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Abstract

Background Thickened corpus callosum is a rare finding and
its pathophysiology is not well known. An anomalous
supracallosal bundle has been depicted by fiber tracking in
some cases but no diffusion tensor imaging metrics of thick-
ened corpus callosum have been reported.

Objective To use diffusion tensor imaging (DTI) in cases of
thickened corpus callosum to help in understanding its clinical
significance.

Materials and methods During a 7-year period five children
(ages 6 months to 15 years) with thickened corpus callosum
were studied. We determined DTI metrics of fractional anisot-
ropy (FA), mean diffusivity, and axial (A1) and radial (A2, A3)
diffusivity and performed 3-D fiber tracking reconstruction of
the thickened corpus callosum. We compared our results with
data from the literature and 24 age-matched controls.

Results Brain abnormalities were seen in all cases. All chil-
dren had at least three measurements of corpus callosum
thickness above the 97th percentile according to age. In all
children 3-D fiber tracking showed an anomalous
supracallosal bundle and statistically significant decrease in
FA (P=0.003) and Al (P=0.001) of the corpus callosum
compared with controls, but no significant difference in mean
diffusivity and radial diffusivity.

Conclusion Thickened corpus callosum was associated with
abnormal bundles, suggesting underlying axonal guidance
abnormality. DTI metrics suggested abnormal fiber compact-
ness and density, which may be associated with alterations in
cognition.
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Introduction

The finding of a thickened corpus callosum (Fig. 1) is rarely
reported, most likely because of its variability in size during
development [1]. Nevertheless a recent paper provides reliable
biometric data of the corpus callosum according to age [2].

The pathophysiology of thickened corpus callosum is not
well known because it is in some cases an isolated finding [3,
4]; however it is frequently associated with other brain
malformations [3, 5—10]. It can be a part of syndromic condi-
tions such as Cohen syndrome [11], Williams syndrome [12],
and neurofibromatosis type 1 [13]. Non-neurological abnor-
malities reported in association with thickened corpus
callosum are hypertrichosis and hyperkeratosis [14] and
Wilms tumor [15].

Because of its importance in cognition the corpus callosum
is one of the most common white matter structures studied
with diffusion tensor imaging (DTI). Abnormal DTI metrics
are considered to be a sign of structural abnormalities, which
can cause alterations in cognition [16]. However no DTI
metrics of thickened corpus callosum have been reported.
Two recent papers reported that DTI and fiber tract recon-
struction can show anomalous longitudinal supracallosal fi-
bers separated from the cingulum in congenital cases of thick-
ened corpus callosum [3, 17]. One case was also analyzed
histologically [17]. Using five cases of thickened corpus
callosum, we describe clinical presentation, MR findings,
fiber tracking reconstructions and DTI metrics to help in
understanding the clinical significance of this brain anomaly.
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Fig. 1 Hemimegalencephaly and polymicrogyria in a 13-year-old boy
(patient 2). Mid-sagittal T1-weighted MR sequence illustrates global
thickening of the corpus callosum

Materials and methods

We reviewed medical records of five children with thickened
corpus callosum. The cases, spanning 2002 to 2013, were
retrieved from our department’s PACS search engine using
the keywords “thick and/or mega corpus callosum.” The
children were included when at least three measurements of
the thickness of the corpus callosum were above the 97th
percentile according to age [2]. Our institutional review board
approved this retrospective study (CER 12-102R).

MR studies were performed using a 1.5T Avanto MRI
scanner (Siemens, Erlangen, Germany) and included T2-
weighted and 3-D T1-weighted and DTI sequences. The
DTI sequences were acquired with the following parameters:
echo time (TE) = 92 ms, repetition time = 9,000 ms, integrated
parallel acquisition technique = 2, Nex = 1, field of view =
230, matrix = 128 x 128, slice thickness = 2 mm, resulting in a
voxel size of 2x2x2 mm, b values = 0 and 1,000 s/mm2, and
30 gradient directions. Diffusion weighting implementation
(using a Stejskal-Tanner diffusion scheme), fractional anisot-
ropy (FA), apparent diffusion coefficient maps and tensor
calculation were automatically performed by the scanner.

Corpus callosum measurements were taken by two
senior radiologists (L.M. and S.H., with 15 and 25 years
of experience, respectively) in pediatric radiology. Mea-
surements were from a midsagittal plane 3-D TI1-
weighted spin-echo image that clearly demonstrated the
pituitary infundibulum, the cerebral aqueduct, the pineal
gland, and the corpus callosum in a single image with
the Osirix DICOM viewer (free open source).

