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Abstract
We aimed to identify symptom-related neuroimaging biomarkers for patients with dysgenesis of the corpus callosum (dCC)
by summarizing neurological symptoms reported in clinical evaluations and correlating them with retrospectively collected
structural/diffusion brain magnetic resonance imaging (MRI) measures from 39 patients/controls (mean age 8.08 ± 3.98).
Most symptoms/disorders studied were associated with CC abnormalities. Total brain (TB) volume was related to language,
cognition, muscle tone, and metabolic/endocrine abnormalities. Although white matter (WM) volume was not related to
symptoms studied, gray matter (GM) volume was related to cognitive, behavioral, and metabolic/endocrine disorders. Right
hemisphere (RH) cortical thickness (CT) was linked to language abnormalities, while left hemisphere (LH) CT was linked to
epilepsy. While RH gyrification index (GI) was not related to any symptoms studied, LH GI was uniquely related to cognitive
disorders. Between patients and controls, GM volume and LH/RH CT were significantly greater in dCC patients, while WM
volume and LH/RH GI were significantly greater in controls. TB volume and diffusion indices for tissue microstructures did
not show differences between the groups. In summary, our brain MRI-based measures successfully revealed differential
links to many symptoms. Specifically, LH GI abnormality can be a predictor for dCC patients, which is uniquely associated
with the patients’ symptom. In addition, patients with CC abnormalities had normal TB volume and overall tissue
microstructures, with potentially deteriorated mechanisms to expand/fold the brain, indicated by GI.
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Introduction
The corpus callosum (CC) is the largest commissural tract of the
human brain responsible for the transmission of motor, sensory,
and cognitive information between the two hemispheres
(Rotmensch and Monteagudo 2020). Descriptions of the CC

abnormalities include dysgenesis of the CC (dCC) defining
inadequate formation or abnormal shape of the CC; agenesis
of the CC (AgCC), in which the structure is partly or completely
missing; and hypoplasia of the CC (hCC) as defining decreased
CC thickness (Sauerwein et al. 1981; Mooshagian et al. 2009;
Edwards et al. 2014; Rotmensch and Monteagudo 2020; Vasung
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Materials and Methods
Subjects
We retrieved radiological reports from the Boston Children’s
Hospital (BCH) radiological database using the following keywords: agenesis, dysgenesis, hypogenesis, hypoplasia, and thinning of the CC (Figure 1). The search yielded 87 patients with
CC disorders (N = 66 with isolated CC disorder, N = 21 with CC
disorders, and an associated cortical malformation). MRI data
and neurological reports of these patients were retrospectively
used. A normal age- and sex-matched control group was also
assembled using the BCH patient database. Since the study
was retrospective in nature, and no identifying information was
requested by the researchers, it was determined that informed
consent would not be sought from the patients due to the low
risk it presented to them. A waiver of patient consent, in addition
to all other procedures, was approved after due consideration by
the BCH Institutional Review board.

MRI Scan Parameters
Participants were imaged with clinical 3 Tesla MRI scanners (Skyra, Siemens Medical Systems, Erlangen, Germany)
at BCH yielding T1-weighted structural volumetric images
accessed through the Children’s Research and Integration
System (Pienaar et al. 2015). Spatial resolution ranged from
0.49 × 0.49 × 1 mm3 to 1.15 × 1.15 × 1 mm3 . Diffusion MRI data
were typically acquired using isotropic diffusion-weighted spinecho echo-planar imaging with repetition time (TR) = 10 s; echo
time (TE) = 88 ms; δ = 12.0 ms;  = 24.2 ms; matrix size = 128 ×
128; integrated parallel imaging techniques (iPAT) = 2; and five
b0 and 30 diffusion-weighted measures with the high b value of
1000 s/mm2 . Spatial resolution varied in the x and y directions
from 1.57 to 2.10 mm (mean: 1.76 mm, standard deviation [SD]:
0.11 mm). Through-plane slice thickness varied from 2.00 to
2.60 mm (mean: 2.10 mm, SD: 0.19 mm).

