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Abstract

There are no pharmacological interventions to prevent the development of epilepsy, although many 

promising compounds have been identified in the animal laboratory. Clinical trials to validate their 

effectiveness, however, would currently be prohibitively expensive due to the large subject 

population and duration of follow-up necessary. There is, therefore, the need to identify 

biomarkers of epileptogenesis that could identify patients at high risk for epilepsy following a 

potential epileptogenic insult to enrich the subject population, as well as biomarkers that could 

determine the effectiveness of therapeutic intervention without the need to wait for seizures to 

occur. Putative biomarkers under investigation for epileptogenesis and its treatment include 

genetic, molecular, cellular, imaging, and electrophysiological measures that might reliably predict 

the development or progression of an epileptic condition, the effects of antiepileptogenic 

treatment, or cure after surgery. To be clinically useful for most purposes, ideal biomarkers should 

be noninvasive, and it is anticipated that a profile of multiple biomarkers will likely be required. 

Ongoing animal research involves a number of experimental models of epileptogenesis, with 

traumatic brain injury, offering the best potential for translational clinical investigations. 

Collaborative and multicenter research efforts by multidisciplinary teams of basic and clinical 

neuroscientists with access to robust, well-defined animal models, extensive patient populations, 

standardized protocols, and cutting-edge analytical methodologies are likely to be most successful. 

Such biomarker research should also provide insights into fundamental neuronal mechanisms of 

epileptogenesis suggesting novel targets for antiepileptogenic treatments.
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Introduction

Despite decades of productive translational research on fundamental neuronal mechanisms 

underlying epileptogenicity, and the introduction of over 20 new antiseizure drugs in the past 

30 years, many of which were designed to correct specific pathophysiological substrates of 

seizure generation, there remain no pharmacological treatments to prevent epilepsy. The 

reasons for this are twofold: (a) Mechanisms of epileptogenesis are not the same as 

mechanisms of ictogenesis; therefore, drugs designed specifically to stop seizures would not 

be expected to also prevent the development of epilepsy. (b) Even if compounds were 

identified as potentially antiepileptogenic, and there are several, clinical trials to validate 

their effectiveness would be prohibitively expensive. Such a trial would require a subject 

population with a known epileptogenic insult, such as traumatic brain injury (TBI). Even 

with severe TBI, the incidence of later posttraumatic epilepsy (PTE) is 15 to 20%, making a 

very large subject population necessary to achieve statistically significant results. 

Furthermore, PTE most commonly begins one to two years following TBI and may occur 

ten years or more later, indicating that a trial to determine the efficacy of an 

antiepileptogenic agent would need to last, at least, several years.

Research to develop prospective antiepileptogenic agents to prevent epilepsy is a high 

priority, and identification of biomarkers of epileptogenesis is viewed as the most practical 

solution to the problem of designing economically feasible clinical trials (Engel Jr. et al., 

2013; Pitkänen and Engel Jr., 2014). This review will be specifically concerned with 

biomarkers of epileptogenesis and their relevance for studies to develop antiepileptogenic 

treatments. Epileptogenesis refers to the development and extension of tissue capable of 

generating spontaneous seizures, resulting in (a) the development of an epileptic condition 

and/or (b) progression of the epilepsy after it is established (Pitkänen and Engel Jr., 2014). 

Like any progressive pathology (e.g., Alzheimer’s disease), the evolution of epileptogenesis 

is a “moving target”. Antiepileptogenesis is a process that counteracts the effects of 

epileptogenesis, including prevention, seizure modification, and cure (Pitkänen and Engel 

Jr., 2014). Definitions of relevant terms appear in Table 1.

Reliable biomarkers of epileptogenesis would permit selection of subjects with a very high 

likelihood of developing epilepsy due to genetic or structural causes, in order to enrich the 

subject population and reduce it to a workable number. Biomarkers would also be useful for 

tracking the treatment effect of the antiepileptogenic intervention (Pitkänen et al., 2018).

Biomarker – definition and categories

In 2015, the FDA-NIH Joint Leadership Council developed the BEST [BEST (Biomarkers, 

EndpointS, and other Tools) Resource; http://www.biostatsolutions.com/wp-content/uploads/

2016/11/Bookshelf_NBK326791.pdf] to improve accuracy in the understanding and use of 

biomarker terminology in biomedical research, clinical practice, and medical product 

development.

