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Abstract: Extensive studies revealed that the human corpus callosum (CC) plays a crucial role in pro-
viding large–scale bi-hemispheric integration of sensory, motor and cognitive processing, especially
within the frontal lobe. However, the literature lacks of conclusive data regarding the structural macro-
scopic connectivity of the frontal CC. In this study, a novel microdissection approach was adopted, to
expose the frontal fibers of CC from the dorsum to the lateral cortex in eight hemispheres and in one
entire brain. Post-mortem results were then combined with data from advanced constrained spherical
deconvolution in 130 healthy subjects. We demonstrated as the frontal CC provides dense inter-
hemispheric connections. In particular, we found three types of fronto-callosal fibers, having a dorso-
ventral organization. First, the dorso-medial CC fibers subserve homotopic connections between the
homologous medial cortices of the superior frontal gyrus. Second, the ventro-lateral CC fibers subserve
homotopic connections between lateral frontal cortices, including both the middle frontal gyrus and
the inferior frontal gyrus, as well as heterotopic connections between the medial and lateral frontal cor-
tices. Third, the ventro-striatal CC fibers connect the medial and lateral frontal cortices with the contra-
lateral putamen and caudate nucleus. We also highlighted an intricate crossing of CC fibers with the
main association pathways terminating in the lateral regions of the frontal lobes. This combined
approach of ex vivo microdissection and in vivo diffusion tractography allowed demonstrating a previ-
ously unappreciated three-dimensional architecture of the anterior frontal CC, thus clarifying the
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INTRODUCTION

The corpus callosum (CC) is the main commissural
white matter (WM) tract in the human brain. It provides
large-scale integration of sensory, motor and cognitive
information between the left and the right hemisphere, at
both early and advanced stages of the evolution of the
central nervous system (CNS) [Luders et al., 2010]. The CC
constitutes an ontogenetic and phylogenetic novelty, since
it appears during the development of the placental brain
in mammals, without any equivalent precursor in non-
placental species. This embryological step allows reducing
the distance between the hemispheres, so minimizing the
time of interhemispheric transmission [Aboitiz and Mon-
tiel, 2003; Mihrshahi, 2006]. Previous studies have demon-
strated that the increase of CC thickness occurring during
childhood allows the correct maturation of many cognitive
and behavioral functions [Hinkley et al., 2012]. Other
works have highlighted the crucial role of CC in providing
bi-hemispheric interaction in both normal and pathological
conditions [Van der Knaap and van der Ham, 2011].

As a consequence, considering the modern
“connectomic” view of the brain [Catani et al., 2012a; De
Benedictis and Duffau, 2011; Mesulam 1990; Sporns,
2013a,b], a detailed characterization of callosal structural
connectivity would be essential to improve knowledge on
the bi-hemispheric functional integration of parallel, large-
distributed, and integrated neural circuits [Van der Knaap
and van der Ham, 2011]. Nevertheless, the exact relation-
ships between the anatomical organization of the CC and
its involvement in functional networks have not been
extensively investigated in previous studies. Pioneering
anatomists of the 19th century found that the CC connects
all the cortical convolutions in a homotopic way, with the
exception of the olfactory lobe and the temporal pole,
which are connected by the anterior commissure [D�ejerine,
1892; Meynert, 1888]. Later on, Joseph Klingler introduced
a new dissection method allowing a more specific and reli-
able representation of the human WM anatomy in post-
mortem specimens [Klingler, 1935].

The classical anatomical description of the CC was
based on early observations in non-human primates,
which revealed that interhemispheric fibers originating in
different cortical regions cross the midline in specific loca-
tions [Pandya and Seltzer, 1986]. Starting from this topo-
graphical organization, Witelson [1989] proposed a
geometrical antero-posterior compartmentalization of the
CC in three portions: the genu, the isthmus and the

spelnium. The anterior third, namely the rostrum, the
genu, and the rostral body, were assigned to prefrontal,
premotor, and supplementary motor areas. Fibers originat-
ing in motor and sensory cortices were believed to cross
the CC through the anterior and posterior mid-body parts,
respectively. Finally, the posterior third, namely the isth-
mus and the splenium, were attributed to the temporal,
parietal, and occipital areas [Witelson, 1989; Aboitz et al.,
1992]. For almost 30 years, the vast majority of descriptive
anatomy of callosal fibers in humans was based on Witel-
son’s antero-posterior classification. Moreover, as con-
firmed by more recent studies, the general research on the
anatomy of the CC was limited to its most medial or ven-
tral aspects [Chao et al., 2009; Naets et al., 2015; Peltier
et al., 2010], without an exhaustive description of the
course, terminations and reciprocal connectivity of lateral
connections, which remain particularly challenging from
both the technical and conceptual points of view.

Nowadays, diffusion tensor imaging (DTI) emerged as
the highest-sensitive tool for exploring the human WM,
and it radically changed the study of brain functions
[Jbabdi et al., 2015]. The application of DTI tractography in
CC allowed to confirm the Witelson’s topographical mid-
sagittal distribution of callosal fibers [Hasan et al., 2008;
Hofer and Frahm, 2006; Hofer et al., 2008; Huang et al.,
2005]. However, DTI allowed identifying more easily the
connections corresponding to the medial cortical areas,
and early studies showed a narrow crest aspect of fiber
distribution, mostly due to limitations of the simple diffu-
sion tensor model when streamlines merge, branch, or
cross. Moreover, pioneering tractography algorithms failed
to tract callosal connections when they cross the numerous
association and projection pathways forming the corona
radiata. Diffusion imaging tractography with constrained
spherical deconvolution (CSD) is now able to produce the
fan-shaped configuration of tracks, as expected from
known anatomy, thus revealing the fiber extension to the
lateral parts of cerebral cortex [Farquharson et al., 2013;
Tournier et al., 2007].

