topography by correlat-
ing the Wallerian degeneration distribution in the CC with
focal cortical lesions. They found that fibers connecting the
inferior frontal region to the anterior inferior parietal region
pass through the rostrum and genu of the CC. In addition,
fibers connecting the temporo-parieto-occipital junctional
regions course through the splenium and caudal portion of
the CC body. Finally, they found that the isthmus lies in the
posterior CC body and contains fibers from the peri-Sylvian
region [de Lacoste et al., 1985]. However, this study has sev-
eral limitations common to lesion-based studies. From the13
brains with unilateral focal lesions and the 1 brain with 2
asymmetric lesions in separate hemispheres, only a small
number (at most 2 single-lesion brains or at most 4 multi-
lesion brains) of cortical subregions were used to identify
the CC topography. Furthermore, the cortical lobes that
were used were coarsely and broadly subdivided according
to the specimen. For example, a subdivision of the cortical
area started from the inferior prefrontal lobe and extended
to the anterior inferior parietal lobe. When exploring the cal-
losal connection from a cortical subregion, a small number
of brains with a single lesion at the specific cortical subre-
gion in addition to brains intermixed with multi-lesions in
different cortical subregions may not provide sufficient in-
formation to localize the CC connection.
Though a direct comparison is not possible because of dif-

ferences in the sample specimens, sample size, spatial extent
of the subregion, and methodologies, many of our results on
the callosal distribution show similar patterns, if not exact
consistency, to the lesion-based work of de Lacoste et al.
[1985]. In our study, axonal fibers connecting the ventro-pre-
frontal cortex course through the genu and rostrum of the
CC. The dorsal prefrontal lobes are interconnected from the
upper part of the genu to the posterior body. In particular,
the fibers connecting the superior frontal lobe extend into
the posterior body and the anterior region of the isthmus of
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the CC. The sensory-motor cortex projects fibers through the
posterior mid-body and the isthmus. Axons arising from the
temporal cortex pass through the ventral isthmus or ventral
splenium of the CC. While in contrast, axons from visual
cortices, which occupy the greatest single fraction of the
cortical mantle, pass through the pole or ventral part of the
splenium of the CC. Finally, axons connecting the parietal
lobes connect each hemisphere through the dorsal part of
the splenium.
Near the CC body, we found a tendency for an axonal

ordering similar to the results found in a cat study by Lom-
ber et al. (1994). In the Lomber study, ‘‘while the antero-pos-
terior dimensions of the CC corresponded ‘‘point-to-point’’
to the antero-posterior axis of the hemisphere, its dorso-ven-
tral dimension appeared to represent the medio-lateral corti-
cal axis in a nontopographical way’’ [Lomber et al., 1994].
Compared to the previous DT-MRI fiber tracking studies

[Abe et al., 2004; Huang et al., 2005a], our results show
grossly similar results, but provide a more detailed resolu-
tion of the CC. These previous DT-MRI-based studies were
limited by either restricted regions or coarse CC subdivi-
sions using a rough definition of ROIs with a small number
of subjects. In contrast, our populational callosal connection
maps were derived from 22 young, healthy, right-handed
subjects and covered 47 cortical regions located mainly on
the medial side of the whole brain. Considering the individ-
ual variation in cortical patterns [Park et al., 2004b] even in
normal, healthy subjects, utilization of individual cortical
parcellation enhanced the reliability of the topographic map
and provided a more reliable way of parcellating individual
CCs.
Dougherty et al. [2005] visualized the callosal connections

of the occipital subregions derived from retinotopic maps
using fMRI of four individual subjects. The four occipital
lobe subdivisions used in this study for the exploration of
the callosal distribution were dorsal V3, V3A, V3B and V7,
dorsal V1 and V2, ventral V1 and V2, and ventral V3 and
hV4. The study by Dougherty et al. used fMRI-based occipi-
tal lobe subdivisions that were similar to the anatomical par-
cellations of the occipital lobe used in our study (i.e., occipi-
tal superior gyrus, cuneus gyrus, calcarine sulcus, and occi-
pito-temporal medial gyrus lingual part) (Fig. 3C). Because
Dougherty et al. did not generate statistical topography of
the four regions from the four individual subject maps, we
are not able to directly compare their maps with our popula-
tion-based callosal topography maps. However, our results
from the occipital lobe show similarities with their results in
that callosal fibers projecting from these ROIs coursed
through the ventral-caudal part of the splenium with a tend-
ency for higher to lower ordering depending on the location
of the subregion.
In the current article, we displayed probabilistic popula-