T1w MRI Quality Control and Processing
A diagram of inclusion/exclusion and control of the patients
are shown in Figure 1. The criteria for MRI quality control were
only based on the quality of scans, and it was not related to
demographic factors such as gender, age, and diagnosis. Thus,
MRI images with severe movements, poor white matter (WM)
to gray matter (GM) contrast, severe hydrocephalus, artifacts, or
shape distortions were excluded. Quality control of T1-weighted
MRIs resulted in subdivision of patients into four groups: excellent (N = 20), very good (N = 22), satisfactory (N = 18), and poor
T1w quality (N = 25), among which there were severe movement
in 52%, poor WM to GM contrast in 28%, and severe hydrocephalus, artifacts, or shape distortions in 20% of cases. Only the
patients with excellent, very good, or satisfactory T1-weighted
MRI quality were included in further analysis (N = 60).
T1w MRI images were processed using the CIVET 2.1.0 pipeline
(http://www.bic.mni.mcgill.ca/ServicesSoftware/CIVET),
designed for extraction of cortical surfaces and calculation of
cortical thickness (CT). We performed the following processes:
1. Linear registration of original MR images to the standardized
MNI space (ICBM 152 dataset) (Fonov et al. 2009).
2. Tissue segmentation of MR images into the cerebrospinal
fluid and GM and WM, with partial volume estimates of the
tissue classes (Zijdenbos et al. 1998; Tohka et al. 2004).
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et al. 2020). However, there is confusion and variability about
the use of the terms partial AgCC and hCC in the literature
(Schell-Apacik et al. 2008). For example, while some studies
considered that partial AgCC and hCC under a definition of
dCC as its subgroups (e.g. Palmer 2014), other studies defined
complete and partial AgCC as the subgroups of dCC, and hCC as
a different group (e.g. Vasung et. al. 2020), and others considered
dCC as an umbrella term including both partial/complete
AgCC and hCC (Tovar-Moll et al. 2004, Bénézit et al. 2015). As
such, the choice of the terminology of the descriptions of CC
abnormalities in the literature varies and is often confusing
in this research field. Since dCC can be used as a general
terminology for any malformation of the CC (Tovar-Moll et.al
2004, Bénézit et al. 2015), we chose to follow their suggestions,
using dCC as an umbrella term including two subgroups:
partial/complete agenesis of the CC (subgroup Absence) and
decreased thickness of the CC (subgroup Hypoplasia).
The etiology of the CC abnormalities may be a result of a
variety of different genetic or environmental factors during the
fetal period (Yuan et al. 2020). Recent research suggests that
multiple genetic mechanisms, including single-gene Mendelian
mutations, single-gene random mutations, and complex genetics, may be effective (Paul et al. 2007). It is reported that approximately 55–70% of the cases are not clinically identifiable. Some
cases are associated with external stimuli such as alcohol consumption in pregnancy (Edwards et al. 2014). Additionally, dCC
is a feature of Aicardi’s syndrome and is presumed to be caused
by an X-linked dominant de novo mutation that is lethal in males
in which no candidate genes have been identified (Kroner et al.
2008).
The prevalence of the dCC varies in the literature ranging
from 0.5 per 10 000 in the general population to 230–600 per
10 000 in children with neurodevelopmental disability (Palmer
and Mowat 2014). This difference may be the result of ambiguity
in the definition of the type of callosal abnormalities between
studies and their varied results (Palmer and Mowat 2014).
Developmental milestones such as walking, talking, and reading
are typically delayed to varying extent in children with dCC.
Motor skills, especially those involving left–right coordination,
may be a particular challenge. Patients with dCC have a broad
range of clinical deficits; many have symptoms that fall within
the autistic spectrum (Badaruddin et al. 2007) and suffer from
seizures and spastic episodes (Heimer et al. 2015). In some
cases, dCC patients show mental retardation, mostly with
mildly impaired intelligence or subtle psychosocial symptoms.
Although partial/complete AgCC is frequently accompanied by
malformations of the cerebral cortex, it also appears as an
isolated neuroradiological finding. Therefore, isolated AgCC
(dCC) is of interest to both the clinical communities and
researchers, as the neurological and psychological symptoms
of these patients vary from discrete to life disabling.
The goals of our work were to identify neurological symptoms and neuroimaging biomarkers in patients with CC abnormalities. We correlated quantitative and qualitative magnetic
resonance imaging (MRI) measures in patients with dCC with the
retrospectively retrieved clinical outcome to identify what types
of quantitative neuroimaging measures could be biomarkers
of patients with CC abnormalities. We hypothesized that there
were specific brain MRI-based measures that could characterize regional brain abnormalities outside of the CC in patients
with CC abnormalities, and some of them would be linked to
symptoms of the patients.

Symptom-Related MRI Biomarkers for Callosal Abnormalities

3. Correction of the intensity of nonuniform artifacts, using
the N3 method (Sled et al. 1998), one of the crucial steps
in T1-weighted MRI analysis since nonhomogeneity of the
magnetic field leads to nonuniformity of MR intensity in the
GM and WM.
4. Fully automatic extraction of the pial (outer cortical) and
GM/WM boundary (inner cortical) surfaces (MacDonald et al.
2000; Kim et al. 2005) based on the segmented images. Surfaces were extracted by hemisphere by fitting the segmented
images with a deformable mesh model with 163 840 triangles
per hemisphere. In this step, 81 920 vertices (cortical points)
were placed on the inner and outer cortical surfaces for each
hemisphere of each subject.
5. Registration of the mid-cortical surface of each subject to an
average surface template (ICBM 152 data set) (Robbins 2004;
Lyttelton et al. 2007; Boucher et al. 2009) to establish the intersubject correspondence of surface vertices.
After the quality control of the CIVET output files, handdrawn masks of ventricles were created in Display (http://www.
bic.mni.mcgill.ca/software/Display/Display.html) to correct
segmentation errors. Corrected segmentations of the ventricles
were imported back into the CIVET pipeline to improve the
quality of the segmentation and extraction of cortical surfaces.
The CIVET pipeline was re-run using newly created masks
until satisfactory CIVET output was obtained. Such a step was
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necessary due to the large anatomical differences in the dCC
population studied.
The final quality check of the CIVET output files was performed to ensure accurate tissue segmentation and cortical
surface extraction. From 60 patients, 39 patients who had excellent (N = 21), very good (N = 13), or satisfactory (N = 5) CIVET output (65%) were included in the further analyses (mean age
8.08 ± 3.98).
The total brain (TB) volume and the volume of the cerebral
cortex, WM, and ventricles were calculated by summing the
volumes of all the voxels belonging to tissue classes. The TB
volume included only the cerebral and cerebellar tissues (GM
and WM) excluding the cerebrospinal fluid. The gyrification
index (GI) was calculated by dividing the area of each cortical
surface by the corresponding area of its convex hull, for each
hemisphere.
In addition, three brain abnormalities (CC, GM, and brain size
abnormalities) were reported categorically as several abnormal
groups according to the degrees. The abnormality of brain size
was inspected and reported by a radiologist or a physician, and
head circumference and growth curve measures were a part
of the clinical review. GM abnormalities such as GM heterotopia, gyrification abnormality or encephalopathies, and different types of callosal abnormalities were also included in the
clinical reviews.
Finally, the dCC patients were grouped into two subgroups:
Absence (N = 18) and Hypoplasia (N = 21) (Fig. 2). Normal ageand sex-matched controls (N = 39), with excellent quality of T1weighted MRIs and without evidence of brain pathology, were
selected from the BCH radiological database and processed with
the same version of CIVET using the CBRAIN portal (Sherif et al.
2014). The CBRAIN portal was used for controls, as manual
corrections of the segmentation were not needed for controls. Of
the 39 controls, 34 had an excellent or satisfactory CIVET output
and were included in further quantitative MRI analyses. In all
included subjects, the mid-sagittal area of the CC was manually
delineated and measured using OsiriX (https://www.osirix-vie
wer.com).

