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Hyperexcitability is a recently recognized contributor to the pathophysiology of Alzheimer's disease (AD). Subclinical epileptiform activity (SEA) is a neurophysiological sign of cortical hyperexcitability; however, the results of the studies in this field vary due to differences in the applied methodology. The aim of this review is to summarize the results of the related studies aiming to describe the characteristic features and significance of subclinical epileptiform discharges in the pathophysiologic process of AD from three different directions: (1) what SEA is; (2) why we should diagnose SEA, and (3) how we should diagnose SEA. We scrutinized both the completed and ongoing antiepileptic drug trials in AD where SEA served as a grouping variable or an outcome measure. SEA seems to appear predominantly in slow-wave sleep and in the left temporal region and to compromise cognitive functions. We clarify using supportive literature the high sensitivity of overnight electroencephalography (EEG) in the detection of epileptiform discharges. Finally, we present the most important research questions around SEA and provide an overview of the possible solutions.
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INTRODUCTION

Alzheimer's disease (AD) is the primary cause of cognitive deterioration with rapidly increasing prevalence among society (1). While currently curative therapy is not available, novel scientific studies highlighted modifiable risk factors and comorbid conditions serving as potential therapeutic targets (2, 3). Among these, the pathogenic role of epileptic activity has been proposed in animal studies showing that transgenic AD model animals present frequent epileptic seizures and aberrant neural hyperactivity (4, 5). These findings were corroborated by human experiments (6) highlighting that patients with AD or patients with mild cognitive impairment (MCI) have an elevated risk to develop epileptic seizures (7–9) leading to worse cognitive functions and increased progression of disease (10, 11), so their precise detection is a priority. However, the majority of seizures are nonmotor seizures with temporal lobe semiology; therefore, their detection could be difficult in patients with cognitive symptoms (7, 9). Recent reports also point to the possible importance of isolated epileptiform discharges, which occur without overt epileptic seizures in the pathogenesis of dementia (12, 13). In some neurophysiology studies, these discharges are named as subclinical epileptiform activity (SEA) (7, 12, 13). Epileptiform discharges without seizures are considered as benign variants in traditional epileptology that might lead to transient cognitive changes, but do not associate with persisting pathologic conditions (14). They frequently appear in healthy subjects and their incidence is increasing with age (15). While the negative effect of SEA on cognitive functions has been proposed in epilepsy studies since the 1990s (16–18), the phenomenon was not investigated in AD prior to the study of Vossel et al. (7). While a growing body of evidence suggests the common appearance of SEA in AD, there are numerous discrepancies and inconsistencies in reported results. The aim of this review is to summarize the current opinions on the role of SEA in AD and to propose further directions based on the edification of previous reports.


Studies on SEA in AD

A search for “SEA” in PubMed on the 10th of December 2021 yielded 98 results between 2000 and 2021 and we selected papers for review based on the following inclusion criteria: (1) original peer-reviewed articles published in academic journals with impact factors; (2) full text is available in English; (3) prevalence or incidence studies in AD or MCI; (4) original research articles; (5) compared subject groups consist of healthy controls (HC) vs. patients with AD spectrum disease (AD or MCI); and (6) SEA was analyzed [studies analyzing epileptic discharges in AD patients with epileptic seizures (interictal discharges) were not selected]. Finally, eight studies (average impact factor = 6.46) matched the inclusion criteria (Table 1).


Table 1. Studies on subclinical epileptiform activity (SEA) in Alzheimer's disease (AD).
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According to these results, the prevalence of SEA varies from 3 to 54% among patients with AD and MCI. Most of these reports indicate a higher prevalence compared to HC' however, there are exceptions. The pivotal point to consider is the definition of SEA itself. The earliest studies published in 2013 did not clarify the neurophysiological definition of SEA (7). Liedorp et al. (20) referred the reader to a definition by the International Federation of Clinical Neurophysiologists recommendation from 1999 which did not define SEA separately (23). According to this guideline, epileptiform pattern or epileptiform discharge or epileptiform activity describes transients distinguishable from background activity, with a characteristic spiky morphology, typically, but neither exclusively nor invariably, found in interictal electroencephalographies (EEGs) of people with epilepsy. So, the guideline mentions that patterns might occur in people without epilepsy but does not define SEA as a specific category. In a decisive guideline article, Noachtar and Rémi defined SEA as paroxysmal EEG graphoelement (spikes or sharp waves), with 20–200 ms duration, with the disruption of background EEG activity followed by slow waves (24). Importantly, these graphoelements do not associate with the occurrence of epileptic seizures. The above criteria were applied in the study of Vossel et al. (12) and in the studies of Horvath et al. (9, 13). Some recent studies have defined SEA more strictly by focusing on the abrupt change in polarity. This meant to emphasize the multiphasic character of spikes and sharp waves, considering a sequence of a minor positive, major negative, and second minor positive component as a marker of epileptiform discharge (19, 21). In their most recent study of Lam et al. (21), a panel was created from nine clinical experts to evaluate morphology and existence of SEA in the study data and a consensus of > six experts was needed for the decision. They also conducted supplementary statistical analysis to avoid major flaws of interpreter variations (25). In the report of Brunetti et al. (19), dedicated software was used for spike detection after which discharges were manually revised. The most complex reporting protocol was applied in the study of Babiloni et al. (22) based on two current reference guidelines (26, 27). SEA needed to fulfill at least four of the following six criteria: (1) Di- or triphasic waves with sharp or spiky morphology; (2) different wave durations from the ongoing background activity, either shorter or longer; (3) asymmetry of the waveform: a sharply rising ascending phase and a more slowly decaying descending phase or vice versa; (4) transient component of SEA followed by an associated slow after wave; (5) background EEG activity surrounding SEA disrupted by the presence of the SEA; and (6) distribution of the negative and positive EEG potentials on the scalp suggesting a focal source of the signal in the cortex, corresponding to a radial, oblique, or tangential orientation of the (dipole) source. In summary, all the studies proposed that SEA seems like an epileptic transient, but the patients do not have epileptic seizures, so the importance of this activity is not clarified.

