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Magnetoencephalograhpy findings
in medial temporal lobe epilepsy

Hideaki Shiraishi

Department of Pediatrics, Hokkaido University School of Medicine,
Japan

Magnetoencephalography (MEG) is a technique that arose from the superconductivity
theory and is now applied to clinical investigations (Cohen et al., 1968; Hamailidinen et
al., 1993). Studies of epileptic patients are a particularly useful application of MEG,
because MEG provides better spatial and temporal resolution than electroencephalography

(EEG).

Many reports have described the application of MEG for clinical investigations of epileptic
patients (Knake et al., 2004; Grondin et al., 2006; Cappel et al., 2006; Mikeli et al., 2006;
Shibazaki et al., 2007; Rampp et al., 2007; Schwartz et al., 2008). MEG currently plays an
important role in the definition of the epileptogenic lesion in epileptic surgery candidates,
especially those with neocortical epileptic lesions (Nakasato et al., 1994; Sutherling et al.,
1987; Shiraishi et al., 2001; Oishi et al., 2006; Otsubo et al., 2001; Otsubo et al., 2005).
By comparison, MEG analysis is more difficult when used to investigate medial temporal
lobe epilepsy (MTLE), because the medial temporal structure is hidden anatomically in
the depth of the temporal lobe (Shigeto et al., 2002; Pataraia et al., 2005). For this reason,
the MEG current is not always detected because of the inherently low signal-to-noise
ratio. In general, MEG can detect magnetic activity to a depth of less than 2 cm (Shigeto
et al., 2002). In this chapter, we describe the application of MEG for the diagnosis of
MTLE in patients using specific analysis paradigms.

i MEG source analysis
The MEG data are digitally filtered with a pass band of 3 to 30 Hz for offline analysis.

Segments containing abnormal paroxysms are selected manually. Individual spikes aligned
on the basis of the peak latency are analyzed. The distribution of brain activity generating
the spikes is determined using two source estimation approaches: the equivalent current
dipole (ECD) model and dynamic statistical parametric mapping (dSPM). The ECD model
is appropriate when the underlying brain activity is focal, i.e. restricted to a relatively
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small region of the brain. For non-focal brain activity, the distributed source models,
including dSPM, are expected to be better suited than the ECD model for determining
the distribution of brain activity generating the spikes.

Equivalent current dipoles

Equivalent current dipoles (ECDs) are calculated with the “xfit” software (Elekta-Neuro-
mag Ltd.) using the single-dipole model. The conductivity geometry of the head is assumed
to be spherically symmetrical. Dipoles are calculated for each time point measurement
(every 2.5 ms) within a period of 100 ms at the vicinity of each MEG spike. All sensors
are included in the analyses, with no selection of regions of interest. The initial location
for the iterative fit of the ECD is chosen to be under the sensor with the largest signal.
The ECD with the best goodness of fit (GOF) is selected as the representative ECD of
that particular MEG spike. The GOF is a measure of how well the ECD model explains
the measured signals. A dipole fit is accepted when the GOF is greater than 70%. To
visualize anatomical locations, the ECDs are superimposed on the MRI from each patient.

Dynamic statistical parametric mapping

The dynamic statistical parametric mapping (dSPM) method (Dale et al., 2000) is based
on a noise-normalized minimum L2-norm estimate. For dSPM analysis, we use an anato-
mically constrained, distributed source model, which assumes the sources are located in
the cerebral cortex. The cortical surface is segmented from high-resolution MRI using the
FreeSurfer software (Dale et al., 1999; Fischl et al., 1999) and subsampled to approximately
2500 elements per hemisphere. The source model consists of current dipole vectors located
at each element. The forward solution is calculated using a boundary element method

(BEM) model.

The dSPM approach used to estimate the time course of activity at each cortical location
is based on the generalised least-squares or weighted minimum-norm solution (Hamzlsi-
nen, 1994; Dale, 1993); in this case, the estimate is normalized for noise sensitivity, thus
providing a statistical parametric map (Dale et al., 2000). The noise normalization reduces
the variation in the point-spread function between locations (Liu et al., 2002). Simulations
have suggested that the spatial resolution is 15 mm or better (Dale et al., 2000; Liu et al.,
2002). Maps are calculated at 2.5-ms intervals. The significance of modulation at each
site is calculated using an F-test (Dale et al., 2000; Dhond et al., 2001). These statistical
maps differ from maps of estimated source strengths, since the estimated noise variance
is not constant across different cortical locations. However, since the same noise cova-
riance estimates are used at all time points for given cortical locations, source strength at
a given location over time is directly proportional to the statistical maps. The current
approach provides dynamic statistical parametric maps of cortical activity, similar to the
statistical maps typically generated using fMRI or PET data, but with a millisecond tem-
poral resolution.