Diffusion MRI Quality Control and Processing
From the 87 patients with CC abnormalities initially selected,
69 patients (79%) had diffusion MRI data, or diffusion MRI data
with satisfactory quality (e.g., without severe motion artifacts or
distortions). However, only the subjects that had both diffusion
MRI and satisfactory or excellent CIVET output were included
in further quantitative diffusion analysis (N = 49: dCC = 27, controls = 22). Of the 49 subjects whose diffusion data were included
in the final analyses, 44 subjects had diffusion MRI with 35
measurements (five b0 volumes along with 30 volumes with a
high-b value of 1000 s/mm2 ). For those subjects, cortical masks
were obtained from the CIVET pipeline. All diffusion MRI data
were corrected for eddy current and motion using FSL (https://
fsl.fmrib.ox.ac.uk/fsl). T1-weighted MRIs and the cortical masks
for each of these patients were linearly co-registered with their
b0 images (Supplementary Fig. S1).
Fractional anisotropy (FA) and apparent diffusion coefficient
(ADC) values were calculated with a standard diffusion
tensor model using Diffusion Toolkit (http://www.trackvis.o
rg/). Brain mask volumes created by Diffusion Toolkit were
used to terminate tractography instead of using the standard
FA threshold (Schmahmann et al. 2007; Wedeen et al. 2008;
Takahashi et al. 2010, 2011, 2012, 2014; Song et al. 2015; Vasung
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Figure 1. Flow diagram for inclusion, exclusion, overall analysis, and statistics.
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et al. 2019), because progressive myelination and crossing fibers
within the developing brain can result in low FA values, which
may potentially incorrectly terminate tractography in brain
regions with low FA values (Wilkinson et al., 2017). Mean FA
and ADC measurements of the entire cerebral cortex were
calculated using TrackVis (http://www.trackvis.org/) by superimposing linearly registered cortical masks on the FA (or ADC)
maps.

Statistical Analyses
To analyze the correlation between brain MRI findings (brain
abnormalities/brain measurements) and clinical/cognitive
characteristics, data from a total of 78 participants (39 dCC
patients and 39 controls) were used as input to the multiple
logistic regressions of three radiologically reported brain
abnormalities (CC, GM and brain size abnormalities) versus
clinical/cognitive characteristics, and data from a total of 71
participants (39 dCC patients and 32 controls) were used as input
to the multiple logistic regressions of MRI brain measurements
(TB volume, cortical GM volume, GI in left hemisphere [LH]/right
hemisphere [RH], CT in LH/RH) versus clinical/cognitive
characteristics. Age and gender were also included in every
model to take their influences on clinical symptoms into
account.
Chi-squared tests and t-tests were performed for comparisons of age, gender, CC area, and brain abnormalities within the
dCC patient group (between two subgroups: Hypoplasia N = 21,
Absence N = 18). Paired t-tests were performed for comparisons
of MRI brain measurements and clinical/cognitive characteristics between the Hypoplasia subgroup (18 patient and control
pairs)/the Absence subgroup (15 patient and control pairs) and
their controls.
Analyses between dCC patient and control groups were
conducted by performing paired t-tests. Comparisons included
MRI brain measurements and cortical DTI measurements: TB
volume (34 patient and control pairs), cortical GM volume (34
patient and control pairs), WM volume (34 patient and control
pairs), GI in LH/RH (34 patient and control pairs), CT (32 patient
and control pairs) in LH/RH, FA of the cerebral cortex (16 patient
and control pairs), and ADC of the cerebral cortex (16 patient and
control pairs). In this set of tests, the volumes of GM and WM
were both normalized by the TB volumes, after which, therefore,
the normalized values of GM and WM were percentages of TB
volumes.
Paired t-tests need gender-/age-matched patient and control
pairs, and the differences of age in every patient and control pair
were from 0.002 to 0.081 years old. However, not each patient had
a corresponding control, so after pairing, the numbers of patient
and control pairs varied in each test.
The confidence level for all tests was 95%, and the Bonferroni
correction was applied.

Statistical analyses (descriptive, tests) were performed using
SPSS (https://www.ibm.com/analytics/spss-statistics-software)
software and RStudio (https://www.rstudio.com/).

Results
Demographical and Radiological Characteristics of
Patients with CC Disorders
Of the 39 patients with CC abnormalities, 48.7% were males and
51.3% females. The mean age at the MR scan was 8.08 years
with an SD of 3.98 years. Almost half of the patients had
hypoplastic CC (53.8%), while the rest of them had a partial
or total absence of CC (46.2%). The most frequent disorder of
CC was the total hypoplasia (35.9%) and complete AgCC (20.5%).
Almost 36% of patients (35.9%) had an additional abnormality
of GM. Similarly, 31% of patients had an abnormality in brain
size. Detailed demographical and radiological characteristics
of the patient group were reported in Table 1. Additionally, a
detailed classification of brain abnormalities was presented
within a Venn diagram (Fig. 3). Distributions and overlapping
of GM abnormality and brain size abnormality in dCC patient
group (N = 39), dCC subgroup Hypoplasia (N = 21), and subgroup
Absence (N = 18) were shown.

Genetic, Clinical, and Cognitive Characteristics
of Patients with Callosal Abnormalities
Out of 39 patients, 36 had one or more neurological symptoms
(see Table 2). Fourteen patients had epilepsy, while one had
an epileptic activity on EEG, indicating a predisposition to
generate seizures. The most frequent neurological disorder
was language impairment (N = 25). Out of 25 patients with
language impairment, 5 patients were averbal, 1 patient
had only a receptive language disorder, 8 patients had an
expressive language disorder, while 11 patients had both
expressive and receptive language disorders. The second
most frequent neurological disorder was cognitive disorder
(N = 24) such as global or mild developmental delay, intellectual disabilities, mild learning disabilities, communication
problems, and unspecific neurodevelopmental disorders. The
most frequent among those were global developmental delay
(N = 15), followed by intellectual disability (N = 4), unspecific
neurodevelopmental disorder (N = 2), mild developmental delay
(N = 1), mild learning disabilities (N = 1), and communication
impairment (N = 1).
Following the language and cognitive disorders, there were
muscle tone abnormalities (hypotonia [N = 12] or hypertonia
[N = 9]), abnormalities of motor skills/movement (impairments
of fine motor skills [N = 8], gross motor skills [N = 5], and
dyskinesia [N = 5]), and eye or ocular motor abnormalities
(strabismus [N = 5], amblyopia [N = 3], astigmatism [N = 2],
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Figure 2. CC disorders: abnormal shape of the CC (A), hypoplasia of the CC (B), absence of rostrum (C), genu and splenium (D), body (E), and body and splenium (F) of
the CC. The complete absence of the CC is shown in (G).
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Table 1 Patient characteristics, patient age during MRI scan, and MRI findings additional to abnormality of the CC
Percentage