Interestingly, DTI revealed a prevalent portion of cal-
losal connections within the frontal region [Hofer and
Frahm, 2006; Hofer et al., 2008], consistent with the higher
density and the lower diameter of callosal fibers in the
anterior half of the CC, compared with its posterior half
[Aboitiz and Montiel, 2003]. In fact, the frontal lobe is
composed of different cortical areas involved in local and
widely distributed networks subserving functional integra-
tion among many sensory, motor and mnemonic inputs,
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as well as other executive, behavioral, emotional, and
language functions [Betzel, 2014; Catani et al., 2012b;
De Benedictis et al., 2012]. The subcortical WM architec-
ture of the frontal region, including the U-shaped inter-
gyral fibers, the longer intralobar fibers, and the inter-
lobar bundles, has been investigated by standard post-mor-
tem dissection and DTI studies [Catani et al., 2012b; De
Benedictis et al., 2012; Martino et al., 2013; Rojkva et al.,
2015; Sarubbo et al., 2013]. Nevertheless, the interhemi-
spheric connectivity received less attention in these works.

In this study, we combined standard blunt dissection
and an advanced tractography method [CSD particle-filter
tracking (PFT) with anatomical priors], to analyze layer-
by-layer anatomy of the anterior half of the human CC. In
particular, we performed, for the first time to our know-
ledge, an accurate investigation of WM pathways’ course,
orientation and reciprocal relationships with other associa-
tion bundles, by following the fibers from the dorsum of
the CC to the lateral cortex of the frontal lobes within both
the hemispheres.

MATERIALS AND METHODS

Blunt Microdissection

Eight hemispheres (4 left and 4 right) and one entire
human brain were prepared, according to a modified pro-
tocol for Klingler’s technique [Sarubbo et al., 2015a]. In
order to obtain optimal perfusion of the deeper layers of
the WM, each specimen was first injected with 10%-
formalin solution through the internal carotid arteries and
the vertebro-basilar system, and fully immersed in the
same solution for 40 days. Then, specimens were frozen at
2808C. Several freezing and de-freezing steps were per-
formed during dissection, in order to obtain the best crys-
tallization process of the formalin solution within the
different WM layers.

We exclusively dissected the anterior half of the sagittal
extension of the CC, according to the classification of
Witelson [1989]. After careful analysis and labeling of the
cortical anatomy of the medial and lateral surfaces of the
frontal lobes, we started microdissection (35) by means of
wooden spatulas, according to the cortex sparing tech-
nique described in our previous studies [De Benedictis
et al., 2012, 2014; Sarubbo et al., 2013, 2015a]. After remov-
al of gray matter of the cortical sulci, we dissected the U-
fibers of the lateral and medial frontal cortices. Callosal
fibers were exposed according to an original layer-by-layer
approach, specifically developed for this study. We first
dissected the superficial fibers in a medial-to-lateral direc-
tion, leaving in situ the posterior part of the superior fron-
tal gyrus (SFG), the middle frontal gyrus (MFG), the
inferior frontal gyrus (IFG), and the central lobule, in order
to provide additional anatomical landmarks for identifying
the relationships between fibers, cortices and deep struc-
tures. To show the relationships with other associative

bundles, we dissected the superior longitudinal fascicle
(SLF) and the arcuate fascicle (AF), the anterior portion of
the inferior fronto-occipital fascicle (IFOF) and the cortico-
spinal tract (CST). We exposed the region of the striatum
to demonstrate its possible relationships with the more
ventral CC fibers. During the dissection, we collected
sequential pictures.

Finally, in order to describe the homotopic and/or het-
erotopic origin of callosal fibers exposed during the single-
hemisphere dissection, we analyzed the frontal WM bilate-
rally in one entire brain. The dissection started from the
dorsal surface of the anterior half of the CC and proceeded
following the fibers in a medial-to-lateral direction in both
the hemispheres. The reciprocal connections exposed
between the left and right frontal lobes were systematically
captured and stored.

Diffusion Imaging and Whole Brain Tractography

In the present study, we used diffusion-weighted and
T1-weighted images of 130 healthy right-handed subjects
left-lateralized for language (66 females, mean age 5 26.2
years, age range 5 19–46 years, years of education� 11),
who were previously enrolled for the BIL&GIN database
[Mazoyer et al., 2016]. All subjects gave written consent to
participate in the study, which was approved by the local
ethics committee (CCPRB Basse-Normandie).

The diffusion-weighted images were processed using
the MRtrix software package (http://www.brain.org.au/
software/). First, the diffusion tensor and fractional aniso-
tropy (FA) maps were created. A single fiber response
function was estimated from FA values above 0.7 and
used as input for constrained spherical deconvolution
(CSD) [Descoteaux et al., 2009; Tournier et al., 2007], to
compute the fiber orientation distribution functions (fODF)
with a spherical harmonic order of 6. The processed data-
sets (fODF, FA, RGB maps) were upsampled to 1 mm3

spatial resolution using trilinear interpolation [Girard
et al., 2014; Tournier et al., 2012]. Fiber tracking was per-
formed on the upsampled fODF maps using particle-filter
tractography with anatomical priors [Girard et al., 2014],
creating a whole-brain tractogram (three-dimensional
reconstruction of the WM structure) for each subject.
Girard et al.’s tracking algorithm is based on a continuous
map criterion (CMC) to keep only the streamlines seeded
at the white/gray-matter interface and terminating in the
gray matter, based on the tissue partial volume estimation
maps processed from the subject’s T1 image [Girard et al.,
2014]. To create the tissue partial volume estimation maps,
the T1 was first warped to the diffusion space, using
ANTS linear and non-linear registration (http://stnava.
github.io/ANTs/). The T1 was segmented into regions of
gray matter, WM and cerebrospinal fluid using FSL’s
(http://www.fmrib.ox.ac.uk/fsl/index.html) fast tool. The
partial volume [include and exclude, see Girard et al.,
2014] maps were created based on these segmentations. In
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addition to optimizing the stopping criteria, this method
uses particle filtering, which applies a backtracking step to
find alternative valid pathways to continue the tracking
reducing the premature stopping in areas of low anisotro-
py. Seeding was initiated from the white/gray-matter
interface with 10 seeds per voxel. A length threshold was
set at a minimum of 10 and maximum of 250 mm. If not
otherwise specified, we used the default parameters.