A biomarker is a characteristic that is measured as an indicator of normal biologic processes, 

pathogenic processes, or responses to an exposure or intervention, including therapeutic 
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interventions. Biomarkers may have molecular, histologic, radiographic, and physiologic 

characteristics. The BEST Glossary of biomarker categories includes: (a) susceptibility/risk 

biomarkers, (b) diagnostic biomarkers, (c) monitoring biomarkers, (d) prognostic 

biomarkers, (e) predictive biomarkers, (f) pharmacodynamic/response biomarkers, and (g) 

safety biomarkers. Biomarkers are developed through the process of analytical validation, 

clinical validation, and the demonstration of clinical utility (Frisoni et al., 2017). 

Epileptogenesis biomarkers can be categorized accordingly (Table 2).

Clinical utility of epileptogenic biomarkers has four major needs: (a) Identification of 

patients who need treatment after potential epileptogenic insults, (b) verification of potential 

anti-epileptogenic treatments, (c) identification of progressive epilepsies that need more 

aggressive treatments, such as surgery, and (d) diagnosis of cure or prevention.

Biomarkers for epileptogenesis and antiepileptogenesis – the need for a 

multimodal approach

At the molecular and cellular levels, epileptogenesis after a structural cause refers to a 

process in which an initial brain-damaging insult triggers a cascade of molecular and cellular 

changes that eventually lead to the occurrence of unprovoked seizures. Cellular alterations 

include neurodegeneration, neurogenesis, axonal sprouting, axonal and myelin injury, 

dendritic remodeling, various types of gliosis, inflammatory cell invasion, blood-brain-

barrier damage, angiogenesis, alterations in extracellular matrix composition, possible 

aggregation of materials (e.g., iron and calcium), and acquired channelopathies (Pitkänen 

and Lukasiuk, 2011, 2009). These pathologies generate a “cellular and molecular 

ecosystem” which eventually triggers seizures, and can be modulated by treatments. The 

epileptogenic tissue milieu expresses and secretes molecules that can be measured as 

biomarkers in different epilepsy indications, including therapy trials, using various 

approaches such as blood/cerebrospinal fluid (CSF) analysis, brain tissue analysis (e.g., 
cortical or hippocampal tissue), and indirectly by imaging, or electrophysiology. 

Importantly, at each stage, the epileptogenic process and biomarker discovery can be 

modulated by the genetic make-up, microbiota, and exposome.

At the network level, epileptogenesis refers to cell loss and neurogenesis, resulting in axonal 

sprouting and synaptic reorganization, which not only alter local circuit and more 

widespread excitability, but also predispose to enhance synchronization of pathological 

neuronal discharges such as burst firing. The subsequent development of a localized 

epileptogenic region and a distributed epileptogenic network can be measured by recording 

specific electrophysiological patterns (Engel et al., 2018; Frauscher et al., 2017) such as 

interictal spikes, high-frequency oscillations (HFOs) or sleep spindles, as well as by 

structural and functional magnetic resonance imaging, and newer technologies, including 

optogenetics, and DREADDs (designer receptor exclusively activated by designer drugs).

Considering the complexity of the epileptogenic process, it is anticipated that no single 

biomarker will be a robust measure of any of the functions necessary to design a cost-

effective clinical trial of an antiepileptogenic agent, but, rather, a profile of biomarkers will 

eventually be necessary to increase sensitivity and specificity.
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The optimal biomarker

Optimal biomarkers should be specific for epilepsy and for a given epilepsy indication. It 

should be translatable so that biomarker(s) used for therapy development in the animal 

laboratory can be applied in clinical antiepileptogenesis trials. This means that, for most 

clinical purposes, the optimal biomarker must be noninvasive. Therefore, molecular and 

cellular biomarkers determined from analysis of brain tissue in experimental animals would 

need to inform noninvasive measures using imaging techniques such as positron emission 

tomography (PET). Electrophysiological biomarkers, such as HFOs, that are recorded 

directly from the brain in experimental animals may eventually be visible with scalp EEG 

(Cuello-Oderiz et al., 2017), or by alternative techniques such as magnetoencephalography 

(MEG) (Velmurugan et al., 2018). Sleep-EEG could also provide a translatable modality for 

therapy development and monitoring of treatment effect (Andrade et al., 2017). Biomarkers 

should also have a long expression time window and stability. The analysis platform should 

be accessible, rapid, reproducible, and economically feasible.

