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Abstract (200 wd)

Purpose of review: We review significant advances in epilepsy imaging in recent years.

Recent findings: Structural MRI at 7T with optimization of acquisition and post-acquisition image
processing increases the diagnostic yield, but artefactual findings remain a challenge. MRI analysis
from multiple sites indicates different atrophy patterns and white matter diffusion abnormalities in
temporal lobe and generalized epilepsies, with greater abnormalities close to the presumed seizure
source. Structural and functional connectivity relate to seizure spread and generalization; longitudinal
studies are needed to clarify the causal relationship of these associations. Diffusion MRI may help
predict surgical outcome and network abnormalities extending beyond the epileptogenic zone. 3-
dimensional multimodal imaging can increase the precision of epilepsy surgery, improve seizure
outcome and reduce complications. Language and memory fMRI are useful predictors of
postoperative deficits, and lead to risk minimization. FDG PET is useful for clinical studies and specific
ligands probe the pathophysiology of neurochemical fluxes and receptor abnormalities.

Summary: Improved structural MRI increases detection of abnormalities that may underlie epilepsy.
Diffusion, structural and functional MRI indicate the widespread associations of epilepsy syndromes.
These can assist stratification of surgical outcome and minimize risk. PET has continued utility clinically
and for research into the pathophysiology of epilepsies.
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Introduction

The advent of magnetic resonance imaging (MRI) in the 1980s has led to a growth of epilepsy surgery
and the increasing sensitivity of MRI is revealing more and more subtle underlying structural lesions.
Functional MRI (fMRI) in epilepsy is used both to identify the epileptogenic zone as well as essential
brain regions. Language and memory fMRI are increasingly applied to map eloquent cortex and predict
the extent of cognitive deficits following epilepsy surgery. Simultaneous EEG-fMRI, MEG, PET and
SPECT are used to investigate the epileptogenic focus. Furthermore, functional connectivity studies
have improved our understanding of disease-specific effects on brain networks.Diffusion MRI (dMRI)
and its derivatives of network analysis and tractography can identify the structural basis of
connectivity and, in individual patients, guide optimal resections that mitigate the risk of causing
deficits. Positron emission tomography (PET) antedates MRI and mapping cerebral glucose uptake
can be a useful method to lateralize and broadly localize the epileptogenic zone. Ligand PET has a
unique ability to probe and visualize the neurochemical abnormalities that underpin epilepsy and
seizures. The field is moving quickly, in this review we consider the principal highlights of research in
2020 and 2021.

In this review, we consider the impact of recent advances in MRI, imaging processing and diffusion
imaging on presurgical evaluation, followed by the use of language and memory fMRI to mitigate the
adverse effects of epilepsy surgery. We then consider methods to help localize the epileptogenic zone,
followed by studies of epileptic networks and the use of PET to probe the neurochemical bases of
epilepsies. We conclude with a consideration of multimodal integration of imaging data.

Magnetic resonance imaging



Several papers have noted the increased yield of visualizing subtle structural abnormalities that were
not evident on 1.5T and 3T acquisitions, particularly subtle malformations such as focal cortical
dysplasia and polymicrogyria, leading to taskforce recommendations on the use of 7T acquisitions [1].
There is the inevitable caveat that not every structural abnormality is causally related to epilepsy [2].
In a systematic review of 275 patients in 16 studies, the overall extra yield was 31%, with particular
yield of focal cortical dysplasia, hippocampal sclerosis and gliosis [3**]. In general, T2* sequences gave
good yield. 3D FLAIR was best for detection of focal cortical dysplasia and 3D T2* usefully clarified the
internal structure and extent of dysplasia. T2 Turbo spin echo and susceptibility weighted images were
best for imaging the subfields of the hippocampus. Susceptibility weighted images were particularly
good for identifying vascular abnormalities. A further systematic review gave comparable results [4].
In individuals with lesions seen at 3T, 7T imaging was associated with increased conspicuity and
definition of boundaries, but with increased artefacts, particularly in the temporal lobes [5], and there
was benefit from post-acquisition morphometric analysis in individuals with unremarkable scans at
3T [6].

Susceptibility weighted imaging at 7T can demonstrate the anatomy of blood vessels with high
definition, with the potential to highlight subtle abnormalities of the neocortex and hippocampi [7*].

