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Abstract

Introduction: Epilepsy is a chronic brain disorder causing recurrent seizures as a result
of abnormal electrical brain activity. Approximately 70 million people worldwide suffer
from it and need antiseizure treatment. The diagnosis and assessment of the effective-
ness of the therapy are mainly based on symptoms described by a witness or a patient,
which is a method of low reliability. The review aims to evaluate available markers of
antiseizure drugs’ efficacy, highlighting those that could support the proper course of
treatment. Results: Comparing the available studies was very challenging. There were
significant differences across the groups enrolled in the studies regarding the type of
epilepsy included, the patient inclusion criteria, and the total number of patients. Moreover,
most of the trials have been conducted on adults, not on children. Conclusions: Drug
selection and their dosage are mainly based on the relationship between patients and their
caregivers. Additionally, electroencephalography (EEG) and antiseizure medication (ASM)
concentrations are assessed, but according to many studies, none of the applied methods
are sufficient for the diagnostic and therapeutic process to be based on.
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1. Introduction

Epilepsy is a chronic neurological disease mainly characterized by spontaneous and
recurrent seizures [1,2]. Repeated attacks cause brain cell hypoxia, apoptosis, neuronal
loss, and abnormal synaptic function that result in varying degrees of developmental delay,
learning, behavioral difficulties, and intellectual disability [3]. Epilepsy affects about 1% of
the general population, which means approximately 70 million people worldwide suffer
from it [1,4,5]. The etiology of the disorder is broad. It has been noticed to be associated
with cortical developmental disorders, nervous system infections, tumors, trauma, cere-
brovascular diseases, neurodegeneration, genetic and metabolic diseases, and others [5].

The diagnosis is most often clinical and based on the symptoms described by the
witnesses or the patient [6,7]. It is usually confirmed by neuroimaging studies or elec-
troencephalography (EEG) [8]. Therefore, it is very easy to make a mistake. In a study of
P Uldall et al., 87 out of 223 children (39%) admitted due to drug-resistant paroxysmal
events were eventually found not to have epilepsy [8]. Moreover, 35 out of those 87 patients
were treated with antiseizure medications (ASMs) at the time of admission [8]. Incorrect
diagnosis leads to many problems, such as years of improper medical treatment, some-
times unbearable ASM side effects, lifestyle limitations, and, most importantly, epilepsy
stigma [6,9,10]. Moreover, it deteriorates patients’ physical and mental health, builds an
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economic burden on the patients’ families, and affects society as a whole [1]. Unfortunately,
misdiagnosis is not rare [6].

It is believed that up to 30% of epileptic patients have drug-resistant epilepsy
(DRE) [1,2,4-6,11-13]. It is defined as “a failure of adequate trials of two tolerated, appro-
priately chosen and used ASMs schedules (whether as monotherapies or in combination)
to achieve sustained seizure freedom” [14].

Currently, the disease burden and evaluation of the effectiveness of ASMs are mea-
sured by the reports from the patients or their caregivers, which is a very untrustworthy
method [6,15]. It records only seizures that the person is aware of and is almost useless for
people who are unable to communicate their attacks [6]. Moreover, a patient’s memory of a
seizure may be impaired as a result of the seizure itself [16]. It is worth emphasizing that
almost 30% of epileptic attacks in children are associated with sleep [17].

Blood tests capable of identifying epilepsy, ASM efficacy, and seizure burden would be
a more reliable option [6]. Therefore, there is an urgent need to develop reliable biomarkers
that would help predict disease progression and treatment response [5,6]. Efficacy markers
should be measurable, objective indicators such as biological, electroencephalographic,
imaging, or genetic markers that evaluate the therapeutic effect of a drug. There is no known
fully approved, specific biomarker for ASM efficacy, disease severity, or neurocognitive
comorbidity [18]. Indicators of disease activity, like NT-proBNP for heart insufficiency or
HBAIc for diabetes, would facilitate management of epilepsy in the future [6].

The Food and Drug Administration and other agencies accept a 50% responder rate and
seizure reduction as important indicators of response in ASM trials [19]. The ILEA, in their final
report, recognized that the measurement of effects of pharmacotherapy, the composite effect
of epilepsy, and its treatment on patients” quality of life were important [19,20]. According
to the caregivers, resolution of seizures is the most important measure of ASM efficacy,
and reduction in seizure frequency is the second most important result of treatment [19].
However, caregivers who evaluated their child’s epilepsy as controlled did not all report
seizure freedom [19]. The meaning of control changed depending on the previous course
of the disease—patients with drug-resistant seizures were considered to be controlled even
though they had three times more attacks than newly diagnosed patients [19].