Interestingly, the clinical significance of SEA is barely estimated. The SEA positive and negative groups are compared with neuropsychology only in a few studies with different test batteries. No differences were reported with the Mini-Mental State Examination (MMSE) (9, 13, 21, 22) and with the Clinical Dementia Rating Scale (CDR) (21). However, patients with SEA had significantly lower scores on memory measured with the Addenbrooke Cognitive Examination (ACE) in the recent study of Horvath et al. (13). The same study highlighted that SEA was also associated with higher VLOM ratios (scores of verbal fluency + language subdomains/orientation + memory subdomains), which is a typical neuropsychological appearance of AD. Longitudinal measurements were applied only in two studies: Vossel et al. (12) executed a 1.3–1.7-year long follow-up and Horvath et al. (13) re-evaluated the subjects after a 3-year long period. Both the studies showed a significantly faster cognitive decline during the follow-up among AD patients with SEA. Unfortunately, no comparisons are available applying other cognitive biomarkers including cerebrospinal fluid (CSF) amyloid and tau levels or structural MRI and PET findings.

For a better understanding of SEA, we need to address the following question: what might be the origin of a wide range of prevalence? One possibility could be that different neurophysiological methods were used in the various studies. As research has shown, the routine 20–30 min EEG is inferior to the long-term 24-h EEG in capturing epileptiform discharges (7, 28, 29). A strong correlation (r = 0.972) was described between the length of the EEG and the detection possibility of epileptiform discharges (29) and it was also shown that SEA could be detected predominantly during sleep (9, 12, 29). In the experiment of Lam et al. (21), 97.6% of SEA was detected in nonrapid eye movement sleep (REM) sleep. In the study of Horvath et al. (13), the occurrence of SEA was mainly related to N2 (31%) and N3 (34%) sleep, while 23% of the spikes occurred in N1, 8% of the spikes occurred in awake state, and only 4% of the spikes occurred during REM sleep. Similar results were presented in the study of Vossel et al. (12); 9.9% of SEA was found in wakefulness, 25.7% of SEA was found in N1, and 64.4% of SEA was found in deeper (N2 and N3) sleep stages. The study of Brunetti et al. (19) did not confirm these findings, since in their report SEA frequency did not differ between the various sleep stages. Earlier studies mostly used 30-min long routine EEGs (7, 20) and these provided the lowest prevalence values. In most recent studies that utilized long-term EEG (9, 12, 13, 19, 21) either 24-h ambulatory EEG or polysomnography, constantly depicted higher prevalence of SEA. The length of EEG registration is decisive in the calculation of SEA frequency. Short-term EEGs cannot be used to calculate the density of epileptiform signals. In total, 24-h EEG studies reported the average frequency of SEA with a large variety ranging from 0.03 to 6.68/h, suggesting that large individual differences in the number of SEA may appear between patients with AD (Table 1). The exact proportion seems to be important considering that density might associate with the progression of cognitive decline (13).

Some studies included 1-h resting magnetoencephalography (MEG) results, such as Brunetti et al. (19) who found a higher detection rate with MEG (AD 33.3 and HC 10.5%) compared to long-term EEG (AD 6.4 and HC 4.4%). Similar results were highlighted in the observation of Vossel et al. (12) showing higher incidence with MEG than long-term EEG (42.4% with MEG vs. 33.3% with EEG) and larger density (1–20/h with MEG vs. 0.03–5.18/h with EEG). MEG observations also support the individual characteristic of SEA frequency among patients with AD. The higher sensitivity of MEG might also indicate that SEA is more frequently generated in deeper cortical areas, from where electrical signal detection is impeded by surface EEG electrodes. This idea is supported by two recent reports detecting epileptiform activity via foramen ovale electrodes in patients with dementia and epilepsy (30, 31). Of note, in the study of Lam et al. (30), 95% of epileptiform activity could not be detected on the scalp registration. A combination of EEG and MEG can aid the detection of abnormal electrical activity arising from the amygdala and hippocampus, which are known to play a crucial role in memory consolidation (32).

Detection methods seem to be important from the viewpoint of the spatial location of SEA as well. The dominance of left-sided appearance is consistent across the studies. In the study of Horvath et al. (13), 52% of SEA showed left temporal occurrence. In the two studies of Vossel et al. (7, 12), the left temporal presentation was more common than the right temporal presentation. Interestingly, MEG showed the opposite results in the same study showing right dominant appearance, but authors state that the reason is unclear (12). Spatial distribution was also analyzed in the study of Lam et al. (21) showing that SEA was present in 85.7% over the left temporal region. Interestingly, the same study also analyzed AD patients with epileptic seizures and highlighted those epileptic discharges (which do not correspond to SEA) in epileptic patients show different patterns where right temporal occurrence was predominant (42.9%). These findings draw attention to the importance of the spatial distribution of epileptiform activity and clarify the need for source localization with MEG or low-resolution brain electromagnetic tomography (LORETA). While these techniques were applied in three studies (12, 19, 22), their accuracy was not compared.

