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Abstract

Drug resistant epilepsy is a disorder involving widespread brain network alterations. Recently, many groups have reported
neuroimaging and electrophysiology network analysis techniques to aid medical management, support presurgical planning, and
understand postsurgical seizure persistence. While these approaches may supplement standard tests to improve care, they are not
yet used clinically or influencing medical or surgical decisions. VWhen will this change? Which approaches have shown the most
promise! What are the barriers to translating them into clinical use? How do we facilitate this transition? In this review, we will
discuss progress, barriers, and next steps regarding the integration of brain network analysis into the medical and presurgical
pipeline.
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Introduction and characterizing epileptic networks across various patient
subgroups and analysis methodologies.'”” These findings have
implications for medical and surgical management of epilepsy
but are typically retrospective and not validated across diverse
datasets. Thus, it is time to address the systemic barriers that
prevent the advancement of these promising findings and ul-
timate adoption into clinical care.

Recognizing epilepsy as a network disorder has the potential to
aid clinical decision making and improve patient quality of life.
However, the practical steps required to efficaciously bring
epilepsy network neuroscience into the clinic remain unclear. It
is encouraging that great progress has been made in identifying

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
NC

provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://orcid.org/0000-0002-2090-4889
https://orcid.org/0000-0002-2090-4889
https://orcid.org/0000-0002-9154-4315
https://orcid.org/0000-0002-9154-4315
https://orcid.org/0000-0002-7020-6480
https://orcid.org/0000-0002-7020-6480
https://orcid.org/0000-0001-8373-690X
https://orcid.org/0000-0001-8373-690X
mailto:dario.englot@vumc.org
https://sagepub.com/journals-permissions
https://doi.org/10.1177_15357597221101271
http://journals.sagepub.com/home/epi
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage

Sinha et al

273

— W WA

This review will begin by briefly outlining promising net-
work neuroscience findings in epilepsy that have the potential to
be translated into clinical practice. Specifically, we highlight
three critical needs at three stages of clinical care in epilepsy that
we believe could be augmented by network analyses: (1) From
initial presentation, reduction in the time taken trying different
anti-seizure medications (ASMs) to diagnose drug-resistant
epilepsy; (2) While evaluating drug-resistant epilepsy pa-
tients for advanced diagnosis and surgical treatments, utilization
of validated quantitative tools to accurately characterize epi-
leptic networks to minimize misdiagnosis, inform surgical
decision-making, and avoid post-surgery deficits, and; (3)
During the post-surgical treatment phase, noninvasive moni-
toring to prognosticate outcomes and inform clinical decision
making such as how to alter ASMs post-surgery and when to
consider alternative treatments if seizures remain uncontrolled.
Fundamental to addressing these critical clinical needs is our
ability to accurately identify a patient’s epileptic network and
track changes in these networks over time.

We will then discuss the barriers that hinder the adoption of
network neuroscience into the clinic. Specifically, we will
address barriers of patient representation, external validation,
network model inconsistency, equipment and expertise, and
general resistance towards change. For each barrier, we will
outline a proposal of next steps to facilitate this translation.
Overall, it is our hope that this review of progress, barriers, and
next steps will serve as an additional motivator to move epilepsy
network neuroscience beyond single institutions or datasets
findings and coalesce our efforts into practical advancements for
the continual benefit to those living with epilepsy.

Progress

Epilepsy has been considered a network disorder for many de-
cades.®® A brain network consists of nodes defined by different
brain areas and edges defined by connections between those brain
areas.'® Edges can be structural (e.g., white-matter connections
estimated from T1-and diffusion-weighted magnetic resonance
imaging (MRI)) or functional (e.g., interactions estimated from
electroencephalography (EEG), magnetoencephalography
(MEG), or functional MRI). Growing evidence suggests that
seizures in epilepsy may emerge due to subtle alterations in the
brain network, and seizures harness the altered network archi-
tecture of the brain to originate and propagate.'' Characterization
of altered network structure and function could augment clinical
decision making at the three important stages outlined below.