Currently, many scientific studies focus on investigating biomarkers that allow pre-
diction or assessment of the effectiveness or resistance to ASM treatment. At present, the
main candidates include electrophysiological markers, neuroimaging, and molecular and
biochemical markers.

The purpose of this review was to evaluate the available markers of antiseizure drug
efficacy and assess whether any of them are sufficient.

We have searched the PubMed database by combining the following MESH and free

a7 an7i a7 Za

terms: “response to antiepileptic drugs”, “epilepsy”, “markers”, “seizures”, “antiepileptic

P/

drug*”, “efficacy”.

2. Proposed Markers of Antiseizure Treatment Efficacy

Electrophysiological markers
Electroencephalography

EEG is one of the main, non-invasive diagnostic methods allowing for assessing
bioelectric brain activity [21]. An 11-year retrospective study on the clinical utility of EEG in
the pediatric population demonstrated that sleep EEG is superior to awake EEG in detecting
epileptic abnormalities. The majority of abnormalities are seen within the first 20 min of
recording, but increasing the EEG duration to 30 min significantly increases the utility of
EEGs, and almost half of the recorded EEGs showed some kind of abnormality [21]. Another
author noticed that ambulatory EEG recordings among children are clinically useful in
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two-thirds of cases [22]. In the study, encompassing 128 patients with epilepsy, the authors
evaluated response to the ASM treatment by the EEG [23]. It was observed that abnormal
EEG is an effective element in the assessment of negative therapeutic response, because
it significantly correlated with poor response to treatment [23]. In a study by Braathen
G. et al., abnormal spike-waves in EEG one year after treatment and 3 Hz spike-waves
during the first 6 months of therapy were such elements [24]. Moreover, the systematic
review by Lotte Noorlag et al. demonstrated that pathological high-frequency oscillations
(HFOs) in scalp EEG have localizing, diagnostic, and prognostic significance, especially
in children with epilepsy [25]. On the other hand, in a systematic review conducted by
Claire Gunawan et al., a reduced epileptiform discharge burden was revealed as a result of
ASMs therapy in genetic generalized epilepsy. It was associated with improved seizure
control and cognitive outcomes [26]. Different suppression rates of interictal epileptiform
activity were noticed on a follow-up EEG after initiation of therapy with ASMs [27]. A
multicenter study performed by Beril Dilber et al. evaluated the effectiveness of ASMs for
seizure outcome with respect to the spike-wave index (SWI) on serial EEG recordings. SWI
is a quantitative scoring system for EEG calculated during NREM sleep in children with
epilepsy. It revealed that SWI may be a valuable indicator of treatment response in children
diagnosed with self-limited epilepsy with centrotemporal spikes [28].

Neuroimaging markers
Neurostimulation system

The RNS System (responsive neurostimulation) is an additional treatment for people
with epilepsy [15]. In the study conducted on adults with medically intractable partial
onset seizures with two seizure foci, the first week after starting a new ASM, prediction of
clinical efficacy with a positive predictive value of 100% and a negative predictive value of
78.6% was observed with the RNS system [15]. The authors noticed that it may provide
an objective assessment of cortical excitability and response to ASMs [15]. In the research
comparing patients before and after implementing ASMs by the RNS system, a greater
reduction in long episodes—often electrographic seizures in the first week for clinically
efficacious compared to inefficacious medications—was reported [29]. The lack of long
episodes in the first week was highly predictive of ASM efficacy [29].

Transcranial magnetic stimulation

Transcranial magnetic stimulation (TMS) was first assessed in 1985 by Barker et al.
as a non-invasive technique that may directly stimulate the human motor cortex [30]. In
several studies, diminished cortical excitability after the introduction of ASM in patients
with epilepsy has been observed [30]. Ziemann et al. revealed that voltage-dependent
sodium and calcium channel blockers raise resting motor thresholds, and GABAergic
ASM enhances intracortical inhibition [30]. The authors revealed no differences in cortical
excitability between children with generalized and focal epilepsy at baseline [30]. Rest-
ing motor thresholds raised and cortical silent periods diminished under treatment with
sodium valproate [30]. Andreasson et al.’s findings support the potential role of TMS as
a biomarker of drug response [31]. However, authors of the retrospective study of long-
interval paired pulse TMS based on data collected in four different centers do not support
previous promising findings about the utility of TMS as a biomarker [32]. No significant
differences in long-interval intracortical inhibition between participants with refractory
genetic generalized epilepsy, patients with refractory focal epilepsy, and healthy controls
were noticed [32].