Other aspects that carried inconsistency in the detection of SEA were the various age, education level, and pharmacological status of patients included in the reviewed studies. As per patient age, in the recent study of Horvath et al. (13), the AD subgroup was considerably older than the control group (75 vs. 67 years). In the study of Lam et al. (21), controls were also significantly younger than AD patients with SEA (72 vs. 76 years). Similar but nonsignificant differences are presented in all the reviewed studies. Furthermore, two studies have suggested that a higher level of education might be a risk factor for SEA (7, 9), while others were not able to confirm these results. Since education is not highlighted as a risk factor for the development of epileptic discharges in the epilepsy literature, a possible explanation is the extensive recruitment of highly educated patients in sophisticated neurophysiological studies, as we can depict this in the study of Lam et al. (21). Patients' medication status such as taking psychoactive drugs is of crucial significance, yet a difficult one to optimize, as most of these patients are prone to rebound depression and adverse effects in case of withdrawing medication for the sole purpose of research. Yet antidepressants, acetylcholinesterase inhibitors, memantine, or atypical antipsychotics might decrease the seizure threshold and might distort the results (33). Noticeably, all the studies that were included in our analysis differ significantly in the medication regime. In the studies of Horvath et al. (9, 13), antidepressant use served as an exclusion criterion, 100% of patients were taking acetylcholine inhibitors and ~20% of patients were on memantine therapy. In the study of Vossel et al. (12), 50% of patients were on antidepressants and 21% of patients were on cholinesterase inhibitors. In the study of Lam et al. (21), 44% of the patients were taking cholinesterase inhibitors and memantine was prescribed for 20%. It is noteworthy that patients in the study of Brunetti et al. (19) were drug naive. Others did not clarify the therapeutic regimen so clearly.

A further concern is the occasional lack of control group in these studies. A HC population is included in four studies (12, 13, 19, 21). The observation of Brunetti et al. (19) investigated 50 probable AD, 50 MCI due to AD, and 50 healthy aging patients and have found no significant dissimilarity among the groups in terms of SEA (6.38% in AD, 11.63% in MCI, and 4.43% in HC). These results are conflicting with Vossel's study (12) (42.4% in AD and 10.65% in HC), Lam's study (21) (22% in AD and 4.7% in HC), and Horvath's study (13) (54% in AD and 25% in HC). Brunetti et al. note that their study populations were significantly older compared to the other three studies, which leads back to our consideration of patients' age discussed above. The large variety of SEA in HC is another pitfall. Data range between 0.1 and 26% (12, 13, 15, 19, 21, 34–36) and the large variety and the significant of SEA in healthy individuals still wait for the explanation. A very recent review proved to be helpful to clarify the concerns around the prevalence of SEA in AD (37). The authors presented a meta-analysis of SEA in patients with dementia where pooled estimate effects were calculated using random-effects models from five studies. They included 721 patients with AD and of these 44 had SEA. The pooled cumulative incidence rate and prevalence rate of SEA among patients with AD were 21.41 and 9.73%, respectively. The incidence rate was significantly higher than in controls (5.54%) The calculated relative risk of SEA in AD was 2.69. The major finding of the analysis is that SEA studies suffer from prominent inconsistencies concerning the neurophysiological methodology.

Due to the large variety in the methodology of studies on SEA in dementia, the significance of SEA is still questionable. However, interventional studies targeting epileptiform discharges might elucidate further considerations.



Current Application of SEA in AD Drug Trials

Neuropharmacology has been an advancing field in the past decades, with large amounts of research effort being diverted toward the direction of antiepileptic drugs (AED) in the use of neurocognitive disorders. These studies have a large range of clinical focuses, many works on reducing epileptic activity; others prioritized improving the psychosis and agitation in patients with different stages of dementia, while some focused on delaying the cognitive decline. Results show a wide array of outcomes, ranging from showing no significant delay in cognitive decline over a 2-year period of trial medicine therapy (38), through demonstrating cognitive improvement with levetiracetam (LEV) in specific cognitive areas such as attention and verbal fluency (39), to even proving in a retrospective observational study that older adults taking AEDs showed a significantly higher relative risk of developing dementia than those not taking AEDs (40).

Searching published and ongoing clinical trials in the period 2000–2021 using “antiepileptic” and “dementia” as keywords on Clinicaltrials.gov yielded 31 results, while searching Pubmed for “antiepileptic,” “dementia,” “randomized,” and “therapy” offered 149 studies on the 10th of December 2021. In this section, we highlight studies only where epileptiform discharge was used as an eligibility criterion, diagnostic criterion, or outcome measure. One published study and three ongoing trials matched the above selection criteria.

