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The Molecular Dichotomy Between
Epileptic and Functional Seizures

Association of Epileptic and Nonepileptic Seizures and Changes in Circulating Plasma Proteins Linked to
Neuroinflammation
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Objective: To develop a diagnostic test that stratifies epileptic seizure (ES) from psychogenic nonepileptic seizure (PNES) by
developing a multimodal algorithm that integrates plasma concentrations of selected immune response associated proteins and
patient clinical risk factors for seizure. Methods: Daily blood samples were collected from patients evaluated in the epilepsy
monitoring unit (EMU) within 24 hours after EEG confirmed ES or PNES and plasma was isolated. Levels of 51 candidate plasma
proteins were quantified using an automated, multiplexed, sandwich ELISA and then integrated and analyzed using our diag-
nostic algorithm. Results: A 51 protein multiplexed ELISA panel was used to determine the plasma concentrations of ES
patients, PNES patients, and healthy controls. A combination of protein concentrations, TRAIL, ICAM-1, MCP-2, and TNF-R1
provided a probability that a patient recently experienced a seizure with TRAIL and ICAM-1 higher in PNES than ES, and MCP-
2 and TNF-R1 higher in ES than PNES. The diagnostic algorithm yielded an AUC of 0.94 + 0.07, sensitivity of 82.6% (95% CI:
62.9-93.0), and specificity of 91.6% (95% CI: 74.2-97.7). Further, expanding the diagnostic algorithm to include previously
identified PNES risk factors enhanced diagnostic performance with AUC of 0.97 + 0.05, sensitivity of 91.3% (95% CI: 73.2-
97.6), and specificity of 95.8% (95% CI: 79.8-99.3). Conclusions: These 4 plasma proteins could provide a rapid, cost-effective,
and accurate blood-based diagnostic test to confirm recent ES or PNES. Classification of Evidence: This study provides Class III
evidence that variable levels of 4 plasma proteins, when analyzed by a diagnostic algorithm, can distinguish PNES from ES with
sensitivity of 82.6% and specificity of 91.6%.

Commentary

I believe the results of the study1 require a brief recap: 51 serum

proteins were investigated but only 4 (TRAIL, ICAM-1, MCP-

2, and TNF-R1) were found to be significantly different

between groups and fulfilled the aim to aid in the differentia-

tion between recent epileptic and functional seizures. Both

diagnoses were confirmed by the gold standard diagnostic

method—video/electroencephalogram (EEG) monitoring. The

other proteins were either not different between the diagnostic

groups or their levels were very low and barely detectable. Of

the proteins that were different, TRAIL and ICAM-1 were

higher in functional and MCP-2 and TNF-R1 in epileptic sei-

zure patients. When these proteins were used in the diagnostic

algorithm for correct detection/identification of epileptic sei-

zures, there were 87.2% overall accuracy, 82.6% sensitivity,

and 91.7% specificity. However, when clinical characteristics

of functional seizures were added to the algorithm (ie, practi-

tioner was still needed to collect the relevant clinical informa-

tion), the algorithm performed even better with 94% overall

accuracy, 91.3% sensitivity, and 95.8% specificity. Thus, over-

all, the performance of the algorithm that included specific

protein biomarkers TRAIL, ICAM-1, MCP-2, and TNF-R1 and

the clinical features of functional seizures correlated with very

high sensitivity and specificity with the diagnostic group.

However, let us first discuss the 2 molecules, MCP-2 and

TNF-R1 that were significantly higher in patients with epileptic

rather than in patients with functional seizures. First, MCP-2

has been shown to have *60% structural overlap with MCP-1

that has been documented to be induced by, for example, exci-

totoxicity or hypoxic-ischemic injury.2,3 Similar to MCP-1,

MCP-2 has been well recognized to participate in immune-

regulation via binding to chemokine receptors and activation

chemotaxis in lymphocytes T, natural killer (NK) cells, and

monocytes therefore contributing to the pathogenesis of

monocyte-dependent tissue injury.4 Hence, MCP-2 overexpres-

sion could result in an increased immune response. Further,

since increased levels of MCP-2 have been observed in patients

with Alzheimer’s disease, this may further support the
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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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existence of the bidirectional relationship between neurodegen-

