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Accumulating evidence suggests amyloid and tau-related neurodegeneration
may play a role in development of late-onset epilepsy of unknown etiology
(LOEU). In this article, we review recent evidence that epilepsy may be an initial
manifestation of an amyloidopathy or tauopathy that precedes development of
Alzheimer's disease (AD). Patients with LOEU demonstrate an increased risk of
cognitive decline, and patients with AD have increased prevalence of preceding
epilepsy. Moreover, investigations of LOEU that use CSF biomarkers and imaging
techniques have identified preclinical neurodegeneration with evidence of
amyloid and tau deposition. Overall, findings to date suggest a relationship
between acquired, non-lesional late-onset epilepsy and amyloid and tau-related
neurodegeneration, which supports that preclinical or prodromal AD is a distinct
etiology of late-onset epilepsy. We propose criteria for assessing elevated risk of
developing dementia in patients with late-onset epilepsy utilizing clinical features,
available imaging techniques, and biomarker measurements. Further research
is needed to validate these criteria and assess optimal treatment strategies for
patients with probable epileptic preclinical AD and epileptic prodromal AD.

KEYWORDS
late onset epilepsy of unknown etiology, late onset epilepsy, Alzheimer dementia,

epileptic prodromal Alzheimer disease, epileptic preclinical Alzheimer disease, late-
onset amyloid Beta-related epilepsy, amyloid, tau

1. Introduction

Epilepsy incidence increases with age, with the highest incidence occurring in older adults
at almost double the rate observed in young adults (1). A majority of older adults with acquired
epilepsy have an underlying cerebrovascular, neoplastic, or other cerebral lesion known to
produce seizures (2). However, 25 to 50% of these patients do not have an identifiable etiology
of their epilepsy after clinical evaluation and imaging (1, 3-5). This has been named late-onset
epilepsy of unknown etiology (LOEU) (6).
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Recent research suggests a link between neurodegenerative
and LOEU. Specifically,
neurodegeneration may contribute to development of some cases of

processes amyloid-and tau-related
LOEU. Patients with mild cognitive impairment and Alzheimer’s
disease (AD) have an increased risk of epilepsy, with lifetime seizure
risk of up to 20-64% in patients with AD (7). Seizures were previously
thought to primarily occur late in the disease course, but it is now
recognized that both clinical and subclinical seizures often occur in
early stages of AD as well (8, 9). Animal models of amyloidopathy also
consistently demonstrate increased frequency of seizures and
epileptiform activity (10-12). Similarly, suppression of amyloid-beta
precursor protein in animal models reduces epileptiform activity (13)
and reduction in endogenous tau confers resistance to induced
seizures (14, 15). In addition to direct pro-epileptogenic effects of
amyloid and tau pathology, astrocyte-mediated neuroinflammation
has been implicated in both preclinical AD and epilepsy and may be a
common mechanism of pathogenesis (16, 17). Seizures promoted by
neurodegeneration may in turn contribute to further aggregation of
amyloid and tau, leading to further cognitive decline (18-20).

Some instances of LOEU may represent a prodrome of AD, with
seizures acting as an early marker for impending cognitive decline.
Accumulating evidence from epidemiological, neuroimaging, and
biomarker investigations of LOEU strengthens this hypothesis. While
LOEU likely does not represent a single, homogenous entity, these
studies suggest that prodromal AD may produce late-onset epilepsy
and can be identified using clinical and biomarker features. This raises
the possibility of improving prognostication and providing a potential
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early window for intervention. In this review, we discuss the evidence
that a subset of patients presenting with late-onset epilepsy have
prodromal AD, and we propose a classification scheme for use by
researchers that, following validation, can be considered for
clinical use.

2. Evaluation of patients with
late-onset epilepsy

Standard literature definitions of late-onset epilepsy of unknown
etiology specifies an age of onset cutoff at age 55 or older, without
prior history of seizures earlier in life, though some studies use age
cutoffs ranging between 40 and 65 (21-23). The evaluation of
new-onset epilepsy includes a thorough clinical assessment with
detailed neuroimaging, toxic/metabolic laboratory evaluation, and an
electroencephalogram (EEG) (24). Aside from an age cutoff, LOEU is
otherwise only defined by absence of a clear etiology for developing
epilepsy despite completing a standard, comprehensive clinical
evaluation. Common causes of acquired, late-onset epilepsy that are
important to exclude include ischemic or hemorrhagic cerebral
cortical infarction, tumor, post-traumatic encephalomalacia, and
preexisting neurodegeneration (Figure 1). Less commonly, late-onset
epilepsy can be caused by prior cerebral infection or autoimmune/
paraneoplastic disease, and evaluation should be tailored to include
cerebrospinal fluid analysis and autoantibody testing when imaging
and clinical features suggest an inflammatory process (25).