Callosal Fiber Tractography

The Johns Hopkins University (JHU) template [Zhang
et al., 2010] was first warped from the standard space to
the native diffusion space of each subject through linear
and non-linear registration with ANTS. A subset of ROIs
was added, including, for each gyral region, its gray mat-
ter part and its underlying superficial WM part. All the
medial frontal regions of the template, including the SFG,
the medial and lateral orbitofrontal areas, and the gyrus
rectus (GR) were merged in a single fronto-medial ROI.
Both the MFG and the IFG were merged in a single
fronto-lateral ROI. These adapted-JHU template ROIs were
used to filter the callosal streamlines from the whole trac-
togram and to determine their cortical termination. From
the whole tractogram, we first selected only the stream-
lines crossing the CC and ending in the frontal cortex,
excluding the pre-central gyrus.

Following the same layer-by-layer approach described
for post-mortem microdissection, we considered four types
of ROIs, namely those within the fronto-medial, fronto-
lateral, and mediolateral regions, the CN and the Put, cor-
responding to the termination territories of callosal fibers
(Fig. 7A). We extracted streamlines passing through these
structures in either left-to-right or right-to-left direction.

Finally, we applied an outlier removal algorithm [Côt�e
et al., 2015], that used hierarchical QuickBundles clustering
[Garyfallidis et al., 2012] to prune anatomical outlier
streamlines, namely streamlines “flitting around” a direct
CC projection with multiple curves and loops between
their frontal or striatal terminations. The cut-off was set at
40% for the cortico-cortical CC streamlines and 35% for
the cortico-striatal streamlines. Visualization of the differ-
ent callosal streamlines and JHU template ROIs were per-
formed with the TrackVis software (http://www.trackvis.
org/).

Association Pathways Tractography

In order to show the relationships of fronto-callosal
streamlines with associative bundles, we extracted the
SLF, AF, and IFOF in a single sample subject. The SLF
was composed of frontoparietal streamlines belonging to
SLF2 and SLF3, as previously defined [Rojkova et al.,
2016], but did not include putative SLF1 streamlines, the
existence of which remains to be clarified [Wang et al.,
2016]. The AF was composed of both short and long

segments, as defined by Rojkova et al. [2016]. The IFOF
was defined as frontal streamlines passing through the
external capsule and terminating either in the occipital, or
in the parietal cortex [Caverzasi et al., 2014].

RESULTS

Blunt Microdissection

All the specimens were regular and homogenous in size
and shape. We performed a layer-by-layer dissection of
the anterior half of the sagittal extension of the CC,
according to the classification of Witelson [1989] (Fig. 1).

Fronto-Callosal Fibers Organization

Following a dorso-ventral progression during the dissec-
tion, fibers appeared strongly and progressively inter-
mingled in the most lateral and deepest portion, just
before entering the WM of the frontal lobes. In all the
eight single hemispheres and in the entire brain, we found
three groups of fronto-callosal connections on the dorso-
ventral axis. We classified these fibers as dorso-medial,
ventro-lateral, and ventro-striatal. The dorso-medial fibers
were dissected from the most superficial portion of the
frontal CC (Fig. 2). We left in situ the cortex of the cingu-
late gyrus (CG) to demonstrate the fibers’ course on the
sagittal plane (Fig. 2A). Then, we identified and exposed
all the terminations directed upward, to the medial frontal
cortices (Fig. 2B), including motor, premotor, prefrontal,
fronto-polar, and medial fronto-basal cortices (Fig. 2C). In
all the hemispheres, we found a homogenous and continu-
ous distribution of dorso-medial callosal terminations
within the most medial portion of the dorsal tip of the
frontal cortices, from the central sulcus (CS) to the GR.
Therefore, we proceeded by dissecting callosal fibers pas-
sing below the superior frontal sulcus (SFS) (Fig. 3). In
order to highlight the relationships of callosal fibers with
the cortical structures, we left in situ the posterior portions
of the SFG, the MFG, the IFG, and the pre-central gyrus
(pre-CG) (Fig. 3A). We identified fibers with a typical
ventro-lateral course, terminating within the mid-posterior
portions of the MFG and the IFG, particularly within the
pars opercularis (POp) and the pars triangularis (PTri)
(Fig. 3B).

Finally, we identified a third type of fronto-callosal
fibers with a more ventral course in the depth of the WM
of the IFG, which terminate within the striatal structures
(Fig. 4A, B). After removing the insular cortex, we progres-
sively exposed the WM of the anterior third of the external
capsule (EC). We dissected the underlying lentiform nucle-
us (LN), which includes the putamen (Put) laterally, and
the globus pallidus (GP) medially, thus separating the EC
from the internal capsule (IC). The anteroinferior portion
of the Put and the head of the caudate nucleus (CN) are
connected by transverse strands of gray matter at the level
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of the anterior limb of the IC (Fig. 4C). At this level, we
observed thin ventro-striatal CC fibers projecting laterally
and deeply to reach the anterior and ventral portion of the
Put and the head of the CN (Fig. 4B, C). It is noteworthy
that, compared with the dorso-medial and ventro-lateral
CC fibers, these ventro-striatal fibers are more strictly
intersected over their lateral course with the dorsal CC
fibers and with projection fibers directed to pre-central
and prefrontal cortices (Fig. 4B).

Bi-hemispheric Organization

The bi-hemispheric dissection of the anterior half of the
CC allowed further interesting distinctions (Figs. 5–7). The
dorso-medial CC fibers showed a strong homotopic orga-
nization, provided by a homogenous and thick bilateral
layer of callosal fibers connecting homologous dorsal terri-
tories of the SFG, the medial fronto-polar cortices and the
GR (Fig. 5A). We also found homotopic ventro-lateral
fibers connecting homologous cortices of the posterior
third of the MFG and the IFG (particularly, VPMC and
POp). Furthermore, we observed heterotopic ventro-lateral
fibers connecting the right posterior third of the SFG (par-
ticularly, SMA and pre-SMA) and the MFG, with the left
ventral and posterior cortices of the IFG (namely, VPMC,
POp, and PTri) (Fig. 6).