Total number
Male
Female

39
19
20

48.7%
51.3%

Age during MRI scan (years)
Mean (±SD)

8.08 (±3.98)

CC abnormality
1) Hypoplastic CC
Middle segment hypoplasia
Posterior segment hypoplasia
Hypoplasia of all segments
2) Absence of CC
Absence of the rostrum
Middle segment absence
Posterior segment absence
Near absence
Complete agenesis

21
4
3
14
18
1
1
5
3
8

53.8%
10.3%
7.7%
35.9%
46.2%
2.6%
2.6%
12.8%
7.7%
20.5%

GM abnormality
Ectopic GM
Gyrification abnormalities
Combined
GM injury (encephalopathy)

14
5
5
2
2

35.9%
12.8%
12.8%
5.1%
5.1%

Abnormalities of brain size
Microcephaly
Macrocephaly
Holoprosencephaly

12
8
3
1

30.8%
20.5%
7.7%
2.6%

Figure 3. Venn diagram showing detailed classifications of brain abnormalities in all dCC patients (A), subgroup Hypoplasia (B), and subgroup Absence (C).

heterophoria [N = 1], septo-optic dysplasia [N = 1], eccentric
pupil [N = 1], difficulty with voluntary abduction [N = 1], and
pathophysiologic saccades [N = 1]).

Sixteen patients had behavioral disorders such as attention
deficit hyperactivity disorder (N = 7); delayed social skills
development, pervasive developmental disorder, or autism
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Table 2 Genetic, clinical, and cognitive characteristics of patients with dCC
Percentage

15
5
21
18
25
24
16
7

38.5%
12.8%
53.8%
46.2%
64.1%
61.5%
41.0%
17.9%

Epilepsy

15

38.5%

Metabolic or endocrine disorder

17

43.6%

Genetic disorder

13

33.3%

(N = 5); self-injurious behavior (N = 2); episodic mood swings
(N = 1); and disruptive behavior disorder (N = 1).
Almost half of the patients (N = 17) had metabolic disorder
(propionic academia [N = 1], absence of CYP2C9 [N = 1], blood
lactate and pyruvate levels with or without lactic acidemia
[N = 1], hyperammonemia [N = 1], uncoupling of oxidative phosphorylation [N = 1], diabetes [N = 1], and leukodystrophy [N = 1])
or endocrine disorder (endocrine abnormalities associated with
Koolen Vries syndrome [N = 1], premature adrenarche [N = 2],
panhypopituitarism [N = 1], hypothalamic obesity [N = 1], hypergonadotropic hypogonadism [N = 1], endocrine disorder associated with CHARGE syndrome [N = 1], hypothyroidism [N = 2], and
Helsmoortel-van der Aa Syndrome [N = 1]).
One third of patients (N = 13) had an identified genetic disorder. The most frequently identified genetic disorder was a single
gene (CDKL5 mutation on X chromosome [N = 1], BRAF mutation
[N = 1], KANSL1 gene mutation [N = 1], and de novo mutation of
ADNP gene [N = 1]) or chromosomal mutation (Turner syndrome
[N = 1], partial trisomy 18 [N = 1], ring chromosome 8 [N = 1], and
trisomy 17p [N = 1]). The rest of the patients with genetic disorder had identified gene deletion (1q42.12-q42.2 deletion [N = 1]),
gene deletion with a duplication (MECP2 deletion and chromosome 8 duplication [N = 1]), translocation (translocation between
4p16 and 15p13, deletion of 1p21.1 [N = 1]), or mutation (copy
number variants, 6p13.3 max 215 KB deletion, 22q11.21 max
583 KB gain [N = 1]).
A detailed classification of the symptoms was given in a
pie chart (Fig. 4). Symptoms and disorders had different proportions in isolated dCC patients and dCC with additional brain
abnormalities.

Correlations between Brain MRI Findings and
Clinical/Cognitive Characteristics
The analysis results between cortical/connectivity anomalies
and symptoms were shown in Table 3. A symptom with
statistical significance meant that it was related to that
abnormality. The results indicated that except for hearing,
cognitive, and sleeping disorders, most symptoms/disorders
studied were associated with CC abnormalities. The abnormalities would increase the probability of suffering from muscle
tone, motor skills/movements, language, metabolic/endocrine,
and behavioral abnormalities. GM abnormalities included
in all models did not show a significant effect. Brain size

abnormalities were related to language and cognitive disorders,
and it would increase the probability of suffering from these
abnormalities.
Behavioral characterizations were based on neurological
assessments, and parent reports often supported them. A
variety of different assessment tests were used to assess
the dCC patients. Denver developmental assessment, early
intervention developmental profile assessment, and ski-hi
language development scale were examples of developmental
test that were applied. For mental status, a psychiatry/psychology consultation was requested, and the patients were
evaluated according to the DSM-IV Multiaxial Diagnosis, and
Clinical Global Impression, which reveals a Children’s Global
Assessment Scale. Our control patients were people admitted
to the hospital having headache or other concerns but found no
abnormalities after MRI evaluation and clinical examination so
they were not able to receive the same assessments applied to
patients with CC abnormalities.
To study whether and how brain MRI measurements are
associated with those symptoms, multiple logistic regression
models were built for each symptom based on MRI measurements (Table 4). TB volume was negatively related to language,
cognition, muscle tone, and metabolic/endocrine abnormalities.
Although WM volume was not related to any symptoms studied,
GM volume was related to cognitive, behavioral, and metabolic/endocrine disorders. Larger GM volume may slightly increase
the likelihood of having disorders in cognitive, behavioral, and
metabolic/endocrine domains. RH CT had a positive correlation with language abnormalities, while LH CT had a positive
correlation with epilepsy. LH and RH CT were both related to
muscle tone abnormalities; however, the correlations were the
opposite. A larger LH CT would increase the likelihood of having muscle tone abnormalities, while a larger CT in RH would
decrease the likelihood of having such abnormalities. This may
suggest that the larger the difference between CT in LH and
RH (LH CT larger than RH CT), the higher the likelihood of
having muscle tone abnormalities would be. In addition, while
the RH gyrification index (GI: the ratio between contours of the
folded and interpolated outer brain surfaces) was not related to
any symptoms studied, LH GI was uniquely related to cognitive
disorders. Larger LH GI may decrease the likelihood of suffering
from cognition disorders. These results suggested that brain
MRI-based measurements reveal differential effects to many
symptoms associated with dCC.
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Neurological
Eye or ocular motor abnormalities
Hearing abnormalities
Muscle tone abnormalities
Abnormalities of motor skills/movement
Language impairment
Cognitive disorder
Behavioral disorder
Sleep disorder