Late-Onset Epilepsy
(Middle/Late Adulthood)

Stroke/Vascular

Post-Traumatic

Post-Infectious .

Cerebral
Neoplasm

Autoimmune/
Paraneoplastic

Preexisting
Alzheimer’'s Dementia

FIGURE 1

Potential etiologies of late-onset epilepsy. If no etiology can be identified after comprehensive standard clinical evaluation including EEG, epilepsy-
protocol MRI, and detailed clinical assessment, the presentation is consistent with late-onset epilepsy of unknown etiology (LOEU). Management of
LOEU mirrors general management of epilepsy in older adults, with greater emphasis on monitoring for development of cognitive impairment and

intervening on comorbid risk factors for cognitive decline.

.................

: No etiology identified on
5 standard clinical evaluation :

Suggested Management Strategy for LOEU:
Select antiseizure medication with limited cognitive side effects
* Optimize vascular risk factors for dementia
Offer regular follow-up and serial cognitive testing
« Initiate Alzheimer’s biomarkers evaluation when indicated
« Initiate cholinesterase inhibitor therapy when indicated
« Enroll in prospective studies or clinical trials

Late-Onset Epilepsy of
Unknown Etiology (LOEU)
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Given that patients may have structural lesions that are clinically
silent aside from producing seizures, high-resolution neuroimaging
is an essential tool for evaluating presence of possible structural
etiologies. Determination of LOEU should only be made after
careful expert review of an epilepsy protocol MRI, preferably
obtained using a 3T MRI machine and including sequences and slice
thicknesses recommended by the ILAE Neuroimaging task force for
evaluation of epilepsy (26). A detailed susceptibility weighted
imaging sequence or gradient echo sequence should also be obtained
to detect potentially explanatory cortical microhemorrhages.
Though global or focal atrophy is commonly observed, LOEU is
defined as “MRI-negative” epilepsy, signifying absence of an
explanatory lesion while allowing likely incidental findings. Presence
of a lesion likely to produce epilepsy essentially excludes
LOEU. However, more reliable determination that a cerebral cortical
lesion is unrelated would typically require detailed ictal video-EEG
recordings or intracranial EEG recordings, which is not often
clinically justifiable, especially when seizure control has
been achieved.

Currently, it is unclear whether MRI evidence of hippocampal
sclerosis reliably indicates an underlying etiology in LOEU because
hippocampal sclerosis is more commonly an etiology of epilepsy with
onset earlier in life. Hippocampal sclerosis is less clearly a distinct
etiology in late-onset epilepsy, as hippocampal sclerosis in older adults
may be produced by multiple pathologic processes, including ischemic
injury, AD, and other TDP-43 related diseases. Overall, the presence
of hippocampal sclerosis on imaging in LOEU likely does not shed
light on a single, unifying etiology (27-29). The difficulty in clinically
interpreting hippocampal sclerosis in the older adult has complicated
LOEU research, with some studies of LOEU excluding patients with
imaging findings of hippocampal sclerosis (30) while others including
frank atrophy and sclerosis (21, 31). Further work is needed to assess
temporal evolution of hippocampal atrophy and sclerosis in LOEU or
if particular imaging or pathologic features of hippocampal sclerosis
in LOEU can be connected with specific probable etiologies.

3. Common clinical findings in
patients with late-onset epilepsy of
unknown etiology

Features of seizures in LOEU are largely consistent and are
predominantly focal in manifestation. These may be focal with
impaired awareness or focal with progression to bilateral tonic-clonic
seizures. Focal with intact awareness (an aura in isolation) also may
occur. Usually, 15% or fewer patients with LOEU are described as
having generalized seizures (32-35). While evaluated as generalized,
many of these may be focal onset based on observations that the
pathophysiological process producing late-onset epilepsy rarely result
in new onset generalized seizures, which typically have onset in
childhood to adolescence.

In keeping with a focal onset, the most common EEG
abnormalities described in LOEU are focal epileptiform discharges
and focal slowing (22, 33, 35). The typical location for epileptiform
discharges or slowing is in either unilateral or bilateral temporal lobes.
EEG recordings without evidence of epileptiform abnormalities or
focal slowing are common, but this may relate to the EEG recording
conditions. EEG sensitivity is increased by longer duration of
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recordings, repeated recordings, and recordings that include sleep.
Older adult patients may undergo a limited duration of EEG recording
because of lower seizure frequency and rate of medication resistance
compared to younger patients. Recordings during sleep significantly
increase yield for epileptic abnormalities in LOEU (21) Publications
on LOEU rarely describe EEG recording details.

