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ABSTRACT

Background: The corpus callosum is the largest white matter pathway in the brain connecting
the left and the right hemispheres. Developmental absence of the corpus callosum is a model
disease for exploring disrupted connectivity and in turn understanding plasticity of the human
brain, with atypically developing structure and function resulting in a highly heterogeneous
clinical and cognitive profile. A proposed candidate for neuroplastic response in the context of
this brain malformation is strengthening of intra-hemispheric pathways.

Methods: To test this hypothesis, we assessed structural and functional connectivity at the
whole-brain and regional level in a uniquely large cohort of children with agenesis of the corpus
callosum (AgCC, n=20) compared with typically developing controls (TDC, n=29), and then
examined associations with neurobehavioural outcomes using a multivariate data-driven
approach.

Results: For structural connectivity, children with AQCC showed a significant increase in intra-
hemispheric connectivity in addition to a significant decrease in inter-hemispheric connectivity
compared with TDC. In contrast, for functional connectivity, children with AgCC and TDC showed
a similar pattern of intra-hemispheric and inter-hemispheric connectivity. In AgCC, structural
strengthening of the intra-hemispheric pathway was uniquely associated with verbal learning and
memory, attention and executive measures.

Conclusions: We observed structural strengthening of intra-hemispheric pathways in children
born without corpus callosum, which seems to allow for functional connectivity comparable to a
typically developing brain, and were relevant to explain neurobehavioural outcomes in this
population. This neuroplasticity might be relevant to other disorders of axonal guidance, and

developmental disorders in which corpus callosum alteration is observed.

INTRODUCTION
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Neuroplasticity is the intrinsic property of the central nervous system to respond dynamically to
the environment via modification of neural circuitry. In the context of a brain lesion, plasticity
provides a mechanism for the brain to adjust through remyelination, reorganisation of circuits,
and/or neural and behavioural compensation (1, 2). In particular, clinicopathological observations
suggest that the immature human brain is capable of major structural and functional
reorganisation (3). As an example of early disruption of programmed developmental brain
processes, children and adults born without a corpus callosum show remarkable brain plasticity.
Indeed, there is very little evidence of the interhemispheric disconnection compared to adults
who have undergone surgical disconnection of the corpus callosum (i.e., split brain patients)

which affects motor control, spatial orientation, vision, hearing, and language (4).

With more than 190 million topographically organised axons, the corpus callosum is the major
commissural fibre bundle in the human brain connecting homologous structures in both
hemispheres (5). This structure develops prenatally with the first fibres crossing the midline
through the massa commissuralis as early as 11-12 weeks of gestation (6, 7), and reaches its
final shape by 20 gestational weeks. In typical brain development, these callosal connections
participate in a myriad of lower and higher level cognitive functions, and in the integration of
complex information transfer between the cerebral hemispheres (8). Given the structural and
functional importance of the corpus callosum and its very early maturation, its developmental
absence, called agenesis of the corpus callosum (AgCC), provides a unique window to better

understand neuroplastic responses.

In the context of AQCC, different neuroplastic responses, for example, enlarged (hyperplasia) of
anterior and posterior commissures, may contribute to neurobehavioural functioning (9, 10). A
recent study found associations between structural and microstructural properties of these
commissures and attentional capacity (10). Moreover, atypical pathways connecting the posterior
parietal cortices homotopically via the anterior and the posterior commissures, as well as the
primary visual areas via the anterior commissure, have been reported in case studies (11, 12).
Another proposed neuroplastic response is a functional compensation via strengthening of intra-
hemispheric pathways in individuals with AgCC (13-15). In foetuses with AgCC (n=20), Jakab
and colleagues (2015) showed weaker inter-hemispheric structural connectivity starting in the
second trimester of gestation followed by stronger intra-hemispheric structural connectivity
starting specifically in the third trimester, compared to control foetuses with normal brain
development. To date, strengthening of intra-hemispheric pathways has not been explored in
individuals born with AgCC, and the potential implications of this neuroplastic response for

neurobehavioural outcomes are unknown.
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AgCC is a heterogeneous condition. It can be complete or partial, and may be isolated or
associated with additional brain abnormalities such as cortical malformations (5, 17). Individuals
with AgCC present with impairments of varying severity across a range of neurobehavioural
domains (17, 18) . General cognitive ability in individuals with AQCC who come to clinical
attention is typically in the low average range (18, 19), with difficulties in executive functions
commonly observed, including deficits in cognitive control such as selective attention and
inhibition, as well as cognitive flexibility (19-21). Learning and memory difficulties (22, 23),
cognitive processing speed (20, 22), and difficulties in social and emotional cognition (24) may
also be present. Consistent with the heterogeneity of their neuroimaging profile,
neurobehavioural outcomes vary (19), and the role of neuroplastic responses in explaining this

variability remains unclear.

This study aimed to assess brain structural and functional connectivity at the whole-brain and
regional level, and their associations with neurobehavioural outcomes across general cognitive,
executive, memory and social domains, in a uniquely large cohort of children with AgCC
compared with typically developing controls (TDC). We hypothesised a neuroplastic response
resulting in strengthening of intra-hemispheric pathways in children with AgCC accounts for the

documented variability in neurobehavioural outcomes in this population.

METHODS AND MATERIALS

Sample

This study used data from the “Paediatric Agenesis of the Corpus Callosum Project” (19), which
examined neurobehavioural, neurological and neuroimaging outcomes in children with AgCC
(n=28) compared with typically developing children (n=30). This project was approved by the
Royal Children’'s Hospital (RCH) Human Ethics in Research Committee. Written informed
consent was obtained from the parents or legal guardians prior to participation. A cohort of 28
children with AQCC was recruited. Inclusion criteria were: 1) aged 8 years 0 months to 16 years
and 11 months; 2) documented evidence of AQCC on Magnetic Resonance Imaging (MRI)
conducted as part of a routine clinical work-up; 3) English speaking; and 4) functional ability to
engage in the assessment procedure. MRI findings were qualitatively reviewed by a paediatric
neurologist with expertise in brain malformations (RJL), who confirmed diagnosis of AgCC,
including complete and partial AgCC, and identified associated brain malformations. A TDC
group of 30 children comparable in age and sex to the AgCC group was recruited through

advertisement in local schools and through staff at the RCH.

