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We report a female child with PCDH19 related developmental and epileptic encephalopathy with drug-
resistant seizures, cognitive and language impairment, autism spectrum disorder and sleep dysfunction.
Her seizures, which started at 10 months of age, were resistant to multiple anti-seizure medications.
Developmental stagnation followed by regression occurred after the onset of recurrent seizures. Her ictal
EEGS suggested left temporal lobe origin for her recorded seizures. MRI upon expert re-review showed a
subtle abnormality in the left temporal lobe.
In view of the severe nature and frequency of her seizures, a left temporal lobectomy was undertaken at

the age of 2 years and 3 months. Though her seizure outcome was Engel class 3, her seizure frequency
and severity were significantly reduced. She has been seizure-free for 10 months at her last outpatient
assessment when she was 4 years and 8 months of age (2 years and 5 months after epilepsy surgery).
However she recently had an admission for COVID19 infection, with a breakthrough cluster of seizures.
Her developmental trajectory changed, though she is making good progress with her cognitive and lan-
guage skills.
� 2022 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

PCDH19 (Protocadherin19) is a common and important epi-
lepsy related gene, located on the X chromosome, with phenotypic
heterogeneity and incomplete penetrance [42,34,14,25,7,35]. The
condition is attributed to pathogenic loss-of-function variants in
the PCDH19 gene. PCDH19 disorders have an unusual pattern of
expression. It manifests in heterozygous females but hemizygous
males are mostly unaffected [8,4,6,28]. Since heterozygous females
have a mixture of cells that express either wild-type (WT) or
mutant forms of PCDH19, due to random X-inactivation, the
mosaic expression of PCDH19 is proposed to cause pathogenic
symptoms. There is cellular interference between cells expressing
either the intact or variant copy. A changed equilibrium between
asymmetric and symmetric cell division may contribute to the
pathogenesis in PCDH19 related disorders [26,23,3]. PCDH19 is
expressed widely in the embryonic and adult brain, including the
developing cortex and hippocampus, and in areas connected to
the hippocampal formation such as entorhinal cortex, lateral sep-
tum, and basolateral amygdaloid complex. The gene encodes a
transmembrane protein, Protocadherin 19, a calcium dependant
cell adhesion molecule of the Cadherin family, which is involved
in cell to cell interactions, signal transduction and development
of neural connections. PCDH19 mutations disrupt brain
development; abnormal proliferation and migration of neural
progenitors, accelerated neurogenesis, accelerated asymmetric
cell divisions and differentiations, and impaired synaptic
development have been shown in animal and in-vitro studies
[22,30,10,27,18,26,3,19,12,37,23].

Pathogenic variants in this gene may be associated with a wide
spectrum of disorders including epilepsy [30,7]. Developmental
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and epileptic encephalopathy (DEE) characterized by cognitive and
language impairment, autism, and sleep abnormalities are seen in
females. The severity of the associated epilepsy is extremely vari-
able with drug resistant and progressive epileptic encephalopathy
(such as Dravet syndrome and epilepsy with myoclonic-atonic sei-
zures) to some self-limited forms. Neuropsychiatric disorders have
been reported occasionally in males with mosaic PCDH19 patho-
genic variants [39].

Seizure onset in girls is often in infancy [26,5,7,8]. Seizures may
show clustering [17,3,38], and be triggered by fever [38,24,25]. Sei-
zure types include focal and generalized seizures and maybe clo-
nic, tonic-clonic, tonic, atonic, myoclonic and absences. Seizures
are often resistant to anti-seizure medications, especially in the
first decade of life and withdrawal of anti-seizure medication
may not be possible even in those who become seizure-free
[13,35,1].

In this case report we describe the features of DEE related to a
PCDH19 de novo pathogenic variant in a female child. The child
had drug-resistant epilepsy, with severe seizures that frequently
needed resuscitation. She subsequently underwent a temporal
lobectomy with significant benefit with regard to her seizures
and the developmental profile.
Case report

We report on a female child, aged 4 years and 10 months, with
PCDH19 related developmental and epileptic encephalopathy [31]
with drug-resistant seizures, cognitive and language impairment,
autism spectrum disorder and sleep dysfunction. Her seizures,
which started at age 10 months, were resistant to multiple
anti-seizure medications. Developmental stagnation followed by
regression occurred after onset of seizures. Her ictal EEGs
suggested left temporal lobe origin for her recorded seizures. MRI
on expert re-review showed a subtle abnormality in the left
temporal lobe.

