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Abstract

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
interventions. Biomarker modalities include molecular, histologic, radiographic, or physiologic
characteristics. In 2015, the FDA-NIH Joint Leadership Council developed the BEST Resource
(Biomarkers, EndpointS, and other Tools) to improve the understanding and use of biomarker
terminology in biomedical research, clinical practice, and medical product development. The
BEST biomarker categories include: (a) susceptibility/risk biomarkers, (b) diagnostic bio-markers,
(c) monitoring biomarkers, (d) prognostic biomarkers, (e) predictive biomarkers, (f)
pharmacodynamic/response biomarkers, and (g) safety biomarkers. Here we review 30 epilepsy
biomarker studies that have identified (a) diagnostic biomarkers for epilepsy, epileptogenesis,
epileptogenicity, drug-refractoriness, and status epilepticus - some of the epileptogenesis and
epileptogenicity biomarkers can also be considered prognostic biomarkers for the development of
epilepsy in subjects with a given brain insult, (b) predictive biomarkers for epilepsy surgery
outcome, and (c) a response biomarker for therapy outcome. The biomarker modalities include
plasma/serum/exosomal and cerebrospinal fluid molecular biomarkers, brain tissue molecular bio-
markers, imaging biomarkers, electrophysiologic biomarkers, and behavioral/cognitive
biomarkers. Both single and combinatory biomarkers have been described. Most of the reviewed
biomarkers have an area under the curve > 0.800 in receiver operating characteristics analysis,
suggesting high sensitivity and specificity. As discussed in this review, we are in the early phase of
the learning curve in epilepsy biomarker discovery. Many of the seven biomarker categories lack
epilepsy-related biomarkers. There is a need for epilepsy biomarker discovery using proper,
statistically powered study designs with validation cohorts, and the development and use of novel
analytical methods. A strategic roadmap to discuss the research priorities in epilepsy biomarker
discovery, regulatory issues, and optimization of the use of resources, similar to those devised in
the cancer and Alzheimer’s disease research areas, is also needed.
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1. Introduction

Globally, an estimated 2.4 million people are diagnosed with epilepsy each year. Thus, a
new person is diagnosed with epilepsy every 13 s (http://www.who.int/mediacentre/
factsheets/fs999/en). In 60% of those affected, epileptogenesis is initiated by structural
causes such as traumatic brain injury (TBI) or stroke (Hauser et al., 1993; Scheffer et al.,
2017). Over 40 hypothesis-driven monotherapy approaches have demonstrated some
disease-modifying effects in animal models of epileptogenesis (Pitk&nen and Engel Jr.,
2014; Pitkdnen and Lukasiuk, 2011). Currently, however, no clinical treatments are available
to stop or alleviate epileptogenesis in at-risk patients or to alleviate the course of epilepsy
after its diagnosis. The development of treatments to combat epileptogenesis remains a
major unmet medical need and a research priority both in Europe and the USA (Baulac and
Pitkanen, 2009; Kelley et al., 2009).

One reason for the stalled progression of compounds showing proof-of-concept evidence in
animal models to clinical antiepileptogenesis trials is the lack of diagnostic biomarkers for
epileptogenesis that could be used to stratify patient populations for antiepileptogenesis
trials and reduce study costs (Engel et al., 2013). Also, little effort has been aimed at
identifying and using response biomarkers that could inform about target engagement in the
early treatment development phase and provide an early go/no-go signal for further
development.

Here we review the current status of biomarker discovery in epilepsy, using the BEST
(Biomarkers, EndpointS, and other Tools) recommendations for categorizing the different
types of epilepsy bio-markers (https://www.ncbi.nlm.nih.gov/books/NBK326791/). In
addition, we outline the epilepsy-related challenges that need to be discussed and solved to
further the progress in biomarker discovery for different epilepsy indications (Table 1).

2. Epileptogenesis is a process and a rich source for biomarker discovery

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 affer it is established (Pitkdnen and Engel Jr., 2014). Like any
progressive pathology (e.g., Alzheimer’s disease), the evolution of epileptogenesis is a
“moving target” (Fig. 1A). Antiepileptogenesis is a process that counteracts the effects of
epileptogenesis, including prevention, seizure modification, and cure (Pitk&nen and Engel
Jr., 2014) (Fig. 1B).

At the molecular and cellular levels, epileptogenesis refers to a process in which an initial
brain-dam aging insult triggers a cascade of molecular and cellular changes that eventually
lead to the occurrence of unprovoked seizures (Fig. 2). 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 (Pitkdnen and Lukasiuk,
2011) (Fig. 3). These pathologies generate a “cellular and molecular ecosystem” in which

Neurobiol Dis. Author manuscript; available in PMC 2020 March 01.


http://www.who.int/mediacentre/factsheets/fs999/en
http://www.who.int/mediacentre/factsheets/fs999/en
https://www.ncbi.nlm.nih.gov/books/NBK326791/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pitkanen et al.

Page 3

increased excitability develops, 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), imaging, or electrophysiology. Importantly, at each
stage, the epileptogenic process and biomarker discovery can be modulated by the genetic
make-up, microbiota, and exposome (Fig. 2).

3. Biomarkers

3.1. Definitions

In 2015, the FDA-NIH Joint Leadership Council developed the BEST Resource [BEST
(Biomarkers, EndpointS, and other Tools) Resource] to improve the 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 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, (€) 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).

3.2. Biomarker discovery process and statistics

A major objective of epilepsy biomarker discovery is to identify “hot lesions” in the
epileptogenic brain tissue ecosystem that express a highly specific and sensitive biomarker
signature for a given indication and can be detected using an optimized analysis platform,
preferably in liquid biopsy. As an example, we outline the discovery process for a molecular
diagnostic biomarker for epileptogenesis and the parallel development of an analysis
platform (Fig. 4). The design of the discovery process depends on the biomarker type of
interest (see below).