In a randomized, double-blind, placebo-controlled, phase 2a crossover clinical trial (41), 125 mg oral LEV was administered twice daily for 4 weeks followed by 4 weeks of no drug use and another 4 weeks of placebo administration (group A). The other group was assigned to reverse order administration (group B). AD patients with SEA were compared to patients with AD without SEA. Both the groups consisted of 17 participants. SEA was detected with overnight EEG and 1-h MEG-EEG protocol. The exact definition of SEA is not clarified in this study, but we can assume that the same was applied as in the previous reports (7, 12) SEA was detected in 32.3% of patients and EEG showed superiority in detecting SEA compared to MEG. EEG recording revealed epileptiform discharges mostly in the left temporal region, while MEG showed random distribution. The frequency of SEA was similar (~2.5/h) to the previous study of Vossel et al. (12). Baseline characteristics of SEA negative and SEA positive patients did not show significant differences. Outcome measures were set to examine the changes in executive functions (via NIH EXAMINER computer battery), in epileptiform activity frequency, in cognitive functions [measured via virtual route learning task, Stroop interfere naming subscale, Alzheimer's Disease Assessment Score-Cognitive Subscale (ADAS-Cog)], in behavior and level of disability, and in MEG power spectrum measures (along with MEG functional connectivity measures). While no significant difference was found in most primary outcomes (including the reduction of SEA), LEV was found to be well tolerated and significant improvement in performances of Stroop naming task (+7.4 points in SEA+ vs. 0.3 points in SEA-group; p = 0.046) and spatial memory task (measured with virtual route learning; p = 0.02) was demonstrated in the group of AD patients with SEA. Noticeably, LEV also improved global cognitive performance in the SEA positive group measured with ADAS-Cog scores and NIH EXAMINER scores, but the results were not significant.

An on-going randomized, cross-over trial with 85 early AD participants conducted by Mouhsin Shafi et al. (identifier: NCT03875638; estimated to finish in August 2023), set out to explore the relationship between abnormalities of brain network function, cognitive dysfunction, cortical hyperexcitability, and alterations of all these with administrations of low dose (125 mg twice daily) and high-dose (500 mg twice daily) LEV. Cognitive outcomes are measured by a neuropsychological test battery looking at mean z-score changes relative to baseline. Electrophysiological outcome measures of cortical excitability will be examined via transcranial magnetic stimulation (TMS) resting motor threshold, while network excitability measures will utilize TMS-evoked EEG hypersynchrony with stimulation of the parietal cortex. The presence or absence of epileptiform discharges is defined as the baseline measurement to determine cortical hyperexcitability. SEA is measured with high-density EEG and 24-h ambulatory EEG. Patients with epilepsy or with a history of epileptic seizures are excluded from the study.

An interventional single group study utilizing 65 patients between the ages of 60–90 was designed to determine if LEV changes the severity of neuro-psychiatric symptoms in patients with AD exhibiting SEA compared to patients with AD without epileptiform discharges (identifier: NCT04004702; estimated date to finish is Dec 2024; PI: Timothy R Malone). AD patients with epileptic discharges receive on a twice-daily regimen 500 mg LEV. SEA is captured with EEG. The definition of SEA or the exact neurophysiological methodology is not clarified in the available study protocol. The study plan involves following the participants for 1 year and the comparison of the results to the baseline of the next outcome measures: neuropsychiatric inventory score, CDR-sum of boxes (CDR-SOB), clinical AD severity as Alzheimer' Disease Cooperative Study Clinical Global Impression of Change (ADCS-CGIC), MMSE, and EuroQol 5-dimension (EQ-5D). The reduction of SEA does not serve as an outcome measure. Positive results would point to a possibility to utilize anti-epileptic treatment to slow down the neural decline.

Another study is set to assess the utility in treating AD with LEV (identifier: NCT02002819, PI: Keith A Vossel, estimated to finish in December 2021). This cross-over randomized trial sets its outcome measures as the change in SEA frequency (investigated using M/EEG), the change in cognitive function with Stroop test and Alzheimer Disease Assessment Scale (ADAS-cog/ADAS-ADL/ADCS-CGIC), changes in behavior and level of disability (CDR), neuropsychiatric inventory (NPI), changes in cognitive function as measured by virtual-navigation task, MEG Power spectrum measures and MEG functional connectivity measures, together with the blood serum of LEV and prolactin. 36 subjects aged 45–80 will be followed for 12 weeks. In the initial patient examination, any epileptic activity will be determined and used as a baseline for comparison to assess treatment effects. The drug regimen consists of 4 weeks LEV (125 mg) therapy followed by 4 weeks of no drug use that is followed by 4 weeks of placebo administration, with a second group using the reverse order of this regimen. Although the trial is not yet over (estimated termination was set as December 2021), the latest update (September 2020) showed that while no significant change was found in the primary outcome measures, LEV did improve performance on executive function tasks and spatial memory in patients who exhibit both AD and epileptiform activity, showing a promising route of addressing the cognitive decline in AD. Some results but probably not the entire dataset have been already published in 2021 (41).

We can conclude that while a growing number of studies analyze the utility of AED in dementia, only a few of them apply neurophysiologic methods and exploit the benefit of epileptiform activity as a biomarker for the selection of a proper target population. LEV is overrepresented in these trials and while there are many other AED in clinical trials of AD, none of them applies SEA as a biomarker. However, the reviewed studies consistently suggest the beneficial impact of this methodology in drug trials.



Discussion and Future Perspectives

Following the development of the last two decades investigating seizure activity in dementia and MCI (10), the focus of research slowly has started steering toward patients with AD without an epileptic history. Although the number of studies focusing on SEA is increasing, the comparison remains challenging due to not standardized methodology. Since an explicit tendency is visible suggesting its importance in the pathomechanism of AD, there is a clear need for further studies to answer three important questions: (1) What is neural mechanism behind SEA?; (2) what is the importance of SEA?; (3) How should we diagnose SEA (diagnostic criteria and applied neurophysiological method)?