Epileptogenesis biomarkers - State of the art in 2019

Diagnosis of epileptogenesis.

Biomarkers for epileptogenesis can be “prognostic” that indicate likelihood of epilepsy after 

a brain insult or “diagnostic” that identify the presence of ongoing epileptogenesis at a given 

time point. We previously estimated that by increasing the likelihood of developing epilepsy 

from 20% to 50% in a study population would reduce the cost of the powered human 

antiepileptogenesis study from 18 M$ to 3.6 M$ (Engel et al., 2013a). There are great hopes 

that this goal will be achieved by identification of sensitive and specific (a) susceptibility/

risk biomarkers for a given epilepsy syndrome (e.g., genetic biomarkers with strong 

association with epileptogenesis), (b) prognostic biomarkers which anticipate the risk of 

epilepsy, for example, at 2-year timepoint after TBI or (c) diagnostic biomarkers which 

would reveal ongoing epileptogenesis even without knowledge of accurate timing of the 

potential preceding brain insult. Table 2 lists the studies which have reported prognostic 

and/or diagnostic biomarkers for epileptogenesis.

Genetics -—A few genetic markers have been linked to increased risk of structural 

epileptogenesis such as mutations in CD-40-1C/T or Rs671 genes for post-stroke epilepsy 

(for review, see (Pitkänen et al., 2016b, 2016a). However, the study populations have been 

small and the studies wait to be replicated before these genetic markers would be ready for 

patient stratification into antiepileptogenesis studies, possibly jointly with the expression of 

other prognostic/diagnostic biomarkers in a given subject.

Molecular analysis -—So far, two molecular biomarkers have shown promise in 

epileptogenesis diagnosis. Walker et al. (2017) reported that increased total plasma high-

mobility group box 1 protein (HMGB1) levels differentiated animals which will develop 

epilepsy after unilateral hippocampal electrical stimulation induced status epilepticus from 

those that will not. An interesting study of Stavropoulos et al. (2017) reported that 6-12 y old 

children with benign childhood epilepsy syndromes had a 1.5-fold increase in cortisol levels 

in a 3-cm scalp hair sample when assessed within 24 h after the first seizure as compared to 
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controls, reporting on preceding chronic stress for approximately 3 months. This observation 

is interesting as it takes weeks for the cortisol to accumulate in hair (Russell et al., 2012; 

Stalder and Kirschbaum, 2012; Wester and Van Rossum, 2015), and thus, suggests increased 

hair cortisol levels and hypothalamic-pituitary-adrenal axis dysfunction even before the 

occurrence of the 1st seizure.

Imaging -—Four imaging studies have reported imaging parameters as prognostic & 

diagnostic biomarkers for epileptogenesis for various structural epilepsies. Choy et al. 

(2014) found that reduced T2 relaxation time in the basolateral or medial amygdala or in the 

medial thalamus identified rats with or without later epilepsy induced by hyperthermic 

seizures at postnatal day (P) 11. Pitkänen and Immonen (2014) reported that increased 

diffusion trace T1σ) in the somatosensory and perirhinal cortices and hippocampus and 

increased T2 in the thalamus indicated rats with increased seizure susceptibility after 

pentylenetetrazol administration after lateral fluid-percussion induced TBI. More recently, 

Pascente et al. (2016) showed that increased hippocampal myo-inositol/total creatine ratio 

diagnosed P21 animals which were going to develop epilepsy after lithium-pilocarpine -

induced SE from those that will not. Finally, human data from Friedman’s laboratory 

showed that the area of the gadolinium leakage around the cortical lesion rather than the area 

of the cortical lesion itself indicated the presence of PTE (see Pitkänen et al., 2016a).