Not every statistically significant difference in the mean value of a given parameter (e.g.,
microRNA [miRNA] level in plasma) between two groups justifies its use as a diagnostic
biomarker for epileptogenesis. The usefulness of a diagnostic test is commonly evaluated
using statistical measures such as the true positive rate (i.e., sensitivity), false positive rate
(1-specificity), receiver operating characteristic (ROC) curve, and area under the ROC curve
(AUC) (Ma et al., 2015; Yang et al., 2017). Sensitivity measures the proportion of correctly
identified subjects having the specific condition or disease. Specificity measures the
proportion of correctly identified subjects not having the disease. Sensitivity and specificity
can be calculated from true positive (TP), true negative (TN), false positive (FP), and false
negative (FN) values as follows: sensitivity = TP / (TP + FN) and specificity = TN/ (TN +
FP). True positives are subjects with a disease that the test correctly identifies as such. True
negatives are healthy subjects that the test correctly identifies as healthy. False positives are
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incorrectly identified as diseased cases, and false negatives are incorrectly identified as
healthy. The relationship of TP, FP, FN, and TN is shown in Table 2 and Figs. 5A-B. True
and false positive rates are combined to calculate the ROC curve and the AUC (Fig. 5B).
The AUC is used to demonstrate the performance of the ROC curve in discriminating
between positive and negative cases. A biomarker is often considered acceptable if its AUC
is > 0.800.

A group difference and the AUC value, however, are not always sufficient to describe the
usefulness of a given biomarker. Their biologic and clinical relevance should also be
evaluated. One must ask which is better for the patient: over-diagnosis or under-diagnosis,
over-treatment or under-treatment? One approach is to calculate the partial AUC (pAUC)
instead of the AUC to justify biomarker performance, especially when two diagnostic tests
have com parable AUCs (Fig. 5C) (Liu et al., 2018). The standardized pAUC is
mathematically defined as:

1 pAUC-randomAUC
2\ perfactAUC—randomAUC

pAUCs = )+ 1,

in which the random AUC is the pAUC obtained by the random model, and the perfectAUC
is the perfect area of the pAUC (Fig. 5D). The test values used to calculate the pAUC values
can be tailored toward higher specificity or sensitivity depending on the need (Fig. 5C).
Standardized pAUC values can be used and compared like normal AUC values (Walter,
2005). Furthermore, Support Vector Machine-based estimation algorithms have been
developed to optimize pAUC performance (Narasimhan and Agarwal, 2017). Better tools are
needed to estimate biologically relevant sensitivity and specificity cut-off values for
calculating the pAUC.

In its most simple form, a biomarker is dichotomous, that is, it is expressed during a disease
state like, for example, pathologic high-frequency oscillations (HFO) (Bragin et al., 2016).
Most biomarkers, however, are continuous variables (e.g., plasma miRNA levels), and a cut-
off value must be defined to determine whether or not a condition is present. Many recent
studies have attempted to define “multivariate biomarker signatures”, e.g., a combinatory
biomarker, reporting on molecular tissue microenvironment (Gallek et al., 2016),
multistructure magnetic resonance imaging (MRI) abnormalities (Pitkdnen and Immonen,
2014), combined imaging and behavioral abnormalities (Pascente et al., 2016), or combined
behavioral abnormalities (Broer and Ldscher, 2015). Although combinatory biomarkers can
be useful in some conditions (e.g., response biomarkers), standardization and setting the cut-
off values for combinatory biomarker panels is a challenge, as is translation from the
laboratory to the clinic. The time window for the use of a given biomarker should also be
specified. As there are some similarities between the brain pathologies in different
neurologic and psychiatric diseases, the discovery of a mechanistic biomarker specific for
epilepsy will be challenging. Finally, as circulating biomarkers may not be specific for brain
diseases, the contribution of systemic conditions to blood biomarker levels should also be
assessed.
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4. Current state of epilepsy biomarker discovery

As summarized in Table 3, approximately 30 publications over the past 4 years have
reported biomarkers for different indications in the field of epilepsy. The study designs used
indicate that most of the reported biomarkers are diagnostic biomarkers, and only a few
belong to the category of predictive or response biomarkers. No candidates have so far been
investigated in four of the seven biomarker categories. As indicated below, the borders
between biomarker categories are not strict, and one biomarker can fall into several
categories, depending on when and how often it is measured.

4.1. Diagnostic biomarkers

Diagnostic biomarkers are “used to detect or confirm presence of a disease or condition of
interest or to identify individuals with a subtype of the disease”. Diagnostic biomarkers are
used to determine whether a patient has a particular condition for which treatment may be

indicated.

4.1.1. Gold standard of epilepsy diagnosis — seizures—Epilepsy is a disease with
various subtypes that show variable prognoses and responses to specific treatments (Fisher et
al., 2014; Scheffer et al., 2017). Occurrence of a clinical or electrographic seizure is the
gold-standard diagnostic biomarker for epilepsy, and is used as a reference diagnostic to
categorize subjects into epilepsy vs. no-epilepsy groups in published biomarker studies
(Table 3). However, there are many situations where an epileptic seizure occurs as a natural
reactive, acute symptomatic, or provoked event in response to a transient insult that does not
warrant a diagnosis of epilepsy. Many people who experience a provoked or reactive
epileptic seizure will not go on to have epilepsy. According to WHO, up to 10% of people
worldwide have one seizure during their lifetime (http://www.who.int/mediacentre/
factsheets/fs999/en). Thus, if we have 100 people, from which 10 have a seizure, there is 1
true positive epilepsy case (prevalence of epilepsy is about 1%) and 9 false positives. If we
assume that there is no epilepsy diagnosis without a seizure (all 90 negatives are true
negatives), sensitivity of a seizure as a diagnostic biomarker is 100% but its specificity is
91%. So, there is some room for improvement with novel diagnostic biomarkers, which in
some epilepsy syndromes may be more needed than in others.

