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Abstract There are three telencephalic commissures which
are paleocortical (the anterior commissure), archicortical
(the hippocampal commissure), and neocortical. In non-
placental mammals, the neocortical commissural fibers
cross the midline together with the anterior and possibly
the hippocampal commissure, across the lamina reuniens
(joining plate) in the upper part of the lamina terminalis. In
placental mammals, a phylogenetically new feature
emerged, which is the corpus callosum: it results from an
interhemispheric fusion line with specialized groups of
mildline glial cells channeling the commissural axons
through the interhemispheric meninges toward the contra-
lateral hemispheres. This concerns the frontal lobe mainly
however: commissural fibers from the temporo-occipital
neocortex still use the anterior commissure to cross, and the
posterior occipito-parietal fibers use the hippocampal com-
missure, forming the splenium in the process. The anterior
callosum and the splenium fuse secondarily to form the
complete commissural plate. Given the complexity of the
processes involved, commissural ageneses are many and
usually associated with other diverse defects. They may be
due to a failure of the white matter to develop or to the
commissural neurons to form or to migrate, to a global failure
of the midline crossing processes or to a selective failure of
commissuration affecting specific commissural sites (anterior
or hippocampal commissures, anterior callosum), or specific
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sets of commissural axons (paleocortical, hippocampal,
neocortical commissural axons). Severe hemispheric dysplasia
may prevent the axons from reaching the midline on one or
both sides. Besides the intrinsically neural defects, midline
meningeal factors may prevent the commissuration as well
(interhemispheric cysts or lipoma). As a consequence,
commissural agenesis is a malformative feature, not a
malformation by itself. Good knowledge of the modern
embryological data may allow for a good understanding of a
specific pattern in a given individual patient, paving the way
for better clinical correlation and genetic counseling.
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In 1968, Rakic and Yakovlev published a cardinal article on
the development of the cerebral commissures and septum
pellucidum which until now probably has remained the
fundamental and most often quoted (sometimes erroneous-
ly) article on the subject. In this article, they reviewed the
previous relevant literature and reported on their own study
of 113 brains including 58 brains of embryos and fetuses
aged 4-20 weeks, 40 brains of fetuses aged 20—43 weeks,
four brains of infants/toddlers aged 1.5-24 months, and 15
brains of adults aged 28—78 years [1]. This helped to settle
a then long-standing controversy regarding the mode of
development of the corpus callosum, septum pellucidum,
and cavum septi pellucidi between two opposed schools of
thought. Simply stated, a first group of embryologists
(Mihalkovics, His and mostly Zuckerkandl) [quoted in 1]
assumed that the callosal fibers crossed the midline through
an area of secondary interhemispheric fusion and that the
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cavum septi pellucidi was the portion of the interhemi-
spheric fissure that became enclosed by the development of
the surrounding corpus callosum (Mihalkovics, His, Zuck-
erkandl, Déjerine) [1, 2]. A second group (Elliot Smith,
Johnston and above all Hochstetter) [quoted in 1] devel-
oped the view that all the fibers crossed through the same
thickened upper portion of the pre-existing lamina termi-
nalis, the so-called commissural plate, and that the cavum
resulted from a secondary mechanical cleavage of this
commissural plate (Hochstetter) [quoted in 1]. This second
view became the most popular at that time, but in their
report and from the study of their own specimens, Rakic
and Yakovlev strongly made the point that it was the first
model of development (Mihalkovics, His, Zuckerkandl)
that was correct. They studied the development of the three
commissures and stressed a few very important points [1]:

* The midline crossing bed of the developing corpus
callosum (dorsal interhemispheric fusion line, weeks
12—-13) is clearly separate in space and time from the
lamina reuniens (“joining plate”) through which the
anterior commissure (ventral lamina reuniens, week 10)
and the hippocampal commissure (dorsal lamina
reuniens, week 11) cross.

* The cavum septi pellucidi is a pocket of the anterior
interhemispheric fissure that is secondarily isolated by
the developing corpus callosum.

* The corpus callosum grows according to the expansion
of the hemispheres: its frontal segment prenatally, the
splenium mostly post-natally. As a consequence, its
apparent backward progression is due to the splenium
being pushed dorsally by the anterior growth of the
frontal lobe and of the associated callosal rostrum,
genu, and body.

More recent further embryological studies in mice
models as well as in humans have refined but essentially
confirmed those findings [3—15].

Anatomy of the great forebrain commissures

The great interhemispheric forebrain commissures are
cortico-cortical bundles of white matter connecting the
cortex of one hemisphere with the other, mostly in a
symmetrical, homotopic fashion. There are three main
telencephalic commissures: the anterior commissure, the
hippocampal commissure (also called commissure of the
fornix or psalterium Davidi [or David’s lyre] in the older
literature), and the corpus callosum. These three commis-
sures are readily seen on the midsagittal plane on MR
imaging. Together with the third ventricle, optic chiasm,
pituitary, brainstem and vermis, they form the prominent
structures of the midline. Their morphology (hypoplasia,
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hyperplasia, agenesis, dysgenesis, even atrophy) necessarily
somehow reflects the development of the brain. Their
agenesis, complete or partial, is one of the most commonly
observed features in the malformations of the brain and is a
part of many syndromes. A good understanding of their
development is therefore likely to provide a better appre-
hension of the pathogenetic processes leading to the
disorder in a given patient. This development involves
complex mechanisms of neuronal migration and cellular
and chemical axonal guidance (common to the white matter
in general) in addition to midline crossing (like decussating
fibers). Therefore, as can be expected, their agenesis/
dysgenesis is rarely isolated: although the term “agenesis
of corpus callosum” (callosal agenesis) is almost universal-
ly used, most clinical cases associate defects of the
hippocampal commissure in addition to those of the corpus
callosum, often an agenetic or hypoplastic anterior com-
missure, and typically other white matter, or grey and white
matter, derangements. With modern imaging techniques,
more attention is paid to individual structures within the
white matter, with obvious consequences on the clinical
understanding and the genetic counseling.

Summary of comparative anatomy

Commissures are bundles of white matter that connect
homologous structures on both sides of the central nervous
system (CNS; e.g., corpus callosum). Decussations, by
contrast, are bundles of white matter that connect different
structures on both sides of the central nervous system (e.g.,
pyramidal decussation). Although it is obviously not
proved with certainty, it is generally assumed that cross-
wiring in the central nervous system results from the
physics of vision: the retinal image being inverted by the
lens, the chiasmatic decussation restores the continuity of
the image in the topographically organized occipital cortex;
tactile crossing follows to allow easy integration of the
sensory inputs, and motor crossing to allow prompt motor
response on the appropriate side [Ramon y Cajal, quoted by
16]. As a step further, commissures are needed for bilateral
integration and better body coordination.

While the anterior and hippocampal commissures are
common to all vertebrates, a corpus callosum is found in
placental mammals only [17-21] and results from a
complex evolutionary history. Very primitive vertebrates
are mostly olfactory and would have a paleopallium only
(olfactory brain, “good and bad”) [20]; accordingly, they
would have a paleocortical commissure which is the
anterior commissure. More advanced vertebrates have
developed an archipallium (hippocampus, memory) imme-
diately superimposed to the paleopallium and together with
it a hippocampal commissure [20]. Both commissures cross
in a very simple way where the two hemispheres are in
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continuity at the level of the upper lamina terminalis
(lamina reuniens of His). Further advanced species have
developed a neopallium (neocortex, mostly sensory and
motor integration) in addition to the paleopallium and the
archipallium [20]. Surprisingly, the corresponding new
commissuration developed along different paths in different
animal subclasses. In monotremes and marsupials, the
neocortical commissural fibers travel through the anterior
commissure together with the paleopallial fibers, via the
internal capsule (some fibers may travel with the hippo-
campal commissure also) [21]. On the contrary, in a
remarkable process of phylogenetic innovation [4, 17, 18,
21], placental mammals have developed an independent
corpus callosum that crosses the midline separately from
the anterior and the hippocampal commissures [17, 21].
This new evolutionary process involves the development of
a phylogenetically new structure, the transient midline glial
“sling” (or “zipper”) that bridges the interhemispheric
fissure across the primitive meninge to facilitate the
crossing of the neocortical fibers. Not all neocortical
commissural fibers follow this path however: most of those
from the lateral and inferior temporo-occipital neocortex
still travel with the anterior commissure in placental
mammals, similar to the marsupial pattern; those from the
posteromedial neocortex travel together with the hippocam-
pal commissure and form the splenium. This probably is
because they are not submitted to the same constraints of
distance as the neocortical fibers of the rest of the
hemispheres [21].

Embryologically, the anterior commissure and the
hippocampal commissure cross ventrally and dorsally,
respectively, through the lamina reuniens, which is located
in direct continuity with both hemispheres (“telencephalon
impar” of Yakovlev [22]) in front of the anterior insertion
of the tela choroidea of the third ventricle. However, in
advanced mammals and especially in primates and
humans, the enormous development of the mostly asso-
ciative frontal lobes displaces the hippocampus (parieto-
temporal in location in rodents) toward the medial
temporal lobes and the corresponding hippocampal com-
missure from the lamina terminalis to over the posterior
third ventricle, stretching the fornix and isolating the
velum interpositum in the process [20]. In humans, the
hippocampal commissure connects the subicular and para-
hippocampal cortices and corresponds to the dorsal hippo-
campal commissure of non-primate mammals. In these, a
ventral hippocampal commissure also exists which con-
nects the cornua ammonis and crosses in front of the dorsal
hippocampal commissure, between the anterior segments of
the fornix. In primates, this ventral hippocampal commis-
sure is markedly reduced in size and connects parts of the
hippocampal heads only; it is at best vestigial in humans
[23-25].

The anterior commissure

The paleopallial anterior commissure is phylogenetically
the oldest of the great forebrain commissures. It extends
from one hemisphere to the other in the depth of the
anterior portion of the basal ganglia and between the
amygdalae, above and behind the septal nuclei. It contains
approximately 3.5 million fibers in humans [26], while its
diameter is never greater than 6 mm (personal data). In
rhesus monkeys and probably in humans alike, it is made of
the apposition of paleopallial and neocortical components
[27]. The paleopallial component forms the basal telence-
phalic commissure; it crosses the midline in front of the
neocortical component, with a well-defined glial plane in
between [27]. The basal telencephalic commissure connects
the olfactory bulbs and the paleopallial structures: septal
area (medial septal nucleus — or subcallosal gyrus — and
lateral septal nucleus), amygdalae, and overlying entorhinal
cortices [26]. The neocortical component connects some
orbitofrontal and insular neocortex [26], as well as most of
the anterior, lateral, and inferior temporo-occipital neocor-
tex [28]. In the monkey, the paleopallial basal telencephalic
bundle consists mostly of small unmyelinated fibers, while
the more prominent neocortical bundle contains the small
myelinated commissural fibers of the temporo-occipital
associative neocortex [27].

On MR imaging (Fig. la—c), the anterior commissure
can easily be identified on the axial plane (between the
capsular genua) and coronal plane (arching between the
amygdalae). On the midsagittal plane, it crosses the midline
at the upper end of the lamina terminalis, in front of the
interventricular foramen of Monro, within the bifurcation of
the fornix where it divides into its pre-commissural (septal)
and post-commissural (mammillary) tracts; seen on the
axial plane, the anterior commissure on the midline forms
the letter 7t with the post-commissural fibers.

