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Focal malformations of cortical development including focal cortical dysplasia, hemimegalencephaly and mega-
lencephaly, are a spectrum of neurodevelopmental disorders associated with brain overgrowth, cellular and archi-
tectural dysplasia, intractable epilepsy, autism and intellectual disability. Importantly, focal cortical dysplasia is
the most common cause of focal intractable paediatric epilepsy. Gain and loss of function variants in the
PI3K-AKT-MTOR pathway have been identified in this spectrum, with variable levels of mosaicism and tissue dis-
tribution. In this study, we performed deep molecular profiling of common PI3K-AKT-MTOR pathway variants in
surgically resected tissues using droplet digital polymerase chain reaction (ddPCR), combined with analysis of key
phenotype data. A total of 159 samples, including 124 brain tissue samples, were collected from 58 children with
focal malformations of cortical development. We designed an ultra-sensitive and highly targeted molecular diag-
nostic panel using ddPCR for six mutational hotspots in three PI3K-AKT-MTOR pathway genes, namely PIK3CA
(p.E542K, p.E545K, p.H1047R), AKT3 (p.E17K) and MTOR (p.S2215F, p.S2215Y). We quantified the level of mosaicism
across all samples and correlated genotypes with key clinical, neuroimaging and histopathological data.
Pathogenic variants were identified in 17 individuals, with an overall molecular solve rate of 29.31%. Variant allele
fractions ranged from 0.14 to 22.67% across all mutation-positive samples. Our data show that pathogenic MTOR
variants are mostly associated with focal cortical dysplasia, whereas pathogenic PIK3CA variants are more fre-
quent in hemimegalencephaly. Further, the presence of one of these hotspot mutations correlated with earlier
onset of epilepsy. However, levels of mosaicism did not correlate with the severity of the cortical malformation by
neuroimaging or histopathology. Importantly, we could not identify these mutational hotspots in other types of
surgically resected epileptic lesions (e.g. polymicrogyria or mesial temporal sclerosis) suggesting that PI3K-AKT-
MTOR mutations are specifically causal in the focal cortical dysplasia-hemimegalencephaly spectrum. Finally, our
data suggest that ultra-sensitive molecular profiling of the most common PI3K-AKT-MTOR mutations by targeted
sequencing droplet digital polymerase chain reaction is an effective molecular approach for these disorders with a
good diagnostic yield when paired with neuroimaging and histopathology.
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Introduction
Focal malformations of cortical development (FMCD) including
focal cortical dysplasia (FCD, defined as localized area of abnormal
cortical organization and development), hemimegalencephaly
(HMEG, defined as overgrowth of one cerebral hemisphere), mega-
lencephaly (MEG, defined as diffuse overgrowth of both cerebral
hemispheres) and dysplastic MEG (DMEG, defined as bilateral cere-
bral hemisphere overgrowth with extensive bilateral malforma-
tions of cortical development), constitute a spectrum of
developmental brain disorders associated with brain overgrowth,
cellular dysplasia and significant co-morbidities such as intract-
able epilepsy, autism and intellectual disability.1–7

Mosaic gain of function mutations in the phosphatidylinositol
3-kinase (PI3K)/AKT/mammalian target of the rapamycin (MTOR)
signalling pathway have been identified in this spectrum.2,8–14

Identifying a molecular aetiology for these disorders has signifi-
cant benefits for affected families including understanding the
natural history and recurrence risk, as well as more personalized
therapeutic interventions for epilepsy. While traditional molecular
diagnostic approaches, such as Sanger sequencing or standard-
depth multi-gene panels or exome sequencing using peripheral
blood-derived DNA, reliably detect inherited or germline genetic
variants, these methods lack the sensitivity to detect low-level
mosaic (or post-zygotic) variants. Further, the high genomic input
requirement for these tests renders them impractical in these dis-
orders due to paucity of affected (or lesional) tissues such as surgi-
cally resected epileptic brain tissue samples. To address these
challenges as well as improve the molecular diagnostic rate, and
better understand genotype–phenotype relationships in these dis-
orders, we designed an ultra-sensitive targeted sequencing panel
using droplet digital PCR (ddPCR) that includes six of the most

common activating PI3K-AKT-MTOR pathway mutations and
tested a large cohort of individuals with FMCD using this panel.4,15

ddPCR is an allele-specific molecular diagnostic method where
each PCR reaction is partitioned into �20 000 separate emulsion
droplets. This method has been optimized to quantify extremely
low-frequency single nucleotide variants and copy number abnor-
malities [down to 0.01% variant allele fraction (VAF), and less than
eight molecules of input DNA], and is thus defined as an ultra-sen-
sitive molecular diagnostic technique.16–20 Given its high sensitiv-
ity, ddPCR has been increasingly used as a first-tier clinical
diagnostic tool to efficiently and reliably detect and quantify com-
mon cancer-associated variants [such as the common PIK3CA hot-
spot mutations—p.C420R, p.E542K, p.E545K, p.H1047L and
p.H1047R—in PIK3CA-related overgrowth disorders (PROS), the
BRAF p.V600E mutation in brain and thyroid tumours, among
others]. It has also been recently used in other paediatric over-
growth, vascular and lymphatic malformation phentypes.21–24

Developmental brain disorders associated with mutations in the
PI3K-AKT-MTOR pathway, including FCD and HMEG, have a nar-
row mutational spectrum with a few ‘hotspot’ mutations repre-
senting a sizeable portion of molecularly solved cases.4,11,12,15 We
therefore tested these mutational hotspots as a first-tier molecular
method in a large cohort of affected individuals to efficiently iden-
tify mutations and study the relationships between levels of mo-
saicism and key neuroimaging and histopathological features.

Materials and methods
Human participants

Children diagnosed with focal intractable epilepsy requiring epi-
lepsy surgery were prospectively enrolled in the Developmental
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Brain Disorders Research Program under an IRB approved protocol
at Seattle Children’s Hospital (IRB no. 13291). All patients signed an
informed consent according to the Declaration of Helsinki or were
de-identified and included in the study under an IRB approved
‘waiver of consent’. Brain tissue samples were collected during
clinically indicated epilepsy surgery. Additional samples (such as
saliva, peripheral blood or skin fibroblasts) were also collected
from affected individuals when possible.