An epileptic seizure also has a biomarker value beyond that of a diagnostic biomarker. The
type of the clinical or electrographic seizure can identify a particular population of epilepsy
patients who respond to a given antiepileptic drug (AED) treatment, that is, seizure type
serves as a predictive biomarker for therapy response. Various genetic markers (e.g.,
encephalopathy genes) associated with a particular seizure type can predict the course of the
disease, that is, they are prognostic biomarkers. Thus, a diagnostic biomarker (in this case
clinical or electrographic seizure) can identify a disease, but also be used for diagnostic
classification, consequently serving as both a prognostic and a predictive biomarker.

4.1.2. Diagnostic biomarkers for epilepsy—The design of most of the molecular,
electrophysiologic, or MRI bio-marker studies performed in epilepsy populations indicates
that the objective has been to discover sensitive and specific biomarkers differentiating the
epilepsy population from controls (Table 3). These studies report plasma/serum/CSF miRNA
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and protein biomarkers, plasma exosome miRNA biomarkers, cortical brain tissue miRNA
biomarkers, brain diffusion tensor imaging/diffusion-weighted imaging-MRI biomarkers,
and electrophysiologic biomarkers that differentiate patients with epilepsy (Wang et al.,
2015b; Wang et al., 2016a, 2016b), temporal lobe epilepsy (TLE) (Raoof et al., 2017),
medial TLE (mTLE) (Avansini et al., 2017; Liu et al., 2016), mTLE with hippocampal
sclerosis (Yan et al., 2017), idiopathic generalized epilepsy (Won et al., 2017), drug-
refractory epilepsy (An et al., 2016; Wang et al., 2015a), drug-resistant focal epilepsy
(Pollard et al., 2012), drug-refractory TLE (Walker et al., 2017), or focal cortical dysplasia
with refractory TLE (Sun et al., 2016b; Wang et al., 2015) from controls (Table 3). Many of
these diagnostic epilepsy biomarkers have an AUC > 0.800, suggesting acceptable
sensitivity and specificity to make an epilepsy diagnosis without evidence of the occurrence
of a seizure. It is important to note that most of these studies were performed using a small
discovery study cohort without a validation cohort. A large majority of the studies report no
cut-off values that would differentiate epilepsy vs. control groups. Also, the specificity of
markers for epilepsy compared with other brain diseases, particularly those important for a
differential diagnosis of epilepsy, has not been analyzed. Recently, Raoof et al. (Raoof et al.,
2017) designed a study in which CSF miRNA levels in mTLE patients were compared with
CSF miRNA levels in a group of patients with other neurologic diseases (i.e., Alzheimer’s
disease, multiple sclerosis, metastatic brain tumor, undefined gait disorder, sinus vein
thrombosis, choroidal melanoma, motor neuron disease, and right hypoglossal paresis). They
reported AUCs of 0.760 for miR-19-3p, 0.720 for miR-21-5p, and 0.740 for miR-451a,
indicating some differential diagnostic value between the two cohorts. Applying these
findings to clinical practice, however, is difficult due to the heterogeneity of the reference
populations that must be set and standardized at each study site.

Some investigators have used a study design in which the injured study population with
epilepsy was compared to injured subjects without epilepsy. Tomkins et al. (Tomkins et al.,
2008) (see in Fig. 3 in Pitkanen et al., 2016) showed that blood-brain-barrier gadolinium
leakage around cortical lesions differentiated patients with or without epilepsy after TBI.
Andrade et al. (2017) reported that a shortened duration and slowing of the dominant
frequency of sleep spindles at the transition from the N3 sleep state to rapid-eye-movement
sleep diagnosed rats with epilepsy after lateral fluid-percussion injury (FPI)-induced TBI.
Whether the gadolinium leakage and shortened sleep spindles would also serve as diagnostic
biomarkers for post-traumatic epileptogenesis remains to be explored.

4.1.3. Diagnostic biomarkers for epileptogenesis and epileptogenicity—
Epileptogenesis is a continuum that begins before the first seizure and continues after
epilepsy diagnosis. Consequently, epileptogenicity of the brain tissue can vary from
subthreshold levels to frequently seizing (Fig. 1B). Identification of subjects undergoing
epileptogenesis and delineation of the epileptogenic brain tissue are the major diagnostic
challenges in preclinical and clinical research.

Several preclinical studies have made elegant attempts to identify noninvasive diagnostic
biomarkers for epileptogenesis. These studies are laborious as they require long-term video-
electroencephalography (EEG) monitoring to demonstrate whether or not the animal
eventually developed epilepsy after the brain insult. The only serum biomarkers for
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epileptogenesis reported so far are increased total, acetylated, reduced, or disulfide high
mobility group box 1 (HMGBL), which can differentiate epileptogenic from non-
epileptogenic rats after status epilepticus (SE) (Walker et al., 2017). Several studies have
reported noninvasive imaging biomarkers to diagnose epileptogenesis. Choy and colleagues
(Choy et al., 2014) reported that a reduced T2 relaxation time in the basolateral amygdala,
medial amygdala, and medial thalamus differentiates rats that develop epilepsy from those
that will not after hyperthermia-induced SE at postnatal day 11. Pitkdnen and Immonen
(Pitkédnen and Immonen, 2014) reported that post-injury T2 and T1o measured using T2-
weighted MRI in the thalamus and hippo-campus differentiate rats with lateral FPI-induced
TBI that will or will not develop increased seizure susceptibility in the pentylenetetrazol
(PTZ)-test at 12 months post-TBI. Pascente et al. (Pascente et al., 2016) found that an
increased hippocampal myoinositol/total creatine (mIns/tCr) ratio was a diagnostic
biomarker for epileptogenesis after Li-pilocarpine-induced SE at postnatal day 21.
Moreover, a slowed rate of learning and accelerated forgetting behavioral phenotype showed
sensitivity and specificity as a diagnostic biomarker for epileptogenesis in the Li-
pilocarpine-induced SE model (Brder and Ldscher, 2015; Pascente et al., 2016).

