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ABSTRACT

BACKGROUND AND PURPOSE: Prognosis of isolated short corpus callosum is challenging. Our aim was to assess whether fetal DTI
tractography can distinguish callosal dysplasia from variants of normal callosal development in fetuses with an isolated short corpus
callosum.

MATERIALS AND METHODS: This was a retrospective study of 37 cases referred for fetal DTI at 30.4 weeks (range, 25–34 weeks)
because of an isolated short corpus callosum less than the 5th percentile by sonography at 26weeks (range, 22–31 weeks).
Tractography quality, the presence of Probst bundles, dysmorphic frontal horns, callosal length (internal cranial occipitofrontal
dimension/length of the corpus callosum ratio), and callosal thickness were assessed. Cytogenetic data and neurodevelopmental
follow-up were systematically reviewed.

RESULTS: Thirty-three of 37 fetal DTIs distinguished the 2 groups: those with Probst bundles (Probst bundles1) in 13/33 cases (40%)
and without Probst bundles (Probst bundles–) in 20/33 cases (60%). Internal cranial occipitofrontal dimension/length of the corpus
callosum was significantly higher in Probst bundles1 than in Probst bundles–, with a threshold value determined at 3.75 for a sensi-
tivity of 92% (95% CI, 77%–100%) and specificity of 85% (95% CI, 63%–100%). Callosal lipomas (4/4) were all in the Probst bundles–
group. More genetic anomalies were found in the Probst bundles1 than in Probst bundles– group (23% versus 10%, P¼ .08).

CONCLUSIONS: Fetal DTI, combined with anatomic, cytogenetic, and clinical characteristics could suggest the possibility of classify-
ing an isolated short corpus callosum as callosal dysplasia and a variant of normal callosal development.

ABBREVIATIONS: CC ¼ corpus callosum; FA ¼ fractional anisotropy; fDTI ¼ fetal DTI; fMRI ¼ fetal MR imaging; ICOFD/LCC ¼ internal cranial occipitofron-
tal dimension/length of the corpus callosum; ISCC ¼ isolated short corpus callosum; IQR ¼ interquartile range; PB ¼ Probst bundles; SCC ¼ short corpus
callosum

The corpus callosum (CC) is the midline commissural white
matter tract that connects the 2 cerebral hemispheres. It

continues to grow throughout pregnancy and even throughout
infancy.1 At the end of the first trimester, it takes on its usual
curvilinear shape.2 Improvements in fetal sonography have led
to a wide range of diagnoses of callosal abnormalities, from
complete callosal agenesis to partial agenesis, thick and thin cor-
pus callosums, and hypoplasia of the corpus callosum, recently
summarized as callosal dysplasia.3 The characterization of these
anomalies relies primarily on biometric criteria of length or
thickness.

Short CC (SCC) represents the most frequent anomaly.
Although all parts of the CC should be present by 22weeks’ gesta-
tional age, exuberant axonal growth continues until 2months af-
ter birth4 and final remodeling is achieved by 3 years of age.5

Changes in developmental maturity are readily noted in the cor-
pus callosum, and interindividual variations can be observed,
particularly involving the body and isthmus.6,7 In such cases, the
prenatal anatomic integrity of these short corpus callosums can-
not be assured, and prenatal counseling is, therefore, challenging.
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The prognosis in patients with callosal dysplasia is not clear. It
may be associated with varying degrees of neurodevelopmental
delay, which are more severe if additional brain anomalies are
present. Neurodevelopmental outcome of a short CC in the fetus
is uncertain, and its significance is not well-established.8,9

Postnatal MR imaging is widely used to characterize corpus
callosal dysplasia. Among the MR imaging sequences used, DTI
enables the reconstruction of normal and abnormal fiber bundles
(fiber-tracking or tractography). Its application in complete or
partial CC agenesis and CC hypoplasia, and a thin CC has shown
the consistent presence of Probst bundles (PB).10 These abnormal
bundles, oriented anterior-posteriorly, are thought to result from
the lack of transverse decussation within a dysplastic corpus
callosum.11,12