Functional magnetic resonance imaging

Recent studies have noticed that changes in brain activity induce amplitudes of fluc-
tuations of the blood oxygen level-dependent signals [16,33]. In resting-state functional
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magnetic resonance imaging (fMRI), these changes may be observed [33]. Yun Jeong Leea
et al. reported that combining simultaneous electroencephalography and functional mag-
netic resonance imaging (EEG-fMRI) can be used to detect the epileptogenic foci [34]. In
another study, authors claimed that patients with increased brain activity in the Broadmann
area (BA17) in the resting state may have poor seizure control with ASM [33]. Moreover, it
was revealed that activated BA17 stimulates many other parts of the brain [33]. Previous
research on visually induced seizures has revealed that epileptic discharges of BA17 can
create dysesthetic symptoms [33].

Molecular markers
MicroRNAs

In the study conducted on children with temporal lobe epilepsy (TLE), the serum
expression level of miR-15a-5p was decreased in patients with TLE compared to the healthy
group [35]. In another study on adults with TLE, an elevated level of miR-34a-5p and a
decreased level of miR-106b-5p, -130a-3p, -146a-5p, and -451a in blood samples of DRE TLE
subjects was found [36]. Ya Liu et al. revealed that the level of mir-155 in serum exosomes
of the children’s epilepsy group was higher, as compared to the healthy control group, and
the relative expression of miR-155 in serum exosomes in epileptic children was correlated
with the course of the disease and the degree of abnormal EEG [37]. In a meta-analysis by
Yi Wang et al., the expression level of miR-155 in the brain tissue and serum of epilepsy
patients increased compared to healthy controls [38]. Zhao et al. investigated the serum
levels of miR-106b in two groups of children with epilepsy: one treated with sodium
valproate and the other treated with sodium valproate and levetiracetam. They revealed
that before therapy, the expression of miR-106b for both groups was higher than after
treatment. Moreover, in the group treated with sodium valproate and levetiracetam, miR-
106b expression was lower than in the sodium valproate group following treatment [39]. In
a study of Xiaofeng Wang et al., plasma miRNA-134 level was up-regulated when compared
with the level in healthy controls, and down-regulated after treatment of valproic acid in
new-onset epilepsy patients [40].

Biochemical markers
Therapeutic drug monitoring

Therapeutic drug monitoring (TDM) is performed to measure the ASMs and their
metabolites concentration in plasma and other biological fluids in relation to the timing of
the latest dose administered [41-43]. The technology of quantifying drug concentrations in
plasma allows us to study the relationship between drug dosage, its concentration in body
fluids, and pharmacologic effects [44]. Moreover, saliva-based measurements are gaining
increasing popularity due to their advantages [43]. Its use has been demonstrated in studies
for specific drugs, commonly valproic acid, levetiracetam, lamotrigine, carbamazepine, and
others [43,45].

Many times, incorrect TDM reveals why patients do not respond satisfactorily to a
particular dose [44]. On the other hand, in a study conducted by Yunxiu Huang et al.,
serum valproic acid concentration in more than half (52.5%) of patients with refractory
epilepsy ug/patients was between 50 and 100 mL, which is believed to be a therapeutic
level [46]. The study conducted by Meral Demir et al. emphasizes the vital role of TDM in
a personalized treatment [20]. It should be a very important indicator, because the same
drug dose administered to a different patient may result in a different serum level [20].
Therefore, the same ASM dosage is effective in some patients but not in others [44]. This is
probably associated with the pharmacokinetic characteristics of ASMs [20].
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Gas chromatography-mass spectrometry

It is suggested that drug resistance in epilepsy may be connected with a patient’s
metabolic profile [47]. Elevated levels of L-glutamine, pyruvic acid, caprylic acid, L-serine,
oxalic acid, and aspartic acid were noticed in drug-resistant cases, while palmitic acid was
lower [47]. In a study by Tomoyuki Akiyama et al., elevated levels of 2-aminobutyric acid,
2-ketoisocaproic acid, 4-hydroxyproline, acetylglycine, methionine, N-acetylserine, and
serine were detected in the cerebrospinal fluid of pediatric patients with epilepsy receiving
treatment with valproic acid [48].

Neuropeptides

Neuropeptides are modulators of classical neurotransmitters [49].