More invasive approaches use intracerebral recordings or stimulation paradigms. Recently,
Milikovsky et al. (Milikovsky et al., 2017) reported that theta dynamics in EEG assessed
with intracerebral electrodes for days 2 to 4 after various types of brain injury diagnosed
epileptogenesis. Bragin et al. (Bragin et al., 2016) reported that the occurrence of HFOs was
a diagnostic biomarker for localizing the seizure onset zone after lateral FPI-induced TBI in
rats. Previous studies also proposed the use of HFOs for delineation of the epileptogenic
region in the human brain (Andrade-Valenca et al., 2011; Bragin et al., 1999). Recent studies
suggest that the stereotypical waveform similarity (Liu et al., 2018) or combination of spikes
and HFOs (Roehri et al., 2017) in particular represent sensitive and specific biomarkers for
delineating the epileptogenic area in the brain. McCallum et al. (McCallum et al., 2016)
identified 40 regulated genes that indicate epileptogenicity of the lateral temporal cortex in
patients operated on due to drug-refractory TLE.

4.1.4. Diagnostic biomarkers for SE—Raoof and colleagues (Raoof et al., 2017)
reported that elevated levels of miR-451a or miR-21p, or decreased levels of miR-19b in the
CSF differentiate patients with SE from controls. The SE cohort included patients with focal
SE, nonconvulsive SE, and generalized tonic-clonic SE. This is an interesting area for
biomarker discovery as under certain circumstances, like after TBI or stroke, the diagnosis
of non-convulsive SE can be particularly challenging.

4.1.5. Diagnostic biomarkers for drug-refractoriness—Walker et al. (Walker et
al., 2017) reported that increased serum acetylated HM GB1 differentiates drug-responsive
from drug-resistant patients with various types of epilepsy. Labate et al. (Labate et al., 2015)
differentiated patients with benign mTLE from those with refractory mTLE by assessing
temporal lobe white matter fractional anisotropy and mean diffusivity.

Neurobiol Dis. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pitkénen et al. Page 8

4.2. Prognostic biomarkers

Prognostic biomarkers are used to “identify likelihood of a clinical event, disease recurrence
or progression in patients who have the disease or medical condition of interest”. For
example, the diagnostic biomarkers for epileptogenesis listed in Table 3 can be considered
prognostic biomarkers for epilepsy development after a given brain injury type. Another
example would be prognostic biomarkers that identify the development of cognitive
impairment after an epilepsy diagnosis. Prognostic biomarkers differ from susceptibility or
risk biomarkers, as prognostic biomarkers are applied to populations that already have a
disease with or without medication. Importantly, the type of medication (e.g., AEDs) may
influence the sensitivity and specificity of prognostic biomarkers to differentiate outcomes.

4.3. Pharmacodynamic/response biomarkers

A pharmacodynamic/response biomarker is “a biomarker used to show that a biological
response has occurred in an individual who has been exposed to a medical product or an
environmental agent”. A change in the pharmacodynamic/response biomarker level (e.g.,
small plasma molecules) in response to exposure to treatment can indicate target
engagement, provide early proof-of-concept evidence that a treatment is biologically active
and/or having an effect on a clinical endpoint, advise on dose-ranging of a novel treatment
and duration of treatment, or report on possible safety concerns. Because of the serial nature
of their assessment, pharmacodynamic/response biomarkers often fall under the category of
monitoring biomarkers.

To date, only one of the published biomarker studies on epilepsy can be considered to have
assessed pharmacodynamic/response biomarkers. Walker et al. (Walker et al., 2017) reported
that anakinra/BoxA/ifenprodil treatment prevents the increase in plasma HMGBL1 levels in
rats with SE. Only a single analysis point during treatment was assessed, however, and no
analysis was performed to assess the treatment effect or dose effect.

4.4. Predictive biomarkers

A predictive biomarker is “a biomarker used to identify individuals who are more likely than
similar individuals without the biomarker to experience a favorable or unfavorable effect
from exposure to a medical product or an environmental agent”. The response can be a
symptomatic benefit, improved survival, or an adverse effect. Also, predictive biomarkers
(range of values or dichotomous) could be used to stratify patients into biomarker-positive
and biomarker-negative groups in treatment trials, with the primary endpoint being the effect
in the biomarker-positive group, which may present a small population of the overall
affected individuals. Studies of predictive biomarker-positive subjects are important for
demonstrating the feasibility of investigational treatments to progress, for example,
antiepileptogenesis treatments. It is important to note that predictive biomarkers for effects
of interventions may be characteristics of an individual’s biologic constitution (“host
characteristics”) or characteristics of the disease process. For example, the type of
epileptogenic lesion or the genetic makeup of a given individual may affect the treatment
response, emphasizing the personalized medicine aspect in the discovery of predictive bio-
markers.
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One of the studies listed in Table 3 can be considered to fall into the predictive biomarker
category. Gallek et al. (Gallek et al., 2016) found that a relative downregulation of a set of
genes in the lateral temporal cortex serves as a predictive biomarker for seizure-freedom
after epilepsy surgery (Table 3).

4.5. Susceptibility/risk biomarkers

A susceptibility/risk biomarker is “a biomarker that indicates the (increased or decreased)
potential for developing a disease or medical condition in an individual who does not
currently have clinically apparent disease or medical condition”.

For example, mice with a CD1 background or carrying an APP/PS1 mutation are at
increased risk of epilepsy after TBI (Guo et al., 2013; Hunt et al., 2009; Miszczuk et al.,
2016). Susceptibility/risk biomarkers guide preventive strategies. They also identify
individuals in need of intensive surveillance for the presence of the disease.