Novel observations started to draw more attention to SEA since increased incidence is detected consistently in diseases affecting cognitive functions, including AD (42). Based on recent reviews, the leading research sites agree that SEA is a characteristic EEG hallmark of AD-related cortical hyperexcitability (10, 42–45). It seems also feasible that the imbalance between excitatory and inhibitory regulation propagates from the dentate gyrus to the hippocampus and later to cortical structures explaining the dominant occurrence of SEA in the temporal regions (43). Increase in excitability associates with the hypersynchronous states of neural networks. The strongest synchrony among neuron populations is achieved during slow-wave sleep (46), possibly explaining the increased occurrence of SEA in deep sleep. Its pathologic role in AD is postulated by numerous reports suggesting that hyperexcitability might lead to increased neurodegeneration due to excitotoxicity, it changes the long-distance neural network connections and disrupts sleep-related memory consolidation (42). These concepts are supported by two of the reviewed studies demonstrating that appearance of SEA is not benign since it associates with increased progression of cognitive decline (12, 13) and with lower cognitive functioning (13) and there is a clear correlation between the higher number of discharges and faster disease progression (13). These observations are reinforced by a current report showing that SEA in AD is characterized with the prominent reduction in the alpha band and increase in delta-theta band coherence corresponding to an accelerated longitudinal decline in MMSE scores (47). Considering the above-described details, the answer for the first question is that SEA might be the neurophysiological representation of increased excitability and might contribute to the pathologic process of neural loss in AD.

The importance of SEA seems to stand on two pillars: its potential application as a marker of (1) epileptogenesis and (2) cognitive deterioration. Fortunately, seizures in AD are frequently indicated by EEG abnormalities (interictal epileptic discharges) (7, 9), but they show a similar appearance as SEA. Thus, the distinction of SEA and interictal activity is challenging. The decision might be driven by heteroanamnestic data obtained from caregivers focusing on possible seizure-like episodes and by the precise acquisition of medical history regarding the conditions lowering seizure threshold (history of central nervous system infection, alcohol and drug dependency, head trauma with loss of consciousness, antipsychotic drug use, renal and kidney failure, etc.). Another possible method is the precise analysis of the neurophysiological characteristics of the epileptiform discharges. The analysis of Lam et al. (21) highlighted important differences between SEA and epileptiform discharges associated with seizures: (1) 97.6% of SEA occurred in non-REM sleep while 28.7% of interictal discharges were present in REM and wakefulness; (2) 85.7% of SEA was lateralized to the left temporal area while 42.9% of interictal discharges showed right temporal appearance; (3) the infrequent occurrence of spikes (~ <10/24-h) was characteristic for SEA while the ~ 1/h occurrence for typical for interictal activity. While further observations are needed to clarify these findings, the same spatial and temporal distributions are reported in the other reviewed studies. Another important supportive reason for the precise detection of SEA is the proper selection of patients benefiting from the use of AED. While there are numerous AED studies in AD, they show ambiguous results querying the importance of an antiepileptic regime in dementia. Precise selection of patients with obvious signs of cortical hyperexcitability as SEA might provide an ideal target population. This is reinforced by the study of Vossel et al. (41) observing that only patients with SEA presented better cognitive scores following the administration of LEV. Based on these findings, the clear exclusion of epilepsy and the possibility for patient-driven precision drug therapy are the advantages of the detection of SEA.

How should we diagnose SEA? First, we need to decide what neurophysiological tools to use considering the cost-benefit ratio. Routine EEG is the most readily available and cheapest possibility, while MEG is the most expensive technique. The selected method needs to capture the spatial and temporal features of SEA since these features are important in the detection of epilepsy (21) and show strong associations with the disease course (13). The frequency of SEA seems to be a crucial parameter as well. Routine, 30-min daytime EEG with 21 electrodes does not fulfill these aims since most of the discharges occur in sleep (12, 13, 21). High-density EEG (64 or 128 electrodes) has a good spatial resolution and it is ideal for source localization, but the appropriate placement of the electrodes is time-consuming and it is more expensive than routine EEG. MEG has a great spatial and temporal resolution, but it is barely available, extremely expensive, and needs specially trained staff. Overnight EEG with 21 electrodes seems to be superior in the diagnosis of SEA since it is a well-tolerated and cheap alternative, able to capture SEA in sleep, and helps the localization (12, 19, 21). Associated application of LORETA provides an opportunity for source localization as well (22). Furthermore, ambulatory solution is also possible without the need for hospitalization (9, 13). When it comes to the diagnosis, the definition of SEA needs to be considered as well. The reviewed studies applied different guidelines (23–27) and resulted in various incidence values, which results might have been influenced by the above discrepancy. In our opinion, the best neurophysiological characterization of SEA cannot be provided in the current phase of research. Altogether, we can propose a clear need for unified EEG protocols for the definition of SEA. Panel discussions by leading experts, symposia to provide the definition, establishment of a common library of SEA graphoelements, and publishing a consensus paper would be the ideal direction to facilitate automated detection methods and further research on AD-related epileptiform activity.

