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Disentangling the Gordian Knot of
Drug-Resistant Epilepsy

Structural Brain Network Abnormalities and the Probability of Seizure Recurrence After Epilepsy Surgery

Sinha N, Wang Y, Moreira da Silva N, et al. Neurology. 2021;96(5):e758-e771. doi:10.1212/WNL.0000000000011315

Objective: We assessed preoperative structural brain networks and clinical characteristics of patients with drug-resistant
temporal lobe epilepsy (TLE) to identify correlates of postsurgical seizure recurrences. Methods: We examined data from
51 patients with TLE who underwent anterior temporal lobe resection (ATLR) and 29 healthy controls. For each patient, using
the preoperative structural, diffusion, and postoperative structural magnetic resonance imaging, we generated 2 networks:
presurgery network and surgically spared network. Standardizing these networks with respect to controls, we determined the
number of abnormal nodes before surgery and expected to be spared by surgery. We incorporated these 2 abnormality
measures and 13 commonly acquired clinical data from each patient into a robust machine learning framework to estimate
patient-specific chances of seizures persisting after surgery. Results: Patients with more abnormal nodes had a lower chance of
complete seizure freedom at 1 year, and, even if seizure-free at 1 year, were more likely to relapse within 5 years. The number
of abnormal nodes was greater and their locations more widespread in the surgically spared networks of patients with poor
outcome than in patients with good outcome. We achieved an area under the curve of 0.84 + 0.06 and specificity of 0.89 +
0.09 in predicting unsuccessful seizure outcomes (International League Against Epilepsy [ILAE] 3-5) as opposed to complete
seizure freedom (ILAE 1) at 1 year. Moreover, the model-predicted likelihood of seizure relapse was significantly correlated
with the grade of surgical outcome at year 1 and associated with relapses up to 5 years after surgery. Conclusion: Node
abnormality offers a personalized, noninvasive marker that can be combined with clinical data to better estimate the chances of
seizure freedom at 1 year and subsequent relapse up to 5 years after ATLR. Classification of evidence: This study provides class
II evidence that node abnormality predicts postsurgical seizure recurrence.

Commentary

Animal data as well as histopathological, radiological, and

electrophysiological human data converge that epilepsy consti-

tutes a neural network disorder.1 Implicit to this concept is that

a set of tightly interwoven cortical and subcortical brain

structures are responsible for the phenotypical expression

of seizures and their peri-ictal repercussions.2 That notion

gave rise to a whole research field in epilepsy that of

“connectomics,” aiming to decipher the intricacies of networks

frequently as complicated as the Gordian Knot in Asia Minor, a

conundrum of several knots all so firmly entwined that it was

impossible to see how they were fastened.3 As a result, unra-

veling these connections bears the promise of conquering a

surgical cure for epilepsy, in the same way that disentangling

the Gordian Knot, once held the promise of ruling the whole

Asia itself.3

The study of Sinha et al4 utilizes computational analysis of

presurgical structural and diffusion-weighted magnetic reso-

nance imaging (MRI) as well as postsurgical structural MRI

data of patients who underwent anterior temporal lobectomy

(ATL) for drug-resistant temporal lobe epilepsy (TLE) com-

pared to healthy controls in order to chart the presurgical

epilepsy network and its postsurgical remnant. The authors

conclude that patients with higher burden of abnormal nodes

in the surgically spared network had both lower chances of

achieving seizure freedom in one year and lower chances of

maintaining seizure freedom over a 5-year period. Moreover,

by incorporating clinical data to their network analysis through

sophisticated machine learning techniques, the authors create a

prediction model that can reliably forecast the likelihood of

both seizure freedom and seizure relapse postoperatively. Inter-

estingly, the remaining load of abnormal nodes postsurgically

is shown to be more predictive of those 2 outcomes of interest

compared to the entire presurgical network and to the evaluated

clinical features.

Following prior studies that also attempted preoperative

mapping of an epileptic network through structural and func-

tional imaging and assessed its remainders postoperatively,5,6
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this investigation is noteworthy since it attempts to integrate

clinical parameters to network analysis with the intent to even-

tually accomplish a “virtual resection” tool for clinical practice.