Short-time Fourier transform analysis

Short-time Fourier transform (STFT) analysis is used to reveal the distributions of MEG
polyspikes (Oppenheim et al., 1999). The MATLAB (MathWorks, Natick, MA, USA)
program is used to execute the STFT for the MEG signals. Each signal is divided into
small sequential frames, and fast Fourier transformation (FFT) is applied to each frame.
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In the present study, the STFT was implemented using a 256-point window. The time of
each window was 426.7 ms (i.e. 256 points x 1,000 ms/600 Hz). The window was shifted
every four points, which corresponded to 6.7 ms (i.e. 1,000 ms/600 Hz x 4 points). FFT
was applied to each window. This process was repeated for all selected signals. The time-
frequency distributions are displayed as graphs.

Fourier transform is performed with frequencies in the ranges of 3-30 Hz, 30-50 Hz, and
50-100 Hz. A spectrum is considered to be aberrant when it is observed to be isolated
from the background frequency spectrum in the graph. An aberrant frequency spectrum
on the graph is superimposed onto the reconstructed 3D-MRI.

Electrocortigogram

An electrocorticogram (ECoG) study is performed during surgery. The ECoG data are
collected using the Ceegraph system (Bio-Logic, Mundelein, IL, USA), with a sampling
rate of 512 Hz. A 4 x5 grid electrode array was used in the second case report. The
recording is performed for at least one minute at each electrode location.

Casereport |

We report the case of a 17-year-old girl. Her epilepsy started when she was 11 years old
with simple partial seizures described as cephalic sensation, and complex partial seizures
described as motion arrest, oral automatism, and bilateral manual automatisms lasting for
2-3 minutes without dystonic posturing or secondary generalised tonic-clonic seizures
(GTCs). Over time, her seizures had become more frequent and occurred more than once
per week.

She had a selective amygdala-hippocampectomy at 15 years of age and has been seizure-
free for three years (Engel class I).

EEG, MEG, MRI, SPECT, and PET findings are shown in Figure I. Her spike sources
were localized by ECDs at the pole and base of the left temporal lobe. The location and
distribution of her ECDs were consistent with the typical location and distribution of the
horizontal ECD described in MTLE (Stefan et al., 2003). ECDs are not always located at
the hippocampus, but may be located at other areas of the temporal lobe. It is not always
possible to detect MEG activity because of the low signal-to-noise ratio.

Casereport 2

We report the case of a nine-year-old girl. Her epilepsy started at one month of age with
complex partial seizures with motion arrest and cyanosis. Her seizures evolved to daily
simple partial seizures, described as ictal fear and cephalic sensations, and complex partial
seizures with motion arrest and autonomic change (cyanotic face) for three to four minutes
without dystonic posturing.

At the age of nine years she underwent resection of focal cortical dysplasia at the medial
aspect of the left temporal lobe and the head of the hippocampus. She has now been
seizure-free for one year and eight months. Initial EEG and MEG measurements showed
no epileptiform discharges (Figure 2A). Sequential EEG and MEG measurements demons-
trated activity in the right occipital and left frontal areas, but not to the same level of
activity recorded from the left temporal area, where the focal cortical dysplasia was located
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(Figure 2B). Furthermore, EEG and MEG measurements showed intermittent, but prolon-
ged rhythmic activity in the left frontal and temporal region (Figure 2B). This rhythmic
activity was no longer observed after her operation (Figure 2C).
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Figure 1.Case |: EEG, MEG, MRI, PET and interictal SPECT.

A) EEG showing left hemispheric positive spikes which were reflected by the epileptic current at reference electrode
Al. B) MEG showing spikes in the left temporal region. C) MRI showing atrophy and sclerosis of the left hippocampus
of the patient. D) ['*F] Fluorodeoxyglucose (FDG) positron emission CT (PET) showing hypometabolism in the left
medial temporal lobe. E) [''C] Flumazenil (FMZ) PET showing low benzodiazepine receptor binding in the left medial
temporal lobe. F) Interictal [*"Tc] ethylcysteinate dimer (ECD) single photon emission CT (SPECT) showing low
perfusion in left medial temporal structures. G) The location of MEG ECDs of epileptiform activity were located at
the pole and base of the left temporal lobe in a horizontal direction.
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Figure 2.Case 2: EEG and MEG.

A) EEG at six years of age on her first visit showing no epileptiform discharges. B) EEG at eight years of age just
before her operation showing prolonged rhythmic spiking with 10 Hz oscillation at Fpl, Fp2, F3, F4, F7, F8 and Fz.
Independent spikes were detected at Fpl, Fp2, F3, C3, P3, P4, Ol, O2 and Cz. C) EEG at nine years of age after
her operation showing fragmental rhythmic activities at F3, F4 F7, F8 and Fz. D) MEG at six years of age on her first
visit showing no epileptiform discharge. E) MEG at eight years of age just before her operation showing continuous
aberrant oscillation at approximately 20 Hz at the left frontal area and the occipito-parietal area (quoted). MEG
shows the frequent occurrence of an independent spike at the right occipital area and the left frontal area (arrow).
F) MEG at nine years of age after her operation showing a spatially restricted oscillation band at the left frontal area
at approximately 16 Hz.

