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ABSTRACT

BACKGROUND AND PURPOSE: Segmental callosal agenesis is characterized by the absence of the intermediate callosal portion. We
aimed to evaluate the structural connectivity of segmental callosal agenesis by using constrained spherical deconvolution tractography
and connectome analysis.

MATERIALS AND METHODS: We reviewed the clinical-radiologic features of 8 patients (5 males; mean age, 3.9 years). Spherical decon-
volution and probabilistic tractography were performed on diffusion data. Structural connectivity analysis, including summary network
metrics, modularity analysis, and network consistency measures, was applied in 5 patients and 10 age-/sex-matched controls.

RESULTS: We identified 3 subtypes based on the position of the hippocampal commissure: beneath the anterior callosal remnant in 3
patients (type I), beneath the posterior callosal remnant in 3 patients (type Il), and between the anterior and posterior callosal remnants in
2 patients (type lll). In all patients, the agenetic segment corresponded to fibers projecting to the parietal lobe, and segmental Probst
bundles were found at that level. Ectopic callosal bundles were identified in 3 patients. Topology analysis revealed reduced global
connectivity in patients compared with controls. The network topology of segmental callosal agenesis was more variable across
patients than that of the control connectomes. Modularity analysis revealed disruption of the structural core organization in the
patients.

CONCLUSIONS: Three malformative subtypes of segmental callosal agenesis were identified. Even the absence of a small callosal
segment may impact global brain connectivity and modularity organization. The presence of ectopic callosal bundles may explain the
greater interindividual variation in the connectomes of patients with segmental callosal agenesis.

ABBREVIATIONS: ACC = agenesis of the corpus callosum; HC = hippocampal commissure; PVC = partial virtual callosotomy; segACC = segmental agenesis of the

corpus callosum

egmental agenesis of the corpus callosum (segACC) is a pecu-

liar form of partial callosal agenesis (ACC) characterized by
the absence of the central portion of the corpus callosum with
disconnection between the anterior corpus callosum and the sp-
lenium."? On conventional imaging, the anterior and posterior
segments appear, respectively, as genual and splenial remnants,
while the intermediate segment is a thin lamina, usually corre-
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sponding to the hippocampal commissure.” These features were
traditionally considered the result of an early destructive insult
during central nervous system development. Indeed, for many
years, the prevailing theory held that the corpus callosum devel-
oped in an anterior-to-posterior direction, starting with the genu,
followed by the body, splenium, and finally the rostrum.” Accord-
ing to this model, segACC can only be explained by an acquired
disruptive event occurring after corpus callosum development
has been completed. On the other hand, segACC has been de-
scribed in siblings and in patients with no evidence of cerebral
lesions, suggesting a malformative rather than acquired origin.'
Moreover, new theories on the bicentric origin of the corpus cal-
losum have further supported the malformative hypothesis.”
Nevertheless, little is still known about the structural connectivity
pattern and clinical-genetic phenotypes associated with this rare
callosal malformation.

In past years, there has been increasing interest in the applica-
tion of advanced diffusion MR imaging techniques for in vivo
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investigation of callosal malformations. In particular, diffusion
tensor imaging has offered the first clues about structural white
matter organization in patients with ACC, showing the connec-
tivity pattern of Probst bundles and revealing the presence of
aberrant heterotopic callosal tracts in partial ACC.*” High-
angular-resolution DWI and probabilistic tractography, tak-
ing into account multiple fiber orientations in the same voxel,
have then improved the reconstruction of WM bundles, dem-
onstrating the wide variability of callosal connections in partial
ACC.° More recently, a further step in DWI postprocessing
associated with the application of graph analysis techniques,
the so-called “structural connectome,” has enabled exploring
the connectivity of WM networks of the human brain.”®* This
approach models the brain as a graph represented by a collec-
tion of nodes, corresponding to cortical and subcortical re-
gions and their WM connections (edges). Several topologic
metrics and properties may be defined to characterize the
global and regional organization of brain networks.””® The
structural connectivity framework has greatly improved
the characterization of WM abnormalities in patients with
ACC, revealing different patterns of global and local connec-
tivity and greater interindividual variation of brain network
organization compared with healthy subjects.” "

In this study, we aimed to characterize the structural features
of segACC by using constrained spherical deconvolution and
probabilistic tractography and to describe the associated clinical
and genetic phenotypes in 8 children with this rare malformation.
Moreover, to determine the impact of segACC on large-scale
brain networks, we compared network topologic properties re-
lated to integration and segregation among children with this
malformation relative to healthy controls, and we applied net-
work-based statistics to quantify connectivity differences. In par-
ticular, we hypothesized that the absence of the central callosal
portion reduces the long-range global connectivity and increases
the short-range local connectivity in patients with segACC. Sec-
ond, we expected to find increased variability of node degree spa-
tial distribution and correlation strengths in patients with
segACC compared with controls. Finally, we postulated that the
modular organization of the segACC brain is different compared
with healthy controls.

