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Background and Objective: Epilepsy affects approximately 50 million people worldwide, with 30-40%
of patients not responding to medication, necessitating alternative therapies such as surgical intervention.
However, the accurate localization of epileptogenic lesions, particularly in pediatric magnetic resonance
imaging (MRI)-negative drug-resistant epilepsy, remains a challenge. This paper reviews advanced
neuroimaging techniques aimed at improving the detection of such lesions to enhance surgical outcomes.
Methods: A comprehensive literature search was conducted using PubMed, focusing on advanced MRI
sequences, focal epilepsy, and the integration of artificial intelligence (Al) in the diagnostic process.

Key Content and Findings: New MRI sequences, including magnetization prepared 2 rapid gradient
echo (MP2RAGE), edge-enhancing gradient echo (EDGE), and fluid and white matter suppression
(FLAWY), have demonstrated enhanced capabilities in detecting subtle epileptogenic lesions. Quantitative
MRI techniques, notably magnetic resonance fingerprinting (MRF), alongside innovative post-processing
methods, are emphasized for their effectiveness in delineating cortical malformations, whether used alone
or in combination with ultra-high field MRI systems. Furthermore, the integration of Al in radiology is
progressing, providing significant support in accurately localizing lesions, and potentially optimizing pre-
surgical planning.

Conclusions: While advanced neuroimaging and Al offer significant improvements in the diagnostic
process for epilepsy, some challenges remain. These include long acquisition times, the need for extensive
data analysis, and a lack of large, standardized datasets for Al validation. However, the future holds promise
as research continues to integrate these technologies into clinical practice. These efforts will improve the
clinical applicability and effectiveness of these advanced techniques in epilepsy management, paving the way

for more accurate diagnoses and better patient outcomes.
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Introduction
Background

Epilepsy is one of the most prevalent neurological disorders
worldwide, affecting approximately 50 million people (1).
Epilepsy affects 0.5% to 1% of children and its prevalence
increases with age, with peaks at 5-9 years (2,3). It is
characterised by recurrent unprovoked seizures, originating
from an abnormal epileptic network in the brain which can
be observed with electroencephalographic (EEG) changes.
Approximately 30-40% of patients with epilepsy do not
achieve seizure freedom with anti-seizure medication (4),
necessitating alternative therapeutic options such as surgical
resection of the epileptogenic zone. Surgical intervention
in paediatric patients has been shown to increase the rate of
seizure freedom and improve quality of life (5).

The success of surgical procedures presupposes
the presence of a lesion identifiable on imaging. The
identification of epileptogenic lesions presents a significant
challenge, notably in cases classified as “magnetic resonance
imaging (MRI)-negative drug resistant epilepsy (DRE)”
or “non-lesional MRI” (6). This terminology can be
misleading as it includes patients without visible MRI lesions
(true negative) and those with subtle lesions that have a
histopathological basis but are not detected through MRI
(false negative). An international survey (7) revealed that
MRI shows a definite lesion in 77% of patients, a subtle
or suspected lesion in 6%, and no lesion in 17% of cases.
Additionally, a systematic review and meta-analysis (8)
reported that the overall prevalence of patients with non-
lesional (NL) epilepsy in all surgical studies was 26%. The
occurrence of false-positive and false-negative MRIs poses a
risk of misdirecting clinical decision-making, such as surgical
candidacy, the need for invasive procedures like stereo-
EEG (SEEG), and “pseudo-resistance phenomena” due to
misdiagnosis. The unique challenges in the diagnosis of
subtle epileptogenic foci are further amplified by the ongoing
process of myelination during the first years of life (9-11).

Malformations of cortical development (MCDs)
represent a spectrum of common epileptogenic lesions in the
paediatric population (12). Focal cortical dysplasia (FCD),
the most common subtype (13), can be challenging to detect,
and it may require a multidisciplinary/multi-technique
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approach: video-EEG, MRI with dedicated epilepsy
protocols, positron emission tomography (PET) scans, and
sEEG alongside a detailed integration of clinical insights is
pivotal for precise localization of the lesion (14-16).

Although our review focuses on focal epilepsies, it is
important to recognize that some epilepsies are not caused
by a focal lesion, such as certain genetic syndromes. These
can be associated with anatomical abnormalities visible
on standard MRI or network anomalies that may not be
detectable with current imaging techniques. Epilepsy is
considered a network disorder, and imaging techniques
are just one of the tools useful for medical management,
presurgical planning, and post-surgical monitoring (17).
Even without visible lesions, surgery can be supportive:
disconnective surgery, such as posterior quadrant
disconnection using a temporo-occipital-parietal approach,
hemispherotomy, and corpus callosotomy, can help reduce
the spread of abnormal electrical discharges and thus
mitigate the effects of seizures. Other techniques include
palliative approaches, such as vagus nerve stimulation and
deep brain stimulation (18).