The hippocampal commissure

Until quite recently, the hippocampal commissure was
thought to be only residual in humans [29, 30]. However,
electrophysiological recordings in epileptic patients [23,
31], clinical correlation in patients with global (i.e., involving
the hippocampal commissure) or anterior (i.e., sparing it)
callosotomy [32], and anatomical studies in primates mostly
[23-25] suggested that it was really functional. In their
detailed anatomical and electrophysiological study, Gloor et
al. demonstrated that, like in primates, the (dorsal) hippo-
campal commissure in humans connects the presubiculum,
entorhinal, and parahippocampal cortices, but not the
hippocampus proper [23], and found that the ventral
hippocampal commissure (that would connect the Ammon’s
horns) was at most vestigial in humans [23].
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Fig. 1 Imaging of the telencephalic commissures. a Midline sagittal
TIWI. All commissures originate in front of and above (ventral and
rostral to) the foramen of Monro, from where they span the
frontoparietal lobes and overhang the posterior third ventricle. The
anterior commissure sits at the top of the lamina terminalis; it is joined
to the anterior callosum (lamina rostralis, genu, body); the isthmus is
marked with a slight narrowing at the level where the fornix abuts
the callosum; it contains fibers from the rolandic area; therefore, the
anterior callosum contains frontal fibers only; more posteriorly, the
splenium contains (clockwise) parietal, medial occipital, and medial
temporal fibers associated with the subicular—parahippocampal fibers;
the septal area is immediately below the lamina rostralis; the septum

The hippocampal commissure is part of the fornix. The
hippocampal fibers of the alveus (the white matter of the
hippocampal cortex) gather into the fimbria and form
the crus of the fornix. Upon reaching the septum pelluci-
dum on the midline, the fornical columns join each other to
form the body of the fornix. There, they course in the lower
margin of the pellucidal leaves until they reach the superior-
anterior edge of the foramen of Monro, where each column
divides into a pre-commissural, hippocampo-septal tract
that contains the fibers of the hippocampus proper and
connects with the lateral septal nucleus and a post-
commissural hippocampo-mammillary tract that contains
the fibers from the subicular area and reaches the
mammillary body. While 80% of the fibers (hippocampal
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pellucidum above it is also limited by the callosal body and the fornix:
septum pellucidum and anterior callosum go together. b Coronal view
of the anterior commissure stretched between the anterior mesial
temporal lobes (olfactory structures); it contains not only the
paleocortical fibers but also the neocortical lateral temporo-occipital
fibers. ¢ Axial view of the AC, between the septal area anteriorly and
the postcommissural and hippocampo-mammillary tracts posteriorly
(forming the Greek letter 7r). d Coronal view of the hippocampal
commissure as a transverse velum attached to the fornical crura
laterally and to the undersurface of the posterior callosum medially. e
Axial TIWI. The HC appears as a division of the septum pellucidum
in front of the splenium; the space it limits is the velum interpositum

and subicular/parahippocampal) form this ipsilateral longi-
tudinal fornix, about 20% cross the midline between the
fornical crura and form the transverse hippocampal com-
missure, a triangular transverse structure stretched between
the fornical crura with an anterior vertex behind the septum
pellucidum and fornical body, a posterior base anterior to
the forceps major, and a midline attachment to the
undersurface of the callosal splenium. It corresponds to
the dorsal hippocampal commissure of the non-primate
mammals and connects the subicular and parahippocampal
cortices of either side. In monkeys, the hippocampal
commissure consists of small myelinated associative fibers;
it is clearly separated from the callosal splenium by a glial
plane [27]. It should be mentioned that, in addition to the
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hippocampal commissure, a small number of hippocampal
fibers decussate anteriorly to join the contralateral septal
area (hippocampal decussation) [25].

On MR imaging (Fig. la, d, e), the hippocampal
commissure appears in coronal cuts as a transverse layer
of white matter attached to the corpus callosum along the
midline while laterally its wings are attached to the fornical
columns; it forms the roof of the cistern of the velum
interpositum. In rare cases, a persistent space between the
commissure and the corpus callosum forms the cavum
Vergae. In axial cuts, the lateral wings of the hippocampal
commissure can only be identified in the form of thin white
matter layers diverging posteriorly from the septum
pellucidum on either side of the cistern of the velum
interpositum. On a sagittal midline cut, the commissure
cannot be seen as it is fused with the corpus callosum. Its
location, however, can be identified behind the callosal
isthmus where the fornix joins the undersurface of the
corpus callosum and in the concavity of the splenium.
When the ventricles are dilated, especially in case of
hydrocephalus, the anatomy is changed: the two wings
become verticalized; this is easy to recognize on coronal
cuts, but on the midline sagittal the fornix appears lowered
and detached from the corpus callosum.

The corpus callosum

The corpus callosum holds its name from its compactness.
It is the most prominent forebrain commissure in advanced
mammals, spanning much of the frontal and parietal lobes
from the anterior commissure anteriorly to the hippocampal
commissure posteriorly (Fig. 1a). The callosal commissural
neurons are located predominantly in intermediate cortical
layers [13]. Given its large size, the human corpus callosum
is anatomically subdivided in segments.

From a functional and developmental anatomical point
of view, the isthmus is a pivotal segment (Fig. 2). It is
located where the columns of the fornix join each other on
the undersurface of the corpus callosum on the midline,
between the septum pellucidum anteriorly (ventrally) and
the hippocampal commissure posteriorly (dorsally). It
contains the commissural fibers of the perirolandic area:
motor strip, somato-sensory strip, and primary auditory
cortex (all primary cortical areas). It divides the corpus
callosum into a prominent anterior frontal associative
segment that carries the commissural fibers of the frontal
associative cortex and a smaller posterior splenial segment
that carries the commissural fibers of the primary visual
(calcarine) cortex as well as the more associative posterior
parietal and medial occipito-temporal cortices. The anterior,
frontal callosal segment is related to the septum pellucidum
and more remotely to the fornical body, while the splenial
segment is related to the hippocampal commissure. As will

be detailed in the next paragraph on embryology, this
subdivision of the corpus callosum reflects its development,
and explains the malformations, better than the classic
anatomy.

The classic, more descriptive callosal segmentation
includes, in a clockwise order (brain looking left), the
lamina rostralis, the genu, the body, the isthmus, and the
splenium.

* The semi-horizontal rostrum/lamina rostralis (beak)
extends anteriorly from the anterior commissure to the
posterior inferior aspect of the genu. Although com-
monly assumed to be the last callosal segment to
develop, it is already present in the 14-week fetus
[33]. It borders the septal area, or subcallosal gyrus,
superiorly and the septum pellucidum anterior-inferiorly
and closes the fetal cavum septi pellucidi in the fetus
(post-natally a virtual space). The fibers it contains have
not been specifically studied but are likely to connect
the fronto-basal cortex [34, 35].

* The genu (knee) is a thickened part of the corpus
callosum, so named because of the abrupt change in
orientation it marks between the lamina rostralis and the
callosal body. It forms the anterior limit of the septum
pellucidum. It is made of the commissural fibers of the
whole anterior frontal lobe which are collectively called
the forceps minor: they connect the prefrontal cortex
and the anterior cingulate area [35]. The fibers of the
ventro-medial prefrontal cortex are in the ventral genu
while the fibers of the dorso-lateral prefrontal cortex are
in the dorsal genu [34]. A “MAC line” (for mammillary
body—anterior commissure—corpus callosum) has been
defined to evaluate the anterior development of the
corpus callosum during evolution: the genu falls behind
that line in the rat, rabbit, or cat and in front of it in the
dog, primate, and human [36].

* The callosal body is the horizontal portion that extends
from the genu to the point where the fornix abuts the
undersurface of the corpus callosum. It borders the
septum pellucidum superiorly. Laterally, the fibers of
the callosal body form the roofs of the lateral
ventricular bodies, running between the cingular bundle
superiorly and the occipito-frontal fascicle inferiorly
and across the anterior radiations of the thalamus (all
these form the latero-ventricular crossroad). They
connect the precentral cortex (premotor area, supple-
mentary motor area), the adjacent portion of the insula,
and the overlying cingulate gyrus mostly [34, 35].

* The isthmus usually appears as a mild focal narrowing
found where the fornix joins the corpus callosum. It
carries the commissural fibers of the pre- and post-
central gyri (motor and somatoisensory strips) [34, 35]
and of the primary auditory area [21, 37].
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Fig. 2 Wallerian degeneration of the perirolandic commissural fibers.
a In this child who presented with a hypoxic-ischemic injury at term,
there is a bilateral band of encephalomalacia in the depth of the central

* The splenium (spleen) is the thickest portion of the
corpus callosum. It protrudes in the ambient cistern and
overhangs the tectal plate, while the vein of Galen
sweeps around it. Its morphology is extremely variable,
from rounded to flat. It should be located above or just
at the line drawn along the third ventricular floor [38];
not uncommonly, it drops below this line in cases of
idiopathic developmental delay [38]. The splenial fibers
form the forceps major and participate in the tapetum, or
sagittal stratum, in the lateral wall of the ventricular
atrium. They can be subdivided in three groups: the
superior group contains the commissural fibers from the
posterior parietal cortex; the posterior group, the com-
missural fibers of the medial occipital cortex; the inferior
group, the commissural fibers of the medial temporal
cortex [21, 34, 35]. By its undersurface, the splenium is
attached to the hippocampal commissure.

* The upper surface of the corpus callosum is lined with
the indusium griseum (gray velum). This thin midline
layer of assumedly “vestigial” cortex appears to be the
supracallosal continuation of the hippocampal gyrus
dentatus and posterior pericallosal fasciola cinerea. The
physiological role of the indusium griseum is unknown.
However, it contains a glial component which has the
important developmental role of directing the pioneer-
ing callosal fibers when they start crossing the midline
at about weeks 12-13.

Intuitively, for a long time, it has been felt that because
most of the callosal fibers are homotopic, their topography
would reflect the cortical organization, if only because of
specific disconnection syndromes developed after injury to
the corpus callosum or callosotomy [reviewed in 39].
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sulcus and in the underlying white matter. b The corpus callosum
accordingly presents a notch in the location of the isthmus, reflecting
the fact that it contains fibers from the central (perirolandic) cortex

However, precisely documented studies are surprisingly
scarce, essentially because of methodological difficulties
[35, 37, 40, 41]. The problem is compounded by the size of
the fibers, their density, and how many fibers each cortical
area sends in the corpus callosum, all of which will affect
their segmental representation in the corpus callosum.
Today’s MR imaging provides a unique opportunity to
study the callosal topography in health and disease, using
lesional topography (Fig. 2) and/or diffusion tensor imaging
[35]. Depending on whether the callosal fibers connect
primary sensory—motor or associative areas, they are large
and heavily myelinated or small and poorly myelinated,
respectively [21, 37]. The highest density of large fibers (3—
5 um) is in the isthmus (motor, somatosensory, auditory
cortex) and in the posterior splenium (visual cortex), while
the highest density of thin fibers (< 0.4 pum) is in the genu
and anterior splenium (high-order prefrontal and temporo-
parietal associative areas). The largest callosal fibers in
humans correspond to the primary auditory cortex [37].

The septum pellucidum

Abbie [17] and Rakic and Yakovlev [1] strongly empha-
sized that it was impossible to understand the development
of the commissures without understanding the nature of the
septum pellucidum. These structures are anatomically,
functionally, and developmentally closely related, and the
septum pellucidum must be included in any description of
the great forebrain commissures. If the septum pellucidum
is a simple structure to look at (Fig. la, b, e), its detailed
anatomy is still somewhat mysterious. Above all, it is often
confused with the septal area (or septum) which is the
paleopallial portion of the mediobasal frontal cortex. The
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septal area is made of gray matter that forms two nuclei, a
medial septal nucleus (or subcallosal gyrus) and a lateral
septal nucleus, both associated with the diagonal band of
Broca; the septal area is located below the lamina rostralis
and in front of the lamina terminalis and hypothalamus. The
septum pellucidum contains no gray matter; it is located
above the lamina rostralis, closing the medial aspect of and
separating the lateral ventricles. Although classical anatomy
textbooks (e.g., Déjerine [2, 42]) mention that its medial
aspect is lined with a vestigial cortex, this is not confirmed
by the few reported histological studies [43—45]. In
addition, myelinated white matter fibers are seen histo-
logically (and radiologically), but the origin and target of
those fibers are unclear. Finally, while Rakic and
Yakovlev [1, p. 58] (Fig. 8) demonstrated convincingly
that the cavum found in fetuses would represent part of the
interhemispheric fissure isolated by the growth of the
corpus callosum, no meningeal element is reported to be
associated with it.