To investigate the widespread spikes in MEG just before the operation, ECDs were
located at the left superior frontal gyrus and the right supra-marginal gyrus (Figure 3B).
dSPM analysis revealed genesis of the spikes at the right supra-marginal gyrus and pro-
pagation to left superior frontal gyrus and medial aspect (Figure 3C). In this situation,
the ECD measurements only represented propagation of activity from a distinct epilep-
togenic area.
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Figure 3.Case 2: MRl and MEG.

A) MRI FLAIR images showing focal cortical dysplasia at the left temporal para-hippocampal gyrus, uncus and hip-
pocampus. B) ECDs were located at the left superior frontal gyrus and the right supra-marginal gyrus. C) dSPM
snapshots demonstrated epileptiform activity generated in the right supra-marginal gyrus, which propagated to the
left superior frontal gyrus and the corresponding medial aspect. In inflated MRI, dark and light grey areas revealed
the sulcus and gyrus, respectively. The area in yellow, the point of transition from red to yellow, and the point of
transition from grey to red, represent statistical values with p = 10!, 10, and 10, respectively.
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She underwent SFT analysis for preoperative and postoperative rhythmic activity
(Figure 4A, 4C). SFT analyses demonstrated rhythmic activity in the ipsilateral frontal
lobe and within a broad region of the lateral aspect of the temporal lobe (Figure 4B). After
the operation these thythmic activities disappeared and became localized to the left pre-
and post-central gyrus (Figure 4D).
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Figure 4.Case 2: STFT analysis.

A) STFT at eight years of age just before her operation showed aberrant magnetological oscillation at the left occipital
and temporal and frontal areas at approximately 20 Hz (surrounded by red lines). B) EG signal from (A), superim-
posed on the 3D MRI image showing broad aberrant oscillation in the left lateral occipital lobe, the inferior, middte,
and superior temporal gyrus, the angular gyrus, the supra-marginal gyrus and the inferior frontal gyrus (red and
yellow areas). C) STFT at nine years of age after her operation showing aberrant magnetic field oscillation in the left
frontal region at approximately 20 Hz (surrounded by red lines). D) MEG signal from (C), superimposed on the 3D
MRI image showing broad aberrant oscillation in the left angular gyrus and the inferior frontal gyrus (red and yellow
area).

She underwent ECoG during the operation. Just before the dysplasia resection, continuous
thythmic spikes at approximately 20 Hz were detected at the lower area of the left pre-
and post-central gyrus and supra-marginal gyrus (Figure 5A). This activity disappeared and
the irritative zone became more restricted to the left pre-frontal gyrus and supra-marginal
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gyrus from where epileptiform activity with lower amplitude was now recorded (Figure 5B).
These findings provide clear evidence of the power reduction of the irritative zone after

surgery.
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Figure 5.Case 2: ECoG.

A) ECoG during the operation before resection of the lesion demonstrating continuous aberrant rhythmic discharges
at 20 Hz in electrode 5, 6,7, 8, 9, 10, 13, 14, 15,28, 19, 33, 34, 39 and 10 at approximately 500 pV. B) ECoG during
the operation after resection of the lesion demonstrating an aberrant oscillation area at electrode 3, 4, 9, 10, 37 and
38 at approximately 250 pLV.
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i Discussion and conclusion

MEG analysis is not the optimal tool for the identification of the epileptogenic area in
patients with MTLE. MEG is reported to detect only about 50% of the ECoG spikes
generated from medial temporal structures (Shigeto et al., 2002; Pataraia et al., 2005).
However, a seizure-free (Engel class I) outcome was achieved in more than 90% of the
patients after epilepsy surgery when the results using the ECD model showed horizontal
currents from the ipsilateral medial temporal lobe (Assafa et al., 2004). Furthermore, in
patients with medial temporal sclerosis (MTS) on MRI and a definite history of complex
partial seizures (CPS), negative MEG findings provide further evidence that MTLE
patients are good surgical candidates.