tion connection maps of 47 cortical gyri and sulci at the dor-
sal prefrontal cortex (7), ventral prefrontal cortex (7), sen-
sory-motor cortex (7), parietal cortex (6), cingulate (2), tem-
poral cortex (9), and occipital cortex (9). Each map showed a
certain amount of callosal connections from 64 cortical sub-

regions. However, the cortical regions not displayed in Fig-
ure 3 might also have callosal connections, which were not
detected in our study. The reason for this might be due to
the limited information obtained from current DT-MRI. For
example, DT-MRI might not show a connection of thin fiber
bundles thinner than a voxel.
Considering the fact that several tissue structures may lie

within a specific voxel and contribute to the formation of a
single tensor at that particular voxel, we presented probabil-
istic connection of each cortex through the CC. As an indi-
rect way to evaluate the applicability of the probabilistic
connection maps to the individual data, the most dominant
connection map of the group (Fig. 4B) was compared with
individual dominant connection maps. The correspondence
rate map in Figure 4E,F showed high correspondence at the
body and dorsal splenium of the CC where fibers predomi-
nantly interconnect the superior frontal cortex and parietal
cortex and showed low correspondence at the ventral sple-
nium where fibers interconnect the temporal cortex. This
correspondence rate in the highly reliable fiber tracking area
could be useful in understanding the inter-individual vari-
ability of the dominant callosal connection of individuals.
However, in the area of low reliable and low sensitive fiber
tracking, which corresponded with the area of high inter-
individual variability in our data, we considered that this
inter-individual variability in these areas could be largely
attributed to the low reliability and low sensitivity of fiber
tracking for individual data. Therefore, in the area of low
correspondence rate, a group-averaged representation of
these callosal connections might represent individual cal-
losal connection with higher reliability than the representa-
tion derived from fiber tracking of an individual. For this
reason, the probabilistic connection maps of a healthy group
displayed in Figure 3 have their peculiar advantages when
compared with the discretized dominant connection map of
a group (Fig. 4).
Because of the limitation of our methods, which are

described in the next section, the population callosal connec-
tion maps derived from our study may require more valida-
tion and also may not completely replace the traditional
Witelson’s subdivision. However, we believe population cal-
losal connection maps provide very useful information on
the statistical distribution of the CC fibers based on their
connectivity. Note that the information on callosal connec-
tion derived from a population of DT-MRI data is not only
noninvasive but also unique in that no other currently avail-
able methods could not easily provide the information on
the connection.
Instead of the previous geometric subdivision by a vertical

straight line, the genu and rostrum of the CC could be subdi-
vided angularly (Figs. 3A and 4B). In addition, the CC sple-
nium could be subdivided into dorsal and ventral sections.
As compared with geometric subdivisions of the CC, this
proposed subdivision of the CC is more consistent with the
work by Oh et al. [2005], who subdivided the 80 boundary
model-based subdivision of the CC on the basis of homoge-
neity of the FA of diffusion tensor images. A more precise
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and systematic subdivision based on callosal connections
should be further explored.
We should note that the cortical parcellation scheme

[Fischl et al., 2004] used in our study was based not on
cytoarchitecture, but on geometric features using outer ana-
tomical landmarks determined by structural MRI. However,
the existence of the discrepancy between the cytoarchitec-
tonic subdivision and the MRI-based subdivision at several
cortical regions has been reported [Amunts et al., 2000;
Geyer et al., 1999]. Therefore, the subdivisions in this study
may not exactly match the cytoarchitectonic subdivisions.
For example, frontal lobes are subdivided into the superior,
middle, and frontal lobes according to their geometric
shapes, but these divisions do not correspond with Broad-
mann’s subdivision. The wide extent of CC which is occu-
pied by fibers interconnecting the superior frontal cortex
could be further subdivided if we could use subdivisions
based on cytoarchitectonics. Further subclassifications of
cortical regions may be required to achieve better matching
using the cytoarchitectronic approach.

