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Migrating partial seizures of infancy: expansion of
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Migrating partial seizures of infancy, also known as epilepsy of infancy with migrating focal seizures, is a rare early infantile
epileptic encephalopathy with poor prognosis, presenting with focal seizures in the first year of life. A national surveillance
study was undertaken in conjunction with the British Paediatric Neurology Surveillance Unit to further define the clinical,
pathological and molecular genetic features of this disorder. Fourteen children with migrating partial seizures of infancy were
reported during the 2 year study period (estimated prevalence 0.11 per 100 000 children). The study has revealed that migrating
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partial seizures of infancy is associated with an expanded spectrum of clinical features (including severe gut dysmotility and a
movement disorder) and electrographic features including hypsarrhythmia (associated with infantile spasms) and burst suppres-
sion. We also report novel brain imaging findings including delayed myelination with white matter hyperintensity on brain
magnetic resonance imaging in one-third of the cohort, and decreased N-acetyl aspartate on magnetic resonance spectroscopy.
Putaminal atrophy (on both magnetic resonance imaging and at post-mortem) was evident in one patient. Additional neuro-
pathological findings included bilateral hippocampal gliosis and neuronal loss in two patients who had post-mortem examin-
ations. Within this cohort, we identified two patients with mutations in the newly discovered KCNT1 gene. Comparative
genomic hybridization array, SCN1A testing and genetic testing for other currently known early infantile epileptic encephalop-
athy genes (including PLCB1 and SLC25A22) was non-informative for the rest of the cohort.

Keywords: early infantile epileptic encephalopathy; migrating partial seizures in infancy; epilepsy of infancy with migrating focal

seizures; malignant migrating partial epilepsy of infancy; infantile seizures

Abbreviation: MPSI = migrating partial seizures of infancy

Introduction

Migrating partial seizures of infancy (MPSI), also more recently
termed ‘epilepsy of infancy with migrating focal seizures’, is a
devastating infantile epileptic encephalopathy first described by
Coppola et al. (1995). Key features include onset of focal seizures
within the first 6 months of life associated with autonomic
features, post-natally acquired microcephaly and developmental
stagnation or delay. Interictal EEG shows multi-focal spikes and
slowing and ictal EEG reveals shifting (migrating) foci of ictal
onset. MPSI appears to be rare with 100 cases reported in the
literature (Coppola et al., 1995, 2005, 2007; Okuda et al., 2000;
Wilmshurst et al., 2000; Veneselli et al., 2001; Gross-Tsur et al.,
2004; Marsh et al., 2005; Hmaimess et al., 2006; Hahn et al.,
2007; Caraballo et al., 2008; Jocic-Jakubi and Lagae, 2008; Cilio
et al., 2009; Bedoyan et al.,, 2010; Nabatame et al., 2010;
Carranza Rojo et al., 2011; Djuric et al., 2011; Freilich et al.,
2011; Gilhuis et al., 2011; Irahara et al., 2011; Lee et al., 2012;
Poduri et al., 2011, 2012; Sharma et al., 2011; Vendrame et al.,
2011; Barcia et al., 2012; Chien et al., 2012; Fasulo et al., 2012;
Merdariu et al., 2013). The details of these cases are summarized
in Table 1. The underlying disease mechanisms are poorly under-
stood and a limited number of genetic aetiologies have been
described.

A national surveillance study was undertaken in conjunction
with the British Paediatric Neurology Surveillance Unit (BPNSU,
www.bpnsu.co.uk) to investigate the prevalence of MPSI. We pre-
sent the clinical, electrographic, radiological, pathological and
genetic features of the 14 cases identified.

Materials and methods

A national surveillance study was performed in conjunction with the
BPNSU over a 27 month period (February 2008 to May 2010). Study
inclusion criteria were as follows: onset of seizure disorder before 9
months of age; focal motor seizures at onset; multifocal seizures in-
tractable to conventional anti-epileptic drugs; EEG criteria: initial EEG
may be normal but subsequent development of characteristic changes,
including interictal multifocal spikes and ictal independent, unilateral
and migrating involvement of different cortical areas with clinical-EEG

correlation; delayed developmental progress or signs of psychomotor
regression associated with seizure onset; and not meeting electroclini-
cal criteria for any other International League against Epilepsy (ILAE)-
classified syndrome. These criteria were adapted from the original
definition of MPSI proposed by Coppola et al. (1995) with extension
of the upper age limit in case older infants were identified who other-
wise fulfilled the criteria. Members of the British Paediatric Neurology
Association were contacted by e-mail once per month over 2 years to
identify both new and historical cases of MPSI. Questionnaires were
sent to responding clinicians (Supplementary material) and anon-
ymized phenotypic information was collated on clinical presentation,
disease course, EEG, neuroimaging and the results of neurometabolic
and diagnostic genetic investigations undertaken within the clinical
setting.

In addition, a number of early infantile epileptic encephalopathy
genes were sequenced on a research basis in a number of
patients in the cohort. The research genetic study was approved by
the local research ethics committee and specific consent was given by
individual parents for genetic studies to be undertaken on a research
basis. The following genetic research investigations were undertaken.