In this chapter, the investigation of epileptic thythmic activity by MEG, which may reveal
the presence of widespread aberrant epileptic discharges from medial temporal structures,
was discussed. For follow-up evaluation in MTLE patients who have undergone surgery,
MEG holds the potential to non-invasively grade the propensity for seizure recurrence.
At this stage, the evidence highlights the potential of MEG as a valuable non-invasive
tool before and after surgery for sequential evaluation, especially in paediatric patients.
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Congenital Dysplastic Microcephaly and
Hypoplasia of the Brainstem and Cerebellum
With Diffuse Intracranial Calcification
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Abstract :

Congenital microcephaly with intracranial calcification is a rare condition presented in heterogeneous diseases. Here, we report
the case of a |-year-old boy with severe congenital microcephaly and diffuse calcification. Neuroimaging studies showed a diffuse
simplified gyral pattern; a very thin cortex; ventricular dilatation; very small basal ganglia, thalamus, and brainstem; and cerebellar
hypoplasia with diffuse calcification. Clinical features of intrauterine infections, such as neonatal jaundice, hepatomegaly, and
thrombocytopenia, were not found. Serological tests, cultures, and polymerase chain reaction analysis were negative for viral
infections. The etiology of pseudo-toxoplasmosis, rubella, cytomegalovirus, and herpes simplex syndrome is still unknown. This
study describes the most severe form of pseudo-toxoplasmosis, rubella, cytomegalovirus, and herpes simplex syndrome
reported to date, with the patient showing microcephaly and calcification or band-like intracranial calcification with simplified

gyration and polymirogyria.
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Congenital microcephaly with brain  dysgenesis and
intracranial calcification is a characteristic feature of intrauter-
ine infections of toxoplasma, rubella, cytomegalovirus, herpes
virus, and other infectious agents, including human immunode-
ficiency virus and the bacteria that cause syphilis. This form of
congenital microcephaly has been termed the toxoplasmosis,
rubella, cytomegalovirus, and herpes simplex syndrome.’
In addition to congenital microcephaly and intracranial calcifi-
cation, toxoplasmosis, rubella, cytomegalovirus, and herpes
simplex syndrome shows systemic abnormalities, such as throm-
bocytopenia, anemia, hepatosplenomegaly, liver dysfunction,
jaundice, and chorioretinitis, with elevated serum immunoglobu-
lin M (IgM) levels at birth. Similar clinical conditions have been
reported in several patients with familial occurrence but with
no evidence of infection. These clinical conditions have been
designated as “pseudo-toxoplasmosis, rubella, cytomegalo-
virus, and herpes simplex” syndrome.” In addition, “band-like
intracranial calcification with simplified gyration and polymi-
crogyria” has also been reported. However, this syndrome
shows no evidence of infection, abnormalities in liver function,
or thrombocytopenia.>*

It is important to discriminate these syndromes for genetic
counseling. This report describes a patient with congenital

microcephaly and whole brain dysgenesis and extensive
calcification, suggesting a severe form of pseudo-toxoplasmo-
sis, rubella, cytomegalovirus, and herpes simplex syndrome, or
band-like intracranial calcification with simplified gyration and
polymicrogyria.

Case Report

The boy was born to healthy, unrelated, 29-year-old Japanese
parents. This was the mother’s first pregnancy, and the boy had
no siblings. There were no household pets including cats.
During the 5- to 6-week period of gestation, his mother had
fever for 1 day but showed no other symptoms. Microcephaly
was first observed on ultrasound examination conducted at 28
weeks of gestation. At 34 weeks of gestation, specific IgMs
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Figure 1. A plain radiograph of the head shows the cranial vault with a
frontal sloping and a marked external occipital protuberance. Intracra-
nial high-density spots are visible along the cerebral wall (arrows).

against rubella, cytomegalovirus, and toxoplasma were
negative in the mother. He was delivered by caesarean section
because of hypotonic uterine dysfunction at 42 weeks of gesta-
tion. His Apgar score was 1 at | min. He required intratracheal
intubation for severe dyspnea. His weight at birth was 3140 g;
length, 46 cm (—2.0 SD); and head circumference, 29 cm (—3.2
SD). He had bilateral undescended testis without hepatospleno-
megaly or a petechial rash. Ophthalmologic examination
showed no corneal clouding or chorioretinitis. Neurological
examination showed the presence of hypotonic muscles and
absence of a Moro reflex. Skull radiography showed a sloping
forehead and several intracranial calcific densities (Fig. 1). A
computed tomographic (CT) scan of the head showed promi-
nent calcification mainly along the ventricular wall from the
cerebrum to the brain stem (Fig. 2). Magnetic resonance ima-
ging (MRI) of the brain showed severe diffuse simplified gyri
combined with a thinning of the cortex and the white matter;
marked dilated ventricles; and severe hypoplasia of the basal
ganglia, thalamus, cerebellum, and brainstem (Fig. 3). At the age
of 4 days, a hematological examination (hemoglobin, 18.3 g/dL;
white blood cells, 10 010/uL; neutrophils, 69%; platelets, 32.8
x 10*%uL?) and blood chemistry tests, including those for cal-
cium, phosphate, aspartate aminotransferase, alanine amino-
transferase, lactate, and amino acids were normal. The total
serum IgM was 8 mg/dL; the specific IgMs against toxoplasma,
rubella, cytomegalovirus, herpes simplex, and varicella-zoster
virus were negative. Viral cultures of a pharyngeal swab and
urine were negative. Subsequent polymerase chain reaction
(PCR) amplification of cytomegalovirus DNA in urine and the
umbilical cord was also negative. An antibody titer for lym-
phocytic choriomeningitis virus was negative. G-banding chro-
mosomal analysis showed a karyotype of 46, XY. At the age
of 10 months, a cerebrospinal fluid examination did not show
increased number of lymphocytes or interferon-alpha.