Inclusion and exclusion criteria

Our study included individuals with epilepsy who underwent epi-
lepsy surgery and were confirmed by neuroimaging and/or histo-
pathologic examination to have one of the following diagnoses:
FCD, HMEG, DMEG, other malformations of cortical development
or other developmental lesions. Individuals with brain tumours
were excluded from this study. Individuals with predominantly
somatic overgrowth phenotypes who did not have any brain in-
volvement (i.e. cortical malformations or megalencephaly) were
excluded from this study.

Neuroimaging

All patients evaluated at the Pediatric Epilepsy Surgery Center at
Seattle Children’s Hospital had brain magnetic resonance imaging
(MRI) using the Siemens 1.5 T (Symphony or Avanto) or 3 T
(TrioTim or PRISMA) systems, or external site data of equivalent
quality. Common preoperative structural data included sagittal T1

25

samples were created using an image guided surgery system
(Metronic Stealth) with intra-operative xyz coordinates down-
loaded and then transformed into MRI space and overlaid using
BioImage Suite. Brain MRIs were examined and assessed for the
type, distribution and severity of the cortical dysplasia, as well as
the presence of any other notable brain MRI abnormalities. All
brain images were assessed for laterality of findings (i.e. unilateral
or bilateral cortical malformations), symmetry, gradient (anterior
versus posterior), lobes or brain regions affected, white matter
abnormalities and any mass effect.

Histopathology

Histology sections of all resected brain tissues underwent compre-
hensive examination to establish a neuropathologic diagnosis.

from formalin-fixed, paraffin-embedded (FFPE) from each site of
brain tissue resection. In addition, immunohistochemistry was
performed on sections from at least one, and often multiple, FFPE
tissue block by established methods using mouse monoclonal
anti-NeuN (Millipore, MAB 377) and mouse monoclonal anti-GFAP
(Dako, Mo761) antibodies to assess neuronal and glial cell popula-
tions. FCD was histopathologically diagnosed and subtypes were
determined on the basis of criteria established by the International
League Against Epilepsy (ILAE) Task Force and described in detail
by Blumcke and colleagues.7,26 For patients with histologically con-
firmed FCD types 2a or 2b, tissue sections from multiple brain
regions, including areas with no histopathologic dysplasia, under-
went additional immunohistochemical staining using the rabbit
polyclonal anti-phospho-S6 (pS6) ribosomal protein (Cell
Signaling, 2211). The percentage of pS6-positive cortical grey

matter in each site was estimated on the basis of the fraction of
cortical neurons with moderate-to-markedly intense cytoplasmic
pS6 immunoreactivity. All the neuropathological assessments,
including pS6 immunolabelling assessment, were performed by a
board-certified paediatric pathologist (R.P.K.), who was blinded
with respect to the neuroimaging and ddPCR data.

Sample processing and DNA extraction

We collected 159 specimens from a cohort of 58 children diagnosed
with FCD, MEG, HMEG, DMEG and other malformations of cortical
development (MCD) including polymicrogyria and multifocal cor-
tical dysplasia. Samples included fresh-frozen (n = 96) and FFPE
(n = 28) brain tissues from epilepsy surgery (total brain samples
n = 124), as well as peripheral samples including saliva (n = 26), per-
ipheral blood (n = 3), skin (cultured or uncultured fibroblasts)
(n = 4), and buccal swab samples (n = 2). Brain samples were either
snap-frozen tissues located immediately adjacent to tissues fixed
and embedded for neuropathologic examination or were sections
from FFPE tissue blocks used for histopathology. Genomic DNA ex-
traction was performed using standard protocols with PureLinkTM

Genomic DNA Mini Kit (Invitrogen, catalogue number K1820-01).
FFPE samples were processed using the GeneRead DNA FFPE Kit
(Qiagen, catalogue number 180134) following the manufacturer’s
protocol. DNA quality and concentration were quantified using the
NanoDrop 3300 (ThermoFisher Scientific) and the Qubit 4
Fluorometer (ThermoFisher Scientific). If DNA quality was subopti-
mal (defined by 260/280 ratios below 1.8 and/or 260/230 ratio below
2.0), samples were cleaned and concentrated using a column-
based kit (Zymo Research Genomic clean and concentrator, cata-
logue number D4011) and requantified before proceeding with
ddPCR.

Droplet digital PCR testing

We designed a custom ddPCR-based panel targeting six mutations
in three PI3K-AKT-MTOR pathway genes, namely PIK3CA (p.E542K,
p.E545K, p.H1047R), AKT3 (p.E17K) and MTOR (p.S2215Y, p.S2215F).
We selected these specific variants as they are the most common
variants seen in FCD-HMEG,3,15,27 as well as the most common
oncogenic mutations in these genes in somatic tissues in cancer
overall (COSMIC, Catalogue of Somatic Mutations in Cancer). All
ddPCR probes were validated by Bio-Rad (see Supplementary
Table 1). As FFPE samples can have high levels of DNA degradation
and nonreproducible sequence artefacts, especially C:G4T:A tran-
sitions that can increase the chance of false positive results, all
FFPE-derived-DNA samples were treated with uracil DNA glycosy-
lase to minimize PCR amplification errors before ddPCR testing.
This method has been successfully used to increase the accuracy
of detecting mosaic cancer-associated mutations in FFPE sam-
ples.28,29 Here, �8–10 ng of DNA was used per ddPCR reaction, and
all samples were tested in technical quadruplicates using previ-
ously published methods.21,30 Briefly, the ddPCR reaction mix was
assembled from 10 ll of ddPCR Supermix for Probes (Bio-Rad,
1863024), 1 ll of ddPCR validated mutant assay (Bio-Rad, see
Supplementary Table 1) and 12 ll of water per reaction. A restric-
tion enzyme was not included due to the low DNA input. Then
20 ll of the ddPCR mastermix along with 70 ll of Droplet
Generation Oil were loaded into a disposable droplet generator
cartridge and placed into a QX200 Droplet Generator (Bio-Rad).
Generated droplets were transferred to a 96-well PCR plate and
placed in a thermal cycler for amplification (see Supplementary
Table 1 for probe-specific annealing temperatures). Amplification
cycles were set as follows: denaturing phase at 95�C for 10 min, fol-
lowed by 40 cycles of 94�C for 30 s and annealing/extension
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MPRAGE (isotropic 1 mm), axial and coronal T2 (2–4 mm), and axial
fluid-attenuated inversion recovery (FLAIR) images (2–4 mm). For
image analysis, we performed diffusion weighted skull stripping
with the brain extraction tool in FSL on T1 -data then made three-
dimensional renderings with BioImage Suite. Where indicated,
and as helpful for lesion evaluation, the same skull-stripped mask
was used for the T2 - or FLAIR-data. Coordinates for brain tissue