MATERIALS AND METHODS

Subjects

This was a single-center retrospective case-control study, per-
formed with Gaslini Institute review board approval and parental
written informed consent. We reviewed the MR imaging studies,
clinical information, and genetic data of 8 children consecutively
diagnosed with segACC between 2010 and 2015 (5 males; mean
age at MR imaging, 3.9 years; range, 22 days to 5.11 years). Con-
nectome analysis was performed in the 5 patients with segACC
older than 2 years of age, because no major reorganization of
structural modules is usually observed after this age.'”> We se-
lected 10 age-/sex-matched controls who underwent brain MR
imaging with DTI for transient febrile convulsion, minor trauma,
or headaches; all had normal brain anatomy, psychomotor devel-
opment, and neurologic examination.

640 Severino Mar 2017  www.ajnr.org

Imaging Acquisition

MR imaging was performed on a 1.5T scanner with an 8-channel
head coil and included 3-mm-thick axial T2WI, FLAIR, and DWI;
3-mm-thick coronal T2WI; sagittal 0.6-mm-thick 3D driven
equilibrium; and 3D turbo field echo TIWI. DWI data were col-
lected along 34 noncollinear directions by using an axial single-
shot spin-echo echo-planar sequence, with b-values of 0 and
1000s/mm?, TR = 9203 ms, TE = 71 ms, section thickness = 2
mm, FOV = 240 X 240 mm, matrix size = 128 X 128. Uncoop-
erative patients were sedated during the examinations.

Data Preprocessing

The FMRIB Diffusion Toolbox 3.0 (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FDT) was used to correct DWI raw data for motion arti-
facts and eddy current distortion and to calculate the tensor and
DTI metrics maps. Subsequently, we used the FMRIB Linear Im-
age Registration Tool (FLIRT; http://www.fmrib.ox.ac.uk/) to
perform linear registration between the reference B0 images and
3D-T1WI. Nonbrain tissue was removed by using the MRtrix3
package (https://github.com/MRtrix3/mrtrix3).

Probabilistic Tractography

Constrained spherical deconvolution and probabilistic tractogra-
phy were performed on the preprocessed diffusion-weighted im-
ages by using the MRtrix3 package.'” For each subject, a whole-
brain tractography consisting of 3 million streamlines was
generated, by using the anatomically constrained tractography
framework.'* The seeds used for generating streamlines were dis-
tributed uniformly in the gray/white matter interface. The tracto-
grams were filtered by using the spherical deconvolution—in-
formed filtering of tractograms, and the final result consisted of
1.5 million streamlines for each subject.'?

Fiber segmentation was performed by using TrackVis 0.5.1
(www.trackvis.org) with a manually drawn multi-ROI approach,
following the callosal fiber segmentation method described by
Wahl et al® (On-line Fig 1). Qualitative analysis was performed by
2 pediatric neuroradiologists with 20 and 8 years of experience,
respectively, who evaluated the anatomic course of reconstructed
tracts on superimposed 3D-T1WTI and the presence of other brain
anomalies.

Cortical Parcellation and Connectivity Matrix
Construction

The 3D-T1WI was automatically segmented by using FreeSurfer
5.1.0 (http://surfer.nmr.mgh.harvard.edu/) in 84 regions (68 cor-
tical and 16 subcortical), representing the network nodes used as
seeds for connectome construction.'® To compare the structural
connectivity studies of patients and controls, we modified the
virtual callosotomy approach used by Owen et al,” simulating the
segACC in each matched control (partial virtual callosotomy
[PVC]). In particular, in MRtrix3, we placed a manually drawn
exclusion mask on the midsagittal plane over the exact callosal
segment corresponding to the patient’s agenetic callosum por-
tion. The size and shape of the mask varied for each pair of
matched controls on the basis of the specific type of segACC,
effectively removing only the streamlines passing through the cor-
responding agenetic callosal segment.


http://www.trackvis.org

The connectome edges were calculated by using probabilistic
tractography performed with MRtrix3. The tracking results of
each of the seeds were masked by each of the other 83 regions,
referred to as targets, to obtain a connection strength between
each seed and target pair, with the total number of streamlines
connecting 2 regions as the connection strength. The 84 X 84
connection matrices were symmetric about the diagonal, and the
matrix diagonal was set to zero. The connection strength was then
divided by the sum of voxels in the seed and target regions to
account for differences in volumes between various cortical and
subcortical regions.