Continuing the bi-hemispheric dissection of the most
ventro-striatal CC fibers, we encountered a strong inter-
section with the descending projection fibers of the poste-
rior third of the SFG and pre-CG in the portion of the
corona radiata. Overpassing this crossing, we followed
thin ventral heterotopic CC fibers directly connecting the
dorsal and posterior right frontal lobe (namely, SMA, pre-
SMA, and posterior third of the MFG) with the left anteri-
or and lateral surface of the head of the CN and the Put
(Fig. 5B). Even though these fibers connect the frontal cor-
tex with the contralateral striatal, we considered these
connections as heterotopic ventro-striatal CC fibers and
not projection fibers, based on their anatomical commis-
sural course.

Tractography of Callosal Fibers

We extracted, from the whole tractograms of 130 sub-
jects, an average of 15,658 6 3,493 callosal streamlines ter-
minating in the frontal cortex. We identified and mapped
three groups of fronto-callosal streamlines, corresponding
to the dorso-medial, ventro-lateral, and ventro-striatal
fibers observed in our layer-by-layer CC microdissections
(Fig. 8).

The dorso-medial streamlines, representing 56.3% 6 8.3%
(mean 6 standard deviation, N 5 130) of the fronto-callosal
streamlines were U-shaped streamlines connecting homo-
topically the fronto-medial cortices (Fig. 2D). The ventro-
lateral streamlines, 33.9% 6 7.6% of the total fronto-callosal
streamlines, were composed of homotopic calloso-lateral
streamlines connecting the MFG and the IFG in one hemi-
sphere to their homologues in the other hemisphere (Fig.
3B). The heterotopic callosal medio-lateral streamlines con-
nected the fronto-medial cortex to the opposite fronto-
lateral cortex in left-to-right or right-to-left direction.
About 17.3% 6 5.0% of the ventro-lateral streamlines, are
homotopic, thus a large majority of these streamlines are
heterotopic (Fig. 5C). Finally, 9.8% 6 2.7% of the fronto-
callosal streamlines were ventro-striatal streamlines con-
necting either the Put (22.2% 6 9.5%) or the CN

Figure 1.

A. Mid-sagittal dissection of a right hemisphere, showing the orga-

nization in subregions, based on the subdivision proposed by

Witelson [1989]. Anterior third: Area 1, rostrum; Area 2, genu;

Area 3, posterior genu/rostral body. Middle third: Area 4, anterior

body; Area 5, posterior body. Posterior third: Area 6, isthmus;

Area 7, splenium. B. Right hemisphere midsagittal view of the

whole-tractogram of a single subject (out of the 130 right-handed

subjects), superimposed on the mid-sagittal slice of its anatomical

T1 image. The streamlines are colored, according to the classical

coding for left/right (red), rostro-caudal (green), and dorso-

ventral (blue) mean directions.
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(77.8% 6 9.5%) to the contralateral frontal cortex in a left-
to-right or right-to-left direction (Fig. 4D).

We quantified the dorso-ventral layered distribution of
these different types of fronto-callosal streamlines within
the body part of the anterior third of the CC (Fig. 9). The
homotopic dorso-medial streamlines crossed the inter-
hemispheric midline significantly more dorsally than the
heterotopic ventro-lateral streamlines, and these latter
passed the midline significantly more dorsally than the
homotopic ventro-lateral ones (all paired t-test of
z-coordinates, P< 0.0001). In other words, the more lateral
are the frontal CC terminations, the more ventrally they

cross the interhemispheric midline. It should also be noted
that the contralateral ventro-striatal streamlines cross the
midline more ventrally in the anterior part than in the po-
sterior part of the CC (Fig. 9).

Relationships with Other Associative and

Projective Pathways

We performed a microdissection and tractographic ana-
lysis of the relationships between the fronto-callosal fibers
and other main association tracts, including the superior

Figure 2.

Dissection of a left hemisphere, showing the dorso-medial cal-

losal fibers. A. The dissection started from the superior surface

of the anterior part of the CC (red arrow). We lifted the cingu-

late gyrus (pink pin) and we dissected the fibers. B. We exposed

the fibers anteriorly to the central sulcus toward the medial sur-

face of the hemisphere (red arrows). C. Finally, we showed the

cortical districts covered by these dorso-medial frontal fibers,

including, from the back to the pole, the central (blue circle),

pre-central (green circle), pre-frontal (orange circle), and fronto-

basal cortex (yellow circle). D. Mid-sagittal view of the dorso-

medial streamlines of a single subject, superimposed on its mid-

sagittal anatomical T1 image. CS: central sulcus; PreCG: pre-

central gyrus. [Color figure can be viewed at wileyonlinelibrary.

com]
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longitudinal fascicle (SLF), the arcuate fascicle (AF) and the
inferior fronto-occipital fascicle (IFOF) (Figs. 10 and 11).

The ex vivo exposition of the AF started from the tempo-
ral region. These fibers surround the posterior limit of the
insula with a “C-shaped” course, connecting directly the
temporal region to the frontal lobe. In order to highlight
the AF relationships with cortical structures of the central
region, we left in situ the dorsal and ventral pre-central
portions of the frontal cortices (Fig. 10A). The fibers of the
AF stem have a more superficial horizontal postero-
anterior course, compared with the ventro-lateral-striatal
group of CC fibers (Figs. 10B and 11). The fronto-parietal
component of the SLF runs just laterally to the AF within
the frontal region (Fig. 10B).