While age 55 is typically used as the age cutoff for categorizing
LOEU, the average age for onset of LOEU is often reported to
be between 60 and 70years (32, 35, 36). Patients with LOEU and
preexisting mild cognitive impairment (MCI) are older on average
than patients with LOEU and without preexisting MCI (35). A large
majority of patients with LOEU are reported to respond to initial
antiseizure medication treatment and rarely require polytherapy (6,
32-34). Evaluation for surgical treatment due to lack of medication
responsiveness is uncommon.

4. Epidemiological evidence of an
association between LOEU and AD

The most substantial evidence that some cases of LOEU may be a
manifestation of preclinical or prodromal AD comes from
retrospective epidemiological studies. Separate epidemiological
literature on both AD and LOEU support an association (Table 1).

Patients diagnosed with AD have an elevated rate of seizures in
the years prior to their diagnosis. In an investigation of patients with
early-onset AD (onset before age 65), Samson et al. (37) found that 7%
had a history of seizures occurring before AD diagnosis. Similarly,
DiFrancesco et al. (38) found that patients with AD had a 17-fold
increased risk of preceding LOEU compared to a reference population.
AD patients with prior LOEU had onset of epilepsy an average of
4.5years before AD diagnosis. Vossel et al. (8) investigated patients
with diagnosis of AD/aMCI and epilepsy; 83% of patients had onset
of epilepsy either preceding or occurring near time of diagnosis, and
in 38%, seizures preceded or coincided with onset of cognitive decline.
Other studies have confirmed that LOEU may occur before initial
cognitive decline in patients who develop AD or MCI. Sarkis et al. (39)
investigated patients with both dementia and MRI-negative epilepsy,
and found that 8% had onset of epilepsy before documented cognitive
decline and 25% had onset prior to a diagnosis of dementia. While this
investigation was not limited to AD and did not include subgroup
analyses, over 80% of the sample had possible, probable, or autopsy-
proven AD. Cretin et al. (32) retrospectively investigated patients at
an academic medical center who met criteria for MCI and found that
3.1% of patients with MCI and 5% of patients with amnestic MCI had
epilepsy without a defined etiology preceding cognitive complaints.
All patients with MCI and preceding LOEU had amnestic MCI, which
is associated with an elevated risk of progression to AD (40). Cretin
et al. (32) found that these patients developed seizures an average of
2.7 years before self-reported cognitive decline and 6.9 years before a
diagnosis of MCL

Retrospective investigations of LOEU have also identified a
subsequent increased risk of developing dementia. Ophir et al. (36)
investigated patients with LOEU initially presenting without
cognitive symptoms at ages between 55 and 69 found a 10-year
cumulative incidence of dementia of 22.2%; mortality at 10 years
in this sample was 31%, potentially preventing additional patients
from expressing an eventual dementia. Incidence of dementia was
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TABLE 1 Epidemiological studies describing an association between LOEU and AD/aMCI.

Investigations of LOEU

Authors Year of Publication Research Design Average age of % LOEU developing
epilepsy onset dementia
(years)
Ophir et al. 2021 Retrospective 61 22%
Kawakami et al. 2018 Retrospective Not reported 21%
Keret et al. 2020 Retrospective Not reported 8.3%
Costa et al. 2019 Prospective Not reported 25%
Johnson et al. 2020 Prospective Not reported (67 or older) 41.6%

Investigations of AD/aMClI

Average age of
% AD/aMCI with

epilepsy onset

Authors Year of Publication Research Design (years) preceding epilepsy
Samson et al. 1996 Retrospective Not reported 7%
DiFrancesco et al. 2017 Retrospective 68 1.7%

Vossel et al. 2013 Retrospective 68 3.1%

Sarkis et al. 2016 Retrospective 74 2.3%

Cretin et al. 2016 Retrospective 63 3.1%

higher among patients with LOEU and temporal discharges on
baseline EEG, with 10 of 17 developing dementia during the
retrospective study period. Kawakami et al. (22) found that
patients with LOEU had a 21% cumulative incidence of dementia
after 5years follow-up compared to 4.3% of controls. Utilizing a
random sample of patients from the Veterans Health Database,
Keret et al. (41) studied patients with onset of epilepsy at age 55 or
above who lacked an ICD-9-CM code to explain the cause of their
epilepsy. After an average 6.1 years of follow-up, these patients had
a hazard ratio of 1.89 (95% CIL 1.62-2.20) for a diagnosis of
dementia compared to patients above age 55 who did not develop
epilepsy. These investigations did not specifically determine if
patients who developed dementia had probable AD versus
another etiology.