4.6. Monitoring biomarkers

A monitoring biomarker is “a biomarker measured serially for assessing status of a disease
or medical condition or for evidence of exposure (or effect) of a medical product or an
environmental agent”. The serial nature of the measurements emphasizes the change in a
bio-marker’s value as an indicator of an individual’s current or future condition. The
monitoring biomarker category therefore includes other biomarkers defined in the glossary
when they are measured serially. Changes in the monitoring biomarker value could, for
example, indicate the evolution of epileptogenesis in a subgroup of brain injured patients,
progression of epilepsy after its diagnosis, compliance with treatment, treatment efficacy, or
toxicity. Subsequent analyses of the occurrence of epileptic spikes/HFOs in a given cortical
area after TBI could reveal biomarkers for monitoring the evolution of epileptogenicity. As
summarized in Table 3, serial measurements of candidate biomarkers over the disease course
have not been obtained in any of the epilepsy biomarker studies performed to date.

4.7. Safety biomarkers

A safety biomarker is “a biomarker measured before or after an exposure to a medical
product or an environmental agent to indicate likelihood, presence, or extent of toxicity as an
adverse effect”. One task for a safety biomarker is to identify patients for whom particular
therapies should not be initiated because of significant safety risk. Liver enzymes are an
example of a safety marker to monitor during AED treatment.

5. Challenges in epilepsy biomarker discovery

The number of epilepsy biomarker studies has increased rapidly over the past 4 years. There
is still room for optimizing the biomarker discovery process at all levels, however, including
reporting information related to study subjects as well as biomarker analysis.

5.1. Subject-related information

In the clinical studies listed in Table 3, the classification of epilepsy varies, making it
difficult to compare the data. Most of the clinical studies lack information on the etiology of
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the epilepsy in the study population. Consequently, neither the etiology-dependency of bio-
markers nor their specificity to epilepsy has been assessed in comparison with other brain
diseases. Comparisons are mostly made with controls and not a patient population with a
comparable injury that did not lead to epilepsy. The study populations are small, and do not
address the sex and age dependence of the identified biomarkers. Replication studies are
lacking. Timing of sampling relative to the occurrence of the epileptogenic injury has also
not been specified. Medication at the time of injury and tissue sampling is often not known
or not reported. In preclinical epileptogenesis studies, the intensity and duration of EEG
monitoring may not be extensive enough to exclude false negative findings.

Biomarker studies in epilepsy face some specific disease-related challenges. One is the
occurrence of seizures near or at the time of sampling. Surges et al. (Surges et al., 2016)
reported that a single generalized seizure in video-EEG monitored mTLE patients with
hippocampal sclerosis is associated with the regulation of over 200 miRNAs in the serum
when assessed within 30 min post-seizure. Moreover, 10 miRNAs remained regulated for up
to 20-28 h in a subgroup of patients that experienced a seizure during sleep. miRNA
regulation was also reported by Sun et al. (Sun et al., 2016a), who found a correlation
between seizure frequency and miR-30a regulation. Although seizure frequency did not
affect the plasma miRNA levels in a study with drug-refractory patients (Avansini et al.,
2017), the timing of seizure occurrence relative to tissue sampling can be a confounding
factor in the analysis and should be monitored and reported in epilepsy biomarker studies.
Some of the associations could be biomarker-specific. Recent experimental studies showing
reduced secretion of brain-derived biomarkers to blood via the glymphatic system after sleep
deprivation or cisternotomy adds another caveat for collecting and interpreting epilepsy
biomarker data (Plog et al., 2015).

Another epilepsy-related concern in biomarker analysis relates to the use of AEDs. In
addition to identifying pharmacodynamic/response plasma and brain biomarkers that would
indicate the target engagement, blood biomarker analyses can be compromised by AEDs.
For example, valproic acid (Wang et al., 2017), brivaracetam, lacosamide (Rizzo et al.,
2017), and phenobarbital (Koufaris et al., 2013) regulate miRNA expression. On the other
hand, non-AED treatments, such as aspirin, can also affect the analyses (de Boer et al.,
2013). Finally, systemic treatments can modulate molecular and cellular processes in
peripheral tissues, and therefore, the contribution of peripheral tissues to circulating
biomarker levels is a particular concern.

5.2. Biomarker analysis-related information

We will focus on miRNA biomarker analyses as they comprise most of the epilepsy
biomarker studies published so far, and other chapters in this volume will focus on other
modalities. Many of the factors described below can also be extrapolated to the protein
analyses.

5.2.1. Pre-analytical variables—So far, no studies have investigated the effect of
lesion location in the brain on biomarker levels in the blood or CSF. For example, would the
cortical location of an epileptogenic lesion signal to the periphery more robustly than, for
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example, a thalamic lesion (Fig. 3) Does the proximity of blood-brain-barrier leakage
actually affect blood biomarker levels? Does the proximity of the dam aged area to the
ventricles affect CSF biomarker levels? What is the systemic contribution to circulating
biomarker levels in each condition? What is the optimal time window for expression, and the
consequent use for each biomarker during the epileptogenic process? One study compared
plasma and CSF miRNA diagnostic biomarkers for TLE and found no correlation,
suggesting that the two biomarker pools provide different information on the disease (Raoof
etal., 2017).