In a preliminary study, volumetric Glutamate Chemical Exchange Saturation Transfer (GIUCEST)
imaging at 7T showed increased levels of glutamate in hippocampi and subiculum, ipsilateral to seizure
onset in temporal lobe epilepsy (TLE) with no structural lesions [8*]. This technique shows promise to
understand abnormalities of glutamate levels in cerebral networks, particularly if whole brain data
can be acquired. Magnetic resonance spectroscopy at 7T offers better differentiation of individual
peaks attributed to glutamate, y-aminobutyric acid (GABA) and glutathione and has been applied in
8cm?3 single voxels in individuals with epilepsy [9]. Going forward, multivoxel spectroscopic imaging of
large brain areas hold promise to investigate neurochemical changes in cerebral networks.

Image processing

Morphometric analysis has been shown to aid detection of subtle focal cortical dysplasia. Using an
MP2RAGE?2 sequence that improves homogeneity of T1l-contrast, and corrects B; inhomogeneities,
junction images from morphometric analysis show abnormalities with more sensitivity and
precision [10*]. The Epilepsy ENIGMA consortium is a multisite enterprise that pools imaging and
clinical data from thousands of patients and controls in homogenous formats, enabling studies with
adequate power to provide definitive conclusions. Support vector machines, that are supervised
learning models with associated learning algorithms, and deep learning approaches, that are based
on multi-layered neural networks, have been used to analyse brain MRI from TLE patients with and
without hippocampal sclerosis, and showed superiority of the support vector machine approach for
diagnostic accuracy [11]. In a cross-sectional analysis, TLE patients showed atrophy in connected
temporo-limbic cortical hubs, in contrast to those with genetic generalized epilepsy, who had
predilection to fronto-central atrophy [12*].

Diffusion MRI

A multicentre ENIGMA study of diffusion MRI parameters in TLE and genetic generalized epilepsy
found that fractional anisotropy (FA) in white matter was widely reduced, particularly in corpus
callosum, cingulum and external capsule, and associated with smaller increases in mean diffusivity. In
TLE with hippocampal sclerosis (HS) these changes were particularly seen in the ipsilateral
parahippocampal cingulum and external capsule. Greater changes were associated with earlier onset
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and longer duration of epilepsy, suggesting that the effects may be a consequence of epilepsy [13*].
Longitudinal studies are needed to tease out the causal relationship of these changes.

In generalized epilepsy, similar changes were seen in both hemispheres. Interestingly, FA alterations
were more marked in refractory generalized epilepsy and increased nodal volume in those with
generalized epilepsy that was controlled with medication [14]. At this time, the causal relationship of
drug responsiveness and diffusion changes is not clear. Abnormalities of structural and functional
connectivity were shown to be more marked closer to the presumed seizure onset zone, consistent
with the findings of the ENIGMA study [15]. A consistent finding was that functional connectivity
parameters were more abnormal in those with TLE and HS than those without HS [16].

Diffusion MRI may also correlate with patterns of seizure propagation. In a correlation of tract
diffusion parameters and SEEG, seizure spread was associated with greater FA in relevant tracts,
suggesting an augmentation of structural connectivity [17*]. In contrast, TLE patients with focal to
bilateral tonic-clonic seizures (FBTCS) had greater network abnormalities across the brain, than those
without FBTCS, suggesting that abnormal connectivity may underlie the tendency to seizure
generalization [18].

In presurgical evaluation, reduced mean Kurtosis derived from diffusion imaging has been suggested
as a useful adjunct to delineating the epileptogenic zone [19*]. A further interesting possible imaging
tool to localizing the epileptogenic zone comes from an experimental study of mesial TLE with
combined measures of T1, diffusion, blood volume and blood brain barrier integrity at 9.4T [20**].
Applying these imaging methods in vivo in human subjects will be of great interest.

In epilepsy surgery, the visualization of the optic radiation with neuronavigation during surgery
reduces the risk of causing damage and visual field deficits [21*]. The same principles may be applied
to other tracts, e.g. sustaining motor and language functions, to minimize risk of post-operative
deficits. Diffusion imaging data may also be useful for predicting the outcome of surgery. Patients
with TLE having surgical resections, who had abnormal integration of structural network nodes were
less likely to become seizure free after surgery, findings that are concordant with previous studies of
network abnormalities as a prognostic factor [22]. Patients with more abnormal nodes, not resected
by surgery, were more likely to continue to have seizures [23*] suggesting that this may be a useful
preoperative marker of prognosis after surgery.

