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Objective: The middle interhemispheric (MIH) variant of
holoprosencephaly (HPE) is the incomplete separation of
midline cerebral hemispheres with the absence of callosal
body. We aimed to describe the additional knowledge of
diffusion tensor imaging (DTI) over conventional MRI in
the evaluation of patients with MIH variant of HPE.
Methods: Conventional MRI and DTI data of five patients
were retrospectively evaluated. The parenchymal anom-
alies as well as changes at white matter tracts were
systematically reviewed.

Results: Except the callosal body and central cingulum
fibres, which were missing in all patients, all other major
white matter tracts (superior and inferior longitudinal,
superior and inferior fronto-occipital, subcallosal and
uncinate fasciculi and anterior commissure) had a normal
course, thickness and integrity on diffusion tensor
images. The genial and splenial callosal fibres were
altered and rarefied on tractography. All patients had
a central ventricular notch extending into the non-
cleaved heterotopic grey matter involving the body of
the corpus callosum, which is very typical for the MIH

INTRODUCTION

DeMyer et al"? classified holoprosencephaly (HPE) into
three major subtypes, alobar, semi-lobar and lobar,
according to the severity of the congenital malformations
and clinical findings. The middle interhemispheric (MIH)
variant of HPE or syntelencephaly was originally de-
scribed as a type of semi-lobar HPE® but was then
classified as a different and distinct cliniconeuroradio-
logic subtype of HPE.»® The MIH variant has similar
incidence when compared with other HPE variants. By
definition, it is an abnormal midline connection of the
cerebral hemispheres in the posterior frontal and the
anterior parietal regions, with normal interhemispheric
separation of the basal forebrain, anterior frontal lobes
and occipital regions.>* Typically, the genu and splenium
of the corpus callosum are formed, but the body is
absent.”™’

variant of HPE. The remnant traversing white matter
fibres above the non-cleaved heterotopic grey matter
and incomplete partition of the interhemispheric fissure
were also identified. No Probst bundles were detected. A
single common ventricle without the septum pellucidum
was noted in all patients. One patient had incomplete
partition of the thalami, and two patients had abnormally
oriented thalami without any prominent interthalamic
connection. Vertically oriented hippocampi were
detected in four out of five patients. Three patients had
relatively flat and vertically oriented Sylvian fissures and
in two patients, fissures were abnormally connected over
the vertex.

Conclusion: Additional DTI findings can not only clearly
reveal the white matter alterations better than conven-
tional MRI but also provide a better understanding of the
aetiological changes that cause the MIH variant of HPE.
Advances in knowledge: DTI| can provide a better anal-
ysis of cerebral white matter connectivity and promotes
understanding of the underlying microstructural changes
that occur in patients with the MIH variant of HPE.

High-resolution conventional MRI can usually reveal suf-
ficient anatomic information about cerebral parenchyma,
but diffusion tensor imaging (DTI) can provide more de-
tailed information, which cannot be obtained by conven-
tional MRI, about the visualization and connectivity of
white matter structures and anomalies.*”" In this article,
we aimed to describe the additional knowledge of DTT over
conventional MRI obtained by using a 3-T MRI scanner in
five patients with MIH variant of HPE and discuss our
findings with previously published data.

METHODS AND MATERIALS

Patient population

The MRI and DTI data of five patients (three males and
two females) with MRI features of the MIH variant of HPE
were retrospectively evaluated. The mean age of the
patients was 2.8 = 1.6 years, ranging from 13 months to
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5 years old. The study was approved by the local review board.
Written informed consents were obtained from all legal guardians
of patients for MRI examinations and for the review of patient
records and images.

MRI parameters

Images were acquired using a 3-T MRI scanner (Achieva, Philips
Medical Systems, Best, Netherlands) equipped with explorer
gradients (40mTm ™ ') by using a eight-element arrayed radio
frequency head coil, with the eight-channel receiver system.