Emerging evidence indicates that in addition to age and sex, lifestyle factors like smoking or
alcohol use, fasting, and miRNAs originating from the diet can cause variability in miRNA
biomarker analysis (Duttagupta et al., 2011; Liang et al., 2015; MacLellan et al., 2014).
Sample processing is an issue as plasma and serum miRNA levels do not always correlate
with each other (Fortunato et al., 2014). Further, plasma or serum sample processing and
storage can have a major effect on miRNA levels (Fortunato et al., 2014; van Vliet et al.,
2017). First, the method used for plasma or serum collection, selection of collection tubes,
additives in the tube, centrifugation, clotting time, and time from sampling to processing can
affect the data obtained. Sample storage and stability of a given miRNA in storage can cause
variance, even though miRNAs have been thought to be stable when stored at —80 °C
(Grasedieck et al., 2012). There is conflicting data on the effect of freeze/thaw-cycles or
storage time on miRNA levels, which probably depends on the miRNA sequence (Ge et al.,
2014; Mitchell et al., 2008).Importantly, blood cell counts influence the miRNA profile
depending on the miRNA type, as some miRNA are secreted by white or red blood cells or
platelets (Pritchard et al., 2012b). Sample hemolysis can falsely increase levels of miRNAs
present in red blood cells (van Vliet et al., 2017; Yamada et al., 2014). Platelet
contamination in samples can especially affect serum miRNA levels. Our observations in rat
plasma samples show that measurement of hemolysis informs of the overall sample quality
and provides clues about possible platelet contamination. One commonly overlooked factor
in circulating biomarker studies is optimization of the sample volume, which may not take
into account the effect of the presence of endogenous enzyme inhibitors in the plasma or
serum on miRNA levels (Ramén-Nufiez et al., 2017). The RNA extraction kit used can
further increase the variability of the miRNA profile (Li et al., 2015). Selection of the
optimal platform for analyzing circulating miRNAs depends on the research question
(Pritchard et al., 2012a).

5.2.2. Post-analytical variables—Post-analytical challenges of circulating miRNA
experiments usually come from normalization of the expression data, low power in the
analysis, and the replicability of the studies. Determining suitable endogenous controls for
quantifying circulating miRNAs is very challenging. Two of the most frequently used
endogenous controls are U6 and miR-16. U6, however, is not stable enough, and miR-16,
although it is more stable, is easily contaminated by hemolysis (Xiang et al., 2014).
Strategies to identify stable endogenous miRNAs for serum or plasma samples should
include the selection phase, validation phase, and characterization phase (Chen et al., 2013).
Most studies, however, fail to provide evidence for the endogenous control selected and its
identification procedure. Under extreme conditions, synthetic spike-in miRNAs may not be
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stable (Chen et al., 2013). Jarry et al. (Jarry et al., 2014) presented a striking conclusion that
up to 40% of studies in oncology could be biased by inappropriate normalization. It is
important to realize that differences in data normalization can lead to a highly variable
outcome, and can change upregulation to down-regulation of the miRNA of interest.

To conclude, the literature to date includes a high frequency of contradictory data regarding
plasma and serum miRNA profiles and their usability as disease biomarkers. Without
considering all the pre-analytical and post-analytical factors, it will be impossible to
replicate any of the data produced. An ideal diagnostic biomarker should not be too sensitive
to analytical factors, and should have a large enough fold-change between the groups to be
differentiated, leading to high sensitivity and specificity. Nevertheless, harmonization of
sample processing and storage between studies is of utmost importance, because they partly
relate to the miRNA biology itself. Finally, according to our bicinformatics analysis (Fig. 6),
in addition to comparing dysregulated miRNA lists, it could also be beneficial to compare
miRNA targets and the molecular pathways to which they belong to detect “m/RNA
clusters” in which each miRNA may signal the same pathologic condition (e.g.,
inflammation, dysregulated transcription or protein synthesis, or neurodegeneration).

6. Future perspectives

The translatability of biomarkers from the laboratory to the clinic should be considered in
the early phase of planning a biomarker discovery study and in the selection of biomarker
candidates and modalities, to optimize the use of resources. To date, the clinical study
populations have been heterogeneous, and studies in animal models and clinical populations
have little in common. Based on the available experimental data, temporal expression of
molecular and cellular pathologies can vary between the epileptogenic pathologies. On the
other hand, some cellular pathologies have qualitative similarities in different structural
epilepsies, many of which are brain area-independent. For example, astrogliosis is common
to various injury types (e.g., stroke, TBI) and independent of its location (e.g., frontal,
temporal). The molecular signature of epileptogenesis, however, which is typically studied
in the hippocampus, appears to vary depending on the injury type, although some
similarities have been reported (Dingledine et al., 2017; Klein et al., 2017; Pitk&nen and
Lukasiuk, 2011; Srivastava et al., 2017). A caveat in the studies analyzing the cellular and
molecular epileptogenesis signature relates to delineation of the focal epileptogenic area for
tissue sampling, which typically has limited spatial accuracy. Consequently, the molecular
changes observed may be contaminated by “noise” from surrounding non-focal areas.
Aligning the etiologically com parable preclinical and clinical studies, and focusing on one
epilepsy etiology at a time could pave the way toward more rapid translational biomarker
discovery for syndrome-specific diagnostics and therapy development (Fig. 6).

Like drug-discovery, biomarker discovery requires standardized approaches and statistically-
sufficient powered preclinical and clinical studies. Recommendations from ongoing
International League Against Epilepsy Working groups on the standardization of preclinical
methodologies will undoubtedly help in the design of statistically-sufficient powered
preclinical biomarker studies, some of which may need to be conducted with a multi-center
design (Galanopoulou et al., 2012; Simonato et al., 2014). Considering the role of the
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subject-specific exposome as a contributor to biomarker expression and therapy response,
monitoring of biomarkers that signal the environmental contributors to epileptogenesis or
therapy response and, in turn, possibly affect their biomarker levels, is needed. The
application of pharmacodynamic/response biomarkers and monitoring biomarkers that
accurately report on dose-response in target engagement (e.g., half maximal inhibitory
concentration [ICsg] value) should become routine in therapy development to instruct in
early phase go/no-go decisions.

Biomarker discovery for various epilepsy indications also has major financial/business
implications as biomarker discovery will not progress without the parallel development of
high-throughput biomarker analysis platforms. On the other hand, treatment development
can generate the need for companion device/diagnostics to provide information (via bio-
marker analysis) about safe and effective drug use, and complementary device/diagnostics
that aid in the benefit-risk decision-making about the use of a therapeutic product where the
difference in the benefit-risk is clinically meaningful (Scheerens et al., 2017).