In individual patients having laser interstitial thermal therapy (LITT) for HS, seizure freedom was more
likely to occur if ablated hippocampal tissue had higher apparent diffusion coefficient, suggesting that
this parameter may aid optimal LITT targeting in the mesial temporal lobe [24]. Memory impairment
is a significant concern after temporal lobe epilepsy surgery. Analysis of structural connectomes and
tracts were a stronger predictor of post-operative memory decline than were hippocampal volume
and clinical data [25]. Combining these data with results of memory fMRI may be a useful way to give
reliable individual prognosis, and possibly lead to mitigation strategies.Language fMRI

The implementation of fMRI tasks that primarily activate the brain areas that are to be removed in
surgery may improve the prediction of postoperative naming decline. In TLE patients, auditory and
visual naming reliably activate temporal lobe regions [26], and stronger preoperative recruitment of
language regions contralateral to the seizure onset relates to better postsurgical language outcome in
TLE [27*]. An active area of research is how the analysis of white matter tracts can aid surgical planning
and minimize language decline after surgery. Language laterality also reflects in differences of
underlying language-specific white matter tracts [28], which could thus be integrated in longitudinal
studies focussing on language outcome after epilepsy surgery.



Interpretation of language fMRI results may be challenging in pediatric epilepsy patients, who tend to
show more bilateral language representation owing to more extensive lesions as well as ongoing
neuroanatomical development. Concordance rates of intracarotid amobarbital procedure (IAP) and
language fMRI continue to support the use of fMRI as a replacement for IAP [29%*], yet the optimal
choice of fMRI task paradigms in this patient group is still of debate. Contrary to task-based fMRI,
resting-state fMRI (rs-fMRI) may also be acquired in very young patients, or in people who are
cognitively impaired. Hemispheric dominance derived from rs-fMRI shows good concordance with
task-based fMRI in both adult and pediatric epilepsy patients [30*,31*]. An important extension of
these studies would be to explore whether rs-fMRI can be used to accurately predict language
outcome following epilepsy surgery.

Memory fMRI

A recent meta-analysis addressed the concordance of memory fMRI and IAP for memory lateralization
in TLE, concluding that concordance is lower than expected (46.8%), and varying widely across studies.
Concordance was found to be relatively low in patients who were identified as bilateral on IAP and in
patients with structural lesions like HS. The specificity of IAP to predict postoperative memory decline
is highly debated, particularly regarding non-verbal memory, and it has been suggested that fMRI is
superior to IAP in the presurgical assessment of memory lateralization [32*]. Including fMRI paradigms
of associative memory, encoding, and recall (as compared to recognition), as well as using overt
responses to monitor task performance may improve sensitivity and specificity when imaging memory
function in TLE [33*], which will ultimately improve the prediction of postoperative memory deficits.

Future studies should address language and memory outcomes in patients receiving different types
of treatments, including laser ablation, and include patients with extratemporal lesions. Replication
studies across multiple centres are warranted to define clinical standards for different patient groups.

Assessment of seizure onset zone: ESI, MSI, EEG-fMRI

Electrical source imaging (ESI) based on scalp EEG combined with MRI data has been demonstrated to
localize interictal spikes [34]. ESI of fast oscillations (>40Hz) using high-density (256-channel) EEG was
shown to more accurately localize the epileptogenic zone compared to conventional EEG approaches
with reduced electrode coverage [35*]. ESI was confirmed to have added diagnostic value to routine
presurgical assessment and may change management plans in up to one third of focal epilepsy
patients, with the main indication of planning of intracranial recordings [36*]. This supports earlier
findings from magnetoencephalography source imaging (MSI), which is less widely available due to
higher costs.

Simultaneous scalp EEG-fMRI can assist identification of the epileptogenic focus in pharmacoresistant
focal epilepsy by mapping haemodynamic changes associated with interictal epileptic
discharges [37*]. Ictal EEG-fMRI may be obtained in patients with frequent seizures. Good seizure
outcome has been reported in cases where surgery or placing of intracranial electrodes was
determined largely by localization from the scalp EEG-fMRI result [38*]. Intracranial EEG-fMRI
improves the spatial discrimination of IED generating tissue, and recent findings suggest that instead
of using the maximum BOLD response alone, taking into account all available clinical information in
the assignment of the most clinically relevant BOLD cluster better identifies IED origin [39*]. The
combination of EEG-fMRI with two additional functional imaging techniques (high-resolution scalp
EEG, MEG, or PET) is superior to individual modality accuracy in the identification of the epileptogenic
zone. Combined techniques show up to 80% accuracy rates compared to SEEG, particularly in patients
with multilobar seizure onset [40*].



Network studies

Focal epilepsy is increasingly recognized to be a network disorder, with broad functional and structural
network abnormalities that extend far beyond the epileptogenic zone. Functional connectivity
analyses such as psychophysiological interaction, dynamic causal modelling, or graph theory metrics
are increasingly applied and allow the study of these networks. In TLE patients, graph theory and
causal inference analyses based on rs-fMRI connectivity suggest that regionally increased connectivity
in the affected hippocampus and amygdala, and decreased connectivity in the lateral temporal lobe
relates to high seizure frequency. The extent of neuropsychological impairment, however, seems to
be associated with a more global disorganization of the connectome [41*].