In each patient, axial inversion-recovery T; weighted images
(T1WIs) [repetition time (TR)/echo time (TE)/inversion time
2000/20/800 ms and echo train length (ETL) 7] with 512 X 400
matrix size, turbo field echo T, weighted images (TR/TE 3000/
80ms and ETL 15) with 436 X 640 matrix size and fluid-
attenuated inversion-recovery images (TR/TE/inversion time
11000/125/2800 ms and ETL 27) with 432 X 384 matrix size were
obtained by using 4.5-mm slice thickness and 220-mm field of view
(FOV). Sagittal high-resolution three-dimensional (3D) turbo field
echo TIWIs (shortest TR/TE, ETL 240) were also acquired by using
1-mm slice thickness, 220-mm FOV and 252 X 288 matrix size.

The DTI sequence was obtained by single-shot spin-echo
echoplanar imaging (user-defined and shortest TR/TE and
ETL 59) with diffusion gradients applied in 16 non-collinear
directions including b = 0 with b = 800 s mm ™2 value and with
224 X 224-mm FOV, 128 X 112-mm acquisition matrix and
2-mm slice thickness. 60 axial slices were acquired, parallel to the
anteroposterior commissure line. All images were zero filled to
the final reconstruction matrix of 256 X 256 and to the recon-
structed voxel size of 1.75/1.75/2mm. Two data sets were ac-
quired with a reduction factor of 2 to improve the signal-to-
noise ratio, leading to a total acquisition time of 5 min.

DTI data were analyzed on the Philips expanded workstation
with release 2.5.3.0. by using the FiberTrak package. 3D T1WIs
were used as background images for DTI data evaluation.
Colour-coded fractional anisotropy (FA) maps were acquired.
For fibre tracking, 3D reconstructions were made by using an
algorithm based on fibre assignment by continuous tracking
method® using a minimum FA value of 0.15, maximum angle
change of 35° and minimum fibre length of 10 mm. A DTI atlas
was used to guide the placement of two or more seed points and
the assessment of white matter bundles."*

Patient evaluation

Two investigators (NB and MK) evaluated the MRI and DTI data of
all patients by consensus. The presence, shape and location of the
following anatomic structures were systematically evaluated: the
Sylvian fissure, cingulate and callosal sulci and gyri, fornix, hippo-
campus and parahippocampal gyrus, septum pellucidum, optic
tracts, hypothalamus and pituitary gland, olfactory sulcus and bulb.
The presence and location of the heterotopic grey matter, the shape
and dimension of the ventricular system and the coexistence of
vascular or any other parenchymal anomalies were also noted. The
caudate and lentiform nuclei, thalami and their orientation were
graded according to previously published data.'” The integrity, course
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and abnormalities of superior and inferior longitudinal, superior and
inferior fronto-occipital, subcallosal and uncinate fasciculi, anterior
commissure, cingulum and corpus callosum were evaluated on FA
maps. The corticospinal tracts and cerebellar peduncles were also
assessed by DTI. The 3D reconstruction of the corpus callosum fibres
was obtained by using the tractography algorithm.

RESULTS

All patients were referred to neuroimaging because of de-
velopmental delay, microcephaly and/or accompanying mild-to-
moderate different motor anomalies. They have never had any
epileptic seizures. None of the patients had a dorsal cyst, hy-
drocephalus or dysmorphic craniofacial anomalies. In all
patients, the inner and middle ear structures, the olfactory sulci
and bulb and the optic chiasm were evaluated as normal on MR
images. The abnormal conventional MRI findings of the patients
are summarized in Table 1 and are shown in Figures 1-3.

A central ventricular notch extending into the unseparated white
matter between the thickened dysplastic cortices was noted in all
patients (Figure la). This ventricular notch was a very typical
finding for the MIH variant of HPE.