Electrophysiology -—Six studies have identified potential epileptogenesis biomarkers in 

EEG. Andrade et al. (2017) found that shortening of sleep spindles at N3-REM transition 

indicated animals with PTE after lateral fluid-percussion TBI. Bragin et al. (2004) found that 

HFOs appeared days after intrahippocampal kainic acid induced SE in rats, only in animals 

that later developed epilepsy. Furthermore, the duration of time before HFO appearance 

correlated with the delay to first seizure. Bragin et al. (2016) also found that perilesional 

HFOs and repetitive HFOs on EEG spikes were present in animals which later developed 

epilepsy in the lateral FPI model of TBI. Milikovsky et al. (2017) revealed that a dynamic 

change in the theta band presented a diagnostic biomarker for epileptogenesis in several 

structural epilepsy models. Rizzi et al. (2019) demonstrated that a decrease in non-linear 

dynamics dimensions in the EEG/electrocorticogram differentiated epileptogenic from non-

epileptogenic rats in three SE model of epileptogenesis. A clinical study by Bentes et al. 

(2018) showed that background EEG asymmetry differentiated patients with acute anterior 

circulation ischemic stroke who developed epilepsy from those who did not.

Identification of progressive epilepsies that need more aggressive treatments, such as 
surgery.

Two clinical studies have compared patient populations with drug-responsive and drug-

refractory epilepsy to identify biomarkers for drug-refractoriness (Table 2). Walker et al. 

(2017) reported that elevated total plasma HBMG1 levels differentiated drug-refractory 

patients from drug-sensitive patients. Labate et al. (2015) found that increased ipsilateral 

medial diffusivity, decreased fractional anisotropy, and reduced hippocampal volume 

associated with refractory medial TLE.
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Another two studies have proposed biomarkers for epileptogenicity of the brain tissue. 

McCallum et al. (2016) analyzed transcriptomics signatures of the brain tissue available 

from epilepsy surgery. They reported a relative downregulation of 35 genes and upregulation 

of 5 genes in patients with ≥4 seizures per month as compared to those with ≥4 seizures per 

month. As in animals, aspects of pHFOs are considered to be an indicator of epileptogenic 

brain tissue in humans (Bragin et al., 1999; Liu et al., 2018; Roehri et al., 2017).

Development of anti-epileptogenic treatments.

The development of small molecule as well as biological treatments to combat 

epileptogenesis is in great need of biomarkers which (a) predict therapy response, (b) 

monitor treatment effect, (c) report on pharmacodynamics, and (d) safety. Despite of over 40 

treatment approaches (Fig. 2), so far, only one study has been published of epilepsy 

biomarkers related to drug therapy. Walker et al. (2017) reported that the total prevention of 

the increase in the level of total HBMG1 in plasma indicated a favorable therapy response to 

anakinra-BoxA-ifenprodil polytherapy after SE-induced epileptogenesis in rats.

Epilepsy surgery outcome - Cure.

Surgery is the only therapy that can cure epilepsy. Using molecular profiling, Gallek et al. 

(2016) reported a relative down-regulation of ZNF852, CDCP2, PRRT1, FLJ41170 and 7 

RNA probes in subjects who became seizure free as compared to non-seizure free subjects 

following anterior temporal lobectomy for intractable temporal lobe epilepsy (TLE).

How to facilitate the progress in epileptognenesis biomarker discovery and 

validation

Despite many promising biomarker discovery studies, there are no epileptogenesis-related 

biomarkers in clinical use. As Table 2 summarizes, biomarkers investigated in the laboratory 

are not investigated in the clinic. The only exceptions, so far, are plasma HMBG1 levels and 

presence of pHFOs in EEG recordings. These proof-of-concept studies suggest that 

translation can be possible both in plasma proteins as well as in electrophysiological signals. 

Still, neither one is validated in large cohorts and target populations need to be specified. 

Also, the analysis platforms need to be developed that qualify for rapid affordable analysis 

and fill the standards for clinical use (Pitkänen et al., 2018).

Model selection.

Preclinical studies to identify reliable biomarkers of epileptogenesis and ictogenesis are best 

performed with an animal model in which the timing of a potentially epileptogenic insult to 

a normal brain is known, in order to follow the course of the epileptogenic process from 

insult to the appearance of epilepsy. An animal model must also have translational potential. 