One of these is orexin. In human and in vivo studies, levels of orexins have been
connected with epilepsy and sleep disorders [50]. In a study conducted by Samzadeh
et al., it was observed that cerebrospinal fluid orexin levels were decreased after recurrent
generalized tonic—clonic seizures [50]. However, in a study conducted by Mutluay Arslan
et al., which enrolled epilepsy patients with seizures in the last 24 h, epilepsy patients
in remission, and healthy controls, no statistically significant difference in serum orexin
levels was revealed [50]. Authors highlighted that these differences may reflect age-related
variations and orexins’ role in epilepsy pathophysiology [50].

Another peptide explored in epileptic patients is ghrelin. Significant rise in the serum,
urine, and saliva levels of ghrelin and des-acyl form of ghrelin among 30 pediatric patients
with idiopathic generalized epilepsy during valproate therapy was observed [51]. In
another study, ghrelin levels were diminished in young epileptic prepubertal children
during treatment with carbamazepine and valproic acid when compared to a healthy
group [52].

Nesfatin-1 is a neuropeptide expressed in many areas of the brain [53]. The connection
of this hormone with epilepsy has been studied many times. Serum nesfatin-1 levels
were elevated in newly diagnosed primary generalized epilepsy patients in relation to
controls [53]. However, this rise was reduced via ASM therapy, but the level still remained
higher than in the control group [53].

Other proteins

Many other proteins were investigated as serum biomarkers of DRE [5]. One of
them is glutamate cysteine ligase catalytic subunit (GCLC), which is down-regulated in
the serum of patients with DRE [5]. PRDX6 was identified to be decreased in patients
with DRE compared with controls [5]. However, in epileptic rats, it was upregulated [5].
The anti-inflammatory endogenous protein membrane-associated protein A1l (ANXA1)
is likely involved in the progression of neurological disorders [5]. The authors’ results
suggested that the serum level is reduced in DRE patients [5]. SI00A6 (calcineurin) is a
calcium-binding protein believed to be associated with calcium homeostasis and neuronal
degeneration [5]. It was observed to be diminished in the serum of patients with DRE [5].

a-Synuclein is one of the most frequently occurring proteins in the central nervous
system [6]. A study conducted on children with epilepsy revealed that serum x-synuclein
levels were raised in the epilepsy group and correlated with the disease severity [6].
Moreover, exosomal x-synuclein levels were associated with serum IL-6 levels in children
with epilepsy and patients with acquired demyelinating disorders of the CNS [6].

In previously performed studies, a relationship between haptoglobin and epilepsy
was proposed [54]. Biomarkers, such as haptoglobin, IFN-y, and IL-1$3, may help in
early diagnosis of refractory epilepsy, monitoring the disease progression and treatment
response [54].
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Elevated levels of pro-inflammatory cytokines such as interleukin-2 (IL-2), tumor
necrosis factor-« (TNF-«), and interferon-oc (INF-) have been revealed in the blood of
young patients with the diagnosis of West syndrome prior to treatment [55]. It was ob-
served that adrenocorticotropic hormone (ACTH) used in the treatment of infantile spasms
significantly reduced levels of interleukin-6 (IL-6), interferon-y (IFN-y), and macrophage
inflammatory protein-1 « (MIP-1x) [55]. However, the exact antiepileptic mechanism of
the action of ACTH is still unclear [55]. Decreased levels of interleukin-10 (IL-10) and
IFN-y under levetiracetam treatment were observed [55]. However, the concentration of
TNF-a was raised and the concentration of MIP-1x was diminished in the group receiving
valproic acid [55]. These findings suggest that ASMs interact with the immunological
system. Steinborn et al. analyzed changes in the levels of certain cytokines (interleukin-18,
IL-2, IL-6, TNF-«) in patients with newly diagnosed generalized epilepsy treated with
valproic acid [55]. They revealed a decreased level of IL-6 after 4-6 months of valproic acid
therapy [55]. This may be a common antiseizure mechanism of action of valproic acid and
ACTH [55].

