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Topography of the human corpus callosum revisited—Comprehensive
fiber tractography using diffusion tensor magnetic resonance imaging
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Several tracing studies have established a topographical distribution of
fiber connections to the cortex in midsagittal cross-sections of the corpus
callosum (CC). The most prominent example is Witelson's scheme,
which defines five vertical partitions mainly based on primate data.
Conventional MRI of the human CC does not reveal morphologically
discernable structures, although microscopy techniques identified
myelinated axons with a relatively small diameter in the anterior and
posterior third of the CC as opposed to thick fibers in the midbody and
posterior splenium. Here, we applied diffusion tensor imaging (DTI) in
conjunction with a tract-tracing algorithm to gain cortical connectivity
information of the CC in individual subjects. With DTI-based
tractography, we distinguished five vertical segments of the CC,
containing fibers projecting into prefrontal, premotor (and supplemen-
tary motor), primary motor, and primary sensory areas as well as into
parietal, temporal, and occipital cortical areas. Striking differences to
Witelson's classification were recognized in the midbody and anterior
third of the CC. In particular, callosal motor fiber bundles were found to
cross the CC in a much more posterior location than previously
indicated. Differences in water mobility were found to be in qualitative
agreement with differences in the microstructure of transcallosal fibers
yielding the highest anisotropy in posterior regions of the CC. The lowest
anisotropy was observed in compartments assigned to motor and
sensory cortical areas. In conclusion, DTI-based fiber tractography of
healthy human subjects suggests a modification of the widely accepted
Witelson scheme and a new classification of vertical CC partitions.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

The corpus callosum (CC) is by far the largest fiber bundle in the
human brain interconnecting the two cerebral hemispheres with
more than 300 million fibers. Surgical transection of the CC in
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humans provides evidence of its important role in interhemispheric
functional integration communicating perceptual, cognitive, learned,
and volitional information. Most of the fibers serve homotopic
interconnections between the hemispheres, but a number of
heterotopic fibers also asymmetrically link functionally different
cortical areas (Clarke and Zaidel, 1994; De Lacoste et al., 1985;
Witelson, 1989). The CC is one of the few white matter tracts that
can be discretely identified by conventional MRI. It has been the
target of extensive studies (e.g., see Thompson et al., 2003)
indicating that its morphology may be related to dyslexia (von
Plessen et al., 2002), Tourette's syndrome (Plessen et al., 2004),
Down's syndrome (Teipel et al., 2003), depression (Lacerda et al.,
2005), schizophrenia (Narr et al., 2002), and HIV/AIDS (Thompson
et al., 2006).

Due to the fact that there are no macroscopic anatomical
landmarks that clearly delimit distinct callosal areas in a
midsagittal cross-section, several geometric partitioning schemes
have been designed to subdivide the CC (Duara et al., 1991;
Larsen et al., 1992; Weis et al., 1993; Rajapakse et al., 1996). In
fact, most studies rely on Witelson's classification, although the
underlying data predominantly originates from non-human pri-
mates (Witelson, 1989). This scheme defines five vertical callosal
segments based on specific arithmetic fractions of the maximum
anterior–posterior extent. In particular, the CC is subdivided into
regions comprising the anterior third, the anterior and posterior
midbody, the posterior third, and the posterior one-fifth. Compart-
ments of the anterior third, including the rostrum, genu, and rostral
body, are assigned to prefrontal, premotor, and supplementary
motor cortical areas. Fibers originating in the motor cortex are
assumed to cross the CC through the anterior midbody, whereas
somaesthetic and posterior parietal fiber bundles cross the CC
through the posterior midbody. Compartments of the posterior
third, including the isthmus and splenium, are assigned to
temporal, parietal, and occipital cortical regions. It should be
noted, however, that neither Witelson's classification nor other
geometric partitioning schemes exactly mirror the texture of the
CC at the cellular level.