Direct sequencing of KCNT1

Mutational analysis of KCNT7 was undertaken by direct Sanger
sequencing. The genomic DNA sequence of the gene was taken
from Ensembl (http://www.ensembl.org/index.html) and primer pairs
for all exons (according to the NCBI reference sequence) were de-
signed using primer3 software (http://fokker.wi.mit.edu/primer3/
input.html). The exons were amplified by PCR using BioMix Red™
(Bioline Ltd). For the amplification of GC rich sequence of some
exons, GC rich solution of FastStart Taqg DNA Polymerase (Roche
Diagnostic) was added to the PCR. Amplification conditions were an
initial denaturation of 95°C for 5min, followed by 35 cycles of 30s
denaturation at 95°C, 1min annealing at 55-62°C (depending on
fragment) and 1min extension at 72°C with a final extension at
72°C for 5min. PCR products were purified using MicroCLEAN
(Web Scientific) and were directly sequenced by the BigDye®
Terminator Cycle Sequencing System (Applied Biosystems Inc., Life
Technologies Corporation). Sequencing reactions were run on an ABI
PRISM 3730 DNA Analyzer (Applied Biosystems Inc.) and analysed
with Chromas software (http://www.technelysium.com.au/chromas.
html).
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Table 1 Clinical features of 100 previously reported children with MPSI

A. McTague et al.

Feature Incidence Not stated
Males: females 46% male: 54% female 17
Age < 6 months at onset 97 % cases
Development normal before seizure onset (babies >28 days old at seizure onset) 100% cases 36
Siblings affected One report of two siblings*
Family history of epilepsy 8 cases
Deaths 18 cases
SUDEP 3 cases
Seizure semiology:
Focal motor seizures at onset 64%
Focal seizures affecting alternating sides of body 59%
Secondary generalization 17%
Epileptic spasms 7%
Autonomic features 43%
Generalized tonic-clonic seizures 8%
Reduction in seizures with time 23%
Developed extrapyramidal signs 3%
Developed pyramidal signs 20% 21
Hypotonia 85% 21
Decline in OFC 85% 60
leading to microcephaly 75% 60
Initial interictal EEG normal 29%
Initial MRI/CT normal 68% 7
Developed cerebral atrophy on MRI/CT 46% 19, only one scan
9, not stated
Developed mesial temporal sclerosis on MRI 4 cases
Muscle/liver biopsy for mitochondrial disorders 18 cases
CSF neurotransmitters tested (no.) 6 cases

SCNTA gene tested
Microarray

22 cases (3 have mutations)
16 cases (2 abnormal)

OFC = occipitofrontal circumference; SUDEP = sudden unexpected death in epilepsy.

*Subsequent pregnancy terminated at 32/40 gestation for progressive microcephaly in one additional patient.

Multiple gene panel screening of genes
associated with early infantile epileptic
encephalopathy and severe
neurodevelopmental delay

For a number of patients with MPSI, we undertook multiple gene
testing using a gene panel. Twenty-eight known genes associated
with early infantile epileptic encephalopathy and/or severe neurode-
velopmental delay were analysed. Sequence analysis with custom
Haloplex sequence capture (Agilent) and lllumina sequencing using a
MiSeq platform and multiplexing (16 cases per lane) was undertaken.
Copy number variant analysis was performed using a custom
Roche Nimblegen oligonucleotide 135K aCGH (Roche Diagnostic
Ltd.). Sequence data were analysed using NextGENe software
(Softgenetics) and array data using CGH Fusion (InfoQuant). For
any variants identified, we planned to use conventional sequencing
to confirm point mutations and multiplex ligation-dependent probe
amplification/quantitative PCR for confirmation of copy number
abnormalities, in tandem with establishing mutation status in parents
and/or unaffected siblings.

Whole exome sequencing

Whole exome sequencing was undertaken and analysed in four
patients of our cohort. DNA was sheared to fragments of

100-400 bp for Illlumina paired-end DNA library preparation, then en-
riched for target sequences according to the manufacturer's recom-
mendations. Enriched libraries were sequenced using the HiSeq
platform (lllumina) according to standardized protocols. Realignment
of binary sequence alignments and recalibration of base quality scores
was undertaken using standard kits. Binary sequence alignments were
merged to sample level and duplicates marked. Variants including
single nucleotide polymoprhisms and insertions/deletions were called
on each sample individually. A number of quality filters were applied
to each data set separately. Calls were merged, then annotated with
allele frequencies from 1000 Genomes and dbSNP132 unique rs iden-
tification numbers (if available). SIFT and PolyPhen data (on predicted
functional impact of missense mutations) was also included. Filtered
data were analysed to see if mutations in known genes were identified
on whole exome sequencing.