A good candidate clinical condition that fits these criteria for modeling is TBI, and several 

approaches are available to mimic various forms of TBI that lead to PTE in humans. Animal 

models showing post-TBI spontaneous seizures investigated in the TBI field include lateral 

fluid-percussion injury modeling a mixed type (both focal and diffuse) injury, controlled 

cortical impact (focal contusion), and weight-drop model (diffuse injury)[for review, see 
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Pitkänen et al. (2017)]. In addition, highly epileptogenic cortical iron injection mimicking 

post-TBI hemorrhage (Willmore et al., 1978), cortical undercut model in mice and rats 

mimicking stab wound TBI (Graber and Prince, 2006; Ping and Jin, 2016), or intracerebral 

metals mimicking gun-shot injuries (Kendirli et al., 2014) have been described and used in 

drug discovery but not yet in biomarker discovery.

The most studied animal models of epileptogenesis, and therefore the best understood, are 

those that model hippocampal sclerosis, which is induced in the laboratory by various forms 

of experimental status epilepticus (Aronica et al., 2017). Unfortunately, neither the timing, 

nor the nature, of the epileptogenic insults responsible for hippocampal sclerosis in humans 

is known so translational studies are not possible. Like PTE after TBI, epilepsy following 

status epilepticus is variable. Intracranial hemorrhage and stroke can be reproduced in the 

animal laboratory (Kelly, 2017; Klahr et al., 2014) and are a common cause of epilepsy in 

humans. Animal models of epilepsy following these conditions have not been as well 

established, however, as the animal model for TBI.

Finally, tuberous sclerosis has been suggested as a particularly appropriate condition to be 

modeled because 80% of children born with this disease will develop epilepsy within the 

first two years of life, which automatically constrains the subject population and the duration 

of a clinical trial. Animal models of tuberous sclerosis exist, and research on this condition 

is proceeding (Jeoang and Wong, 2017; Davis et al., 2019). It is not clear, however, to what 

extent there is a process of epileptogenesis after birth that can be interrupted by an 

antiepileptogenic intervention, as opposed to an epileptogenic process that occurred in utero, 

in which the appearance of epileptic seizures one or two years after birth reflects brain 

maturation that eventually is capable of supporting ictogenesis.

Validation.

Theoretically, it may not be necessary to know the exact timing of an epileptogenic insult in 

order to validate the effectiveness of an antiepileptogenic intervention. For instance, there is 

no reason to assume that the epileptogenic process in every situation is completed, and 

therefore ceases, as soon as the first epileptic seizure occurs. For many patients, the first ictal 

event of chronic epilepsy is an indication that the epileptogenic process is continuing and 

will result in more frequent and more severe seizures. Animal models, therefore, could be 

developed utilizing a variety of epileptogenic interventions in order to study the 

effectiveness of a potential antiepileptogenic intervention introduced after the first seizure 

occurs. Genetic epilepsies begin at various times after birth, and at least some of these could 

represent an epileptogenic process over time, as opposed to an effect of brain maturation. 

Indeed, there is evidence, in a rat model of absence epilepsy, that treatment with anti-

absence medications before seizures appear prevents their later occurrence [Figure 2, Russo 

and Citraro (2018)]. Genetic biomarkers indicating the risk of developing a genetic epilepsy 

provide the opportunity for antiepileptogenic interventions, and these conditions could also 

be modeled in the animal laboratory.
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Statistical power and big data.

Many more investigations have been published in recent years of putative molecular and 

cellular (Diamond et al., 2015; Gorter et al., 2014; Hegde and Lowenstein, 2014; Holtman et 

al., 2013; Loeb, 2011; Löscher and Brandt, 2010), electrophysiological (Gabriel and Rowe, 

2014; Huneau et al., 2013; Staba et al., 2014; Staba and Bragin, 2011; Worrell and Gotman, 

2011), and imaging (Engel et al., 2013b; Gomes and Shinnar, 2011; Lin et al., 2007, 2005; 

Obenaus, 2013; Savic and Engel, 2014) epilepsy biomarkers that could indicate 

epileptogenesis; however, a primary obstacle has been the fact that both animal and clinical 

studies have invariably been underpowered. Furthermore, the lack of standardized 

approaches has prevented serious comparative and translational analyses among published 

studies.