There are few published prospective studies that follow patients
with newly diagnosed LOEU to assess the rate of AD diagnosis. Costa
etal. (33) describes prospective follow up of patients with LOEU who
were cognitively normal at initial evaluation for up to 5years. Of these
patients, 25% developed dementia with 17.5% meeting criteria for AD
during the follow up period. In a prospective study of patients with
epilepsy starting at age 67 or later, Johnson et al. (42) found that late-
onset epilepsy was associated with an increased risk of subsequent
diagnosis of dementia, with an adjusted hazard ratio of 3.05 (95% CI,
2.65-3.51). Median time from diagnosis of epilepsy to diagnosis of
dementia was 3.7 years. While this investigation did not solely include
patients with LOEU, patients without a history of stroke had an even
greater risk of subsequent dementia, with a hazard ratio of 3.39 (95%
CI, 2.89-3.97).

Epidemiological associations demonstrate an association between
LEOU and increased risk of subsequent stroke (43) and vascular risk
factors increase risk of developing late-onset epilepsy (44). This
suggests that LOEU is not be a homogenous entity and that previously
undetected cerebrovascular disease may be an underlying etiology in
some patients. Alternatively, this may reflect shared underlying
mechanisms contributing to cerebrovascular disease, AD, and epilepsy.

Frontiers in Neurology

Existing publications rarely compare risk of cognitive decline in
LOEU patients with late-onset epilepsy of known etiology or patients
with early-onset epilepsy. Patients with late-onset epilepsy in general
demonstrate increased risk of developing dementia (45) potentially
related to increased risk of developing vascular dementia in patients
with cerebrovascular disease as a cause of epilepsy (46). Epilepsy itself
is associated with increased risk of dementia and amyloid pathology
(47), even when first diagnosed in early life. In addition to direct
structural and functional effects from seizures themselves, potential
factors that may impair cognition after development of epilepsy can
include traumatic brain injuries from seizure-related accidents (48),
medications used to treat epilepsy (49, 50), and epilepsy surgeries (51).
Thus, dedicated prospective investigations comparing cognitive
decline across all etiologies and ages of onset of epilepsy are warranted
to fully identify which patients are at greatest risk of developing
AD. As seizure burden is typically low in LOEU and risk of progression
to AD appears to be higher specifically in LOEU than in patients with
other forms of epilepsy (33, 36, 52), it is likely that the occurrence of
seizures in LOEU is reflective of underlying AD pathology, rather than
seizures being the major driver of AD onset.

5. Quantitative cognitive testing in
LOEU

In addition to epidemiological associations between LOEU and
development of AD, quantitative cognitive testing has shown impaired
cognitive performance in patients with LOEU compared to controls.
Fernandes et al. (34) studied patients with LOEU with a Mini-Mental
State Examination (MMSE) score greater than 24 and found that
patients with LOEU had globally lower cognitive testing performances,
including on tests of recall (Rey Auditory Verbal Learning Test),
verbal fluency (Phonological Verbal Fluency test, Semantic verbal
fluency test), and executive function (Rey-Osterrieth Complex Figure
Test) compared to controls. After 12 months, patients with LOEU
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showed progressive impairment in the memory domain with lower
RALVT-I scores, while controls showed memory improvement with
an increase in RAVLT-I scores. Ligori et al. (30) studying patients with
LOEU with cutoff MMSE scores above 24 found that patients with
LOEU had a statistically significant decline in MMSE scores and word
recall at 12 months follow up, though the average decline was small
(less than 1 point on average for both tests) and scores on phonological
verbal fluency increased. Differences in cognitive score changes
between different antiseizure medication regimens were small.
Initial impairment in quantitative cognitive testing is not
universally seen; Costa et al. (6, 33) investigated patients with LOEU
without dementia and demonstrated no difference in MMSE scores
between LOEU and healthy controls at time of enrollment, despite a
later 20% rate of progression to dementia after 3 years. Similarly, Nardi
Cesarini et al. (35) did not find differences between cognitively normal
patients with LOEU and healthy controls. However, patients with
LOEU and comorbid MCI had lower average MMSE scores, clock
drawing scores, phonemic/letter fluency, and abstract logical
reasoning scores than age-matched patients with MCI without epilepsy.