In view of the severe nature and frequency of her seizures, a left
temporal lobectomy was undertaken at the age of 2 years and
3 months. Though her seizure outcome was Engel Class 3 [9], her
seizure frequency and severity have significantly reduced. She
has been seizure-free for ten months, at last outpatient assessment
when she was 4 years and 8 months of age (2 years and 5 months
after epilepsy surgery). However she recently had an admission for
COVID19 infection, with a breakthrough cluster of seizures. Her
developmental trajectory changed, though she is making good pro-
gress with her cognitive and language skills.
Seizures

Seizures began at 10 months with a cluster of afebrile general-
ized tonic-clonic seizures. Over the next 2 years seizures increased
in frequency and severity. She had generalized tonic-clonic sei-
zures, tonic seizures, focal seizures with impaired awareness, sei-
zures associated with apneas/hypopneas and significant oxygen
desaturations that needed oxygen and bag and mask resuscitation.
Seizures were frequently triggered by fever, though they also
occurred when she was afebrile. There was clustering of seizures.
Most seizures were brief and less than 5 min in duration. Her worst
seizure frequency was in 2019, when she could have 13–15 sei-
zures in a day. Seizure frequency at the time of surgery was �12/-
month, and her need for oxygen/bag and mask resuscitation �4–5
times/month.

Seizures were reduced significantly after surgery, both in fre-
quency and severity. There has been no need for bag and mask
resuscitation after surgery. There have been varying periods of sei-
zure freedom, interrupted by breakthrough seizures. The longest
2

seizure-free duration has been ten months. However she was
admitted this month, following a prolonged focal seizure, preceded
by a cluster of brief generalized tonic-clonic seizures, in association
with COVID19 infection and fever. She was loaded with levetirac-
etam. She did not need airway support or bag and mask
ventilation.
Anti-seizure medications

She has tried many anti-seizure-medications (ASMs), including
phenobarbital, carbamazepine, oxcarbazepine, levetiracetam,
phenytoin, topiramate, clobazam, lamotrigine and valproate. These
ASMs were often used in combinations, as monotherapy was inef-
fective. There were no ASMwithdrawals due to adverse effects. She
has also had a trial of pyridoxine. Attempts to reduce ASMs after
surgery have been unsuccessful due to the recurrence of seizures.
Currently she remains on valproate, lamotrigine, topiramate and
clobazam. Her parents are not interested in changing her current
ASMs, as they are very pleased with her developmental gains and
seizure-free periods of several months. She has had multiple sei-
zure types, as known to occur in females with PCDH19 pathogenic
variants. Epilepsy with PCDH19 mutations is often drug-resistant.
Her current ASMs include clobazam that has been reported to be
one of the most effective as well as three others [16]. A ketogenic
diet was considered but not attempted as it would have been very
difficult to initiate and maintain.
Development

Early developmental milestones are reported to have been near
age appropriate. She smiled at 6 weeks, vocalisations started at
3 months, and rolling at 6–7 months. She was referred to a physio-
therapist at 9 months as she was not yet sitting. Retrospectively
her mother feels vocalisations were immature for age at 9 months.
Development was said to stagnate and then regress after seizure
onset at ten months. With each cluster her skills were said to
regress and then she would slowly regain some skills over the next
few months. She is reported to have pulled to stand at one year,
took her first steps and said the first word at around 14 months.
At a chronological age of 23 months (Griffith’s III) her general
development quotient was <1 percentile. At 26 months of age,
she was identified to have significant impairment of expressive
and receptive language (based on the Preschool Language Scale:
PLS-5).

She was also identified to have features consistent with autism.
A diagnosis of autism spectrum disorder (ASD) was subsequently
made. She has received early interventional therapy and is now
registered with and receives services through the National Disabil-
ity Insurance Scheme.

She had epilepsy surgery at 27 months. After surgery she made
developmental gains. Verbal communication improved upon infor-
mal assessment, and she was observed to be more interactive with
her parents, therapists, and carers despite remaining severely
delayed overall. She was unable/unwilling to engage in formal
assessment attempted at 6 and 24 months. At last outpatient
review, at 56 months of age (29 months after epilepsy surgery),
she was able to walk and run. She was reported to have 50 words
in her vocabulary and was putting 4–5 words together. She recites
the alphabet untill ‘‘g”, the numbers from 1 to 10 and sings along
the first sentence of several nursery rhymes. She has an individual
education plan at the kindergarten. The impression of her family
and health professionals is that she is making consistent develop-
mental gains, albeit slowly.



Fig. 1. Interictal and ictal EEG: All EEG epochs are displayed in a double-banana montage. Calibration bars are present in each subfigure: horizontal 1 s, vertical 200 lV. 1A. A
15 s epoch showing interictal epileptiform discharges from the left temporal and temporo-occipital regions. Intermittent left temporal slowing is also seen.1B. A 15 s epoch
showing electrographic seizure onset from the left hemisphere (arrowhead). 1C. A 60 s epoch showing 6th minute of the seizure. Note prominent the left temporal
epileptiform discharges.
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Neurophysiology

She had two of three standard (about one hour) video-EEGs
undertaken in our institution, prior to prolonged video-EEG moni-
toring that did not show any interictal epileptiform discharges. Left
temporal slowing and left temporal and temporo-occipital spikes
and sharps were present in one recording (see Fig. 1A). Interictal
EEGs in PCDH19 mutations may be normal, or show increased slow
activity and epileptiform activity [26].