Results

The web-based surveillance questionnaire asked clinicians whether
or not they had seen a case of MPSI in the last month, and if so,
how many cases they had seen. One hundred and ninety-six of
the 285 members of the BPNA responded over the 2 year period,
representing an overall response rate of 68.4% of members.
Seventeen patients were initially referred suspected as having a
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diagnosis of MPSI, of which 14 (five male) fulfilled the criteria for
an electroclinical diagnosis of MPSI; all were <6 months at seizure
onset

Family history

In one patient there was a family history of foetal loss (a single
stillbirth). There were no similarly affected siblings in any patients
in this cohort. Three probands had a strong family history of
epilepsy (adult-onset generalized or focal seizures) but none in a
first degree relative. There was no history of parental consanguin-
ity. Thirteen patients were Caucasian and one was African-
Caribbean.

Early clinical history and presentation

All but one were born at term (one at 35 weeks) and the mean
birth weight was 3.0kg (range: 2.18-3.69 kg). Three children had
feeding difficulties within the perinatal period; one of these had
neonatal seizures. The median age at seizure-onset was 7 weeks
(range: 4 days to 5 months).

Seizures

Seizure semiology is summarized in Table 2. The majority of pa-
tients had focal motor seizures at onset that were clearly migratory
in 8 of 14 cases; adversive seizures with head turning and involve-
ment of the eyes with eye flickering or rolling were also common.
Twelve (88%) demonstrated autonomic features at presentation,
most commonly facial flushing, followed by drooling or pupillary
changes (either dilatation or fluctuation in size during the seizure).
Five (36%) did not have focal motor seizures at presentation but
presented with generalized stiffening or jerking; all showed auto-
nomic features and all subsequently developed focal motor seiz-
ures by 6 months of age. Autonomic features did not arise later in
the disease course if they were not a feature on initial clinical
presentation.

All patients subsequently developed multiple seizure types
(Table 2). Six patients experienced multifocal or clinically migrating
seizures and two patients developed infantile spasms in association
with hypsarrhythmia at 2 and 8 months of age, respectively (see
below).

Seizures were frequent in all 14 patients; ranging from three to
~100 each day. Seizures occurred in clusters and were most
frequent on waking and falling asleep. Age at peak seizure
frequency varied from 3 weeks to 3 years. In the seven patients
where seizure frequency declined over time, the median age
of peak seizure frequency was 4 months (range 3 weeks to 1
year).

Clinical features

Coarse facial features were reported in five patients. A post-natal
decline in head growth was seen in all cases with resultant micro-
cephaly in seven cases. Only three infants had abnormal neuro-
logical findings at presentation (central hypotonia in one patient,
central hypotonia with peripheral limb spasticity in one patient and
peripheral limb spasticity in one further patient). By 12 months
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Table 2 Semiology of presenting and subsequent seizures
in the 14 patients with MPSI

Number of ~ Number of
patients patients who
with this developed this
feature at feature later in
presentation the disease
course
Focal motor seizures 10 14
Involving face 4 3
Involving eyes 7 4
Involving limbs 8 12
With head turning 6 4
Clinically migrating 0 8
Generalized seizures 5 9
Tonic 3 5
Clonic 2 2
Tonic-clonic 0 5
Epileptic spasms 0 2
Myoclonic 0 2
Autonomic features 12
Flushing 9
Drooling 3
Pupillary changes 3
Pallor 2
Rash 2
Apnoea 2
Epiphora 1
Convulsive status epilepticus 0 4
Non-convulsive status epilepticus 0 4

from presentation, one further patient had developed pyramidal
tract signs with spasticity and hyperreflexia and seven were noted
to have axial hypotonia.

Three patients (Patients 2, 3 and 7) developed a severe gut
motility disorder with intractable vomiting and weight loss be-
tween 2 and 3 years of age. Episodes of pain, distress and stiffen-
ing were associated with explosive diarrhoea in the most severe
case (Patient 3). Two patients underwent fundoplication, but only
had a minimal improvement in symptoms.

A movement disorder developed in Patients 2, 6, 7 and 11.
Patient 7 showed a cervical dystonia from 19 months of age
resulting in a scoliosis and required treatment with L-DOPA
(with no response), baclofen, trihexyphenidyl and botulinum
toxin. This patient had an abnormal MRI brain scan with bilateral
basal ganglia changes (see ‘Neuroimaging' section). Patient 2 de-
veloped generalized choreoathetosis from 30 months (normal
brain  MRI) which responded to treatment with haloperidol.
Patient 6 had central hypotonia and peripheral hypertonia at pres-
entation in the neonatal period that subsequently evolved to per-
ipheral dystonia with early development of severe scoliosis. Patient
11 exhibited a period of limb dyskinesias between 5 and 7
months, which resolved spontaneously. Other causes of acute
dyskinesia including iatrogenic causes were excluded in all of
these patients.
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Electrographic findings

All patients underwent multiple EEG investigations with a min-
imum of two per patient (Supplementary material). The initial
EEG was normal in three. In most patients, the inter-ictal EEG
showed diffuse background slowing and multifocal epileptogenic
foci within 6 months of presentation. Evolving or modified hypsar-
rhythmia was reported in Patient 1 at 2 and 6 months of age but
this patient never experienced epileptic spasms. Two children
demonstrated hypsarrhythmia associated with infantile spasms
(Patients 5 and 9). Spasm onset in Patient 5 was at 3 months
and persisted for 6 months until other seizure types emerged. A
diagnosis of MPSI was made following the onset of clinical migra-
tory seizures at 2 months of age and an EEG, which showed
multiple independent ictal foci during the same EEG (in keeping
with our electroclinical inclusion criteria). Epileptic spasms occurred
at 2 months of age in Patient 9 associated with a modified (uni-
lateral) hypsarrhythmia and resolved after 2 weeks. This patient
subsequently developed daily focal motor seizures in addition to
myoclonic and tonic seizures from 3 months of age. Repeat EEG at
5 months demonstrated migrating ictal foci (Fig. 1) and MPSI was
diagnosed.