Figure 2. Computed tomographic scan of the head shows linear or
patchy high signals consisting of calcifications within or immediately
beneath the cortex and the enlargement of the lateral ventricles.

Electroencephalography showed multifocal sharp waves with
low-voltage background activity. At 12 months of age, he
showed hypothermia (<36°C); recurrent urinary tract infections
caused by vesicoureteral reflux; and a profound developmental
delay with limb contractures, no eye contact, and no head con-
trol. He received tube feeding because of bulbar palsy.

Discussion

Congenital microcephaly results from various clinical condi-
tions such as infections, radiation, exogenous toxic agents,
anoxic or metabolic insults, and genetic bases." Although these
conditions can also cause cerebral calcification, the association
of congenital microcephaly and calcification are rare. Our
patient experienced a febrile episode, suggesting an infection
at 5 to 6 weeks of gestation, but there was no history of any
other insult. Since intrauterine infections or toxoplasmosis,
rubella, cytomegalovirus, and herpes simplex syndrome, espe-
cially cytomegalovirus infection, is the most frequent cause of
congenital microcephaly and since calcification and earlier infec-
tion induce severer brain anomalies,' we tried to obtain evidence
of a prenatal infection of cytomegalovirus using serological tests,
cultures, and PCR amplification. However, none of these tests
yielded a positive result, which could be a result of early infection
during fetal development. The fetus showed no immunological
response, and the virus could not be cultured. Moreover, the PCR
sensitivity was sufficiently high enough to detect viral DNA.> On
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Figure 3. Sagittal T2-weighted magnetic resonance imaging (MRI)
shows a thin cortex and white matter with an undetectable border.
Prominent hypoplasia of the cerebellum and brainstem is visible.

the basis of these results, we conclude that cytomegalovirus is
unlikely to be the cause of our patient’s condition.

During the middle embryonic period (5-6 weeks of
gestation in humans), secondary brain vesicles (telencephalon,
diencephalon, mesencephalon, metencephalon, and myelence-
phalon) are formed; the primitive cerebral hemispheres develop
during neuronogenesis in the ventricular zone. Insult at this
stage can engender extremely severe brain malformation (eg,
decreased brain size) because of the inhibition of cell prolifera-
tion and the dysplastic configuration of the brain that results
from impaired cell migration. The hypoplastic brainstem and
cerebellum as well as microcephaly with the thin cortex and irre-
gular convolution seen in our patient suggest an event during
early embryogenesis, although the etiology is unknown.

Although our patient showed an irregular convolution that
suggested possible cortical dysplasia, the very thin cortex sug-
gested microcephaly with normal to thin cortex or microce-
phaly with a simplified gyral pattern.® To date, 5 genes
(MCPHI, ASPM, CDK5RAP2, CENPJ, and SLC25419) have
been found to be responsible for the autosomal recessive inheri-
tance of microcephaly with a simplified gyral pattern.”® Muta-
tions in these genes result in congenital microcephaly but not in
a calcification resembling the one in our patient. Microcephaly
with polymicrogyria or other cortical dysplasias or microce-
phaly with pontocerebellar hypoplasia are other candidate con-
ditions for our patient, but neither one shows calcification.” At
this point, it is difficult to categorize the neuroimaging features
of our patient into the classification scheme for malformations
of cortical development.®

Aicardi-Goutiéres syndrome is an autosomal recessive form
of progressive encephalopathy characterized by acquired
microcephaly, leukodystrophy, and calcifications of the basal
ganglia, which is similar to toxoplasmosis, rubella, cytomegalo-
virus, and herpes simplex syndrome.'” Recently, 5 genes
(TREXI1, RNASEH2B, RNASEH2C, RNASEH2A, and SAMHDI)
have been identified as the responsible genes for this syn-
drome.'"""® Elevated interferon-alpha levels and chronic

lymphocytosis in the cerebrospinal fluid are specific features
of Aicardi-Goutieres syndrome. However, our patient had nei-
ther of these features. Although cerebrospinal fluid lympho-
cytosis is not necessary for an Aicardi-Goutiéres syndrome
diagnosis' and although a small number of patients show
microcephaly at birth, the cerebral dysplasia observed in
our patient has never been reported as a manifestation of
Alicardi-Goutiéres syndrome.