In any case, the septum pellucidum clearly does not
contain organized gray matter and is not simply a
membrane. It is made of two sheaths of white matter
apposed to each other along the midline and has been
shown to carry fibers in rats [46], monkeys, [47] and
humans [2, 42]. Within its lower (choroidal) edge, it
contains the columns of the fornix with hippocampo-
septal and hippocampo-mammillary fibers. The fibers
contained into the septum pellucidum itself have been
described as limbic fibers, namely, the “peduncle of the
septum pellucidum” (pédoncule du septum lucidum), the
“olfactory fascicle of the fornix” (faisceau olfactif du
trigone), and the “olfactory fascicle of cornu Ammonis of
Zuckerkandl” (faisceau olfactif de la corne d’Ammon de
Zuckerkandl) [2, 42], referred to as the septocingulate
perforating pathway [46] that connects the medial septum
and diagonal band of Broca to the superior cingulate cortex
by intersecting (hence perforating) the corpus callosum [46]
and as a bundle of cingulothalamic perforant fibers [47].

In the hindbrain, the posterior medullary velum is a
lamina of white matter running along and interposed
between the flocculo-nodular lobe and the tela choroidea
of the fourth ventricle [48]. In a similar way, a lamina of
white matter runs along and is interposed between the
limbic lobe and the tela choroidea, closing the lateral
ventricles medially and thus forming a medial telencephalic
medullary velum [49]. It carries limbic fibers and forms the
fimbria along the temporal horns, the crus of the fornix and
the hippocampal commisssure around the thalamus at the
atrium, and the body of the fornix and the septum
pellucidum between the ventricular bodies and frontal
horns. The septum pellucidum may be considered an
extension of the fornix that contains direct fibers between
the cingulate gyrus and the septal nuclei, just like the fornix

contains direct fibers from the parahippocampal gyrus to
the septal nuclei [46]. It must be noted, however, that this
limbic connection pattern alone cannot explain why septal
defects or ageneses are commonly found in cases of lateral
hemispheric schizencephaly.

The usual position of the two pellucidal sheaths along
the midline is a secondary, relatively late event. In the fetus
or premature infant, a space is found between the pellucidal
leaves, tela choroidea, and corpus callosum, the well-
known cavum septi pellucidi, with its occasional posterior
recess between the splenium and hippocampal commissure,
the cavum Vergae [50] (not to be confused with a cavum
veli interpositi, located below the hippocampal commis-
sure). It progressively closes from the back to the front [50]
typically before the third post-natal month [51], leaving a
tiny triangular residual cavity behind the callosal genu only,
but may persist post-natally. Persistent cava usually
communicate with the rest of the cerebrospinal fluid
(CSF) spaces and are variably considered as normal or
abnormal depending on the clinical context (including
functional or psychiatric disorders) [51, 52]. They may
not communicate with the CSF spaces and become cystic,
either diffusely or separately [53]. The lateral, ventricular
surface of the septum pellucidum is lined with ependyma,
with a subependymal plate that contains primitive neural
cells like the remainder of the lateral ventricular wall and
may be the origin of various glial and neurono-glial tumors
[54-56]. The core of the pellucidal leaves contains small
myelinated fibers [44, 57] that are in keeping with
associative commissural fibers. The medial surface of the
pellucidal laminae (when not fused together) presents
without gray matter and without an epithelium (especially
no meningeal tissue, even vestigial); it is histologically
rather poorly characterized: from the few histological
reports of fetal/neonatal or persistent cava or cysts, it
appears that it is made of glia in neonates [43-45, 50],
which may become covered in part with ependyma-looking
cells [43, 44] as the subject matures [43]. The pellucidal
laminae may be completely fused and undistinguishable
from each other or be grossly fused but still separated by
a layer of loose tissue, or form a cavum, reportedly in
above 50%, 25%, and 15-25% (or much less), respec-
tively [43, 51].

From the MR imaging point of view (Fig. la, b, e), the
gross anatomic description of the septum pellucidum is well
known. It has the shape of an irregular triangle. The body
of the corpus callosum forms its upper edge, the lamina
rostralis forms its anterior-inferior edge (and separates it
from the septal area), and the body of the fornix forms its
posterior-inferior edge. Its anterior vertex is at the genu; its
posterior vertex is where the fornix joins the corpus
callosum; its inferior vertex is at the anterior commissure.
It is typically seen as a thin single lamina between the
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lateral ventricles. The septal subependymal veins are
coursing on the lateral aspect of the septum pellucidum
from the anterior corpus callosum toward the internal
cerebral veins, which they join (typically) at the foramina
of Monro.

Summary of the commissural organization

The telencephalic commissures form an almost continuous
structure, very consistently organized throughout. Starting
clockwise from the upper end of the lamina terminalis (in
front of the tela choroidea of the third ventricle), they
include the anterior commissure, the lamina rostralis, genu,
and body of the corpus callosum; the isthmus; the splenium
with the underlying hippocampal commissure, the body of
the fornix closing the loop toward the anterior commissure.
The septum pellucidum is circumscribed by the anterior
callosum and the body of the fornix. The paleopallial
commissural fibers cross the midline through the anterior
commissure together with the neocortical fibers of the
lateral and inferior surfaces of the temporo-occipital lobes.
Unlike in lower mammals, there are no commissural fibers
between the cornua ammonis in humans: the hippocampal
commissure carries commissural fibers of the subiculum
and parahippocampal neocortex. The whole anterior cal-
losum (in front of the isthmus) contains associative frontal
commissural fibers. The isthmus contains mostly primary
motor, somatosensory, and auditory commissural fibers.
The splenium contains a mixture of primary visual and
associative temporo-occipital and parietal commissural
fibers (in this regard, the splenium may be considered as
forming a single segment with the hippocampal commis-
sure that carries parahippocampal fibers). This organization
correlates well with the embryological development, as will
appear in the next paragraph.

Embryology

The cerebral anatomical terminology has been defined for
the mature brain and is not always adapted to the still
evolving embryological and early fetal structures. To
clearly understand the descriptions of the literature, some
review of the brain morphology in its early stages and
correlation with the evolving anatomy are recommended.
The terminology used here refers to the various articles
addressing the embryology of the forebrain midline used in
this review [1, 3—15, 46], as well as the Atlas of Central
Nervous System Development of SA Bayer and J Altman,
specifically, the two volumes covering the late first
trimester and the second trimester [58, 59]. The lamina
reuniens corresponds to the future septal area [1, 58], while
the “primordium hippocampi” [1] corresponds to the fornix
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[58], that is, to the early form of the medial telencephalic
medullary velum. The anterior portion of this medullary
velum, between the anterior and the hippocampal commis-
sure, represents the future septum pellucidum. The cortico-
septal boundary is the boundary between the medial
hemispheric cortex and the septum pellucidum.

During week 4, the neural tube closes, the closing
anterior neuropore (about day 25) being located at the level
of what will be the lamina terminalis (anterior wall of the
3rd ventricle). During week 6 the hemispheric vesicles
begin to expand on either side of the lamina terminalis, so
that the lamina terminalis forms the continuity between
them (telencephalon impar of Yakovlev [22]). At this stage
and until the early fetal weeks, the forebrain is completely
embedded in the solid meninx primitiva. During week 7,
the diencephalic roof and adjacent parts of the hemispheric
vesicles undergo the changes that transform them into the
tela choroidea; this is completed by week 8.

During week 8, the portion of the lamina terminalis
immediately adjacent to the tela choroidea on the midline
becomes thicker (Fig. 3a); because of its continuity between
the lateral vesicles, it is called the lamina reuniens, (for
“joining plate™) (of His) [1]: it forms the shortest pathway
between the hemispheres (Fig. 4a). This lamina reuniens
forms the primordium of the septal area, with a medial
septal nucleus and a lateral septal nucleus already present
[58]. The early fibers of the anterior commissure appear
laterally at week 8, get closer to the midline at week 9, and
the pioneer fibers cross at week 9 [58] or week 10 [1] in the
lamina reuniens [1, 58] (Figs. 3b and 4a). The progression
of these fibers is facilitated by “commissural” cellular glial
tunnels that guide them along their path [4, 14] (this cellular
structure persists as late as week 14 [14]). At this stage and
until week 10, there is no evidence of hippocampal
commissure or corpus callosum. Yet, the early fibers that
connect the septal area anteriorly to the ipsilateral hippo-
campus (still dorsal to the thalamus [58]) on the medial
edge of the hemispheres along the tela choroidea form the
primordium of the fornix as early as week 8 [58] or week 9
[1] (Fig. 3b). This ribbon of white matter closes the medial
aspect of the ventricle along the tela choroidea and forms a
medial telencephalic medullary velum (Fig. 4a).

The fornix expands during weeks 9—11 [58]. By weeks
10-11, some of the fornical fibers are noted to exchange
across the midline just in front of the attachment of the tela
choroidea, where they form the early hippocampal com-
missure (Fig. 3¢). The crossing occurs dorsal and rostral to
the anterior commissure and the septal area, either through
the lamina reuniens itself [1] or at its surface, under the
meningeal lining [8]. The segment of the fornix located
between the septal nuclei and the hippocampal commissure
represents the early septum pellucidum (Fig. 3d). At week
11, no corpus callosum is seen yet; the anterior commissure
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Fig. 3 Commissural embryology, medial aspect of the forebrain. a p»

W?7. Thickening of the upper end of the lamina terminalis (L7)
forming the lamina reuniens (LR) or “joining plate”. b W9. The fibers
of the anterior commissure (4C) have started crossing in the ventral
part of the LR; hippocampo-septal fibers are developing along the
medial aspect of the hemisphere, forming the early fornix (FO). ¢
WI11. Some of the fibers of the fornix cross the midline in the dorsal
part of the LR, just anterior to the tela choroidea, and form the
hippocampal commissure (HC). d W12. Deepening of the interhemi-
spheric fissure (sulcus medianus telencephali medii or SMTM) divides
the LR; the hemispheric portion of the LR forms the early septum
pellucidum; glial cells migrate through the corticoseptal boundary,
which is the margin between the cortex and the septum pellucidum,
and form an interhemispheric glial sling. e Early WI13. Pioneer
cingulate fibers cross the midline via the glial sling and soon joined by
other neocortical fibers; they all form the anterior corpus callosum
along the corticoseptal boundary; other neocortical fibers use the AC
and the HC to cross, so that at this stage there are three neocortical
commissural beds. f Late W13—14. The addition of further neocortical
fibers results in the anterior corpus callosum (associated with the glial
sling) fusing with the splenium (associated with the HC) to form a
complete corpus callosum (CC) and with the AC to form a complete
commissural plate; further growth of the callosal plate will push the
splenium and HC dorsally (black arrow), so that together they
override the third ventricle, stretching the fornix and septum
pellucidum and forming the roof of the cistern of the velum
interpositum

is well apparent, ventral to the interventricular foramina
[58, plate 6A]; more rostrally within the septal area-lamina
reuniens, the hippocampal commissure can be recognized
([1] Figs. 5b and 16c¢) ([58] plate 4B). Still more dorsally
([58] plates 6A—12A), the fornix connects the septal nuclei
to the hippocampus; it is interposed between the medial
edge of the limbic cortex and the tela choroidea as a true
limbic medullary velum.

As mentioned before, the corpus callosum is a new
phylogenetic acquisition of the placental mammals that
develops through a process of interhemispheric midline
fusion with groups of specialized midline glial guiding the
callosal fibers to the other side. At about 10 weeks, the
interhemispheric midline is still filled with the meninx
primitiva [1]. Deepening of the interhemispheric fissure
results in a clefting of the dorsal lamina reunions and in the
formation of a sulcus named sulcus medianus telencephali
medii (SMTM) [1] (Fig. 4a). The two lips of this sulcus
come in close approximation at the edge of the cortical
plate [1] now designated as the genetically determined
corticoseptal boundary [6, 9, 11, 13, 60] which is where a
clear demarcation is seen between the cortex and the
fornical fibers (medial medullary velum) (Figs. 3d and 4a).
Glial cells (and seemingly also neuronal cells, at least in
mice [12]) migrate medially from the subventricular zone
toward the midline and invade the primitive meninge along
the corticoseptal boundary to form a “glial sling” [3—-6, 10,
12, 14, 15] or “midline zipper glia” [9, 11, 13] (“massa
commissuralis” of Rakic and Yakovlev) [1] (Figs. 3d and
4b); this process begins at about week 12 [1]. This
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interhemispheric glial bridge provides a support for the
first pioneer axons to cross at about weeks 12-13 [1]
(Fig. 4c), before disappearing shortly after [1]. The glial
sling is needed for the callosal crossing: if it is severed in
mouse embryos, the callosal fibers do not cross and instead
travel parallel to the midline in the future septum
pellucidum [3], but they resume crossing if the sling is
restored [61]. The glial sling is independent anatomically
and developmentally from both the anterior and the
hippocampal commissures: it is located rostral and dorsal
to them [1, 4]; in genetically acallosal mice, both anterior
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septum pellucidum

Fig. 3 (continued)

and hippocampal commissures develop normally [4];
surgical disruption of the sling in mouse embryo results in
callosal agenesis without altering the other commissures [2,
4].