Individual and consensus connectomes were created for the 3
groups of subjects: patients with segACC, controls with PVC, and
controls without PVC. In particular, we thresholded each individ-
ual connectome to remove the weakest connections, setting to
zero all connection strengths that were <0.5% of the maximum
strength.” The individual connectomes were then binarized set-
ting to 1 all the nonzero connections. For each group, a consensus
connectome was obtained by averaging the thresholded matrices
of all subjects in the group; subsequently, all connections that
were present in <75% of the subjects in the group were removed
from the group’s consensus matrix. The consensus matrices were
then binarized by setting to 1 all the nonzero connections.

Network Analysis

For topology analysis, we calculated measures of structural segre-
gation (clustering coefficient, transitivity, local efficiency, and
modularity) and integration (mean degree, characteristic path
length, mean normalized betweenness, global efficiency, and cost)
for the binarized individual and consensus connectomes of sub-
jects with segACC and PVC and controls, with the Brain Connec-
tivity Toolbox (https://sites.google.com/site/bctnet).

In each group, hub nodes were separately identified for indi-
vidual and consensus connectomes. A node in a single network
(individual or consensus) was marked as a hub if its degree was 1
SD higher than the mean degree of its network. To test the hy-
pothesis that the segACC brain has higher within-group variabil-
ity compared with controls, we assessed the spatial distribution of
node degree by transforming the degrees of the 84 nodes in each
connectome into a vector and by using the correlation coefficient
in a pair-wise fashion between all individuals in each group.” To
measure network similarity, we calculated the connection
strength correlation coefficient between each individual connec-
tome and its group consensus connectome, as well as between
every pair of individual connectomes in each group.’

Modularity and mean participation coefficient (quantifying the
diversity of intermodular connections) were calculated for each par-
titioning of the consensus and individual connectome.® To evaluate
the stability of modular assignment, we computed the mean Hubert-
Rand Index for each of the 3 groups: 1) between the modular assign-
ment for each of the individual connectomes and the assignment for
the consensus connectome, and 2) pair-wise between the modular
assignments for the individual connectomes (Matlab R2015b; Math-
Works, Natick, Massachusetts).” The Hubert-Rand index is an ad-
justment of the Rand index (measuring the similarity of 2 partitions
of a dataset) that takes into account the probability of both agreement
and disagreement between partitions.'”

To subdivide the networks into nonoverlapping modules, we
applied the Louvain community detection algorithm with an it-
erative fine-tuning method by using the function provided by the
Brain Connectivity Toolbox. The iterations were stopped when
the modularity value did not change between steps.

Network-based statistics was performed to evaluate the differ-
ences in subnetworks between patients and PVC controls.'® The
statistical model included a design matrix of 5 patients and 10
controls. We used a contrast vector (1, —1) to test for an increase
of subnetwork connectivity in controls compared with patients,
and a contrast vector (—1, 1) to test for the opposite hypothesis. A
t test was applied to assess the statistical significance of between-
group comparisons of the network metrics. For each metric, the
data labels were randomly reassigned between the 2 groups and ¢
values were computed for each relabeling. A total of 5000 permu-
tations were performed to estimate the null distribution, and as-
sociations with ¢ > 3 were analyzed by network-based statistics. A
family-wise error rate—corrected significance level of P = .01 was
used.

Statistics

To assess the statistical significance of between-group compari-
sons of the network metrics and the measures of connectome
variability, we used a nonparametric permutation testing proce-
dure. For each metric, the data labels were randomly reassigned
between the 2 groups and t values were computed for each rela-
beling, for a total of 5000 permutations. P values were calculated
on the basis of the distribution of ¢ values obtained from the per-
mutations and were adjusted for multiple comparisons with a
false-discovery rate correction. Statistical significance was set at
P <.05. Data were analyzed by using SPSS Statistics for Mac 21.0
(IBM, Armonk, New York).