It was revealed that interleukin-1 receptor type 1 (IL-1R1) and toll-like receptor
4 (TLR4) increase in microglia, astrocytes, and neurons during cell damage and seizure [56].
Raised high mobility group box 1 protein (HMGB-1), TLR4, TNF-1, IL-1R1, and IL-1 levels
in the severe epilepsy group compared to mild epilepsy and control groups were no-
ticed [56]. Moreover, patients with DRE had elevated HMGB-1 levels [13,56]. On the other
hand, Yulia S. Panina et al. noticed a lower concentration of brain-derived neurotrophic
factor (BDNF), TNFa, and HMGBI1 proteins in the group of patients with temporal lobe
epilepsy compared with the control group [11]. In a study performed by Min Zhu, MD
et al. evaluated 180 children with new-onset epilepsy and 40 healthy children; serum
concentrations of HMGB1 were elevated in patients with epilepsy [57]. In animal models,
an anti-HMGB1 monoclonal antibody had a protective effect on neuronal apoptosis and
epileptogenesis by inhibition of HMGBI release [1]. Moreover, glycyrrhizin—an HMGB1
inhibitor—has antiepileptic properties and was protective for the neurons in animal models
of epilepsy [12].

Strauss Kl et al. assessed cytokines in resected hippocampus, entorhinal cortex, and
temporal cortex samples obtained from 58 medically refractory mesial temporal lobe
epilepsy patients and 4 nonepileptic neurosurgical patients [54]. The analysis revealed
that higher IL-1f3 levels were noticed in non-epileptic brain areas than epileptic brain
areas, thus suggesting neuroprotective roles of IL-1p [54]. In a study of adolescent females
with refractory epilepsy, patients were treated with an IL-1 antagonist and with an IL-1B
antibody during a nonconvulsive status epilepticus, which led to full resolution of clinical
seizures [1]. Interestingly, the authors of another study noticed that serum levels of some
cytokines: IFN-y, IL-18, IL-6, and IL-10 showed a negative correlation with the age of
the epilepsy onset in pediatric patients, indicating that the pediatric population presented
higher inflammatory responses to afebrile seizure attacks [6]. In their study, a correlation
between serum IL-1§3 levels and the numbers of ASMs being used by patients was observed
within 48 h after afebrile seizure episodes; thus, the increase in serum IL-1f3 may be linked
with drug resistance, current epileptogenesis, or neuroinflammation [6].

It was observed that drug-free patients with epilepsy had elevated levels of plasma
prostaglandin E2 compared to healthy cases [58]. Moreover, responders and non-responders
receiving phenytoin or carbamazepine monotherapy presented higher levels than healthy
subjects [58]. Valproate responders had a decreased level of prostaglandin E2 compared
to non-responders and the drug-free group [58]. Authors have suggested that valproate-
mediated prostaglandin E2 reduction may be connected with drug efficacy [58]. Schlichtiger
et al. assessed the efficacy of the selective COX-2 inhibitor-celecoxib administration in
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epileptic rats [14]. They noticed that celecoxib diminished P-gp expression and seizure
frequency in both responders and non-responders, suggesting the potential fundamental
role of COX-2 inhibitors in increasing ASM efficacy [58]. However, Chitra Rawat et al.
observed no difference in the plasma prostaglandin levels between the responder and
non-responder groups treated with carbamazepine and phenytoin [58]. Both had higher
plasma prostaglandin E2 levels than healthy controls [58].

BDNEF is a small protein encoded by the human BDNF gene [20]. It plays a crucial role
in the neuronal survival, growth, and differentiation of new neurons and synapses during
brain development [20]. Meral Demir et al. performed a study that enrolled patients treated
with new ASMs and assessed their BDNF serum level [20]. They noticed elevated BDNF
levels in the group of patients treated with ASM with efficient, safe, and appropriate doses
and decreased levels of BDNF in the resistant cases [20]. On the other hand, a previously
conducted study revealed reduced BDNF mRNA in the cingulate cortex, hippocampus, and
thalamus in patients under treatment with phenobarbital, valproate, and phenytoin [11].
According to another study that assessed plasma and serum concentrations of proteins
associated with neuroinflammation and neurodegeneration in patients with TLE, lower
plasma BDNF levels in adult patients with TLE compared to controls may be triggered by
the use of ASMs [11]. It reflects the duration of TLE and may indicate the suppression of
neuroplasticity and neurogenesis in TLE patients [11].

3. Discussion

Epilepsy is a neurological disease characterized by a predisposition to generate epilep-
tic seizures [32]. The diagnosis is based on clinical history, often supported by epileptiform
discharges on EEGs [32]. However, abnormal brainwave patterns on EEGs do not always
occur during a short recording [32].

The goal of our review was to find the proposed markers of antiseizure treatment
efficacy in the literature.

Our analysis revealed that not many studies concerning the aforementioned issue
have been conducted in children so far. Moreover, there were differences across the groups
enrolled in the studies concerning the type of epilepsy, the patient inclusion criteria, and
the number of patients. Therefore, comparing these studies was very challenging.