Methodological Considerations

The callosal fibers, especially fibers interconnecting the
medial cortex, are the most well-organized fibers in the brain
and show relatively high reliability in fiber tracking when
compared with other fiber bundles of the brain. Most of the
connection maps in our study are based on these medial-
directing callosal fibers. However, we cannot disregard the
limitations of fiber tracking, especially for fibers directed to-
ward the lateral or inferior side of the brain. Because of par-
tial volume and noise effects, voxels with intercrossing fibers
of different pathways have increased uncertainty, which
limits the tracking accuracy. Relative to other regions, the
temporal lobe is located inferior and lateral to the CC. Fibers
passing through these regions cross various directional
fibers, such as internal capsule fibers and inferior longitudi-
nal fascicles. Such fiber crossing may hinder the fiber bun-
dles from correctly reaching the temporal lobe and may lead
to the reduced reliability in fiber tracking.
To overcome fiber crossing problems, several streamline

regularization algorithms have been proposed to penetrate
ambiguous tensors [Weinstein et al., 1999; Westin et al.,
2002]. However, streamline regularization fails to follow
high curvature pathways, such as the CC pathway, because
of the inertia component required for tracking [Lazar and
Alexander 2003]. For this reason, the regularization method
was not applied in our study. Recent techniques involving
high angular resolution DT-MRI [Tuch, 2004; Tuch et al.,
2002] could be used to solve the fiber crossing problem and
might show more accurate mapping of CC topography in
the lateral regions.
Cardiac gating is one issue associated with the accuracy of

fiber tracking. To reduce acquisition time and the associated
motion artifacts in our study, DT-MRI data were driven by a
clinical setting for DT-MRI acquisition without cardiac gat-
ing. According to previous reports on the effect of cardiac

gating on the diffusion tensor image [Skare and Andersson,
2001; Wirestam et al., 1996], cardiac pulsation mainly affects
the brain region below the CC. We thought most of the
regions in our study were relatively unaffected by these arti-
facts. In addition to cardiac artifacts, there are several poten-
tial sources of error in fiber tracking, such as RF Johnson
noise, eddy current, and susceptibility artifacts. Therefore,
the population map of callosal connections consists of a
topographic distribution of individual CCs from the group
as well as a distribution of image distortion from various
artifacts. However, since we can assume that the tracking
error distribution was random across the subjects, the cal-
losal map we generated can be considered reliable enough
to represent the topography of the human callosal distribu-
tion.
We would like to note that each hemisphere contains neu-

rons that project callosal axons to not only homologous
(homotopic) areas in the contralateral hemisphere, but also
to heterologous (heterotopic) areas [Di Virgilio and Clarke,
1997; Jones et al., 1979; Jones and Powell, 1969; Shanks et al.,
1975]. In the current study, we could separate both homo-
topic and heterotopic fibers, and we could generate callosal
connection maps using homotopic fibers (not presented in
this article) and callosal connection maps using both homo-
topic and heterotopic fibers (presented in this article). We
could not see a significant difference between these connec-
tion maps except for small changes in the scaling. Therefore,
we decided not to separate homotopic and heterotopic fiber
connections and we only took into account the fiber connec-
tions from the aspect of the mid-sagittal section of the CC.
Since the diffusion resolution (about 2 mm isocubic) is not
enough to separate homotopic or heterotopic fibers, we
thought it meaningless to compare a connection map based
on the cortical origin of the callosal fibers with a map based
on the contralateral cortical termination of these same fibers.
Our method can be applied to research on the functional

association between hemispheres. One example of method
application is the volumetric analysis of CC regions in rela-
tion to their connection with cortical lobes. The relationship
between cortical volumes and the callosal area could pro-
vide important information regarding inter-hemispheric
connectivity. In clinical applications, our method could also
play an important role in the research of callosal abnormal-
ities, such as callosal dysgenesis [Lee et al., 2004], and could
potentially provide additional information for the planning
of local callosotomies.

CONCLUDING REMARKS

Our method used cortical gray matter parcellations in
combination with diffusion tensor fiber tracking to subdi-
vide the CC and generate statistical connection maps of the
CC. This method is a more reliable way of evaluating CC
connections with cortical lobes than using geometrical sub-
division.
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