It has been suggested that pseudo-toxoplasmosis, rubella,
cytomegalovirus, and herpes simplex syndrome is the same dis-
order as Aicardi-Goutiéres syndrome.'> Periventricular areas
are commonly calcified in pseudo-toxoplasmosis, rubella,
cytomegalovirus, and herpes simplex syndrome, but the basal
ganglia, cerebellum, and brainstem can also be affected. Brain
MRIs often show cerebral atrophy, enlarged lateral ventricles,
and severe hypoplasia of the corpus callosum, cerebellum, and
brainstem. Some patients also show associated cortical dyspla-
sia.>'® One report described a patient as having microcephaly
with plate-like cortical calcification and with an extremely
decreased convolution of the cerebral cortex, which is similar
to our patient’s condition.'” However, the brainstem and cere-
bellum were spared in that patient.

Band-like intracranial calcification with simplified gyration
and polymicrogyria is inherited as an autosomal recessive trait,
and mutations of the OCLN gene have been identified as result-
ing in this condition.'® Band-like intracranial calcification with
simplified gyration and polymicrogyria is similar to pseudo—
toxoplasmosis, rubella, cytomegalovirus, and herpes simplex
syndrome in that both show widespread intracranial calcifica-
tion and polymicrogyria and that some patients show hypoplasia
of the cerebellum and brainstem. There are differences between
these 2 conditions in terms of the postnatal microcephaly, the
characteristic band-like calcification, and the lack of evidence
for neonatal disturbance of liver function with thrombocytope-
nia; nonetheless, they can have similar etiologies.3’4

The extensive lesions of the brain are reminiscent of multi-
cystic encephalomalacia, which are often accompanied by
extensive dystrophic calcifications in zones of infarction. Mul-
ticystic encephalomalacia is also caused by fetal viral infection
as well as hypoxia or circulatory insults; however, the lesions in
the patient appeared to be too broad for secondary injury and
had no visible cysts, as observed by MRI. The size and number
of cysts depends on the stage of infarction, which can be both
of major cerebral vessels and of the microcirculation at capil-
lary levels.'® Neuropathological confirmation is essential to
reveal the pathogenesis.

It is noteworthy that this is the most severe case of a patient
with congenital dysplastic microcephaly and brainstem and
cerebellar hypoplasia with extensive intracranial calcification.
The pathogenesis, particularly regarding its inheritance, remains
to be clarified.
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Recent studies have shown that haploinsufficiency of MEF2C
causes severe intellectual disability, epilepsy, hypotonia, and
cerebral malformations. We report on a female patient with
severe intellectual disability, early-onset epileptic encephalop-
athy, and hypoplastic corpus callosum, possessing a de novo
balanced translocation, t(5;15)(q13.3;426.1). The patient showed
upward gazing and tonic seizure of lower extremities followed by
generalized clonic seizures at 4 months of age. Electroencephalo-
gram showed hypsarrhythmia when asleep. By using fluorescent
in situ hybridization (FISH), southern hybridization and inverse
PCR, the translocation breakpoints were determined at the
nucleotide level. The 5q14.3 breakpoint was localized 121.5-kb
upstream of MEF2C. The 15¢26.2 breakpoint was mapped 119-
kb downstream of LOC91948 non-coding RNA. We speculate
that the translocation may disrupt the proper regulation of
MEF2C expression in the developing brain, resulting in severe
intellectual disability and early-onset epileptic encephalopathy.
© 2011 Wiley Periodicals, Inc.

Key words: MEF2C;, ecarly-onset epileptic encephalopathy;
chromosomal translocation; regulatory region

INTRODUCTION

Early-onset epileptic encephalopathies, onset before 1 year of age,
are characterized by severe seizures (often infantile spasms), fre-
quent interictal epileptiform activity on a disorganized electro-
encephalogram (EEG) background, developmental regression, or
retardation [Holland and Hallinan, 2010]. Ohtahara syndrome
(OS), West syndrome, early myoclonic epileptic encephalopathy
(EME), migrating partial seizures of infancy, and Dravet syndrome
are the most well-known epileptic encephalopathies recognized by
the International League Against Epilepsy (ILAE). However, many
infants with these disorders do not strictly fit into the electroclinical

© 2011 Wiley Periodicals, Inc.
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parameters of these encephalopathies. Brain malformations and
metabolic disorders were found as underlying causes of these
syndromes, but a significant portion of idiopathic or cryptogenic
cases remains etiologically unexplained. Recently, several causative
genes have been reported: ARX in the OS and West syndrome
phenotypes, CDKL5 in West syndrome, STXBPI in OS, SLC25A22

Additional supporting information may be found in the online version of
this article.