An expert consensus (19) evaluated several diagnostic
tests across various centres, categorising them into
universally employed tests (scalp-EEG, MRI), ancillary
tests such as 3D EEG or magnetoencephalography (MEG)
source imaging, fluorodeoxyglucose-PET (FDG-PET), ictal
single-photon emission computed tomography (SPECT),
electrocorticography (ECoQG), and extra-operative invasive
EEG monitoring (IEM). Additionally, there are tests with
potential utility but limited data or general use experience
in paediatrics, including magnetic resonance spectroscopy
(MRS), EEG-triggered functional MRI (fMRI), MRI post-
processing techniques, newer PET ligands, diffusion-
weighted imaging (DWI) with tractography, transcranial
magnetic stimulation, and intraoperative ultrasound.
The authors conclude that standardizing the presurgical
evaluation in children is necessary to avoid practices that
increase costs and risks without documented benefit.

All these tools are essential for the accurate and effective
management of patients with epilepsy. A thorough
understanding of the various MRI techniques can aid
paediatricians and other specialists in the multidisciplinary
approach, which is crucial.
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Iltems Specification

Date of search
Database PubMed

Search terms used Focal epilepsy

From 1 January 2024 to 31 January 2024

MRI OR magnetic resonance images

Al OR artificial intelligence

Timeframe No limits

Inclusion and exclusion criteria Inclusion criteria:

e Studies including patients with patients aged 16 years or younger

e Studies focused on focal epilepsy

e Studies using MRI sequences

e Studies published in the English language

Exclusion criteria:

e Studies not including patients who are 16 years old or younger

e Studies using nuclear medicine imaging

e Studies investigating genetic cause of epilepsy

Selection process

L.V.P. and F.D.A. jointly selected the papers for the literature review. L.V.P. conducted the

analysis of the selected papers, while F.D.A. provided supervision throughout the process

MRI, magnetic resonance imaging.

Rational and knowledge gap

There is a focus on developing more advanced MRI sequences,
post-processing methods and other imaging techniques to
increase the diagnostic yield in patients with MRI-negative
DRE. In 2019, the International League Against Epilepsy
(ILAE) proposed the Harmonised Neuroimaging of Epilepsy
Structural Sequences (HARNESS) protocol, to improve
the detection of epileptogenic lesions (14). The protocol
consists of high-resolution 3D T1-weighted and fluid-
attenuated inversion recovery sequences, the most used being
magnetization-prepared rapid gradient echo (MPRAGE)
and fluid attenuated inversion recovery (FLAIR), and a
high in-plane resolution 2D coronal T2-weighted sequence
perpendicular to the hippocampal long axis. The protocol
has been proven to be both superior in detection of lesions
and cost-effectiveness, although prospective studies on larger
cohorts of patients are still needed (15,16).

Objective

The aim of this paper is to provide a narrative review
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for paediatricians/neuropaediatricians, neurologists and
neurosurgeons, on advanced diagnostic techniques for the
identification of focal epileptogenic lesions. We present this
article in accordance with the Narrative Review reporting
checklist (available at https://tp.amegroups.com/article/
view/10.21037/tp-24-166/rc).

Methods
Search strategy

The search strategy was conducted from 01 January 2024 to
31 January 2024, and it was focused on identifying relevant
literature in the field of paediatric epilepsy, with a specific
emphasis on advanced MRI sequences and post-processing
techniques, focal epilepsy, and the application of artificial
intelligence (Al) in diagnostic processes (see Table I).

Databases and keywords

The primary database utilised for the search was PubMed.
The following search string was used: Focal epilepsy AND
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(MRI OR Magnetic Resonance Images) AND (AI OR
Artificial intelligence).

We excluded the literature on nuclear medicine
techniques, which was outside the scope of this review,
despite their recognized diagnostic and cost-effectiveness
value in epilepsy management (13,17).

Discussion

In addition to conventional MRI sequences, such as 3D
T2-weighted images, FLAIR and MPRAGE, several other
sequences have been utilised to improve the detection
of focal epileptogenic lesions and/or for pre-surgical
evaluation.

For ease of reference and to enhance the clarity of the
discussion, the technical aspects of each imaging technique
have been summarized in a comprehensive table (Table 2).

MRI sequences

DWI highlights variations in the mobility of water protons
within biological tissues. In these images, structures with
“normal” diffusion appear darker due to the attenuation
of the MRI signal, while areas with restricted diffusion,
such as those affected by ischemia, appear brighter. This
contrast helps in identifying regions with altered water
molecule mobility. Together with diffusion tensor imaging
(DTI) and their reconstructed parameters such as apparent
diffusion coefficient (ADC), fractional anisotropy (FA), fibre
tractography (FT) and recent advanced techniques such
as diffusion kurtosis imaging (DKI), neurite orientation
dispersion and density imaging (NODDI) and diffusion
spectrum imaging (DSI), they have been studied for the
identification of the epileptogenic lesion, aetiology, and
preoperative evaluation. DWI and its reconstructed maps
can be used to better characterise the nature of the lesion (for
instance aggressive paediatric tumours will show diffusion
restriction as opposed to FCD or low-grade epileptogenic
tumours) while DTT is used for the evaluation of the white
matter (WM) networks (motor function, visual field, and
language) before and after surgery (20). DTT may also
serve as a non-invasive biomarker for characterising FCD
lesions (21). Tractography can be useful for characterising
WM tract organisation in polymicrogyria (PMQG)
and lissencephaly, demonstrating that brain structural
abnormalities in MCD extend beyond grey matter (GM)
involvement (22).