In addition to the glial sling, two other glial structures
are needed to convey the pioneer callosal fibers toward the
glial sling and the midline: the indusium griseum glia and
the glial wedge. The indusium griseum glia is located just
above the corticoseptal boundary; the glial wedge is located
at the dorsomedial aspect of the lateral ventricle [9-11, 13]
and is part of the radial glia scaffold [13] (Fig. 4b). It
should be mentioned that, posteriorly, the glial wedge is
located between the hippocampal commissure and the sling,
so that the callosum at this stage is clearly separate from the
hippocampal commissure [9]. Indusium griseum glia and
glial wedge act as repellents (chemorepulsive molecule
slit-2) and channel the incoming pioneer axons across the
corticoseptal boundary toward the glial sling and the
midline (Fig. 4c). There, the pioneer callosal axons follow
the sling and cross the midline without penetrating the sling
or invading the septum pellucidum [3, 4] The first pioneer
axons to cross are cingulate axons from the adjacent
cingulate cortex [7, 10]: they are eventually followed by
further neocortical axons which fasciculate along them.
This complex process occurs within a brief period of time
of about a week (week 13) [1]; while the first axons begin
to cross, the sling is still forming ventrally and dorsally.

There are three separate commissural sites at this stage,
all in the close vicinity of the foramen of Monro: the
anterior commissure within the ventral lamina reuniens, the
hippocampal commissure within the dorsal lamina reuniens,
and rostral to the lamina reuniens and separately from from
it by the furure septum pellucidum, the glial sling and the
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pioneer callosal axons crossing the interhemispheric fissure
at the corticoseptal (Fig. 3d, e). Later-arriving neocortical
commissural axons eventually cross according to the
cortical area they originate from: axons from the lateral
and inferior temporo-occipital neocortex fasciculate along
the anterior commissure; those from the anterior hemi-
spheric neocortex, along the pioneer callosal fibers and glial
sling; those from posterior neocortex, along the hippocam-
pal commissure (Fig. 3e). These two latter segments grow
by addition of more neocortical fibers and eventually meet
to form a single corpus callosum (Fig. 3f). Thus, the corpus
callosum forms by fusion of two separate segments, not as
a single structure [8], and this explains some “unusual”
callosal malformations. The fusion between the anterior,
sling-derived callosum (frontal associative and possibly
primary sensory motor) with the hippocampal commissure-
associated splenium (parieto-temporo-occipital) may be
hypothesized to occur just anterior to the hippocampal
commissure, but this has to be established.

A week later or so, the corpus callosum is short but
essentially complete and stretches from the anterior
commissure to the hippocampal commissure. From that
moment, it grows by addition of fibers that fasciculate
along pre-existing fibers as the cortex expands and the
connectivity develops until well after birth. It was classi-
cally postulated that the splenium would form after the
genu and the body and that the rostrum would form last: it
is quite clear now that the hippocampal commissure comes
first, then the anterior callosum, then the whole commis-
sural plate from the lamina rostralis to the splenium. The
corpus callosum (lamina rostralis, genu, and body fused
with the splenium) is complete and easily recognized by
week 14 [33, 36] or week 15 [15], the splenium becoming
prominent by weeks 18—19 [15]. It was also classically
postulated that the corpus callosum would develop from the
front to the back: yet, as early as 1968, Rakic and Yakovlev
convincingly demonstrated that prenatally it was the
anterior part of the corpus callosum that developed most
[1]. Actually, because of the disproportionate expansion of
the frontal lobes in humans, and the related anterior
accumulation of commissural fibers, the hippocampal
commissure with its associated splenium, although initially
located in the lamina reuniens in front of the tela choroidea
of the third ventricle, is shiffed posteriorly (dorsally) over
the tela choroidea (isolating the velum interpositum and
stretching the fornical columns) until it projects above the
posterior third ventricle and the tectal plate, while the
hippocampal commissure becomes overlaid by the sple-
nium. This front-to-back translation of the splenium results
from the back-to-front expansion of the frontal lobes and
the corresponding accumulation of fibers in the anterior
callosal segment and not from a front-to-back progression
of the corpus callosum. This is an important point to
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Fig. 4 Commissural embryology, coronal. a W9-10. The LR isp

divided by the deepening of the SMTM, the lateral portions of which
form the medial wall of the lateral ventricles (medullary velum); the
AC crosses in the medial portion of the LR; the junction between the
cortex and the medullary velum is the corticoseptal boundary. b W11.
At the corticoseptal boundary, three specialized glial structures
develop: the glial sling (attractant) forms a bridge between the
hemispheres to channel the callosal fibers across the midline, together
with the indusium griseum glia above and the glial wedge below (both
repellents). ¢ W13. The cingulate fibers first, then the fibers from the
rest of the frontal lobes commissurate along the glial sling and
between the glia of the indusium griseum and glial wedge; were the
sling missing, they would turn into the medullary velum to form the
Probst’s bundles; the space enclosed by the developing corpus
callosum forms the cavum septi pellucidi

consider when trying to explain why a corpus callosum is
hypogenetic in a given patient.

Although the shape of the corpus callosum is essentially
final by week 20, its sagittal cross-sectional area is only 5%
of what it will be in a mature brain [65], roughly in
proportion with the volume of the brain at this stage (about
80 g). The corpus callosum enlarges together with the
connectivity and the tangential growth of the cortex: in
utero and in the early maturation it grows by addition of
fibers; later pruning of the callosal fibers is compensated by
the development of the myelin, which becomes significant
post-natally at about 6 months at the splenium and at about
8 months in the genu on T2 imaging. The myelination is
said to proceed from posterior to anterior: this reflects the
fact that myelination of the primary cortical areas (somato-
sensory, motor, auditory, visual) connected through the
isthmus and splenium antecedes the myelination of the
body, genu, and rostrum related to the more anterior
associative areas.

The septum pellucidum forms in close association with
the anterior corpus callosum. Its lower margin contains the
early fibers (week 10) of the segment of the fornix located
between the septal area and the hippocampal commissure
(week 11). The fibers that connect the medial septal nucleus
with the ipsilateral cingulate cortex develop in the pelluci-
dal leaves themselves at the same time as the pioneer
callosal fiber cross the midline in the rat: they intersect the
glial sling and the corpus callosum along the way [46].
Because the septum pellucidum evolves from the banks of
the sulcus mediani telencephali medii, it becomes circum-
scribed by the lamina rostralis, genu, and body of the
corpus callosum that develop along the corticoseptal
boundary (Figs. 3f and 4c). The interhemispheric space
isolated between the pellucidal leaves becomes the cavum
septi pellucidi [1, 2] (with or without the posterior
extension of the cavum Vergae). This space was initially
thought to be a meningeal space [1, 2], but some more
recent evidence suggests that it is the space that is left after
the disappearance of the glial sling [6]: this would explain
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why no meningeal epithelium is found on the medial aspect
of the pellucidal leaves in premature infants with cavum
septi pellucidi [43]. The cavum is not truly apparent before
20 weeks [60] and usually disappears within 3 months post-
natally, its lumen becoming progressively effaced from the
back to the front [SO]. There is no convincing explanation
given for this effacement.
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Commissural axons reach the midline only after being
guided by cellular influences (cellular tunnels, midline glia),
short-range guidance factors (attractants and repellents),
long-range guidance factors (attractants and repellents),
midline crossing factors (short range and long range),
fasciculation factors ( “pull together” and ““ push together”),
and defasciculation factors. It is beyond the scope of this
article and beyond the expertise of the author to provide a
detailed description of the multiple genes, transcription
factors, receptors, etc. involved in such complex processes;
the interested readers are invited to refer to the relevant
literature [3—15, 46, 62—68].

Abnormal commissures may be expected in a large
number of genetic defects, familial or not, identified or not,
syndromic or not [for review see 13]. As a consequence,
“agenesis of corpus callosum” should not be considered a
specific entity: it is one anatomical feature of many
different diseases.

Classic commisural agenesis

The classic, or pure, commissural agenesis is a well-known
constellation of features, the most prominent one being the
absence of apparent interhemispheric connection. Given the
normal prominence of the commissures, this absence results
in a characteristic deformity of the brain (Fig. 5).

First of all, in the classic commissural agenesis, the
fibers of the corpus callosum are not agenetic, but rather
heterotopic. Unable to cross when reaching the cortico-
septal boundary, the fibers instead make a right angle and
travel into the medullary velum. Gathering there, the fibers

form a parasagittal bundle that encroaches medially upon
the lateral ventricular lumen, giving it a crescentic
appearance and therefore giving the appearance of a bull’s
head to the section of the lateral and third ventricles on the
coronal cuts (Fig. 5b). This bundle is called the bundle of
Probst in the literature, from M Probst who described it in
1901 [69]; it had already been described and recognized to
be made of re-routed callosal fibers by Onufrowicz in 1887
[71] and by Sachs in 1892 [72]. This bundle is easily
identified because of its dense myelination of T1 and T2
images, on coronal and on axial planes. In addition to the
corpus callosum, the hippocampal commissure is missing
also in the classic total commissural agenesis (Fig. 5a). The
hippocampal commissural fibers may be re-routed as well,
either in the lower edge of the medial telencephalic
medullary velum together the ipsilateral fibers of the fornix
or in the bundle of Probst; the accumulation of the callosal
and fornical fibers explains the thick appearance of the
velum. In about 50% of the cases, the anterior commissure
is either absent or too thin to be recognized, or apparent but
hypoplastic [49]; this could be due to the absence of its
neocortical component (Fig. 5a). It is classically mentioned
that it may be enlarged, as if compensating for the missing
corpus callosum. This was specifically observed not to
occur in a large series of cases [49, 70], and in the cases
where it was mentioned it could actually have been
confused with a dislocated hippocampal commissure or a
small residual genu. This difference is important to make: if
no commissural fiber can cross, it means that there is a
global defect of the midline crossing independent from
local signals; if only neocortical fibers are concerned, it is a
specifically neocortical defect; if some neocortical fibers at

Fig. 5 Complete commissural agenesis. a Midline sagittal TIWI. The
AC is tiny (containing fibers of the olfactory cortex only?); there is no
CC or HC; the medial hemispheric sulci radiate toward the cerebral
hilum; the third ventricular roof is expanded as it is not maintained by
the commissural plate. b Coronal T2WI. The lateral ventricles are
widely separated, containing the heavily myelinated bundles of Probst
(rerouted commissural fibers); the cingulate cortex is rolled out over
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the thalami; the internal cerebral veins are separated by the high-riding
tela choroidea, and the free edge of the falx is low; the lumen of the
temporal horns is abnormal in shape and extends deep into the
parahippocampal gyrus (temporal portion of the cingular bundle
missing). ¢ Axial T2WI. Gross posterior ventricular dilatation forming
the so-called colpocephaly
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least are re-routed across another commissural site, it means
that the defect is local and concerns the glial sling only and
that the commissural fibers would be free to “choose” their
course.

Because of the lack of commissure, the midline anatomy
is changed. The interhemispheric fissure is wide with an
upward bulge of the tela choroidea of the third ventricle,
and the free margin of the falx is low (Fig. 5b). Not being
joined together by the commissures, the lateral ventricles
are separate, away from the midline and parallel to each
other, without the usual image of a thin midline septum
pellucidum. This is explained by the addition of the widened
interhemispheric fissure, the rolling out of the limbic/
cingulate cortex above the medullary velum, and the
thickness of the bundles of Probst on the medial aspect of
the lateral ventricles. On a sagittal cut of the medial aspect of
the hemisphere, the midline sulci converge toward the third
ventricle (the hemispheric hilum), as apparently the cingulate
gyrus cannot form properly in the absence of a corpus
callosum (Fig. 5a).