On a 20-hour video-EEG obtained in the epilepsy monitoring
unit in 2019, seven electro-clinical seizures were captured. Six of
these seizures arose from sleep. Clinical features of the seizure
started well after electrographic onset. The most prominent feature
Fig. 2. MRI Brain with coronal oblique T2 images of the temporal lobes from anterior
temporal lobe and polar white matter (arrows) consistent with an underlying cortica
myelination is within normal limits for age.

Fig. 3. Fluorine – 18- fluorodeoxyglucose positron-emission tomography / computed t
comparison (Neurostat): Localized hypometabolism in the left temporal lobe (arrows). V
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of the clinical semiology was oxygen desaturation. She had brief
apneas, became dusky and was stiff. The increased tone at onset
was more obvious in the seizure from the wake state. She slowly
falls forward and her mother helps lie her down; she appears to
have generalised increase in tone. Oxygen by mask corrected the
desaturation. She was tachycardic during the seizure. Electro-
graphically the seizures appeared to lateralize to the left hemi-
sphere. EEG features at onset and into the seizure suggested left
temporal localization (see Fig. 1 for the EEG features of one sei-
zure). The electro-clinical features of the seizures captured on this
study were stereotypical; we did not capture any of her other sei-
zure types. She has had V-EEGs since her surgery, including an 18 h
monitoring; no seizures have been captured. At times, there was
to posterior (a) – (c): There is asymmetric T2 high signal within the left anterior
l dysplasia. The hippocampi have a normal appearance. The right temporal lobe

omography (FDG PET/CT) 3D stereotactic surface projection and normal database
isual cortex hypometabolism related to general anaesthesia.
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mild increase in occipital slowing, and mild asymmetry of the
background consistent with the prior left temporal lobectomy.
Neuro-imaging

MRIs (2018, 2019) were initially reported as not showing a mal-
formation of cortical development or grey matter heterotopia.
However on expert re-review, after video-EEG monitoring local-
ized seizures to the left temporal region, there appeared to be some
abnormalities in the left anterior temporal lobe and pole suggest-
ing cortical dysplasia. A repeat MRI in 2019 confirmed subtle
abnormalities (abnormality of left temporal pole involving white
matter. There was hyperintensity and relatively unmyelinated or
poor myelination of the terminal rami within the anterior temporal
lobe (see Fig. 2). A PET scan showed mild diffuse hypometabolism
(Fig. 3) involving the anterior and lateral left temporal lobe. Sym-
metrical reduced activity in the visual cortices seen may have
reflected involvement of a larger network but was initially felt to
be more likely related to the general anesthesia.
Epilepsy gene panel

An epilepsy gene panel detected a pathogenic loss-of-function
heterozygous PCDH19 gene variant, c.2463dup and p.(Pro822Al-
lafs*8), with the full Human Genome Variation Society nomencla-
ture description of the variant NM_001184880.2(PCDH19):c.
[2463dup];[2463 = ]. Familial evaluation determined this to be a
de-novo variant.
Fig. 4. Histopathology. A-C. Medial temporal lobe entorhinal cortex showing neuronal p
at a band of neuroblasts (H&E, 40x). B. BCL2 immunohistochemical stain highlighting
showing clustered neuroblasts in the region of layer II (H&E, 200x). D. Subtotal absence o
reduction in layer IV neuronal density in this region. This is sufficient for abnormal tange
immunohistochemical stain, red lines show position of layer IV, 40x). E. Persistent periv
linear extension into the adjacent deep temporal lobe white matter in keeping with an
precursors, H&E, 100x). F. Increased numbers of single heterotopic neurones within the s
mild malformation of cortical development (mMCD) (MAP2A immunohistochemistry, 2
referred to the web version of this article.)
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Surgery

An initial standard anterior temporal lobectomy was per-
formed. Electrocorticography with a 4-contact subdural strip
placed along the posterior superior margin of the resection showed
epileptiform activity over two contact points. A sliver of extension
was undertaken over the middle temporal gyrus to include this
area in the resection. Inspection at surgery suggested gross total
resection of the abnormality though confirmation by post-
operative MRI imaging was not obtained. There were extra-axial
fluid collections on postoperative CT scan, with a pseudo meningo-
cele that resolved with conservative management.

Histology

The histology was consistent with a malformation of cortical
development [21]. Focal cortical dysplasia (FCD Type 1b) was seen
in the left medial temporal lobe and features of mild malformation
of cortical development (mMCD types I and II) were seen in the lat-
eral temporal areas (see Fig. 4).