Similar to findings in postnatal imaging, PB may also be iden-
tified using DTI tractography in the prenatal period.13,14 This
additional presence of PB can be used to differentiate CC dyspla-
sia from other forms of isolated short corpus callosum (ISCC)
without PB and normal findings on genetic testing, which might
reflect variants of normal callosal development. To avoid the di-
lemma of which callosal biometric curves to rely on, we used the
internal cranial occipitofrontal dimension/length of the corpus
callosum (ICOFD/LCC) ratio to define a SCC compared with the
normal index (2.35 [SD, 0.11]).15

Therefore, the purpose of this study was 2-fold: first, though it
has already been illustrated in 16 cases previously by Kasprian et
al,16 to routinely assess the feasibility of visualizing the presence or
absence of PB in fetal MR imaging (fMRI) DTI tractography on a
larger cohort, and second, to assess its added value in differentiat-
ing CC dysplasia from variants of normal callosal development.

MATERIALS AND METHODS
Study Design
This study was a retrospective review in 2 tertiary level fetal medi-
cine referral centers (Necker Hospital and Poissy Hospital, Paris,
France) in a 4-year period from November 2016 to January 2020.
We retrospectively analyzed all fMRI studies of fetuses referred
for an SCC. The inclusion criteria were fetal imaging of a single
pregnancy with a CC length below the 5th percentile according
to the reference charts of Achiron and Achiron2 for which the in-
tegrity of the morphology could not be guaranteed by the refer-
ring fetal imaging radiologists in our center. The exclusion
criteria were complete agenesis of the CC, an SCC associated
with other brain anomalies on MR imaging, or incomplete data.

Data were obtained from the medical records and included
maternal history and prenatal history (sex, genetic testing,
Toxoplasma gondii, other agents, rubella, cytomegalovirus [ToRCH
serology; Bio-Rad]). Postnatal outcomes included pathologic
records when termination of pregnancy was performed, follow-up
of neurologic development by the Denver Developmental Screening
Test,17 and postnatal MR imaging including tractography.

fMRI Examinations
MR imaging was performed on 1.5T MR imaging units (Optima
MR 450w 1.5T, GE Healthcare, or Aera 1.5T, Siemens) using a
phased-array body coil. The patients were placed in a supine or

lateral decubitus position. No maternal sedative or contrast
agents were used.

Neuroanatomic Imaging
MR imaging protocol included 3 planes adjusted in real time and
customized to the head of each fetus (coronal, sagittal, and axial)
with a balanced half Fourier–acquisition single-shot turbo spin-
echo HASTE sequence (TR/TE, 4000/86; matrix, 256� 256; flip
angle, 125°; signal average, 1; section thickness, 3mm; section
gap, 30%).

Anatomic Measurements
CC length was systematically evaluated using the ICOFD/LCC
ratio compared with the normal index (2.35 [SD, 0.11]).15 The
length of the CC was measured in the midsagittal plane from the
most anterior aspect of the genu to the most posterior aspect of
the splenium. The ICOFD was measured on the same plane; the
calipers were placed on the internal calvarial borders, along the
same line that was used to measure the length of the CC.

For dysmorphic features, the presence or absence of an ever-
sion of the frontal horns (Steer horn or Viking Helmet appear-
ance) and colpocephaly was reported systematically.

Callosal thickness was systematically measured in the mid-
coronal plane. The corpus callosum was regarded as thick if its
midpart measured.2 SDs and thin if it was,2 SDs.2

For the fetal DTI (fDTI) protocol, axial slices were positioned
orthogonal to the fetal brainstem. The basic settings of the DTI
sequence were identical for the 2 MR imaging devices used. For
DTI acquisitions, an axial, single-shot, echo-planar imaging
sequence was used (TR ¼ 2200ms, TE ¼ 63ms, acquisition ma-
trix ¼ 112 � 112 re-sampled to 256 � 256, voxel size ¼ 1 �
1mm, section thickness = 3–5mm without a gap or interleaved
slices). For each of the DTI scans, 15 noncolinear direction diffu-
sion-weighted magnetic-pulsed gradients were used with a
b-value ¼ 700 s/mm2, and 1 B0 image without diffusion-weight-
ing was also obtained. Fifteen slices were recorded during an
overall imaging time of 2minutes of scanning.