Periods of relative suppression were noted in the EEGs of two
patients and more marked suppression was seen in one (Table 3).
This appearance evolved with time in all three patients and was
not seen in later EEGs. Two of these patients had modified hyp-
sarrhythmia, as described above.

Ictal EEG was recorded in all patients, with multifocal paroxys-
mal activity a uniform finding. All patients demonstrated either
shifting areas of ictal onset (migrating spikes) between hemi-
spheres within the same EEG recording or overlapping seizures
with different areas of ictal onset in differing hemispheres.
Additional ictal findings included electrodecrementation associated
with seizures in three patients (epileptic spasms in one, focal motor
seizures in the other two) and post-ictal slowing in two patients
(Supplementary material).

Neuroimaging

Eight (57%) had an abnormal brain MRI, although the initial scan
was normal in four (28%) (Table 3). Three patterns were identi-
fied. Diffuse cerebral atrophy (with an increase in extra axial fluid)
was seen in seven (50%) children between the ages of 4 months
and 3.5 years. Five demonstrated delayed myelination with T,
hyperintensity of the deep white matter in four. Figure 2 illustrates
the particularly striking deep white matter hyperintensity seen in
Patient 9. In Patient 7, bilateral symmetrical signal abnormality
was seen in the putamen and caudate nuclei in addition to cere-
bral atrophy (Fig. 3). Extensive metabolic investigations and a sub-
sequent post-mortem did not determine an underlying aetiology in
this patient.

Single voxel magnetic resonance spectroscopy was abnormal in
three of the four patients in whom this investigation was under-
taken (Patients 2, 3 and 9). Magnetic resonance spectroscopy in
Patient 2 showed a high myoinositol peak bilaterally in the white
matter, with the N-acetyl aspartate peak similar in height to the
choline and creatine peaks (Fig. 4). Similarly, in Patients 3 and 9

A. McTague et al.

the N-acetyl aspartate peaks were reduced in comparison with the
choline and creatine peaks. These would be the expected findings
of proton spectroscopy in much younger children (early infancy)
and are thus consistent with immaturity of neuronal development.

Six patients showed no abnormality on brain MRI. Five of these
patients had only one scan between 2 weeks and 5 months of
age; the remaining patient had the first scan at 4 weeks and the
second at 5 months of age.

Other investigations

Al patients underwent extensive metabolic investigations
(Supplementary material) and some had genetic testing
(Table 4). A number of patients in our cohort had genetic inves-
tigations including diagnostic screening of SCNTA, MECP2,
CDKL5, ARX and SLC25A22 (Table 4); all were negative.

Variants in KCNT7 were identified in two patients. These were
missense mutations (c.G2800A, p.A934T; c.G811T, p.V271F).
Amino acid residues affected by these variants were highly con-
served throughout species. PolyPhen scores were 0.994 (probably
damaging) and 0.733 (possibly damaging), respectively. Where
DNA was available and of sufficient quality, research testing
using the multiple gene panel and whole exome sequencing was
undertaken for a number of patients with MPSI. No mutations in
currently known early infantile epileptic encephalopathy genes
were identified using either multiple gene panel or whole exome
platform (Table 4).

Neuropathology

Two of the 14 patients (Patients 7 and 12) underwent post-
mortem examinations. In Patient 7 the brain was small, weighing
781 g at almost 4 years of age. Externally, the temporal lobe and
the orbito-frontal surface were particularly atrophic. The cerebral
cortex was thin and the sulci widened. The caudate nuclei, puta-
mina, globi pallidi, hippocampi and thalami were small. The most
striking feature on microscopic examination was atrophy of the
putamina with severe neuronal loss and gliosis (Fig. 5A). A similar,
but less pronounced appearance was seen in the caudate nucleus.
The thalamus, cerebral cortex and globus pallidus were relatively
well preserved. The hippocampi showed neuronal loss in the CA4,
CA3 and CA1 regions (Fig. 5B). The dentate nucleus was thin and
depleted of neurons. A post-mortem muscle sample revealed
severe type 2 atrophy and an excess of lipid but no specific fea-
tures of a mitochondrial disorder.