The major white matter tracts including the superior and in-
ferior longitudinal, superior and inferior fronto-occipital, sub-
callosal and uncinate fasciculi and anterior commissure had
a normal course, thickness and integrity, except the corpus
callosum and cingulum on diffusion tensor images. No cingu-
lum bundles were identified at the level of the fused hemispheres
in any of the patients. None of the cases had a normal and
complete corpus callosum (Figure 1). DTI has confirmed not
only the absence of the callosal body fibres, but also the presence
of genial and splenial fibres of the corpus callosum normally
running into the other hemisphere; but, they have already al-
tered and rarefied on tractography maps (Figure 1b). A trans-
hemispheric unseparated white matter between the thickened
dysplastic cortices was identified in all patients, instead of the
callosal body just above the ventricular notch (Figures 1 and 3).
This remnant thick white matter bundle traversing from one
hemisphere to another was coded as red on diffusion tensor
images (Figures 1 and 3). No Probst bundles were detected on
diffusion tensor images. Temporal lobes were well formed with
complete separation of the inferior fronto-occipital fasciculi.
The anterior commissure was fully developed in all patients. All
our patients had normal corticospinal tracts and normal cere-
bellar peduncles at the level of the medulla oblongata. No ad-
ditional brain stem or cerebellar anomaly was noted.

Ethical standards and patient consent

We declare that all human and animal studies have been ap-
proved by the Near East University Ethics Committee and have
therefore been performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki and its
later amendments. We declare that all patients gave informed
consent prior to inclusion in this study.

DISCUSSION
HPE is the result of impaired cleavage of the forebrain; but, in
fact, it is a more complex malformation involving not only the
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Table 1. Abnormal MRI findings
Parameters Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
Age/sex 15 months/female 14 months/male 13 months/male 5 years/male 18 months/female

Flat and vertically

Flat and vertically
oriented

perisylvian

. oriented Abnormally connected Flat and vertically
Sylvian fissure Normal Normal .
Abnormally Abnormal gyral oriented
connected segmentation with
extraordinary sulci
Interhemispheric Incomplete - . Incomplete Incomplete
iy Incomplete partition Incomplete partition - iy
fissure partition partition partition
ingulat . . .
Cingulate gyrus Partially absent Partially absent Absent Absent Partially absent
and sulcus
. . . Frontal and R Frontal and R
Dysplastic cortex Frontal and parietal R occipital romat an Frontal rontazan

parietal

Corpus callosum

Partially absent
genu and splenium
Completely
absent body

Normal genu
Partially absent body
Normal splenium

Partially absent genu and
splenium
Completely absent body

Normal genu
Completely absent
body
Normal splenium

Normal genu
Completely absent
body
Normal splenium

Abnormally

Thalami oriented Normal Abnormally oriented Normal Incon}p')lete

No massa partition
No massa

Septur.n Absent Absent Absent Absent Absent

pellucidum

Third ventricle Dilated Normal Dilated Dilated Dilated

. Atrial dilatation Atrial dilatation vertical Atrial dilatation Atrial dilatation
Lateral ventricle Normal

vertical orientation orientation vertical orientation vertical orientation

Parahippocampal . . . . .
gyrus Hypoplastic R hypoplastic Hypoplastic Hypoplastic Hypoplastic
Hl.ppoa}mpal Abnormal Normal Abnormal Abnormal Abnormal
orientation
Collateral sulcus . . . .

. . Deep and vertical Normal Deep and vertical Deep and vertical Deep and vertical
orientation
Vascular anomaly Azygos ACA Normal Azygos ACA Normal Azygos ACA

N Ectopic R dysplastic lentiform
Additional B neuroh hysis and nucleus B B
findings eE oyi?sli icthSali Atretic frontal
Ypop cephalocele

ACA, anterior cerebral artery; R, right.