Stage |: ASM Trials

Mapping epileptic networks can identify patients who might be
refractory to pharmacotherapy (Figure 1A). Abnormal neuro-
imaging such as lesions on MRI and specific electroclinical
features such as focal to bilateral seizure spread are known risk
factors of drug resistance, and these risk factors are also asso-
ciated with widespread brain network alterations.'>'* Even in
non-lesional newly diagnosed focal epilepsy patients, those with

persistent seizures have bilateral structural network impairment
compared to patients who were seizure-free with ASMs at
24-months since diagnosis in 1 investigation.'* In another study
examining idiopathic/genetic generalized epilepsy (IGE),
drug-responsive patients had reduced diffusion network alterations
than drug-resistant IGE patients with bi-hemispheric structural
network alterations.'® These studies indicate that epileptic net-
works might be more altered in drug-resistant epilepsy patients and
measuring these alterations can be a marker for the prognosis of
drug resistance in the early stages of epilepsy treatment.

Stage 2: Presurgical Evaluation

In patients with drug-resistant epilepsy, prognostic models
using clinical characteristics and clinically acquired imaging and
electrophysiology studies help predict surgical outcome.'®"?
Incorporating network analyses in such models could be help-
ful (Figure 1B).?? For example, structural networks have
shown promise in predicting seizure outcomes after surgery.?*=’
Specifically, more abnormalities remaining in structural networks
spared by surgery correlated with post-operative seizure recur-
rence.”® Likewise, functional network analyses have demon-
strated that patients with more functional abnormalities persisting
after surgery are less likely to become seizure free.”*® Recent
studies show that alterations in structural and functional brain
networks spread from a traditionally defined epileptic focus to
other connected brain regions, and these alterations increase with
epilepsy severity and duration.’’® Overall, these studies suggest
that various methodologies can localize network abnormalities
present in surgical non-responders and could help us redefine the
brain tissue that is targeted by surgical treatments. Mapping
alterations in brain networks can inform how localized or dis-
tributed the epileptic focus is, thus augmenting clinical decision
making during presurgical planning. With the growing number of
treatment options including targeted surgical interventions such
as laser interstitial thermal therapy (LITT) and intracranial
neuromodulation devices there is a critical need for quantitative
tools to guide clinical decision making.

Stage 3: Postsurgical Monitoring

Examining network changes after resection or neuromodulation
therapies can explain why patients may respond differently to
therapy (Figure 1C). This serial analysis of networks can elu-
cidate whether epileptic networks normalized post-treatment and
how this normalization related to surgical outcomes. In a study
of pediatric patients with intractable epilepsy, functional normali-
zation of non-resected seizure onset zones after surgery was
associated with seizure freedom in 97% of 39 cases.>’ In contrast,
postoperative functional network abnormalities did not normalize
in a small cohort of adult patients with temporal lobe epilepsy
(TLE) who were seizure-free after surgery.*® In comparison to
controls, functional connectivity at the contralateral hippocampus
was found to be more deviant from controls,41 whereas con-
nectivity at some arousal networks normalized towards controls
after seizure-free surgery.** For structural networks in left TLE,
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Figure 1. A conceptual representation of the three critical clinical needs that can be addressed by epilepsy network analysis. (A) Compared to the anti-
seizure medication responsive patients, evidence suggests that epileptic networks are more pronounced in anti-seizure medication resistant
patients. Stratifying patients by mapping and quantifying their epileptic networks can potentially detect patients resistant to anti-seizure medication
early in epilepsy treatment. (B) In drug-resistant epilepsy patients, epileptic networks can either localize to a circumscribed spatially contiguous
region or be distributed across multiple regions. Accurate quantification of the location and extent of the epileptic network is | of the key
objectives at the pre-surgical evaluation stage. (C) Epileptic networks can either be removed entirely by treatment, or some of them may remain
postoperatively. Assessing changes in the epileptic network after treatment can enable assessing change in disease severity, thus guiding
postoperative clinical decisions. Panel (D) conceptually represents the spatial and temporal evolution of epileptic networks with disease
progression by harnessing the brain network architecture. An abnormal brain area (in red) predisposes the connections from that brain area at
risk of becoming abnormal (in yellow). Recurrent seizures reinforce these excitatory pathways to become abnormal, predisposing the areas
connected to the abnormal connections at risk of becoming abnormal. As abnormality load increases with disease progression, the disease
severity also increases. (E) A hypothesized profile of chances of seizure freedom as a function of disease severity. In this conceptual model, disease
severity has a threshold; below this threshold (green zone), patients are responsive to medication, and the chances of seizure freedom are high. As
the disease severity crosses this threshold, the patient becomes drug resistant (red zone), and the chances of seizure freedom drop rapidly.
Patients are more likely to benefit by treatment - surgery or neurostimulation - at an earlier time point before the severity of epilepsy has
progressed.
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Table 1. Barriers and next steps to translating epilepsy network neuroscience findings into clinical practice.