Haematoxylin and eosin stained sections were examined
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temperature for 1 min, with a final denaturation at 98�C for 10 min
followed by holding at 4�C. ddPCR plates were then placed into a
QX200 Droplet Reader (Bio-Rad) for fluorescent quantification.
Data analysis was performed using the Quantasoft AP software.
Positive fluorescence thresholds for mutant (FAM) and wild-type
(HEX) associated probes were established using three controls (in
quadruplicates) in each run: a no template control (NTC), a wild-
type (non-mutant) control and a mutation-positive control (with
VAF range 3–30%). Data from quadruplicate wells were pooled for
each sample and VAF% was calculated. To account for rare non-
specific mutant-positive (i.e. false positive) droplets, the calculated
VAF for each sample was compared to the wild-type control run in
the same plate. Delta confidence intervals (DCI) were calculated by
subtracting the Poisson-normalized maximum fractional abun-
dance (95% CI) for the wild-type control from the Poisson-normal-
ized minimum fractional abundance (95% CI) for each sample of
interest. Due to suboptimal DNA quality and amounts from some
of the samples, such as FFPE-derived brain tissues, we used more
stringent customized cut-offs to minimize false positive results,
thus samples were deemed positive for a given mutant allele
when their DCI exceeded 0.045 (rather than the DCI cut-off of 0 per
the Bio-Rad analysis protocol) and the average number of wild-
type-positive droplets for the pooled set of quadruplicate wells
exceeded 3000 droplets. If the number of wild-type droplets was
between 500 and 3000, samples were retained in the analysis only
if the DCI was above one and/or other samples from the same indi-
vidual showed a clearly positive result. These cut-offs were empir-
ically established by analysing borderline-positive samples (with a
DCI between 0 and 0.05) that were assayed in multiple independ-
ent experiments with different DNA concentrations. Quantasoft
2D plots of representative examples of mutation-negative and -
positive samples are shown in Supplementary Fig. 1A. When sam-
ples were analysed in more than one experiment, the ddPCR run
producing the highest wild-type positive droplet count and highest
DCI was reported here.

Validation of variants via orthogonal probe-based
and sequence-based methods

Orthogonal methods of variant identification were used to con-
firm, where possible, results obtained via ddPCR. We performed
smMIPs Amplicon Sequencing and a capture-based custom
designed SureSelect NGS (next generation sequencing) panel as
previously described.31–36

Statistical analysis

Statistical analysis and relative graph generation was performed
in GraphPad Prism v.9.0.2. The appropriate statistical test was
chosen on the basis of the number of replicates and type of com-
parison of interest. Details on specific statistical tests and relative
results are provided with the associated data.

Data availability

All generated data are included in this article and associated
Supplementary material. The raw data generated and/or analysed
during the study are available from the corresponding author on
request.

Results
We performed deep molecular analysis of a cohort of 58 children
who underwent epilepsy surgery and subgrouped them on the
basis of their neuroimaging and histopathologic diagnoses into

four groups: FCD (n = 33), HMEG-DMEG (n = 11), other MCD (n = 7)
and other cortical lesions (n = 7). The last category includes gliosis
(n = 3), hypoxic-ischaemic encephalopathy (HIE, n = 1), meningoan-
giomatosis (n = 1), mesial temporal sclerosis (MTS, n = 1) and stroke
(n = 1). Notably, one individual with HMEG (LR16-242) had contra-
lateral hemimicrencephaly. HMEG with contralateral hemimicren-
cephaly has been previously reported suggesting that the
non-HMEG hemisphere may have developmental abnormalities as
well, although molecular studies on the contralateral hemisphere
have been limited.37,38 A summary of the clinical subgroups and
samples obtained from this cohort, as well as representative brain
MR images, are shown in Fig. 1. Of the 58 children tested, we
obtained at least one brain tissue from 43 individuals, and were
able to obtain two or more brain regions from 13 individuals,
including six individuals with nine or more brain tissue samples
(Fig. 2A). Following mutation detection (as determined by the cut-
off criteria stated previously), any available additional samples
from the affected individuals were serially tested to further quan-
tify the levels of mosaicism (VAF) across all available tissues. All in
all, the six hotspot mutations (PIK3CA p.E542K, p.E545K, p.H1047R;
MTOR p.S2215F and p.S2215Y; AKT3 p.E17K) were detected in 51
samples (n = 44 brain, n = 6 saliva, n = 1 skin) from 17 individuals,
with VAFs ranging from 0.14 to 22.67% (Table 1). The overall yield
for molecular diagnostic testing, or the molecular solve rate, was
29.31% in this cohort. We identified one of these six hotspots in
the brain in 15 of 43 (34.88%) individuals, as well as in peripheral
tissues from 2 of 15 (13.33%) individuals for whom surgically
resected brain tissues were not available. The molecular diagnostic
yield correlated with the number of samples analysed from all
individuals. However, the molecular yield increased to 54.5% for
individuals with four or more resected brain tissue samples
(Fig. 2B and Supplementary Fig. 1A). Most of the tested hotspot
mutations were detected in brain samples, although we were able
to detect PIK3CA mutations in a small subset of saliva samples (6
of 26 samples, 23.07%), and the AKT3 p.E17K variant was also
detected in a skin sample (LR11-443), while MTOR variants were ex-
clusively found in brain samples, albeit we had few non-brain
samples in this cohort (Fig. 1C and Supplementary Fig. 1B).