Fetal-Specific Postprocessing of DTI Data
For tractography, we used a deterministic linear tracking algo-
rithm with the following cutoff values: minimum fractional ani-
sotropy (FA) (FA threshold) ¼ 0.10–0.15; maximum angle
change (angle threshold) ¼ 27.0°–45.0°; and minimum fiber
length ¼ 10mm. No advanced motion correction was used.18

Tractography was first attempted with minimum thresholds of
FA ¼ 0.15 and angle¼ 27°. If tractography was not satisfactory
with those standard parameters, the FA threshold was lowered to
0.10 and/or the angle threshold was increased to 45°.19

Only 1 senior radiologist performed the fDTI analysis (A.-E.M.),
a radiologist with 15 years of experience in the field of fetal MR
imaging (about 380 scans/year) and neuropediatrics. To trace
the fibers crossing at the CC, a polygonal ROI was drawn in the
midsagittal plane of each subject, encompassing the entire CC.
For the PB, the fiber trajectory was not known a priori, except
in its middle portion, where it clearly showed a rostrocaudal
direction in the anatomic images and in the color-coded FA
maps, creating the roof of the lateral ventricles.20 To determine
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the potential connectivity of the callosal remnant in each patient
with an SCC, we drew single irregular polygonal ROIs encompass-
ing the entire remnant area in the axial plane, focused on the
regions of the centra semiovale. The ROIs were drawn manually
according to anatomic landmarks. The examination was consid-
ered to be uninterpretable and de facto excluded by the radiologist
when fetal motion artifacts interfered with interpretation of fDTIs.

Postnatal MR imaging, when applicable, was systematically
performed by an experienced radiologist blinded to the prenatal
data between 0 and 12months, to confirm the prenatal fMRI data
and to exclude any other brain anomalies. Three planes of FSE
T2-weighted, 3D echo-spoiled gradient echo T1-weighted, and
DTI tractography scans were performed on the Optima 1.5T MR
imaging unit. For each of the DTI scans, 40 noncollinear-direc-
tion diffusion-weighted magnetic-pulsed gradients were used
with a b-value of 700 s/mm2.

Genetics Analyses
All fetuses were studied by karyotyping and chromosomal microar-
ray analysis with DNA extracted from amniotic fluid. Informed
consent for genetic studies was obtained from all pregnant women.
Different types of microarrays were used by the centers: Agilent 60k
(Agilent Technologies) and Agilent 180k and CytoScan 750K (SNP
arrays, Affymetrix). Fluorescence in situ hybridization analysis or
quantitative polymerase chain reaction were performed on the fetus
to confirm the detected copy number variations and on the parents
to determine the fetus’s inheritance. The American College of
Medical Genetics and Genomics/Clinical Genome guidelines were
used to assess copy number variations pathogenicity.21

Outcomes
Terminations of pregnancy were all performed in accordance
with French laws, and pathologic assessment and postmortem
examinations were systematically performed.

In cases of live birth, the neurodevelopmental outcome was
evaluated by a specialist in pediatric neurology (N.B.-B.), who
evaluated communication skills, daily living skills, socialization
skills, and motor skills based on the international Denver
Developmental Screening Test.8,22

Scores were considered abnormal if the standard score
was,85. The mean age at follow-up was 21.5months for PB1
and 15.2months for PB–.

Statistical Analysis
Statistical analyses were conducted using ad hoc routines imple-
mented in R 4.0.0 software (http://www.r-project. org). Data
description was performed using median and interquartile range
(IQR) for quantitative data (ICOFD/LCC ratio and thickness of
the CC). Median values were compared between patients with the
presence of PB (PB1) and no PB (PB–), using the nonparametric
Wilcoxon rank-sum test. The pROC package (https://rdrr.io/cran/
pROC/man/pROC-package.html) for receiver operating character-
istic curve analysis and calculation of sensitivities and specificities
assessed the diagnostic performance. A bootstrap method was
used to calculate the 95% CI of the area under the receiver operat-
ing characteristic curves, sensitivities, and specificities. All tests
were 2-sided, with a set at 5%.