6. Genetic markers that confer
increased risk of late-onset epilepsy
and AD

While genetic investigations have not specifically evaluated LOEU,
recent studies have evaluated shared genetic risk factors between late-
onset epilepsy and AD. APO-¢4 is a known genetic risk factor for
amyloid pathology and AD (53). As part of a prospective cohort study,
Johnson et al. (44) found that carrying an APO-€4 allele was associated
with increased risk of developing late-onset epilepsy. This also
demonstrated a dose-dependent relationship, with patients carrying
two APO-¢4 alleles demonstrating an adjusted hazard ratio of 2.36
(95% CI: 1.65-3.38) and patients carrying a single APO-g4
demonstrating an adjusted hazard ratio of 1.42 (95% CI: 1.19-1.69).
Results held when excluding patients who were diagnosed with stroke
or dementia. A subsequent study using the same sample but
accounting for additional follow-up time again demonstrated an
increased risk of late-onset epilepsy in patients with two APO-g4
alleles (42). Using a mendelian randomization analysis, Fang et al. (54)
found that a genome-wide genetic predisposition to AD was associated
with a small but significantly increased risk of both focal epilepsy with
hippocampal sclerosis (OR 1.01, 95% CI: 1.004-1.022) and generalized
epilepsy (OR 1.05, 95% CI: 1.003-1.105). Genetic predisposition to
focal epilepsy with hippocampal sclerosis was also found to
be associated with increased risk of AD (OR 3.99).

7. Cerebrospinal fluid biomarker
Eggance of AD pathophysiology in

With the advent of precision CSF biomarkers and imaging
modalities for detecting amyloid and tau pathology, there has been a
concerted effort to develop a biomarker-based classification
framework for diagnosis of AD. CSF biomarkers are well validated for
early, antemortem detection of pathological findings in patients with
MCI and AD (55). A NINDS-supported biomarker and
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neuroimaging-based diagnostic framework utilizes these biomarkers
in order to achieve improved diagnostic accuracy, reduce antemortem
misdiagnoses, and improve prognostic accuracy of cognitive trajectory
(56). This framework is termed the AT(N) classification system,
referring to the presence of amyloid, tau, and neurodegeneration in
pathologically definite AD. Reduced levels of CSF AP, 4, or reduced
ratio of AP, 4, to AP, 4 are indicative of amyloid pathology, including
amyloid plaques (56). Increased levels of CSF phosphorylated tau
(p-tau) indicate presence of pathologic tau neurofibrillary tangles and
increased levels of CSF total tau (t-tau) are correlated with greater
neuronal loss and neurodegeneration.

Investigations of patients with LOEU using A, 4, and p-tau CSF
biomarkers suggest that some patients have a previously unrecognized
amyloidopathy and/or tauopathy. Cretin et al. (32) reported a series of
patients with MCI and preceding LOEU. All 13 patients demonstrated
either low CSF APy, (53.8%) or low CSF A,_.,/ AP,y ratio (46.2%)
by the time of MCI diagnosis. Average p-tau levels were found to
be elevated. Costa et al. (6, 33) investigated patients with LOEU with
MMSE scores greater than 24 and found that 37.5% of patients with
LOEU had CSF Ap, 4, below cutoff pathological levels. As a group,
patients with LOEU had lower CSF A, ,, compared to healthy
controls, despite similar cognitive performance on tests of recall,
attention, and executive function. Patients with LOEU also had
significantly greater t-tau levels in CSE, though p-tau levels were not
significantly different compared to controls. Importantly, 6 of the 15
patients with LOEU and positive Ap, 4, biomarker levels developed a
clinical dementia and 5 met clinical criteria for AD during an average
3year follow up period. In contrast, 4 out of 25 patients with LOEU
without positive AP, 4, biomarker levels developed dementia during
the follow up period, 2 of whom met criteria for AD. Fernandes et al.
(34) also studied LOEU patients without preexisting diagnosis of MCI
and with MMSE greater than 24. Investigators found lower CSF Ap, 4,
and both higher CSF p-tau and t-tau levels compared to controls. Of
the sample of 55 patients, 16.4% met cutoff levels of pathologically low
CSF AP, o.

Decreased A, 4, is not uniformly observed in LOEU without
preexisting MCI. In an investigation by Nardi Cesarini et al. (35) of
patients with LOEU with or without comorbid MCI, patients with
LOEU without comorbid MCI did not have a significant difference in
AP, 4, levels compared to controls. Patients with both LOEU and MCI
had lower average CSF A, ,, and AP, ,,/p-tau compared to LOEU
without MCI, with 41% demonstrating pathologically low levels.
22.7% of MCI-LOEU had both pathologically decreased amyloid and
increased p-tau, meeting both (A+/T+) classification. None of the
cognitively normal LOEU patients had positive CSF (A) or (T)
classification.