Procedure
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Consenting families were seen at a research clinic at the Murdoch Children’s Research Institute.
Child neurobehavioural assessment was conducted by a training psychologist with expertise in
assessments in children, using standardised tests that were developmentally appropriate for

children and commonly used in clinical settings.

Materials

Neuroimaging

Image acquisition

Images were acquired on a 3T MAGNETOM Trio scanner (Siemens, Erlangen, Germany) at the
RCH. A 32-channel head coil was used for transmission and reception of radio-frequency and
signals. An anatomical image was acquired using a T1-weighted MP-RAGE sequence (TR=1900
ms, TE =2.71 ms, TI=900 ms, FA=9°, FoV=256mm, voxel size=0.7 x 0.7 x 0.7 mm). Echo planar
diffusion-weighted imaging (DWI) data were acquired at two different b-values, including two
scans without diffusion weighting (b-factor = 0): a) b-value=3000s/mm2, 50 gradient directions
where 54 slices with isotropic voxels of 2.3 mm3 were obtained (TR=8200 ms; TE=112 ms; FoV
= 240 mm) in an anterior to posterior direction; and b) b-value=1000s/mm2, 30 gradient
directions where 64 slices with isotropic voxels of 2 mm3 were obtained (TR=8600 ms; TE=90
ms; FoV=256 mm) in an anterior to posterior direction. Resting-state gradient-echo EPI
sequences was also acquired (196 frames, TR=2000ms, TE=30ms, voxel size: 2.6 x 2.6 x 4 mm,
FA: 90 deg, FoV=250 mml x 250 mm). During the resting-state functional MRI (fMRI)
sequence, participants were instructed to keep their eyes closed and engage into mind

wandering.

Structural and functional MRI data preprocessing and analyses

A flowchart summarises brain connectivity preprocessing and analyses, see Figure 1.

Briefly, DW images were preprocessed using MRtrix 3 (25). Probabilistic tractograms and
subsequent filtering using Spherical Deconvolution Informed Filtering of Tractograms were
completed (26). For each participant, the structural connectome matrix was generated from the
resulting tractography using the registered Brainnetome Atlas (27). Two 246 x 246 connectivity
matrices, referred as SC, were obtained using the following connectivity metrics: a) number of
streamlines weighted for sum of the volumes of the connected regions; and b) average fractional
anisotropy (FA).

Resting-state fMRI data were preprocessed and analysed using SPM12 and the pipeline
described by Preti and Van De Ville (2017). We implemented volume censoring (‘scrubbing’) for
motion correction using a framewise displacement of 0.5 mm threshold for exclusion (28, 29).

Region-averaged time series were extracted in each participant’'s individual space using the
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registered Brainnetome Atlas. We computed pairwise Pearson correlation coefficients between
all pairs of regions to obtain a symmetric correlation matrix of 246 x 246 for each participant,
referred to as functional connectivity (FC).

For both SC and FC measures, average values of all inter-hemispheric connections (left-right),
and intra-hemispheric connections (right to right and left to left) were computed for each
participant. Lobe-wise SC and FC was also computed for intra- and inter-hemispheric

connectivity, see Supplemental Methods and Materials.

Neurobehavioural outcome measures

Associations with SC and FC and variation in neurobehavioural outcomes were examined using
33 age-standardised measures administered as part of the “Paediatric Agenesis of the Corpus
Callsoum Project” assessing five nheurobehavioural domains; general cognitive functioning, short-
term and working memory, executive and attentional functions, learning and memory, as well as

social functions, see Supplemental Methods and Materials and supplementary Table S1.

Statistical analyses

Group differences in whole brain intra-hemispheric and inter-hemispheric connectivity for SC
(number of streamlines and mean FA) and FC were compared between the following groups: a)
children with AgCC versus TDC; b) complete versus partial AgQCC; and c) isolated versus
complex AgCC (i.e., AgCC associated with other brain malformations). Group differences
between children with AgCC and TDC were also examined for lobe-wise intra- and inter-
hemispheric SC and FC. When exploring data distributions in the two groups, none of the
assumptions for parametric tests were respected. Therefore, group differences were investigated
with the Wilcoxon Signed-Ranks Test using R software Version 1.1.463 (http://www.r-project.org;
R Project for Statistical Computing, Vienna, Austria). P values, as well as q values corrected for
multiple comparisons using a False Discovery Rate (FDR, q<0.05) correction (30), were reported

for all SC and FC comparisons (n=75).

To evaluate associations between connectivity (i.e., intra- and inter-hemispheric SC and FC) and
neurobehavioural measures, we used Partial Least Squares Correlation (PLSC) analyses. PLSC
is a multivariate data-driven statistical technique that maximises the covariance between two
matrices by deriving latent components, which are optimal linear combinations of the original
matrices (31) and described in previous work (32, 33). We used an in-house Matlab code to

perform the analysis: https://miplab.epfl.ch/index.php/software/PLS (32, 34), see Supplemental

Methods and Materials. Two separate PLSC analyses were conducted to test for associations
between neurobehavioural variables and SC, and between neurobehavioural variables and FC,

respectively.
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RESULTS

Sample characteristics

Children were included in the current study if they had completed the required MRI sequences
(T1, DWI and resting-state fMRI), resulting in the exclusion of five participants from the AgCC
group and one participant from the TDC group. After quality checking the functional and
structural MR images, three AgCC participants were excluded from the structural connectivity
analysis, while six AgCC and one TDC participants were excluded from the functional
connectivity analysis. Seven children were assessed on two separate occasions, for whom the
most complete of the two neurobehavioural assessments was used, as well as the MRI scan

complete at the time of the most complete neurobehavioural assessment.