Ethics Approval
The local (DPO-APHP, France) institutional ethics board
approved the study: institutional review board registration
00011928 (CERAPH 2020–12-06).

RESULTS
The study population included 37 fMRIs with fDTI tractography
performed for ISCC at a median gestational age of 30.4 weeks
(range, 25–34 weeks). There were 23 male (62%) and 14 female
(37%) fetuses. DTI was feasible in all but 4/37 fetuses (11%)
(Online Supplemental Data).

Pathology
Eleven of 33 terminations of pregnancy were performed. These
included 9 cases of PB1, which represented 69% (9/13) of all
cases of PB1 in our series, and 2 cases of PB–, which represented
10% (2/20) of all cases of PB–. No additional brain anomalies
were found in any of the cases at postmortem examination.

We followed 22 of 33 neonates: One of 22 had a borderline
psychomotor development, 1/22 had a delayed psychomotor de-
velopment, 1/22 was lost to follow-up, and 19/22 had normal psy-
chomotor development.

DTI Tractography and PB
Among the 33 interpretable fDTI tractography studies, PB1 was
seen in 13 cases (13/33) versus PB– in 20 cases, demonstrating 2
patterns in our series of ISCC (Fig 1).

When PB were absent (PB–) at fDTI (20/33), this absence of
PB was confirmed for all cases on postnatal DTI in 12/12 live
births and by postmortem examination in 2/2 cases of termina-
tion of pregnancy. The remaining 6/20 patients did not undergo
postnatal MR imaging because the pediatric neurologist and/or
parents did not think it was warranted in the setting of normal
neurologic development.

Among the 13 patients with PB at fDTI (PB1), the pres-
ence of PB was confirmed in all cases on postnatal DTI in 3/3
live births and by postmortem examination in 9/9 cases of ter-
mination of pregnancy. One of 13 patients was lost to follow-
up. Discrimination between the cingulum and the PB was
appreciated on color-coded maps: The cingulum presented in
a well-recognized inferior-superior direction, and PBs pre-
sented in a typical anterior-posterior direction, as mentioned
in the literature.16

Neuroanatomic Description between PB1 and PB–
Populations
The ICOFD/LCC ratio was significantly greater in cases of PB1,
4.7 (IQR, 4.3–6.0) versus 3.4 in cases of PB– (IQR, 3.3–3.7;
P, .001, P¼ .0007). A threshold value of 3.75 could help distin-
guish between cases with or without PB with a sensitivity of 92%
(95% CI, 77%–100%) and a specificity of 85% (95% CI, 63%–
100%) (Fig 2).

A biconvex dysmorphic appearance (Steer horn or Viking hel-
met) of the frontal ventricular horns was noted in 100% (13/13)
of cases of PB1 and was absent in 95% (19/20) of cases of PB–
(P, .001).
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Abnormal thickness of the corpus callosum was found in 23%
(n¼ 3/13) of PB1 and 25% (n¼ 5/20) of PB–. No significant dif-
ference was found in the distribution of thick or thin corpus cal-
losums related to the presence of PB, among the 2 populations
(median, 1.7; IQR, 1–3, versus median, 2.2; IQR, 2–3.2; P, .10).

Among the 8 thick corpus callosums, postnatal MR imaging
diagnosed 4 callosal lipomas, all among the 5 thick CCs in the
PB– group (4/5). No lipomas were identified among the 3 cases
of thick corpus callosum in the PB1 population.

Neurologic Evaluation
Among the 4 PB1 live births, the median age was 21.5months
(IQR, 15–36 months), 2/4 had a normal psychomotor develop-
ment at 2.5 years and 15months of age, respectively. One of 4
had a borderline developmental delay at 3 years, and 1 of 4 was
lost to follow-up.