Molecular results

Using our ultra-sensitive and highly targeted ddPCR PI3K-AKT-
MTOR panel, we were able to detect and quantify levels of mosai-
cism in 17 individuals including six with the PIK3CA p.E545K
mutation; five with the MTOR p.S2215F mutation and three with
AKT3 p.E17K, and one for each of the remaining mutations: PIK3CA
p.E542K, PIK3CA p.H1047R and MTOR p.S2215Y. The levels of mo-
saicism (or VAF ranges) are graphically shown in Fig. 2C, including
all positive and negative samples from these 17 individuals.
Individual LR16-413 had the highest overall VAF of the cohort,
with two samples collected and testing positive for PIK3CA p.E545K
at 21.01% in frozen brain tissue and 22.67% in saliva. Notably,
blood and fibroblast-derived DNA from this patient were previous-
ly tested by a single molecular inversion probe (smMIPs) targeted
multi-gene panel of PI3K-AKT-MTOR pathway genes with no mu-
tation detected.11 In contrast, individual LR18-024 had the lowest
level of mosaicism (PIK3CA p.E545K at a VAF of 0.14%) of the entire
cohort in one of the available FFPE brain samples. When both brain
and saliva-derived DNA samples (i.e. paired samples) were avail-
able for a given individual, the levels of mosaicism were consist-
ently higher in the brain, with the notable exception of the PIK3CA
p.E545K mutation that had a higher VAF in saliva compared to
brain (individual LR16-413) (Fig. 2D). The distribution of mutations
and VAFs per each sample for all mutation-positive individuals are
shown in Supplementary Table 2. Children who tested negative for
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all six hotspot mutations, as defined by the previously stated cut-
off criteria, are listed in Supplementary Table 3 (n = 41).

Genotype–phenotype correlation

Following mutation detection, we aimed to characterize and better
define genotype–phenotype relationships among individuals with
these common mutations, correlating the molecular data with key
neuroimaging and histopathology features. We found that about
82% of individuals diagnosed with HMEG-MEG by neuroimaging
were positive for these six mutational hotspots, compared to only
24.24% of individuals with FCD (Fig. 3A). While the number of mu-
tation-positive individuals within each category is not sufficient to
establish a statistically significant correlation, we observed a pos-
sible association between FCD (by neuroimaging) and MTOR muta-
tions (p.S2215F, four of the seven positive individuals), and
between HMEG-MEG and PIK3CA mutations (p.E542K and p.E545K,
six out of nine positive individuals), followed by AKT3 p.E17K pre-
sent in both cohorts (two of the nine positive HMEG cases, and two
of the eight positive FCD cases) (Fig. 3A and B). None of the individ-
uals diagnosed with MCD or other cortical lesions (n = 14) were
positive for the PI3K-AKT-MTOR mutations tested. We further
stratified the cohort on the basis of the histopathological diagnosis
when available, and confirmed that mutations were enriched in
FCD type 2, with a molecular solve rate of 42.1% (Fig. 3B), a finding

that has been corroborated by other studies.39,40 For five individu-
als, we could only obtain histopathology reports confirming FCD
with no further specification of the FCD subtype (40% solve rate,
Fig. 3B and Supplementary Table 5), while no histopathology data
were available in six individuals (67% solve rate, Fig. 3B).
Interestingly, only 1 of 10 patients with FCD type 1 was positive for
a hotspot mutation (patient LR13-197, PIK3CA p.E545K, 33% of FCD
1b cohort, Fig. 3B). Further, no mutation was detected in the single
patient with FCD type 3. Overall, we were able to establish that
individuals with FCD had a VAF% range that is significantly lower
(eight individuals, 55 samples, VAF% range 0–8.25; mean = 1.32;
median = 0.12) than individuals presenting with HMEG/DMEG
(nine individuals, 33 samples, VAF% range 0–22.67; mean = 8.51;
median = 7.18) (Fig. 3C). Detailed molecular and clinical data for all
mutation-positive individuals are provided in Supplementary
Tables 2 and 3, and detailed ddPCR results for individuals who
tested negative for the six hotspots (n = 41) are provided in
Supplementary Table 4.

To determine whether these highly activating mutations were
associated with more severe epilepsy, we compared the age of
onset of epilepsy between mutation-positive and -negative indi-
viduals and identified that individuals who tested positive had a
significantly earlier age of onset of epilepsy (average 12.79 months,
±23.81, n = 15) compared to mutation-negative individuals (average
39.46 months, ±47.72, n = 39) using the Kolmogorov–Smirnov test

Figure 1 Overview of the cohort and samples. (A) Representative brain MRIs of patients with focal cortical dysplasia (FCD), hemimegalencephaly
(HMEG) and dysplastic megalencephaly (DMEG). Representative affected brain areas are highlighted by red ovals. Patients diagnosed with FCD and
quadrantic dysplasia were clustered in the FCD category, while patients diagnosed with HMEG or DMEG were clustered in the HMEG/DMEG category.
(B) Bar graph representing the cohort distribution stratified by the four clinical diagnostic categories (FCD, HMEG/DMEG, and malformations of cor-
tical development, MCD, as well as other diagnoses) and sex. The ‘other’ diagnoses include gliosis (n = 3), hypoxic-ischaemic encephalopathy (HIE,
n = 1), meningoangiomatosis (n = 1), mesial temporal sclerosis (MTS, n = 1) and stroke (n = 1). (C) Pie chart representing types and numbers of samples
collected from the 58 individuals in this series. The vast majority of samples were brain (n = 124, fresh frozen or FFPE).
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(P-value = 0.0037, Fig. 3D). Further, we correlated the age of onset
of epilepsy with the average VAF% for 15 of the mutation-positive
individuals and identified a negative correlation between these
variables with an earlier age of onset of epilepsy as the VAF%
increases (r = 0.6273, P = 0.0142) using the Spearman correlation
test (Fig. 3E, see Table 1 for a complete list of seizure age of onset
and VAF%).