RESULTS

Clinical, genetic, and neuroradiologic characteristics of patients
with segACC are described in On-line Table 1. On conventional
imaging, in most patients (7/8; 87.5%), the agenetic segment cor-
responded to the posterior callosal body and the splenium was
hypoplastic. In 1 patient (1/8; 12.5%), the anterior callosal body
was additionally involved. Probst bundles were noted in all pa-
tients (8/8; 100%) at the level of the agenetic callosal segment on
coronal images. The anterior commissure was hypoplastic in 4
cases (4/8; 50%). A colpocephalic appearance of the lateral ven-
tricle was evident in 3 patients (3/8, 34.5%).

On constrained spherical deconvolution tractography, no cal-
losal fiber tracts were detectable at the level of the thin lamina
corresponding to the agenetic segment. Three malformative sub-
types were identified on the basis of the relationship of the hip-
pocampal commissure (HC) with the callosal remnants (Fig 1 and
On-line Fig 2): The HC lay beneath the anterior callosal remnant
in 3 patients (segACC type I), while in 3 other patients, it was
attached to the posterior callosal remnant (segACC type II). Fi-
nally, in 2 patients, the intermediate segment of the commissural
plate was made of green-coded longitudinal bundles correspond-
ing to the fornices joined in the midline, forming the HC (segACC
type III).

According to the projection areas, the intermediate agenetic
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FIG1. The 3subtypes of segmental agenesis of the corpus callosum: SegACC type | in a 2-year-old girl (patient 3, A-D), segACC type Il in a 5.4-year-old
boy with Klippel-Feil syndrome (patient 5, E-H), and segACC type lll in a 5.7-year-old boy with septo-optic dysplasia (patient 6, /-L). Midline sagittal T2WI
driven equilibrium (A, E, and /) and corresponding fractional anisotropy color directional maps fused with 3D-TIWI (B, F, and J) reveal the focal absence
of the posterior part of the callosal body in all patients. Hypoplasia of the anterior commissure may be associated, as shown in patient 3 (A and B,
arrowhead) and patient 6 (I and J, arrowhead). Note the presence of a green-coded longitudinal bundle located in the inferior part of the anterior
callosal segment, corresponding to an ectopic callosal bundle in patient 5 (F, empty arrow). Coronal fractional anisotropy color directional maps fused
with 3D-TIWI (C, G, and K) demonstrate Probst bundles, with variable thickness, at the level of agenetic callosal segments in the 3 patients (arrows).
Tractographic reconstructions of callosal fibers overlaid on TIWI (D, H, and L) show the homotopic callosal connections in the 3 patients. D, In segACC
type |, the anterior callosal remnant contains fibers connecting the anterior frontal, posterior frontal, and parietal lobes, while the posterior callosal
segment contains fibers connecting the parieto-occipitotemporal lobes. In segACC types Il (H) and Il (L), the anterior callosal segments exclusively
contain frontal callosal fibers, while the posterior callosal remnants contain fibers connecting the parieto-occipitotemporal lobes. In segACC type Il (L),
the intermediate segment of the commissural plate is made of green-coded bundles, corresponding to the fornices joined in the midline, forming the
hippocampal commissure. The callosal fibers are colored according to their projections to specific lobar areas (ie, light blue for anterior frontal callosal
fibers, orange for posterior frontal callosal fibers, green for parietal callosal fibers, and violet for occipitotemporal callosal fibers).

Table 1: Network metrics of consensus and individual connectomes

Consensus Connectomes Individual Connectomes (Mean) (SD) P Values
SegACC SegACC
Control PVC SegACC Control PVC SegACC vs Control  vs PVC
Assortativity 0.03 -0.02 0.02 —0.02(0.03) —0.05(0.03) —0.02(0.04) 815 379
Global efficiency 0.45 042 0.38 0.54(0.02) 0.52(0.02) 0.48 (0.03) .005? .024°
Mean local efficiency 0.69 0.70 0.71 0.77 (0.02) 0.77 (0.02) 0.75(0.04) .553 597
Mean normalized betweenness 0.02 0.02 0.03 0.01(0.00) 0.02 (0.00) 0.02(0.00) .001° .031°
Characteristic path length 2.63 2.83 3.36 2.13(0.09) 2.24(0.13) 2.42(0.12) .002% 0212
Transitivity 0.38 0.40 0.40 0.45(0.02) 0.46 (0.02) 0.46 (0.04) .555 904
Mean clustering coefficient 0.49 0.51 0.53 0.56 (0.03) 0.57 (0.03) 0.57 (0.04) 905 929
Mean degree 8.64 8.17 7.31 14.71(1.27) 13.66 (1.33) 12.02(1.62) .005% .054
Cost 0.21 0.20 0.18 0.35(0.03) 0.33(0.03) 0.29(0.04) .005? .054
2 Significant.