Among the 18 cases of PB–, the median age was 15.3months
(IQR, 3–36 months), 17/18 had a normal psychomotor develop-
ment (94%), and 1 had a delayed psychomotor development
thought to be secondary to trisomy 21.

No significant differences were observed between these 2 pop-
ulations within the limits of the neurologic evaluation period
(P¼ .27; OR, 0.14; 95% CI, 0.0014–13.82).

Genetic Anomalies
There were 5 genetic anomalies: 23% (3/13) in the PB1 group and
10% (2/20) in the PB– group (P= .08). In the PB1 group, we
found the following: 1) A 8q21.12q21.3 duplication, 11.4Mb, was
detected in the fetus. The genomic position of this copy number
variant was arr[GRCh37] 8q21.12q21.3 (79321132_90690216)x3
dn. This anomaly occurred de novo. 2) A fetus was found to have a
pericentric inversion of chromosome 18, which arose de novo. The
karyotype of the fetus was 46,XX,inv(18)(p11.31q21.2). 3) A de
novo 14q12q21.2 deletion was detected in another fetus. The dele-
tion was 16Mb: arr[GRCh37] 14q12q21.2(30273044_46669990)
x1dn, a mutation of Zinc finger E-box-binding homeobox 1, a case
of deletion 14q12q21. 4) A case of duplication 3q21 Zinc finger E-
box-binding homeobox 1 mutation was found in one fetus. 5) A
case of duplication 8q211q21.3 was found in one fetus.

In the PB– group, 1 case of trisomy 21 and 1 case of mutation
18p11.31 to 18q21 were found.

DISCUSSION
To our knowledge, this is the first study that routinely reports the
feasibility (about 90%) of visualizing the presence or absence of PB
in fDTI tractography in a large cohort. This study demonstrates

FIG 1. Fetal (30weeks) and postnatal anatomic MR imaging and DTI (6months) of ISCC PB– (A) and PB1. A1, Sagittal single-shot fast spin-echo T2
(SSFSET2) shows an ISCC. A2, DTI color-coding map shows the absence of PB, confirmed in postnatal imaging (A3–6). Only the cingulum is present,
well-recognized by the inferior-superior direction in blue (white arrows), present on pre- and postnatal imaging. B1, Sagittal SSFSET2 shows an ISCC.
B2, DTI color-coding map shows the presence of PB (white arrows), confirmed by a postnatal color-coding map (B3–6). PB are identified by their
typical anterior-posterior orientation on the color-coding maps (B2 and B5). Fiber-tracking demonstrates the typical anterior-posterior thick PB,
with a remnant of the left-to-right CC (B3 and B6).
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the added value in differentiating CC dysplasia from variants of
normal callosal development with an objective technical tool.

Moreover, our data suggest that 3 important features are asso-
ciated with the presence or absence of PB:

1) When PB are present, the ICOFD/LCC ratio recently pub-
lished15 is usually higher. Accordingly, a value of$3.75 was associ-
ated with the presence of PB1 in .90% of our cases. This simple
and straightforward threshold could be used as a routine first-line
tool to characterize fetuses with an ISCC at risk for callosal dyspla-
sia. It is not unexpected that we noted that biconvex dysmorphic
frontal ventricular horns were also present in 100% of the PB1
group. These data corroborate the anatomic knowledge regarding
lateral ventricles in complete or partial agenesis of the corpus cal-
losum, which is usually displaced from the midline by paired PB
that fail to cross the hemispheres and run parallel to the midline as
T2 hypointense bundles resulting in the Steer horn or Viking hel-
met appearance of the ventricles.23 In our study, on re-review of all
of cases of PB1, the appearance of T2-hypointense bands along
the inner edge of the frontal ventricular horns was always present.
These 3 signs (ICOFD/LCC ratio, dysmorphic frontal ventricular
horns, and T2-hypointense bands) could, therefore, be easily used
on anatomic images to suggest the presence of PB. Thus, our data
show that the presence of the bull horn configuration of the lateral
ventricles associated with relative shortening of the corpus cal-
losum is associated with a high probability of finding Probst fas-
cicles using DTI. This advanced technique, therefore, provides an
objective criterion for an optimal description of the SCC.