In Patient 12, macroscopic examination was made at another
centre but was reported to demonstrate antero-posterior fore-
shortening with a reduction in the white matter volume but no
evidence of a malformation. The thalami were unusually pale on
both sides. The remainder of the deep grey matter was normal.
There was grey discolouration of the basis pontis and medullary
olives. Microscopy revealed subpial (Chaslin's) gliosis but no cor-
tical dysplasia. Both hippocampi showed neuronal loss and gliosis
in the CA4 region on both sides and possibly extending into CA3,
but CA2 and CA1 were well preserved. There were small foci of
granule cell dispersion with areas of the dentate gyrus that were
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the same recording at 5 months of age.

Figure 1 (A) EEG recording from Patient 9 illustrating modified hypsarrhythmia at 2 months of age. (B) EEG recording from Patient 9

illustrating migrating epileptic foci within
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Figure 2 Axial T,-weighted MRI of Patient 10 at 16 months of
age demonstrating relative hyperintensity of the deep white
matter (arrow) suggesting delayed myelination.

bilaminate (Fig. 6). Muscle histology revealed type Il fibre atrophy
with normal respiratory chain enzyme analysis.

Treatment

All children were treated with multiple anti-convulsants. No sus-
tained remission was seen but partial responses (partial seizure
reduction or brief and unsustained periods of seizure freedom)
were seen with oxcarbazepine, phenytoin, bromides, topiramate,
levetiracetam, vigabatrin, stiripentol and lacosamide. Bromide salts
were used in three patients but were not particularly effective and
were poorly tolerated in one case with excessive sedation. Nine
patients were treated with corticosteroids. One patient had a good
response to adrenocorticotrophic hormone injections whereas an-
other responded to a course of oral prednisolone in combination
with the ketogenic diet. The ketogenic diet was used in nine pa-
tients. It was partially effective in Patients 2 and 6 in combination
with topiramate and prednisolone, respectively. Patient 7 was seiz-
ure-free from 1 year to 3 years 10 months of age. However,
following discontinuation of the diet due to poor weight gain,
seizures recurred and remained intractable. This patient had a
normal fasting CSF: plasma glucose ratio and testing for a
SLC2A7T mutation was negative.

Outcome

Eight (57%) children died at between 2 months and 8 years 10
months of age. There was no obvious relationship between the
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Figure 3 T,-weighted MRI in Patient 7 at 39 months of age
reveals bilateral symmetrical signal abnormality of putamen
(arrows) and caudate (arrow heads) in addition to cerebral
atrophy.

age at onset and age at death; those who died had a seizure onset
at <10 weeks of age but some patients are still alive with seizure
onset within 2 weeks of birth. Of the remaining six patients, the
oldest surviving child at the time of writing is 7 years of age. The
epilepsy seemed to 'burn out’ in seven patients although none
have become seizure free. Nine (64%) children lost previously
acquired skills with the onset of seizures and the remaining five
never made significant developmental progress. Patient 2 regained
a ‘social smile’ at 31 months of age, corresponding with a period
of reasonable seizure control. The best developmental stage
achieved was in Patient 2 who could sit with support and
babble; these skills were lost at ~12 months following an exacer-
bation of seizures and did not return. The highest developmental
level maintained beyond 1 year of age in all patients was partial
head control, rolling and visual fixation.

Discussion

We describe the clinical, electrographic, radiological, neuropatho-
logical and genetic findings in a cohort of patients with MPSI. This
is the first national case series of children with this condition. We
have estimated the prevalence of MPSI in the UK to be 0.11 per
100000 over the 2-year period of the study. The incidence was
0.26 cases and 0.55 cases per 100000 live births in the first and
second years of the study, respectively. MPSI thus appears to be a
very rare disorder. Clearly, this figure may be an under-estimate
for a number of reasons. First, the response rate to the BPNSU
survey was only 68.8%; second, it may be that the condition is
under-recognized though this seems unlikely, as most infants with
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Figure 4 Single voxel magnetic resonance spectroscopy. (A) With short echo time (35 ms) of the right frontal white matter from Patient 2
at 24 months of age demonstrating a relatively high myoinositol (ml) peak and a relatively low N-acetyl aspartate peak (NAA, circled) in
relation to the creatine (Cr) and choline (Cho) peaks signifying immaturity. Magnetic resonance spectroscopy obtained with similar
acquisition parameters of a normal 24-month-old child is shown (B) for comparison.

Table 4 Genetic investigations undertaken in 14 patients with MPSI

Patient Diagnostic sequencing Multiple gene panel Whole exome Research
sequencing sequencing
ARX CDKL5 SCN1A MECP2 SLC25A22 PLCB1 SLC2A1 STXBP1 CGH Multiple gene Analysis for KCNT1
panel including variants
exon-level CGH in known

and next generation genes*
sequencing*®

1 - - N N - - N - - - Mutation c.G811T:
exon 10 p.V271F
KCNT1
2 N N N N - - - - - - - -
3 - N N N - - - - - - Mutation c.G2800A,
exon 24 p.A934T
KCNT1
4 = = N N = = = = = = = =
5 - - - - - - - - - - - -
6 = N = = = = = N N N = =
7 N N N N = N N N =
8 N - N — - - — - — N - -
9 = N = = = = = N N N =
10 - - N — - - - - N - - -
11 — - N — - - — - - - -
12 = = N = = = = = = N = =
13 - - - — - - - - - N - -
14 — - - — - - — - — - - -

