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SUMMARY

Subcortical band heterotopia (SBH) is a disorder of neuronal migration most com-
monly due to mutations of the Doublecortin (DCX) gene. A range of phenotypes is seen,
with most patients having some degree of epilepsy and intellectual disability.
Advanced diffusion and structural magnetic resonance imaging (MRI) sequences may
be useful in identifying heterotopias and dysplasias of different sizes in drug-resistant
epilepsy. We describe a patient with SBH and drug-resistant epilepsy and investigate
neurite density, neurite dispersion, and diffusion parameters as compared to a healthy
control through the use of multiple advanced MRI modalities. Neurite density and dis-
persion in heterotopia was found to be more similar to white matter than to gray mat-
ter. Neurite density and dispersion maps obtained using diffusion imaging may be able
to better characterize different subtypes of heterotopia.
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Subcortical band heterotopia (SBH), also known as dou-
ble cortex syndrome, is a rare disorder of neuronal migration
characterized by bands of heterotopic gray matter just
beneath the cortex." It is a genetically and phenotypically
heterogeneous disorder, and varying degrees of epilepsy
and intellectual disability are the most common clinical
manifestations. With advances in diffusion and perfusion
imaging in magnetic resonance imaging (MRI), focal and
diffuse forms of malformations of cortical development
(MCDs), like SBH, are being increasingly recognized as
heterogeneous malformations. Advanced structural, diffu-
sion, and functional imaging sequences could produce maps
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of neurite density, dispersion, and functional activation that
allow clinicians to further stratify such patients.

We present a case of SBH and drug-resistant epilepsy and
discuss the findings of multiple imaging modalities, includ-
ing neurite orientation dispersion and density imaging
(NODDI). To the best of our knowledge, this is the first
report of SBH using NODDI.

Patient details

A 23-year-old right-handed woman with drug-resistant
epilepsy was admitted to our epilepsy monitoring unit for
increased seizure frequency. She is a college student with-
out academic difficulties, history of developmental delay,
or subjective cognitive abnormality and is otherwise
healthy. Family history was notable for a brother who died
at delivery due to lissencephaly; otherwise, there was no
family history of epilepsy or developmental delay. Overall,
her neuropsychological profile is indicative of strength in
the verbal domain with relative weakness in visual-spatial
skills. Memory function is excellent, which is similar to pre-
vious studies of memory in patients with SBH.* Neurologi-
cal examination was normal, and no other abnormalities
were found on physical examination. Brain MRI revealed
bilateral diffuse cerebral subcortical band heterotopia.
Genetic testing via Doublecortin (DCX) sequencing was
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positive:  pathogenic frameshift mutation identified
(c.355_356del, p.Leul19Glyfs*15). Mutations in the DCX
gene are thought to account for up to 80% of females with
SBH.*

Her seizures began at the age of 6. She described two
types of seizures: (1) an aura of dizziness and fatigue fol-
lowed by staring, occurring approximately 1-2 times every
month; (2) generalized tonic-clonic seizures occurring
approximately once every year. Seizures were not con-
trolled on a combination of lamotrigine and levetiracetam.
Prior treatment with carbamazepine had been ineffective in
controlling her seizures. She was started on lacosamide dur-
ing admission. Interictal electroencephalogram (EEG)
demonstrated: (1) 9-Hz posterior dominant rhythm; and
(2) frequent 1- to 2-s bursts of bifrontal sharply contoured
theta activity. She had seven complex partial seizures during
admission. Electrographic seizures were preceded by an
aura of nonspecific dizziness and fatigue without ictal EEG
correlate followed by staring and unresponsiveness. Ictal
EEG demonstrated diffuse bifrontally predominant rhyth-
mic 6-Hz spike-and-wave epileptiform discharges that
evolved in frequency to 3 Hz and increased in amplitude.
There was no clear focal onset. Each seizure lasted approxi-
mately 30-60 s and was followed by postictal diffuse poly-
morphic delta slowing.