To further delineate a correlation between mutation burden
and severity of the phenotype in individuals with mutations, we
analysed their neuroimaging and histopathology features and
paired them with VAF% when matched samples were available.
For six of the positive individuals, we were able to overlay brain
MR imaging data of the resection sites obtained during epilepsy
surgery with their relative mutation burden (VAF%, Fig. 4).
Notably, in several individuals, the severity and distribution of the
malformation by neuroimaging was extensive despite low VAF%
in those regions. For example, patient LR13-129 (row 1 in Fig. 4)
had extensive involvement of the frontal, temporal and parietal
regions, and required a total of four epilepsy surgeries, yet har-
boured the MTOR, p.S2215F, variant at an extremely low VAF (0.24–
0.57%) in these brain tissues. Similarly, patient LR18-024 had an ex-
tremely low VAF for PIK3CA, p.E545K, in surgically resected tissues
despite more extensive involvement by neuroimaging and

histopathology (row 4 in Figs 4 and 5). As a comparison, we
assessed brain MR images from individuals who tested negative
for all six mutational hotspots (data shown in Supplementary Fig.
2). However, we cannot rule out the possibility that these individu-
als could have other variants in the same genes or other FMCD-
associated genes, limiting further correlations.

Figure 2 Molecular results. (A) Number of brain samples per patient in our cohort. Most of the patients had at least one brain sample (n = 30). (B) The
molecular yield (or solve rate) stratified by number of brain samples. The solve rate was calculated as number of positive cases with a given number
of brain samples over the total number of cases with the same number of brain samples, and expressed as a percentage. As expected, our solve rate
was increased with increasing numbers of brain samples, indicating that the number and type of samples per patient is crucial to identify a causal
mosaic mutation. (C) VAF% for the 17 mutation-positive patients. The y-axis represents the VAF%, while patients are listed on the x-axis. All samples
belonging to the 17 patients are represented, including negative ones (crossing the zero on the y-axis). Grey shaded boxes are used to represent every
other patient to delineate samples belonging to each individual. Different tissues are represented as indicated in the graph legend. Only brain and
saliva samples were mutation-positive, whereas blood, buccal swab and skin fibroblast-derived samples were negative. (D) Positive samples stratified
by the PI3K-AKT-MTOR hotspot mutation to visualize the range of VAF for each mutation across individuals. Notably, the PIK3CA, p.E545K, variant
had the widest VAF% range and was the only hotspot to be present at higher VAF% in saliva rather than brain samples.

F. Pirozzi et al.930 | BRAIN 2022: 145; 925–938

Notably, in patient LR18-024 we detected the PIK3CA p.E545K mu-
tation at a very low level (VAF 0.28%) in only one (inferior temporal
4, IT4) of nine fresh-frozen brain samples, despite lack of clear dys-
plastic neuropathology in this region (Fig. 5A and Supplementary
Table 6). Conversely, the superior temporal region (fresh-frozen
sample ST2) that tested negative for the PIK3CA mutation by
ddPCR demonstrated strongly positive pS6 staining and a dysplas-
tic focus with clear FCD2a histopathology. Due to clinical and

Next, we aimed to identify correlations between genotypes and
histopathological features for all 58 individuals in our cohort (as
summarized in Supplementary Table 5). For three of the mutation-
positive children, we performed a matched analysis comparing
histopathological findings with the gene and VAF% for brain regions
that were independently analysed by ddPCR as well as studied by
haematoxylin and eosin staining and immunostaining for the
neuronal marker NeuN and for the MTOR pathway hyperactivation
marker pS6 (Fig. 5, Supplementary Fig. 3 and Supplementary Table 6).
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procedural workflows, the brain samples that were analysed for
histopathology were FFPE blocks, while the DNA samples analysed
initially for ddPCR were extracted from fresh-frozen sections from
the same or contiguous areas, thus the initial molecular analysis
might represent perilesional sublocations within the same
resected brain sample. Therefore, to further confirm these ultra-
low VAF levels and correlate them with histopathology even more
accurately, we obtained FFPE scrolls from these two regions (infer-
ior and superior temporal) using the same blocks that were ana-
lysed for histopathology. For the inferior temporal region, three
tissue blocks (IT 1, 2 and 3) were available with 20 sections each
collected and analysed. DNA from these three regions were tested
for all six mutational hotspots, and only one of the three blocks
(block IT2) tested positive for PIK3CA p.E545K (VAF 0.14%), confirm-
ing that this area was indeed positive albeit at a very low VAF%.
For the superior temporal specimen, we were also able to perform
manual dissection of the dysplastic and non-dysplastic areas
(block ST1), comparing these with the full scrolls of the same block.
Despite enriching for the affected regions in this sample, we con-
firmed the absence of the PIK3CA p.E545K mutation, validating the

results obtained from the fresh-frozen sample (Fig. 5). A list of
ddPCR results for the fresh-frozen and FFPE samples for the infer-
ior temporal and superior temporal specimens for individual LR18-
024 is listed in Supplementary Table 6. We observed the same phe-
nomenon in other individuals, such as LR13-129 and LR16-313,
where the severity of cortical dysplasia did not correlate with VAFs
(i.e. dysplastic and non-dysplastic areas were present at different
levels in the same brain regions that tested positive via ddPCR for
MTOR p.S2215F VAF 0–0.57% in LR13-129 and AKT3 p.E17K VAF
1.26–8.25% in LR16-313) (Supplementary Fig. 3 and Supplementary
Table 6).