Thalamo-cortical connectivity has long been recognized as a contributor to the pathogenesis of
epileptic activity and seizure propagation. In adult TLE patients, task-related thalamic functional
connectivity profiles have recently been suggested as imaging biomarkers of secondary generalization
of focal seizures [42*]. In pediatric patients, hyperconnectivity of the anterior nucleus of the thalamus
ipsilateral to the epileptogenic zone was observed [43], and ongoing research investigates whether
connectivity measures are predictive of treatment response to deep brain stimulation (DBS).

Future studies will evaluate how both regional and global network metrics can be integrated into
presurgical evaluation, prediction of postsurgical seizure and cognitive outcome, drug treatment
response, and tailored treatment approaches, particularly with integration of measures of structural
and functional connectivity.

Positron Emission tomography

PET with ®F-FDG has been used for over 40 years to help identify areas of focal cerebral
hypometabolism, with a yield in TLE of about 60% and 30% in extra temporal lobe epilepsies. Dynamic
PET acquisition with a quantitative assessment, rather than static PET imaging, has been suggested to
have increased sensitivity to identify areas of hypometabolism when conventional FDG-PET was
unremarkable, and merits further evaluation [44].

Sophisticating the stratification of risk of SUDEP is an ongoing issue, and recent PET studies are
providing useful data on this. In individuals with drug-refractory focal epilepsy, bilateral frontal
hypometabolism, particularly of medial and inferior frontal cortex, has been reported to be associated
with SUDEP and other factors associated with a high risk for SUDEP [45] and merits further enquiry. In
a series of patients with temporal, or temporal “plus” epilepsy investigated with FDG-PET and video-
EEG telemetry, ictal asystole was associated with right posterior insula hypometabolism [46].

Postictal generalized suppression (PGES) may be associated with an increased risk of SUDEP. In a study
from the same centre, compared to those without PGES, individuals with this EEG feature had more
hypometabolism in right temporal pole, right parahippocampal gyrus and a predominantly right sided
network of temporal lobe, and connecting cortical and subcortical structures [47].

Whilst FDG-PET is used for clinical epilepsy studies, PET with specific ligands is useful in research
endeavours to probe the neurochemistry associated with epileptogenesis and the pathophysiology of
epilepsy and seizures.

PET with translocator protein (TSPO) showed increased TSPO corresponding to neuroinflammation in
rodent TLE models, and an association with microglial activation, astrogliosis and cell death. Clinical



studies with[*'C]- PBR28 in TLE found increased TSPO ipsilateral to seizure foci. Further studies are
needed to evaluate the clinical role of this ligand and there are technical challenges [48].

Synaptic vesicle glycoprotein 2A (SV2A) binding has been shown to be reduced in brain removed in
epilepsy surgery. In vivo binding of the SV2A PET tracer [(11) CJUCB-J was reduced in hippocampal
sclerosis, with the reduction being greater than that accounted for by hippocampal atrophy and by
reduction in FDG uptake, suggesting a further molecular process [49].

A  novel PET tracer, derived from 4-[2-(phenylsulfonylamino)ethylthio]-2,6-difluoro-
phenoxyacetamide labeled with 11C ([11C]K-2), was recently developed that specifically binds to
AMPA receptors in vivo. Increased binding was found in the mesial temporal lobe of patients with
mesial temporal lobe epilepsy, which correlated with the AMPA receptor protein distribution in
resection specimens [50]. Given the role of AMPA receptors in the pathophysiology of epilepsy and a
range of other conditions, this tracer promises to be of great importance.

Integrated multimodal imaging

Multimodal neuroimaging, including MRI, with derivatives of visualization of arteries and veins and
white matter tracts PET, SPECT, MEG and EEG data, has been shown to be useful in the planning of
intracranial EEG and resections for refractory focal epilepsy. The translation of these methods has
been demonstrated in a cohort of 467 patients over 4 years, 351 of whom underwent surgery, with
50% seizure free at one year [51].