Biomarker discovery for different epilepsy indications is in an early phase of the learning
curve. Strategic roadmaps for biomarker discovery in cancer (Pepe et al., 2001) and
Alzheimer’s disease (Frisoni et al., 2017) can facilitate epilepsy biomarker discovery to
avoid “reinventing-the-wheel”. This will, however, require bringing together various
stakeholders, including academia, industry, funding agencies, scientific societies, regulatory
agencies, and policy makers to discuss prioritizing the resources for epilepsy biomarker
discovery, which will provide the greatest benefit for drug-discovery and patients.
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Fig. 1.

E;?ileptogenesis is an evolving target - implications for biomarker discovery. (A) In a follow-
up cohort, the proportion of subjects with epilepsy will increase from time-point t; to t,.
Thus, selection of the analysis endpoint (based on previous follow-up studies in a given
animal model or patient cohort) significantly affects the power calculations related to the
number of subjects needed to conduct a sufficiently-powered epileptogenesis biomarker
study. Also, the ability of the biomarker to detect epileptogenesis is affected by the time-
point selected. (B) At the cellular level, neuronal excitability will increase during
epileptogenesis, and will occasionally fluctuate over the seizure threshold. The diagnostic
biomarker of epileptogenesis (i.e., prognostic biomarker for development of epilepsy after
an epileptogenic brain insult) should be sensitive and specific to differentiate subjects with
seizure susceptibility fluctuating over the threshold from those in whom it stays below the
threshold. Predictive bio-markers of therapy response should be able to identify a subject in
which the treatment (Rx) prevents an increase in seizure susceptibility over the threshold or
repairs the tissue to bring the seizure susceptibility below the threshold.
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Fig. 2.
Epileptogenic process and need of biomarkers for different purposes in basic science,

clinical practice, and medical product (including pharmacotherapy) development.
Epileptogenesis is initiated by an “epilepsy gene” or various types of acute brain insults or
chronic neurodegenerative diseases. Some of the conditions can present with status
epilepticus. The entire epileptogenic process is modulated by an individual’s genetic
background, microbiota, and exposome (non-genetic exposures of an individual in a
lifetime, e.g., lifestyle, medications, etc.; Miller and Jones, 2014; Wild, 2012).
Epileptogenesis continues after epilepsy diagnosis (i.e., occurrence of the first unprovoked
seizure). Different phases of epileptogenic process can benefit from different biomarker
types: susceptibility/risk biomarkers (BM), diagnostic biomarkers, prognostic biomarkers,
pharmacodynamic/response biomarkers, predictive biomarkers, monitoring biomarkers, and
safety biomarkers. As epilepsy can occur with a myriad of co-morbidities, epilepsy
biomarkers can also apply to co-morbidities as well as to progression to remission/cure or
occurrence of sudden unexpected death (SUDEP).
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Tigsue ecosystem during epileptogenesis as a biomarker source. (A) Secondary tissue
damage and temporal regulation of underlying molecular networks will progress and vary
with the development of epilepsy (epileptogenesis). (B) Mechanistic bio-markers (BM)
representing the regulated gene networks and molecular pathways originate in different
cellular sources, including (b1) apoptotic and necrotic cells, (b2) activated astrocytes, (b3)
activate microglia, (b4) intraparenchymal T cells, (b5) activated pericytes, (b6) vascular
remodeling, including vascular damage and blood-brain-barrier leakage, and consequent
angiogenesis, (b7) myelin damage, (b8) axonal sprouting (e.g., mossy fiber sprouting in the
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dentate gyrus), (b9) iron deposits indicating hemorrhage, and (b10) calcifications (e.g., in
the thalamus after lateral fluid-percussion injury). (C) A coronal Nissl sections showing a
schematic of bio-marker expression at possible injury sites (perilesional cortex, thalamus,
hippocampus [HC]) after lateral fluid-percussion injury in the rat brain. Various biomarkers
are expressed (red and blue dots), some of which can be secreted into the blood (red dots) or
cerebrospinal fluid (CSF; blue dots). The efficiency and region dependency of biomarker
secretion is unknown. Also, the possible exposure of a given biomarker to degradation
during the secretion phase is poorly understood. Some cellular changes can be imaged, for
example, with magnetic resonance imaging or spectroscopy. Some of the changes can be
measured with electrophysiology.
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Fig. 4.

A schematics of the biomarker discovery process to identify diagnostic biomarkers for
epileptogenesis. (A) Targetselection and lead identification. Biomarker discovery can be
hypothesis or non-hypothesis driven (e.g., tissue molecular omics, imaging). A small
number of epileptogenic and non-epileptogenic animals (~10) is analyzed to find differences
in markers and generate a biomarker (BM) candidate list. In case of omics findings,
confirmation of positive hits is established using lower-throughput independent analysis
platforms. The top leads (typically < 10) will be taken for further analysis. (B) Statistically
powered pre-clinical validation studies demonstrate that the candidate biomarker
differentiates epileptogenic from non-epileptogenic animals with high sensitivity and
specificity. The area under the curve (AUC) in receiver operating characteristics (ROC)
analysis should be > 0.800. In parallel, assay platforms should be developed to achieve a
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highly sensitive and specific assay for high-throughput analysis. Its analytical performance,
including accuracy, precision, linearity, limit of detection, and limit of quantification should
be determined. Also, standardization and quality control (QC) in tissue sampling (e.g.,
plasma quality) should be performed both for preclinical and clinical samples. (C) Clinical
validation in a target patient population should estimate the frequency of true positives and
false positives (ROC analysis). It should analyze co-variates, including age, sex, ethnicity,
injury, nutrition, sports and training, other medical conditions and their treatment. Studies
can be retrospective on data available from repositories or prospective. After regulatory
approval (D) product launch and marketing is accompanied by generation of best practice
guidelines that define indications for the use of a given biomarker, and educational programs
to train and educate clinicians and patients for their use, benefits, and limitations. It should
be noted that the experimental design of the discovery process for identifying susceptibility/
risk biomarkers, diagnostic biomarkers, prognostic biomarkers, monitoring biomarkers,
predictive biomarkers, pharmacodynamic/response biomarkers, or safety biomarkers needs
to be tailored accordingly.
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Fig. 5.
Statistical issues related to bio-marker analysis. (A) Density plots showing the proportions
of TN (true negative), TP (true positive), FN (false negative), and FP (false positive) cases in
two hypothetical diagnostic tests [test A and test B; simulated data, 200 cases per group] that
were used to diagnose epileptogenesis after brain injury. The black dashed line indicates a
cut-off test value (e.g., plasma miRNA concentration) that is used to calculate the receiver
operating characteristics (ROC) curve (see below). Movement of the cut-off line to the left
or right increases sensitivity or specificity, respectively. Sensitivity and specificity are
calculated from the distribution of positive (epileptogenic) and negative (non- epileptogenic)
cases: sensitivity = TP / (TP + FN), specificity = TN/ (TN + FP). (B) Sensitivity and
specificity of test A and test B are plotted across a series of cut-off test values as ROC
curves, revealing the area under the curve (AUC) values for each test. In this example, the