Light microscopic examinations of the fiber composition in the
human CC (Aboitz et al., 1992) revealed a well-defined micro-
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structure with a consistent pattern of regional differentiation. The
density of fibers with a small diameter is most pronounced in the
anterior CC (genu), decreases to a minimum in the posterior
midbody, and increases again toward the posterior CC (splenium). In
contrast, fibers with a large diameter show a diametrically opposed
pattern with a peak density in the posterior midbody. Absolute fiber
density decreases from the genu to the posterior midbody, increases
when entering the splenium, and is diminished again in the most
posterior splenial region.

The development of magnetic resonance diffusion tensor
imaging (DTI) in conjunction with fiber tractography has opened
new possibilities in the research of white matter anatomy. The
approach provides unique access to in vivo information about the
topography of major fiber tracts and even their maturation during
ontogeny (Huang et al., 2005; Dougherty et al., 2005; Ramnani et al.,
2004). The method is based on the fact that the MRI-detectable
diffusivity of water molecules depends on the principal orienta-
tion of the fiber tracts within white matter. Diffusion-weighted
MRI sequences probe such mobility along multiple directions in
order to fully characterize its orientational distribution within an
image voxel. Under the assumption that this distribution may be
mathematically represented by a tensor, the principle axis of the
corresponding diffusion ellipsoid coincides with the direction of
the greatest diffusion coefficient, which then can be identified
with the orientation of the underlying fiber bundle. Anisotropy
measures reflect the degree to which diffusion is preferred along
this direction relative to other directions. Here, fractional ani-
sotropy (FA) values have been used as scalar indicators of the
directionality and coherence of fiber tracts (Basser and Pierpaoli,
1996).

The goal of this study was to complement structural assess-
ments of the CC by cortical connectivity information in individual
subjects by means of a geometrically undistorted DTI technique
without sensitivity to susceptibility differences (Nolte et al., 2000;
Rieseberg et al., 2005) in conjunction with a simple algorithm for
tract tracing (Mori et al., 1999). A region-of-interest (ROI) to ROI
tractography method was employed to identify all trajectories that
cross individual pixels within the entire CC (first ROI) and
penetrate selective cortex areas (second ROI). This strategy
resulted in a detailed separation of transcallosal fiber tracts with
respect to their specific cortical projections. In addition, the
approach allowed for an assignment of the distribution of FA
values to functionally distinct CC regions.

Methods

Participants

A total of eight right-handed human subjects (4 female, 4 male;
age range 21−47 years) participated in the study. None of them had
any history of neurological abnormality. Handedness was assessed
in accordance to the hand preference score reported by Oldfield
(1971). All subjects gave written informed consent before each
MRI examination.

Data acquisition

MRI studies were conducted at 2.9 T (Siemens Trio, Erlangen,
Germany) using an 8-channel phased-array head coil. Acquisitions
were performed at 2 mm isotropic resolution using diffusion-
weighted single-shot stimulated echo acquisition mode (STEAM)
MRI sequences and 5/8 partial Fourier encoding in combination
with a projection onto convex subjects (POCS) reconstruction
algorithm (Rieseberg et al., 2005). The protocol comprised 24
independent diffusion gradient directions and b values of 0 and
1000 s/mm2. A total of 50 transverse sections (2 mm thickness)
covered the CC and the upper part of the brain. The acquisition time
per data set was approximately 9min. To increase the signal-to-noise
ratio, the acquisition was repeated three times. Anatomic images
were based on a T1-weighted 3D fast low angle shot (FLASH) MRI
sequence (repetition time TR = 11 ms, echo time TE = 4.9 ms, flip
angle 15°).

Fiber tractography

Before calculation of the diffusion tensor the diffusion-weighted
images were smoothed with a 3D Gaussian filter (σ = 2 mm).
Estimates of axonal projections were computed by the fiber
assignment by continuous tracking (FACT) algorithm (Mori et al.,
1999). Tracking terminated when the FA value was lower than 0.15
or the main diffusion directions in consecutive steps differed by
more than 40° (empirically optimized thresholds). Axonal projec-
tions were traced in both anterograde and retrograde directions. All
ROIs were manually defined on color-coded maps of the main
diffusion direction. The first ROI was placed in a midsagittal plane
to define the entire CC. The second target ROI was placed close to
the cortex in a transverse section to separate the transcallosal pro-
jections into prefrontal, premotor (and supplementary motor),
primary motor, primary sensory, parietal, temporal, and occipital
regions. The DTI analysis relied on software developed in-house
(M. Küntzel).