forebrain but also the whole brain, eyes, skull, nose, teeth, lip,
palate and cerebral vascularization.””'® HPE has a range of
forebrain malformations with a decreasing severity from the
alobar to semi-lobar to lobar forms without any clear-cut dis-
tinction among the different subcategories.16 In the alobar HPE,
the cerebral hemispheres as well as the basal ganglia, thalami and
hypothalami are completely unseparated, resulting in a single
midline forebrain monoventricle, which often communicates
with a dorsal cyst, and the interhemispheric fissure, falx cerebri
and corpus callosum are absent.*'® In the semi-lobar HPE, the
anterior hemispheres (mainly the frontal lobes) and the basal
ganglia, thalami and hypothalami are partly separated, but the
posterior hemispheres, the posterior horns and trigones of the
lateral ventricles, the splenium of the corpus callosum, the
posterior parts of the interhemispheric fissure and the falx

cerebri are completely formed.*' In the lobar HPE, the lack of
separation is present in the basal frontal lobes as well as in the
basal ganglia, thalami and hypothalami in a less variable degree;
so, the anterior horns of the lateral ventricles, the genu and the
rostrum of the corpus callosum, the anterior parts of the in-
terhemispheric fissure and the falx cerebri are hypoplastic.®'®

In terms of severity, the MIH variant is somewhere between the
semi-lobar and lobar forms, closer to the lobar than alobar
form, according to functional measures.”>'” Contrary to the
severe impairment in the early embryonic development causing
the classical HPE forms, such as insufficient ventralization or
excessive dorsalization of the forebrain,> a less severe impair-
ment such as a defect of dorsal-ventral induction of the telen-
cephalon and more specifically a lack of induction of the dorsal
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Figure 1. Patient 1 (15-month-old female): the sagittal three-dimensional (3D) turbo field echo (TFE) T7; weighted image (TTWI) (a)
through the midline revealing the genu (asterisk) and the splenium (triangle) of the corpus callosum. The callosal body is absent in
the region of non-cleaved parenchyma. There is a ventricular notch (white arrow) towards the white matter (black arrow) between
the dysplastic cortices. 3D tractography of the same patient at the same mid-sagittal plane (b) showing the altered and rarefied
genial (white arrowheads) and splenial fibres (concave white arrowheads), as well as the absence of callosal body fibres. Also, note
the transhemispheric fibres (white arrow) above the non-cleaved white matter between the thickened dysplastic cortices. An axial
3D TFE T1WI (c) showing the bilateral vertically oriented Sylvian fissures with a thickened dysplastic cortex (black arrows). Note the
unseparated white matter (short white arrows) between the thickened dysplastic cortices in both the TIWI (c) and fractional
anisotropy (FA) map (d). The superior longitudinal fasciculus (white arrowheads), subcallosal fasciculus (long white arrows) and the
fibres of the corona radiata (yellow arrows) are showing a normal course, thickness and integrity on the FA map (d). Also, note the
transhemispheric orientation of white matter tracts (short white arrows), which is coded as red. For colour image see online.

(c)

midline structures is usually the cause of the MIH variant of
HPE.>'® By means of this partial lack of dorsal-ventral in-
duction, the impaired cleavage of cerebral hemispheres is more
posteriorly located in the MIH variant (posterior frontal and
parietal lobes) than in other classical HPE forms, in which the
lack of separation is dedicated to the anterior hemispheres, i.e.
mainly to the frontal lobes in variable degrees. Owing to the
more posterior location of this cortical incomplete separation in
the MIH variant, the other associated structural anomalies are
also more posteriorly (i.e. centrally) located than other HPE
forms such as the lack of the middle part of the interhemispheric
fissure and falx cerebri, the isolated absence of the callosal body,
the absence of the septum pellucidum causing a common tel-
encephalic ventricle and the centrally located midline supra-
ventricular heterotopic grey matter or dysplastic cortex.*7!®17