The two radiologists first analyzed several anonymous
cases together to agree on the method. Then each radiologist,
blinded to patient data, took the measurements individually in
all patients and controls. In discordant cases, they reached a
consensus.

Measurements were based on a previous study on MR
biometric data of the corpus callosum [2]: the distance be-
tween the anterior part of the genu and the posterior aspect of

the splenium, the curvilinear distance between the rostrum and
the splenium at mid-thickness of the corpus callosum, and the
thickness of the corpus callosum at the level of the genu, body,
isthmus and splenium. Our inclusion criteria were at least
three measurements of the corpus callosum above the 97th
percentile according to age [2].

We also calculated the corpus callosum area with the Osirix
brush tool, performed on the same plane by manual tracing
according to the method described by Mitchell et al. [18]. The
mean area of the corpus callosum and standard deviation (SD)
of the repeated measurements were calculated. These values
were compared with mean values calculated in the same
manner in 24 age-matched healthy controls imaged for screen-
ing purposes (i.e. familiar vascular malformations) or
extra-axial soft-tissue tumors. We separated comparative
analysis for the 6-month-old patient (patient 1) with
four age-matched controls, and four patients older than
5 years with 20 age-matched controls.

Fiber tracking was performed with TrackVis software using
the fiber assignment by a continuous tracking method [19].
The samples per voxel length were 1 mm, with a step length of
1 mm, a curvature threshold of 0.2, an FA threshold of 0.2, and
an angle threshold of 35.0. For DTI measurements, we per-
formed a separate analysis for infants (one patient and four
controls) because the myelin immaturity accounts for different
DTI metrics during the first year of life.

The same region of interest used for calculating the area
was also used for fiber tracking reconstruction and to retrieve
DTI metrics. FA values were measured as scalar values rang-
ing 0—1. Mean diffusivity, axial diffusivity (A1), radial diffu-
sivity (A2, A3), mean values and standard deviation were
measured as mm?*/s x 107,

We compared DTI metrics with values calculated in the
same manner as in the control group. Comparisons of FA,
mean diffusivity, A1, A2 and A3 values between the four older
patients and 20 controls were assessed with the Wilcoxon—
Mann—Whitney test. Statistical significance was assessed at
the 0.05 level for all analyses. For the patient younger than
1 year (patient 1) and the four age-matched controls we did not
perform statistical analysis and only provide a description of
DTI metrics data.

Results

We included three girls and two boys with thickened corpus
callosum. Patient 1 was 6 months old; the others were older
than 5 years (513 years). Controls for the younger age group
were 2 girls and 2 boys (age range 5—7 months), and for the
older group there were 10 girls and 10 boys (age range 5.4—
15.3 years).

Table 1 summarizes age, clinical presentation, associated
brain abnormalities and corpus callosum measurements of the

@ Springer



898

Pediatr Radiol (2015) 45:896-901

LCC GT BT IT ST CCA

APD

Associated brain malformations

Clinical and imaging data of five children with thickened corpus callosum and fiber tracking reconstruction of an abnormal supracallosal bundle
Clinical presentation

Patient # (age, gender)

Table 1

@ Springer

9.7% 8.9% 6.8% 3.8 6,100

8.1%

Sylvian polymicrogyria, slight hydrocephalus

Severe hypotonia, impaired motor

Patient 1 (6 months, female)

development
Hemibody hypertrophy and cognitive

15.6* 11,812

6.0

18.2% 8.5%

10.7

8.6%

Hemimegalencephaly, pachy and polymicrogyria

Patient 2 (13 years, male)

impairment
Severe psychomotor impairment, very

8.5 11.1 8.4%* 6.6* 8.6 10,184

8.4%

Anomalous bilateral hippocampi, slight left

Patient 3 (5 years, male)

cerebellum atrophy

Molar tooth

poor speech
Joubert syndrome: oculomotor apraxia,

9.9 14.8* 10.6* 5.5 13.1* 10,635

7.9%

Patient 4 (10 year, female)

ataxia and cognitive impairment
Joubert syndrome: oculomotor apraxia

10.6 8.114

4.5

9.4 13.6* 8.6*

7.6%

Molar tooth, occipital myelomeningocele

Patient 5 (7 years, female)

and cognitive impairment

APD anterior-posterior diameter of the corpus callosum, BT thickness of the body, CCA corpus callosum area measured in cm? , GT thickness of the genu, /7 thickness of the isthmus, LCC true length of the