MATERIALS AND METHODS

After discharge from the hospital and obtaining written
informed consent from the patient, multiple MR imaging
modalities were performed as a part of a research epilepsy
imaging protocol on a 3.0 T Siemens TrioTim Magnetom
system (Erlangen, Germany) using a 32-channel phased-
array head coil. Tl-weighted magnetization prepared
rapid acquisition GRE (MP-RAGE) (TR = 1,850 ms,
TE = 4 ms) and high-resolution T2-weighted imaging
(TR = 3,200 ms, TE = 380 ms) were performed. Diffusion
tensor imaging (DTI) was performed (b values of 300, 700,
2,000 and multiple b =0 images, single-shot EPI,
50 mm x 2.5 mm axial slices, 96 x 96 matrix zero-filled
to 128 x 128, field-of-view 24 cm x 24 cm). Mean diffu-
sivity (MD), radial diffusivity (RD), and fractional aniso-
tropy (FA) were estimated from the diffusion tensor model
using the CAMINO toolkit.? Tractography was performed
with 100,000 seeds in the corpus callosum and white matter
generated using an angle threshold of 30° in DSI-Studio
using Q-space diffeomorphic registration. A NODDI proto-
col optimized for the scanner (b values of 300, 700, 2,000
and multiple b = 0 images) was obtained. Estimates of neu-
rite density (intracellular volume fraction, ICVF), orienta-
tion dispersion index (ODI), and the isotropic fraction
(FISO) were obtained from fitting performed with the
NODDI Matlab Toolbox.’

Third-party tools, ANTs’ (http://stnava.github.io/ANTSs/)
and FSL® (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) framework,

were used to register all modalities to the patient’s native T1
space. A region of interest (ROI) was manually drawn to
include all the SBH on the T1 images because the automated
segmentation tools were unable to uniformly segment SBH.
Further, the manual ROI was eroded by 1 voxel in all direc-
tions to prevent any partial-volume effects from surround-
ing white matter voxels. In addition, normal-appearing gray
and white matter ROIs were segmented using the ANTS
segmentation protocol. These ROIs were used to quantify
each of the modalities. The same NODDI research protocol
and postprocessing were performed on an age-matched
healthy female control. Ninety-five age-matched controls
with available T1 MP-RAGE were used to compute normal
gray and white matter volume.

RESULTS AND DISCUSSION

Characteristics of heterotopia on standard structural
sequences

TIWI and T2WI (Fig. 1) showed abnormal gray matter
(GM) and T2 hyperintensity symmetrically throughout the
cerebral cortex, characteristic of SBH. Of total brain vol-
ume, 36.3% was normal-appearing gray matter, as deter-
mined by automated segmentation, and 6.28% was from
heterotopia, as manually outlined, for a total of 42.6% gray
matter tissue. The normal-appearing white matter (WM)
accounted for 25.1% of all voxels in the patient’s cerebrum,
and cerebrospinal fluid (CSF) accounted for the remaining
32.3%. Normal healthy controls had 38.5 + 1.25% gray
matter and 30.5 £+ 1.09% white matter. Overall, there was
slightly more gray matter volume (including heterotopic tis-
sue, z statistic 3.31, p < 0.001) and slightly less white mat-
ter volume (z statistic —4.96, p < 0.001) in the SBH patient.
Past histologic observations suggest that the total gray mat-
ter neuronal population far exceeds that present in healthy
persons, suggesting not just migrational defects but also
overproliferation of immature neuronal cell bodies.”

MCDs often affect the microstructure of underlying white
matter tracts.'® The presence of heterotopic neurons, abnor-
mal myelination, edema, axonal injury, and gliosis affects
the diffusion properties traversing axonal tracts.'®!'! Fig. 1
also shows tractography in the patient (top) and a normal
age- and gender-matched control (bottom) obtained by
seeding the white matter using DSI-Studio.'*'* The supe-
rior longitudinal fasciculus was not fully rendered in the
patient during tractography because of abnormal directional
vectors in areas with heterotopic tissue. Other tracts, such as
the corpus callosum, cingula, superior occipitofrontal fasci-
culus, and inferior occipitofrontal fasciculus, were mostly
unaffected.

Characteristics of heterotopia on advanced diffusion
imaging sequences

It is known histopathologically that subcortical hetero-
topia has morphologically abnormal neurons in addition to
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Figure 1.