The characteristics of the participants in the AgQCC and the TDC groups are presented in Table 1
for each of the SC and FC analyses, given the samples differed for the two analyses. Twenty
children with AgCC, including 13 with complete AgCC (4 isolated, 9 complex) and seven with
partial AQCC (3 isolated, 4 complex), as well as 29 TDC, were included in the SC analysis. For
the FC analysis, 16 children with AQCC, including 10 with complete AgCC (3 isolated, 7 complex)

and six with partial AgCC (3 isolated, 3 complex), as well as 28 TDC met the inclusion criteria.

Of note, there was a large variability in the Full-Scale Intellectual Quotient (IQ) score, ranging
from 66 to 126 in children with AgCC, and three children had a FSIQ below 70 (i.e., 2 SD or
more below the test mean, in the Extremely Low range). A sensitivity analysis excluding these
three children from the FC and SC analyses did not change our results.

Table 1. Characteristics of the agenesis of the corpus callosum (AgCC) and typically developing
control (TDC) groups included in the Structural Connectivity and Functional Connectivity

analyses.

AgCC TDC Group comparison
Structural Connectivity (SC)
n 20 29 -
Age in years, mean (SD)[range] 12.08 (2.63)[8.67-17.08] | 11.75 (2.32)[8-16.42] t(47)=0.048, p=0.642
Sex, n 7 females, 13 males 13 females, 16 males X“(1, n=49)=0.473, p=0.491
Handedness, n 11R,8L,1M 26 R, 3L -
Full-Scale 1Q, median [range] 75.5 [66-126] 114 W=964.5, p<0.001
Functional Connectivity (FC)
n 16 28 -
Age in years, mean (SD)[range] 12.16 (2.75)[ 8.67-17.08] | 11.71 (2.35)[8-16.42] t(42)=0.567, p=0.572
Sex, n 6 females, 10 males 12 females, 16 males Xz(l, n=44)=0.121, p=0.728
Handedness, n 10 right, 5 left, 1 Mix 25 Right, 3 Left -
Full-Scale 1Q, median [range] | 76 [67-126] 114.5 W=808.5, p<0.001

Note: Full-Scale IQ was measured using the Wechsler Abbreviated Intelligence Scale (WASI) or the Wechsler Intelligence
Scale for Children, 4th edition (WISC-IV; n=3) where the mean standardised score is M=100 and SD=15; Handedness was
estimated by the Edinburgh Handedness Inventory with the following scores: Right-handed=+40 to +100, left-handed=-40 to -
100, mixed handed=-40 to +40.
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Structural Connectivity

For a summary of the whole brain and lobe-based SC and FC findings, see Figure 1.

For whole-brain SC measures (number of streamlines and FA), inter-hemispheric connectivity
was significantly reduced in children with AQCC compared with the TDC group (q<0.0001), see
supplementary Figure S1 and Table S2. In contrast, whole-brain intra-hemispheric SC was
significantly increased in children with AgCC compared with the TDC group (g<0.0001 to
g=0.006). Within the AgCC group, there were no significant differences in either intra- or inter-
hemispheric whole-brain SC in children with complete compared with partial AGCC, or in children

with isolated AQCC compared with complex AgCC, see supplementary Table S3 and S4.

At the lobe level, children with AQCC had significantly reduced inter-hemispheric connectivity
(g<0.0001 to g=0.0339) and intra-hemispheric connectivity for all lobes (q<0.0001 to q=0.0201)
compared with the TDC group, except for the number of inter-hemispheric streamlines
connecting temporal lobes to all contralateral lobes and the mean FA of streamlines connecting
the left temporal lobe to all contralateral lobes, see supplementary Table S5. Moreover, children
with AgCC had an overall increase in the number of streamlines in the left occipital lobe
compared to the TDC group. More specifically, children with AQCC showed a significant increase
in the number of intra-hemispheric streamlines in the left hemisphere and in the number of
streamlines connecting the left occipital lobe to all contralateral lobes. Finally, children with AQCC
had reduced mean FA in all intra- and inter-hemispheric streamlines compared to the TDC group
(0<0.001 to g=0.01).

Functional Connectivity

For whole-brain FC, intra- and inter-hemispheric connectivity did not differ significantly between
the AgCC and TDC groups. Within the AgCC group, there were no significant differences in
either intra-hemispheric or inter-hemispheric whole-brain FC in children with complete compared
with partial AgCC, or between children with isolated compared with complex AgCC, see

supplementary Figure S2 and Table S6, S7, S8.

For all lobes considered (frontal, parietal, temporal, occipital), there was no difference in either

intra- or inter-hemispheric FC between the AgCC and TDC groups, see supplementary Table S9.

Associations between brain connectivity and neurobehavioural outcomes

For neurobehavioural scores and group comparisons see supplementary Table S10.
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The PLSC analysis applied on SC and neurobehavioural measures in the AgCC and TDC
groups identified three statistically significant CorrComps: CorrComp 1 (p=0.002) explained 35%
of the covariance between structural connectivity and neurobehavioural measures, while
CorrComp 2 (p=0.032) and CorrComp 3 (p=0.020) explained 22% and 5%, respectively. Based
on the amount of explained covariance and clinical interpretability of the results (34), we chose to
focus on CorrCompl. CorrCompl revealed common as well as distinct patterns of associations
in each group, see Figure 2. Both the AgCC and TDC groups showed increased intra-
hemispheric and reduced inter-hemispheric mean FA and number of streamlines associated with
better dual task performance, indexing multimodal divided attention and working memory. In the
AgCC group, increased intra-hemispheric and reduced inter-hemispheric mean FA and number
of streamlines were associated with better neurobehavioural outcomes, including verbal learning
and memory (including working memory), as well as attentional and executive functions,
specifically sustained, selective and divided attention, processing speed, switching, verbal
fluency and inhibition. In contrast, in the TDC group, increased inter-hemispheric and reduced
intra-hemispheric mean FA and number of streamlines were associated with better performance
in similar neurobehavioural measures, including verbal learning and memory, as well as
attentional and executive functioning such as processing speed, switching and verbal fluency,

but also in general neurobehavioural functioning (FSIQ and PIQ).