N
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Within-Group Analysis

Between-Group Analysis

To ensure that patients with dCC represent a relatively homogenous group to compare to the control group, a set of tests (ttests and chi-squared tests) was performed to compare the differences between the two subgroups (Hypoplasia and Absence),
as well as each subgroup with their corresponding gender/age-matched control groups. However, the results suggested
that there was no significant difference between these two
subgroups in patient characteristics, presence of neurological,
endocrine/metabolic, brain, genetic abnormality, region of CC
affected, or in quantitative brain measures including the CT
(Table 5). In addition, in the CC Absence subgroup (N = 18), considering that the developmental mechanisms between CC total
and partial absence might be different, we further compared
MRI brain measurements and clinical symptoms 1) between
patients with complete CC absence (N = 8) and patients with partial CC absence (N = 10), 2) between patients with complete CC
absence and their age/sex-matched controls (7 pairs of patient
& control), and 3) between patients with partial CC absence and
their age/sex-matched controls (8 pairs of patient & control).
All of these comparisons showed no statistically significant
difference.

Figure 5 shows the ORs (log-scaled values) of disorders for dCC
patients. OR, a measure of association between exposure and
an outcome, in our case, was the ratio of the odds of having a
disorder in the patients and the odds of having a disorder in
the control group. An OR of 1 (log-scaled threshold = 0) indicates
dCC not affecting on suffering from that disorder; OR > 1 (logscaled threshold = 0) indicates increased occurrence of disorder
in the presence of dCC; OR < 1 (log-scaled threshold = 0) indicates
decreased occurrence of disorder in the presence of dCC.
Compared to the age- and sex-matched control group,
patients with dCC had significantly higher odds of having GM
abnormality (OR = 44.92, 95% CI [2.57, 786.66]), gene/chromosomal abnormality (OR = 9.2, 95% CI [1.92, 44.5]), endocrine or
metabolic disorders (OR = 14.3, 95% CI [3.01, 67.84]), epilepsy
(OR = 23.75, 95% CI [2.94, 191.57]), eye or ocular motor abnormalities (OR = 23.75, 95% CI [2.94, 191.59]), muscle tone abnormalities
(OR = 44.33, 95% CI [5.52, 355.93]), motor skills/movement abnormalities (OR = 7.5, 95% CI [2.23, 25.18]), language impairment
(OR = 67.86, 95% CI [8.39, 548.95]), cognitive disorder (OR = 124.88,
95% CI [7.14, 2182.53]), and behavioral disorder (OR = 8.35, 95% CI
[2.19, 31.86]).
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Figure 4. Pie chart showing detailed classifications of symptoms in isolated dCC group (A), dCC with Brain Size abnormalites group (B), and dCC with Gray Matter
abnormalities group (C).
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Table 3 Analysis of brain abnormalities with clinical and cognitive characteristics
Statistics

CC abnormalities

Hearing abnormalities

P value
Estimate
SE
z value

0.741
0.329
0.993
0.331

Muscle tone
abnormalities

P value
Estimate
SE
z value

Abnormalities of motor
skills/movement

GM abnormalities

Brain size abnormalities

0.634
0.502
1.054
0.476

0.518
0.680
1.052
0.646

6.580×10−4
3.800
1.115
3.407

0.403
−0.591
0.706
−0.837

0.268
0.835
0.754
1.108

P value
Estimate
SE
z value

9.910×10−4
2.355
0.715
3.293

0.177
−0.993
0.736
−1.349

0.647
0.343
0.748
0.458

Language impairment

P value
Estimate
SE
z value

9.440×10−4
3.763
1.138
3.307

0.776
0.223
0.794
0.281

0.027
2.702
1.219
2.217

Metabolic or endocrine
disorder

P value
Estimate
SE
z value

0.004
2.618
0.903
2.900

0.757
−0.224
0.725
−0.309

0.316
0.742
0.739
1.004

Cognitive disorder

P value
Estimate
SE
z value

0.994
2.102×101
2.778×104
0.008

0.196
−1.046
0.808
−1.294

0.031
2.481
1.152
2.154

Behavioral disorder

P value
Estimate
SE
z value

0.007
2.059
0.765
2.693

0.834
0.145
0.695
0.209

0.909
0.081
0.715
0.114

Sleeping disorder

P value
Estimate
SE
z value

0.395
0.649
0.763
0.850

0.537
−0.579
0.939
−0.617

0.822
−0.213
0.946
−0.225

Note: Significant P values are shown in bold. SE, standard error.
Statistics of multiple logistic regression models are shown. All models included gender and age, but statistics not included in table. Confidence level: 95%.

Between the dCC and control groups, GM/WM volumes and
LH/RH GI were statistically significantly different, except for
TB volume (Table 6, Fig. 6). Patients with dCC, compared to the
controls, had statistically significantly larger volumes of the GM
and had statistically significantly smaller volumes of the WM
and GI of each hemisphere. The TB volume was not found to be
significantly different between groups.
Although the patients with dCC had significantly thicker cortex compared to the controls (Fig. 7), we did not find significant
differences in cortical ADC and FA between patients with dCC
and controls (Table 7, Fig. 8).

Discussion
In this retrospective MRI study, we have assessed quantitative
and qualitative MRI characteristics of the brain, along with
clinical symptoms of the patients with callosal abnormalities.
The majority (93%) of the patients with dCC had at least one neurological symptom affecting the cognitive, behavioral, sensory,
or motor domain, and the severity of those symptoms varied
from discrete to life disabling. In addition, patients with dCC who

had genetic disorders showed heterogeneous profiles. Given
the heterogeneous nature of the disorder, the identification
of imaging biomarkers for dCC remains of importance for the
clinical community. Our results together suggest that brain MRIbased measures successfully revealed differential links to many
symptoms in patients with dCC. Therefore, the assessment of
brain MRI in patients with dCC has great potential for the understanding of the structural basis that underlies heterogeneous
clinical symptoms seen in dCC patients.