Contrary to the normal embryogenesis of the corpus callosum
in the anteroposterior direction, the MIH variant of HPE is the
only brain anomaly in which the posterior corpus callosum
forms in the absence of anterior or middle callosal formation.'®
This is a very pathognomonic finding for the MIH variant and
helps in differentiating it from other HPE forms. Besides the
body of the corpus callosum, other centrally located structures
such as the cingulum fibres, the cingulate cortex and sulci and
thalami are more frequently affected than the more peripheral
structures such as the globus pallidi or lentiform nuclei. As
previously reported in the literature, the thalami were not
separated in one-third of cases with the MIH variant of
HPE.*'® We detected unseparated thalamus in only one case;
but, in the four out of five cases, the thalami were fully sepa-
rated. In addition, in two out of these four cases, there was an
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Figure 2. Patient 3 (13-month-old male): an axial three-dimensional (3D) turbo field echo (TFE) 7; weighted image (T1WID) (a)
revealing the incomplete separation of the white matter (black arrow) and abnormal sulcation (white arrows). An axial 3D TFE T1WI
(b) of the same patient passing through the basal ganglia level showing bilateral flat Sylvian fissures with perisylvian cortical
dysplasia (black arrows) involving the right lentiform nucleus. Also, note the frontal continuum of the dysplastic cortex (white
arrowheads) and the right frontal atretic cephalocele (white arrow). The coronal 3D TFE T1WI (c) showing a widely separated
thalamus (black asterisks) without a prominent interthalamic connection and also the vertically oriented deep collateral sulci (white
arrows) and dysplastic cortex (black arrowhead) with incomplete separation of the interhemispheric fissure (white arrowhead).
Also, note the common occipital ventricle (white asterisk) without any identifiable septum pellucidum and flat Sylvian fissures with
a right perisylvian cortical dysplasia (black arrow).

abnormal vertical orientation and overseparation of the thalami
without any prominent interthalamic connection. Lentiform
nucleus involvement in one of our patients was due to the pen-
etration of perisylvian heterotopy into right lentiform nuclei
rather than a true induction anomaly. Contrary to other HPE
variants, the anterior hemispheric structures are also well
formed in the MIH variant. Furthermore, a bunch of neural
tube closure defects such as cephalocele, myelomeningocele or
Chiari IT malformation have been defined in patients with MIH
variant of HPE.” Similarly, one of our patients had an atretic
frontal cephalocele. These findings are the result of the com-
plexity and phenotypic heterogeneity of HPE.

The DTI findings of our cases revealed the normal white matter
tracts except the corpus callosum and cingulum fibres. We
detected a normal callosal connection between the contralateral
frontal and occipital lobes in our cases, but a remarkably re-
duced diversity in the genial and splenial areas. We could not
identify the homotropic or heterotopic fibres owing to the lack
of anatomic symmetry in patients with MIH variant of HPE and
also owing to insufficient resolution of the DTI data. The nor-
mal course and the thickness of the corticospinal tracts and
cerebellar peduncles at the level of the medulla oblongata in our
patients also helped in differentiating the MIH variant from the
more severe HPE forms (alobar and semi-lobar), in which the

Figure 3. Patient 5 (18-month-old female): an axial three-dimensional (3D) turbo field echo (TFE) T; weighted image (T1WI) (a)
showing bilateral flat and vertically oriented Sylvian fissures (black arrows) and right parietal dysplastic cortex (black arrowhead).
The axial 3D TFE T1WI (a) and fractional anisotropy map (b) also showing the dysplastic cortex (white asterisks) with incomplete
separation of the interhemispheric fissure and transhemispheric fibres (white arrows) in the non-cleaved white matter between the
thickened dysplastic cortices. The coronal 3D TFE TIWI (c) revealing the incomplete separation of the thalami (black arrow),
hypoplastic hippocampus (white arrow) and the absence of the septum pellucidum in a unicameral telencephalic third ventricle
(asterisk). Also, note the dysplastic continuum of the non-cleaved cortex (black arrowhead) and incomplete formation of the

interhemispheric fissure (white arrowhead), as well as the right parietal dysplastic cortex (concave black arrowhead).
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corticospinal tracts were not identifiable at the level of the
medulla oblongata.”'? Also, no Probst bundles, which run
longitudinally and represent misdirected callosal fibres seen in
callosal dysgenesis, were identified in any of our cases. This is
also very compatible with the literature because typically, Probst
bundles are never observed in HPE, conversely to other isolated
or syndromic corpus callosum agenesis.>*"”