corpus callosum, ST thickness of the splenium measured in mm

* Values above the 97th percentile as a function of age

five children in the study. All of these children had cognitive
impairment, which was severe in patients 3 and 5, mild in
patients 2 and 4, and was not yet tested in patient 1. Two
patients (patients 1 and 2) had pachy- and/or polymicrogyria;
one of these children had associated hemimegalencephaly
(patient 2). Two patients (patients 4 and 5) were diagnosed
with Joubert syndrome and had classic signs of this pathology
such as ataxia and oculomotor apraxia. Both presented the
molar tooth appearance of the hind-brain. The last patient
(patient 3) had anomalous bilateral hippocampi.

The mean value of corpus callosum area was 10,186+
1,542 cm? in older patients (>5 years), which was significantly
larger (P<0.001) than in controls, in whom it was 5,400+
0.833 cm®. For our one younger patient (<1 year) the corpus
callosum area was 6,100 cm? while the mean for age-matched
controls was 2,490+0.481 cm?. For all children the corpus
callosum area was more than two standard deviations above
the mean for age-matched controls. In all children at least
three of the measurements of corpus callosum thickness were
above the 97th percentile (including criteria) according to age
as reported by Garel et al. [2]. In patient 1, a 6-month-old girl,
the splenium was thinner than normal (3.8 mm), less than the
3rd percentile (4.3 mm) in the paper of reference [2]. Howev-
er, all other measurements were above the 97th percentile
according to age (Table 1).

In all children fiber tracking reconstructions showed a
pathological bundle on top of the corpus callosum with no
relation to the cingular gyrus (Fig. 2). The anomalous bundle
was represented in green (Fig. 3), indicating anteroposterior
orientation, and was also easily identified between the paired
cingula on color maps. The size of the pathological bundle
was different in each child, depending on the quantity of
fibers, which were thinner and inhomogeneous in patient 1
(Fig. 1) and thicker in other patients (Fig. 2).

Table 2 illustrates the statistical comparison of DTI metrics
among the four children and 20 control subjects older than
1 year. There was a significant difference in FA (P=0.003) and
axial diffusivity (P<0.001). Both were lower in our patients
than in normal controls. For other measurements, the differ-
ence was not significant.

Table 3 shows the same metrics in the only patient <1 year
of age (patient 1) and four age-matched controls: FA and axial
diffusivity (A1) were clearly lower in this child. Furthermore,
A2 was slightly higher and there were no differences in mean
diffusivity and A3 measurements.

Discussion

Thickened corpus callosum was identified in all five study
patients, according to segmental measurements performed and
compared to recently published biometric data as a function of
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Fig. 2 Three-dimensional fiber tracking reconstruction of the thickened
corpus callosum shows a different aspect of the anomalous fiber bundle
on top of the corpus callosum in various children. a, b Imaging in a 5-
year-old boy (patient 3) shows the anomalous bundle as thick and
continuous (arrows). ¢ Imaging in a 6-month-old girl (patient 1) shows

age [2]. Moreover, the calculated corpus callosum area was
higher than in the age-matched controls.

During fetal life, the surface and the length of the corpus
callosum gradually increases after the 20th gestational week to

Fig. 3 Anomalous midline fibers
in a 10-year-old girl (patient 4)
with thickened corpus callosum.
Sagittal (a), axial (b) and coronal
(c¢) fractional anisotropy color
maps show the anomalous
midline fibers (white arrows),
clearly separable from the paired
cingulum (red arrowheads)

that the fibers of the corpus callosum are scarce on the splenium and the
anomalous bundle is interrupted and deviated on the right side (arrows). d
Imaging in a 7-year-old girl (patient 5) shows that the anomalous bundle
is thinner than in the other patients (arrows)

reach a maximum at the 28th gestational week [20]. From the
28th gestational week onward the number of axons in the
corpus callosum drastically declines until it reaches a mini-
mum at the 35th gestational week. After the 35th gestational
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Table 2  Older children. Mean =+ standard deviation values of diffusion
tensor imaging (DTI) measurements in children older than 1 year and age-
matched controls

Patients n=4 Controls n=20 P-value®
MD 0.850+11 0.900+0.06 0.360
FA® 0.58+0.79 0.69+0.28 0.003¢
AL° 0.150+0.016 0.189+0.013 0.001¢
A2° 0.065+0.013 0.064+0.005 0.897
A3° 0.045+0.011 0.034+0.004 0.256