DKI, unlike standard DTI which assumes water
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diffusion is uniform (Gaussian), accounts for the non-
Gaussian diffusion often found in complex tissues (23).
NODDI offers enhanced precision in brain analysis by
focusing on the density and orientation of neurites (24).
DTT and NODDI have been used to identify hippocampal
microstructural abnormalities predictive of mesial temporal
sclerosis (MTS) and to help enhance the characterization of
FCD lesions, specifically FCD type Ila and type IIb (25-27).
Nevertheless, while these techniques show promise, they
have not yet been adopted into clinical practice. Challenges
persist regarding their reproducibility, and prospective
studies directly comparing these methods against expert
clinical radiological evaluations are yet to be conducted.

Double inversion recovery (DIR) is an MRI pulse
sequence that suppresses signals from both WM and
cerebrospinal fluid (CSF). DIR is particularly sensitive
to lesions with low T2 contrast, making it a valuable tool
in neuroimaging, especially in the context of epilepsy.
It has shown sensitivity between 50% and 88% and
specificity between 67% and 91% in detecting FCDs (28).
A quantitative analysis revealed a higher signal increase
compared to FLAIR in temporal lobe epilepsy (TLE),
suggesting DIR may be more sensitive for detecting WM
changes such as anterior temporal lobe WM abnormal
signal (29). DIR has also been coupled with machine-
learning algorithms for its utility in accurately lateralizing
and classifying MRI negative TLE (30). DIR also provides
high contrast between lesions (e.g., tumours) and adjacent
normal-appearing cortex, thus aiding in the delineation of
the extent of abnormal tissue prior to surgery 31).

MP2RAGE (Figures 1,2), a magnetization prepared 2
rapid gradient echo sequence, is a modified MPRAGE
sequence (32). It is particularly suited for 3 Tesla (T) or
higher field scanners and it has been favourably compared
to MPRAGE for its improved detection of FCD (33,34).
Notably, a recent study proposed an automated MRI post-
processing and presentation of co-registered output maps
which allowed for a rapid (“within a minute”) identification
of FCDs (35).

The 3D edge-enhancing gradient echo (EDGE)
technique is an adaptation of the MPRAGE or MP2RAGE
sequences, presenting an evident signal void at the healthy
GM/WM tissue boundary. It achieves a significantly higher
contrast ratio for the subcortical region and the ‘transmantle
sign’ (typical area of abnormal neurons between the
dysplastic cortex and the ventricle), cited at 95-98%,
compared to 17% for MP2RAGE, 19% for FLAIR, and
38% for DIR (36). The use of the EDGE sequence in
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Table 2 Summary of the imaging techniques discussed in this article, their characteristics, and the minimum age of the patients in the referenced

studies
Imaging L L - N Patients’ age
) Principle Usefulness Limitations Clinical applicability
technique (youngest)
DWI Measures diffusion of water Can help differentiate Susceptible to motion Primarily used for Not reported
molecules aggressive tumours artefacts, low spatial detecting acute stroke
(increased diffusion resolution
restriction) from low-
grade and MCD
DTI Measures directional Detailed visualisation Possible incorrect Evaluation of the white Less than
diffusion of water molecules of white matter tracts,  representation of neural matter networks before 1 year old
additional information paths in regions with and after surgery
on the microstructures  dense fibre populations;
of the brain cannot distinguish
afferent from efferent
projections
DKI Measures non-uniform (non- More accurate model Relatively long- Detecting subtle 5 years old
Gaussian) diffusion of water of diffusion and time acquisition, microstructural
molecules in complex tissue improved white matter  reproducibility abnormalities, such as in
characterization mesial temporal sclerosis
NODDI Measures the orientation Contribution of tissue Requires advanced Better understanding 6 years old
and density of neurites components individually processing techniques, of neural architecture in
(intraneurite water, longer acquisition times  epilepsy
extraneurite water and
cerebrospinal fluid)
DIR Uses dual inversion pulses  Improved grey matter Prolonged imaging Visualising cortical 2 years old
to null signals from CSF and lesion detection, times, sequence-specific lesions and grey matter
white matter enhances visibility of artefacts abnormalities
cortical structures
MP2RAGE = Combines two gradient Higher resolution More suited for 3 T or Useful in detecting 7 years old
echoes to obtaina T1- higher field scanners subtle brain lesions and
weighted imaging with anatomical details
reduced bias
EDGE Adaptation of MPRAGE/ Higher contrast ratio for Susceptible to artefacts, Enhancing visibility 14 years old
MP2RAGE the subcortical regions  requires precise of lesion margins and
parameter settings anatomical structures in
epilepsy
FLAWS Similar to DIR, uses two Better grey matter Long acquisition time Improving contrast 8 years old
inversion times of MP2RAGE visualisation at high in cortical regions for
to suppress CSF and white  magnetic field cortical/subcortical
matter lesions
ASL Uses magnetically labelled  Non-invasive Sensitive to delayed Assessing cerebral Less than
arterial blood as an measurement of blood flow, age-related  perfusion and identifying 1 year old

endogenous tracer

cerebral blood flow, no
radiation exposures

CBF changes

perfusion abnormalities

Table 2 (continued)

© AME Publishing Company.