TDM was assessed for a number of ASMs to evaluate optimal therapy for individ-
uals [20]. The initial studies were conducted in the fifties and early sixties of the 20th
century [20]. Monitoring the effectiveness of antiepileptic treatment is compulsory. Follow-
ups are crucial, especially in the youngest patients who gain weight and need changes to
the dosage. Regular hospital visits may be difficult, especially for children with disabilities,
so the collection of dried blood spot samples at home has been investigated [41]. Moreover,
saliva-based TDM, which is becoming a more common form of TDM, is minimally invasive
and does not require needle puncture, which is particularly important in the pediatric pop-
ulation [43]. TDM is commonly used by neurologists to correlate the occurrence of seizures
with an adequate dose of an ASM, which we support [20]. However, TDM cannot be the
only indicator in some cases, because the same dosage of the ASM may cause different
serum concentrations, and some patients with therapeutic drug concentrations may still
exhibit symptoms [20,46].

EEG helps to identify various neurological conditions and to differentiate the episodes
simulating epilepsy [21]. The diagnostic sensitivity of routine EEG for epilepsy is estimated
at 17% in adults and at 58% in children [32]. Interestingly, among children with epilepsy,
the EEG is frequently normal, and epileptiform EEG discharges may be observed in up to
5% of children without epilepsy [8]. Sensitivity may be enhanced by extending recording
time or by implementing methods such as sleep deprivation, hyperventilation, or photic
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stimulation [32]. The majority of the abnormalities on routine EEGs are noticed within
the first 20 min, but even increasing the duration to 30 min enhances its efficacy [21].
The ILEA recommends at least 30 min of EEG recording [21]. To increase the usefulness
of routine EEG recording, it should be repeated [22]. The ILEA recommends long-term
EEG monitoring to assess the effects of drug interventions [22]. Moreover, according to
ILEA, routine and sleep EEG have an established role in clinical diagnosis of epilepsy;
however, long-term video-electroencephalographic monitoring should be used to differ-
entiate between epileptic and non-epileptic events in adults and children when seizures
remain uncontrolled despite appropriate treatment [59]. The results of a systematic review
conducted by Raras Windaswara et al. also confirm the aforementioned statement [60].
Moreover, the use of artificial intelligence in the interpretation of EEG may become an
indispensable part of the diagnostic procedure in the future, but more studies are needed
to assess it [60]. Furthermore, a twenty-four-hour ambulatory EEG may be a very useful
method for measuring epileptiform discharges in some cases. It is 75% cheaper and better
tolerated by patients [26]. We fully support the use of these methods, but we are aware of
their limitations [27].

The RNS system enables the detection of specific patterns characteristic of the onset
of an electrographic seizure and epileptiform discharges [15]. The device is placed within
the cranium and connected to two leads that are located according to the patient’s seizure
focus [15]. Each lead contains four sensing and stimulating electrodes [15]. After noticing
the event, it responds by providing short bursts of electrical stimulation [15]. Recent trials
support the clinical use of RNS as an epilepsy biomarker. The utility of ambulatory intracra-
nial electrocorticographic provided by RNS to assess therapeutic responses in focal epilepsy
within 1-2 weeks of starting a new ASMs was reported [29]. Cortical excitability can also
be measured in a non-invasive way using TMS [31,32]. TMS-evoked EEG responses may
be potential biomarkers of a disease and treatment response [61]. In a review performed in
2022, assessing the utility of TMS combined with EEG and TMS-EEG, inconsistent findings
on the validity of TMS-EEG as an epilepsy biomarker were reported [61]. Functional
magnetic resonance imaging (fMRI) also allows us to detect changes in brain activity [16].
Studies combining fMRI and simultaneous electroencephalography have been performed.
However, performing EEG-fMRI in pediatric patients is challenging because of the lack of
cooperation and the need for sedation in the youngest patients [34]. Yun Jeong Leea et al.
have noticed that this neuroimaging technique can provide additional information about
the epileptogenic zone in children with focal epilepsy [34]. High brain activity in BA17
observed in uncontrolled seizures in TMS might be associated with disturbance in the brain
activation and inhibition processes [33]. It suggests that the drug-resistant epileptogenic
networks not only disturb ASMs from reaching their target but also dysregulate brain
activity and destroy the balance of neuronal activation and inhibition [33]. Detection by
f(MRI) of changes in brain activity, which causes different spontaneous amplitudes of low-
frequency fluctuations of the blood oxygen level-dependent signals, may be a promising
biomarker of ASMs treatment efficacy [33]. However, further studies are needed to assess
the true role of these biomarkers.