Clinical and Genetic Heterogeneity of the Disorder
The biological basis of dCC is complex because it involves
numerous genetically regulated developmental processes
(Gobius and Richards 2011). In addition, patients with dCC often
have additional genetic abnormalities, structural abnormalities
of the brain, and/or epilepsy (Paul et al. 2007), which were also
observed in our study (Fig. 2, Table 2). The most frequently
studied disorders of the CC, caused by the failure of callosal
axons to cross the midline, can be easily identified by the
presence of gross structural abnormalities in the mid-sagittal
plane (Hetts et al. 2006; Paul et al. 2007; Edwards et al. 2014).
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Table 4 Analysis of MRI measurements with clinical and cognitive characteristics
Symptoms

MRI measurements P value

Estimate

SE

OR

TB
CT LH
CT RH

0.001
0.018
0.046

−0.008
17.193
−14.663

0.003
7.284
7.345

Language impairment

TB
CT RH

0.019
1.380×10−4

−0.004
3.286

0.002
0.862

0.996
26.747

Metabolic or endocrine disorder

TB
GM

0.004
0.011

−0.009
0.016

0.003
0.006

0.991
1.106

Cognitive disorder

TB
GM
GI LH

0.012
0.014
0.002

−0.010
0.021
−10.362

0.004
0.008
3.368

0.990
1.021
3.161×10−5

Behavioral disorder

GM
CT LH
CT RH

0.007
0.008
0.008

0.011
1.748
1.816

0.004
0.662
0.686

1.011
5.745
6.147

CT LH

0.006

3.082

1.115

Hearing abnormalities
Muscle tone abnormalities

0.992
2.931×107
4.283×10−7

Abnormalities of motor
skills/movement

2.180×101

Note: Significant P values are shown in bold. Symptoms with blank in statistics referred to not having statistically significantly related MRI measurements according
to the models. SE, standard error. Statistics of multiple logistic regression models were shown. All models included gender and age, but statistics not included in
table. Confidence level: 95%.

Table 5 Within-group comparisons of patient characteristics, age during MRI scan, and MRI findings
Hypoplasia

Absence

Test result∗

Total (N)
Male (%)
Female (%)

21
11 (52.4%)
10 (47.6%)

18
8 (44.4%)
10 (55.6%)

X 2 (1) = 0.24, P = 0.62

Patient age in years (mean ± SD)

9.01 ± 3.57

7 ± 4.25

t(37) = 1.61, P = 0.12

CC abnormality
Area in mm2 (mean ± SD)
1) Hypoplastic/Absence of CC (%)
Rostrum
Mid-portion (%)
Posterior (%)
Near total (%)
All segments (%)

357.96 ± 104.15
21 (100%)
0 (0%)
4 (19%)
3 (14.3%)
0 (0%)
14 (66.7%)

97.56 ± 123.21
18 (100%)
1 (5.6%)
1 (5.6%)
5 (27.8%)
3 (16.7%)
8 (44.4%)

t(37) = 7.16, P < 0.01
X2 (2) = 4.37, P = 0.11

GM abnormality
Ectopic GM (%)
Gyrification abnormalities (%)
Combined (%)
GM injury (encephalopathy) (%)

5 (23.8%)
0 (0%)
4 (19%)
0
1 (4.8%)

9 (50%)
5 (27.8%)
1 (5.6%)
2 (11.1%)
1 (5.6%)

X 2 (1) = 2.89, P = 0.09

Abnormalities of brain size
Microcephaly (%)
Macrocephaly (%)
Holoprosencephaly (%)

9 (42.9%)
6 (28.6%)
2 (9.5%)
1 (4.8%)

3 (16.7%)
2 (11.1%)
1 (5.6%)
0

X 2 (1) = 3.12, P = 0.08

∗
Note: Results of chi-squared and t-tests were provided. Confidence level: 95%.

However, the presence and severity of these abnormalities do
not seem to correlate with the severity of clinical symptoms
(Goodyear et al. 2001; Shevell 2002; Moutard et al. 2003). Almost
93% of the patients with dCC included in our study had at least
one clinical symptom. This agrees with the study by Moutard
et al. (2003), which reported that individuals with asymptomatic

dCC are rare. Therefore, it is important to study in detail the
functional impairments in these patients. In addition, given that
severity of symptoms does not correlate with the mid-sagittal
malformation, it is important to find improved neuroimaging
tools with the ability to detect subtle abnormalities such as
GM/WM volume, CT, and GI.
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Table 6 Comparisons of quantitative brain measurements between dCC and control groups
Measurements

Reference group
controls (N)

dCC group (N)

Mean of
differences

CI

t value

Age
Brain volume
(mm3 )
Volume of cortical
GM (normalized
by TB)
WM volume
(normalized by
TB)
GI_LH
GI_RH
Mean CT LH (mm)
Mean CT RH (mm)

34
34

34
34

0.002
75.792

(−0.008, 0.013)
(−8.754, 160.338)

34

34

−0.069

(−0.082, -0.056)

34

34

0.023

34
34
32
32

34
34
32
32

0.232
0.244
−0.901
−0.902

(0.009, 0.037)

(0.179, 0.285)
(0.189, 0.300)
(−1.024, -0.778)
(−1.014, -0.790)

0.446
1.824
−0.107

3.445

8.921
8.925
−0.149
−0.164

P value

0.658
0.077
2.573×10−12

1.574×10−3

2.608×10−10
2.581×10−10
1.017×10−15
7.365×10−17

Note: Significant P values are shown in bold. N, number of subjects. Results of paired t-tests were provided, and Bonferroni correction was applied. Confidence level: 95%.

Table 7 Comparisons of quantitative cortical DTI measurements between dCC and control groups
Measurements

Reference group
controls (N)

dCC group (N)

Mean of
differences

CI

t value

P value

Age

16

16

0.002

(−0.013, 0.017)

0.274

0.788

FA of the cerebral cortex

16

16

0.002

(−0.017, 0.021)

0.224

0.826

(−5.991×10−5 ,

−0.167

0.869

ADC of the cerebral cortex 16

16

−4.364×10−6

5.119×10−5 )

Note: Results of paired t-tests were provided, and Bonferroni correction was applied. Confidence level: 95%.