segment corresponded to fibers projecting to the parietal lobe in
all patients with segACC and healthy controls after PVC. The
hypoplastic posterior callosal remnants consistently connected

were confirmed in all patients. These bundles merged anteriorly
with the ventral callosal remnant and extended posteriorly to the
parietal lobes. Callosal ectopic bundles were identified in 3

the occipitotemporal lobes, while the anterior remnants always  patients.
connected the frontal lobes, including the frontal associative re-
gions and, in all except 1 case, the motor areas. In the 3 patients ~ Network Analysis

with segACC-type [, the anterior callosal remnants also contained
splenial fibers connecting the occipitoparietal lobes. Segmental
Probst bundles corresponding to the agenetic callosal segment
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Table 1 reports the topology metrics of consensus and individual
connectomes. Patients with SegACC had less integrated structural
connectivity compared with those with PVC and controls. No



Table 2: Modularity metrics of individual connectomes

P Values
Control (Mean) PVC (Mean) SegACC (Mean) SegACC SegACC
(SD) (SD) (SD) vs Control vs PVC
Modularity 0.38(0.02) 0.41(0.03) 0.44 (0.03) .002° 151
Mean participation coefficient 0.39 (0.05) 0.31(0.07) 0.28 (0.04) .003* 335
Mean Hubert-Rand Index (vs consensus) 0.53(0.05) 0.54 (0.08) 0.58 (0.09) 31 394
Mean Hubert-Rand Index (vs individual) 0.63(0.03) 0.61(0.06) 0.68(0.02) .009° 0172

2 Significant.

CONTROL

Module 1
Module 2
Module 3
Module 4
Module 5

PARTIAL VIRTUAL
CALLOSOTOMY

Module 1
Module 2
Module 3
Module 4
Module 5

SEGMENTAL
CALLOSAL AGENESIS

Module 1

Module 2
Module 3
Module 4

FIG 2. Module assignments for the consensus connectomes. Topology analysis of network modules reveals 5 modules for the control and
partial virtual callosotomy groups and 4 modules for patients with segACC. Modules 3 and 4 largely consist of frontal nodes, while modules 1and
2 are more posterior. Note that module 5, corresponding to the “structural core” of the network, is not present in the segACC consensus
connectome. The 82 nodes are plotted with a circle colored according to the community to which it was assigned (see the legend). For the
complete list of the regions included in each module, refer to On-line Tables 3-5.

significant differences in the segregation metrics were found
among patients with segACC and PVC and controls.

On-line Figs 3 and 4 show the hubs found respectively for the
consensus and individual connectomes. The analysis of within-
group variability revealed that the spatial distribution of node
degrees was significantly more variable in segACC, as demon-
strated by a lower mean correlation coefficient (r = 0.634 *
0.089), compared with both controls (r = 0.735 = 0.052) and
subjects with PVC (r = 0.729 * 0.066) at P < .05.

There were no differences in the connection strength correla-
tion coefficients between the consensus network and each indi-
vidual network, indicating that the consensus connectomes rep-
resented individuals in their group to approximately the same
extent. Conversely, the interindividual variability of the segACC
connectome was greater than that of the control and PVC con-
nectomes, as shown by a significantly lower consistency between
individual networks (P < .05, On-line Table 2).

The mean and SD of modularity-related metrics are pro-
vided in Table 2. Six modules were identified in the consensus
network of controls and those with PVC, while only 5 were

found in patients with segACC, due to disruption of the mod-
ule corresponding to the structural core (Fig 2 and On-line
Tables 3-5).

Network-based statistics identified 3 subnetworks of de-
creased connectivity in patients compared with controls (Fig 3
and Table 3).