The lateral ventricular shape also is abnormal. Besides
the crescentic appearance of the frontal horns and bodies,
this is especially striking at the level of the temporal horns.
On a coronal cut, the ventricular lumen extends into the
parahippocampal gyrus, under the rounded hippocampus
itself, so that the section of the horn has the shape of a
horizontal Y (Fig. 5b). This can be explained only by the
lack of the temporal portion of the cingulum (or cingular
bundle) [48, 73]. This white matter fascicle runs along the
midline into the entorhinal, parahippocampal, retrosplenial,
and cingulate gyri. In monkeys and presumably in humans,
it consists of three main components originating from (1)
the anterior and dorsal thalamus, (2) the cingulate gyrus,
and (3) the associative cortex [74]. The temporal segment
of the cingulum corresponds to the fibers that connect the
presubiculum and parahippocampal gyrus to the posterior
cingulate gyrus and parietal associative cortex [74].
Whether the abnormalities of the cingulum extend further
toward the anterior frontal regions is not known; it could
help to explain why the cingulate cortex does not form a
clearly defined gyrus in commissural agenesis. Finally, the
ventricular morphology is also remarkable for the colpoce-
phaly, which is a broad expansion of the atrium and
occipital horn (Fig. 5¢). A common explanation given is the
lack of the forceps major, and it has been mentioned that
the commissural fibers of the posterior part of the
hemisphere would not become part of the bundles of Probst
and might lack entirely in commissural agenesis [75]. We
could not find any report in the literature to confirm this
point; it would imply that the posterior fibers are
“programmed” to fasciculate with the hippocampal com-
missural fibers but not to pierce the corticoseptal boundary
to follow the interhemispheric glial sling. The other fiber

tracts surrounding the posterior part of the ventricle are the
optic radiations, the occipito-frontal and the occipito-
temporal fasciculi, the cingulate and parietal fibers con-
verging toward the temporal segment of the cingulum, and
the mostly associative visual parieto-temporo-occipital
short fascicles [42]: anyone of these may be missing, in
part or globally. This white matter defect is associated with
shallowness of the interhemispheric occipital sulci. Sys-
tematic DTI studies of these fascicles could be extremely
informative, as the identification of the white matter defects
could help to explain the neurocognitive disorders observed
in the patients.

Not all complete commissural agenesis present the
whole set of features described above: it is probably highly
significant to demonstrate that an apparently common
complete commissural agenesis presents with or without
an agenesis of the anterior commissure, or with or without
the bundles of Probst, as this can point to such or such
defect along the cascade of events that lead to the
abnormal-versus-normal appearance of the brain. Also,
white matter progression, fasciculation and midline cross-
ing occur throughout the central nervous system, and it is
therefore important to examine the whole intracranial CNS
at least, and possibly also the spinal cord, to identify a
global CNS involvement and whether the supratentorial
abnormalities are isolated, part of a constellation of neural
defects, or part of a global syndrome with associated
extraneural defects. Again, commissural (or callosal)
agenesis is not a disease entity but a feature that may be a
part of many different malformations. The specific charac-
ters of the disorder must be identified if one wants to focus
the search for a causal mechanism.

Partial commisural agenesis (commisural hypogenesis)

It has long been assumed that the corpus callosum
developing from front to back, the partial commissural
ageneses, most commonly apparently posterior, would be
lesser forms of agenesis and would represent later-occurring
(implicit: lesser) disorders. It was also assumed that the
rostrum/lamina rostralis would develop last. However,
modern embryological data in man indicates that the corpus
callosum develops within a very short time during week 13
and that at week 14 it is virtually complete, though still
short [1, 15, 36], and that from then on it grows anteriorly
mostly, pushing the splenium dorsalward. Therefore, when
looking at any instance of incomplete commissuration,
attention should be paid separately to all constitutive
segments of the commissures (anterior commissure, hippo-
campal commissure with associated splenium, anterior
callosal segment, and septum pellucidum), as well as to
their fusion areas (anterior callosum with anterior commis-
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sure, anterior callosum with splenium, splenium with
hippocampal commissure) and to their expansion in
thickness as well as dorso-ventrally. It quickly appears
from such an analysis of the malformations based on the
modern embryological understanding that partial ageneses
are not different degrees of a continuum but rather different
malformations, each with a specific developmental disorder
and, potentially, a specific genetic defect.

In the most common and typical form of partial
commissural agenesis, the commissural plate is short but
essentially complete: relatively prominent genu, short body
with small septum pellucidum; the splenium is clearly
demarcated and its anatomical relationship with the fornix
and hippocampal commissure look normal, suggesting that
the hippocampal commissure is normally developed
(Fig. 6). The anterior cuts through the completed commis-
sural segment have a normal anatomical appearance
(Fig. 6b), while the posterior coronal cut behind it is
typical for agenesis with well apparent bundles of Probst
(Fig. 6¢). While classically this would have been read as an
agenesis of the posterior part of the commissures (splenium
and hippocampal commissure), the understanding now is
that, both the splenium and the hippocampal commissure
being well defined, the defect results from a poor
dorsoventral expansion, that is, a defect of late addition of
neocortical commissural fibers to an otherwise normally
induced and complete commissural plate. The insufficient
number of neocortical callosal fibers crossing could
correlate with the small size of the anterior commissure
(neocortical component incomplete?). Whether all fibers
that constitute the bundle of Probst posteriorly cross or not
is unknown; DTI would help in determining this point.

The nature of extreme types of partial commissural
agenesis is more difficult to ascertain, but embryology
suggests answers. They typically present with a rudiment of
what is commonly assumed to be a genu because of its
anterior location (Fig. 7a). The anterior commissure is
present ventral to the foramen of Monro, with the “callosal”
rudiment slightly more dorsal and rostral (Fig. 7a, b). The
medial aspect of the brain presents with radiating sulci; the
coronal cuts show typical bundles of Probst posteriorly
(Fig. 7¢), with the commissure interposed anteriorly
(Fig. 7b). The important point to consider is that the
commissural rudiment is located in the rostro-dorsal portion
of the lamina terminalis just anterior to the tela choroidea,
and this corresponds embryologically to the lamina
reuniens (see Fig. 3a, b). Therefore, it is in the expected
location of a hippocampal commissure that would not have
been displaced dorsally by the callosal growth, and the
malformation may therefore be considered a complete
callosal agenesis with the anterior and hippocampal
commissures being present. It is not impossible that this
hippocampal commissure would carry some callosal (neo-
cortical) fibers. These callosal fibers could come from the
posterior part of the hemispheres via the bundles of Probst
to form a true splenium in an anterior location or,
alternatively, they could be selected by the anterior location
of the hippocampal commissural bed and originate from the
anterior part of the hemisphere (Fig. 8). Modern MR
imaging with DTI might help in answering that question.
An anteriorly located hippocampal commissure can be
differentiated from a rudimentary callosum by the fact that
it is located in the ventricular roof, anterior to or apparently
in the tela choroidea (Fig. 9), while the anterior callosum

Fig. 6 Partial commissural agenesis, common form. a Midline sagittal
T1. The commissural plate is short but virtually complete; the anterior
segment is attached to a proportionately small septum pellucidum, the
posterior fornix and HC are normally attached to the splenium, also
proportionate with the whole commissural plate: it may be assumed
that both the HC and glial sling formed normally, but that the addition
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of neocortical fibers was not sufficient to produce the normal dorso-
ventral expansion of the commissural plate; this may explain the small
AC as well. b Coronal T2WI, anterior. Normal appearance. ¢ Coronal
T2WI, posterior. The appearance is similar to a usual agenesis, but the
bundles of Probst may be less prominent
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Fig. 7 Extreme partial commissural agenesis. a Midline sagittal
T1WL. There is a commissural rudiment located in the third ventricular
roof just anterior to the foramen of Monro, close to the AC; this would
commonly be identified as a callosal “genu” because of its location
according to a complete callosum; however, it is located where the HC

would be associated with the septum pellucidum it circum-
scribes (Figs. 10 and 11).

Inversely, the corpus callosum may be present, but not
the hippocampal commissure. In such a case, the anterior
corpus callosum is well defined as it is associated with a
well-defined fornix and septum pellucidum (Fig. 12a, b);
posteriorly, however, the fornix does not join the posterior
callosum, and no hippocampal commissure is seen (so

assumedly no splenium) and no bundle of Probst (Fig. 12c).

A particular pattern of partial callosal agenesis is the
segmental callosal agenesis, in which the most posterior,
dorsal part of the anterior callosum did not fuse with the
splenium and the attached hippocampal commissure
(Figs. 13 and 14). This feature was classically explained
as resulting from a destructive process; however, no
evidence of hemispheric cleft or encephalomalacia is
found. In addition, such a pattern has been reported in
two siblings [49]. On sagittal images, the callosum appears
to be made of two separate segments, the ventral one

a b

Fig. 8 Possible configurations of a non-shifted HC. a The hippo-
campal commissure is not shifted dorsally because the callosum failed
to form: it is located anterior to the tela choroidea but contains no
callosal fibers. b Posterior callosal fibers being programmed to cross

should be in the early stage of development before the CC develops
and pushes the HC dorsally (compare with Fig. 3c): therefore, it is
likely a HC with complete callosal agenesis. b Anterior coronal T2WL.
The commissure between the septal leaves. ¢ Posterior coronal T2WI.
Classical appearance of commissural agenesis

bordering the septum pellucidum with a rostrum that
extends to the anterior commissure and the dorsal one
attached to the fornix (Figs. 13a and 14). On coronal
images, the ventral segment appears to be a true callosal
genu and anterior body (Fig. 13b), the intermediate
segment is a thin lamina of hippocampal commissure
(Fig. 13c), and the posterior segment appears as a true
splenium (Fig. 13d).

A posterior splenial tapering is fairly common also and
is assumed to result from a poor commissuration of the
posterior hemispheric neocortical commissural fibers, in
spite of the fact that the hippocampal commissure is
normally present; the anterior callosum may be normal or
hypoplastic (Fig. 15). Finally, the commissural plate may be
complete, but diffusely hypoplastic. While it is obviously
malformative when the remainder of the white matter is
normal (Fig. 16), it is difficult to tell whether it is
destructive or developmental when it is associated with a
significant ventriculomegaly (Fig. 17).

Cc

with the HC might contribute to it. ¢ Inversely, the posterior fibers
might be unable to cross because the HC is not in the appropriate
location, but the anterior callosal fibers might be able to do it
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Fig. 9 Extreme partial commis-
sural agenesis. a Midline sagittal
T1WI. The commissural rudi-
ment is smaller and located
more posteriorly than in Fig. 7
but still in the roof of the third
ventricle. b Coronal T2WI. The
commissure connects the forni-
ces, not the bundles of Probst,
and therefore is a HC

Commissural agenesis associated with midline
meningeal dysplasia

Interhemispheric cystic meningeal dysplasia

Classic complete or partial commissural agenesis is
assumed to have causes that are intrinsic to the hemi-
spheres: missing or defective commissural fibers, lack of
cellular facilitation in the lamina reuniens and/or failure of
the glial sling to form, and lack of long- or short-range
attractants or repellents. Agenesis of the commissures with
interhemispheric cysts is felt to have different causes,
possibly related to a meningeal rather than neural disorder.
There are two broad classes of interhemispheric cysts,