Conclusion

In individuals with drug-refractory focal epilepsy, MRl acquisition at 7T and post-acquisition processing
increase the detection of subtle abnormalities that are important in the consideration of surgical
treatment. The finding of widespread diffusion abnormalities is an adverse prognostic sign.
Integration of structural MR, diffusion MRI tractography and fMRI enables neuronavigation in surgery
with the potential to optimize outcome and minimize risk of causing deficit. Prospective studies are
needed to determine the benefits. Group studies demonstrate the abnormalities of structure,
diffusion and functional connectivity associated with epilepsy syndromes, and associations of seizure
generalization. Longitudinal studies are needed to determine the causal relationship of these changes.
Ligand PET is a highly specialised technique that is not widely available but has the potential to clarify
the pathophysiology of epilepsy and identify novel treatment targets. The potential clinical relevance
of the methods described are summarised in Table 1

Key points: Include 3-5 key bullet points that summarise your article after the main text. Each bullet
is to be no longer than one sentence.

e Structural MRI at 7T, optimized acquisition and post-processing increase the detections of
covert lesions underlying focal epilepsies.

e There are widespread abnormalities of white and grey matter, with syndrome specific
features and greater abnormalities close to the presumed epileptogenic zone.

e Multimodal 3D neuronavigation and fMRI may improve the outcome of epilepsy surgery

e Ligand PET can identify neurochemical and receptor abnormalities involved in
epileptogenesis



Acknowledgments

Financial support. JSD is grateful for support from Wellcome Trust (218380) and NIHR

Conflict of interest: JSD None, KT none

References

1.

Opheim G, van der Kolk A, Markenroth Bloch K et al. 7T Epilepsy Task. Force Consensus
Recommendations on the Use of 7T MRI in Clinical Practice. Neurology 2021; 96:327-341.

Salehi F, Nadeem IM, Kwan BYM et al. Ultra-High Field 7-Tesla Magnetic Resonance Imaging
and Electroencephalography Findings in Epilepsy. Can Assoc Radiol J 2021;
30:8465371211031802.

van Lanen RHGJ, Colon AJ, Wiggins CJ et al. Ultra-high field magnetic resonance imaging in
human epilepsy: A systematic review. Neuroimage Clin 2021; 30:102602.

**Comment: a useful systematic review of 275 patients scanned at 7T with an assessment of
which MRI sequences gave most benefit for visualising a range of pathologies.

Park JE, Cheong EN, Jung DE et al. Utility of 7 Tesla Magnetic Resonance Imaging in Patients
With Epilepsy: A Systematic Review and Meta- Analysis. Front Neurol 2021; 12:621936.

Wang ZI, Oh SH, Lowe M et al. Radiological and Clinical Value of 7T MRI for Evaluating 3T-
Visible Lesions in Pharmacoresistant Focal Epilepsies. Front Neurol 2021; 12:591586.

Wang |, Oh S, Blimcke I, Coras R et al. Value of 7T MRI and post-processing in patients with
nonlesional 3T MRI undergoing epilepsy presurgical evaluation. Epilepsia 2020; 61:2509-
2520.

Feldman RE, Marcuse LV, Verma G et al. Seven-tesla susceptibility-weighted analysis of
hippocampal venous structures: Application to magnetic-resonance-normal focal epilepsy.
Epilepsia 2020; 61:287-296.

* Comment. susceptibility-weighted imaging at 7T shows promise for the elegant display of
subtle vascular abnormalities that may be associated with subtle epileptogenic lesions.

Hadar PN, Kini LG, Nanga RPR et al. Volumetric glutamate imaging (GIuCEST) using 7T MRI
can lateralize nonlesional temporal lobe epilepsy: A preliminary study. Brain Behav 2021;
13:e02134.

* Comment: interesting preliminary study of measurement of glutamate in temporal lobe at
7T

Gonen OM, Moffat BA, Desmond PM et al. Seven-tesla quantitative magnetic resonance
spectroscopy of glutamate, y-aminobutyric acid, and glutathione in the posterior cingulate
cortex/precuneus in patients with epilepsy. Epilepsia 2020; 61:2785-2794.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Demerath T, Rubensdorfer L, Schwarzwald R et al. Morphometric MRI Analysis: Improved
Detection of Focal Cortical Dysplasia Using the MP2RAGE Sequence. AJNR Am J Neuroradiol
2020; 41:1009-1014.

*Comment. This is an important advance in MRI acquisition that improves the yield of
morphometric analysis.

Gleichgerrcht E, Munsell BC, Alhusaini S et al. ENIGMA-Epilepsy Working Group. Artificial
intelligence for classification of temporal lobe epilepsy with ROI-level MRI data: A worldwide
ENIGMA-Epilepsy study. Neuroimage Clin 2021; 31:102765.

Lariviere S, Rodriguez-Cruces R, Royer J et al. Network-based atrophy modeling in the
common epilepsies: A worldwide ENIGMA study. Sci Adv 2020; 6:eabc6457.