The IFOF runs through the anterior third of the external
capsule to the frontal region with a vertical course. IFOF ter-
minations within the frontal lobe include the fronto-orbital
cortices, the frontal pole, the IFG, the MFG and the SFG, as
demonstrated by previous blunt dissection and diffusion
studies [Caverzasi et al., 2014; Sarubbo et al., 2013]. In this
work, we exposed the dorso-lateral and ventral prefrontal
cortices (Fig. 10C) and we found strict overlapping between
the terminations of ventro-lateral and ventro-striatal callosal
fibers and the IFOF (Fig. 10D), particularly in the posterior
IFG and in the posterior third of the MFG and the SFG for
the ventral and dorsal components of the IFOF, respectively.

Interestingly, we observed a similar crisscross between
the ventro-lateral streamlines and the AF, the SLF and the

Figure 3.

Dissection of a left hemisphere. A. We followed the ventro-

lateral callosal fibers, passing below the superior and inferior

frontal sulcus and terminating within the MFG and the IFG (yel-

low arrows). The posterior part of the SFG and MFG were left

in situ to show the relationship between the callosal fibers and

the cortical structures. B. Fronto-anterior view of the ventro-

lateral streamlines of a single subject, superimposed on its ana-

tomical T1 image. C. Lateral view, showing the course and

termination of ventro-lateral CC fibers. We exposed anterior

fibers reaching the PTri of the IFG (yellow arrow and circle a)

and more posterior fibers terminating within the POp of the

IFG (green arrow and circle b). SFG: superior frontal gyrus;

MFG: middle frontal gyrus; IFG: inferior frontal gyrus; pre-CS:

pre-central sulcus. [Color figure can be viewed at wileyonlineli-

brary.com]
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Figure 4.

Ventro-striatal callosal connections. A. In this right hemisphere,

the medial to lateral course of CC is showed. At the level of

the IFG, we identified CC fibers running with a deeper orienta-

tion (green arrows). The IFG was cut and laterally lifted (black

pins) to better show the fibers course (green circle). B. Dissec-

tion of a left hemisphere. In order to better analyze the course

of these deep ventral fibers, we dissected the basal ganglia

region from a lateral view. The IFOF stem was identified at the

limen insulae (orange arrow) and a small portion of the AF was

also left in situ (violet arrow). The CC fibers cross with IC

fibers (red circle), coming from the LN. C. After removal of the

external capsule, the gray matter of the putamen was exposed

(green circle), revealing that callosal fibers are clearly directed

to this area. D. Fronto-anterior view of the ventro-striatal

streamlines terminating in the putamen (in light green) of a sin-

gle subject superimposed on its anatomical T1 image. CS: cen-

tral sulcus; PreCG: pre-central gyrus; Put: putamen. [Color

figure can be viewed at wileyonlinelibrary.com]
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IFOF in in vivo tractography (Fig. 11B). Ventro-lateral cal-
losal, SLF and AF streamlines concomitantly terminate in
the posterior part of the MFG and the IFG, whereas the
IFOF streamlines cross the ventro-lateral callosal bundle
deeper in the anterior portion of the corona radiata.

DISCUSSION

In this study, we combined an original post-mortem dis-
section with an advanced diffusion tractography analysis
to describe the structural organization of CC fibers within
the frontal region. Recently, traditional microscopic blunt
dissection has provided new insights in WM anatomy,
confirming and even improving the results of tractography
[De Benedictis et al., 2012, 2014; Fern�andez-Miranda et al.,
2015; Martino et al., 2011; Sarubbo et al., 2013]. Despite the
high specificity of Klingler’s technique in highlighting the
course and terminations of long pathways, the main limi-
tations of this approach depend on the progressive remo-
val of the WM. Consequently, even when an accurate
layer-by-layer dissection is performed, the sensitivity of
this method to study the structural connectivity of the

human brain is not comparable to diffusion imaging trac-
tography. For this reason, we integrated and confirmed
post-mortem data with the results of a high-reliable diffu-
sion tractography. We adopted a CSD tractography
approach, which increased the resolution of crossing/kiss-
ing configurations, for example in the case of CC fibers
connecting the most lateral parts of the frontal cortex.
Furthermore, the particle filtering of tractography algo-
rithm with anatomical prior enabled to improve tracking
results by reducing premature stopping through areas of
low anisotropy [Girard et al., 2014].

To our knowledge, no microdissection data focusing on the
anterior half of the CC, nor a complete bi-hemispheric side-to-
side dissection of the CC connections between the frontal
lobes were previously reported. In this work, we adopted an
original approach following the fibers from the midline, up to
the terminal frontal cortices. In all the specimens, we observed
that CC fibers constantly follow three main directions, that is,
dorso-medial, ventro-lateral, and ventro-striatal. These fibers
are characterized by a growing level of reciprocal intersection
along their course. In fact, the more the fibers projected lateral-
ly and in the depth of the frontal WM, the more they appeared

Figure 5.

Dissection of the anterior half of an entire brain. A. Dissection of

callosal fibers within both the hemispheres (red arrow). On the

left side, the superior, middle, inferior cortices were left in situ.

On the right side, we exposed the WM of the SFG, MFG, and IFG,

to show the lateral distribution of callosal connections (blue

arrows). B. From this right lateral vision of the left hemisphere of

an entire brain, we showed ventro-striatal fibers, coming from the

contralateral hemisphere and directed to the basal ganglia region

(violet arrow). More posteriorly, we exposed other deep callosal

heterotopic connections running below the lateral frontal cortex

(blue tag), from the medial part of the SFG (orange circle) to the

anterior and lateral surface of the head of CN and Put (green

arrow and pins). SFG: superior frontal gyrus; MFG: middle frontal

gyrus; IFG: inferior frontal gyrus. [Color figure can be viewed at

wileyonlinelibrary.com]
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intermingled with the long-range association pathways, par-
ticularly in the depth of the SFS, the MFG, the IFG, and the
pre-CG (Figs. 10 and 11).

Moreover, the bi-hemispheric frontal dissection allowed
revealing an original widespread branching of heterotopic

and homotopic callosal connections. Patterns of homotopic
commissural connectivity had already been investigated in
non-human primate and human brains, with the aim to
define a geometrical calloso-cortical correlation between
homologous cortical territories based on cytoarchitectonic
similarities [Chao et al., 2009; Hofer et al., 2008; Huang
et al., 2005; Park et al., 2008]. More recently, an advanced

Figure 6.