Fig. 10 Hypoplastic callosum, absent HC. Midline sagittal T2WI.
The commissural rudiment is separated from the roof of the ventricle
by a small but proportionate septum pellucidum; its appearance is that
of a callosal genu with a rudimentary lamina rostralis and no
appreciable splenium. The HC is likely agenetic or extremely
hypoplastic
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communicating and non-communicating [48, 70, 76], the
communicating cysts being expansions of the ventricular
tela choroidea and the non-communicating cyst being a
multiloculated meningeal cystic dysplasia. From the mor-
phologic data in a quite large series of 25 cases, Barkovich
et al. devised a classification of the callosal agenesis with
cysts [76]. Type 1 refers to the cases where there is one
single cystic cavity that communicates with the ventricles.
Type 1 is subdivided in three subgroups: type la presents
with macrocephaly and hydrocephalus, type 1b with
macrocephaly and hydrocephalus associated with a devel-
opmental ventricular obstruction (thalamic fusion, hamar-
toma), and type lc presents with microcephaly. Type 2
refers to the cases where the interhemispheric cysts are
multiloculated and independent from the ventricles; it is
subdivided into three subgroups also: type 2a is character-
ized by hydrocephalus and an essentially normal brain, type
2b affects girls and is made of multiple cysts different from
CSF with frontoparietal polymicrogyria and periventricular
nodular heterotopias and one or two dilated ventricles (this
subgroup probably corresponds to the Aicardi syndrome)
[76], and type 2c presents with multiloculated cysts, large
subcortical heterotopia, and dysmorphic head and brain. It
appears that these specific subcategories would concern
either boys or girls and this obviously points to genetic
defects [76]; however, it needs to be confirmed by studies
of larger groups, as some reports may be discordant [77].
The commissural agenesis with a single ventricular
diverticulation cyst is usually not associated with signifi-
cant hemispheric dysplasia or malformations of cortical
development. The main feature is the markedly expanded
tela choroidea which involves its third ventricular compo-
nent together with that of one or two lateral ventricles (so it
is different from the classical high-riding third ventricular
roof where the three ventricles remain separate) (Fig. 18).
This implies that the tela choroidea is detached from the
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Fig. 11 Hypoplastic callosum.
a Midline sagittal TIWI. The
appearance is similar to that of
Fig. 7 and could suggest that it
is a HC. b Axial FLAIR. A
septum pellucidum is present,
although hypoplastic, located
centrally in relation to the com-
missure: the commissural rudi-
ment therefore is a hypoplastic
callosum, not a HC

thalamus on one or both sides. (Given the lack of thalamic
insertion of the tela choroidea with its choroidal vessels, it
would be interesting to know where the vascularity of the
thalami and adjacent globi pallidi comes from.) The septum
pellucidum, fornices, and bundles of Probst are missing
(Fig. 18c, d). It may therefore be assumed that it is this total
lack of medial telencephalic medullary velum that allows
the diverticulation. Such cases have been previously
described as “septo-optic dysplasia with total absence of
the corpus callosum” [78] or ‘“agenesis of the corpus
callosum with dehiscent fornices” [79]. When the divertic-
ulation is bilateral, the appearance is close to that of a
holoprosencephaly, except of course that the hemispheres
are fully separated. The falx is commonly hypoplastic or
absent. These cases may be considered as pure white matter
disorders that associate the features of a complete commis-
sural agenesis with both septal and fornical ageneses
(complete lack of the ipsilateral limbic connections of the
septal nuclei).

In commissural agenesis with multilocular cysts, the
cysts themselves result from a meningeal dysplasia and not
from a lack of physical containment. The CT density and
the MR signals of some of these cysts commonly are
different from those of the CSF, but to the best of our
knowledge there is no data in the literature regarding any
histological peculiarity to explain a protein content different
from that of the CSF, except in the perinatal period when
intracystic bleed may occur (Fig. 19a—c). The clinical
situation may be relatively simple when the brain paren-
chyma presents without dysplasia other than the commis-
sural defect. Children usually are born with hydrocephalus
and the size of the cysts usually increased during gestation
(Fig. 19d, e); the multiplicity of the cysts makes the surgical
treatment difficult, as a communication should be estab-
lished to achieve a complete drainage. Most of the cases of
multilocular cysts are more complex as the cysts are
commonly associated with significant cerebral dysplasia.
Cases with large sub-cortical heterotopias seem not to have

Fig. 12 Agenesis of the hippocampal commissure. a The anterior CC
is mildly hypoplastic but present; together with the fornix it circum-
scribes the septum pellucidum; however, the fornix does not join the
callosal undersurface and there is no well-defined splenium. b

Intermediate coronal T2WI. Normal appearance of the callosum,
septum pellucidum, and fornix but abnormal appearance of the
parahippocampal gyrus (defect of the temporal portion of the cingular
bundle). ¢ Posterior T2WI. No splenium, no HC, no bundle of Probst
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Fig. 13 Segmental agenesis of
the corpus callosum, with asso-
ciated hypoplasia. a Midline
sagittal TIWIL. The CC is glob-
ally hypoplastic; with a tiny
rostrum, genu, and anterior
body, very thin posterior body
and small splenium; the septum
pellucidum is not apparent on
this cut. b Anterior coronal
T2WI. The septum pellucidum
forms a cavum, with its leaves
on either side of the midline
(therefore missed in a). ¢ Inter-
mediate coronal T2WI. The in-
termediate segment of the
commissural plate is made of a
HC, and the posterior callosal
body is missing. d Posterior
coronal T2WI. The splenium is
present with the HC

Fig. 14 Segmental agenesis of the corpus callosum. Frontonasal
dysplasia. Midline sagittal T2WI. The anterior callosum is fairly well
developed, with a well-defined septum pellucidum, but it does not join
the splenium posteriorly. The continuity of the splenium and HC with

the fornix is well demonstrated
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Fig. 15 Posterior tapering of the corpus callosum. Midline sagittal
TIWIL The CC, septum pellucidum, AC, fornix, and HC are well
defined but the splenium failed to develop in proportion, suggesting a
defect in the neocortical commissuration of the posterior part of the
hemispheres
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Fig. 16 Diffusely hypoplastic
commissural plate. a Midline
sagittal T2WI. The commissural
plate is complete but small and
poorly shaped. b Axial FLAIR.
The brain appears otherwise
essentially normal, without ven-
triculomegaly. This is in keeping
with a defect of the commissu-
ration processes

a bundle of Probst on the affected side or an incomplete one
(Fig. 20). This is not different from what can be observed in
instances of unilateral dysplasia without interhemispheric
cysts as well. This suggests that the hemispheric dysplasia
by itself may be a causing factor, independently from the
meningeal dysplasia.

The most consistent example of X-linked callosal
agenesis with multiple dysplastic meningeal cysts is the
Aicardi syndrome [80]. It is observed in girls only, or at
least in patients with double X chromosome (i.e., boys with
Klinefelter syndrome). The clinical features include infan-
tile (or even neonatal) spasms usually without typical
hypsarrhythmia and severe neurological and mental impair-
ment. The morphological features (Fig. 21) include a partial
or total callosal agenesis (with the bundles of Probst usually
present), a marked asymmetry between the hemispheres
(the larger hemisphere commonly corresponds to the
neurological deficits and the spasms), an interhemispheric

cystic meningeal dysplasia, an unlayered polymicrogyria,
periventricular or subcortical nodular heterotopias, and
choroid plexus cysts or papillomas. Choroidal ocular
lacunae are characteristic, and ocular colobomata are
common [80]. Although the syndrome may be incomplete,
some features are particularly relevant to the diagnosis,
such as the commissural defects, the irregular ventricular
contours, the polymicrogyria, the asymmetry between the
hemispheres, and the choroidal lacunae [80].

Interhemispheric meningeal lipomas

The second meningeal dysplasia commonly associated with
a malformation of the commissures is the interhemispheric
meningeal lipoma. Intracranial meningeal lipoma is be-
lieved to result from an abnormal differentiation of the
meninx primitiva and as such is located in the leptome-
ninges [81]. It is often associated with vessels (typically

Fig. 17 Diffusely hypoplastic commissural plate with ventriculome-
galy. a Midline sagittal TIWI. The commissural plate is complete but
thin with a tiny splenium. b Axial FLAIR. Diffuse ventriculomegaly

without real evidence of leukomalacia: this points to a global white
matter disorder that may be developmental or acquired, not a
commissural disorder
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Fig. 18 Complete commissural agenesis with septal agenesis and
single communicating interhemispheric cyst (neonate). a Midline
sagittal TIWI. Huge interhemispheric expansion of the roof of the
third ventricle with posterior blood layering; no AC, CC, or HC. b
Axial TIWL Appearances confirm the interhemispheric cyst with
blood layering, the commissural agenesis with symmetrical hemi-
spheres, and the absence of cortical dysgenesis or heterotopia. ¢
Anterior coronal T2WI. Complete commissural agenesis without the
bundles of Probst: the cyst is a bilateral diverticulation of the tela
choroidea of the third and both lateral ventricles; the falx is

dysplastic as well) and it may calcify. It is found at different
specific sites (tectal/culminal cistern, tuber cinereum,
cerebello-pontine angle cistern, and sylvian fissure) [81],
the most common location being the depth of the
interhemispheric fissure where the lipoma often extends
through the choroid fissures into the choroid plexuses [81].
In this interhemispheric location, a lipoma is commonly
associated with an abnormal corpus callosum. The mech-
anism of the malformative association is not really known.
The time when the abnormal fatty differentiation of the
meninges occurs in relation to the commissural agenda is
not documented. It is known from previous studies on the
development of the meninges [82, 83] that the subarachnoid
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hypoplastic. d Posterior coronal T2WI. Similar appearance. Even
though the hemispheres are well separated, the sac is an evagination of
the complete prosencephalic tela choroidea. There is no medial
telencephalic medullary velum (no septum, no fornix, no Probst’s
bundles) and it may be speculated that the choroidal evagination
results from this defect. Note that, since the tela choroidea is detached
from its normal insertion, the thalami, basal ganglia, and adjacent deep
white matter cannot be supplied or drained by the usual choroidal
arteries and veins

spaces form during the embryonic period (up to stage 23,
8 weeks) [82], but also that the dorsal, interhemispheric
meninge is the last to complete differentiation even beyond
that time, at least until week 10 [1, 82]. As the corpus
callosum forms later during week 13, one may speculate
that the “bug” that leads to the meningeal mal-differentiation
may also prevent the normal interhemispheric commissura-
tion steps to occur, either because the dysplastic lipoma
forms an obstacle to the crossing of the fibers or because the
meningeal cells do not provide the appropriate signals to
allow for the development of the midline glial sling and
anterior callosum. This implies that neither the anterior nor
the hippocampal commissure should be affected by the
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Fig. 19 Complete commissural agenesis with multiple interhemi-
spheric cysts (neonate). a Midline sagittal TIWIL. A huge interhemi-
spheric cyst compresses the third ventricular roof. b, ¢ Coronal and
axial T2ZWI. Multiple interhemispheric cysts with different intensities
(blood layering) expand toward the left side mostly; the right subdural

presence of the lipoma, as they cross through the lamina
reuniens and not through the meninges.

It has been known for some time that, depending on the
appearance (tubulonodular or curvilinear) and location

Fig. 20 Commissural agenesis
with multiple interhemispheric
cysts and cerebral dysplasia. a
Coronal T2WI. The interhemi-
spheric commissures are absent.
There is a bundle of Probst on
the left, but not on the right
where a large subcortical heter-
otopia is seen instead. b Axial
FLAIR. The right hemisphere is
smaller, with diffuse cortical
dysplasia and heterotopia adja-
cent to the interhemispheric
cysts

collection is related to a difficult delivery (macrocephaly); no apparent
cortical dysplasia or heterotopia. d, e. Same child, fetal coronal and
axial HASTE about 30w GA. The interhemispheric cysts were present
already, but they have significantly expanded toward term

(ventral or dorsal) of the lipoma, the dysplasia of the
corpus callosum was different: a tubulonodular lipoma is
usually located anteriorly and associated with major
callosal dysplasia and a curvilinear lipoma sweeps around
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Fig. 21 Aicardi syndrome, newborn girl. Huge right-sided choroid
plexus cyst with adjacent parenchymal damage. Note the multiple
subcortical heterotopias ad cortical dysplasia in the adjacent right
frontal lobe and in the left parietal lobe

the posterior segment of a hardly abnormal callosal [81, 84,
85]. From what is now known of the commissural
development, the hippocampal commissure develops first
at 11 weeks in the lamina reuniens and is shifted dorsally
by the later-forming callosum [1]. So, to explain the
curvilinear lipoma, it can be assumed that the lipoma is
present before the shifting, that its location was over the
roof of the third ventricle (dorsal to the hippocampal
commissure), that its curvilinear shape reflects the dorsal
shifting of the hippocampal commissure and associated
splenium, and that the lipoma did not prevent the dorsal
shifting of the splenium mechanically. Inversely, it may be
assumed that, to prevent the development of the callosal
plate, the tubulonodular lipomas must be located more
ventrally in the meninge at the level of the corticoseptal
boundary, so that the development of the sling and the
callosal commissuration are prevented; assumedly also, the
hippocampal commissure would remain in its anterior
location at the lamina reuniens. The facts correlate fairly
well with the model. In the last 10 years, 33 cases of lipoma
of the corpus callosum were examined with MR at our
institution (Fig. 22). (The cases of cephalocele-related
commissural agenesis, whose pathogenesis could be more
complex, are not included.) It appears that the commissural
defect does not correlate with the size or shape of the
lipoma (dorsal tubulonodular lipoma can be observed with
normal callosal morphology) (Fig. 22d), but it does with its
location. This appears clearly if the lipoma is classified into
four topographic groups: anterior, transitional (or global:
covering the callosum from the front to the back), posterior,
and inferior (below the hippocampal commissure)
(Fig. 22a—e). The anterior lipoma (5/33, 15%) is associated
with major commissural hypogenesis (Fig. 22a), the more
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posterior transitional lipoma (8/33, 24%) with a complete
but hypoplastic commissural plate (Fig. 22b), the posterior
ones (16/33, 48%) with minor shortening or tapering of the
splenium (Fig. 22c, d), and the inferior ones (4/33, 12%),
with minor commissural abnormalities only, if any
(Fig. 22e). As a consequence, it appears that the timing of
the dysplasia (likely to occur before week 13 in any case)
does not matter as much as its caudo-ventral location in
relation to the corticoseptal boundary and lamina reuniens.