DISCUSSION

ACC is a highly heterogeneous condition that may result from
disruption of several developmental stages, from early midline
telencephalic patterning to neuronal specification and axonal
pathfinding.'? This study further supports the hypothesis that
segACC is a malformation rather than an acquired condition."”
Indeed, in the cases here described, no signs of congenital or ac-
quired conditions preventing commissuration, such as encepha-
lomalacia, interhemispheric cysts, or lipomas, were noted. More-
over, although we did not identify a specific genetic phenotype
associated with segACC, 2 patients had chromosomal aberrations
traditionally related to callosal malformations, such as 1p36 dele-
tion and 8p duplication.' In addition, clinical-radiologic features
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FIG 3. Subnetworks with decreased connectivity in patients with SegACC compared with controls with partial virtual callosotomy. Networks
1and 3 are prevalently intrahemispheric and involve the temporoinsular and nuclear regions, while network 2 is interhemispheric and connects

the frontal lobes and right cingulum.

Table 3: Subnetworks with decreased connectivity in patients with SegACC compared with

controls with partial virtual callosotomy

complete corpus callosum.”*° This

complex process is guided by 3 special-

Node1 Node 2 tTest Value PValue 04 glial structures at the corticoseptal

Network] ) ) boundary: the glial sling forming a
L inferoparietal L lingual 6.24 .001 bridee b he hemisph q
L lingual L middle temporal 5.89 r1. ge ctween .t ¢ hemispheres an
L paracentral L postcentral 589 guiding the anterior callosal fibers across
L hippocampus L middle temporal 416 the midline, associated with the indu-
LParacenttal L amygdala 3.6l sium griseum glia above and the glial
L inferoparietal L pc?stcentral 3.61 wedge below.”>> Moreover, several
L paracentral L middle temporal 3.53 d f both . d
L pallidum L medio-orbitofrontal 3.53 gul .ance actors ( _Ot attractive and re-
L paracentral R hippocampus 353 pulsive), cell adhesion molecules, growth
L hippocampus L thalamus proper 3.53 factors, intracellular signaling molecules,
L middle occipital L mec'iio—orbitofrontal 3.53 and transcription factors, are involved in
= [PUETTE L Pa“".’“m ) 318 this delicate developmental phase.** Fail-
L paracentral L medio-orbitofrontal 3.18 . .

Network 2 ure in any one of these steps might ex-
L superior frontal R rostral middle frontal 3.53 .009 plain complete agenesis or incomplete
R posterior cingulate R rostral anterior cingulate 3.53 formation of the corpus callosum.
R isthmus c.ingulate R rostral aqterior cingulate 3.53 Hence, at least hypotheses may be for-
L rostral mlddlg frgntal R rostral m!ddle frontal 318 mulated regarding the origin of segACC:
R rostral anterior cingulate R rostral middle frontal 3.18 .

Network 3 1) The callosal projecting neurons cor-
R lingual R insula 361 01 responding to the agenetic segment did
R middle temporal R lingual 3.61 not develop; 2) all callosal projecting
R middle temporal R temporal pole 3.53 neurons are preserved as well as the
R middle occipital Rinsula 318 corresponding homotopic interhemi-

Note:—R indicates right; L, left.

of septo-optic dysplasia and Klippel-Feil syndrome were noted in
2 other patients.

Notably, the constrained spherical deconvolution tractogra-
phy data on the interhemispheric connections of these patients
provided further insight into the embryogenesis of segACC. Re-
cent data on callosal formation have suggested that at about ges-
tational weeks 12—13, the first pioneer axons from the cingulate
cortex cross the commissural plate in 2 separate loci, correspond-
ing to the anterior commissure and HC, and then fuse to form the
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spheric connections, and the malforma-

tion results from an isolated defect of fu-
sion of the 2 callosal segments; or 3) the callosal projecting
neurons corresponding to the intermediate agenetic segment are
preserved, but there is an additional axonal guidance defect re-
routing these callosal fibers in other directions with loss of homo-
topic interhemispheric connections. In this study, we found that
the agenetic segment most commonly corresponded to the poste-
rior part of the callosal body, resulting in a loss of homotopic
interhemispheric fibers projecting to the parietal lobes. At this
level, we consistently identified segmental Probst bundles rerout-



ing the parietal projecting fibers. Moreover, we also noted heter-
otopic commissural tracts in 3 patients. These findings lend sup-
port to the third hypothesis: Axonal guidance defects likely play a
role in this malformation.