Finally, we compared the number of epilepsy surgeries with the
number of samples obtained per individual between mutation-
positive (n = 17) and mutation-negative individuals (n = 41). We
found no statistically significant differences in the number of sur-
geries in these two cohorts. However, we found that the number of
samples per individual obtained from mutation-positive children
was significantly higher, with an average of 4.74 samples versus
1.65 (P50.01), compared to mutation-negative individuals
(Supplementary Fig. 3).

Figure 3 Genotype–phenotype correlations of PI3K-AKT-MTOR hotspot mutations. (A) Hotspot mutations detected in our cohort are stratified accord-
ing to the four diagnostic categories and represented as stacked bar graphs. Notably, only FCD and HMEG/DMEG cases were positive for the six posi-
tive hotspots tested, while none of the MCD or ‘other’ diagnoses were positive for these variants. The frequency of PIK3CA mutations was higher in
DMEG/HMEG with a solve rate of 81.81%. In contrast, FCD had higher frequency of MTOR mutations (9/11 cases) with an overall solve rate of 24.24%.
(B) The same data from graph A was stratified by the neuropathology classification/diagnosis and represented via stacked bar graph (number of cases
in our cohort n = 58). Solve rate for each category is shown as a percentage and calculated as number of positive cases/number of total cases within
the same neuropathology subtype. FCD type 2a had the highest overall molecular yield in our series. (C) VAF% range in the cohort stratified on the
basis of the neuroimaging diagnosis. The FCD cohort presents a VAF range significantly lower than the HMEG/DMEG cohort. Mann–Whitney test, two
tailed, P 5 0.0001, Mann–Whitney U = 411.5. (D) Bar graph showing the age of onset of seizures in the hotspot mutation-positive (n = 15) versus hot-
spot mutation-negative (n = 39) cohorts. Each dot represents one individual, the top of the bar indicating the mean age of onset (12.79 months in mu-
tation-positive, 39.46 months in mutation-negative) and error bars represent the full range. Kolmogorov–Smirnov test revealed a significant
difference with **P = 0.0037. (E) Correlation analysis of seizure age of onset and VAF% in hotspot mutation-positive patients (n = 15). Spearman correl-
ation analysis demonstrated a significant negative correlation with an r = –0.6113 and *P = 0.0175.
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Comparison of droplet digital PCR with other
molecular diagnostic methods

To inform our molecular diagnostic approaches for this spectrum,

we compared ddPCR data with several ultra-deep sequencing meth-

ods that have been used by us and others to detect mosaic muta-

tions and accurately quantify VAF% in different tissues, including

single molecule molecular inversion probes (smMIPs), amplicon

sequencing and a capture-based custom designed SureSelect NGS

panel.31–35 We compared results obtained with these methods for

selected mutation-positive individuals on the basis of sample avail-

ability (Supplementary Table 2). Most variants detected by ddPCR

were confirmed via at least one of these orthogonal approaches

when testing was performed on the same region or sample, except

for two ultra-low VAF variants: the PIK3CA p.E5454K variant in LR18-

024 (VAF 0.28%) and the MTOR p.S2215F variant in LR12-246 (VAF

0.16%). Further, while the level of concordance in the detection rates
between the other targeted methods (smMIPs, ultra-deep NGS and
amplicon sequencing) was high, the concordance level decreased
when comparing ddPCR and smMIPs (13/16, 81.25%) or ddPCR and
amplicon sequencing (6/9, 66.67%), due to presence of false positives
(one sample for case LR13-389, in bold in Supplementary Table 2)
and false negatives (three samples for case LR13-389 in italic in
Supplementary Table 2) in both smMIPs and amplicon sequencing
data. Importantly, these other sequencing methods failed to detect
several of the mutations detected by ddPCR due to suboptimal depth
of coverage compared to ddPCR, which has the highest sensitivity.
Exome sequencing was performed on two patients (LR14-155, saliva
sample; and LR16-004, saliva and one brain region), and while this
method was able to detect the MTOR variant in patient LR16-004 at
similar VAF% found via ddPCR, it did not detect the low MTOR VAF
variant in patient LR14-155, as expected.

Figure 4 Neuroimaging findings and correlations with genotype. Representative brain MRIs showing brain biopsy or tissue resection locations along-
side identified VAF of PI3K-AKT-MTOR hotspot mutations. For each image, cross-hairs reflect the site from which a tissue sample was obtained for
molecular analysis, with letters at the top reflecting the multiple samples taken. At each location, ddPCR results are shown for the respective region.
Green dots represent the exact location of resection, and ddPCR results are indicated as VAF% for positive samples. The year in which the surgery
was performed is indicated after the underscore, as some patients underwent multiple brain surgeries (LR13-129, LR13-389). The reported VAF% did
not directly correlate with the severity and distribution of visible cortical lesions.
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Figure 5 Histopathological findings and correlations with genotype in tissue samples from patient LR18-024. (A) Separate resected pieces of brain tis-
sue (shown schematically) were received from the inferior (blue) and superior (pink) temporal lobe. (B) The inferior temporal piece was divided into
four portions: three were formalin-fixed and embedded in paraffin (FFPE, IT-1, -2, -3) and one (IT4) was fresh frozen, as shown in the scheme. VAF%
results obtained via ddPCR for the four portions are shown next to each subresection. (C) The superior temporal piece was divided in two halves: one
half submitted as FFPE (ST1) and one half as fresh frozen (ST2). (D) A NeuN immunostained section at low magnification shows the entire block face
from IT-2 with areas of cortical dysplasia (outlined). (E) Higher magnification of the region indicated by dashed rectangle in D, which shows abnormal
clustering of neurons in two areas of histological dysplasia (arrows) with intervening histologically normal cortex (arrowhead). (F) pS6 immunolabel-
ling of a tissue section adjacent to (E), including dysplastic (G) and non-dysplastic (H) foci. pS6-immunoreactive neurons (arrowheads in F) are present
in the dysplastic focus, whereas only glia cells show immunoreactivity in the non-dysplastic zone (G). (I) A pS6 immunostained section showing the
entire block face from the superior temporal piece (ST1) with the dysplastic focus encircled. The dashed outlines indicate areas that were macrodis-
sected from the block to enrich for histologically dysplastic (d) and non-dysplastic (nd) cortex. Images from the macrodissected regions highlight the
cellular enlargement, disorganization, and strong pS6 immunoreactivity that differentiate the dysplastic (J–L) and non-dysplastic (M–O) cortex. Scale
bars = 1 mm in D and H; 300 lm in E and F; and 100 lm in G, H and J–O.