A, B. Right lateral perspective of an entire brain. Dissection (A)

and corresponding in vivo tractography (B) of callosal fibers ha-

ving different courses: homotopic dorso-medial fibers, connect-

ing homologous dorsal territories of the SFG (red arrows, red

streamlines); heterotopic connections, linking the SFG with the

MFG and IFG (orange arrow, orange streamlines); homotopic

ventro-lateral fibers, connecting homologous cortices of the

posterior third of the MFG and the IFG (yellow arrow, yellow

streamlines). SFG: superior frontal gyrus; MFG: middle frontal

gyrus; IFG: inferior frontal gyrus. [Color figure can be viewed at

wileyonlinelibrary.com]

Figure 7.

A, B. Coronal view of in vivo tractography (A) and schematic repre-

sentation (B), resuming the different callosal components on the

basis of their course and terminations between the two hemi-

spheres: homotopic dorso-medial fibers (in red), heterotopic fibers

from the dorso-medial to the contralateral ventro-lateral frontal

cortex (in orange), homotopic ventro-lateral fibers (in yellow),

ventro-striatal fibers (in green). The four types of callosal stream-

lines have been cut at different levels along the antero-posterior

axis for illustrative purposes. [Color figure can be viewed at

wileyonlinelibrary.com]
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Figure 8.

A. Subset of JHU template ROIs used to extract the fronto-

callosal streamlines from the whole-tractogram. ROIs include

the fronto-mesial cortex (in red), the fronto-lateral cortex (in

yellow), the putamen and the caudate (in green). B–F. Example

of the different fronto-callosal fibers identified in a single subject.

B. Anterior (left column) and posterior (right column) views of

all the callosal streamlines (in white) passing through the corpus

callosum and terminating in the frontal cortex (excluding the

pre-central gyrus). C. Fronto-medial streamlines (in red). D.

Fronto-lateral streamlines (in yellow). E. Both left-to-right and

right-to-left mesio-lateral streamlines (in orange). F. Both left-

to-right and right-to-left contralateral fronto-striatal streamlines

(in green). [Color figure can be viewed at wileyonlinelibrary.

com]
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high-definition multistage tractography has allowed
describing several patterns of interhemispheric connectivi-
ty between both cortical and subcortical regions in six
human healthy subjects. In the frontal lobe, in addition to
an overall prevalent amount of homotopic connectivity,
the Authors of this study identified consistent heterotopic
connections, especially at the level of the MFG and the
pre-central gyrus [Jarbo et al., 2012].

Our dissection data confirmed the interhemispheric recip-
rocal heterotopic and homotopic CC connectivity between
different cortical and subcortical territories (Figs. 5 and 6), in
close relationship with the stem of other associative WM
pathways (Figs. 10 and 11). The analysis of streamlines, pro-
vided by the CSD-PFT tractography completed this observa-
tion, showing a more ventral course of fibers crossing the
midline and directed to more lateral cortical regions.

This evidence constitutes the anatomical background of
the extensive functional involvement of the CC in brain
processing and behavior. Several studies have evaluated
the effects of CC lesions and diseases in animals and
humans, so highlighting the crucial role of the CC in
mediating large-scale bi-hemispheric synchronization, inte-
gration and coordination between both homologous and
heterologous cortical areas [Aralasmak et al., 2006]. Even
though this subject is still debated, other Authors

previously hypothesized that the CC modulates the hemi-
spheric dominance in response to a given sensori-motor or
cognitive task by transferring information and cooperation
processes between the left and the right hemisphere
through both inhibitory and excitatory stimulation (meta-
control phenomenon) [for a review, see Van der Knaap
and van der Ham, 2011].

The Dorso-Medial Frontal CC

Dorso-medial fibers are directed to the dorso-medial
regions of the whole frontal lobe, providing homotopic
connection between homologous fronto-medial areas of
both the hemispheres (Fig. 2). Different clinical post-
disconnection sequelae have been described after unilate-
ral injury to the medial frontal region, including agonistic
and diagonistic dyspraxic motor phenomena between the
hands (the so-called “fronto-callosal alien hand”) [Scep-
kowski and Cronin-Golomb, 2003; Tanaka et al., 1996],
involuntary mirror image movements [Sarva et al., 2014],
and triggering of reaching, grasping and other purposeful
movements in the contralateral hand [Goldberg et al.,
1981]. These data support the crucial role of frontal pre-
motor inter-hemispheric CC connections in supporting

Figure 9.

Mean location of the different types of fronto-callosal stream-

lines crossing the mid-sagittal plane over 130 right-handed sub-

jects. A. Mean topography along the mid-saggital frontal CC of

the homotopic dorso-medial (in red) and ventro-lateral (in yel-

low), heterotopic ventro-lateral (in orange) and ventro-striatal

(in green) callosal streamlines in the MNI coordinates space (in

mm). B. Example of the distribution of the dorso-medial (in

red), homotopic and heterotopic ventro-lateral (in yellow) and

ventro-striatal (in green) callosal streamlines in a single subject.

AC-PC: Bicommissural plane, VAC: Vertical plane passing

through the anterior commissure. C. Focus on the mean (6

standard deviation) topography along the mid-saggital CC for

the four types of fronto-callosal streamlines. [Color figure can

be viewed at wileyonlinelibrary.com]
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Figure 10.

A, B. Dissection of a left hemisphere, showing the relationships

between the CC and the AF/SLF complex. A. The AF runs from

the posterior temporal cortex to the frontal lobe, passing

around the posterior part of the insula (violet arrow). The yel-

low arrow indicates the ventro-lateral CC fibers directed

medio-laterally to the IFG. B. Section of the hemisphere passing

through the head of the caudate nucleus. We demonstrated the

layer-by-layer organization of WM pathways (red tags). From the

parietal to the frontal region, the following fascicle are visible

from the surface to the depth: posterior lateral component of

the SLF (pink arrow), AF (violet arrow); cortico-spinal tract (red

arrow), which is vertically oriented, in respect to the horizontal

SLF fibers. The ventro-striatal fibers (green arrow) run on a

deeper level and crosses the fibers forming the internal capsule.