Most interesting, we identified 3 types of segACC, character-
ized by different positions of the HC and connectivity patterns of
the anterior remnants. In particular, when the HC lay at the level
of the intermediate agenetic segment (segACC type III) or be-
neath the posterior callosal remnant (segACC type II), the defect
of fusion between the callosal segments lay anterior to the HC and
the anterior callosal segments exclusively connected the frontal
lobes. On the other hand, when the HC lay beneath the anterior
callosal remnant (segACC type I), the defect of fusion was located
posterior to the HC and the anterior callosal remnant also con-
tained splenial fibers connecting the parieto-occipital lobes.
These findings confirm the close embryologic relationship of the
splenium with the HC, as shown by studies on mouse embryos
revealing that pioneer splenial axons cross the midline, fasciculat-
ing along and between the hippocampal axons at the dorsal edge
of the HC.>” However, on the basis of current embryologic theo-
ries, we could not explain why the agenetic segment was located
posterior to the HC in patients with segACC type I. In fact, the
fusion between the anterior, sling-derived callosum and the HC-
associated splenium has been hypothesized to occur just anterior
to the HC**; however, this theory remains to be proved® and
might indeed represent an oversimplification of a more complex
mechanism in which other as-yet-unidentified factors could play
a role, generating variability in the mode and location of fusion
between the 2 callosal segments and thereby justifying the differ-
ent patterns in our series. Future genetic studies and mouse mod-
els of segACC are needed to provide further insight regarding this
unsolved question.

Finally, we used a structural connectome framework to assess
WM connectivity in patients with segACC. In particular, we hy-
pothesized that the absence of a relatively small portion of the
corpus callosum, corresponding to parietal commissural fibers,
could have an impact on the global and local connectivity of these
patients. Indeed, recent works on structural connectivity in adults
and children with ACC have shown that the absence of long-range
interhemispheric callosal fibers results in a reduction of informa-
tion transmission and integration between the cerebral hemi-
spheres.g’11 Additionally, an increase of local connectivity, indi-
cating a more segregated network organization, has been
observed in these subjects,”' likely reflecting the profound rear-
rangement of cortical and subcortical connectivity within the ce-
rebral hemispheres due to the formation of pre- and postnatal
structural compensatory mechanisms, such as the Probst bun-
dles.”!" The topology analysis in our study partially confirmed
this hypothesis even in patients with segACC, showing a less inte-
grated structural connectivity, with reduced global efficiency, and
increased path length and mean normalized betweenness.

On the other hand, no significant differences in the segrega-
tion metrics were found among segACC patients and controls,
differently from the high-functioning adults with ACC studied by
Owen et al,” suggesting that local connectivity is not increased.
Taken together, these findings may indicate that loss of parietal
commissural fibers in segACC results in a reduction of interhemi-

spheric information integration, but the compensatory WM re-
wiring mechanisms, represented by segmental Probst bundles
and heterotopic callosal connections, are insufficient to circum-
vent the absence of direct interhemispheric callosal connections.
In other words, while the integration decreases in segACC, a po-
tentially compensatory increase of segregation, supporting higher
order cognition and specialized processing within densely inter-
connected brain sub-networks,”® does not occur. This interpre-
tation is supported by the results of the network-based statistics
analysis in patients with segACC showing decreased connectivity
in 3 subnetworks mostly related to cognitive, language, and mem-
ory functions and by the presence of psychomotor delay in all our
patients. Indeed, even if deficits in higher order cognition and
social skills have been described in subjects with isolated ACC,
their global intelligence quotient may fall within normal limits.*
Conversely, patients with partial ACC more often present a
greater degree of developmental delay or cognitive impairment,
with a worse neurologic prognosis.”” Therefore, we hypothesize
that a distinct anatomic connectivity substrate may contribute to
the different neurocognitive profiles and neurologic prognosis of
patients with partial ACC compared with neurotypical individu-
als with complete ACC. However, because the small sample size of
this study is underpowered to detect subtler effects on the segre-
gation metrics, larger scale investigations are needed to draw firm
conclusions regarding the potential role of these connectome pat-
terns as endophenotypes in patients with complete and partial
ACC.