F. Pirozzi et al.934 | BRAIN 2022: 145; 925–938



Discussion
In this study, we performed ultra-sensitive targeted molecular
profiling to delineate the molecular spectrum of FMCD phenotypes
caused by common or hotspot PI3K-AKT-MTOR pathway muta-
tions with analysis of complementary clinical, neuroimaging and
histopathology data. As recently reported by us and other groups,
we identified a key trend for an association between FCD and
MTOR mutations, and between HMEG-MEG and PIK3CA muta-
tions.1,4,14,15,27,41 Furthermore, we confirmed the association be-
tween VAF% and phenotype, with FCD brain lesions having on
average lower VAF% than HMEG/DMEG.27,41 These finding support
the hypothesis that the time window during which these muta-
tions occur in the developing human brain might have a larger im-
pact than the type of variant itself, with HMEG-associated genetic
variants potentially arising earlier in foetal development and thus
involving a larger fraction of the developing brain than FCD-associ-
ated variants.41 Within the FCD cohort, the two MTOR hotspot
mutations were present in five individuals (four with p.S2215F and
one with p.S2215Y). In contrast, five individuals from our HMEG-
MEG cohort had the PIK3CA p.E545K hotspot mutation, and one
had PIK3CA p.E542K. The AKT3 p.E17K mutation was detected in
both HMEG-DMEG and FCD cohorts (2/9 HMEG-MEG; 2/8 FCD).
Notably, we found differences in the molecular diagnostic yield be-
tween FCD subtypes, with only 1/10 individuals with FCD 1 posi-
tive for one of the hotspot mutations (10% of FCD 1 cohort, 33% of
FCD 1b cohort); while 41.66% of the FCD 2 cohort had one of the
hotspot mutations (10/24 cases), including specifically 42.10% of
FCD 2a (8/19 individuals) and 50% of the FCD 2b (2/4). However, it is
important to note that FCD 2a is the most common form of FCD
overall and was present at a higher frequency in our cohort (19 of
the 40 individuals diagnosed with FCD by neuropathology, Fig. 3B).
These differences suggest that FCD type 1 is probably more causal-
ly heterogeneous and may result from other genetic factors,
including other PI3K-AKT-MTOR pathway mutations that could be
peri-lesional (or at the periphery of the lesion) or non-genetic fac-
tors such as hypoxic-ischaemic insults.3,27,42 Our study further
supports the evidence that the highly recurrent AKT3 E17K variant
is causal of HMEG and FCD, with three mutation-positive children
in this series (LR11-443, LR13-351, LR16-313) who all had FCD2a
histopathology. Unfortunately, neuropathologic evaluation of the
fourth individual with the AKT3 variant (LR12-317) was not
available.

We further aimed to address the key question of whether there
is a relationship between mutation burden in the brain and sever-
ity of the cortical dysplasia, as several reports have suggested no
direct correlation between levels of mosaicism (or VAF%) and
phenotype severity.3,27,43 We therefore assessed whether there are
any correlations between age of onset of epilepsy and the VAF%,
with the hypothesis that children with a higher mutation burden
have earlier seizure onset, as a higher VAF might indicate an ear-

the developing brain with more severe functional dysregulation of
neural networks, as recently published by other groups.27 In our
cohort, all children with an average VAF45% had very early-onset
epilepsy (between days of life 0 and 30), whereas children with
VAFs 51% had a later age of onset of epilepsy (between 3 and
6 years of age). These data support the finding that these oncogen-
ic PI3K-AKT-MTOR pathway mutations are strong drivers of epi-
lepsy in children and might have direct correlations with the
underlying mechanisms, with probable independent effects from
neuroimaging or histopathology, supporting similar observations
in animal models.44

A similar genotype–phenotype correlation in PIK3CA-related
vascular abnormalities was recently reported in a cohort of

individuals.22 These findings may have a direct impact on progno-
sis and possibly therapies including future eligibility for treatment
using PI3K-AKT-MTOR pathway inhibitors. However, our data also
demonstrate no correlation between VAF and the severity of the
brain malformation or the structural lesions at the macroscopic
(MRI) or microscopic (histopathology) levels, as the VAF% across
all individuals did not correlate directly with the severity of the
cortical malformation or degree of dysplasia by imaging, confirm-
ing our findings and those of other groups.4,14,15,27,43,45–47 On retro-
spective analysis of brain MR data, we could not identify specific
MRI features that were exclusively present in the mutation-posi-
tive cohort and that would distinguish mutation-positive individu-
als from mutation-negative individuals. When comparing
mutation-positive and -negative subgroups, the number of sam-
ples obtained per individual were higher from mutation-positive
individuals supporting the hypothesis that more extensive surgi-
cal resection have been performed in this cohort (Supplementary
Fig. 4).

In our study, five individuals (LR12-317, LR13-129, LR15-251,
LR16-313 and LR18-024) had a hotspot mutation detected in FFPE
brain samples (Supplementary Table 2). In individual LR18-024, we
were able to directly compare ddPCR results from fresh-frozen and
FFPE samples from the same brain regions obtained during the
same surgical procedure (Fig. 5 and Supplementary Table 6). Not
surprisingly, the VAF% was lower in the FFPE sample than the
fresh-frozen brain sample, possibly due to increased DNA degrad-
ation and lower yield in these samples. However, another explan-
ation for this variance could be an actual difference in the number
of mutant cells in the two samples as they were from slightly dif-
ferent subregions, as discussed previously. When examining
VAF% in the same brain tissue blocks that were characterized
histopathologically, we were able to confirm that the brain region
with normal histoarchitecture (the inferior temporal lobe) was
positive for the PIK3CA p.E454K via ddPCR, while the brain region
with a focus of FCD2a histopathology (superior temporal lobe) was
negative (Fig. 5 and Supplementary Table 6). These observations
further support the notion that levels of mosaicism do not always
correlate with histopathology or, alternatively, that mutations
may have non-cell autonomous consequences in the developing
human brain.