Transl Pediatr 2024;13(9):1617-1633 | https://dx.doi.org/10.21037/tp-24-166



1622

Table 2 (continued)
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Imaglr\g Principle Usefulness Limitations Clinical applicability Patients’ age
technique (youngest)
QSM Measures magnetic Quantifies Susceptible to Identification of 2 years old
susceptibility to quantify concentrations of artefacts from air- epileptogenic tubers in
tissue properties iron, calcium, and tissue interfaces, TSC; offers a valuable
other substances; requires complex post-  tool for the detailed
improves detection processing assessment of mineral
of microbleeds and deposits and tissue
calcifications composition
MRS Measures the concentration Provides metabolic Lower spatial Detecting and Less than
of metabolites in tissues information, can resolution compared characterising metabolic 1 year old
detect abnormalities to structural MRI, changes in epilepsy,
in neuronal health, susceptible to motion characterising tumours
energy metabolism, and artefacts, complex data
membrane turnover interpretation
MRF Generate quantitative tissue High reproducibility, Requires advanced Quantitative assessment 6 years old
properties more objective softwares, long and comparison of tissue
evaluation of different acquisition time properties
tissues
MTI Measures the exchange of ~ Enhances contrast Sensitive to Primarily utilised in Less than
magnetization between free  between normal and radiofrequency field multiple sclerosis, it 1 year old
water and macromolecular-  pathological tissues, inhomogeneities, longer has also shown good
bound water useful in detecting scan times sensitivity in identifying
demyelination MCD
VBM, Statistical analysis of Identifies brain volume  Requires large sample Detecting and quantifying 6 years old
including differences in brain changes sizes for statistical grey matter atrophy, useful
MAP anatomy using voxel-wise power, sensitive to in epilepsy research and
comparison preprocessing steps diagnosis
SBM Analyses cortical thickness, Detailed analysis of Requires high-quality Primarily used in studying 1 year old
surface area, and volume cortical morphology, images, sensitive to disorders like autism
sensitive to subtle preprocessing steps and schizophrenia, its
changes in cortical application in epilepsy
structure research is relatively
limited
fMRI Measures brain activity by Maps brain function, Susceptible to motion Assessing brain functions, 6 years old
detecting changes in blood identifies active brain artifacts and patient identifying seizure focus,
flow (BOLD) regions during tasks compliance presurgical mapping in
epilepsy patients
Al Uses machine learning Enhance diagnostic Dependence on large Automated detection of 3 years old

algorithms to analyse
imaging data

accuracy, improve
efficiency, reduce
workload

datasets, need rigorous
validation

abnormalities, surgical
outcome prediction,
improving diagnostic
accuracy in epilepsy

DWI, diffusion-weighted imaging; DTI, diffusion tensor imaging; DKI, diffusion kurtosis imaging; NODDI, neurite orientation dispersion
and density imaging; DIR, double inversion recovery; MP2RAGE, magnetization prepared 2 rapid gradient echo; EDGE, edge-enhancing
gradient echo; FLAWS, fluid and white matter suppression; ASL, arterial spin labeling; QSM, quantitative susceptibility mapping; MRS,
magnetic resonance spectroscopy; MRF, magnetic resonance fingerprinting; MTI, magnetization transfer imaging; VBM, voxel-based
morphometry; MAP, morphometric analysis program; SBM, surface-based morphometry; fMRI, functional magnetic resonance imaging;
Al, artificial intelligence; CSF, cerebrospinal fluid; BOLD, blood oxygenation-level dependent; MCD, malformations of cortical development;
CBF, cerebral blood flow.
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Figure 1 Comparative MRI sequences of MPRAGE (left) versus MP2RAGE (right) in an 8-year-old patient, highlighting a small left frontal
FCD (arrows) with notably improved contrast on the MP2RAGE image. The focal cortical dysplasia shows increased cortical thickness and
blurring at the grey-white matter junction. MRI, magnetic resonance imaging; MPRAGE, magnetization-prepared rapid gradient echo;

MP2RAGE, magnetization prepared 2 rapid gradient echo; FCD, focal cortical dysplasia.