*Comment : Large datasets from multiple sites, as with ENIGMA, provide the power for
useful interrogation of imaging data sets to infer pathophysiological mechanisms in common
epilepsies.

Hatton SN, Huynh KH, Bonilha L et al. White matter abnormalities across different epilepsy
syndromes in adults: an ENIGMA-Epilepsy study. Brain 2020; 143:2454-2473.

*Comment: A definitive multicentre study of changes in diffusion parameters in white matter
in TLE and generalized epilepsy.

McKavanagh A, Kreilkamp BAK, Chen Y et al. Altered structural brain networks in refractory
and non-refractory idiopathic generalised epilepsy. Brain Connect 2021; Aug 5. doi:
10.1089/brain.2021.0035. Epub ahead of print.

Morgan VL, Johnson GW, Cai LY et al. MRI network progression in mesial temporal lobe
epilepsy related to healthy brain architecture. Netw Neurosci 2021; 5:434-450.

Lee DA, Lee HJ, Kim HC, Park KM. Temporal lobe epilepsy with or without hippocampal
sclerosis: Structural and functional connectivity using advanced MRI techniques. J
Neuroimaging 2021; Jun 10. doi: 10.1111/jon.12898. Epub ahead of print.

Gleichgerrcht E, Greenblatt AS, Kellermann TS et al. Patterns of seizure spread in temporal
lobe epilepsy are associated with distinct white matter tracts. Epilepsy Res 2021;
171:106571.

*Comment : interesting suggestion that seizure propagation =may “tune-up” the tracts
responsible.

Sinha N, Peternell N, Schroeder GM et al. Focal to bilateral tonic-clonic seizures are
associated with widespread network abnormality in temporal lobe epilepsy. Epilepsia 2021;
62:729-741.

Bartoriové M, Bartofi M, Riha P et al. The benefit of the diffusion kurtosis imaging in
presurgical evaluation in patients with focal MR-negative epilepsy. Sci Rep 2021; 11:14208.
*Comment: a derivation of diffusion MRI that may confer additional sensitivity for identifying
covert abnormalities.



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Boux F, Forbes F, Collomb N et al. Neurovascular multiparametric MRI defines epileptogenic
and seizure propagation regions in experimental mesiotemporal lobe epilepsy. Epilepsia
2021; 62:1244-1255.

**Comment: an interesting series of MRI measures at high field MRI in an experimental
model of mesial TLE suggesting possible approached to develop in vivo.

Vakharia VN, Vos SB, Winston GP et al. Intraoperative overlay of optic radiation tractography
during anteromesial temporal resection: a prospective validation study. J Neurosurg 2021;
30:1-10.

*Comment: demonstration of how tractrography may be used in clinical practice to guide
epilepsy surgery.

Gleichgerrcht E, Keller SS, Drane DL et al. Temporal Lobe Epilepsy Surgical Outcomes Can Be
Inferred Based on Structural Connectome Hubs: A Machine Learning Study. Ann Neurol
2020; 88:970-983.

Sinha N, Wang Y, Moreira da Silva N et al. Structural Brain Network Abnormalities and the
Probability of Seizure Recurrence After Epilepsy Surgery. Neurology. 2021; 96:e758-e771.
*Comment: widespread nodal abnormalities were an adverse prognostic factor for surgical
outcome and may be a useful additional tool for estimating the prognosis of epilepsy
surgery.

Kim MJ, Hwang B, Mampre D et al. Apparent diffusion coefficient is associated with seizure
outcome after magnetic resonance-guided laser interstitial thermal therapy for mesial
temporal lobe epilepsy. Epilepsy Res 2021; 176:106726.

Balachandra AR, Kaestner E, Bahrami N et al. Clinical utility of structural connectomics in
predicting memory in temporal lobe epilepsy. Neurology. 2020; 94:e2424-e2435.

Trimmel K, Caciagli L, Xiao F et al. Impaired naming performance in temporal lobe epilepsy:
language fMRI responses are modulated by disease characteristics. J Neurol 2020; 268:147-
160.

Foesleitner O, Sigl B, Schmidbauer V et al. Language network reorganization before and after
temporal lobe epilepsy surgery. J Neurosurg 2021; 134:1694-702.

*Comment: Language fMRI and diffusion tensor imaging are used to demonstrate language
network remodelling following epilepsy surgery, with presurgical contralateral recruitment
being predictive of better postoperative language outcome in TLE.

Neudorf J, Kress S, Gould L et al. Language lateralization differences between left and right
temporal lobe epilepsy as measured by overt word reading fMRI activation and DTI
structural connectivity. Epilepsy Behav 2020; 112:107467.