The most frequently observed deficits in our study were language disorders, which were also the most extensively studied
disorders in patients with dCC. The most common language
impairments in our cohort were impairments in expressive
language or a combination of expressive and receptive language
difficulties. These results agree with the literature (Buchanan
et al. 1980; Jeeves 1994) that reported frequent difficulties for

patients with dCC to verbally express, for example, their emotional experiences (Buchanan et al. 1980). Furthermore, difficulties in the expressive language in dCC patients have often been
observed as an “out of the place” conversations (Jeeves 1994). In
addition to language difficulties, almost two-thirds of patients
with dCC had developmental delay/cognitive deficits. Patients
with dCC have usually an IQ within the normal range (Chiarello
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Figure 5. Forest plot of additional disorders (on the left) with the logarithmically scaled values of the odds ratios (red squares) and associated CIs (lateral tips of the
squares) for the dCC patients and controls.
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1980). However, dCC patients frequently display problem-solving
deficits (Fischer et al. 1992; Imamura et al. 1994), which might
explain that the higher incidence of developmental delay also
observed in our study. One of the interesting findings of our
study was the presence of endocrine or metabolic disorders in
almost half of the dCC patients. Hypothalamic diseases have
been associated with abnormalities in the form of other midline
structures, including the CC (Page et al. 1989).
Our findings suggest higher odds of discovering the presence
of different clinical symptoms in patients with dCC compared to
the controls. However, although these findings are in agreement
with the findings reported in the literature, wide CIs within
our study suggest that the presence and severity of the midline
CC abnormality alone cannot explain the presence and various
severity of these symptoms, although a larger cohort of dCC
patients might be necessary in order to conclude on this.

Maturation of the Cerebral Cortex
The proper establishment of connections that carry sensory
input from the environment (such as thalamo-cortical connections) is crucial for the normal microstructural maturation of
the cerebral cortex. The maturation of the cerebral cortex is
modulated by environmental inputs and involves the processes
of synaptogenesis, synaptic pruning, and dendritic arborization
(Rakic 1988; Bourgeois et al. 1989;Ball et al. 2013; Batalle et al.
2019). Our results showed that dCC patients have preserved
microstructures of the cerebral cortex, as revealed by ADC and
FA, measures often used to assess the level of dendritic arborization in the cerebral cortex (Batalle et al. 2019). Therefore, these

results, together with the observations from past studies (Ball
et al. 2013; Batalle et al. 2019), indicate that certain aspects of cortical maturation, indexed with ADC and FA, might be regulated
by genes and environment and less by modulation of interhemispheric signal transfer. However, it is still possible that regional
abnormalities of ADC and FA present in these patients, because
in this study we have used only global measures of ADC and FA.
Our results revealed that in the absence global microstructural changes in the cerebral cortex, dCC patients had significantly smaller GIs and significantly thicker CT compared to
controls (Table 6). Previous studies on an animal model of absent
CC revealed a “thinning” of CT (Abreu-Villaça et al. 2002; Ribeiro–
Carvalho et al. 2006) whereas a “thicker” CT in human patients
with absent CC (Beaulé et al. 2015). The CT reduction in mice was
explained by a possible effect on the cell death model during the
developmental stage by callosal inputs (Ribeiro-Carvalho et al.
2006), while the greater CT in patients was hypothesized that
some neuronal groups missing their targets may form nodules
of cortical lines, and abnormal neuronal migration may form an
atypical cortical organization (Guerrini et al. 2003; Guerrini and
Marini 2006; Hyde et al. 2007; Beaulé et al. 2015).
Tarui et al. (2018) did not study the change in cortical surface
or thickness in dCC fetuses during prenatal development, but
they reported alterations in absolute sulcal positions and alterations in the spatial relationship between sulci in dCC fetuses.
These alterations of the cortical surface landscape could be
detected as early as the second trimester of gestation (Tarui et al.
2018). On the other hand, they reported that the traditional GI
did not show significant differences in fetal dCC patients (Tarui
et al. 2018; they called AgCC), whereas our results revealed a
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Figure 6. Scatterplots showing the comparison of mean brain volume (A), volume of the WM (B), mean cortical GM volume (C), and GI of the left (D) and right (E)
hemisphere between the control group (blue) and dCC hypoplasia patients (orange), dCC absence patients (yellow). The black dots represent the means in each group.
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significant decrease in GI in dCC patients compared to controls
in the postnatal population. Considering the age range included
in these studies, the results from the two studies are not in
conflict, and in fact, if the GI time courses presented by Tarui
et al. (2018) were to continue to follow their given trajectories
postnatally, it would corroborate the finding in this study that
the GI is decreased in dCC versus neurotypical individuals.

Correlations between Brain MRI Findings and
Clinical/Cognitive Characteristics
In the correlation analyses of brain MRI findings (both radiologically reported brain abnormalities [CC, GM, and brain size abnormalities] and quantitative measurements [TB volume, cortical
GM volume, WM volume, GI in LH/RH, CT in LH/RH]) and clinical/
cognitive characteristics were analyzed. As of our knowledge,
our current study is the first that correlates both radiological brain anomalies and quantitative MRI measurements with
clinical outcomes in dCC patients. Previous studies showed a
significant positive correlation between WM volume and cognitive function (Gautam et al. 2015a; Taki et al. 2011; Walhovd