The second PLSC analysis was applied on FC and neurobehavioural measures, and identified
only one significant CorrComp (p=0.002), which explained 96% of the covariance between FC
and neurobehavioural measures. In both groups, increased intra-hemispheric and inter-
hemispheric FC were associated with specific aspects of executive and attentional functioning,
including visual scanning, selective attention and processing speed, see Figure 3. In the AgCC
group, a robust negative association between FC and verbal recall was found. Interestingly, the
association with dual task performance had an opposite effect in the two groups, with higher
scores associated with an overall increase in FC in the AgCC group, whereas higher scores in
the TDC group were associated with a decrease in FC. Finally, in the TDC group, a general

increase in FC was also associated with VIQ.

DISCUSSION

This is the first study to explore neuroplastic responses in a uniquely large cohort of children
born without a corpus callosum using both structural and functional brain connectivity, and to
examine their association with neurobehavioural outcomes. We show evidence of structural

strengthening of intra-hemispheric pathways in children with AgCC, which seems to allow for
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inter- and intra-hemispheric functional connectivity comparable to typically developing brain. In
children with AgCC, this increase in intra-hemispheric SC was associated with better
neurobehavioural outcomes including verbal learning and long-term memory, verbal working

memory, as well as executive and attentional functioning.

While whole-brain inter-hemispheric SC was reduced in children with AQCC compared to TDC, a
significant increase in whole-brain intra-hemispheric SC was demonstrated in children with
AgCC. These findings are in accordance with SC results of a previous study conducted in AgCC
foetuses (16), suggesting that the neuroplastic responses began in utero and not in response to
postnatal environmental factors. The neuroplastic responses observed could be linked to
microstructural alterations that are known to take place at the cellular or synaptic level (35). It is
possible that early in utero disruption in cortical developmental mechanisms allows for long-
distance plasticity through atypical pivotal cellular and molecular mechanisms that divert axon
growth and guidance through entirely new pathways and connections (11, 36). Regarding FC,
and in contrast to the reduced inter-hemispheric FC reported in callosotomy patients (37), we
found no difference between children with AQCC and TDC children for either intra-hemispheric or
inter-hemispheric FC. Altogether, our findings are in line with the hypothesis of strengthening of
intra-hemispheric pathways at the structural level as a neuroplastic response in children with
AgCC, with a shift from inter-hemispheric connectivity to intra-hemispheric connectivity. They
also imply that the relationship between SC and FC is regulated by complex and complementary
processes (38). Structural neuroplastic responses through strengthening of intra-hemispheric
pathways might underlie the compensatory mechanisms that lead to comparable patterns of

intra-hemispheric and inter-hemispheric FC that is observed in a typically developing brain.

Complete and partial AQCC showed no difference in intra-hemispheric and inter-hemispheric SC
or FC. As the corpus callosum develops very early during brain development, the immature
human brain might engage similar neuroplastic responses at the whole brain level, independent
of extent of the corpus callosum agenesis. In addition, children with isolated AGCC and complex
AgCC (i.e., associated with other brain malformations) did not show any difference in either
whole-brain intra-hemispheric or inter-hemispheric SC and FC. Therefore, despite the presence
of additional brain malformations, children with complex AGCC seem to have a comparable level

of plasticity in term of strengthening of intra-hemispheric pathways to those with isolated AgCC.

When exploring connectivity in different brain lobes, patterns of both SC and FC in frontal,
parietal and temporal lobes were consistent with results obtained at the whole-brain level.
Occipital lobes showed a different profile, with a global FA reduction in AgCC, but similar
streamlines count and FC for intra-hemispheric and inter-hemispheric connectivity compared to

the TDC group. This reduction in FA values observed for all intra-hemispheric and inter-

10
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hemispheric occipital streamlines could reflect sparse, poorly myelinated or divergent fibres (39,
40). Regarding inter-hemispheric streamlines, these results are consistent with the potential
existence of an atypical pathway connecting primary visual areas via the anterior commissure in
individuals with AgCC showing a reduction in mean FA (11, 12). The reduction of mean FA in
intra-hemispheric streamlines in occipital lobes could be associated with the presence of
colpocephaly, a congenital brain abnormality characterised by enlargement of the posterior or
rear portion of the lateral ventricles, almost uniformly seen when the corpus callosum is absent.
This typically results in an enlargement of occipital horns of the lateral ventricles and is known to
affect the development of occipital lobes, including white matter integrity in these regions (19, 41,
42).

Different patterns of association between SC and neurobehavioural measures were observed
between the AgCC and TDC groups. While in TDC, increased inter-hemispheric SC were
associated with better neurobehavioural outcomes (including verbal learning and memory, as
well as attentional and executive functioning), we observed the reverse pattern in AgCC with
higher intra-hemispheric SC and reduced inter-hemispheric SC associated with these
neurobehavioural domains. The pattern observed in the AQCC group is in line with the young age
plasticity privilege or “Kennard principle” (3, 43). A very early disruption of embryological callosal
development might lead to a complete (or almost complete) absence of axons crossing the
midline. If disruption occurs slightly later in gestation, an increased number of callosal fibres
might cross the midline and form inter-hemispheric tracks (6, 44, 45). Therefore, it seems that a
greater neuroplastic response and brain reorganisation arise in the case of a marked reduction in
inter-hemispheric pathways, observed when callosal disruption occurs at an earlier
embryological stage. Conversely, and consistent with the literature, TDC seem to rely mostly on
inter-hemispheric SC for verbal learning and memory, attentional and executive functioning such

as processing speed, switching and verbal fluency, as well as general cognitive abilities (46-50).