The premise of such a strategy is to incorporate the surgical

approach into the prediction model and assess “what is/will be

left behind.” Although this reasoning is ostensible, it may not

always hold true. For example, despite the potential of second-

ary epileptogenesis, targeted approaches of hypothalamic

hamartomas can “run down” more widespread epileptic net-

works,7 while extensive resections of epileptic networks can

still fail due to remodeling of the initial network or emergence

of secondary epileptogenic zones.6 As such, addressing the

majority of the abnormal nodes of an epileptic network may

not always be neither necessary nor sufficient to result in a

surgical cure. Focusing specifically in lesional mesial TLE,

an epilepsy type closer to the current investigation, more con-

fined destructive surgeries such as selective amygdalohippo-

campectomy,8 stereotactic laser amygdalohippocampotomy,9

or stereotactic radiosurgery10 hold substantial chances of sei-

zure freedom in carefully selected individuals, despite their

admittedly lower rates compared to more generous temporal

lobe resections.

Beyond this theoretical debate, there are several other

aspects that merit discussion. The use of healthy controls pro-

vides a solid means for comparison to identify and estimate the

abnormal nodes in patients with mesial TLE, but it may be

worthwhile investigating the use of patients with drug-

responsive mesial TLE as controls to better understand what

drives pharmacoresistance and which network characteristics

are really important to surgically address. Certain clinical vari-

ables that play a cardinal role in surgical decision-making such

as clinical semiology, interictal and ictal neurophysiologic

data, other imaging modalities (eg, positron emission tomogra-

phy or single photon emission computed tomography), and

neuropsychological evaluations were not incorporated in the

prediction model. Most importantly, the study population did

not undergo intracranial monitoring to confirm their suspected

localization. Despite the fact that this is not common practice

for a cohort like this with high rates of mesial temporal sclero-

sis, it might have an independent impact on the prediction

model, particularly for nonlesional temporal or extratemporal

cases. The issue of collinearity between some of the baseline

clinical characteristics that differed between the “surgical

successes” and the “surgical failures” or “relapses” (eg, older

age at disease onset, higher burden of anti-seizure medications

[ASMs]) is hard to disambiguate from the computationally

derived node abnormality load, as both may suggest an over-

lapping tendency toward intractability. Analysis of “relapses”

was performed only for those patients who achieved seizure

freedom for at least one year postoperatively, though early

relapses may have different etiological connotations from late

relapses.4 Other postoperative clinical parameters such as

ASMs withdrawal could have further modified the observed

outcomes. Finally, as acknowledged by the authors, the post-

surgical analysis is based on presurgical imaging data. This

may not necessarily reflect any postoperative modifications

in the original epileptic network that could act as a cause of

surgical failure or seizure recurrence.6

These limitations notwithstanding, the current study is a

commendable endeavor to decrypt the mysteries of drug-

resistant epilepsy and create noninvasive network biomarkers

that look beyond the traditional horizons of an epilepsy focus

approach. As such, it can help both with the understanding of

disease neurobiology and for diagnostic, treatment, and prog-

nostication purposes. In the future, the research community

should expand the integrative investigation of similar clini-

cally, neurophysiologically, and radiologically based computa-

tional prediction tools to advise on the impact of resective and

disconnective surgeries beyond ATL, to predict the effect of

minimally invasive surgeries such as radiofrequency thermocoa-

gulation, laser ablation, or radiosurgery, to provide prognostic

information on the use of pharmacological and neuromodulation

techniques, and to extend the scope of inquiry beyond mere

seizure outcomes, incorporating network analysis to assess the

cognitive and affective sequelae of epilepsy and its management.

Extensive validation and widespread accessibility of such tools

would render them invaluable to clinical practice.

In 333 BC, Alexander the Great invaded Gordium and alleg-

edly cut its knot prior to forming his formidable empire, as the

oracle once predicted.3 Understanding the complexity of and

subsequently finding the cure for drug-resistant epilepsy may

take more than a “sword’s stroke,” but advances like these

move us closer to the target.
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imaging biomarker for secondary generalization of seizures.

However, the study methods and data/result presentation are

complicated and require some attention before we dive deeper

into the discussion of the results.