Figure 2 MP2RAGE post-processing techniques—edge enhanced (left) and edge only (right)—reveal marked contrast differentiation
between grey and white matter regions. Arrows highlight the FCD (same patient as Figure 1). MP2RAGE, magnetization prepared 2 rapid
gradient echo; FCD, focal cortical dysplasia.
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Figure 3 Left FCD (blue arrow) depicted on FLAIR (left) and ASL (right) which shows a reduction in cerebral blood flow (orange arrow)

compared to the surrounding cortex (same patient as Figures 1,2). FCD, focal cortical dysplasia; FLAIR, fluid attenuated inversion recovery;

ASL, arterial spin labeling.

clinical settings is on the rise (37), with emerging research
focused on exploring its feasibility for use with 7-T MRI
systems (38).

The fluid and white matter suppression (FLAWS)
technique adapts the two inversion times of MP2RAGE to
null WM and CSEF, respectively, subsequently combining
them to emphasise GM. While similar to DIR, FLAWS
differs by generating a synthetic image (and, therefore,
contrasts) from the acquired images, potentially offering
enhanced lesion differentiation. A notable consideration,
however, is the acquisition time (ca. 11 minutes) (39).
Urushibata et al. (40) showed that FLAWS can provide
more homogenous WM signal suppression and better
GM visualisation at high magnetic field strengths such
as 7 T, demonstrating a better and more uniform WM
suppression and a more homogeneous GM delineation
compared to DIR. Sun ez 4/. (41) emphasises the promising
value of FLAWS in identifying subtle epileptogenic lesions
in cases of “MRI-negative” epilepsy, making it a valuable
complementary tool to existing morphometric analysis
programs (MAP).

Arterial spin labelling (ASL) is a non-invasive MRI
sequence measuring cerebral blood flow (CBF), utilising
magnetically labelled inflowing blood (Figure 3). It has
emerged as a useful tool in the field of neuroimaging,

© AME Publishing Company.

particularly for assessing cerebral perfusion alterations
associated with various neurological disorders, including
epilepsy (42). ASL can be useful in identifying the
epileptogenic focus, both during peri- and interictal periods.
Several studies (43-45) have demonstrated the utility of
ASL in localising seizures and for presurgical evaluation in
NL epilepsy. Additionally, Kojan ez a/. showed its potential
to provide similar predictive power to FDG-PET, with
the added advantages of no radiation exposure, greater
accessibility, and being less expensive (43). ASL is useful
in detecting interictal CBF abnormalities in children with
FCD, as illustrated by the work of Blauwblomme ez a/. (46).
Tortora et al. (47) reported that quantitative analyses of
ASL maps increase the detection rate of epileptogenic
zones in MRI-negative patients compared to a standard
qualitative method. Rutten ez 4/. (48) utilised ASL to study
the correlation between perfusion of tubers and associated
EEG slow waves in children with tuberous sclerosis
complex (T'SC). Their findings demonstrated that perfusion
was reduced in tubers associated with EEG slow waves
compared to other tubers. Gennari et 4/. (49) confirmed
that most FCD induce perfusion changes detectable with
ASL imaging. They observed that hyperperfused FCDs are
associated with a higher spike rate on EEG, indicating a
greater degree of epileptogenicity.
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The application of ASL in children comes with
challenges, including the lack of standardised methods
for acquiring and processing images that can lead to
inconsistencies in study results and interpretations. Age-
related changes in CBF add complexity to the use of ASL.
CBF is initially low in newborns, increases rapidly in the
first 6 months of life, and then grows more slowly, peaking
between ages 5 and 10 years. The use of sedatives like
propofol further complicates CBF measurement, as propofol
can indirectly lower CBF by reducing the brain’s oxygen
metabolic rate and might directly inhibit vasodilation by
affecting vascular nitric oxide signalling. These factors,
combined with intrinsic limitations such as the technique’s
sensitivity to delayed blood flow, pose significant challenges
(50,51). New techniques are being explored, such as multi-
delay ASL, which acquires data at multiple time points after
the labeling pulse. This method improves the accuracy of
CBF measurements by accounting for variations in arterial
transit times (52).

In contrast to conventional qualitative MRI sequences
that generate ‘weighted images’, quantitative MRI adopts a
more analytical approach. It quantifies specific parameters
within tissues, providing valuable numerical data that can
be used for a more objective evaluation and comparison of
tissue properties (53). Several quantitative MRI techniques
have been proposed (54), including T1 and T2 relaxation
time mapping, the previously mentioned DTT and ASL,
quantitative susceptibility mapping (QSM) (55) and MRS.

Quantitative MRI has been utilised to assess changes in
cortical architecture in children with heterogeneous drug-
resistant focal epilepsy and to investigate whether these
changes correlate with disease severity. The study suggests
the presence of a potential imaging endophenotype of focal
epilepsy that can be detected regardless of radiologically
identified abnormalities (56).

QSM is an advanced MRI technique evolving from
susceptibility-weighted imaging (SWI). QSM encompasses
a set of experimental methods that allow for the precise
quantification of absolute concentrations of iron, calcium,
and other substances within tissues, based on variations in
local magnetic susceptibility. This technique shows potential
in identifying epileptogenic tubers in TSC, offering a
valuable tool for the detailed assessment of mineral deposits
and tissue composition in this condition (57).