Barriers

Next Steps

Patient representation
subtypes

Network model
inconsistency
institutions

External validation

e Encourage broader inclusion of epilepsy in network analyses, in addition to studies restricted to specific epilepsy

o Establish a formal rubric that could be used to systematically evaluate network studies
e Encourage the creation of open-source automatic/semi-automatic pipelines that could be utilized by individual

e Continue contributing to data-sharing initiatives (e.g. ENIGMA)

o Seek cross-institutional funding to facilitate prospective data sharing

Equipment and expertise
Resistance to change

e Provide guidelines for the equipment and expertise necessary to conduct network analyses
o Acknowledge that randomized controlled trials cannot practically be used to answer all clinical questions

o Provide quantitative data to support change by benchmarking network metrics against traditional clinical metrics at

specific stages of clinical decision making

larger reductions between pre and postoperative diffusion net-
works measuring quantitative anisotropy of white-matter were
associated with postoperative seizure-freedom.** To our
knowledge, there are only a few studies analyzing brain networks
after treatment, and more systematic studies are needed to rec-
oncile the contradictory findings highlighted above. Quantifying
changes in the epileptic network before and after treatment can
elucidate network reorganization, thus identifying patients at risk
for seizure recurrence, and may thereby inform clinical decisions
such as whether to wean ASMs.

In summary, the field of network-targeted epilepsy treatment
is rapidly evolving and shows great promise for clinical
translation. Understanding epileptic networks can help predict
the predisposition to drug resistance and prevent delays in
surgical assessments, localize epileptogenic tissues for targeted
interventions, predict surgical outcome, and elucidate post-
intervention network reorganization for follow-up assess-
ments (Figure 1D and 1E).**

Barriers and Next Steps

Although promising, these network-based findings are far from
clear clinical translation. The French clinical trial (EPINOV
NCT03643016) is now recruiting 350 patients from 11 epilepsy
centers to test the capacity of the Virtual Epileptic Patient al-
gorithms to improve clinical outcomes.* However, most net-
work neuroscience findings in epilepsy face multiple systemic
barriers (Table 1) that obstruct the road to clinical translation. To
address these barriers, we must examine the stages prior to
randomized controlled trials and/or clinical adoption. Specifi-
cally, how can we homogenize our efforts to enable large-scale
consensus on key network findings?

Patient Representation

To begin, an important barrier to direct clinical translation of
network neuroscience findings is incomplete patient represen-
tation. Many network studies focus on specific homogenous
subgroups of patients (e.g. mesial TLE) to avoid statistical
confounds from analyzing a heterogeneous cohort. While there
is obvious value in studying homogenous patient groups, these

datasets often do not accurately reflect the heterogeneity of
epilepsy patient care. For example, a network analysis to lo-
calize seizure onset zones developed exclusively in mesial TLE
patients is of less value early in the diagnostic evaluation of
focal epilepsy than one validated in a heterogeneous patient
population. Furthermore, single-center study populations are
often biased towards the demographic and socioeconomic
features of a particular geographic region.