- = investigation not undertaken; N = negative (no mutation identified); CGH = comparative genomic hybridization studies.
*CDKL5, MECP2, ARX, ATRX, SLC9A6, SLC16A2, ADSL, CNTNAP2, NRXN1, PNKP, KIAA1279, UBE3A, EHMT1, FOXG1, MEF2C, SIP1, ZEB2, TCF4, STXBP1, SLC25A22,
PCDH19, SCN1A, PLCB1, SPTAN1, KCNQ2, ARHGEF9, SCN2A, MAGI2.
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Figure 5 (A-C) The images show the abnormal putamen in Patient 7 demonstrated by (A) large perivascular spaces revealing neuronal
loss in the putamen (Luxolfastblue/Nissl), (B) depletion of neurons and gliosis with focal calcification (haematoxylin and eosin) and (C)
astrocytosis in putamen (GFAP). (D) CA1, CA3, CA4 sectors and the dentate gyrus (DG) of hippocampus show cell depletion, consistent

with a form of hippocampal sclerosis in Patient 7.

a severe epilepsy would be referred to a tertiary care
paediatric neurologist in the UK; third, it is possible that some
infants who die relatively early are not recognized as having the
condition as either seizure semiology, EEG or both may not have
evolved to show the characteristic features of this electroclinical
syndrome.

We have identified clinical, MRI, EEG and neuropathological
features in this study which expand the previously reported
phenotype. We describe atypical or modified hypsarrhythmia in
three cases with the presence of infantile spasms in two of
these cases. Infantile spasms have been described in seven patients
with MPSI. One had onset at 9 months associated with ‘focal ictal
EEG changes' (Coppola et al., 1995). A child with Aicardi syn-
drome (Jocic-Jakubi and Lagae, 2008) had electroclinical migrating
focal seizures from Day 1 of life followed by spasms from 6
months of age, associated with a 'disorganised but not typically

hypsarrhythmic’ background EEG. Three children with infantile
spasms were noted in a large case series, two with hypsarrhythmia
(Carranza Rojo et al., 2011). In addition, a recent report described
hypsarrhythmia and spasms following initial presentation with
migrating partial seizures (Lee et al., 2012). We also describe
periods of EEG suppression in two patients and more marked
burst suppression in one further patient. A recent single case
report described an initial presentation with early myoclonic en-
cephalopathy and suppression-burst pattern on EEG, followed by
migrating partial seizures with typical EEG changes and subse-
quently by infantile spasms with hypsarrhythmia (Chien et al.,
2012). Therefore this study adds to the growing evidence that
MPSI and the other infantile electroclinical epileptic disorders are
age-related disorders and that there may be clinical evolution from
one syndrome to another, as often reported between Ohtahara
and West syndromes.
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Figure 6 Hippocampal sections from Patient 12 revealing a pattern of hippocampal sclerosis. Right and left CA4 sectors show depletion of
neurons and gliosis (i.e. end folial sclerosis). R-DG (right dentate gyrus) and L-DG (left dentate gyrus) show an extra layer of cells (arrow)
due to granule cell dispersion. Right CA3/CA2/CA1 are relatively preserved.

Five children (Patients 2, 3, 6, 7 and 11) manifested novel clin-
ical features. Three had severe gut dysmotility, which appeared
after 18 months of age and in two cases contributed directly to
their deaths. Despite many investigations a cause was not found.
Gut dysmotility is frequently observed in children with a range of
severe neurological disabilities (Sullivan, 2008). It is possible that
the underlying cause of the MPSI, as well as the resulting neuro-
logical disability may both contribute to this clinical feature. Four
patients developed a movement disorder that was not considered
iatrogenic. These features have not been reported previously but
movement disorders are recognized in a number of early infantile
epileptic encephalopathies, particularly those caused by mutations
in STXBP1 (Deprez et al., 2010) and ARX (Guerrini et al., 2007).
Mutations in these genes were not detected in those tested from
this cohort. One patient in this series had basal ganglia abnorm-
alities on brain MRI but in the other two, no abnormality was
found. All four children underwent extensive metabolic investiga-
tions (including measurement of neurotransmitters in the CSF in
two patients) with normal results.

The imaging findings in our cohort include both novel and rarely
reported features, such as delayed myelination with white matter
hyperintensity and basal ganglia abnormalities. Previously, the
most frequently reported imaging finding seen months or years
after the onset of seizures has been the development of increased
extra-axial fluid reflecting cerebral atrophy; this was reported in 35
of 77 earlier cases (45%). Other reported abnormalities include an
absent corpus callosum in a child with a clinical diagnosis of
Aicardi syndrome (Jocic-Jakubi and Lagae, 2008), hypoplasia of

the corpus callosum in a child with 16p11.2 duplication and
MPSI (Bedoyan et al., 2010) and four children with parenchymal
lesions in one of the temporal lobes (Coppola et al., 2007;
Caraballo et al., 2008). Recent reports have also described delayed
myelination (Carranza Rojo et al., 2011; Freilich et al., 2011,
Barcia et al., 2012) but not white matter hyperintensity. Nine of
the 14 patients in this series had normal scans, although all were
either single or undertaken before 6 months of age. Consequently,
it is possible that if brain MRI had been performed later, after the
age at which myelination should be complete, cerebral atrophy or
delayed myelination, or both, would have been present.