2) Genetic anomalies are more frequent in an ISCC with PB1
(23% versus 10%). This finding correlates well with previously
published data suggesting that callosal dysplasias are more often
associated with genetic syndromes.24,25 However, our results are
also in line with the recent literature, which points out that the
presence of PB is not necessarily associated with a poor progno-
sis.26 Accordingly, neurologic follow-up was normal for most
children with an ISCC and PB–, suggesting, in our preliminary
study, that ISCCs with no PB are more likely to be variants of
normal development of the corpus callosum. Regarding the case
of trisomy 21 in PB–, the diagnosis was suspected as of the first
trimester due to an increased nuchal translucency, for which the
couple chose not to pursue any confirmatory prenatal cytogenetic
investigations. At least on the basis of the data in our study, we
believe this case confirms once again that prenatal genetic explo-
ration is essential for the appropriate classification of ISCC.

3) In the absence of the PB, a thick corpus callosum is usually
related to lipomas (4/5 in PB– versus 0/3 in PB1). An antenatal
diagnosis of lipoma is often challenging and underdiagnosed
because the lipomatous components are difficult to demonstrate
on fMRIs and antenatal ultrasound,27-29 whereas this entity is
well-recognized in the postnatal period on MRI, showing typical
hyperintensity on T1-weighted MR images (Online Supplemental
Data). Indeed, Chougar et al29 and Atallah et al27 concluded in
their fMRI series that the type and size of a lipoma influence
prenatal T1 signal intensity, and the variability of the T1 inten-
sity may also be related to fat maturation within the lipoma and

FIG 2. Length of the CC. Dimensions of the CC compared between PB1 and PB–. Boxplot and receiver operating characteristic curve (ROC)
about the ICOFD/LCC ratio.
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perhaps reflects changes related to gestational age. The corollary
of our result in fDTI could be that in a thick corpus callosum
without PB on tractography, one might suggest the possibility
an “occult” callosal lipoma on fetal imaging. To our knowledge,
this is the first antenatal study that highlights this feature in the
diagnosis of callosal lipoma. This information can be helpful in
prenatal counseling, given the excellent prognosis of callosal
lipomas.

On the basis of these results, we believe a new decision tree
can be proposed, taking into account the results of MR tractog-
raphy and genetic studies (Online Supplementary Data). To
simplify and standardize the prenatal morphologic classification
system, as we proposed in our recent study3 and according to
the definitions proposed by Edwards et al,4 we would suggest
defining an ISCC with a Probst bundle as “callosal dysplasia,”
and “variant of normal callosal development” in cases of ISCCs
without a Probst bundle and no cytogenetic anomalies.
Therefore, the generally favorable prognosis of ISCC, reported
by Meidan et al,8 can be partly explained by the hypothesis that
some of the conditions of fetuses and children followed in their
study were true variants of normal and not callosal malforma-
tions, in other words, children with a fetal diagnosis of ISCC
but without PB. However, the major prognostic element
remains the association of abnormalities in the CC, Probst band
or not.30

We must acknowledge several limitations in our study. First is
the retrospective nature of our study, and the number of cases
remains limited, even if this is the first study using fDTI in the
investigation of ISCC. Second, the relatively high success rate
may be related to the comparatively late gestational age of about
30weeks. Moreover, it was not possible to obtain a full neurologic
follow-up until 6 years of age, with a systematic postnatal MR
imaging in all cases.

CONCLUSIONS
The challenge of prenatal differentiation of an ISCC as a vari-
ant of normal callosal development from callosal dysplasia
can be optimized by the use of DTI tractography in fetal MR
imaging. We believe that our results can encourage the sys-
tematic use of optimized fDTI tractography for the investiga-
tion of ISCCs, to assess the presence or absence of PB. Thus,
in addition to the classic MR imaging with morphologic anal-
ysis, a new approach and paradigm can be proposed, consid-
ering the presence or absence of PB, while prospective studies
with long-term and reproducible neurologic follow-up are
necessary.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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