MRS is a non-invasive imaging technique that allows the
measurement of biochemical metabolites within tissues. Key
metabolites that can be measured using MRS include:

% N-acetyl aspartate (NAA): often considered a
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marker of neuronal health and density.

< Choline (Cho): linked to cell membrane turnover
and often elevated in tumors and demyelination.

% Creatine (Cr): reflects cellular energy metabolism.

s Lactate: indicates anaerobic metabolism, often
found in conditions of hypoxia or mitochondrial
dysfunction.

% Myo-Inositol: associated with glial cell activity and
osmotic balance.

%  Glutamate and glutamine (Glx): involved in
neurotransmission and can be altered in various
neurological conditions.

The MRS spectra represent the different frequencies at
which these metabolites resonate, producing a graph with
peaks corresponding to each metabolite’s concentration.
These spectra can aid in differentiating tumors and serve as
biomarkers for patient management (58).

Magnetic resonance fingerprinting (MRF) has emerged
as a reliable quantitative technique due to its simultaneous
measurements of T'1 and T2 relaxometry maps, and its
more robust performance against measurement inaccuracies
in the presence of noise or other acquisition errors (59).
MRF has been applied to a variety of neurological and
non-neurological diseases (60). In the context of FCDs,
numerous studies have investigated the potential of MRF
in detecting these abnormalities (61-64). MRF has not
yet been integrated into standard clinical practice, and
its relatively lengthy acquisition time, approximately
13.5 minutes (59), should be taken into consideration.

Magnetization transfer imaging (MTI) is another
technique that measures the exchange of magnetization
between free protons in water and protons bound to
macromolecules like myelin or membrane lipids. Primarily
utilised in multiple sclerosis, MTI has also shown good
sensitivity in identifying MCD and acquired cerebral
lesions (65). Magnetization transfer T1-weighted imaging
can be superior to FLAIR imaging for detecting subtle
tubers in TSC (66).

Ultra-high field (UHF) MRI, defined as magnetic
fields of 7 T or higher, is increasingly being integrated
into clinical practice, offering significant enhancements
in both signal-to-noise ratio (SNR) and contrast-to-noise
ratio (CNR). The increase in SNR with magnetic field
strength is noteworthy, with improvements observed across
the entire cerebrum: a factor of 3.10£0.20 increase from
3 to 7 T, and a further increase by a factor of 1.76£0.13
from 7 to 9.4 T (67). Furthermore, the CNR was found to
be increased by up to 142%, highlighting the substantial
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benefits of UHF MRI in providing more detailed and
accurate imaging (68). These enhancements are critical
for improving the visualisation of cortical malformations.
Specifically, sequences based on T1-weighted images, like
EDGE and MP2RAGE, are optimally suitable for 7-T
MRI, providing exceptional detail and clarity in imaging,
allowing for better characterization of findings compared to
3T (69). A 3-T MRI report described “cortical thickness”,
whereas a 7-T MRI was able to identify this as PMG and
reveal areas of PMG not clearly visible with fields less than
7 T (70). Zucca et al. (71) studied correlations between
ex vivo high-resolution imaging and specific histological
and ultrastructural patterns in type II FCD to explain the
differences in MRI detection of dysplasia and to contribute
to the presurgical imaging evaluation of this pathology.
The increased use and availability of UHF MRI has led
to the development of various protocols, such as the 7-T
Epilepsy Task Force’s consensus protocol (72). Additionally,
an emerging protocol, referenced as EpiUltraStudy (73),
proposes further applications and methodologies utilising
7-T capabilities. UHF MRI is also advantageous for post-
processing such as MAP, substantially enhancing the
detection rate of FCD (74).

A meta-analysis highlighting the comparison between
7- and 3-T MRI demonstrates the superior ability of 7-T
MRI to detect morphological abnormalities, indicating its
enhanced diagnostic capabilities. However, as reported,
the validity of these findings is limited by the small patient
cohorts and lack of standardised evaluation metrics in the
existing literature, which necessitates further validation
through larger, prospective studies (75). While 7-T MRI
has begun clinical application, the use of 9.4-T MRI
remains primarily experimental, focusing on advancing
imaging resolution and diagnostic accuracy in research
settings (76-78).

The transition to UHF MRI is not without its hurdles.
The exquisite sensitivity of certain sequences to optimal
inversion times and the extreme nonuniformities in the
transmit field (B1+) at 7 T make achieving consistent, high-
quality imaging across different patients challenging (79).
Future research should also clarify whether these imaging
advancements at 7 T translate into better surgical outcomes
and seizure management postoperatively (79).

Post-processing techniques

Voxel-based morphometry (VBM) was introduced at the
end of the 1990s (80) and one of the earliest applications in

© AME Publishing Company.
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epilepsy was for TLE in 2002 (81). Different software has
been developed for VBM processing, the most common
being the statistical parametric mapping (SPM) software
and the FMRIB software library (FSL). VBM have been
applied firstly and commonly to T1-weighted sequences,
later have been also applied to T2-weighted, FLAIR and
DIR (82). VBM has been used for the automatic detection
of known epileptogenic lesions and in cryptogenic epilepsy,
especially in the pre-surgical evaluation (83). Additionally,
VBM has been applied in the classification of paediatric
TLE with hippocampal sclerosis (84).