We also report abnormal magnetic resonance spectroscopy in
three of four patients, consistent with the delayed and abnormal
myelination patterns. Magnetic resonance spectroscopy was ab-
normal with decreased N-acetyl aspartate peaks in four of seven
children investigated in the literature, in keeping with the findings
of this study (Gross-Tsur et al., 2004; Cilio et al., 2009; Freilich
et al., 2011).

Previously reported autopsy data from patients with MPSI is
limited to just five patients. Neuronal loss and accompanying glio-
sis within the hippocampi was described in two patients (Coppola
et al., 1995) microcephaly in another case (Freilich et al., 2011)
but no abnormalities were found in the fourth case (Wilmshurst
et al., 2000). More recently a patient reported to have multiple
cortical malformations with polymicrogyria, focal cortical dysplasia
and hippocampal sclerosis has been described (Fasulo et al.,
2012). Neuropathology was available in two of our cases.
Neither patient demonstrated evidence of a malformation, but
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the feature common to both was bilateral hippocampal damage.
In one patient, this showed a pattern of classical hippocampal
sclerosis and in the other, there was bilateral severe end folial
sclerosis with granule cell dispersion. In addition Patient 12 had
marked putaminal injury which, so far, has not been reported in
association with MPSI. Putaminal abnormalities on MRI scan and
neuropathology are very unusual in MPSI. Patient 12's electrocli-
nical presentation did fit the criteria for MPSI but it is possible that
this case may have an underlying neurometabolic or genetic syn-
drome in which MPSI is one of many neurological features which
forms one part of the whole clinical picture.

The underlying cause or causes of most cases of MPSI are not
known or understood. Mitochondrial cytopathy must be con-
sidered in children who present with developmental delay and
intractable, multifocal epilepsy. In the 88 previously reported
cases, 18 have undergone invasive investigation for mitochondrial
disorders all with normal results. Six of our 14 patients underwent
a muscle biopsy, with mild and non-specific abnormalities seen in
three. Although it is possible that Patient 7 might have a mito-
chondrial cytopathy (in view of the pattern of basal ganglia injury)
this was not confirmed on detailed metabolic studies
(Supplementary material). The characteristics of cases reported to
date suggest MPSI is likely to represent a heterogeneous age-
related epileptic encephalopathy with multiple genetic, structural
and metabolic causes similar to that seen in other early infantile
epileptic encephalopathy syndromes such as West and Ohtahara
syndromes. The description of an infant with Aicardi syndrome
who was also considered to have MPSI would support the latter
hypothesis (Jocic-Jakubi and Lagae, 2008).

It is likely that with the continual advances in gene discovery in
early infantile epileptic encephalopathy, further patients with MPSI
will be found to have a genetic disease basis. Early investigations
focused on looking for abnormalities in the sodium (SCN7A,
SCN2A), potassium (KCNQ2, KCNQ3) and chloride (CLCN2) ion
channels with negative findings (Coppola et al., 2006). This focus
on ion channel dysfunction having a role in MPSI has recently
been illustrated by a very significant genetic finding of gain-of-
function KCNT7 mutations in 50% of a cohort (6 of 12 probands)
of infants with MPSI (Barcia et al., 2012). KCNT7 encodes a
sodium-activated potassium channel, and genetic mutations lead
to constitutive activation of the channel, mimicking the effects of
phosphorylation of the C-terminal domain by protein kinase C. In
addition to regulating ion flux, KCNT1 is also thought to have a
non-conducting function, as its C terminus interacts with cytoplas-
mic proteins involved in developmental signalling pathways. Two
patients with KCNT7 mutations were identified in this MPSI cohort
(Table 4). Although it is likely that KCNT7 is a major MPSI gene,
MPSI is genetically heterogeneous. Three cases of MPSI with
abnormalities in the SCN7A gene have been reported. Two
cases (Carranza Rojo et al., 2011) were from a cohort of 15 pa-
tients with MPSI who were also screened for CDKL5, STXBP1,
PCDH19 and POLG, all of which were negative. The third case
(Freilich et al., 2011) was found to have a missense mutation of
the SCN7A gene, subsequently confirmed on post-mortem genetic
testing. Consequently, of the 22 MPSI cases in the literature tested
for SCNTA mutations, three (14%) were abnormal. Carranza Rojo
et al. (2011) emphasized that MPSI does share some phenotypic
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features with severe infantile multifocal epilepsy. The first report of
affected siblings in a consanguineous family from Saudi Arabia
with two affected children was recently presented (Poduri et al.,
2011). Whole exome sequencing revealed a novel mutation in
SLC25A22, a gene previously found to be mutated in two cases
of early infantile epileptic encephalopathy with suppression burst
pattern on EEG (Molinari et al., 2005, 2009). Another reported
patient was found to have a mutation in PLCB7 (Poduri et al.,
2012), a recently described cause of infantile epileptic encephal-
opathy and West syndrome (Kurian et al., 2010).