MiRNAs are small noncoding RNAs that regulate multiple processes at the posttran-
scriptional level [35]. Obtaining miRNA levels in blood is an easy, quick, accessible, and
slightly invasive method [8]. Overexpression of miR-15a-5p extends cell lifespan and in-
hibits apoptosis, which may be connected with the progression of children’s TLE [35]. It has
been suggested that in the advanced stages of the disease, the decrease in some miRNAs
may be responsible for drug resistance [36]. The authors highlighted that the differences
in the amount of different miRNAs found in their analysis could be influenced by the age
of the patients: the presence of some miRNAs could be connected with their role in the
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growth of the organism [36]. In another review article, the possible utility of miRNAs was
described [7,62]. Beata Rzepka-Migut and Justyna Paprocka suggested that different miR-
NAs could be biomarkers of epilepsy, drug resistance, surgical prognosis, and effectiveness
of therapy [8]. In a study by Liu Y et al., the expression level of exosomal miR-155 elevates
with the disease severity, showing its significance for the prognosis evaluation of children.
Moreover, its level was related to the degree of abnormal EEG in children, so it could be
used as a new marker for assessment of the severity of epilepsy [37]. The expression of other
mi-RNA-miR-106b in children after treatment with sodium valproate and levetiracetam
gradually decreased with the improvement of the disease, showing that miR-106b may
be a potential prognostic marker for epileptic children after treatment [39]. According to
the results of the study conducted by Xiaofeng Wang et al., the upregulation of plasma
miRNA-134 levels may serve as a biomarker in epileptic patients, and the downregulation
of plasma miRNA-134 levels is correlated with the effectiveness of ASM treatment [40].

Elevated glutamine levels in astrocytes detected in GC-MS testing may result in
increased glutamic acid release into the extracellular space [47]. L-serine is crucial for
neuronal differentiation and development, so its higher level in DRE patients may be
a compensatory neuroprotective action against refractory seizures [47]. Caprylic acid, a
crucial element of the medium-chain triglyceride ketogenic diet, shows acute anticonvulsant
effects and intensifies the anticonvulsant effects of valproic acid [47]. Moreover, the results
obtained from the GC-MS analysis of the cerebrospinal fluid of pediatric patients with
and without epilepsy revealed that valproic acid impacts the levels of amino acids and
related metabolites associated with the metabolism of serine, methionine, and leucine [48].
However, future studies on the issue are needed.

Neuropeptides modify neurotransmitter release, regulate their effects at the receptor
level, and influence the balance between the inhibition and excitation processes [49]. Orex-
ins take part in energy homeostasis, eating and drinking behaviors, sleeping regulation,
analgesia, and cognitive activities [50]. Their receptor antagonists have been found to mod-
ulate seizure activity [50]. Ghrelin, with its des-acyl form, is a hormone produced by the
P/D1 cells of the stomach [51]. Ghrelin, by activating the GH secretagogs (GHS) receptor
type 1la (GHS-R1a), contributes to releasing growth hormone [52]. Through neuropeptide Y
(NPY), it affects glucose and insulin metabolism and influences food and energy intake [52].
Ghrelin seems to be dysregulated in patients with epilepsy under ASMs treatment [51].
The decreased serum ghrelin level in epilepsy was explained by its increased consumption
when dealing with recurrent seizures [53]. It has been suggested that neuropeptides such
as leptin, ghrelin, and NPY modulate epilepsy by reducing the proinflammatory cytokine
response [63]. Their probable anticonvulsant and protective role seems to be intriguing [51].
Many researchers described that ghrelin, by enhancing NPY and GABAergic activity, has
antiepileptic effects [63]. An alternative mechanism is the action via stimulation of the
vagal nerve [63]. Nesfatin-1 is another neuropeptide investigated in epileptic patients,
which could be a biomarker of the disease. It is secreted mainly by the stomach cells, but it
is also present in the brainstem, midbrain, hypothalamus, amygdala, and cerebellum [64].
It is believed that nesfatin-1 acts via a kind of G-protein-coupled receptor (GPCR), but it
has not yet been identified [64]. It is suggested that it may be the same receptor through
which ghrelin exerts its effect [64]. Nesfatin-1 may have a neuroprotective effect in epilepsy
and ischemic stroke by decreasing oxidative stress [65-67]. However, further studies are
needed to assess the true role of these biomarkers.