The medial temporal lobe showed abnormal tangential cortical
lamination with subtotal absence of neurons in cortical layer IV
[21]. There were features of a neuronal migration disorder with
persistence of neuronal precursors within the subventricular
region of the temporal horn of the lateral ventricle, including sub-
tle periventricular nodular heterotopia forming aggregates within
layer II of the entorhinal cortex. There were no balloon cells or dys-
morphic neurons. There was gliosis in Ammon’s horn of the hip-
pocampus, most marked within CA4, and mild granule cell
dispersion in the dentate gyrus without hippocampal sclerosis. In
recursors forming a linear band within layer II. A. Low magnification, the asterisk is
band-like distribution (asterisk) of neuroblasts (BCL2, 40x). C. High magnification
f neurons within cortical layer IV of the distal entorhinal cortex, more than the usual
ntial lamination, or focal cortical dysplasia type 1B by the ILAE classification (NeuN
entricular neuronal precursors near the temporal horn of the lateral ventricle, with
abnormality of neuronal migration (red lines show the distribution of the neuronal
ubcortical and deep white matter of the temporal lobe (asterisk), amounting for to a
0x). (For interpretation of the references to color in this figure legend, the reader is
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the anterior and posterolateral temporal regions there were
increased numbers of isolated heterotopic neurons within the deep
white matter (>500 lm deep to the grey-white interface) and
within the cortical layer I (mMCD types I and II).

Discussion

We report a case involving epilepsy surgery in a female child
with a PCDH19 mutation, showing many of the features (multiple
seizure types, clustering of seizures, fever triggered seizures, drug-
resistant epilepsy, epileptic encephalopathy, developmental
impairment, cognitive and language delay, autism spectrum disor-
der) described in PCDH19 related neurodevelopmental disability
[5,4,7,8,11,13,14,16,17,22,25,26,35,42]. The role of epilepsy sur-
gery in drug-resistant genetically mediated epilepsies is still being
elucidated. Success rates of epilepsy surgery varies widely among
patients with different genetic causes [32]. The best outcomes
are seen in those with mTOR and GATOR pathway related gene
abnormalities and focal cortical dysplasia (e.g., tuberous sclerosis).
There is only limited information available regarding successful
surgery in drug-resistant epilepsies associated with the genetic
mutations related to altered synaptic function and transmission
[32]. The available literature suggests complete seizure control is
not commonplace (less than 15% of cases) after epilepsy surgery
of patients with gene involvement from SCN1A, SCN1B, CNTNAP2
and STBXP1 [32,40,33,2,29,11]. MRI negative patients with genetic
epilepsies also have less favorable outcomes compared to MRI pos-
itive patients [32]. Lotte et al [16], in their paper entitled ‘‘Effec-
tiveness of antiepileptic therapy in patients with PCDH 19
mutations”, mention a relatively high proportion of abnormal
MRI findings (focal cortical dysplasia diagnosed or suspected in
several patients) but is without specific details.

The decision to undertake a temporal lobectomy in this case
was challenging, and her parents played an integral role. In our
experience [20] 76% of children with seizures and resective brain
surgery have become seizure-free (Engel class 1) on long term fol-
low up. A Cochrane review regarding surgery for epilepsy con-
cluded that seizure freedom was seen in 64% of cases; however,
the range of success varied from 13.5 to 92.5% [41]. Initially our
patient was reported to have a normal MRI which would have
reduced the chances for a successful outcome from surgery. Expert
re-review revealed subtle abnormalities on the MRI. Hypometabo-
lism in the left temporal lobe seen in the PET scan provided addi-
tional data supporting neuroimaging abnormality. The result of the
gene panel testing was received after we had initiated the discus-
sion on epilepsy surgery. There was very little literature regarding
the outcome of epilepsy surgery in PCDH19 related DEE [35,36].
Kurian et al [15] assessed the occurrence of cortical malformations
in early infantile epilepsy related to PCDH19 pathogenic variants.
They report neuroradiological abnormalities in all five cases in
their series, confirmed by histology in two. Surgery in two cases
(Patients 3 and 4) resulted in improvement of seizures, but not
in seizure freedom. Patient 3 had an extended temporo-parieto-
occipital resection and Patient 4 had a right frontal lobe resection.

Conclusion

We report a 4 year 10-month-old girl with PCDH19 related
drug-resistant epilepsy who benefited from epilepsy surgery, both
regarding seizures and development. Parents report improvement
in quality of life for the whole family. Our case report adds to the
literature regarding the promising role of epilepsy surgery in
PCDH19 related epilepsy. It also emphasizes the wide clinical spec-
trum and complexity associated with management of the genetic
6

epilepsies. Future reports and larger case series detailing neuro-
physiology, imaging, pathology, and outcomes may help delineate
the role of surgery in children with PCDH19 related epilepsy.
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