Parcellation of the corpus callosum

We arrived at a parcellation of the corpus callosum by
introducing vertical subdivisions – similar to the Witelson clas-
sification – but with respect to the outcome of the fiber tractography.
In the midsagittal section of the CC, a geometric baseline was
defined by connecting the most anterior and posterior points of the
CC. After fiber tracking, the CC regions crossed by fibers belonging
to defined cortical areas provided a natural segmentation. The
maximum anterior and posterior extent of a segment were used as
border lines and projected onto the baseline. The callosal parietal,
temporal, and occipital fiber bundles overlapped and could not be
separated by vertical lines. They constitute the most posterior region
of the CC.

Fractional anisotropy

Quantitative measures of diffusion anisotropy were evaluated in
the midsagittal and the two directly neighboring CC sections. In
every subject, we determined the mean FA values averaged across
the three sections for each cortical region as defined by fiber
tractography. To account for interindividual differences in absolute
anisotropy and to facilitate group comparisons, the data were
normalized to the mean of all FA values in the CC of the respective
subject. We then calculated the mean and standard deviation of the
normalized FA values of every CC region across subjects. Regional
differences were tested for significance (Superior Performing
Software System, SPSS Inc.) using ANOVA combined with a post
hoc test (Scheffe's test for multiple comparisons) at a threshold of
P < 0.05.
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Results and discussion

Topography of callosal fiber tracts

DTI-based tractography allowed us to reconstruct comprehen-
sive sets of callosal fiber bundles projecting to the cortical
hemispheres in all subjects. By classifying tracts according to their
cortical projections, we could distinguish between fibers associated
with prefrontal, premotor (combined with supplementary motor),
primary motor, primary sensory, parietal, temporal and occipital
cortical regions. The resulting topology of fiber bundles in the CC
is demonstrated in Figs. 1A–C for a single subject using 3D views
of respective tracts as well as in Fig. 2 for all subjects by outlining
the regional distribution of fibers from all discernable projection
areas that cross the midsagittal CC.

The mapping of the callosal radiation, by which corresponding
cortical areas of opposite hemispheres are connected, was achieved
in much more detail than described before (Huang et al., 2005)
Fig. 1. Transcallosal fiber tracts from a single male subject overlaid onto individual
reconstruction of all callosal fibers comprising bundles projecting into the prefronta
primary motor cortex (dark blue), primary sensory cortex (red), parietal lobe (orang
oblique views of callosal fiber tracts that project into the primary motor cortex. Th
color code in the lower right of the figure: A, anterior; I, inferior; L, left; P, poste
and, for example, accounts for a clear separation of callosal
primary motor and sensory fiber bundles. Most importantly,
however, fibers originating in the motor cortex were found to cross
the CC through its posterior half. This is shown in more detail in
Figs. 1D and E again using 3D views of complete fiber tracks
(single subject) and in Fig. 2 by selectively marking the callosal
motor fibers in the midsagittal plane (all subjects). The region of
the CC associated with the frontal cortex appears enlarged up to the
two-thirds when compared to Witelson's classification. Fibers
originating in cortical areas posterior to the motor cortex pass the
CC through the remaining posterior one third.

One of the most striking differences compared with the
Witelson scheme is that callosal motor and sensory fiber bundles
cross the CC in a much more posterior location. These
discrepancies between the DTI-based fiber topology of the human
CC and Witelson's classification as the standard segmentation
stimulated us to suggest a new scheme. As shown in Fig. 3, the
proposed arrangement of subdivisons still represents a rather
anatomical reference images. (A–C) Sagittal, top, and oblique views of a 3D
l lobe (coded in green), premotor and supplementary motor areas (light blue),
e), occipital lobe (yellow), and temporal lobe (violet). (D and E) Sagittal and
e colors correspond to the local mean diffusion direction as indicated by the
rior; R, right; S, superior.