To address these issues, studies with broad inclusion of
epilepsy patient subtypes should be encouraged and carefully
considered at the editorial level, to complement continued in-
vestigations in more homogeneous patient subsets. An active
effort should be made by investigators to design studies in-
tended to capture patients with diverse demographic back-
grounds, and diversity in geographical regions should be
considered when planning multisite investigations. Finally,
advanced statistical analyses (e.g. mixed effects modeling*®)
should be employed to account for patient heterogeneity and
encourage inclusive patient selection.

Network Model Inconsistency

The specific network models used by research groups vary
tremendously. It is often difficult to contrast and compare
network findings because the fundamental assumptions, data
preprocessing, and statistics vary widely between studies. A
formalized review of the literature to identify studies with the
most promising network approaches may be a valuable first
step. If we could establish a rubric upon which each study would
be evaluated, then each research group would be motivated to
provide the necessary elements for their individual study. Some
suggested elements in the rubric could be the use of pre-defined
MRI and EEG acquisition and preprocessing protocols, specific
neuroimaging atlas usage, network model types, and catego-
rization of clinical decision-point that the study is attempting to
address. These elements would require considerable discussion
amongst interested parties, and do not need to be overly rigid,
but the field could benefit highly from this type of agreement.
To facilitate model homogenization and adoption of a for-
malized rubric, increased effort could be given to producing
streamlined analysis pipelines that groups could utilize with
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their data with minimal preparation. This federated approach
could serve as an additional tool to that of large, shared data-
bases and would not require data-sharing agreements. The
oversight for this process could be undertaken by existing
societies which could systematically analyze current progress
and provide suggestions. For example, the International League
Against Epilepsy (ILAE) Surgical Therapies Commission re-
cently created the Epilepsy Surgery Networks task force spe-
cifically tasked with making recommendations on these issues.
The purpose of the formalized review system would not be to
restrict the exploratory analyses that groups are conducting, but
rather to encourage the community to additionally consider
utilizing standardized/semi-standardized pipelines on their data
for the benefit of the field.

External Validation

A common critique of promising findings in epilepsy network
neuroscience is the lack of external validation across multi-
institutional datasets. There are existing efforts to collect multi-
institutional data, such as the Enhancing Neuro Imaging Genetics
through Meta Analysis (ENIGMA) consortium, among others.*’
These data-sharing initiatives address the issues of underpowered
studies and patient heterogeneity. However, there are still barriers
to external validation that include raw data heterogeneity, lack of
comprehensive clinical variables, and publication considerations.
For raw data heterogeneity, there are existing measures that can be
taken to combine and homogenize large datasets.*®* Regardless,
prospective agreement on data collection protocols would best
address this issue, but institutions often remain resistant to chang-
ing the protocols that they have used for years. Furthermore, not all
institutions collect the necessary clinical variables to properly use
that cohort for validation. In terms of publication considerations, if
every clinician were to contribute to these common databases, then
who would serve as an unbiased peer reviewer? Further, how can
we avoid groupthink when 1 study finds positive results from the
database, and other groups do not question the findings because
their data was included in the analysis? We believe contributions to
these databases are important, but we also believe that parallel
preparation at the level of individual institutions can help amelio-
rate persistent barriers to external validation.

For efficacious and efficient external validation, large-scale data
sharing agreements at the level of individual institutions would be
valuable to actively engage all stakeholders. To facilitate this, the
funding mechanisms such as the Brain Research Through Ad-
vancing Innovative Neurotechnologies (BRAIN) Initiative®® could
support network neuroscience research across multiple institutions
with prospective data sharing agreements to enable rapid external
validation. This paradigm would expedite research turnover,
highlight robust replicable results, and promote the development
of data necessary for confident clinical translation.