8. Imaging findings suggestive of AD
pathophysiology in LO

By definition, patients with LOEU lack visible structural
abnormalities on imaging that are known to produce epilepsy, but
visual assessment and volumetric analyses often demonstrate
findings suggestive of imaging abnormalities seen in both early AD
and occult cerebrovascular disease. Using visual inspection, Nagino
etal. (57) found that 58% of patients with LOEU had global atrophy
on MRI and 48% had unilateral or bilateral hippocampal atrophy.
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The most common imaging abnormality was white matter
hyperintensities (a feature of cerebrovascular disease), which was
present in 81% of the sample. In a sample of 66 patients with LOEU,
Sarkis et al. (21) found that 81% had evidence of temporal atrophy
and 21% had moderate or severe hippocampal volume loss assessed
using a visual inspection scale validated to predict progression to
MCI and AD. In this sample, 34.8% had small-to-large confluent
white matter hyperintensities based on visual inspection. In Cretin
et al’s*” investigation of patients with MCI with preceding LOEU, 12
out of 13 patients demonstrated mild bilateral hippocampal atrophy
on visual inspection. In the same study, over two-thirds also had
cerebrovascular white matter lesions and over one-third had
subcortical lacunes or non-cortical microhemorrhages.

Using quantitative analyses, Hanby et al. (23) also found that
patients with LOEU had lower global cortical volume than
age-matched controls and had increased burden of white matter
hyperintensities. Johnson et al. (58) found that lower total cortical
volume was associated with increased likelihood of late-onset epilepsy;
while this investigation did not specifically identify patients with
LOEU, results held when excluding patients with a diagnosis of stroke
or pre-existing dementia. Kaestner et al. (31) performed a detailed
investigation of quantitative MRI measures in 23 patients with late-
onset TLE, defined in this investigation as patients with onset of TLE
after age 50. Compared to healthy controls, patients with late-onset
TLE had prominent cortical thinning in mesial temporal lobes, lateral
temporal lobes, prefrontal, precentral, and paracentral regions.
Directly comparing patients with late-onset TLE to patients with
early-onset TLE, patients with LO-TLE had thinner cortex in bilateral
fusiform gyri. Of note, this difference in cortical thickness was found
even though patients with EO-TLE had approximately 30 years greater
duration of epilepsy compared to patients with LO-TLE. Patients with
EO-TLE were more likely to have hippocampal sclerosis (58% versus
26%) as assessed by visual inspection.

In addition to MRI evidence of neurodegeneration, FDG-PET
also demonstrates evidence of changes suggestive of AD. Using
FDG-PET scans, Fernandes et al. (34) found that patients with LOEU
had significantly reduced glucose metabolism in the right posterior
cingulate cortex and left precuneus compared to controls. Decreased
glucose in these regions was correlated with worse recall on both the
immediate and delayed Rey Auditory Verbal Learning Test.
DiFrancesco et al. (59) also investigated patients using cerebral
FDG-PET, revealing temporal lobe hypometabolism in 87% of
patients with LOEU. While five patients had multifocal decreased
metabolism in temporal lobe structures, the other 15 patients had
focal locations of temporal hypometabolism, most commonly in the
anterior temporal lobe. Cases without hypometabolism in the
temporal lobe had focal hypometabolism in the caudate nucleus.
Nearly all patients with lateralized focal slowing or epileptiform
discharges on EEG had congruent laterality of hypometabolism.

There have been few investigations using of amyloid or tau
specific PET scans to study presence of amyloidopathy and tauopathy
in patients with LOEU. Sarkis et al. (60) investigated six patients,
ages 69-83, with history of nonlesional epilepsy and cognitive
decline consistent with MCI or early dementia using F-18
florbetaben amyloid PET scans. Five of the six patients had seizures
preceding cognitive decline; the sixth patient had onset of seizures
2years following onset of cognitive decline. Four of the six patients
had positive amyloid scans assessed by visual inspection. These
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results and results from CSF studies suggest that amyloid and
tau-specific PET scans may be a useful method for assessing patterns
of amyloid and tau deposition in patients with LOEU
progressing to AD.