Patterns of association between FC and neurobehavioural outcomes were comparable for
children with AgCC and TDC. Both intra-hemispheric and inter-hemispheric FC were positively
associated with executive and attentional functioning, including visual scanning, selective
attention and processing speed. Remarkably, dual task measures (including multi- or uni-modal
divided attention and working memory), showed a comparable positive association with
increased intra-hemispheric and reduced inter-hemispheric SC in the two groups. However, FC
also revealed distinct patterns of association between the two groups. In the AQCC group, higher
dual task scores were associated with an overall increase in FC, whereas higher scores in the
TDC group were associated with a global decrease in FC. These phenomena could be linked to
hemispheric symmetry and parallel processing during divided attention task, as previously

observed during dichotic listening in individuals with AgCC (51). However, this requires further
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investigation. Together, these findings show that the neuroplastic responses observed at the
structural level might, at least partly, explain the heterogeneity in neurobehavioural outcomes in

the AgCC population.

A major strength of our study is the use of both functional and structural connectivity with a
comprehensive set of neurobehavioural measures in a large cohort of children with AgCC. To
our knowledge, the present study is the first to use a whole-brain data-driven approach in this
population. In light of the literature, our cohort is uniquely large for this pathology. Studies
combining neuroimaging and behavioural assessment in this population are rare, and sample
sizes are typically smaller than in the present study (11, 52, 53). Nevertheless, our findings
should be considered in light of some limitations. Our cohort is heterogeneous in terms of corpus
callosum agenesis (i.e., complete or partial AQCC) and associated brain malformations (i.e.,
isolated or complex AgCC). Further investigations with larger samples of each phenotypic group,
possibly achieved through recruitment across multiple sites, are necessary to replicate our
findings. Such an approach would also allow exploring the heterogeneous clinical and
neuroimaging profiles of children with AgCC, and the factors that might contribute to a better
understanding of neurobehavioural outcomes. The combination and extension of these findings
in animal models could also significantly improve our understanding of the mechanisms involved.
Finally, future studies using graph analysis of structural and functional neuroimaging data
combined with clinical measures could lead to a better characterisation of brain dysfunction in

terms of aberrant reconfiguration of brain networks in AgCC.

Conclusions

In conclusion, we provide evidence of structural strengthening of intra-hemispheric pathways in
children born without corpus callosum, which seems to allow for functional connectivity
comparable to a typically developing brain. In children with AgCC, this increase in intra-
hemispheric SC, probably reflecting very early disruption of callosal development during
gestation, seems to be associated with better verbal learning and long-term memory, verbal
working memory, as well as executive and attentional functioning. This work provides novel
evidence improving our current understanding of the properties of structural and functional
neuroplastic responses in individuals with AgCC. In turn, these neuroplastic responses might be
relevant to explain the broad range of clinical presentations and the high heterogeneity in
neurobehavioural outcomes observed in this population. Our findings may apply more broadly to
other congenital brain malformations in which a similar process of compensation by in utero
reorganisation may occur, as well as to neurodevelopmental disorder in which corpus callosum
alteration is observed such as autism spectrum disorder, attention deficit hyperactivity disorder or

developmental delay.
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FIGURE LEGENDS

Figure 1. Flowchart summarising the computation and analysis of functional and structural brain
connectivity. Briefly, fMRI BOLD time courses / DWI fibre pathways were extracted, both data
were parcellated using the Brainnetome atlas. Individual connectivity matrices were generated by
computing pairwise functional connectivity (i.e., Pearson’s correlations) between regional
timeseries and structural connectivity (i.e., number of streamlines and mean FA) between brain

regions.

Figure 2. Summary of structural connectivity (fractional anisotropy, FA) and functional
connectivity in children with AQCC and TDC. Grey lines represent connectivity in the right
hemisphere, and blue lines represent connectivity in the left hemisphere. There is a shift from
inter-hemispheric to intra-hemispheric structural connectivity in children with AQCC compared to

the TDC group, while the pattern of functional connectivity is similar between the two groups.

Figure 3. Associations between neurobehavioural outcomes and structural connectivity in the
AgCC and TDC groups based on the PLSC analysis. Neurobehavioural weights are specific to
each group, while brain connectivity weights are common to both the AQCC and TDC groups.
Diverging graphs show bootstrap ratio z-scores (x axis) for each neurobehavioural measure (y
axis); neurobehavioural measures are coloured by domains. Neurobehavioural measures with an
absolute bootstrap ratio z-score above or equal to 3, indicated by a dash-dotted line on the
graph, yield a robust contribution to the component. Circular graphs show robust bootstrap ratio
z-scores (absolute bootstrap ratio z-scores above or equal to 3) for FA and number of

streamlines lobe-wise in inter- and intra-hemispheric connectivity. Original saliences, as well as
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their bootstrap-estimated standard deviations and bootstrap ratio z-scores for all

neurobehavioural and connectivity measures are reported in supplementary Table S11.

Figure 4. Associations between neurobehavioural outcomes and functional connectivity in the
AgCC and TDC groups based on PLSC analyses. Neurobehavioural weights are specific to each
group, while brain connectivity weights are common to both the AgCC and TDC groups.
Diverging graphs show bootstrap ratio z-scores (x axis) for each neurobehavioural measure (y
axis). Bootstrap ratio z-scores above or equal to 3, specify by a dash-dotted line on the graph,
indicate a robust positive correlation; bootstrap ratio z-scores below or equal to -3, specify by a
dash-dotted line on the graph, indicate a robust negative correlation. Circular graphs show robust
bootstrap ratio z-scores for FC lobe-wise in inter- and intra-hemispheric connectivity; left regions
and left hemisphere are in dark blue, right regions and hemisphere are in grey, positive robust
correlations are indicated in green and negative robust correlations are indicated in orange at
p<0.01. Salience, bootstrap-estimated standard deviations and bootstrap ratio z-scores for all

neurobehavioural and connectivity measures are reported in supplementary Table S12.