Equipment and Expertise

Just a few decades ago, there was a lack of standardization for
the equipment and experience recommended to medically

AN I

manage epilepsy and evaluate patients for surgery at U.S. ep-
ilepsy centers.”! For example, the availability of 3T MRI for
epilepsy neuroimaging was inconsistent, and no formal rec-
ommendations regarding subspeciality training of neurologists
and neurosurgeons treating surgical patients existed. Over time,
epilepsy organizations recommended standard equipment and
expertise for epilepsy centers.’” This standardization has im-
proved the consistency of care across institutions, but how do
we adapt these recommendations for the modern era of network
neuroscience?

Network neuroscience will bring new considerations to
the equipment and expertise required to evaluate patients
medically and surgically. For example, (i) functional and
diffusion-weighted MRI protocols could be collected in
addition to anatomical images in epilepsy protocol MRIs, (ii)
the formatting of clinical variables necessary to quantify and
qualify network analysis results could be better homogenized
across epilepsy centers, (iii) a formalized database at each
center could be recommended to capture clinical and research
data, such as MRI and EEG recordings, and the data could be
stored in a generalizable de-identified format such as iEEG-
BIDS (intracranial EEG Brain Imaging Data Structure) that
could be made available upon reasonable request,”® iv)
computational resources necessary to conduct network an-
alyses could be standardized and recommended, (v) an
engineer or computational neuroscientist could be recom-
mended to serve on multidisciplinary epilepsy teams to run
standardized network analyses and interpret them for clini-
cians. Overall, foreseeing these resource barriers and ad-
dressing them with standardized recommendations may
smooth the incorporation of network neuroscience into the
epilepsy clinic.

Resistance to Change

As Kuhn outlined in The Structure of Scientific Revolutions
(1962), incremental progress is episodically disrupted by
paradigm shifts in thinking.>* While current tools for epi-
lepsy evaluation will continue to be valuable, network
neuroscience has the potential to facilitate a paradigm shift in
the clinical care of epilepsy. For example, utilizing network
analyses to predict ASM failure, predict the surgical success
for a patient with a normal MRI, or understand specifically
why a patient failed epilepsy surgery may significantly alter
our diagnostic and treatment algorithms over time. Mounting
evidence suggests that we are not accurately modeling the
medical and surgical management of epilepsy patients.
People still fail medications after many years of trials despite
new agents, and surgeries fail to prevent disabling seizures at
similar rates for the past several decades. Even if network
models may sometimes only offer subtle improvements to
clinical outcomes, we must not be afraid of a shift in epilepsy
care to include network neuroscience. As Kuhn outlines, this
shift in thinking could open the door to large future im-
provements potentially unobtainable within our current
paradigm. Presently, clinicians collect a range of variables
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based on the patient’s history, semiology, electrophysiology,
and radiological findings. Thus, the actionable suggestion is
to benchmark novel quantitative network metrics alongside
routinely used clinical variables to encourage clinicians to
adopt the new quantitative tools into their clinical workflow.
Importantly, not every question raised in the “Progress”
section above requires a randomized controlled trial. Rather,
by systematically addressing the barriers outlined in this
review, we can take the next steps necessary to translate
network neuroscience into the clinic and realize a shift in
epilepsy care.

In summary, the field of epilepsy network neuroscience has
many promising findings that could likely improve patient care
if adopted into the clinic. We have outlined some of the barriers
we believe are hindering the path to translation and suggested
practical steps to begin addressing these barriers. We are op-
timistic about the future of clinical care for patients with epi-
lepsy and believe epilepsy network research will play a pivotal
role in improving patient quality of life.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: NINDS:
ROINS116504 (Davis and Sinha), F31NS120401 (Johnson),
ROINS110347 (Davis), R56NS099348 (Davis), ROINS110347
(Englot).

ORCID iD

Nishant Sinha (® https://orcid.org/0000-0002-2090-4889
Graham W. Johnson (& https://orcid.org/0000-0002-9154-4315
Kathryn A. Davis (@ https://orcid.org/0000-0002-7020-6480
Dario J. Englot (® https://orcid.org/0000-0001-8373-690X

References

1. Doll A, Wegrzyn M, Benzait A, et al. Whole-brain functional
correlates of memory formation in mesial temporal lobe epilepsy.
Neuroimage: Clin. 2021;31:102723.