9. Directions for pathologic studies in
LOEU

Despite an existing literature on amyloid and tau pathology in a
broad array of patients with epilepsy, there is an absence of
publications on pathologic analysis of brain tissue from patients
specifically with LOEU. This may be due to both low rates of
pharmacoresistant seizures, which obviates a need for surgical
resection and therefore reduces the possibility for histopathological
review. Enrolling patients into longitudinal studies that include
eventual cerebral pathological review after death may reveal distinct
patterns of neurodegeneration. In particular, tissue comparisons
between patients with LOEU who progress to AD and patients who
do not, combined with antemortem EEG or MEG-based localizations
of seizure onset zones, may demonstrate molecular and histological
findings to explain why some patients demonstrate progressive
cognitive decline while others do not. Existing AD tissue banks that
include patients who had onset of epilepsy prior to cognitive
degeneration may demonstrate distinct patterns of neurodegeneration
compared to patients with AD who did not have seizures. Patterns of
mesial temporal lobe neurodegeneration may be particularly
significant to assess in LOEU given early involvement of the temporal
lobe in AD and frequency of temporal EEG and mesial temporal
imaging abnormalities in LOEU. TDP-43 protein deposition is often
observed in AD with prominent hippocampal sclerosis (28); as CSF
biomarker measurement of TDP-43 has limited utility, pathological
assessment of TDP-43 in addition to amyloid plaques and tau
neurofibrillary tangles should be included in LOEU cases.

As animal models of epilepsy suggest that seizures themselves may
induce increased amyloid and tau depositions, pathologic comparisons
between patients with LOEU and patients with early onset of epilepsy
are also needed to further discern what findings may be a driving
factor in producing seizures and what findings are expected as a result
of seizures. Existing literature on amyloid and tau pathology in early-
onset temporal lobe epilepsy has demonstrated inconsistent results.
Resected temporal lobe tissue in a study of patients with
pharmacoresistant TLE has demonstrated higher rates of amyloid
plaques compared to age-matched autopsy controls (61). In another
study, resected tissue demonstrated increased neuronal
immunoreactivity for amyloid precursor protein, but did not show
higher rates of plaques (62). Tai et al. (63) investigated resected
temporal lobe tissue from patients with temporal lobe epilepsy. Typical
age of onset of epilepsy occurred in the second decade of life with
resections occurring between ages 50-65. 94% of the sample
demonstrated evidence of tau neuropathology visualized as neuropil
threads, neurofibrillary tangles, or pre-tangles, but prevalence of
increased Braak stages (limited to temporal lobe assessment) was not
significantly higher in TLE patients than age-match controls. In
contrast, in a study of post-mortem pathologic analyses from patients
with chronic epilepsy showed increased Braak stages in patients aged
40-65 compared to controls in the same age group, with higher
average Braak stages noted in patients with focal onset epilepsy

frontiersin.org


https://doi.org/10.3389/fneur.2023.1241638
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Hickman et al.

compared to generalized onset (64). Braak staging did not correlate
with presence of hippocampal sclerosis.

10. Classification of LOEU as
demonstrating epileptickrodromal
AD, epileptic preclinical AD, or
late-onset Ap-related epilepsy

In the AT(N) classification scheme, patients with positive amyloid
biomarkers are considered to fall on the AD continuum; the presence
of a positive amyloid biomarker study alone confers increased risk of
cognitive decline in cognitively normal adults (65). It is currently
unclear if, given enough time and absence of other causes of mortality,
what percentage of patients with positive amyloid biomarkers would
eventually develop AD. Presence of both positive amyloid and tau
biomarkers establishes particularly elevated risk of progression to AD
in MCI and is termed preclinical AD in cognitively normal
individuals (66).

Given established epidemiological associations between LOEU
and AD, in LOEU
neurodegenerative processes, and results of biomarker testing in

imaging abnormalities suggestive of

LOEU, we propose that amyloid and tau biomarkers can be used to

10.3389/fneur.2023.1241638

further classify patients with LOEU (Figure 2). Presence of both
positive amyloid and tau biomarkers in a patient with late-onset
epilepsy with otherwise unknown etiology may be sufficient to
categorize patients as demonstrating epileptic preclinical AD or
epileptic prodromal AD. In cases without MCI and both positive
amyloid and tau neurofibrillary tangle biomarkers, we propose
categorizing patients as demonstrating “epileptic preclinical AD,”
corresponding with terminology proposed for biopathologic
preclinical AD (56). In patients with documented MCI, positive
amyloid biomarker testing, and positive tau neurofibrillary tangle
biomarker testing, we suggest categorization as “epileptic prodromal
AD; a term previously proposed by Cretin et al. (32) and again
corresponding with existing biopatholic research terminology. While
further prospective studies are needed, the presence of LOEU, positive
amyloid biomarker testing, and positive tau biomarker testing may
each signify independent risk factors for progressive AD-related
cognitive decline leading to dementia. A categorization of epileptic
preclinical or prodromal AD is significant as it implies that the
etiology of epilepsy is no longer unknown but is strongly suspected to
be a result of AD pathology.