eration and seizures/epilepsy.5 The other molecule—TNF-

R1—is a membrane receptor that binds TNF-a which plays a

major part in mediating neuroinflammatory response. Human

brain specimens obtained during, for example, temporal lobe

epilepsy resections have also shown inflammatory responses in

the perivascular spaces of the ictal onset zone and in the adja-

cent parenchyma.6,7 Taking all of this into account, the notion

that neuroinflammation is the key pathology behind focal epi-

leptic seizure initiation and maintenance (and seizure refrac-

toriness) and that the dynamic and adaptive process of

neuroinflammation is associated with blood–brain–barrier dis-

ruption and glial activation is no longer a surprise.6 Thus, the

increased levels of MCP-2 and TNF-R1 in patients with epi-

lepsy when compared to functional seizures should not surprise

anyone as the first is frequently associated with neuroinflam-

mation, while the second one is not thought of as a neuroin-

flammatory condition. However, is this dichotomy correct and

justified?

Interestingly, the 2 proteins with lower levels in patients

with epilepsy (or higher in patients with functional seizures)

are proteins that are also involved in the neuroinflammatory

cascade. As the authors of the current report indicate, TNF-

related apoptosis-inducing ligand (TRAIL) is known in some

situations to induce tissue injury in humans and to activate

other molecules, for example, ICAM-1 and interleukin 8 (IL-

8).8 Further, TRAIL expression is repressed in the context of

limiting neuroinflammation by molecules produced by T cells

and microglia.9 TRAIL can activate ICAM-1 that is an

adhesion molecule the expression of which is regulated by the

TNF-a signaling pathway; this molecule aids in the attachment

of leucocytes to the endothelium and in immune response.

Further, as the authors of this report indicate, degraded

ICAM-1 molecule potentiates pro-inflammatory pathways.

Could the increases of TRAIL and ICAM-1 signify the

presence of neuroinflammation in patients with functional

seizures? Further, it begs a question whether the structural

abnormalities observed in some studies such as cortical

thinning10 or white matter abnormalities11 in patients with

functional seizures could be at least, in part, the result of

TRAIL/ICAM-1 protein overexpression in these patients?

Another 28 proteins were detected in the study, but the

differences between the groups were not significant so these

proteins were not included in the algorithm. So what is the

significance of these not-different proteins, for example, IL-

6? Interleukin 6 is known to be elevated in patients with epi-

leptic seizures and has been shown to decrease with cessation

of seizures after temporal lobectomy.12 What are we to think

when the neuroinflammatory proteins that are clearly linked to

epilepsy and seizure intractability are not different in patients

with functional seizures? Is there a link between neuroinflam-

mation and functional seizures and could the dichotomy eluded

to above be incorrect? Can studies like the one discussed here

help us to decide this? Are there different inflammatory path-

ways involved in epileptic versus functional seizures? Are

there modalities other than molecular analyses, for example,

neuroimaging that could help us with these questions?

Well, let us get off the neuroinflammatory soapbox and back

to the study. There have been many studies published, some of

them referenced by the authors of this report, that focused on

predicting the diagnostic category based on clinical presenta-

tion of patients and their comorbidities. Features such as

pan-positive review of systems, presence of multiple somatic

complaints, psychiatric comorbidities, sex, history of abuse/

trauma and so on have been used for this purpose. While none

of them came as close to the sensitivity and specificity of the

molecular biomarkers in the present study, all of them consti-

tute a set of clinical features we as clinicians rely on in estab-

lishing the final diagnosis. As epilepsy specialists, in patients

with functional seizures, we have EEG to aid us in the diag-

nosis. But, others who diagnose and take care of patients with

other functional neurological disorders don’t have that com-

fort—could a set of molecular biomarkers in addition to clin-

ical and historical features help us quickly determine the

diagnosis so that we don’t have to spend years treating patients

for what they don’t have—functional seizures and/or other

functional neurological disorders?

The authors are absolutely correct that the algorithm that

includes the quantification of these protein molecules and clin-

ical features could aid in rapid and accurate test to confirm,

especially in the emergency room setting, whether the observed

or reported event was an epileptic or a functional seizure.

However, these remain very early findings and need to be

validated and reproduced. As all biomarker research, a multi-

tude of potential confounding variables could have accounted

for the observed differences. Before we implement this algo-

rithm, we need to complete the prospective and blinded studies

testing this algorithm. If eventually robust and validated, we

will need to set up the necessary assays so that they can be run

rapidly in every hospital laboratory and clinic, and publish the

calculator that gives us the probability of which type of event

was experienced by the patient. Until we meet these needs, my

job as an epileptologist monitoring patients with video and

EEG is safe.
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