and Fjell 2007). Interestingly, although in this study GM volume
was increased in dCC and correlated with cognitive disorder,
WM volume was decreased in dCC and not correlated with
cognitive disorder. These results are suggestive of a potential
compensation process in the GM (e.g., increased local within-GM
connections) in response to the WM reduction.
In this study, RH CT was linked to language abnormalities.
There were many studies on correlations between language
functions and brain MRI measures, which were often complicated and had not achieved consensus. While quite a few studies
commonly reported that language functions were associated
with lateralization in the brain (Hécaen et al. 1981), the LH and
RH contributions to language processing change throughout life
(Olulade et al. 2020). However, there were a limited number of
research studies that handled a wide age range like in our study
(from 1.43 to 19.06 YO). Results from Ma et al. (2014) (from 7.7
to 16 YO) revealed that patients with dyslexia not only showed
increased CT of the left fusiform gyrus compared to controls, but
also showed increased CT in the right superior temporal gyrus,
extending into the planum temporale. Paldino et al. (2016) studied the arcuate fasciculus (AF) in patients with malformations of
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Figure 7. Scatter plots showing the comparison of mean CT of the LH (A) and mean CT of the RH (B) between the control group (blue) and dCC hypoplasia patients
(orange), dCC absence patients (yellow). The black dots represent the means in each group. Regional CT maps of the LH in 10-year-old control subject (C, D) and
10-year-old dCC patient with hypoplastic CC (E, F). CT was color coded according to the map in the middle of the figure.
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cortical development (from 3 to 18 YO) and reported that a nonidentifiable left AF with diffusion MRI tractography was a strong
marker of language dysfunctions, while the right AF was also
important for oral language functions. In our past diffusion MRI
tractography study on neurologically healthy subjects ranging
from 0 to 28 YO, subsegments of the AF showed rightward
asymmetry (Wilkinson et al. 2017). In this study, we were not able
to perform our analyses by age because of the limited number
of patients and controls in each age range. However, given the
importance of age in language development, it would be crucial
to study language development in dCC patients in the near
future.
Previous studies supported the hypothesis that cortical
gyrification was positively related to cognitive function during
development. A study from (Chung et al. 2017) provided the
evidence suggesting cortical gyrification could be relevant
to general cognitive ability in healthy adulthood (12–25 YO).
Results from Lamballais et al. (2020) suggested that gyrification
varied with aging and cognition during and after midlife
and that gyrification was a potential marker for age-related
brain and cognitive decline beyond midlife. Similarly, greater
cortical gyrification was shown to be associated with higher
cognitive abilities in healthy midlife adulthood (Gautam et al.
2015b) and childhood/adolescence (White et al. 2010). There
were also research studies focusing on local gyrification with
diseases. For example, MacKinley et al. (2020) found that a
deeper superior frontal sulcus predicted better cognitive scores
among patients with schizophrenia (average 38.49 YO). Study
from Wang et al. (2020) revealed that aberrant gyrification may

underlie cognitive performance in premature children (8–12 YO).
They found that the local GI in the precuneus and cingulate
cortices were positively correlated with IQ scores in males
with premutation (and in their controls), while negatively in
females with premutation (not in their controls). Hedderich
et al. (2019) provided evidence that both aberrant gyrification
itself as well as its propagation across the cortex expressed
aspects of impaired neurodevelopment after premature birth
and led to reduced cognitive performance in adulthood (very
preterm/very low birth weight: 27.5–28.3 YO, full term: 25.5–28.9
YO). In addition, Wallace et al. (2013) found greater gyrification
in the left precuneus and bilateral posterior temporal/lateral
occipital regions of adolescent and young adult males with
ASD as compared to age- and IQ-matched typically developing
males. They also found a robust positive correlation between
vocabulary knowledge and gyrification in the left inferior
parietal cortex in the typically developing group. However, little
is known about how GI in LH and RH may differently affect
cognitive functions. Our study fills this gap, indicating that the
LH GI might have a more significant correlation with cognitive
functions.
GM abnormalities and brain size abnormalities from radiological reviews were closely related to cortical GM volume
and TB volume in quantitative MRI measurements respectively,
however, several more significance were found in later analyses
(Table 4) than former analyses (Table 3). Besides the significance
of correlations shown in Table 3, for GM volume, there were
three more statistically significant correlations (metabolic or
endocrine disorder, cognitive disorder, and behavioral disorder),
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Figure 8. Scatter plots showing the comparison of mean cortical FA (A) and mean cortical ADC (B) between the control group (blue) and dCC hypoplasia patients
(orange), dCC absence patients (yellow). The black dots represent the means in each group.
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was akin to accidentally declaring no effect associated with
dCC when a real effect was present. Our analysis was most
concerned with assessing the largest effects, and we recognized
that a heterogeneous clinical population was not likely to be
the best method available for assessing the existence of small
effect sizes, thus our reduced concern for type II errors, which
in turn led to our decision to employ the particularly stringent
Bonferroni correction in this analysis.
Behavioral tests were not performed for our control patients
because of the retrospective nature of this study. A further
prospective study may address the same behavioral and clinical
evaluations across groups.

Conclusion
Patients with corpus callosal abnormalities had normal TB volume and overall tissue microstructures with potentially deteriorated mechanisms to expand/fold the brain, indicated by GI.
Our brain MRI-based measures successfully revealed differential
links to many symptoms, and our results suggest that the LH
GI abnormality can be a unique predictor for the patients with
corpus callosal abnormalities, which was uniquely associated
with the patients’ symptom (cognitive disorders).

Supplementary Material
Limitations and Future Research
Although we did not visually observe registration errors
both in patients and controls for the data we used, and
Supplementary Fig. S1 nicely showed an example of such
registration, it is still possible that there was slight registration
errors that might be larger in patients.
There were also limitations of our statistical tests. In the
results shown in Table 4, every multiple logistic regression
model was generated based on 71 samples (32 dCC and 39
controls). These 71 samples were mostly sex-/age-matched
in dCC patients and controls, but they were not matched in
every symptom; that is, the number of people “having” and “not
having” each symptom were not the same. Many samples in the
dCC group had some symptoms; however, there were also many
samples with dCC without having symptoms. That was likely
the reason why results in Table 4 were not identically consistent
with results in Table 6, for example, TB volume can affect some
symptoms, but TB volume was not statistically significantly
different in dCC patients and controls.
Normally, the results might have highly affected by retrospective data collection. However, BCH conducts mostly standardized MRI scanning for routine imaging as well. So that,
this allows us to obtain quality retrospective MRI data. Our
dataset, while having standardization advantages over most
clinical centers (BCH installed a suite of 3T Skyra Siemens MRI
scanners in 2007, while most clinical centers have a variety of
different MRI scanners), we have standardization disadvantages
relative to typical prospective studies (in which all T1 volumetric
examinations are normally acquired with an identical MRI pulse
sequence). This inevitably introduces additional variability/error
in our measurements and when designing our analytic strategies for assessing our data, we felt it was important to be
particularly cautious when presenting an effect that appears to
be associated with the presentation of dCC clinically. Therefore,
the most stringent accepted method was used to reduce the
false discovery rate and thus limited the likelihood that our
analysis reports findings that will not be confirmed in future
studies. Type II errors were of far less concern to us, as this

Supplementary material can be found at Cerebral Cortex online.
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