It is suggested that the enhancement of GCLC by phenytoin likely raises hippocam-
pal glutathione levels and protects its cells from oxidative stress damage [5]. The S100
protein family encompasses more than 20 calcium-binding proteins [68]. S100B is mainly
localized in astrocytes, but its increased level has also been noticed in different biological
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fluids in various CNS disorders, such as epilepsy [68]. Carbamazepine, oxcarbazepine, or
levetiracetam significantly reduce serum levels of S100B [68]. Interestingly, mice lacking
a functional S100B gene have been assessed to be more prone to earlier and more severe
seizures than wild-type mice [68]. x-Synuclein probably takes part in synaptic transmission,
mitochondrial and synaptic dysfunction, neuronal apoptosis, and calcium homeostasis [6].
Oligomeric forms of «-synuclein are included in the neurodegenerative process and en-
hance synaptic transmission and diminish long-term potentiation [6]. Haptoglobin is a
protein synthesized in the liver that binds to free hemoglobin [54]. Upregulation of plasma
haptoglobin in refractory epilepsy seems to be a compensatory mechanism against neuronal
injury following seizures [54].

Inflammatory mediators secreted by brain cells during epileptic discharges act as
neuromodulators and enhance inflammatory reactions [56]. It is worth emphasizing that
inflammation lowers the seizure threshold [56]. Trials have revealed that certain inflam-
matory molecules affect seizure development, epileptogenesis, and drug resistance [56].
Blood HMGBI levels were connected with MRI abnormalities known to be associated with
a high risk of drug resistance [13]. The available data suggest that elevated serum levels of
HMGBI in drug-resistant vs. drug-responsive patients might reflect the ability to respond
or not respond to ASMs [13]. Activation by HMGB1/TLR4 signaling phosphorylation of
the N-methyl-D-aspartic acid (NMDA) receptor leads to Ca2+ influx, followed by neuronal
cell hyperexcitability and epileptogenesis [1]. Serum levels of HMGB1 might be associated
with epilepsy after brain injury, so its level in the blood may help to select patients at risk
of developing spontaneous seizures after injury [1]. It seems to be a potentially novel
prognostic, diagnostic, and predictive biomarker of DRE, seizure relapse, and response to
therapy [1,57]. Some authors have planned to validate HMGB1 isoforms as biomarkers
of epilepsy and/or the therapeutic response to ASMs [4]. However, to the best of our
knowledge, it has not been assessed in epilepsy clinical studies yet [12].

IL-1 binds to IL1R1 and leads to the activation of nuclear factor ka pa-light-chain-
enhancer of activated B cells (NF-kB), which enhances the inflammation processes [1].
The IL-1b/IL-1R1 pathways increase NMDA receptor-mediated Ca2+ influx into neurons
and inhibit GABA-mediated Cl-influx, resulting in excitotoxicity and seizure activity [1].
Moreover, increased expression of cyclooxygenase-2 (COX-2) has been noticed in the brain
of rodent models after a convulsive challenge, increasing the production of prostaglandins,
aggravating seizure severity [58]. It may stimulate the P-glycoprotein (P-gp) at the blood—
brain barrier and therefore elevate the efflux of the ASMs into the bloodstream, resulting in
poor efficacy [58].

The above-mentioned proteins seem to be very promising epilepsy biomarkers. Previ-
ous studies supported the use of TNF-«/sTNFr2 and HMGB1/TLR-4 as early biomarkers
of DRE [12]. However, the data presented in the review are only an example of the many
studied biomarkers, described as being associated with epilepsy. The discussion on all
proposed epilepsy biomarkers exceeds the scope of the review, but we chose to present
some of them.

4. Conclusions

In conclusion, we have identified a number of potential epilepsy markers. Some
of them, such as EEG and TDM, are commonly used in the course of epilepsy patients’
treatment, and based on the available articles, this appears to be justified. Moreover, the
studies we cited have shown promising outcomes for the use of many other biomarkers. The
results obtained from the RNS system, TMS, and fMRI were evaluated for their potential
use as markers of ASM efficacy. Some neuropeptides, like orexin, ghrelin, nesfatin-1,
and others, as modulators of neurotransmitters, have shown promising results as well.
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Moreover, pro- and anti-inflammatory cytokines may also serve as biomarkers in the future.
However, most of the reported potential markers require future, clinically reliable studies
conducted on children with epilepsy in order to demonstrate their clinical usefulness. The
results revealed in the review are only a part of the many evaluated biomarkers that could
be associated with epilepsy. Presenting all of them exceeds the scope of the review.
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