Koop JI, Credille K, Wang Y et al. Determination of language dominance in pediatric patients
with epilepsy for clinical decision-making: Correspondence of intracarotid amobarbitol
procedure and fMRI modalities. Epilepsy Behav 2021; 121:108041.

*Comment: fMRI is an appropriate non-invasive alternative to intracarotid amobarbital
procedure in pediatric patients, despite higher proportions of atypical language
representation in this patient group.



30.

31.

32.

33.

34.

35.

36.

37.

38.

Mbwana JS, You X, Ailion A et al. Functional connectivity hemispheric contrast (FC-HC): A
new metric for language mapping. Neurolmage Clin 2021; 30:102598.

*Comment: An interesting new connectivity metric is introduced to map language relevant
brain areas using resting-state fMRI.

Pur DR, Eagleson R, Lo M, et al. Presurgical brain mapping of the language network in
pediatric patients with epilepsy using resting-state fMRI. J Neurosurg Pediatr 2021; 27:259-
68.

*Comment: Language lateralization results derived from resting-state fMRI functional
connectivity analyses are comparable to task-based fMRI, supporting the use of task-free
fMRI to map language function in pediatric patients.

Massot-Tarrus A, White KP et al. Concordance between fMRI and Wada test for memory
lateralization in temporal lobe epilepsy: A meta-analysis and systematic review. Epilepsy
Behav 2020; 107:107065.

*Comment: A systematic review of 124 TLE patients receiving both intracarotid amobarbital
test (IAT) and fMRI for memory lateralization, demonstrating low concordance in patients
with structural lesions or with bilateral memory representation on IAT.

Buck S, Sidhu MK. A Guide to Designing a Memory fMRI Paradigm for Pre-surgical Evaluation
in Temporal Lobe Epilepsy. Front Neurol 2020; 10:1354.

*Comment: An overview of technical and methodological considerations and
recommendations to optimize sensitivity and specificity of memory fMRI in TLE.

Tamilia E, Dirodi M, Alhilani M et al. Scalp ripples as prognostic biomarkers of
epileptogenicity in pediatric surgery. Ann Clin Transl Neurol 2020; 7:329-42.

Avigdor T, Abdallah C, von Ellenrieder N et al. Fast oscillations >40 Hz localize the
epileptogenic zone: An electrical source imaging study using high-density
electroencephalography. Clin Neurophysiol 2021; 132:568-80.

*Comment: >40Hz scalp ripples derived from high-density (256-channel) EEG are superior in
localizing the epileptogenic zone compared to conventional EEG coverage, and point to a
superficial epileptic generator.

Foged MT, Martens T, Pinborg LH et al. Diagnostic added value of electrical source imaging
in presurgical evaluation of patients with epilepsy: A prospective study. Clin Neurophysiol
2020 Jan; 131:324-9.

*Comment: An interesting study providing evidence for the diagnostic added value of ESI in
presurgical evaluation, changing management plans in up to one third of patients.

Van Eyndhoven S, Dupont P, Tousseyn S et al. Augmenting interictal mapping with
neurovascular coupling biomarkers by structured factorization of epileptic EEG and fMRI
data. Neurolmage 2021; 228:117652.

*Comment: Accounting for subject-wise as well as spatial variations of the hemodynamic
response function by using a highly structured coupled matrix-tensor factorization approach
maximizes sensitivity in mapping interictal discharges.

Kowalczyk MA, Omidvarnia A, Abbott DF et al. Clinical benefit of presurgical EEG-fMRI in
difficult-to-localize focal epilepsy: A single-institution retrospective review. Epilepsia 2020;
61:49-60.

*Comment: A single-center review of 113 patients, demonstrating that scalp EEG-fMRI may



39.

40.

41.

42.

43,

44,

45.

46.

47.

critically influence the decision to offer surgery in patients with subtle abnormalities,
extensive multilobar abnormalities, or normal MRI.

Tehrani N, Wilson W, Pittman DJ et al. Localization of interictal discharge origin: A
simultaneous intracranial electroencephalographic—functional magnetic resonance imaging
study. Epilepsia 2021; 62:1105-18.

*Comment: Intracranial EEG-fMRI improves spatial localization of the epileptogenic zone
compared to scalp EEG, and taking into account clinical information aids the identification of
the most relevant BOLD cluster.

Rossi Sebastiano D, Tassi L, Duran D et al. Identifying the epileptogenic zone by four non-
invasive imaging techniques versus stereo-EEG in MRI-negative pre-surgery epilepsy
patients. Clin Neurophysiol 2020; 131:1815-23.