Neurobiol Dis. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pitkanen et al.

Page 26

ROC curve of test A is better than that of test B in discriminating the non-epileptogenic from
epileptogenic subjects (p < 1.23e-14, bootstrap test). (C) Comparison of the two ROC curves
with similar AUC values. Partial AUC (pAUC) can be calculated for both the sensitivity and
specificity. In our example, the pAUC is calculated and standardized for 90%—-100%
sensitivity and 90%-100% specificity. ROC curve A performs better that B when high
biomarker specificity is needed. ROC curve B is superior to A when high sensitivity is
needed. (D) Illustration of a standardized pAUC and the relevant areas: randomAUC =
area(ABCD), pAUC = area (AEFD), perfectAUC = (AGHD). All data were generated and
statistics performed with R version 3.4.2 and RStudio version 1.1.383 (https://www.R-
project.org; https://www.rstudio.com/) using R packages pROC (Robin et al., 2011) and
ggplot2 (Wickham, 2009).
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Fig. 6.

Cl?rrent status of circulating epilepsy biomarker discovery - what do the biomarkers
monitor? (A) Bioinformatics analysis of targets for diagnostic microRNA (miRNA)
biomarkers in the circulation and cerebrospinal fluid (CSF) listed in Table 3. For analysis,
we collected all predicted targets for each miRNA from TargetScanHuman (Release 7.1:
June 2016). Then, we generated gene lists and submitted the lists to the gene-annotation
enrichment analysis using the DAVID Functional Annotation Tool (DAVID Bioinformatics
Resources 6.8). In all panels, the x-axis shows the number of predicted targets and the y-axis
shows the 10 most enriched gene-annotations for each miRNA in the DAVID analysis.
Despite variability in the tissue (serum, plasma, CSF) sampled for miRNA biomarker
analysis in different patient populations, variable sampling times relative to the epileptogenic
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process, and variable miRNA analysis platforms, we found many miRNAs bio-markers to
target similar molecular functions, including alternative splicing, phosphoprotein, coiled coil
as well as nucleic and cytoplasm functions. (B) A circos plot representing all differentially
expressed circulating miRNAs and protein biomarkers found in epilepsy studies. Note that
only few miRNAs and proteins were found to be dysregulated in multiple studies (panel B;
miR-106b and miR-146a upregulated, red line; miR-194 downregulated, blue line).
miR-301a was upregulated in one study and downregulated in another (green line, Table 3).
Currently, there are no circulating biomarker studies involving animal models, except the
one studying HMGB1 (Walker et al., 2017). No same biomarkers were found when plasma/
serum was compared with plasma exosomes or CSF. Interestingly, our bioinformatics
prediction of targets for dysregulated miRNAs revealed that miR-130a and miR-301a share
the same targets (yellow lines in panel B). In addition, striking similarities were found
between gene annotation enrichment of the targets of miR-146a and miR-4521 (purple line
in panel B; note that the number of predicted targets for these two miRNAs was different).
We suggest that when biomarker studies are compared with each other, bioinformatics
prediction of the miRNA targets and molecular pathways to which they belong could be one
approach to investigate mechanisms behind the increased/decreased miRNA content in body
fluids. Color codes: red text, upregulated; blue text, downregulated; red line, upregulated in
multiple studies; blue line, downregulated in multiple studies; green line; opposite
expression pattern. Abbreviations: CSF, cerebrospinal fluid; miRNA, microRNA.
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Examples of biomarkers that are needed in different epilepsy indications.

Diagnostic biomarkers
Epileptogenesis
Confirmation of epilepsy diagnosis after the 1st seizure
Status epilepticus (type, refractoriness, risk of mortality)
Epileptogenicity of the focal area
Prognostic biomarkers
Progression of epilepsy
Co-morbidogenesis
Response to epilepsy surgery
Cure
SUDEP
Predictive biomarkers
Drug-responsiveness
Drug-refractoriness
Response to monotherapy
Phar macodynamic/response biomarkers
Target engagement in AEG and AED studies
Susceptibility/risk biomarkers
Risk of epilepsy after brain insult (e.g., genetic markers)
Monitoring biomarkers
Treatment effect
Safety biomarkers

Adverse events

Abbreviations: AED, antiepileptic drug; AEG, antiepileptogenic drug; SUDEP, sudden unexpected death.
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Table 2

Confusion matrix of true positive (TP), false positive (FP), false negative (FN), and true negative (TN),
representing events or their probabilities.

A Not A

Test indicates “A” TP  FP
Test indicates “Not A”  FN TN
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