2. Foit NA, Bernasconi A, Bernasconi N. Functional networks in
epilepsy presurgical evaluation. Neurosurg Clin N Am. 2020;
31(3):395-405.

3. Frauscher B. Localizing the epileptogenic zone. Curr Opin Neurol.
2020;33(2):198-206.

4. Lariviere S, Bernasconi A, Bernasconi N, Bernhardt BC. Connectome
biomarkers of drug-resistant epilepsy. Epilepsia. 2021;62(1):6-24.

5. Stacey W, Kramer M, Gunnarsdottir K, et al. Emerging roles of
network analysis for epilepsy. Epilepsy Res. 2020;159:106255.

6. Royer J, Bernhardt BC, Lariviere S, et al. Epilepsy and brain
network hubs.Epilepsia; 2022.

7. Davis KA, Jirsa VK, Schevon CA. Wheels within wheels: theory
and practice of epileptic networks. Epilepsy Currents. 2021;21:
153575972110156.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Spencer SS. Neural networks in human epilepsy: evidence of and

implications for treatment. Epilepsia. 2002;43(3):219-227.

. Bancaud J. La stereo-electroencephalographie dans 1’epilepsie :

informations neurophysiopathologiques apportees par 1’investi-
gation fonctionnelle stereotaxique.

Rubinov M, Sporns O. Complex network measures of brain
connectivity: uses and interpretations. Neuroimage. 2010;52(3):
1059-1069.

Tavakol S, Royer J, Lowe AJ, et al. Neuroimaging and con-
nectomics of drug-resistant epilepsy at multiple scales: from focal
lesions to macroscale networks. Epilepsia. 2019;60(4):593-604.
Hong S-J, Lee H-M, Gill R, et al. A connectome-based mech-
anistic model of focal cortical dysplasia. Brain. 2019;142(3):
688-699.

Sinha N, Peternell N, Schroeder GM, et al. Focal to bilateral tonic—
clonic seizures are associated with widespread network abnor-
mality in temporal lobe epilepsy. Epilepsia. 2021;62(3):729-741.
Kreilkamp BAK, McKavanagh A, Alonazi B, et al. Altered
structural connectome in non-lesional newly diagnosed focal
epilepsy: relation to pharmacoresistance. Neuroimage Clin. 2021;
29:102564.

McKavanagh A, Kreilkamp BAK, Chen Y, et al. Altered structural
brain networks in refractory and nonrefractory idiopathic gener-
alized epilepsy. Brain Connect. 2021.

Jehi L, Yardi R, Chagin K, et al. Development and validation of
nomograms to provide individualised predictions of seizure out-
comes after epilepsy surgery: a retrospective analysis. Lancet
Neurol. 2015;14(3):283-290.

Morita-Sherman M, Li M, Joseph B, et al. Incorporation of
quantitative MRI in a model to predict temporal lobe epilepsy
surgery outcome. Brain Communications. 2021;3(3):fcab164.
Dugan P, Carlson C, Jetté N, et al. Derivation and initial validation ofa
surgical grading scale for the preliminary evaluation of adult patients
with drug-resistant focal epilepsy. Epilepsia. 2017;58(5):792-800.
Bell GS, de Tisi J, Gonzalez-Fraile JC, et al. Factors affecting
seizure outcome after epilepsy surgery: an observational series. J
Neurol Neurosurg Psychiatr. 2017;88(11):933-940.
Alim-Marvasti A, Vakharia VN, Duncan JS. Multimodal prog-
nostic features of seizure freedom in epilepsy surgery. J Neurol
Neurosurg Psychiatr. 2022;93:499-508.