In the first group (anterior lipoma), it would be useful to
confirm with DTI that the commissural rudiment is
hippocampal rather than callosal.

Malformations of the septum pellucidum

I the assessment of the midline forebrain structures, the
septum pellucidum should be approached from two points
of view. The first one is its relationship with the corpus
callosum: the anterior callosal segment develops along the
glial sling which itself forms along the corticoseptal
boundary, therefore, the septum pellucidum develops
together with the anterior callosum, and its appearance
usually reflects the appearance of the anterior callosum. So,
in cases where what seems to be a corpus callosum presents
without an subjacent septum pellucidum, it is more likely to
be hippocampal than callosal (Figs. 7 and 9). (On the
midline sagittal cut, the pellucidum may not be apparent if
the fornices are not joined on the midline, but axial and
coronal cuts then would show the separated pellucidal
leaves) (Fig. 11b). If the corpus callosum appears short
but comprising normal segments, the hypoplastic pelluci-
dum would point to the hypoplastic anterior callosum,
while the posterior fusion of the fornices and hippocam-
pal commissure would define the splenium (Fig. 6). The
second point of view is that the septum pellucidum is made
of the limbic fibers of the septocingulate perforant tract and
of the longitudinal septo-hippocampal and mammillo-
hippocampal fornical tracts in its lower edge; an agenesis
or dysplasia therefore means an agenesis or dysplasia of
these specific bundles.

The septo-optic dysplasia is not well understood.
Described as such by De Morsier in 1959, it was defined
by the association of dysplasia of the septum pellucidum
with a hypoplasia and dysplasia of the anterior optic
pathways [86]. First of all, it is often confused with the
holoprosencephalies in the medical literature, although the
embryology would point to two different entities: HPE
corresponds to an early event affecting the development in
week 5, while the fornix and septum pellucidum would not
develop before weeks 9-13; HPE is characterized by the
interhemispheric continuity of the cortical plate, while the
fornical “fusion” in SOD concerns later-developing fibers;
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Fig. 22 Subgroups of interhemispheric lipoma with variable com-
missural dysgenesis. Midline sagittal TIWI. a Huge anterior lipoma
with a commissural rudiment only; the leptomeningeal lipoma would
not compromise the development of the AC and HC (imbedded into
the LR), but it may prevent the development of the sling and/or
callosum if located at the level of the corticoseptal boundary: the
commissural rudiment therefore is likely to be a hippocampal
commissure (similar to Figs. 7 and 9). b Transitional lipoma: the AC
and anterior CC with the septum pellucidum are formed but short, the
HC and splenium are probably present (the fornices join the CC) but

the gene defects implicated in HPE are different from those
identified in SOD, although all may be expressed in the
basal forebrain [87, 88]; finally, all HPE phenotypes have
been reported in affected families, but not the septo-optic
dysplasia phenotype [89]. Second, since the description by
de Morsier, the frame of the disease was expanded to
include the commonly associated hypothalamo-pituitary
defects [90, 91] and still more to include cases of
schizencephaly with optic atrophy, absent septum pelluci-
dum, and pituitary defects [92]. This means that, like the
commissural ageneses, SOD is not a malformation by itself
but a malformative feature (i.e., associated defect of the
anterior optic and pellucidal fiber pathways) that may
belong to many different entities: the reports addressing the
clinical prognosis are confusing because they address
several entities under the same label [93, 94]. Nevertheless,

hypoplastic. ¢ Posterior lipoma: its curvinear shape reflects the dorsal
displacement of the splenium and HC, which it did not prevent (the
commissural plate is mildly short, however, but proportionate). d
Posterior lipoma, nodular: the shape of the commissural plate is
similar to that in ¢; the fact that the lipoma is nodular matters less than
its location; in this case, it may have been more posteriorly and
therefore not have been shaped by the dorsal splenial and HC shift. e
Inferior lipoma: the commissural plate is essentially unaffected by the
meningeal lipoma

developmental delay and hormonal deficiencies appear to
be common [88]. Absence of the septum pellucidum may
also be associated with bilateral polymicrogyria without
clefting, or even observed without any other defect [95]. In
the common septo-optic dysplasia, the anterior and hippo-
campal commissures, as well as the midline glia and
callosal commissuration in the corticoseptal region, develop
normally (weeks 9-13). The process is apparently not
altered by the failure of the bilateral septum pellucidum to
form, but the fornices seem to fasciculate together possibly
because they are not maintained within two separate
pellucidal leaves (Fig. 23). As mentioned earlier, a partial
or a complete commissural agenesis rarely can be associ-
ated with an absence of the septum pellucidum and fornix,
which results in a uni- or bilateral expansion of the tela
choroidea (Fig. 18).
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Fig. 23 Septo-optic dysplasia. a Midline sagittal TIWI. The
commissural plate is thin but essentially complete (AC not well seen);
because the septum pellucidum is dehiscent, the fornix is located low
toward the third ventricular roof; the optic chiasm is tiny. b Anterior

In schizencephaly, an absent septum pellucidum is fairly
common and appears to be related to the topography of the
cleft(s): septal defects are observed when the clefts are
fronto-parietal, but not when they are temporo-occipital
[96]. These pellucidal defects are independent from the
clefts being uni- or bilateral, or closed versus open-lipped
[96]. As the septum pellucidum is said in the literature to
contain septo-limbic fibers only, it is not easy to figure out
why it would be deficient in cases of developmental clefts in
the lateral aspect of the cerebral mantle and why this defect
would correlate with the lobar distribution of the clefts.

The most common abnormality affecting the septum
pellucidum is the persistent cavum septi pellucidi. This is a
normal transient feature of the late-fetal and neonatal brain,
and for that reason it is often considered as a normal variant
when observed later in children or adults. Yet, many reports
have linked the anomaly to various disorders including
developmental delays, psychiatric disorders such as schizo-
phrenia, and even cognitive changes in boxers. In some
reports, the incidence in healthy individuals was found to be
2.4% against 15.3% in cases of mental retardation and/or
developmental delay [97, 98], and it may well be a non-
specific marker of abnormal brain development. Rarely, the
cavum (usually a common cavum septi pellucidi and Vergae,
sometimes only the former and rarely only the latter) may
become encysted and cause headaches and/or hydrocephalus.

The septum pellucidum may also be too small (surface
area disproportionately small in relation to the anterior
corpus callosum) with apparently normal fornices. It is
often dysgenetic and too thick in hemimegalencephaly (see
below). Such an excessive thickness may be observed also
as an isolated abnormality (Fig. 24). This abnormality has
no explanation given: it may be due to the presence of too
many fibers, to an aberrant fascicle, or to the persistence of
residual cellular material, possibly glial or neuronal, in the
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coronal T2WI. Single ventricular lumen without a septum pellucidum;
bulky single fornix. ¢ Posterior coronal T2WI. Transverse HC separate
from the CC

lumen of the cavum; it has not been correlated with any
clinical condition [97].

Brain malformations with associated commissural
disorders

Myelomeningocele—Chiari Il malformations In addition to
being a disorder of the closure of the neural tube, the
MMC—Chiari II malformation is a diffuse dysplasia of the
neural tube and, besides the characteristic abnormalities of
the posterior fossa, the abnormalities of the hemispheric
white matter, especially of the commissural structures, are
prominent [99]. The anterior commissure is dislocated in
more than a third of the cases (38%), low on the lamina
terminalis, halfway between the foramen of Monro and the
optic chiasm; in an additional 7%, the upper lamina
terminalis is diffusely thick, suggesting an abnormal
commissuration there (an artifact related to ventricular
drainage and a dysplasia of the anterior neuropore are other
possibilities). The corpus callosum is grossly abnormal in
57% of the cases: hypoplasia, either posterior or diffuse,
and partial agenesis, either posterior, anterior, or diffuse
[99]. In 60% of the cases, a callosal ridge runs over the
upper aspect of the corpus callosum, similar to what was
identified as an aberrant cingular bundle in another report
[100]. The corpus callosum is never completely agenetic,
and the bundles of Probst are never identified. In half the
cases, the septum pellucidum is hypoplastic.

Holoprosencephaly Classically, the posterior corpus cal-
losum noted in classic semilobar or lobar holoprosence-
phalies is considered as an oddity: in a model in which the
callosal development would proceed from the front to the
back, it is not expected to develop as the holoprosence-
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Fig. 24 Thick septum pelluci-
dum. a, b Dysplastic appearance
of the CC and septum pelluci-
dum. The pellucidal thickness
may be related to residual tissue
in the cavum or to an aberrant
fascicle (suggested by the
oblique course)

phalic brain is not divided anteriorly. This peculiarity is,
however, casier to understand if one considers that the
posterior callosum forms by fasciculation along the hippo-
campal commissure. In partial lobar holoprosencephalies,
the temporal lobes are well differentiated with well defined
(if i1l formed) hippocampi. These have fimbriae which
follow the margin of the single ventricular opening between
the cortex and the single ventricular tela choroidea
(forming a pattern of single, and posterior, telencephalic
medullary velum). Doing so, they travel toward the
midline, cross it, and therefore connect both sides [48].
These fibers cannot proceed anteriorly toward the septal
nuclei and form the fornix, but by crossing the midline in
front of the tela choroidea (as they would have done in the
lamina reuniens) they form a true hippocampal commissure.
This allows the neocortical fibers of the divided posterior
portions of the holoprosencephalic brain to cross as well and
to form a true callosal splenium (Fig. 25). Because the frontal
part of the brain typically remains undivided in lobar
holoprosencephalies, there is no septal area, no lamina
reuniens, no sulcus medianus telencephali medii, no cortico-
septal boundary, and as a consequence no glial sling to form
an anterior corpus callosum, even dysplastic.

In the middle interhemispheric variant of holoprosence-
phaly (syntelencephaly), the presence of the posterior
corpus callosum/hippocampal commissure can be explained
in the same manner. However, in addition, an anterior
corpus callosum may be present also because the third
ventricle and lamina terminalis become differentiated with a
normal lamina reuniens, anterior interhemispheric fissure,
and sulcus medianus telencephali medii. A glial sling may
form and the anterior callosum may develop normally
(Fig. 26). Only the intermediate callosal portion lacks
because the transverse interhemispheric cortical continuity
prevents the completion and eventual junction of the
anterior and posterior callosal segments.