In conclusion, hyperexcitability represented by SEA is a relatively newly recognized contributor to neurodegenerative processes. Reports on SEA in AD showed conflicting results regarding the incidence probably due to the various methodologies. Some of the characteristic features of SEA seem to be unified among the reviewed studies: (1) left temporal appearance; (2) dominant occurrence in slow-wave sleep; (3) association with worse cognitive performance. These features seem to be useful in the differentiation of SEA and AD-related epilepsy. While a growing body of evidence highlights the possibility of AED use in dementia, SEA is barely applied as an outcome or inclusion criterion in drug trials. However, based on some reports, appropriate inclusion criteria help the precise detection of target groups. Further studies on SEA might illuminate details of the pathophysiology of AD and accelerate drug discoveries (Figure 1). While overnight EEG seems to be the ideal tool for the detection, there is a clear need for unified neurophysiology guidelines or consensus papers to stimulate research on AD-related epileptiform discharges.
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FIGURE 1. Open questions (left) and possible solutions (right) in the research of subclinical epileptiform activity (SEA) in Alzheimer's disease. AD, Alzheimer's disease; EEG, electroencephalography; CSF, cerebrospinal fluid; MRI, magnetic resonance imaging; AED, antiepileptic drug; SEA, subclinical epileptiform activity.





AUTHOR CONTRIBUTIONS

EC and TW performed the literature search, data acquisition, and wrote the summary of the analyzed studies. AH and AK were responsible for the concept of the manuscript, for the discussion, and conclusion of the major findings of the reviewed reports. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the National Brain Research Program I, II (KTIA_NAP_13-1-2013-0001; 2017-1.2.1-NKP-2017-00002), the Hungarian Scientific Research Fund 2019 of the National Research, Development and Innovation Office (PD- 132652), and the Janos Bolyai Research Scholarship of the Hungarian Academy of Sciences (bo_78_20_2020). This is an EU Joint Programme- Neurodegenerative Disease Research (JPND) project. The study is supported through the following funding organization under the aegis of JPND- www.jpnd.eu (National Research, Development and Innovation, Hungary, 2019-2.1.7-ERA-NET-2020-00006).



REFERENCES

 1. Jack CR, Therneau TM, Weigand SD, Wiste BA, Kopman DS, Vemuri P. Prevalence of biologically vs clinically defined alzheimer spectrum entities using the national institute on aging–Alzheimer's association research framework. JAMA Neurol. (2019) 76:1174–83. doi: 10.1001/jamaneurol.2019.1971

 2. Kivipelto M, Mangialasche F, Ngandu T. Lifestyle interventions to prevent cognitive impairment, dementia and Alzheimer disease. Nat Rev Neurol. (2018) 14:653–66. doi: 10.1038/s41582-018-0070-3

 3. Edwards FAAU. 2019 for Alzheimer's disease: from plaques to neurodegeneration. Trends Neurosci. (2019) 42:310–322. doi: 10.1016/j.tins.2019.03.003

 4. Busche MA, Eichhoff G, Adelsberger H, Abramowski D, Wiederhold KH, Haass C. Clusters of hyperactive neurons near amyloid plaques in a mouse model of Alzheimer's disease. Science. (2008) 321:1686–9. doi: 10.1126/science.1162844

 5. Palop JJ, Chin J, Roberson ED, Wang J, Thwin MT, Bien-Ly N. Aberrant excitatory neuronal activity and compensatory remodeling of inhibitory hippocampal circuits in mouse models of Alzheimer's disease. Neuron. (2007) 55:697–711. doi: 10.1016/j.neuron.2007.07.025

 6. Giorgi FS, Saccaro LF, Busceti CL, Biagioni F, Fornai F. Epilepsy and Alzheimer's disease: potential mechanisms for an association. Brain Res Bull. (2020) 160:107–120. doi: 10.1016/j.brainresbull.2020.04.009

 7. Vossel KA, Beagle AJ, Rabinovici GD, Shu H, Lee SE, Naasan G. Seizures epileptiform activity in the early stages of Alzheimer disease. JAMA Neurol. (2013) 70:1158–66. doi: 10.1001/jamaneurol.2013.136

 8. Horváth A, Szucs A, Barcs G, Noebels JL, Kamondi A. Epileptic seizures in Alzheimer disease: a review. Alzheimer Dis Assoc Disord. (2016) 30:186–92. doi: 10.1097/WAD.0000000000000134

 9. Horváth A, Szucs A, Hidasi Z, Csukly G, Barcs G, Kamondi A. Prevalence semiology, and risk factors of epilepsy in Alzheimer's disease: an ambulatory EEG study. J Alzheimers Dis. (2018) 63:1045–54. doi: 10.3233/JAD-170925

 10. Vossel KA, Tartaglia MC, Nygaard HB, Zeman AZ, Miller BL. Epileptic activity in Alzheimer's disease: causes and clinical relevance. Lancet Neurol. (2017) 16:311–22. doi: 10.1016/S1474-4422(17)30044-3

 11. Baker J, Libretto T, Henley W, Zeman AAL. Epileptic seizures in Alzheimer's disease. Front Neurol. (2019) 10:1266. doi: 10.3389/fneur.2019.01266

 12. Vossel KA, Ranasinghe KG, Beagle AJ, Mizuiri D, Honma SM, Dowling AF. Incidence impact of subclinical epileptiform activity in Alzheimer's disease. Ann Neurol. (2016) 80:858–70. doi: 10.1002/ana.24794