Adamczyk B, Wegrzyn K, Wilczynski T, Maciarz J, Morawiec N,
Adamczyk-Sowa M. The most common lesions detected by neuro-
imaging as causes of epilepsy. Medicina (Kaunas).2021;57(3):294.
Consales A, Casciato S, Asioli S, et al. The surgical treatment of
epilepsy. Neurol Sci. 2021;42:2249-2260.

Gleichgerrcht E, Drane DL, Keller SS, et al. Association between
anatomical location of surgically induced lesions and postopera-
tive seizure outcome in temporal lobe epilepsy. Neurology. 2021,
98:el141-el151. doi:10.1212/WNL.000.

Gleichgerrcht E, Munsell B, Bhatia S, et al. Deep learning applied
to whole-brain connectome to determine seizure control after
epilepsy surgery. Epilepsia. 2018;59(9):1643-1654.

Chen X, Wang Y, Kopetzky SJ, Butz-Ostendorf M, Kaiser M.
Connectivity within regions characterizes epilepsy duration and
treatment outcome. Hum Brain Mapp; 2021.


https://orcid.org/0000-0002-2090-4889
https://orcid.org/0000-0002-2090-4889
https://orcid.org/0000-0002-2090-4889
https://orcid.org/0000-0002-9154-4315
https://orcid.org/0000-0002-9154-4315
https://orcid.org/0000-0002-9154-4315
https://orcid.org/0000-0002-7020-6480
https://orcid.org/0000-0002-7020-6480
https://orcid.org/0000-0002-7020-6480
https://orcid.org/0000-0001-8373-690X
https://orcid.org/0000-0001-8373-690X
https://orcid.org/0000-0001-8373-690X

278

Epilepsy Currents 22(5)

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Bonilha L, Jensen JH, Baker N, et al. The brain connectome as a
personalized biomarker of seizure outcomes after temporal lo-
bectomy. Neurology. 2015;84(18):1846-1853.

Johnson GW, Cai LY, Narasimhan S, et al. Temporal lobe epilepsy
lateralization and surgical outcome prediction using diffusion
imaging. J Neurol, Neurosurg Psychiatry; 2022. In Press.

Sinha N, Wang Y, Moreira da Silva N, et al. Structural brain
network abnormalities and the probability of seizure recurrence
after epilepsy surgery. Neurology. 2020. doi:10.1212/WNL.000.
Lariviere S, Weng Y, Vos de Wael R, et al. Functional connectome
contractions in temporal lobe epilepsy: microstructural under-
pinnings and predictors of surgical outcome. Epilepsia. 2020;
61(6):1221-1233.

Neal EG, Schoenberg MR, Maciver S, Bezchlibnyk YB, Vale FL.
Seizure Freedom after epilepsy surgery and higher baseline
cognition may be associated with a negatively correlated epilepsy
network in temporal lobe epilepsy. Front Neurosci. 2020;14:
629667.

Desalvo MN, Tanaka N, Douw L, Cole AJ, Stufflebeam SM.
Contralateral preoperative resting-state functional MRI network
integration is associated with surgical outcome in temporal lobe
epilepsy. Radiology. 2020;294(3):622-627.

He X, Doucet GE, Pustina D, Sperling MR, Sharan AD, Tracy JI.
Presurgical thalamic “hubness” predicts surgical outcome in
temporal lobe epilepsy. Neurology. 2017;88(24):2285-2293.
Park E-H, Madsen JR. Granger causality analysis of interictal
iEEG predicts seizure focus and ultimate resection. Neurosurgery.
2018;82(1):99-109.

Kini LG, Bernabei JM, Mikhail F, et al. Virtual resection predicts
surgical outcome for drug-resistant epilepsy. Brain. 2019;142(12):
3892-3905.

Gunnarsdottir KM, Gonzalez-Martinez J, Wing S, Sarma SV, et al.
Sources and sinks in interictal iEEG networks: an iEEG marker of
the epileptogenic zone. IEEE; 2021.

Sinha N, Dauwels J, Kaiser M, et al. Predicting neurosurgical
outcomes in focal epilepsy patients using computational model-
ling. Brain. 2017;140(2):319-332.