Craniocerebral midline defects Along the neural tube,
commissuration is primarily a basal process, and in cases
of commissural agenesis other commissuration defects may
be observed anywhere along the ventral cord and brain-
stem. In the basal forebrain, other commonly associated
defects involve the anterior optic pathway [49] and the
hypothalamo-pituitary axis [49]. Because the development
of the corpus callosum itself is associated with the
dorsalization of the hemispheres, other disorders of the
dorsalization may be observed, primarily at the level of
the cerebellum: a Dandy—Walker malformation (or related
defect) is commonly associated with an agenesis of the
corpus callosum [48, 101]. The rare rhombencephalosy-
napsis is often found in association with septal defects/
septo-optic dysplasia [102, 103], and obviously the midline
skull defects commonly include commissural agenesis or

Fig. 25 Lobar holoprosencephaly. Midline sagittal FLAIR. The
heavily myelinated posterior callosum (splenium and HC) is well
demonstrated (ventral splenial bright signal of unknown cause); the
anterior callosum is absent as the frontal lobes and anterior
diencephalon are undivided
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Fig. 26 Syntelencephaly (middle interhemispheric variant of holo-
prosencephaly). In this unusual case, the interhemispheric continuity
extended posteriorly to the medial parieto-temporal cortex, preventing
the formation of a HC and splenium. On the contrary, the anterior
frontal lobes were well divided so that an anterior callosum could
develop. In this instance, the commissure cannot be a HC as there is
no septum pellucidum to carry the fornices

dysgenesis, especially the frontonasal dysplasia [104, 105]
and the basal, notably sphenoidal cephaloceles [106].

Malformations of cortical development All malformations
of cortical development may be associated with malforma-
tions of the commissures. Migration disorders are probably
the most typical. Periventricular nodular heterotopias are
commonly found, sometimes extensively. Major hemispher-
ic dysplasia with large subcortical heterotopia and cortical
dysplasia are characteristic as well, associated or not with
multiple interhemispheric cysts; the dysplasia often is such
that one may wonder whether the failure of the commis-
sures to cross could be due to a mechanical obstacle (the
heterotopia) more than to a migrational abnormality of the
cortex; quite characteristically, the Probst’s bundle typically
is missing or incomplete on the dysplastic side.

Callosal agenesis is significantly associated with some
subtypes of microcephaly [107]. DCX (doublecortin)
related lissencephaly (X-linked on Xq22.3-q23, classic
lissencephaly with predominantly anterior abnormalities)
may be associated with callosal agenesis in humans and in
mice [108]. Of course the agenesis is a defining feature of
the ARX (Xp22.13) related lissencephaly with callosal
agenesis and ambiguous genitalia, a disorder that affects the
males but in which the female heterozygous relatives may
present with callosal agenesis as well [109]. Other cases of
lissencephaly with cerebellar hypoplasia also present with
callosal agenesis [110]. In all these examples, the cortex is
extensively abnormal and this may account for the failure
of the commissural neurons to develop normally.
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Focal cortical dysplasia is usually not associated with
appreciable or specific commissural abnormality, but hemi-
megalencephalies may occasionally present with abnormal
corpus callosum and especially with a septum pellucidum
that is too thick and seems to be pulled anteriorly toward
the abnormal frontal lobe [111] (Fig. 27). Again, the nature
of this pellucidal hypertrophy is uncertain: embryonal
residues within the cavum, aberrant fascicle related to the
abnormal cellularity of the hemimegalencephaly, or lack of
pruning.

Occasionally, polymicrogyria may be associated with a
callosal agenesis [112]. In the usual presentation of
schizencephaly with lateral clefts, an abnormal thinning of
the corpus callosum is often seen that correlates with the
location of the clefts but without a true partial or segmental
agenesis. On the contrary, in the rare cases when the clefts
affect the medial aspect of the hemisphere, it appears that
the corpus callosum presents with corresponding well-
defined defects. It would be interesting to investigate
whether this is related to the fact that the pioneer callosal
fibers originate from the cingulate cortex; this would tell
that segmental commissural fasciculation is not possible if
the pioneer fibers did not develop along the glial sling or
that the defect extended to the corticoseptal boundary and
prevented the sling itself to develop there. It would also tell
that a schizencephalic cleft, classified with the cortical
organization disorders together with the polymicrogyria
[113] and thus assumed to “occur” (be expressed) toward
the end of the migration period, could be present much
earlier instead, before the development of the midline glial
sling and the crossing of the early pioneer cingulate fibers
(weeks 11-12).

Hypertrophy of the corpus callosum is a classical marker
of neurofibromatosis type 1. It has also been recently
identified as a characteristic of a macrocephaly syndrome
with polymicrogyria and developmental delay [114]. It has
no obvious explanation in either case.

Syndromes that include commissural dysgenesis
as a defining feature

When interrogated with “agenesis of the corpus callosum”,
OMIM (Online Mendelian Inheritance in Man, Johns
Hopkins University, March 16, 2010) lists 189 specific
syndromes in which a commissural agenesis is or may be
present [115]. It is beyond the scope of this review to
approach this as a whole. However, in a few syndromes,
brain imaging is essential in diagnosing the disorder and
assessing the brain.

The CRASH syndrome (for callosal agenesis, retardation,
adducted thumbs, shuffling gait, Aydrocephalus) is related
to a LICAM gene defect on Xq28. LICAM encodes for a
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Fig. 27 Right anterior hemimegalencephaly. a Midline sagittal TIWIL.
Dysplastic commissural plate with thick septum pellucidum. b
Coronal T2WI. Hypertrophic septum pellucidum and fornix; the
appearence is heterogeneous, mostly of white matter intensity

cell adhesion molecule that is involved in the fasciculation
of the axons, as well as synaptic targeting and cellular
migration [116]. Multiple mutations may occur, with
slightly different phenotypes all characterized by a white
matter defect: callosal agenesis obviously is common, as
well as impairment of the pyramidal tract (shuffling gait,
spastic paraplegia), aphasia, mental retardation, ventriculo-
megaly (hence the term of X-linked hydrocephalus), etc.
[117-119]. On imaging, the brain is characterized by a huge
ventriculomegaly, a poorly developed white matter, and
absent corpus callosum.

The appearance is not very different in the Walker—
Warburg syndrome. This is the most severe phenotype of
the group of the “cobblestone brains” that also includes the
Fukuyama and the muscle-eye-brain (MEB) syndromes. All
are characterized by a congenital muscular dystrophy and a
neuronal migration disorder in which there is overmigration
of the neurons beyond the pia limiting membrane. This
results from an abnormal glycosylation of «-dystroglycans
(hence the name «-dystroglycanopathies) that affects the
extracellular matrix and, as a consequence, cellular prolif-
eration, differentiation, adhesion, and migration [120].
Several gene defects have been identified: fukutin FCMD
(9931-q33), POMTI (9q34.1), POMT2 (14q24.3), fukutin-
related protein FKRP (19q13.33), and POMGNTI1
(1p34.1), each with a variable phenotypic severity. The
neurons overmigrate and form abnormal arrangements in
the cortical and meningeal layers. This disorganization of
the tissular pattern and the abnormal extracellular matrix
signals in turn lead to a failure of the white matter to form
properly. Of the three phenotypes, the Walker—Warburg
syndrome is the most severe: irregular (cobblestone)
cortical surface, disorganized cortex, thin cerebral mantle
with lack of whiter matter and ventriculomegaly, absence of

(myelinated fibers), but with islands of gray matter intensity of
uncertain nature. ¢ Axial TIWIL Markedly dysmorphic septum
pellucidum obliquely oriented toward the dysplastic right frontal
cortex

the commissures; the underdeveloped brainstem often has
a Z shape; and the cerebellum is hypoplastic with
correspondingly huge posterior fossa cisterns. The two
lesser phenotypes (Fukuyama and MEB) present with less
severe abnormalities and the corpus callosum is typically
present.

Syndromic craniosynostoses (Apert, Crouzon, Pfeiffer
mostly) present with striking cranial deformities which
result in similarly striking brain deformities. Most of the
brain abnormalities can be explained mechanically: for
example, in Crouzon disease, the early closure on the
lambdoid suture results in a small posterior fossa and in a
Chiari 1 “malformation” and hydrocephalus (for review, see
[121]). However, not everything can be explained mechan-
ically and specifically; the typical occurrence of corpus
callosal dysgenesis and/or septum pellucidum defects may
well be intrinsically part of the syndromes (Fig. 28). Also,
the patients present with abnormal, overconvoluted mesial
temporal lobes with a relatively deficient white matter
[121]. All syndromic craniosynostoses result from a
defect of one of the FGFR genes (FGFR2 on 10qg25-
q26 for Apert, Crouzon and Pfeiffer; FGFR1 on 8q11.22-
pl2 for Pfeiffer also). It has been demonstrated that
LICAM cannot be active without a closely synergistic
action of these FGFR genes [122, 123]—meaning that, in
syndromic craniostenosis, the white matter disorders may
well result from the same genetic abnormalities as the
cranial malformations.

Conclusion

The telencephalic commissures form one single continuous
structure made of different components. Classical anatomy
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Fig. 28 Apert syndrome. a
Midline sagittal TI1WI. Marked-
ly dysplastic anterior callosum
with septum pellucidum. The
HC and splenium are absent,
and the fornix and AC are small.
b Coronal TIWI. The absent
HC may be related to the mark-
edly abnormal, overconvoluted
mesial temporal lobes: the para-
hippocampal gyri are not recog-
nized, and the white matter is
scarce in these regions

identifies an anterior commissure, a large corpus callosum
subdivided in a rostrum, a genu, a body, an isthmus and a
splenium, and a hippocampal commissure that is connected
to the anterior commissure via the fornix. However, the
development does not match this classical pattern. In
the primitive brain, the anterior commissure connects the
olfactory cortex and the hippocampal commissure connects
the hippocampal cortex, both through the lamina reuniens
which forms the continuity between the hemispheres. The
addition of the neocortex in mammals creates a new
situation. In monotremes and marsupial mammals, the
neocortical fibers use the pre-existent pathways to cross:
mostly the anterior commissure, possibly the hippocampal
commissure as well. In placental mammals, however, in
addition to the two pre-existent ones, a new path was
created which is the anterior corpus callosum. This new
path involves new processes of interhemispheric fusion and
interhemispheric glial migration, and the bulk of the new
neocortical commissure develops separately in space and
time from the older ones. Not all neocortical fibers use the
new path however: the lateral temporo-occipital neocortical
fibers use the anterior commissure, and the neocortical
fibers from the posterior part of the hemisphere use the
hippocampal commissure to form the splenium. Therefore, in
humans, the three commissures must be regarded as forming
a developmental anatomical pattern: an anterior commissure
that carries olfactory fibers as well as neocortical ones from
the temporo-occipital region, a hippocampal commissure that
carries fibers from the hippocampal formations together with
a neocortical component (the splenium) from the postero-
medial aspect of the hemispheres, and an anterior corpus
callosum (anterior to the isthmus) that contain frontal
associative neocortical fibers. This is clearly different from
the descriptive anatomical pattern, but the malformations
reflect this developmental anatomy.
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The commissures form a single structure, but the
processes involved in their development are many:
migration of specific neurons in specific cortical layer,
axons targeting specific—essentially homotopic—targets
across the midline, specific cellular structures and cellular
guidance factors guiding the fibers across the lamina
reuniens, phylogenetically new processes of cellular
migration of the midline glial sling into the primitive
meninx outside of the neural tube to form a bridge to
allow neocortical fibers to cross, contribution of the
“channeling” glia (glial wedge, indusium griseum glia),
and fasciculation factors. In such complex processes, the
chances of “bugging” to occur are high and, accordingly,
commissural agenesis is a common brain disorder. These
commissuration factors are diverse: the variants of
commissural agenesis are multiple. While the association
of the commissuration factors is specific, individually
each of them is not and each may participate in the
formation of other structures: pure, isolated commissural
agenesis is uncommon, and the abnormality is usually
one feature in a constellation of cerebral or craniocerebral
or syndromic defects.

Given this complexity, imaging must aim at getting as
close as possible to the specific disorder, or combination of
disorders in a specific patient, so that a better developmen-
tal, hopefully genetic individual understanding can be
reached. This implies a careful, attentive-to-details ap-
proach to the diagnosis, with a full knowledge and a full
understanding of the embryogenetic steps. The Rakic and
Yakovlev 1968 paper [1] is still basic to this understanding.
One must be aware that it has too often been misquoted in
the subsequent literature but, more importantly, it has been
largely confirmed and amazingly expanded by the modern
molecular and genetic approaches in mouse and human
embryos.
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