One of the most used VBM techniques is MAP (85),
which consists of a comparison of the anatomy of the
patient’s brain versus a standardised brain derived from
healthy controls by analysing differences voxel-to-voxel.
At the end of the post-processing, three z-score maps
are obtained: extension, junction and thickness which
correspond to three of the most typical radiological findings
of FCD, such as abnormal sulcal or gyral pattern, blurring
of the GM-WM, and abnormal cortical thickness. MAP
is intended as a guide in the evaluation of an apparently
normal MRI and as a quantitative tool for a more confident
diagnosis. In a study investigating its utility in a clinical
setting, MAP showed a sensitivity of 0.57, specificity of 0.8,
a positive predictive value (PPV) of 0.91, and a negative
predictive value (NPV) of 0.35 (86). The authors suggest
that the main usefulness of a MAP analysis was to better
define the potential epileptogenic zone to guide sEEG
implantation to reduce the number of electrodes necessary
or even to perform sEEG at all. The main limitations
were the lack of established statistical thresholds (z-score
maps are evaluated visually) and the added work time (at
least 1 hour) for the post-processing and evaluation. Other
studies confirmed the usefulness of MAP in focal DRE
patients (87,88). Another limitation for its utility in pre-
surgical evaluation is that the majority of VBM studies are
retrospective and often based on selected cohorts. Thus,
false positives remain a very relevant, unsolved issue that
all users of post-processing techniques need to be aware
of. It requires expertise in interpreting the results and
multidisciplinary consensus to reduce the frequency of
false-positive and false-negative findings which inevitably
occur (82).

Surface-based morphometry (SBM) employs methods
similar to VBM, with the primary aim to identify brain
lesions within the intricate gyrification that might be
missed by VBM. Although SBM (often implemented
using FreeSurfer) is a popular tool in studying disorders
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An overt verb generation task led to bilateral inferior frontal
(opercular) activation, predominantly on the left side (arrow)

-

Left hemisphere Right hemisphere

0 -
S el

Figure 4 Language functional magnetic resonance imaging (fMRI) demonstrating bilateral frontal activation observed in a 10-year-old

patient with prominent left-sided polymicrogyria (blue short arrows) during active verb generation tasks.

like autism and schizophrenia, its application in epilepsy
research is relatively limited. Researchers like Blackmon
et al. (89) have investigated the correlation between cortical
boundary blurring and cognitive function in FCD patients.
The integration of SBM with machine learning techniques
has seen significant developments. Ganji et /. (90)
implemented an artificial neural networks (ANN) Classifier
on FLAIR sequences, showcasing its diagnostic accuracy
in FCD type II for MRI-positive patients. Similarly,
Ahmed and colleagues (91) developed an approach that
successfully identified FCD in a significant portion (58%)
of MRI-negative patients. These studies, while promising,
acknowledge the limitations of their dataset and highlight
the need for further research with more comprehensive data
to substantiate their findings.

fMRI (Figure 4) is a non-invasive imaging technology
that measures brain activity by detecting changes associated
with blood flow, a technique which is blood oxygenation-
level dependent (BOLD). fMRI has been widely used in
FCD research, serving multiple purposes. Its applications
range from studying functional brain network connectivity
alterations and developing algorithms for seizure onset
localization to exploring the potential ability to predict
the prognosis of surgery (92,93). fMRI can be used in the
paediatric population, but there are challenges in patient
compliance, whether in performing specific tasks or simply
in undergoing the procedure (94). These facets underscore
the need for standardised ethical guidelines in paediatric
applications, nevertheless the use of fMRI is critical
in visualising eloquent areas of the brain (for instance,
language lateralisation) in pre-operative planning.

© AME Publishing Company.

Al

The integration of Al into radiology has led to the
development of predictive models that aim to enhance
diagnostic accuracy, improve efficiency, and reduce
workload for radiologists (95).

As reported in literature (96), several techniques have
been developed for FCD detection, categorizable as visual,
semi-automatic, and fully automatic, the latter relying on
machine learning and deep learning. Naive Bayes classifiers
and support vector machines are the most employed
algorithms in this domain. The authors note that the
integration of automated tools into FCD detection and
localization holds great promise for improving diagnostic
accuracy and efficiency. However, these tools suffer from a
lack of large datasets, hindering their ability to generalise
methods due to insufficient data. There is also an absence of
a benchmark dataset for comparing different FCD detection
approaches, and no consensus on a single set of measures to
validate the results for performance metrics (97).