Collaborative and multicenter research efforts, composed of multidisciplinary teams of basic 

and clinical neuroscientists with access to robust, well-defined animal models, extensive 

patient populations, standardized protocols, and cutting-edge analytic methodologies, 

including big data and artificial intelligence approaches, offer the best opportunity to realize 

the goal of identifying reliable epileptogenic biomarkers. Adequate predictive power will 

likely require a combination of biochemical, electrophysiologic, and neuroimaging 

biomarkers, measured at different post-injury time points, to diagnose epileptogenesis, with 

high sensitivity and specificity, independent of the severity of brain damage. Several large 

collaborative efforts have been funded by the European Commission and the U.S. National 

Institutes of Health in recent years, and an increasing number of reports on potential 

epileptogenic biomarkers are appearing in the literature. Such studies will likely also provide 

insights into the fundamental neuronal mechanisms of these processes and inform basic 

research into novel targets for antiepileptogenic interventions.
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Highlights

• There are no pharmacological interventions to prevent the development of 

epilepsy, in large part because clinical trials to validate their efficacy would be 

prohibitively expensive.

• There’s a great need to identify biomarkers of epileptogenesis in order to 

facilitate clinical trials of antiepileptogenic interventions, by enriching the 

subject population, and documenting efficacy without the need to wait for 

seizures to occur.

• Several animal models of human epilepsy are appropriate for translational 

investigations to identify putative genetic, molecular, cellular, imaging, and 

electrophysiological biomarkers that can predict the development or 

progression of epilepsy.

• Large collaborative multicenter research efforts by multidisciplinary teams of 

basic and clinical neuroscientists with access to well-defined animal models, 

extensive patient populations, standardized protocols, and cutting-edge 

analytical methodologies are currently underway.
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Figure 1. Epileptogenesis biomarkers.
As epileptogenic process is progressive, the sensitivity and specificity of a given biomarker 

is tied to the timing of its measurement (x-axis). The same time point can present different 

stages of progression in different epilepsy syndromes. For example, in status epilepticus -

induced epileptogenesis models, a 3-wk time point is often “late epileptogenesis” whereas in 

ischemic stroke and traumatic brain injury models it is “early epileptogenesis”. Such staging 

does not, however, exclude the possibility that the same biomarker could be expressed in all 

models at the same time point despite it would be reporting of the different stage of 

epileptogenesis in a given model. For example, in most of the structural epileptogenesis 

models one could expect to see expression of cell death markers during the first post-insult 

week. As summarized in Table 2, proof-of-concept studies have identified preclinical and 

clinical prognostic & diagnostic biomarkers for epileptogenesis, diagnosis of drug-refractory 

epilepsy, diagnosis of tissue epiletogenicity, prediction of drug-therapy response and 

prediction of epilepsy surgery outcome.
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Figure 2. Proof-of-concept trials of antiepileptogenic treatment and discovery of predictive 
biomarkers for therapy response.
Treatments that have been demonstrated to have a disease-modifying effect on 

epileptogenesis in animal models of structural (blue dots) and genetic (brown dots) 

epilepsies are plotted according to their publication year [for references, see Pitkänen et al. 

(2014); Russo and Citraro (2018)]. Compounds include mostly small molecules and only a 

few biologicals (green text) have been tested, so far. Red arrow indicates the only therapy 

trial that applied predictive biomarkers to demonstrate treatment effect. Walker et al. (2017) 

showed that a decrease in total plasma HMBG1 levels predicted therapy response to 

anakinra+BoxA+ifenpodil polytherapy in a status epilepticus model of epileptogenesis in 

rat.
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Table 1.

Concepts and definitions.

Epileptogenesis: the development and extension of tissue capable of generating spontaneous seizures, resulting in a) development of an 
epileptic condition and/or b) progression of the epilepsy after it is established.

Ictogenesis: a propensity to generate epileptic seizures, including initiation and evolution of the epileptic seizures (also referred to as 
epileptogenicity).

Disease or Syndrome Modification: consists of antiepileptogenesis and comorbidity modification

Antiepileptogenesis: a process that counteracts the effects of epileptogenesis, including prevention, seizure modification, and cure. 
Antiepileptogenesis can also prevent or reduce the progression of epilepsy after it has already been established.