Fig. 2. Fractional anisotropy maps of the midsagittal corpus callosum (grayscale ranging from black for FA = 0 to white for FA = 0.8) with overlay of motor fibers
only (left columns) and all discernable fibers projecting into specific cortical areas (right columns). The data were obtained for (left side) 4 female and (right side)
4 male subjects. The color scheme is identical to that of Figs. 1A–C comprising fibers projecting into the prefrontal lobe (green), premotor and supplementary
motor areas (light blue), primary motor cortex (dark blue), primary sensory cortex (red), parietal lobe (orange), occipital lobe (yellow), and temporal lobe (violet).
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simple view of the CC's internal structure but closely reflects the
tract topology. Witelson divided the midsagittal CC geometrically
into the anterior third (region I containing fibers projecting into
prefrontal, premotor and supplementary motor regions), the
anterior midbody (region II with callosal motor fiber bundles),
posterior midbody (region III with somaesthetic, posterior parietal
projections), isthmus (region IV with posterior parietal, superior
Fig. 3. Topography of the midsagittal corpus callosum. (Top) Witelson's
classification. (I) Anterior third: prefrontal, premotor, and supplementary
motor; (II) anterior midbody: motor; (III) posterior midbody: somaesthetic,
posterior parietal; (IV) isthmus: posterior parietal, superior temporal; (V)
splenium: occipital, inferior temporal. A, anterior; P, posterior. (Bottom)
Proposed new classification. Region I: prefrontal; region II: premotor and
supplementary motor; region III: motor; region IV: sensory; region V:
parietal, temporal, and occipital. A, anterior; P, posterior.
temporal projections), and the splenium (region V with occipital,
inferior temporal projections).

Similar to Witelson, we defined a geometrical baseline
connecting the anterior and posterior borders of the CC (Fig. 3,
bottom). In accordance with DTI fiber tractography, we then
distinguished five vertical partitions of the CC. Region I as the
most anterior segment covers the first sixth of the CC and contains
fibers projecting into the prefrontal region. The rest of the anterior
half of the CC, that is region II, contains fibers projecting to
premotor and supplementary motor cortical areas. Together, these
callosal fibers occupy the largest subdivision of the CC, which
extends far more posteriorly as compared to Witelson's scheme.
Region III was defined as the posterior half minus the posterior
third and comprises fibers projecting into the primary motor cortex.
This finding is in clear contrast to Witelson's scheme, which
postulates that primary motor fibers cross the CC in the anterior
half. Region IV, the posterior one-third minus posterior one-fourth,
refers to primary sensory fibers. Callosal parietal, temporal, and
occipital fibers cross the CC through region V, which is defined as
the posterior one-fourth.

In summary, the new segmentation of the midsagittal CC differs
from Witelson's scheme mainly at the anterior tip and the broad
midbody area. It may serve as a template for future anatomical and
MRI studies, especially when studying callosal fibers connecting to
primary motor and sensory cortical areas.
Fractional anisotropy and microstructure of the corpus callosum

As can be appreciated in the grayscale FA maps in Fig. 2 (left
columns), there are consistent differences in diffusion anisotropy
across the CC in all subjects. The most pronounced anisotropy
was found in anterior and posterior regions of the CC with the
highest FA values close to 0.8 in the most posterior area and the
lowest values between 0.25 and 0.5 in the middle region.
Although the absolute anisotropy varied between subjects, its
regional distribution along the CC appeared very similar. Hence,
Fig. 4 compares normalized FA values averaged across subjects



Fig. 4. Normalized mean fractional anisotropy averaged across subjects
(n = 8) within different regions of the corpus callosum (numbers follow the
proposed scheme in the bottom part of Fig. 3). The asterisk indicates
significant differences (P < 0.05) of the occipital region to other regions
(arrows).
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for those CC regions that tractography identified to connect
specific cortical projection areas. The lowest anisotropy was
observed in regions III and IV assigned to primary motor and
sensory cortical areas, respectively. The normalized FA values of
the callosal occipital (visual) region were significantly different
(P < 0.05) to those in all other regions except for the parietal
segment.