REFERENCES

1. Dennis M, Spiegler BJ, Juranek JJ, Bigler ED, Snead OC, Fletcher JM (2013): Age,
plasticity, and homeostasis in childhood brain disorders. Neuroscience Biobehavioral Review.
37:2760-2773.

2. Anderson V, Spencer-Smith M, Wood A (2011): Do children really recover better?
Neurobehavioural plasticity after early brain insult. Brain. 134:2197-2221.

3. Kennard M (1938): Reorganization of motor function in the cerebral cortex of monkeys
deprived of motor and premotor areas in infancy. Journal of Neurophysiololgy. 1:477-496.

4. Lassonde M, Jeeves MA (1994): Callosal agenesis: A natural split brain? New York, NY
US: Plenum Press.

5. Edwards TJ, Sherr EH, Barkovich AJ, Richards LJ (2014): Clinical, genetic and imaging
findings identify new causes for corpus callosum development syndromes. Brain. 137:1579-
1613.

6. Richards LJ, Planchez C, Ren T (2004): Mechanisms regulating the development of the
corpus callosum and its agenesis in mouse and human. Clinical Genetics. 66:276-289.

7. Schell-Apacik CC, Wagner K, Bihler M, Ertl-Wagner B, Heinrich U, Klopocki E, et al.

(2008): Agenesis and dysgenesis of the corpus callosum: clinical, genetic and neuroimaging
findings in a series of 41 patients. American Journal of Medical Genetics. 146A:2501-2511.

8. Schulte T, Miiller-Oehring EM (2010): Contribution of callosal connections to the
interhemispheric integration of visuomotor and cognitive processes. Neuropsychology Review.
20:174-190.

9. Brown WS, Jeeves MA, Dietrich R, Burnison DS (1999): Bilateral field advantage and
evoked potential interhemispheric transmission in commissurotomy and callosal agenesis.
Neuropsychologia. 37:1165-1180.

10. Siffredi V, Wood AG, Leventer RJ, Vaessen M, Mcllroy A, Anderson V, et al. (2019):
Anterior and posterior commissures in agenesis of the corpus callosum: alternative pathways for
attention processes? Cortex. in press.

14


https://doi.org/10.1101/2020.05.29.20115451

medRxiv preprint doi: https://doi.org/10.1101/2020.05.29.20115451; this version posted May 30, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

11. Tovar-Moll F, Monteiro M, Andrade J, Bramati IE, Vianna-Barbosa R, Marins T, et al.
(2014): Sstructural and functional brain rewiring clarifies preserved interhemispheric transfer in
humans born without the corpus callosum. Proceedings of the National Academy of Sciences of
the United States of America: PNAS. 111:7843-7848.

12. van Meer N, Houtman AC, Van Schuerbeek P, Vanderhasselt T, Milleret C, ten Tusscher
MP (2016): Interhemispheric Connections between the Primary Visual Cortical Areas via the
Anterior Commissure in Human Callosal Agenesis. Frontiers in Systems Neuroscience. 10.

13. Risse GL, LeDoux J, Springer SP, Wilson DH, Gazzaniga MS (1978): The anterior
commissure in man: functional variation in a multisensory system. Neuropsychologia. 16:23-31.

14, Dennis M (1976): Impaired sensory and motor differentiation with corpus callosum
agenesis: A lack of callosal inhibition during ontogeny? Neuropsychologia. 14:455-469.
15. Chiarello C (1980): A house divided? Cognitive functioning with callosal agenesis. Brain

and Language. 11:128-158.

16. Jakab A, Kasprian G, Schwartz E, Gruber GM, Mitter C, Prayer D, et al. (2015):
Disrupted developmental organization of the structural connectome in fetuses with corpus
callosum agenesis. Neurolmage. 111:277-288.

17. Paul LK, Brown WS, Adolphs R, Tyszka JM, Richards LJ, Mukherjee P, et al. (2007):
Agenesis of the corpus callosum: genetic, developmental and functional aspects of connectivity.
Nature Reviews Neuroscience. 8:287-299.

18. Siffredi V, Anderson V, Leventer RJ, Spencer-Smith MM (2013): Neuropsychological
profile of agenesis of the corpus callosum: a systematic review. Developmental
Neuropsychology. 38:36-57.

19. Siffredi V, Anderson V, Mcllroy A, Wood AG, Leventer RJ, Spencer-Smith MM (2018): A
Neuropsychological Profile for Agenesis of the Corpus Callosum? Cognitive, Academic,
Executive, Social, and Behavioral Functioning in School-Age Children. Journal of the
International Neuropsychological Society : JINS. 24:445-455.

20. Marco EJ, Harrell KM, Brown WS, Hill SS, Jeremy RJ, Kramer JH, et al. (2012):
Processing speed delays contribute to executive function deficits in individuals with agenesis of
the corpus callosum. Journal of the International Neuropsychological Society : JINS. 18:521-529.
21. Brown WS, Paul LK (2019): The Neuropsychological Syndrome of Agenesis of the
Corpus Callosum. Journal of the International Neuropsychological Society : JINS. 25:324-330.
22. Erickson RL, Paul LK, Brown WS (2014): Verbal learning and memory in agenesis of the
corpus callosum. Neuropsychologia. 60:121-130.

23. Paul LK, Erickson RL, Hartman JA, Brown WS (2016): Learning and memory in
individuals with agenesis of the corpus callosum. Neuropsychologia. 86:183-192.