Grant sponsor: Ministry of Health, Labour and Welfare; Grant sponsor:
Japan Society for the Promotion of Science; Grant sponsor: Yokohama
Foundation for Advancement of Medical Science; Grant sponsor: Japan
Epilepsy Research Foundation; Grant sponsor: Naito Foundation.
*Correspondence to:

Hirotomo Saitsu, M.D., Ph.D., Department of Human Genetics,
Yokohama City University Graduate School of Medicine, 3-9 Fukuura,
Kanazawa-ku, Yokohama 236-0004, Japan.

E-mail: hsaitsu@yokohama-cu.ac.jp

Published online 11 October 2011 in Wiley Online Library
(wileyonlinelibrary.com).

DOI 10.1002/ajmg.a.34289

2879



2880

AMERICAN JOURNAL OF MEDICAL GENETICS PART A

in EME, SCNIA in Dravet syndrome [Claes et al., 2001; Stromme
etal., 2002; Kalscheuer et al., 2003; Molinari et al., 2005; Kato et al.,
2007; Saitsu et al., 2008]. Identification of new causative genes is
absolutely necessary for further understanding of infantile epileptic
syndromes.

Microdeletions at 15q14.3 encompassing the myocyte enhancer-
binding factor 2C (MEF2C) gene has been recently reported in
patients with severe intellectual disability (ID), epilepsy often
starting in infancy, hypotonia, and cerebral malformations
[Cardoso et al., 2009; Engels et al., 2009; Le Meur et al., 2010].
Identification of five de novo mutations (three truncating and two
missense ones) in MEF2C and a deletion only involving MEF2C in
patients with similar phenotype clearly demonstrated that hap-
loinsufficiency of MEF2C s responsible for these features [Le Meur
et al.,, 2010; Novara et al., 2010; Nowakowska et al., 2010; Zweier
et al., 2010]. Various kinds of seizures were observed in these
patients with MEF2C abnormalities, including infantile spasm,
and myoclonic, tonic-clonic, and febrile seizures [Le Meur et al.,
2010; Novara et al., 2010; Nowakowska et al., 2010; Zweier et al.,
2010]. Interstingly, a 3.57-Mb microdeletion 233.3-kb upstream of
MEF2Cresulted in significant loss of MEF2C expression in a patient
with severe ID, hypotonia, epilepsy, and stereotypic hand move-
ments [Zweier et al., 2010]. Moreover, a de novo balanced trans-
location, t(5;8)(q14.3;q23.3), in a patient with ID, epilepsy, and
stereotypic movements has been reported, showing that the 5q14.3
breakpoint was located approximately 500-kb upstream of MEF2C
[Floris et al., 2008]. All of these reports support the importance of
upstream regulatory regions in controlling MEF2C expression.

Here, we report ona patient with severe intellectual disability and
early-onset epileptic encephalopathy as well as a de novo balanced
translocation, t(5;15)(q13.3;q26.1), which turned out related to
MEF2C. Detailed genomic analysis is presented.

CLINICAL REPORT

The 7-year-old girl is a product of unrelated healthy parents. She
was born at term without asphyxia after uneventful pregnancy.
Body weight at birth was 2,584¢ (—1.1 SD), height 47.0cm
(—1.0SD), and head circumference 31.0 cm (—1.6 SD). Poor visual
contact and nystagmus were noticed at 3 months of age. Ophthal-
mic examinations were unremarkable. Upward gazing and tonic
seizures of lower extremities followed by generalized clonic seizures
were observed at 3 months of age. EEG showed hypsarrhythmia
when asleep (Fig. 1A). Seizures, which were observed as many as
40 times a day, were transiently controlled by combination of
valproic acid, adrenocorticotropic hormone administration, and
clobazam. Cerebral blood flow examination revealed low perfusion
at right frontal area. Brain magnetic resonance imaging (MRI)
showed reduced volume of white matter and normal cortical brain
structure except for hypoplastic corpus callosum, especially in genu
and splenium (Fig. 1B,C).

Profound intellectual disability and developmental delay
ensued. The patient showed spastic quadriplegia, but no hypotonia.
She could notwalk or speak a word. Eye contact was poor. She could
neither sit alone nor turnover, and required total care. She showed
gastroesophageal refllux and was tube-fed. She did not exhibit
stereotypic movements. The EEG at the age of 4 years showed

irregular high-voltage slow wave activity intermingled with fast
wave. At present, her weight was 11.5 kg (—2.7 SD), height 108 cm
(—2.5 SD), and head circumference 45.0 cm (—4.8 SD). She had
severe deformity of trunk and extremities. Brief tonic seizures with
blinking were observed several times a day despite administration of
antiepilepstic drugs (valproic acid, clobazam, and zonisamide).
In infancy, she had a square face with short palpebral fissures,
a short and depressed nose with anteverted nostrils, a tented
vermilion of the upper lip, and a protruded tongue. In childhood,
her face became round and flat. The tented vermillion of upper lip
might be shared by the patient and several patients with MEF2C
abnormalities.