The second step of our analysis demonstrated that the struc-
tural connectivity of segACC subjects was also different from that
of normally developing controls based on local changes in brain
regions that normally serve as connectional hubs.'? In particular,
both in the consensus and individual analyses, the cortical and
subcortical hubs demoted or promoted from their statuses were
different in the segACC group compared with the PVC group,
indicating that network topology reorganization in segACC may
not be explained by only the exclusion of callosal fibers from the
normal brain.” Moreover, as recently described both in adults and
fetuses with ACC,”'! we found an increased connectome variabil-
ity in segACC, with increased variability in the spatial distribution
of node degree and in correlation strengths in patients compared
with controls. There are several anatomic substrates for this in-
creased variability, including transient aberrant WM connections
during fetal life,'' the connection variability of Probst bundles,”
the thickening of phylogenetically older commissures,” the alter-
native tracts through the ventral forebrain and the dorsal mid-
brain midline,*® and the heterotopic interhemispheric tracts.”

Most interesting, in this study, we identified aberrant commis-
sural tracts in 3 patients with segACC. The first aberrant tracts
connecting heterotopic cortical regions in subjects with partial
ACC, the “sigmoid aberrant bundles,” were described by Tovar-
Moll et al in 2007.> These S-shaped fascicles typically connected 1
frontal lobe with the contralateral parietal lobe. Later, Wahl et al®
demonstrated the wide variability and complexity of heterotopic
callosal connections in partial ACC. The functional role of these
miswired fibers, however, is a matter for speculation because a
direct approach to their functional performance is not available.
These heterotopic callosal connections being found in patients
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with developmental delay and cognitive impairment,” as in the
present study, seems to point to a maladaptive rather than com-
pensatory function.

The last part of our analysis focused on the modular organiza-
tion of segACC consensus networks. Indeed, different modules
have been described in patients with ACC compared with healthy
controls.”'® Accordingly, we found a lower number of modules
and a higher Hubert-Rand Index in patients with segACC com-
pared with those with PVC and controls. These findings suggest
that neural plasticity in segACC reorganizes structural connectiv-
ity in a more stereotyped manner, with loss of a distinct posterior
medial module corresponding to the network structural core. The
structural core of the human brain comprises regions of the cortex
that are highly connected and highly central.”” In particular, por-
tions of posterior medial cortex, such as the posterior cingulate
cortex, the precuneus, and the lateral and medial parietal cortex,
are key core components known to be highly activated at rest in
the default mode network. Therefore, it has been suggested that
the structural core may have a central role in integrating informa-
tion across functionally segregated brain regions.”” Owen et al’
demonstrated a weakened structural core in adults with ACC as-
sociated with reduced connectivity between regions of the cingu-
late cortex. Most interesting, the focal absence of callosal fibers
connecting the parietal lobes in segACC may also lead to disrup-
tion of the structural core, therefore contributing to the impair-
ment of large-scale brain dynamics in these patients.

The present study has several limitations, including the small
sample size and the suboptimal DWI data acquired on a 1.5T
scanner with diffusion gradients along 34 noncollinear directions
and a b-value of 1000 s/mm?®. Indeed, for constrained spherical
deconvolution approaches, higher b-values and more diffusion
gradient directions are suggested.”® On the other hand, our results
are consistent with those in previous structural connectivity stud-
ies on ACC.”"' Moreover, the feasibility of both constrained
spherical deconvolution tractography and the structural connec-
tome based on suboptimal DWT raw data has been recently dem-
onstrated.'®'"*° Finally, the relatively high interindividual varia-
tion of the interhemispheric connections due to the presence of
ectopic callosal bundles in the patient group may have hampered
the quantitative comparison of topologic metrics between graphs.
However, to address this problem, we created consensus connec-
tomes, in which all connections present in <75% of subjects are
removed from the group’s consensus matrix; this step smoothed
out individual variation and allowed comparison of graph met-
rics. Future larger scale investigations performed with better DWI
acquisition schemes on 3T scanners are awaited to confirm our
observations.

CONCLUSIONS

We have further characterized the imaging and clinical pheno-
types of segACC, describing 3 malformation subtypes and provid-
ing further insight on commissural development in these patients.
Moreover, we demonstrated that even the absence of a small cal-
losal segment may impact global brain connectivity and modular-
ity organization of brain networks. Additionally, the presence of
ectopic callosal bundles may explain the greater interindividual
variation of segACC connectomes. Although direct structural
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connectivity does not appear to be a strict determinant of func-
tional connectivity in healthy brains, disruption of large-scale net-
work organization may be the anatomic substrate of neurocogni-
tive dysfunction in children with segACC.
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