24, Anderson LB, Paul LK, Brown WS (2017): Emotional Intelligence in Agenesis of the
Corpus Callosum. Archives of Clinical Neuropsychology. 32:267-279.

25. Tournier JD (2010): MRtrix package. Melbourne, Australia: Brain Research Institute.

26. Smith RE, Tournier JD, Calamante F, Connelly A (2013): SIFT: Spherical-deconvolution
informed filtering of tractograms. Neurolmage. 67:298-312.

27. Fan L, LiH, Zhuo J, Zhang Y, Wang J, Chen L, et al. (2016): The Human Brainnetome
Atlas: A New Brain Atlas Based on Connectional Architecture. Cerebral Cortex. 26:3508-3526.
28. Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE (2012): Spurious but
systematic correlations in functional connectivity MRI networks arise from subject motion.
Neurolmage. 59:2142-2154.

29. Power JD, Mitra A, Laumann TO, Snyder AZ, Schlaggar BL, Petersen SE (2014):
Methods to detect, characterize, and remove motion artifact in resting state fMRI. Neurolmage.
84:320-341.

30. Benjamini Y, Hochberg Y (1995): Controlling the false discovery rate: a practical and
powerful approach to multiple testing. Journal of the Royal Statistical Society. 57:289-300.

31. Mcintosh AR, Lobaugh NJ (2004): Partial least squares analysis of neuroimaging data:
applications and advances. Neurolmage. 23 Suppl 1:5S250-263.

32. Kebets V, Holmes AJ, Orban C, Tang S, Li J, Sun N, et al. (2019): Somatosensory-Motor
Dysconnectivity Spans Multiple Transdiagnostic Dimensions of Psychopathology. Biol Psychiat.
0.

15


https://doi.org/10.1101/2020.05.29.20115451

medRxiv preprint doi: https://doi.org/10.1101/2020.05.29.20115451; this version posted May 30, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

33. Zoller D, Sandini C, Karahanoglu FI, Padula MC, Schaer M, Eliez S, et al. (2019): Large-
Scale Brain Network Dynamics Provide a Measure of Psychosis and Anxiety in 22g11.2 Deletion
Syndrome. Biol Psychiat.

34. Krishnan A, Williams LJ, Mcintosh AR, Abdi H (2011): Partial Least Squares (PLS)
methods for neuroimaging: a tutorial and review. Neurolmage. 56:455-475.

35. Klug A, Borst JG, Carlson BA, Kopp-Scheinpflug C, Klyachko VA, Xu-Friedman MA
(2012): How do short-term changes at synapses fine-tune information processing? Journal of
Neuroscience. 32:14058-14063.

36. Tovar-Moll F, Moll J, de Oliveira-Souza R, Bramati IE, Andreiuolo PA, Lent R (2007):
Neuroplasticity in human callosal dysgenesis: a diffusion tensor imaging study. Cerebral Cortex.
17:531-541.

37. Roland JL, Snyder AZ, Hacker CD, Mitra A, Shimony JS, Limbrick DD, et al. (2017): On
the role of the corpus callosum in interhemispheric functional connectivity in humans. Proc Natl
Acad SciU S A. 114:13278-13283.

38. Uddin LQ (2013): Complex relationships between structural and functional brain
connectivity. Trends in cognitive sciences. 17:600-602.

39. Le Bihan D, Mangin JF, Poupon C, Clark CA, Pappata S, Molko N, et al. (2001): Diffusion
tensor imaging: concepts and applications. Journal of Magnetic Resonnance Imaging. 13:534-
546.

40. Beaulieu C (2002): The basis of anisotropic water diffusion in the nervous system - a
technical review. NMR in Biomedicine. 15:435-455.

41. Bartolome EL, Cottura JC, Britos Frescia R, Dominguez RO (2016): Asymptomatic
colpocephaly and partial agenesis of corpus callosum. Neurologia. 31:68-70.

42. Ayflegil GA, Esat A, Aylin A, Kemalettin A (2016): Partial corpus callosum agenesis
andcolpocephaly: a case report. Anatomy. 10:242-245.

43. Anderson V, Spencer-Smith M, Wood A (2011): Do children really recover better?
Neurobehavioural plasticity after early brain insult. Brain. 134:2197-2221.

44. Huang H, Xue R, Zhang J, Ren T, Richards LJ, Yarowsky P, et al. (2009): Anatomical
Characterization of Human Fetal Brain Development with Diffusion Tensor Magnetic Resonance
Imaging. The Journal of Neuroscience. 29:4263-4273.

45, Paul LK (2011): Developmental malformation of the corpus callosum: a review of typical
callosal development and examples of developmental disorders with callosal involvement.
Journal of Neurodevelopmental Disorders. 3:3-27.

46. Chopra S, Shaw M, Shaw T, Sachdev PS, Anstey KJ, Cherbuin N (2018): More highly
myelinated white matter tracts are associated with faster processing speed in healthy adults.
Neurolmage. 171:332-340.

47. Hynd GW, Semrud-Clikeman M, Lorys AR, Novey ES, Eliopulos D, Lyytinen H (1991):
Corpus callosum morphology in attention deficit-hyperactivity disorder: morphometric analysis of
MRI. Journal of Learning Disabilities. 24:141-146.

48. Luders E, Narr KL, Bilder RM, Thompson PM, Szeszko PR, Hamilton L, et al. (2007):
Positive correlations between corpus callosum thickness and intelligence. Neurolmage. 37:1457-
1464.

49. Siffredi V, Barrouillet P, Spencer-Smith M, Vaessen M, Anderson V, Vuilleumier P
(2017): Examining distinct working memory processes in children and adolescents using fMRI:
Results and validation of a modified Brown-Peterson paradigm. PloS one. 12:e0179959.

50. Christman SD, Propper RE (2001): Superior episodic memory is associated with
interhemispheric processing. Neuropsychology. 15:607-616.