In general, water diffusion anisotropy as determined by MRI
reflects a number of microstructural parameters such as the
thickness of the individual myelinated axons, the density of
respective fibers, and the presence of obliquely oriented fibers in
an image voxel. In view of these factors, one may conclude that the
available histological data are in general agreement with the
measured FA distribution in the human CC. Previous studies
already assumed a correlation between the degree of diffusion
anisotropy in the CC and the microstructure of fiber bundles
(Chepuri et al., 2002; Oh et al., 2005). Using light and electron
microscopy techniques, Aboitz and colleagues (1992) reported
fibers with a relatively small diameter to be concentrated in the
anterior (region I) and posterior part (region V) of the CC. In
particular, the latter finding is in qualitative agreement with the
highest FA values in the most posterior part of the CC representing
occipital (visual) fiber bundles (see Fig. 4). Not only lead thin
fibers to a more severe restriction in water mobility, but also a
high density of mostly parallel axon bundles reinforces the MRI-
detectable effect. Densely packed and lightly myelinated thin
fibers (<0.4 μm diameter) are also found in the genu of the CC
(region I). The fact that their FA values are slightly lower than in
region V may be explained by the presence of a greater number of
non-parallel, obliquely oriented fibers that connect heterotopic
cortex regions of both hemispheres (Chepuri et al., 2002). Less
densely packed fibers with considerably larger diameters (>3 μm)
are mainly concentrated in the posterior midbody, that is in regions
III and IV of the proposed classification and represent callosal
connections to primary motor and sensory areas. Their structural
differences are in line with the observation of the lowest FA
values.
Concluding remarks

DTI of water molecules within the human brain offers unique
access to the microstructure of white matter in vivo (Basser and
Pierpaoli, 1996). Here, by means of DTI-based fiber tractography,
the topographic arrangement of transcallosal fiber tracts projecting
into specific cortical areas was re-evaluated, and striking differences
were found to previous classifications in a consistent manner.
Nevertheless, current methodologies still face a number of chal-
lenges. As an example, lateral projections of the CC were difficult
to resolve. A possible explanation is the simultaneous presence of
multiple fiber bundles in respective image voxels that possess
different orientations such as contributions from the association
fibers located lateral to the CC. These problems must be ascribed
to the still rather coarse spatial resolution, the inherent assump-
tions of the diffusion tensor model, and the use of a rather
simplistic tract-tracing algorithm. In fact, the achievable voxel
resolution and the access to a true 3D distribution of the water
diffusivity − both within measuring times suitable for human in
vivo studies − present the main limitations of the approach chosen
here.

Partial volume effects due to the use of voxel sizes larger than
the typical diameter of a specific fiber bundle (or tract) result in
apparently reduced diffusion anisotropy and correspondingly lower
FA values by averaging white matter tracts with more isotropic
tissues such as gray matter or even CSF. Moreover, there are
limitations of the simple diffusion tensor model if fibers merge,
branch, or cross. In these cases, the assumption of a single major
diffusion direction fails and again yields apparently lower mean
anisotropy measures that refer to an inadequate isotropic com-
promise of a complex 3D distribution of water diffusivity with two
or more maxima. The immediate consequence for fiber tracto-
graphy is either a false-positive directional choice for a
continuation of the tract-tracing algorithm or a full stop by
reaching the lower anisotropy threshold. The FACT algorithm used
here can be easily extended by adding more sophisticated
boundary conditions or anatomy-derived ‘rules’. For example,
the inclusion of curvature information from the already established
part of the trajectory into the continuation decision may consi-
derably improve the tracking of fibers that are more bended than
transcallosal connections.

Although the aforementioned challenges emerge as a general
concern for fiber tractography, they did not arise as a major
obstacle for studying the topology of fiber connections in the
human CC. In fact, the use of a conservative algorithm helped to
reduce putatively false-positive tract contributions. The resulting
scheme for a new CC segmentation offers a valid base for clinical
applications, in particular for MRI studies of neurodegenerative
disorders that affect the transcallosal connectivity. Nevertheless,
future more detailed work on white matter fiber anatomy would
substantially benefit from access to improved spatial resolution of
DTI acquisitions as well as from an even greater number of
diffusion-encoding gradients and a more adequate representation of
orientational distributions.
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