*Comment: Combining non-invasive imaging techniques increases the accuracy of identifying
the epileptogenic zone to 60 - 80% compared to sEEG, with best results for EEG-fMRI, PET,
and MEG (or HR-EEG as an alternative).

Struck AF, Boly M, Hwang G et al. Regional and global resting-state functional MR
connectivity in temporal lobe epilepsy: Results from the Epilepsy Connectome Project.
Epilepsy Behav 2021 ;117:107841.

*Comment: A graph-theory based analysis demonstrating regional connectivity changes in
temporal lobe structures in TLE patients with high disease activity, along with global
connectome disorganization reflective of neuropsychological deficits.

Caciagli L, Allen LA, He X et al. Thalamus and focal to bilateral seizures: A multiscale cognitive
imaging study. Neurology. 2020; 95:e2427-41.

*Comment: An important study introducing altered thalamocortical connectivity profiles as
imaging biomarkers for secondary generalization of seizures and disease severity in TLE.

Piper RJ, Tangwiriyasakul C, Shamshiri EA et al. Functional Connectivity of the Anterior
Nucleus of the Thalamus in Pediatric Focal Epilepsy. Front Neurol 2021; 12:670881.

Seshadri V, Zarroli KA, Schetlick RS et al. Dynamic FDG-PET in localization of focal epilepsy: A
pilot study. Epilepsy Behav 2021; 23:108204.

*Comment. A technique that increases the yield of FDG-PET in those with refractory focal
epilepsy and normal MRI will be very useful.

Kumar A, Alhourani H, Abdelkader A et al. Frontal lobe hypometabolism associated with
Sudden Unexpected Death in Epilepsy (SUDEP) risk: An objective PET study. Epilepsy Behav
2021; 122:108185.

Lagarde S, Singh R, Bartolomei F, Guedj E. Insular interictal positron emission tomography
hypometabolism in patients with ictal asystole. Epilepsia 2021; 62:e117-e122.

*Comment : identifying areas of brain that are hypometabolic may help to stratify the risk of
SUDEP and clarify the underlying pathophysiology.

McGonigal A, El Youssef N, Bartolomei F et al. Interictal (18)F-FDG brain PET metabolism in
patients with postictal EEG suppression. Epilepsy Behav 2021; 116:107742.



48.

49.

50.

51.

Bouilleret V, Dedeurwaerdere S. What value can TSPO PET bring for epilepsy treatment? Eur
J Nucl Med Mol Imaging 2021 Jun 12. doi: 10.1007/s00259-021-05449-2. Epub ahead of
print.

Finnema SJ, Toyonaga T, Detyniecki K et al. Reduced synaptic vesicle protein 2A binding in
temporal lobe epilepsy: A [(11) CJUCB-J positron emission tomography study. Epilepsia
2020; 61:2183-2193.

*Comment. PET studies that appear more sensitive and specific in focal epilepsy than FDG
PET are of great scientific interest, but dependence on an onsite cyclotron to manufacture
the tracer will inhibit clinical usage.

Miyazaki T, Nakajima W, Hatano M et al. Visualization of AMPA receptors in living human
brain with positron emission tomography. Nat Med 2020; 26:281-288.

**Comment: The description of PET tracer that can visualize and quantify AMPA receptors in
vivo is of potential great interest and importance in the investigation of the pathophysiology
of the epilepsies and seizures.

Jin L, Choi JY, Bulacio J, Alexopoulos AV et al. Multimodal Image Integration for Epilepsy
Presurgical Evaluation: A Clinical Workflow. Front Neurol 2021; 12:709400

*Comment: a useful demonstration of the use of multimodal imaging in the work-up of
epilepsy surgery.



Table 1. The potential clinical relevance of imaging

methods

Magnetic resonance

7 Tesla acquisition

Identification of occult lesions that are

Imaging

relevant for presurgical evaluation

Glutamate Chemical
Exchange Saturation
Transfer

Identify elevated levels of glutamate

Image processing

Improved visualisation of subtle abnormalities

Diffusion imaging

Visualisation of critical nerve fibre tracts to
enable surgical navigation to avert damage

Language and
memory fMRI

Prediction and mitigation of risk of impairment
following epilepsy surgery

Electrical and
magnetic source
imaging
EEG-fMRI

Non-invasively infer localisation of irritative
zone

Positron emission
tomography

Ligand PET has the potential to better localize
the epileptogenic zone

Integrated multimodal
imaging

Visualize normal and abnormal structure and
function in common anatomical space,
enabling sophisticated surgical planning.