Our study also demonstrated the utility of ultra-sensitive and
highly targeted molecular diagnostic screening by ddPCR for mo-
saic mutations in suspected PI3K-AKT-MTOR related brain malfor-
mations (FCD, HMEG and MEG). Due to the nature of this spectrum
and the implications of establishing a molecular diagnosis for suc-
cessfully treating these disorders, we believe that a first-tier
ddPCR-based molecular screen holds promise for improving the
accuracy and efficiency of detection of mutations. In highly mosaic
disorders such as FCD and HMEG, pathogenic mutations can be
present at extremely low levels, even in severely affected tis-
sues.2,8–12,14,15,21,27,45 For this reason, it is crucial to use a molecular
diagnostic method with sufficient sensitivity to detect low-level
mosaicism, and our study shows that ddPCR provides an optimal
approach for this purpose.21–24 When considering sample avail-
ability and selection, it is imperative to select the relevant tissue to
efficiently identify mutations. Our data clearly shows a relation-
ship between the number and types of sample obtained per indi-
vidual with the molecular solve rate. Our solve rate was enhanced,
in fact, when testing at least one brain tissue sample per individual
(solve rate 26.86 versus 13.33% in non-brain samples), with the
highest yield when individuals had six or more brain specimens
tested (solve rate 75%, Fig. 2). Given that brain samples might not
be available for children who are not eligible for epilepsy surgery,
an alternative tissue source could be saliva-derived DNA, as we
were able to detect hotspots mutations in six out of seven
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individuals on whom we had at least one saliva sample, with only
one positive individual (LR13-389) having a negative result in saliva
(with VAFs of 1.66–6.22% in the brain) (Supplementary Fig. 1A). The
ability to identify mosaic mutations in saliva samples in our cohort
could be explained by the embryonic origin of the cell types that
are usually found in these samples. Saliva specimens are mostly
constituted by water with a small cellular fraction: the latter gen-
erally containing leucocytes and squamous epithelial cells.48

Leucocytes, being of mesodermal origin, are the same cells from
which DNA is derived from peripheral blood samples. On the other
hand, squamous epithelial cells are derived from the ectoderm;
the germlayer that gives rise to the neuroectoderm and subse-
quently to neuronal cells.49,50 Therefore, we hypothesize that the
ability to detect FMCD-associated mosaic variants in saliva sam-
ples depends on its content of squamous epithelial cells, with a
higher yield than peripheral blood due to the shared embryonic
origin with neuronal cells. Furthermore, we were able to detect a
variant in one skin sample out of three (AKT3 p.E17K, LR14-155),
adding to the evidence that tissues that share their embryonic ori-
gin (i.e. ectoderm) should be prioritized for molecular diagnostics.
As expected, we were not able to detect mutations in peripheral
blood, although these samples were a minority in our cohort
(n = 5), These findings have important implications for sample val-
idation in clinical laboratories offering diagnostic testing for these
and other related developmental brain disorders.

We molecularly solved 29.31% of individuals in this series.
Importantly, we were able to solve 9 of 11 individuals with HMEG-
DMEG (81.81%) and 10 of 24 individuals with FCD type 2a, high-
lighting the contribution of PIK3CA and AKT3 hotspot mutations in
HMEG-DMEG and MTOR mutations in FCD2a. Overall, these data
support that screening these common mutations in lesional brain
tissues comprises an efficient first-tier molecular diagnostic ap-
proach in affected children. The additional advantage of using a
ddPCR-based approach is the minimal DNA input requirement.
Our assay used only used 8 ng of genomic DNA per well, with four
replicate wells per hotspot. This amount of DNA is generally avail-
able from most clinically obtained samples. This specific advan-
tage with ddPCR compared to other deep sequencing methods
such as smMIPs, exome and genome sequencing, which have a
much higher genomic input requirement with lower sensitivity for
mosaicism detection makes ddPCR optimal for use as a molecular
diagnostic tool in this spectrum. Our results also show that ddPCR
has deeper coverage when compared to these other methods and
can discriminate type 1 and type 2 errors (false positives and nega-
tives, respectively), demonstrating higher specificity and sensitiv-
ity. Last, ddPCR is optimal for low-quality or degraded DNA, such
as FFPE samples (e.g. archival surgical tissues)16 and samples con-
taining traces of substances known to inhibit regular PCR
reactions.51

While ddPCR provides targeted and ultra-high depth coverage,
it is notably a low-throughput method with probes designed to de-
tect specific mutational sites. It is therefore probably an inefficient
molecular diagnostic tool in disorders with a very wide mutational
spectrum. We acknowledge that the molecular spectrum of FCD,
HMEG and MEG is constantly expanding, and while most genetic
variants are mosaic, a fraction of individuals has germline or con-
stitutional variants in other genes such as DEPDC5 or SLC35A2,
among others.27,52,53

In conclusion, our study combining deep molecular profiling of
the most common oncogenic PI3K-AKT-MTOR pathway mutations
in FMCD with detailed analysis of clinical, neuroimaging and
histopathology features shows several key and novel findings
including (i) confirmation of an association between PIK3CA muta-
tions and HMEG-MEG and MTOR mutations and FCD; (ii) a strong
correlation between the age of onset of epilepsy in FCD and HMEG-

MEG with mutational burden (mosaicism level); and (iii) weak or
no correlation between levels of mosaicism of mutations and
histopathological abnormalities. Last, our study supports the util-
ity of ddPCR in a clinical setting for targeted testing of this under-
characterized spectrum to efficiently detect low-level mutations,
allowing early molecular diagnosis and facilitating molecularly
targeted therapies (i.e. PI3K-AKT-MTOR pathway inhibitors).
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