Deep learning, a subset of Al, employs multi-layered
neural networks to analyse complex data, enhancing pattern
recognition and decision-making in various fields. Deep
learning in neuroimaging for epilepsy shows promise in
lesion detection, surgical planning, and outcome prediction,
with structural MRI-based studies demonstrating sensitivity
up to 90%. Deep learning has been used for the automatic
detection of potential PMG in paediatric brain MRI (98).
Sollee et al. have broadened the scope of research in epilepsy
by incorporating machine learning techniques with fMRI,
and extending it to include other advanced methods, like
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Figure 5 A 7-year-old patient with suspected cortical malformation area suggested by MELD classifier (left), compared with FLAIR (right)

where the arrow points to the analogous region. The malformation of cortical development shows increased cortical thickness and blurring

at the grey-white matter junction. MELD, Multi-centre Epilepsy Lesion Detection; FLAIR, fluid attenuated inversion recovery.

MEG and PET (97). Walger et 4l. discuss the challenges of
applying Al specifically deep learning, in the detection of
FCD in clinical practice. It highlights the difficulties in data
collection and ground truth establishment, the variability
in neuroimaging modalities and features, and the need for
robust validation and external validation for Al models (99).
Challenges include the absence of ground-truth labelling
and the risk of false positives. The “black box” nature of
Al, where the system provides conclusions or decisions
without explanations of how they were reached, along with
variability in methodologies, affects its clinical acceptance.
The challenge posed by the scarcity of extensive datasets
is increasingly being addressed through collaborative efforts
by international research centres. These institutions are
pooling their data resources in landmark projects such as
the Multi-centre Epilepsy Lesion Detection (MELD) and
the Enhancing Neuro Imaging Genetics through Meta-
Analysis (ENIGMA) studies. The MELD project (https://
github.com/MELDProject) aims to enhance FCD detection
using MRI data (Figure 5). The MELD classifier, a machine
learning algorithm, utilises surface-based features from
magnetic resonance images to identify FCDs (Figure 5). It
demonstrated promising sensitivity (59% for the withheld
test cohort, 67% including a border zone around lesions)
and specificity (54% in the test cohort). This robust and
interpretable machine-learning algorithm for automated
detection of FCD aims to give physicians greater confidence
in the identification of subtle MRI lesions in individuals
with epilepsy (100). The MELD project also created an atlas
of FCD lesions, enabling the linkage of a patient’s lesion
location to presurgical clinical information and further
contributing to the understanding of this disease (101).

© AME Publishing Company.

ENIGMA (https://enigma.ini.usc.edu/ongoing/enigma-
epilepsy/), a comprehensive quantitative brain imaging
consortium, is committed to exploring neuroimaging
abnormality patterns in prevalent epilepsy syndromes
such as TLE, extratemporal epilepsy, and genetic
generalised epilepsy (102). In one of the ENIGMA studies,
Gleichgerrcht et al. (103) assessed the efficacy of machine
learning models, particularly support vector machines and
deep learning, in differentiating patients with TLE from
healthy controls and in lateralizing TLE, using structural
and diffusion MRI data.

According to an international survey, there is a generally
positive outlook on the use of Al in this field. Healthcare
professionals also do not feel that their jobs are at risk due
to the integration of Al technologies (104).

Despite the availability of several Al software products
in radiology with the CE (Conformité Européenne) mark,
the sector remains in its early stages. Of these products,
64% lack peer-reviewed evidence supporting their efficacy.
Furthermore, only 18% of these Al products have shown, or
have the potential to show, clinical impact. This highlights
the need for more rigorous validation and assessment of Al
tools in radiology to ensure their effectiveness and clinical
relevance (105).

Conclusions

The landscape of neuroimaging is evolving at a rapid pace,
and the diagnosis of focal lesions has witnessed substantial
advancements. While a range of techniques have been
implemented in clinical settings, many remain exclusive to
the realm of research and prospective studies are lacking.
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Acknowledging the constraints of the methodologies
discussed is crucial, encompassing the significant time
investment required for data acquisition, limitations in data
sets and the prevalence of false positives in post-processing
techniques, and the lack of consensus on uniform measures
for validating Al results alongside peer-reviewed evidence
substantiating the effectiveness of Al software products.

Despite these challenges, the future is promising, with a
need for more extensive prospective studies and strategies
to overcome these obstacles. Collaborative efforts by
international research centers, such as the MELD project
and the ENIGMA study, are crucial. Future work should
focus on model robustness and interpretability. The
integration of new MRI sequences and Al in clinical settings
will benefit from a multi-specialist approach involving
paediatricians, neuroradiologists, and neurosurgeons,
enhancing diagnostic and management outcomes and
marking a significant step forward in epilepsy care.

Limitations

This narrative review, while comprehensive, carries
inherent limitations typical of this type of work. First, the
selection of studies included in this review was guided by
the authors’ judgment and expertise, which introduces
a level of subjectivity. While efforts were made to cover
a broad spectrum of relevant literature, the absence of
a systematic search strategy may have resulted in the
exclusion of pertinent studies, potentially limiting the scope
of the analysis.

Additionally, given the dynamic nature of this field, some
of the discussions and conclusions may also become less
relevant as new data emerge. Readers are encouraged to
consider these factors when applying the insights from this
review to clinical practice or further research.
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