 13. Horvath AA, Papp A, Zsuffa J, Szucs A, Luckl J, Radai F. Subclinical epileptiform activity accelerates the progression of Alzheimer's disease: a long-term EEG study. Clin Neurophysiol. (2021) 132:1982–9. doi: 10.1016/j.clinph.2021.03.050

 14. Binnie CD. Cognitive impairment during epileptiform discharges: is it ever justifiable to treat the EEG? Lancet Neurol. (2003) 2:725–30. doi: 10.1016/S1474-4422(03)00584-2

 15. McBride AE, Shih TT, Hirsch LJ, Video EEG. Monitoring in the elderly: a review of 94 patients. Epilepsia. (2002) 43:165–9. doi: 10.1046/j.1528-1157.2002.24401.x

 16. Aldenkamp AP. Effect of seizures and epileptiform discharges on cognitive function. Epilepsia. (1997) 38:52–5. doi: 10.1111/j.1528-1157.1997.tb04520.x

 17. Henriksen O. Education epilepsy: assessment and remediation. Epilepsia. (1990) 31:21–5. doi: 10.1111/j.1528-1157.1990.tb05865.x

 18. Binnie CD. [Cognitive effects of subclinical EEG discharges]. Neurophysiol Clin. (1996) 26:138–42. 

 19. Brunetti V, D'Atri A, Della Marca G, Vollono C, Marra C, Vita MG. Subclinical epileptiform activity during sleep in Alzheimer's disease and mild cognitive impairment. Clin Neurophysiol. (2020) 131:1011–1018. doi: 10.1016/j.clinph.2020.02.015

 20. Liedorp M, Stam CJ, van der Flier WM, Pijnenburg YAL, Scheltens P. Prevalence clinical significance of epileptiform EEG discharges in a large memory clinic cohort. Dement Geriatr Cogn Disord. (2010) 29:432–7. doi: 10.1159/000278620

 21. Lam AD, Sarkis RA, Pellerin KR, Jing J, Dworetzky BA, Hoch DB. Association of epileptiform abnormalities and seizures in Alzheimer disease. Neurology. (2020) 95:e2259–70. doi: 10.1212/WNL.0000000000010612

 22. Babiloni C, Noce G, Bonaventura D i, Lizio C, Pascarelli R, Tucci MT, et al. Abnormalities of cortical sources of resting state delta electroencephalographic rhythms are related to epileptiform activity in patients with amnesic mild cognitive impairment not due to Alzheimer's disease. Front Neurol. (2020) 11:514136. doi: 10.3389/fneur.2020.514136

 23. Noachtar S, Binnie C, Ebersole J, Mauguière F, Sakamoto A, Westmoreland B. A glossary of terms most commonly used by clinical electroencephalographers and proposal for the report form for the EEG findings. The international federation of clinical neurophysiology electroencephalogr. Clin Neurophysiol Suppl. (1999) 52:21–41.

 24. Noachtar S, Rémi J. The role of EEG in epilepsy: a critical review. Epilepsy Behav. (2009) 15:22–33. doi: 10.1016/j.yebeh.2009.02.035

 25. Jing J, Herlopian A, Karakis I, Ng M, Halford JJ, Lam A. Interrater reliability of experts in identifying interictal epileptiform discharges in electroencephalograms. JAMA Neurol. (2019) 77:49–57. doi: 10.1001/jamaneurol.2019.3531

 26. Fisher RS, Acevedo C, Arzimanoglou A, Bogacz A, Cross JH, Elger CE. ILAE official report: a practical clinical definition of epilepsy. Epilepsia. (2014) 55:475–82. doi: 10.1111/epi.12550

 27. Kane N, Acharya J, Benickzy S, Caboclo L, Finnigan S, Kaplan PW. A revised glossary of terms most commonly used by clinical electroencephalographers and updated proposal for the report format of the EEG findings. Revision Clin Neurophysiol Pract. (2017) 2:170–185. doi: 10.1016/j.cnp.2017.07.002

 28. Chochoi M, Tyvaert L, Derambure P, Szurhaj W. Is long-term electroencephalogram more appropriate than standard electroencephalogram in the elderly? Clin Neurophysiol. (2017) 128:270–4. doi: 10.1016/j.clinph.2016.10.006

 29. Horváth A, Szucs A, Barcs G, Kamondi AS. detects epileptiform activity in Alzheimer's disease with high sensitivity. J Alzheimer's Dis. (2017) 56:1175–83. doi: 10.3233/JAD-160994

 30. Lam AD, Deck G, Goldman A, Eskandar EN, Noebels J, Cole AJ. Silent hippocampal seizures and spikes identified by foramen ovale electrodes in Alzheimer's disease. Nat Med. (2017) 23:678–80. doi: 10.1038/nm.4330

 31. Horváth A, Szucs A, Barcs G, Fabó D, Kelemen A, Halász P. Interictal epileptiform activity in the foramen ovale electrodes of a frontotemporal dementia patient. J Alzheimers Dis Rep. (2017) 1:89–96. doi: 10.3233/ADR-170020

 32. Winocur G, Moscovitch M, Sekeres M. Memory consolidation or transformation: context manipulation and hippocampal representations of memory. Nat Neurosci. (2007) 10:555–7. doi: 10.1038/nn1880

 33. Hitchings AW. Drugs that lower the seizure threshold. Adverse Drug React Bull. (2016) 298:1151–4. doi: 10.1097/FAD.0000000000000016 