The authors present data of a large but overall heteroge-

neous group of TLE patients—MRI-negative patients, patients

with hippocampal sclerosis, dysembryoplastic neuroepithelial

tumors, and cavernomas. While not necessarily a major prob-

lem, combining all these groups prior to showing that their

task-related fMRI activations are not different (and that thala-

mic activations are not different) creates a potential confounder

that is not addressed in the study. Further, they utilize their “go-

to” fMRI task—verb fluency—to assess language lateralization

including thalamic involvement in the task. However, since

there is no performance tracking with this covert task, there

is no way of knowing how well the participants performed the

task and how performance on the task influenced the observed

fMRI activations. To offset this, they tested letter fluency as

part of their neuropsychological battery—there were some

group differences including significant differences between left

TLE with and without generalized seizures.

In the primary analysis, they compared fMRI activation

patterns in patients with FBTCS within the last year to patients

with no FBTCS (ie, only with focal seizures [FS]) in the last

year to find that the activation patterns were different between

the groups with higher fMRI activation and more leftward

activation in patients with FS including differences in thalami.

Of interest is the fact that some of the peak activations fell into

the anterior thalamic nuclei that, as we all know, are the target

of deep brain stimulation. In the post hoc analyses, they showed

that FS patients’ thalamic activations were similar to healthy

controls performing the same task but active FBTCS partici-

pants had overall lower thalamic activations when compared to

either of those two groups. Important is that having FBTCS in

the last year was the most significant determinant of thalamic

activation. The study would be very easy to understand and

interpret had they stopped their analyses here. However, the

authors performed several useful but very complicated analyses

that undoubtedly make the interpretation of the results difficult.

These additional, in-part confirmatory in-part follow-up anal-

yses are psychophysiologic interaction, graph theory, and

receiver operating characteristic (RUC) curve analyses. The

understanding and interpretation of these analyses is neither

intuitive nor simple. While disentangling these analyses is not

part of this commentary, for the purpose of better understand-

ing their approach, we can briefly state that psychophysiologic

interaction is a between regions connectivity analysis for fMRI

data that is context-dependent. Graph theory analysis, as

explained previously in great detail,5 allows mathematical

analysis and description of complex systems using terms such

as “hubs,” “centrality,” and “betweenness.” Finally, the term

ROC—probably most recognized by neurologists—is a binary

classifier that allows diagnostic discrimination between groups.

These analyses show that, in patients with active FBTCS, there

is greater context-dependent thalamo-temporal and thalamo-

motor connectivity, higher thalamic degree and betweenness

centrality, and that ROC curves discriminate well between

individuals with and without active FBTCS. These findings

also indicate that having active FBTCS changes the brain more

than having FS alone and that the presence and the degree of

the changes may be used as a biomarker for disease severity.

As complicated as these analyses are, the authors provide

meticulous description of the procedures performed and of the

results in the main body of the manuscript with additional

details included in the supplement. However, more important

are implications of this study. Since fMRI has been a mainstay

of presurgical language and verbal memory evaluation for

years,6 most epilepsy centers obtain fMRI as part of their pre-

surgical patient staging protocol. However, we cannot expect

that psychophysiologic interaction, graph theory, and ROC

curve analyses of the task-related fMRI data will be performed

in the course of such evaluation. Rather, what the study shows

is that the task fMRI data can be used not only to perform a

rather simplistic analysis of language lateralization but also to

identify the negative effects of pathophysiology (here seizures)

on brain networks. Whether independently or in combination

with other measures (eg, functional connectivity or thalamic

stereoelectroencephalography), future research could teach us

if/how such results could be applied to evaluating disease

severity, staging in presurgical evaluation, predicting out-

comes, or deciding the treatment approaches (eg, resection vs

implantable devices).

Perhaps more importantly, these findings teach us some-

thing about the disease itself. They provide information about

the pathophysiology of temporal lobe seizures, about the

negative effects of seizures not only on local but also on

remote executive brain regions (ie, confirm the proposed a

long-time ago “nociferous cortex hypothesis”7), and outline the

negative effects of FBTCS on brain connectivity and pathways

of information transfer. While previously such negative effects

have been documented in resting-state studies, this effort

extends those findings to cognitive tasks and task-based con-

nectivity. This study shows that the task data can be used not

only to localize and lateralize brain functions but also to mea-

sure the effects of the disease on brain networks and its

severity.
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