MATERIALS AND METHODS
Molecular Cytogenetic Analysis

G-banded chromosomes of peripheral blood lymphocytes
were analyzed. Fluorescence in situ hybridization (FISH) was
performed on fixed peripheral lymphocytes. Labeling, hybridiza-
tion, wash, and image acquisition were performed as previously
described [Saitsu et al., 2008]. RPCI-11 BAC clones and approx-
imately 15-kb probes amplified by long PCR using KOD-FX
polymerase (Toyobo, Osaka, Japan) using RP11-634n8 DNA as
a template were used as probes. Primer information is shown in the
Supplemental eTable available online in Supporting Information.

Affymetrix Cytogenetics Whole-Genome
2.7M Array

Copy number alterations were studied by Cytogenetics Whole-
Genome 2.7M Array (Affymetrix, Santa Clara, CA). Experimental
procedures were performed according to the manufacturer’s
protocol. Copy number alterations were analyzed by Chromosome
Analysis Suite (ChAS; Affymetrix) with NA30.1 (hgl8)
annotations.

Cloning of Translocation Breakpoints

The 5q14.3 translocation breakpoint was analyzed by Southern
hybridization using BgllI- and Sacl-digested patient DNA.
Mother’s DNA was used as a control. Probes were synthesized
by PCR DIG probe synthesis kit (Roche, Basel, Switzerland) using
RP11-634n8 DNA as a template. Hybridization, washing, and
detection of probes were done according to the manufacturer’s
protocol. Images were captured on FluorChem (Alpha Innotech,
San Leandro, CA). To obtain the der(5) translocation junction
fragment, Sacl-digested DNA of the patient was self-ligated by
Ligation high Ver.2 (Toyobo), ethanol precipitated and dissolved in
20 p EB buffer (Qiagen, Tokyo, Japan). Inverse PCR was performed
in 25 pl of volume, containing 2 pl ligated DNA, 1x PCR Buffer for
KOD FX, 0.4 mM each dNTP, 0.3 UM each primer, and 0.3 U KOD
FX polymerase (Toyobo). Negative controls only used either for-
ward or reverse primer. The PCR product was electrophoresed in
0.7% agarose gel, and the aberrant band corresponding to der(5)
fragment was purified by QIAquick Gel Extraction Kit (Qiagen).
The purified DNA was sequenced for both forward and reverse
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strands with BigDye Terminator chemistry ver. 3 according to the
standard protocol (Applied Biosystems, Foster city, CA). After
identification of breakpoint sequences of der(5), breakpoint-
specific primers forboth der(5) and der(15) translocation junctions
were designed. Junction fragments were amplified by PCR using
these primer-sets on DNAs of the patient and her parents. Primer
information is shown in the Supplemental eTable available online
in Supporting Information.

RESULTS

G-banded chromosomal analysis revealed a balanced translocation
t(5;15)(q13.3;q26.1) (Fig. 2A). Her parents showed a normal
karyotype (data not shown), indicating that the translocation
occurred de novo. Subsequent FISH analysis demonstrated that
the breakpoints in chromosome 5 and 15 were covered by the clones
RP11-690g22 and 634n8, and 1061g3, respectively, indicating that
the translocation did not directly disrupt any genes (Fig. 2B-D).

Interestingly, the breakpointon 5q14.3 was located near the MEF2C
gene, a causative gene for severe ID, epilepsy, and cerebral malfor-
mations [Cardoso et al., 2009; Engels et al., 2009; Le Meur et al.,
2010; Novara et al,, 2010; Nowakowska et al., 2010; Zweier et al.,
2010}. The breakpoint on 5q14.3 was further narrowed down by
FISH analysis using long PCR products as probes (Fig. 2C). Probe I
showed weak but clear signals on chromosome 5, and derivative
chromosomes 5 and 15, suggesting that the breakpoint was located
within the probe II (data not shown). Southern hybridization
analysis using probes P1 and P2 detected different aberrant bands
only in the patient (Fig. 2C,E), indicating that the breakpoint was
located at the region between the two probes. Inverse PCR on
Sacl-digested DNA was successful in obtaining a der(5) breakpoint-
junction fragment. Sequence analysis showed that the 5ql14.3
breakpoint was located 121.5-kb upstream of the transcription
start site of MEF2C (isoform 1, NM_002397.3) (Fig. 2C,F).
Breakpoint-specific PCR analysis of the patient and her parents
confirmed that the rearrangements occurred de novo (Fig. 2G). The