 34. Sam MC, So EL. Significance of epileptiform discharges in patients without epilepsy in the community. Epilepsia. (2001) 42:1273–8. doi: 10.1046/j.1528-1157.2001.17101.x

 35. Jabbari B, Russo MB, Russo ML. Electroencephalogram of asymptomatic adult subjects. Clin Neurophysiol. (2000) 111:102–5. doi: 10.1016/S1388-2457(99)00189-3

 36. Davidson PN, Davidson KA. Electroencephalography in the elderly. Neurodiagn J. (2012) 52:3–19. 

 37. Zhao B, Shen LX, Ou LY, Ma YH, Dong Q, Tan L. Risk of seizures and subclinical epileptiform activity in patients with dementia: a systematic review and meta-analysis. Ageing Res Rev. (2020) 72:101478. doi: 10.1016/j.arr.2021.101478

 38. Howard R, Zubko O, Bradley R, Harper E, Pank L, O'Brien J. Minocycline at 2 different dosages vs placebo for patients with mild Alzheimer disease: a randomized clinical trial. JAMA Neurol. (2020) 77:164–74. doi: 10.1001/jamaneurol.2019.3762

 39. Cumbo E, Ligori LD. Levetiracetam, lamotrigine, and phenobarbital in patients with epileptic seizures and Alzheimer's disease. Epilepsy Behav. (2010) 17:461–6. doi: 10.1016/j.yebeh.2010.01.015

 40. Carter MD, Weaver DF, Joudrey HR, Carter AO, Rockwood K. Epilepsy and antiepileptic drug use in elderly people as risk factors for dementia. J Neurol Sci. (2007) 252:169–72. doi: 10.1016/j.jns.2006.11.004

 41. Vossel K, Ranasinghe KG, Beagle AJ, La A, Ah Pook K, Castro M. Effect of Levetiracetam on Cognition in Patients With Alzheimer Disease With and Without epileptiform activity: a randomized clinical trial. JAMA Neurol. (2021) 78:1345–54. doi: 10.1001/jamaneurol.2021.3310

 42. Horvath AA, Csernus EA, Lality S, Kaminski RM, Kamondi A. Inhibiting epileptiform activity in cognitive disorders: possibilities for a novel therapeutic approach. Front Neurosci. (2020) 14:557416. doi: 10.3389/fnins.2020.557416

 43. Toniolo S, Sen A, Husain M. Modulation of brain hyperexcitability: potential new therapeutic approaches in Alzheimer's disease. Int J Mol Sci. (2020) 21:9318. doi: 10.3390/ijms21239318

 44. Tombini M, Assenza G, Ricci L, Lanzone J, Boscarino M, Vico C. Temporal lobe epilepsy and Alzheimer's disease: from preclinical to clinical evidence of a strong association. J Alzheimers Dis Rep. (2021) 5:243–61. doi: 10.3233/ADR-200286

 45. Yu T, Liu X, Wu J, Wang Q. Electrophysiological biomarkers of epileptogenicity in Alzheimer's disease. Front Hum Neurosci. (2021) 15:747077. doi: 10.3389/fnhum.2021.747077

 46. Lee YF, Gerashchenko D, Timofeev I, Bacskai BJ, Kastanenka KV. Slow wave sleep is a promising intervention target for Alzheimer's disease. Front Neurosci. (2020) 14:705. doi: 10.3389/fnins.2020.00705

 47. Ranasinghe KG, Kudo K, Hinkley L, Beagle A, Lerner H, Mizuiri D. Neuronal synchrony abnormalities associated with subclinical epileptiform activity in early onset Alzheimer's disease. Brain. (2021). doi: 10.1093/brain/awab442

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Csernus, Werber, Kamondi and Horvath. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Significance of Subclinical Epileptiform Activity in Alzheimer's Disease: A Review



		Introduction



		Studies on SEA in AD



		Current Application of SEA in AD Drug Trials



		Discussion and Future Perspectives







		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

The Significance of Subclinical
Epileptiform Activity in Alzheimer’s
Disease: A Review





OPS/images/fneur-13-856500-g001.gif
1. Incidencepravalence?

2. Spais disribtion? e
3, Temporal distrbution? | faraay

4 Frequency?

5 Neurophysiological
arsceristi?

Significance





OPS/images/fneur-13-856500-t001.jpg
References  Condition Number of Prevalence P-value  Frequency of Temporal/ Type of neuro-

subjects of SEA SEAWthEEG spatial distribution of physiology
SEA with EEG study
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The incidence of SEA varies among the studies between 3 and 54% in patients with AD probably due to the prominent differences in the methodology and reporting protocos.
Sleap EEG was applied in five reports, while three reports used daytime EEG with a short-recording period. The spatial and temporal characteristic of SEA was analyzed only in three
reports. Comparison with the incidence in healthy controls was reported only in  studlies but the significantly elevated occurrence is constant among the findings. The exact incidence,
characteristic, and significance cannot be properly estimated due to the large variety of the studiies.

AD, Alzheimer's disease; MCI, mid cognitive impairment; HC, healthy control; SEA, subclinical epieptiform activity: ND, not defined; EEG, electroencephalography; MEG,
magnetoencephalography; PSG, polysomnography; W, wakefulness; N1, Tst stage of sleep; N2, 2nd stage or sleep; N3, 3rd stage of sleep; REM, rapid eye movement sleep.
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