 • Prevention: Complete prevention aborts the development of epilepsy. Partial prevention can delay the development of epilepsy or reduce its 
severity.

 • Cure: The complete and permanent reversal of epilepsy, such that no seizures occur after treatment withdrawal.

Comorbidity Modification: treatment that alleviates or reverses the symptomatic development or progression of epilepsy-related comorbidities, 
such as anxiety, depression, somato-motor impairment, or cognitive decline.

Antiepileptogenic Treatment: can be given prior to or after epilepsy onset. When an antiepileptogenic treatment is given prior to epilepsy 
onset it prevents or delays the development of epilepsy. If seizures occur, they may be fewer in frequency, shorter, or of milder severity. When 
such a treatment is given after the diagnosis of epilepsy, it can alleviate seizure severity, prevent, or reduce the progression of epilepsy, or 
change the seizures from drug-resistant to drug-sensitive.

Adapted from Pitkänen and Engel Jr. (2014) with permission.
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Table 2.

Molecular, imaging, and electrophysiologic prognostic/diagnostic biomarkers for epileptogenesis, severe drug-

refractory epilepsy and pharmacological and surgical therapy response.

Study design Modality Tissue Analysis 
platform

Biomarker AUC Reference

Prognostic & Diagnostic biomarker for epileptogenesis

Rats which develop epilepsy 
vs. rats which do not develop 

epilepsy after electrical 
stimulation - induced SE

Molecular Plasma ELISA Increased 
total HMGB1

1.00* Walker et al. 
(2017)

Children with benign 
childhood epilepsies vs. 

controls

Molecular Hair ECLIA Increased hair 
cortisol within 
24 h after the 

1st seizure

0.817 Stavropoulos 
et al. (2017)

Rats with or without epilepsy 
after hyperthermia-induced 

SE at P11

Imaging  Brain tissue 
- amygdala, 

thalamus

T2 MRI T2 relaxation 
time ⇩ in 

basolateral 
amygdala

T2 relaxation 
time ⇩ in 
medial 

amygdala
T2 relaxation 

time ⇩ in 
medial 

thalamus

0.910
0.820
0.780

Choy et al. 
(2014)

Rats with or without 
increased seizure 

susceptibility in the PTZ test 
after TBI

Imaging Brain tissue - 
amygdala, 

hippocampus, 
thalamus

T2-w DTI MRI T1σ in S1 
cortex T1σ in 
Prh cortex T2 
in thalamus 
T1σ in HC

0.881
0.929
0.893
0.857

Pitkänen and 
Immonen 

(2014)

P21 rats which develop 
epilepsy vs. P21 rats which 

do not develop epilepsy after 
systemic pilocarpine -induced 

SE

Imaging Septal pole of 
the 

hippocampus

MRS Increased 
hippocampal 
mIns/tCr on 
day 72 post-

SE

0.830 Pascente et 
al. (2016)

Patients with vs. without 
epilepsy after TBI

Imaging Cerebral 
cortex

Gadolinium-MRI Area of 
gadolinium 

leakage 
around 

cortical lesion 
after TBI

0.850 Data by A 
Friedman in 
Pitkänen et 
al. (2016)

Rats with epilepsy vs. no 
epilepsy after lateral fluid-

percussion induced TBI

Electrophysiology Brain Sleep-EEG Shortening of 
the duration 

of sleep 
spindles 

occurring at 
transition 

from N3 to 
REM

0.907 Andrade et 
al. (2016)

HFOs differentiate rats which 
develop epilepsy after 

intrahippocampal kainite 
injection or lateral fluid-

percussion injury from those 
that will not

Electrophysiology Brain EEG Presence of 
HFOs during 

the first 2 
post-injury 

weeks

no data Bragin et al. 
(2004, 2017)

Diagnostic biomarker for 
epileptogenesis
or
Prognostic biomarker for 
development epilepsy in 
rodents with brain injury

Mice with or 
without epilepsy 

after i.c.v. 
injection of 

albumin, TGF-β, 
or IL-6

Brain Electrophysiology
Theta dynamics in 
EEG on days 2-4

Absolute 
slope value of 

dynamic 
change in 
theta band

0.910
0.997

Milikovsky et 
al. (2017)
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Study design Modality Tissue Analysis 
platform