C, D. Relationships between the anterior third of the CC and

the IFOF within a right hemisphere. C. The IFOF was exposed

starting at the anterior third of the external capsule. Frontal ter-

minations were dissected, in particular those directed to the

pre-frontal cortex (orange arrow). Ventro-striatal CC fibers

lying on a deeper layer turn ventrally, crossing the internal cap-

sule fibers. D. Dissection of the deeper callosal fibers turning

towards the basal ganglia region (green arrows). The IFOF runs

from the limen insulae with an inferior-to-superior direction, up

to the frontal region (orange arrow). SFG: superior frontal

gyrus; MFG: middle frontal gyrus; IFG: inferior frontal gyrus; CS:

central sulcus; PreCG: pre-central gyrus; PreCS: pre-central sul-

cus; LN: lenticular nucleus. [Color figure can be viewed at

wileyonlinelibrary.com]
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motor planning, coordination, and control, as well as the
CC participation in feedback of sensory signals by inhibit-
ing the opposite hemisphere during simple unimanual
movements [Berlucchi, 2012; Geffen et al., 1994].

Additional information on the functional involvement of
the dorso-medial callosal connections within pre-frontal
regions are limited, probably due to insufficient methodo-
logical accuracy. They mostly concern planning, temporal
integration, decision making, monitoring, inhibitory con-
trol, social cognition, moral judgment, regulation of mood,
attention and action [Berlucchi, 2012; Van der Knaap and
van der Ham, 2011]. Data on major depression [Ozalay
et al., 2013], borderline personality disorders [Walterfang
et al., 2010], obsessive compulsive disorders [Di Paola
et al., 2013], and autism [Kumar et al., 2010; Paul et al.,
2014] have been reported, but an effective correlation
between impaired inter-hemispheric connectivity and these
disorders has not been clearly demonstrated.

The Ventro-Lateral Frontal CC

We identified a ventro-lateral group of homotopic and
heterotopic callosal fibers, directed to the ventral cortices
of the frontal lobe, namely the MFG, the IFG and the ven-
tral pre-CG (Fig. 3). This area is crucially involved in lan-
guage processing, especially within the dominant
hemisphere [Sarubbo et al., 2015b; Tate et al., 2014]. Our
dissection and tractography data showed, for the first time
to our knowledge, that both the SMA/pre-SMA and the
POp and PTri of the IFG are connected to the contralateral
posterior IFG by heterotopic and homotopic callosal fibers
respectively.

We observed a dorso-ventral callosal heterotopy
between the left medial and the right lateral frontal corti-
ces (Fig. 6). On the other hand, both ex vivo fibers and in
vivo streamlines appeared to be well-organized, according
to a parallel homotopic pattern, along the antero-posterior
CC axis (Figs. 7 and 8). Previous works investigated the
inter-hemispheric connectivity of the visual cortex and
identified a similar structural assessment, including homo-
topic callosal fibers and heterotopic projections connecting
non-homologous areas [Aboitiz and Montiel, 2003; Clarke
and Zaidel, 1994; Houzel and Milleret, 1999; Schulte and
M€uller-Oehring, 2010].

Functional and structural data demonstrated the exi-
stence of a dorso-ventral frontal network for language pro-
duction in the dominant hemisphere [Catani et al., 2012b;
Sarubbo et al., 2015b]. Even though this subject has not
been extensively analyzed, some Authors advocate an
important role of inter-hemispheric connectivity in lan-
guage. Most of this evidence comes from the analysis of
patients affected by CC agenesis (CCA) and disconnection
syndromes. These studies demonstrated that the complete
or partial absence of CC compromises language matura-
tion [Hines et al., 1992; Larsen et al., 1992]. On the other
hand, the positive correlation between language

Figure 11.

A. Dissection of a right hemisphere. Pathways have been colored

to emphasize the reciprocal relationships between the CC and

other associative and projective pathways. The AF runs from the

posterior superior and middle temporal cortex to the frontal

lobe, describing a C-shaped course around the insula (violet

colored area). The frontal cortex has been cut at the level of the

CS. The SLF fibers are oriented from posterior-to-anterior with-

in the IFG. After removal of the insular cortex, we considered

the anterior two third of the external capsulae. At the level of

the limen insulae, we identified the IFOF stem, connecting the

temporo-parieto-occipital area with different frontal territories

[for a detailed review, see Sarubbo et al., 2013]. In this specimen

we exposed the most anterior and deepest component of the

IFOF (i.e., vertically oriented) up to the frontopolar and orbital

cortex (orange colored area). Posteriorly to the IFOF stem, we

dissected the gray matter of the putamen, that is the lateral part

of the LN, and the WM fibers forming the internal capsule (red

arrows). The deepest layer of the CC has a course from medial

to lateral. The ventro-striatal fibers lie on a deeper layer in

respect to the IFOF. They cross the IC and turn towards the

basal ganglia (green arrows). B. Criss–cross between the dorso-

medial (in red) and ventro-lateral (in yellow) CC streamlines and

the AF (in violet), the SLF (in blue) and the IFOF (in orange) in

in vivo single-subject tractography of a left hemisphere. The right

inset zooms in on a coronal section (dot line), where the

streamlines were cut to emphasize their criss–cross. EC: external

capsule; LN: lenticular nucleus. [Color figure can be viewed at

wileyonlinelibrary.com]
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performance and CC integrity in preterm born adolescents
confirmed the CC participation in language development
overall [Thompson et al., 2000], and, particularly, in the
lateralization process [Hinkley et al., 2012; Josse et al.,
2008]. Moreover, the association between language laterali-
zation, especially within the temporal and frontal regions,
and the CC size has been observed after administration of
single word naming and semantic decision tasks [Josse
et al., 2008].