We have also observed a transverse thick white matter bundle
traversing between the two hemispheres, along the dysplastic
cortex located where the body of the corpus callosum was
missing, similar to the previously published data.'” These fibres
were interpreted as remnant or dislocated white matter tracts,
which probably take over the function of the missing callosal
body fibres. In addition, a central ventricular notch extending
into the unseparated white matter between the thickened dys-
plastic cortices, which has also been noted in all patients, is very
typical for the MIH variant of HPE and is not seen in any of the
other HPE subtypes.

In our patients, we identified well-differentiated temporal lobes,
vertically oriented hippocampi and the normal course of inferior
fronto-occipital and inferior longitudinal fasciculi. Fully de-
veloped temporal lobes with well-separated inferior fronto-
occipital fasciculi also help in differentiating the MIH variant
form of semi-lobar HPE.'"'?> Furthermore, Rollins'' reported
bilateral fusion of both inferior fronto-occipital fasciculi, the
absence of demarcation between the inferior and superior lon-
gitudinal fasciculi and thickened and dysplastic fornices in
patients with semi-lobar HPE, contrary to the normal appear-
ance of these structures in patients with the MIH variant.

There were several certain limitations in this study. First, the
data of the patient population are too small for statistics. The
MIH variant of HPE is quite rare to allow collection of enough
data. Furthermore, we had to evaluate the patients in consensus
because of the huge diversity of DTI findings in a small patient
group. Second, DTI data were acquired by using routine
protocol with 16 diffusion directions in a 3-T scanner in this
study, but DTI metrics obtained by higher directions and
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more advanced techniques such as high angular resolution
diffusion-weighted imaging'® or g-ball imaging'® can provide
a more precise evaluation of white matter tracts.'” Third, we
used a commercially available post-processing package supplied
by the vendor. Discussing the pros and cons of this software or
comparing it with other homemade or commercial ones is out
of the scope of this study, but we believed that the usage of more
sophisticated post-processing techniques can improve the image
quality of DTI data, allowing a more precise evaluation of the
fibre anatomy. Besides its technical properties, the low repro-
ducibility of fibre tractography should be considered in the
evaluation of these patients, because it may affect the in-
terpretation results.'> The limitations of tractography are mostly
derived from the discrepancies between the following parameters:
the scale of the axonal diameter, the imaging voxel size (low
spatial resolution), the noise contained in DTI data and image
artefacts.”® Also, different acquisition parameters, scanner types
and magnetic field strength may also affect tractography per-
formance. The poor performance of tractography in crossing
fibres is also a well-known problem and can cause incomplete
tracking in the regions of multiple populations of white matter
tracts and may result in spurious fibres. Although there are some
certain protocols to increase the reproducibility of DTI trac-
tography,”’ it is quite difficult to apply these protocols in brain
malformations owing to abnormal brain anatomy."”

CONCLUSION

DTI can provide additional knowledge over conventional MRI
by showing the white matter abnormalities more precisely than
conventional MRI in patients with MIH variant of HPE. DTI can
provide a better analysis of cerebral connectivity and promotes
understanding of the underlying microstructural changes that
occur in patients with HPE and its variants. Especially, the
prenatal applications of advanced DTI techniques will clear up
the basic mechanisms of axonal guidance and white matter
connectivity within the developing brain. Further investigations
are needed to collect more sufficient DTI data, which clarify the
exact role of DTI as well as the potential embryogenetic
mechanisms in patients with MIH variant of HPE.
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