ADC apparent diffusion coefficient, A/ axial diffusivity, A\2 and A3 radial
diffusivity, F4 fractional anisotropy, MD mean diffusivity

* Wilcoxon-Mann—Whitney test

° FA measurements are a scalar value ranging 0—1

¢ Al, A2 and A3 mean values and standard deviations are measured in
mm? /sx 107

9 Statistically significant

week it again starts to increase until reaching the maximum
value during late adolescence [21]. Thus one can speculate
that in our patients a pathological event occurred after the 28th
gestational week that prevented the elimination of crossing
axons and resulted in a thickened corpus callosum. Associated
brain malformations, such as hippocampal abnormalities [22,
23], megalencephaly from a default in cellular proliferation,
and micro/pachygyria from a default in cellular migration [5,
10] could have occurred at the same fetal period. It must be
noted that there is a relationship between the corpus callosum
and hippocampi during fetal development [23, 24].

Decline in the surface area of the corpus callosum from the
28th to the 35th gestational weeks is thought to be secondary
to microstructural changes, such as a decrease in the number
of axonal elements or an increase in density, as reported in
animal models [25-27]. Our study confirms microstructural
changes in the fibers in a thickened corpus callosum, showing
a significant decrease in FA (P=0.002) and axial white matter
diffusion (A1) (P<0.001) across the entire corpus callosum in

Table3  Younger children. Diffusion tensor imaging (DTI) measurements
in the only patient younger than 1 year, in comparison to four similar-age
controls. Values given in mean plus or minus standard deviation

Patient 1 (6 months) n=1 Controls n=4
MD 0.122 0.132+0.6.5
FA® 0.32 0.48+0.033
AP (axial) 0.168 0.245+0.004
A2° (radial) 0.111 0.90+0.7
A3® (radial) 0.60 0.64+0.0008

Al axial diffusivity, A2 and A3 radial diffusivity, F4 fractional anisotropy,
MD mean diffusivity

* FA measurements are a scalar value ranging 01

® ADC, A1, A2 and A3 mean values and standard deviations are measured
onmm?®/sx10 3
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children with thickened corpus callosum (Table 2). Radial
diffusivity being normal, it seems more likely that there is
abnormal fiber compactness and density rather than abnormal
myelination [28, 29].

The interesting finding in our study is the presence of an
aberrant longitudinal supracallosal fiber bundle, separated
from the cingulum in all five children with thickened corpus
callosum. This particular bundle has been described in asso-
ciation with thickened corpus callosum [3, 17] but also in
patients with no thickened corpus callosum [30]. Transitory
corpus callosum axons have been described during develop-
ment [27]. In our patients, they could have persisted patho-
logically. Some authors consider this bundle to be an aberrant
cingulum or commissural axons that have gone astray during
axonal migration [30].

The hypothesis of an underlying axonal guidance abnor-
mality could be supported by the observation that two of our
patients (patients 4 and 5) had Joubert syndrome-related dis-
orders, a ciliopathy with abnormal decussation pathways [31].
This association has not been previously reported.

Our study has some limitations. We had a small and het-
erogeneous group of patients because of the rarity of the
thickened corpus callosum pathology. We did not use a seg-
mental approach to analyzing the genu, body and splenium
separately. We limited our investigation to the corpus
callosum; microstructural changes we found may be more
diffuse and widespread in other bundles and tracks, but this
was beyond the scope of our study. Moreover, we did not use
high-angular-diffusion imaging with multiple b values, which
would have been preferable for purposes of determining con-
nectivity. This technique is not feasible in a clinically accept-
able acquisition time for children. It also would have been
more appropriate for our purposes to have used neurite orien-
tation dispersion and density imaging (NODDI), an interest-
ing MR technique for estimating the microstructural com-
plexity of dendrites and axons [32] that is feasible in children
[33]. However because our study was retrospective, it was
difficult to repeat MR studies using this relatively recent
technique. Finally, we do not have any anatomical—-patholog-
ical proof of the real existence of the aberrant fiber bundle in
the corpus callosum.

Conclusion

Our study suggests that thickened corpus callosum is not just a
morphological abnormality but implies microstructural
changes with abnormal fiber compactness and density. These
abnormalities of the DTI parameters of the corpus callosum
may help to explain the neurocognitive difficulties in these
children. Moreover, the finding of an abnormal supracallosal
fiber bundle suggests an underlying axonal guidance
abnormality.
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