Patient (top row) and age-matched healthy control (bottom row). (A—H) First four columns show T |-weighted magnetization prepared
rapid acquisition GRE, orientation dispersion index (ODI) derived from NODDI imaging, T2-weighted MRI, and fractional anisotropy,
respectively. Band heterotopia (arrows) clearly delineated in a bilateral band located between the ventricular wall and cortical mantle.
ODI map shows aberrant neurite dispersion in white matter regions as compared to healthy control ODI map. (I-)) The fifth column
shows tractography obtained by seeding the normal location of the superior longitudinal fasciculus. (K—L) The sixth column shows
tractography obtained by seeding the genu, body, and splenium of the corpus callosum. 3D tract maps are shown in an oblique lateral
view, with anterior to the left. The colors represent the direction of the fiber tracts using standard labeling. Most large tracts, such as
callosal fibers, could be followed through the heterotopic tissue; however, the superior longitudinal fasciculus (white arrow) was
attenuated compared to the control.
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demyelinated white matter tracts originating from the cor-
tical plate and the heterotopia.'* We hypothesized that this
alters NODDI and DTI parameters in SBH to be interme-
diate between GM and WM. Interestingly, although SBH
tissue contains neurons and looks like gray matter on
structural imaging, it is more similar to white matter on
NODDI imaging (Table 1). Using the Kolmogorov—Smir-
nov goodness of fit hypothesis test, the underlying distri-
bution of NODDI parameters in heterotopia is different
from that for gray matter (D = 0.39, p < 0.001) and white
matter (D = 0.09, p < 0.001). Global neurite dispersion
was lower in heterotopia (0.34 + 0.10) and white matter
(0.33 + 0.14) as compared to gray matter (0.47 4+ 0.10).
CSF fraction was much less in heterotopia (0.03) and

white matter (0.09) as compared to gray matter (0.20). FA
was higher in heterotopia tissue (0.29 + 0.12) and white
matter (0.32 £ 0.18) as compared to gray matter
(0.14 £ 0.08). However, global neurite density was higher
in heterotopia (0.48 + 0.06) and gray matter (0.46 +
0.13) as compared to white matter (0.50 £ 0.10). MD and
RD values in heterotopic tissue (0.70 x 102 and 0.59 x
107> mm?/s, respectively) were similar to surrounding
white matter (0.76 x 107> and 0.62 x 107> mm?s,
respectively) but less than overlying gray matter (1.0 x
1072 and 0.96 x 10~ mm?s, respectively). All of the
above relationships were also preserved in separate analy-
sis of each cerebral lobe (data not shown). The values of
these parameters in the patient’s normal-appearing gray

Table |. Average diffusion parameters in heterotopia, normal-appearing gray and white matter

FA ODI ICVF FISO
Patient heterotopia 0.28 + 0.09 0.34 £ 0.09 0.47 + 0.04 0.02 £ 0.04
Patient (gray matter) 0.14 + 0.08 0.47 = 0.10 0.46 + 0.13 0.20 + 0.23
Patient (white matter) 0.32 £ 0.17 033 £0.13 0.50 £ 0.09 0.08 £ 0.12
Control (gray matter) 0.15 £ 0.11 0.46 + 0.13 048 + 0.14 0.22 + 0.24
Control (white matter) 0.35 £ 0.19 032 £0.14 0.55 £+ 0.10 0.1 £0.15

Average diffusion imaging parameters obtained in the patient and a healthy age-matched control. Fractional anisotropy (FA), NODDI parameters (orientation
dispersion index [ODI], neurite density approximated by intracellular volume fraction [ICVF], isotropic volume fraction most likely due to CSF [FISO]).
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and white matter were similar to those measured in the
healthy control.

Future directions

These diffusion methods have previously shown utility in
identifying focal cortical dysplasias (FCDs).'> Patients with
subtle dysplasias showed clear abnormalities on neurite
density and neurite dispersion maps, whereas TIWI and
T2WI did not necessarily show such clear abnormalities.
This case report shows maps of a novel diffusion imaging
technique in a patient with band heterotopia. Although this
abnormality is visible on standard imaging, NODDI imag-
ing in addition to DTI clearly shows the lesion as well.
These results should be investigated by enrolling more
patients and carefully studying coregistered imaging and
histology data to better characterize tissue alterations that
lead to these findings. These advanced diffusion methods
can provide additive information to evaluate heterogeneity
within SBH that cannot be detected on structural MRI but
that may affect clinical presentation. In addition, utilizing
this method to image different forms of heterotopia may
allow better understanding of structural differences between
these malformations. This may further enhance our under-
standing of the pathophysiologic mechanisms of MCDs.
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