Concha L, Kim H, Bernasconi A, Bernhardt BC, Bernasconi N.
Spatial patterns of water diffusion along white matter tracts in
temporal lobe epilepsy. Neurology. 2012;79(5):455-462.
Sainburg LE, Little AA, Johnson GW, et al. Characterization of
resting functional MRI activity alterations across epileptic foci
and networks. Cerebr Cortex. 2022.

Boerwinkle VL, Cediel EG, Mirea L, et al. Network-targeted
approach and postoperative resting-state functional magnetic

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

AN I

resonance imaging are associated with seizure outcome. Ann
Neurol. 2019;86(3):344-356.

Maccotta L, Lopez MA, Adeyemo B, et al. Postoperative seizure
freedom does not normalize altered connectivity in temporal lobe
epilepsy. Epilepsia. 2017;58(11):1842-1851.

Morgan VL, Rogers BP, Gonzalez HFJ, Goodale SE, Englot DJ.
Characterization of postsurgical functional connectivity changes in
temporal lobe epilepsy. J Neurosurg. 2020;133(2):392-402.
Gonzalez HFJ, Chakravorti S, Goodale SE, et al. Thalamic arousal
network disturbances in temporal lobe epilepsy and improvement after
surgery. J Neurol Neurosurg Psychiatry. 2019;90(10):1109-1116.

Da Silva NM, Forsyth R, McEvoy A, et al. Network reorganisation
following anterior temporal lobe resection and relation with post-
surgery seizure relapse: a longitudinal study. Neuroimage: Clin.
2020;27:102320.

Sinha N, Davis KA. Mapping epileptogenic tissues in MRI
negative focal epilepsy: can deep learning uncover hidden lesions?
Neurology. 2021;97:754-755. doi:10.1212/WNL.000.

Wang HE, Woodman M, Triebkorn P, et al. Virtual epileptic patient
(VEP): data-driven probabilistic personalized brain modeling in
drug-resistant epilepsy. medRxiv. 2022.

Lindstrom MJ, Bates DM. Nonlinear mixed effects models for
repeated measures data. Biometrics. 1990;46(3):673.

Sisodiya SM, Whelan CD, Hatton SN, et al. The ENIGMA-epi-
lepsy working group: mapping disease from large data sets. Hum
Brain Mapp. 2020.

Lhatoo SD, Bernasconi N, Blumcke I, et al. Big data in epilepsy:
clinical and research considerations. report from the epilepsy big
data task force of the international league against epilepsy. Epi-
lepsia. 2020;61(9):1869-1883.

Wagenaar JB, Worrell GA, Ives Z, Matthias D, Litt B, Schulze-
Bonhage A. Collaborating and sharing data in epilepsy research. J
Clin Neurophysiol. 2015;32(3):235-239.

Insel TR, Landis SC, Collins FS. Research priorities. Science.
2013;340(6133):687-688.

Liders H, Comair YG. Epilepsy surgery. lippincott williams &
wilkins; 2001.

Ostendorf AP, Ahrens SM, Lado FA, et al. United States epilepsy
center characteristics. Neurology. 2022;98(5):e449-e458.
Holdgraf C, Appelhoff S, Bickel S, et al. iEEG-BIDS, extending
the brain imaging data structure specification to human intracranial
electrophysiology. Sci Data. 2019;6(1):102.

Kuhn TS The structure of scientific revolutions. 2nd ed, enlar-
ged.Chicago: University of Chicago Press, © 1970. ©1962.;
1970.



	Integrating Network Neuroscience Into Epilepsy Care: Progress, Barriers, and Next Steps
	Introduction
	Progress
	Stage 1: ASM Trials
	Stage 2: Presurgical Evaluation
	Stage 3: Postsurgical Monitoring

	Barriers and Next Steps
	Patient Representation
	Network Model Inconsistency
	External Validation
	Equipment and Expertise
	Resistance to Change

	Declaration of Conflicting Interests
	Funding
	ORCID iD
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