51. Ocklenburg S, Ball A, Wolf CC, Genc E, Gunturkun O (2015): Functional cerebral
lateralization and interhemispheric interaction in patients with callosal agenesis.
Neuropsychology. 29:806-815.

52. Lum C, McAndrews MP, Holodny Al, McManus KA, Crawley A, Chakraborty S, et al.
(2011): Investigating agenesis of the corpus callosum using functional MRI: a study examining
interhemispheric coordination of motor control. Journal of Neuroimaging. 21:65-68.

53. Owen JP, Li YO, Yang FG, Shetty C, Bukshpun P, Vora S, et al. (2013): Resting-state
networks and the functional connectome of the human brain in agenesis of the corpus callosum.
Brain Connectivity. 3:547-562.

16


https://doi.org/10.1101/2020.05.29.20115451

medRxiv preprint doi: https://doi.org/10.1101/2020.05.29.20115451; this version posted May 30, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

Functional MRI — Preprocessing — BOLD time series

Realignment 4 —
R S ' Functional connectivity
Smoothing P —

. I | |} 1 o5l

| Scrubbing| W o Parcellation

v Brainnectome Atlas
Regress out motion,
corticospinal fluid, white matter

Diffusion MRI — Preprocessing —_— Tractography -~

Donousmg Response function - Tax

Eddy current Constrained spherical
Motron correction deconvolution
Blals field correction A

o
Normalisation

Structural connectivity

- Number of streamlines
-FA



https://doi.org/10.1101/2020.05.29.20115451

medRxiv preprint doi: https://doi.org/10.1101/2020.05.29.20115451; this version posted May 30, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

Structural connectivity (FA) Functional connectivity

\

- Left hemisphere connectivity

/4

Children with
AgCC

Right hemisphere connectivity

Typically
Developing

a \



https://doi.org/10.1101/2020.05.29.20115451

medRxiv preprint doi: https://doi.org/10.1101/2020.05.29.20115451; this version posted May 30, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

Children with AgCC Typically Developing Controls
s E—— : oo e ' General cognitive
P : — L] ' — functioning
vol| | — H w .
w-::- : — H Ot span o — Verbal short term and
: . Senum : -— ' ‘working memory
T I —— [R—— H e :
Coermasrg] 1 Color reading | — H
Cotorramng{ | B —— ] Calor i | —— '
' H Vertal swkchng sccurmcy — H
o H H Vertt wwaching — |
Cotngurymecy{ | — ' Category owncy ' — !
[t I e Lot Sarcy : :
e — Mot sgns : —_— :
Satcrey Swacty ' == .
Lot Soqunty — Loter sacuancing : — ! Executive and
D ] = H Murmter sauencng B ] : attention functions
Vel scarens nms — : Vi scanring sumters | H — |
ntoen e Insnon . — |
Oneded musshory stertion — H O msstory attersion | H .
vl task. e Otk H F———
Sustamed ey smerson { ‘ H — H
e | — N Vieusl salective attenon | p— |
Vi s speed | ——ta ‘Vieust soareh spesé ! — :
ool siaerny s . ' e '
Verbal deteyed secognecn | — '
Vet dminyed recad — H s H
Vertad ot recat — H [P— . N Verbal learning and
Vertal mmemeciane recat { L] H N memory
Vertal lnarmng ets earne; | | —— .
Protiern detwcns H - H Poctiem tehwacu ' — :
‘Soci shits ' i Socil kil ' - ' Social functions
3 k3 T 3 T T 3 T T 3 7 3 3 3 T " ) 3 T ) T 3 3
Bootstrap ratio z-scores Bootstrap ratio z-scores

FA Number of streamlines

Robust positive bootstrap ratio z-scores

Robust negative bootstrap ratio z-scores

- Left hemisphere connectivity . Right hemisphere connectivity


https://doi.org/10.1101/2020.05.29.20115451

medRxiv preprint doi: https://doi.org/10.1101/2020.05.29.20115451; this version posted May 30, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

Children with AgCC Typically Developing Controls
P30 — S0 ' — : General cognitive
o : — : "o : — : functioning
wo! H ' H vo : ————————
: H Ot span v H — .

Woing memory | . — . Wosting memcry ' — ' Verbal short term and
Shortasem memary N — . Srvrtterr memory § N — working memory
PhBon swachng H — Ston seRchrg N I

Ferteence : —_— Irternnce tash : —

Cotr rmateg ' T Cakr seadrg ' —
Cokr rameng Cobor ramng H —
Vertal vaactin accuracy — Vertal vaaching accuracy . —

Vot stcnng — o ' —

Category Sumncy — Catogary fomncy ' —

Lot ncy — Lotior Smcy ' —
Mok spwed | — R H —
Swtney — Sotirry. H -
Lot soqancing — [ob—— ! e Executive and
Nt vogncrg hroe sesancrg '
Vi scarg mrbers — Ve scammng sumbers ' —
R — [ : —
O ety strton —
[T ——— Otk B
Satared austory stwrton — Surtarad sucstory atwetion H —_—
Vil vecive startn — Vinual swechve seurecn . ——
Vil sach sovet — Vo soarch sgoed ' —_—
Vil v smcosnge . ! —
Vet dntayed recaton — Vet dutaped recogrten ' e
Vertl celayed secat — (IR p—— 1 —
[—— — Ve vk ot H — Verbal learning and
[ —— . N memory
Pt tetovens — Protien tehavous H =
Socil wts. — S sas. H — Social functions
° 2 3 ‘4 s 5 2 E) 3 T ) T ] 3 ]

3 7 ] T
Bootstrap ratio z-scores

g
§
:
§
:

Robust positive bootstrap ratio z-scores

Robust negati ratio

. Left hemisphere connectivity . Right hemisphere connectivity


https://doi.org/10.1101/2020.05.29.20115451