In this work, we also highlighted the relationships
between the fronto-callosal cortical termination and the
stem of eloquent WM association pathways crucially
involved in language, namely the AF/SLF complex and
the IFOF (Figs. 10 and 11). These fascicles subserve the
dorsal phonological and the ventral semantic streams of
language processing, respectively [Duffau et al., 2014; Mar-
tino et al., 2010, 2013]. The high level of structural intersec-
tion between SLF and IFOF has been highlighted in
previous studies, especially within the frontal region [De
Benedictis et al., 2012, 2014; Sarubbo et al., 2013, 2016].
This anatomical feature corresponds also to a strict func-
tional integration, as revealed by direct stimulation data
[Ius et al., 2011; Sarubbo et al., 2015a,b] and cortical fMRI
analysis [Tate et al., 2014; Vigneau et al., 2006].

Our results suggest that the CC could constitute the
structural substrate for further inter-hemispheric integra-
tion of language processing. In fact, several neuropsycho-
logical studies hypothesized the CC participation in
naming objects [Buklina, 2005], phonemic recognition
[Temple and Ilsley, 1993], semantic and syntactic proces-
sing [Brown et al., 2005; Dennis, 1981; Jeeves and Temple,
1987; Sanders, 1989]. Interestingly, different Authors sug-
gested a possible role of CC in networks subserving
higher-levels of communication, including understanding
of non-literal language, recognition of affective prosody
[Paul et al., 2003], processing of second-order meanings of
conversation and events [Shammi and Stuss, 1999], and,
just in pediatric subjects, comprehension of meaning of li-
teral language [Brown et al., 2005]. Finally, the significant
variability within the sagittal anterior mid-body area
between monolingual and bilingual subjects indicates the
CC implication in mechanism of language switching by
avoiding the interference of one language with the other
during speech [Coggins et al., 2004]. In particular, it has
been hypothesized that the CC reinforces the articulatory
network involved in multiple language capacity, including
the pre-central gyrus, the primary motor area and the
associative connections to the pre-motor cortex and the
SMA [Coggins et al., 2004; Moritz-Gasser and Duffau,
2009].

The Ventro-Striatal Frontal CC

To date, specific subcortical projections of the frontal CC
have been rarely reported. The main descriptions concern
the contralateral striatum and thalamus [Cummings, 1993;

Bonelli and Cummings, 2007; Jarbo et al., 2012] and the
claustrum [Cortimiglia et al., 1991; Milardi et al., 2015]. In
our specimens, we systematically found callosal fibers
with a more ventral orientation, running laterally and ven-
trally toward the basal ganglia region (namely, to the head
of the CN and the Put) (Figs. (4 and 5), and 10). The bi-
hemispheric dissection demonstrated a prevalent cortico-
striatal connection between the pre-SMA/SMA, the poste-
rior third of the MFG, and the basal ganglia (Fig. 5B).
Diffusion tractography data confirmed the course and the
reciprocal terminations of these fibers, showing that the
postero-dorsal frontal cortices are mainly connected with
the anterior and ventral portions of the Put and the CN
(Figs. 6C and 7). This is, to our knowledge, the first inte-
grated evidence of a bi-hemispheric cortico-striatal projec-
tion pattern within the frontal lobe. These connections
may participate in functional interhemispheric recruitment
of opposing homotopic and heterotopic regions, which are
needed to dynamically balance the hemispheric activation,
according to the task demands [M€uller-Oehring et al.,
2007; Van der Knaap and van der Ham, 2011].

CC and Neural Plasticity

The structural results reported in this study describe a
possible anatomical background supporting the role of CC
in brain plasticity by mediating the recruitment of contra-
hemispheric tracts and cortices, after both acute and slow-
progressive lesions [Duffau, 2009], or surgical disconnec-
tions [Lassonde et al., 1991; Lessard et al., 2002]. In fact,
significant quantitative structural modifications involving
the inter-hemispheric connectivity, in particular the body
of the CC, have been recently hypothesized as the expres-
sion of functional re-organization after ischemic strokes
involving motor areas [Li et al., 2015]. In case of slow-
growing gliomas located within the rolandic region, fMRI
studies reported activations within the contra-lesional pri-
mary motor cortex, the pre-motor area and the SMA,
reflecting the compensation mechanism of the contralateral
hemisphere, likely due to the decrease of transcallosal
inhibition [Duffau et al., 2004; Duffau, 2008; Jeeves and
Milner 1987].

Regarding language functions, we found callosal con-
nections between homologous territories within the poste-
rior IFG. As largely documented by fMRI and TMS
studies, the CC constitutes the structural background for
translocation of Broca’s area, dorsal and ventral pre-motor
territories to the contralateral regions [Desmurget et al.,
2007; Duffau, 2008]. Moreover, possible relationships
between the CC microstructure and language lateralization
have been recently investigated in patients with tumors in
the left-dominant hemisphere. The Authors of these stud-
ies found a greater value of the CC anatomical microstruc-
ture in co-dominant patients, indicating the greater need
of excitatory transfer for the compensatory recruitment of
non-dominant areas [Tantillo et al., 2016].
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CONCLUSIONS

In this anatomical study, we revisited the three-
dimensional architecture of the anterior half of the CC
by integrating results of an original layer-by-layer approach
during post mortem blunt microdissections with advanced
in vivo diffusion tractography.

We demonstrated that the inter-hemispheric connectivity
of the frontal region is subserved by a complex, intricate
and heterogeneous network of CC fibers. Following the
course of these fibers from the CC surface to the termina-
tion territories within the lateral cortices, we described
three types of fronto-callosal fibers, including: (i) homo-
topic dorso-medial callosal fibers, connecting the medial
frontal areas, (ii) ventro-lateral homotopic and heterotopic
fibers, distributed to the ventral cortices of the frontal
lobes, and (iii) ventro-striatal heterotopic fibers, connecting
the dorsal frontal lobe with the contralateral head of the
CN and the Put. We argue that these results highlight
more exhaustively the structural background for different
functional and plastic properties of brain networks involv-
ing the CC.
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