Biomarker AUC Reference

Rats with or 
without epilepsy 

after 
photothrombotic 

stroke
Rats with or 

without epilepsy 
after bilateral 
hippocampal 

electrical 
stimulation - 
induced SE

Distance from 
the mean 

control group

Patients with acute anterior 
circulation ischemic stroke 
developing epilepsy vs. not 

developing epilepsy

Electrophysiology Brain EEG Background 
asymmetry
Interictal 

epileptiform 
activity

0.810 Bentes et al. 
(2018)

Three models Electrophysiology Brain EEG Decrease in 
non-linear 
dynamics 

dimension in 
EEG/ECoG

≥0.886 in 
different 
models

Rizzi et al. 
(2019)

Prognostic/Diagnostic biomarkers for progression of epilepsy (drug-refractoriness) or epileptogenicity

Patients with high (median ≥4 
sz/month) vs. low (<4) 
seizure frequency undergoing 
temporal lobectomy with 
amygdalohippocampectomy 
due to intractable TLE

Molecular Lateral 
temporal 

cortex

Affymetrix 
GeneChip Human 

Gene 1.0 ST 
Array

Relative 
down-

regulation of 
35 genes and 
up-regulation 
of 5 genes in 
≥4 sz/month 

group

≥0.904*
* logistic 
regression

McCallum et 
al. (2016)

Drug-sensitive vs. drug-
refractory patients

Molecular Plasma ELISA Total HBMG1 0.990 Walker et al. 
(2017)

Patients with benign vs. 
refractory mTLE

Imaging Brain tissue - 
temporal lobe 

grey and 
white matter

DTI MRI ⇧ ipsilateral 
MD

⇩ ipsilateral 
FA

⇩ ipsilateral 
HC vol

ipsilateral HS
FA+HS

0.670
0.770
0.670
0.660
0.768

Labate et al. 
(2015)

Diagnostic biomarker for 
localization of seizure onset 
zone (tissue epileptogenicity)

Intrahippocampal 
kainate model of 
TLE and lateral 

FPI model of PTE 
in rat

Seizure onset zone 
vs. other brain 

areas in humans 
evaluated for 

epilepsy surgery

Brain Electrophysiology
iHC or iECEEG 

scalp EEG

occurrence of 
HFOs

stereotypical 
HFOs with 
waveform 
similarity

Spikes x HFO

no data Bragin et al. 
(1999)

Liu et al. 
(2018)

Roehri et al. 
(2018)

Predictive biomarker for antiepileptogenic treatment effect

Post-SE rats treated with 
vehicle vs. anakinra+BoxA
+ifenprodil polytherapy

Molecular Plasma ELISA Prevention in 
the increase in 
total HMGB1

≥0.900* Walker et al. 
(2017)

Predictive biomarker for cure after epilepsy surgery

Patients undergoing temporal 
lobectomy with 
amygdalohippocampectomy 
due to intractable TLE with 
seizure-free vs. non-seizure-
free outcome

Molecular Lateral 
temporal 
cortex

Affymetrix 
GeneChip Human 
Gene 1.0 ST 
Array

Relative 
down-

regulation of 
ZNF852 
CDCP2 
PRRT1 

FLJ41170 and 

0.958*
0.941*
0.942*
0.908*

* logistic 
regression

Gallek et al. 
(2016)
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Study design Modality Tissue Analysis 
platform

Biomarker AUC Reference

7 RNA probes 
in sz-free 
subjects

Abbreviations: AUC, area under the curve; DTI, diffusion tensor imaging; ECLIA, electrochemiluminecence assay; EEG, electroencephalogram; 
ELISA, enzyme linked immune assay; HFO, high-frequency oscillation; HMGB1, high-mobility group box 1 protein; i.c.v., 
intracerebroventricular; i.p., intraperitoneal; MRI, magnetic resonance imaging; mTLE, medial temporal lobe epilepsy; P, postnatal day; PTE, post-
traumatic epilepsy; PTZ, pentylenetetrazol; SE, status epilepticus; T2, a time constant for the decay of transverse magnetization arising from 
natural interactions at the atomic or molecular levels; TBI, traumatic brain injury; TLE, temporal lobe epilepsy
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