Four of the patients in this study had diagnostic microarray
studies performed, and all were normal. Comparative genomic
hybridization array has been carried out in 16 patients in the lit-
erature and was normal in 13. One patient was found to have a
16p11.2 duplication (Bedoyan et al., 2010) and another had a
deletion of chromosome 2 (q24.2g31.1) (Carranza Rojo et al.,
2011), which included the entire SCN7A gene and other sodium
channel genes.

The management of children with MPSI is challenging both in
terms of seizure control and the frequent additional medical com-
plications associated with severe neuro-disability. In the current
series one patient showed a response to the ketogenic diet and
another to a combination of adrenocorticotropic hormone and the
diet. Seizures are difficult to control with only 21 of the 88 pre-
viously reported cases having an apparent sustained response to
specific anti-epileptic drugs. These have included levetiracetam in
four cases (Hmaimess et al., 2006; Caraballo et al., 2008; Cilio
et al., 2009), a combination of bromides, stiripentol and levetir-
acetam in two cases (Djuric et al., 2011) and a combination of
stiripentol and high dose clonazepam in two (Coppola et al.,
1995). Most recently, a 12-month period of seizure control was
achieved with a combination of clonazepam, stiripentol and leve-
tiracetam (Merdariu et al., 2013). Successful treatment with rufi-
namide has recently been reported in two of five patients with
MPSI (Vendrame et al., 2011). One patient (who did not have
epileptic spasms) became seizure free with vigabatrin (Bedoyan
et al., 2010). Finally, two patients with MPSI, whose primary seiz-
ure type was epileptic apnoea, responded to acetazolamide
(Irahara et al., 2011). Bromides have been used in 12 of the 88
cases in the literature, being effective in seven (Okuda et al.,
2000; Caraballo et al., 2008; Djuric et al., 2011; Fasulo et al.,
2012), ineffective in two and poorly tolerated in one case
(Hmaimess et al., 2006; Cilio et al., 2009). One patient developed
bromoderma (Nabatame et al., 2010) despite non-toxic levels. In
the current study bromides were effective but led to over-sedation
(despite normal plasma levels) in one patient and were ineffective
and poorly tolerated in one other patient. Therefore according to
the literature, complete seizure control has been achieved only
with clonazepam, stiripentol and levetiracetam in combination
(n=1), stiripentol and clonazepam (n = 2) and bromides (n = 1).

Over time, the natural course of MPSI seems to be associated
with a general reduction of seizure frequency (Okuda et al., 2000;
Hmaimess et al., 2006). Seizures are described as being ‘burnt-
out’ in a number of patients with increasing age (Coppola et al.,
1995), and again, this phenomenon is reflected in this current
series.
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All 14 patients in the current series demonstrated either minimal
developmental progress or lost most or all of their previously
acquired skills as the disorder progressed. The prognosis of MPSI
is uniformly poor. A fifth of the previously reported cases have
died; two were found dead, probably representing sudden unex-
plained death in epilepsy (SUDEP) and a further case died sud-
denly in hospital, also attributed to SUDEP. The prognosis for
psychomotor development is extremely poor for those surviving
infancy, although six cases had a relatively better outcome (Marsh
et al., 2005). However, the details of these six patients were
limited and all showed ‘significant’ developmental delay. The
best reported developmental outcome has been in a 6-year-old
child from this series who walked at 18 months, started to talk
at 2 years and was described as ‘learning disabled’ without further
details. Other patients have been reported who have regained
developmental milestones with good seizure control (Okuda
et al., 2000).

Conclusion

We report the first UK national series of patients with MPSI. Our
findings have expanded the spectrum of the disease. MPSI should
be considered early in the differential diagnosis of any child <6
months of age with medically intractable focal seizures, particularly
if associated with autonomic features and in whom initial MRI
demonstrates no abnormality. Identification of new clinical fea-
tures in a syndrome may be controversial. However, a rational
approach with identification of the key features (in this case the
unusual electrographic hallmark of migrating electrographic seizure
focus with clinical focal/multifocal/migratory seizures) but an open
approach to report other, perhaps atypical features seen in cases
of children with this electroclinical syndrome is most likely to result
in further clinical and electrographic disease delineation, as well as
elucidation of more pathogenic mechanisms that cause this type of
early infantile epileptic encephalopathy.

The identification of an epilepsy syndrome is clinically useful
because it gives prognostic information, drives elucidation of dis-
ease mechanisms (including the potential for genetic counselling in
some cases) and therapeutic strategies and provides realistic ex-
pectations for both seizure control and cognitive outcome. Further
study into the pathogenesis of MPSI will almost certainly improve
our understanding of this severe and early infantile epileptic
encephalopathy.
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