As patients with LOEU prior to development of MCI/dementia
inconsistently demonstrate positive tau biomarkers, but frequently
show positive amyloid biomarkers, an additional classification

[

New onset of unprovoked
seizures in middle/late adulthood

|

Standard clinical evaluation
(including EEG and epilepsy protocol MRI)

Defined Etiology
(Other Late-Onset Epilepsy)

[ ]

Late-Onset Epilepsy
of Unknown Etiology (LOEU)

]

Specialized Evaluation:

. CSF amyloid and tau biomarker measurement
. Quantitative cognitive testing

. FDG-PET

l_l_l

A-T+
A+T+ A+T- or
* * A-T-
Epileptic Preclinical or Late-Onset LOEU without Positive
Prodromal AD AB-Related Epilepsy Amyloid Biomarkers

FIGURE 2

Tauopathy.

Evaluation of late-onset epilepsy of unknown etiology (LOEU) and classification based upon results of biomarker testing and imaging. The
AT(N) classification system for AD can be used to classify patients with late-onset epilepsy. "A” refers to amyloid biomarkers; “T" refers to tau biomarkers
indicative of neurofibrillary tangles; “N" refers to evidence of neurodegeneration assessed by neuroimaging or biomarkers. PART, Primary Age-Related
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category is needed for patients with positive amyloid but with negative
tau markers. These patients may be considered to demonstrate late-
onset AP-related epilepsy (LAPE), as previously proposed by Romoli
et al. (67) This terminology implies that there is some uncertainty
regarding eventual development of frank AD and that underlying
etiology of epilepsy is not definite, but with suspicion that an
amyloidopathy is playing a contributing role.

Studies of biomarkers in LOEU note infrequent instances of
patients with pathologic levels of p-tau in CSE, but non-pathologic
AP, .4, levels (35). CSF biomarker measurements positive for tau
pathology but negative for amyloid pathology may seem suggestive of
primary age-related tauopathy (PART) (68), but recent research
suggests increased soluble CSF p-tau is more closely correlated with
amyloid deposition than tau neurofibrillary tangles as measured
through PET imaging (69, 70). It is unclear how to classify LOEU with
(A—/T+) biomarker profiles at this time. Pathological tau depositions
may be a primary driver of seizure activity, occur as a result of seizures
stemming from another etiology, or represent an incidental
co-occurring process such as from PART. Thus, assessment of patients
with LOEU using amyloid and tau PET imaging may clarify (A) and
(T) status in patients who demonstrate CSF biomarkers suggestive of
(A—/T+). Further research on occurrence rates of preceding seizures
in PART may help elucidate a possible relationship between tauopathic
processes and epilepsy.

Presence of neurodegeneration on neuroimaging (N+) may
be considered supportive of but not necessary for classification of
epileptic prodromal AD, epileptic preclinical AD, or LABE. Supportive
patterns of neurodegeneration on MRI or FDG-PET mirror those
observed in AD, with features of atrophy or hypometabolism in
temporal or parietal structures. It is unclear if substantial burden of
white matter disease in LOEU suggests that underlying AD pathology
is less likely, or if it reflects common shared factors between AD and
cerebrovascular disease. Stratification of patients using novel serum
biomarkers of cerebrovascular disease and vascular cognitive
impairment may clarify this (71).

The bulk of evidence for proposing these criteria comes from
results from CSF amyloid and tau biomarkers in patients with LOEU
and from studies of cognitively intact individuals without epilepsy
who demonstrate positive biomarkers. Investigations that replicate
existing biomarker findings in LOEU and evaluate patients with
LOEU longitudinally are needed. While the AT(N) classification
scheme for AD also incorporates amyloid and tau PET imaging, there
have been few studies utilizing amyloid and tau PET imaging in
LOEU. Distinct patterns of deposition may be seen in patients with
epileptic preclinical and epileptic prodromal AD that could further
understanding why some patients with AD develop seizures at earlier
stages of the disease compared to others. Likewise, investigations
using plasma-based amyloid and tau biomarkers compared to CSF
biomarkers in LOEU have not been systematically performed and are
also needed. Normalizing AP, 4, levels in comparison to Af; 4
(determined through calculating an AP, 4,/ AP, 4 ratio) has been found
to increase sensitivity and specificity for discriminating AD from
other dementias (72), and this may be useful for assessing for epileptic
preclinical or prodromal AD as well. Neurofilament light chain (NFL)
may also prove to be elevated in neurodegenerative processes
producing LOEU, though this biomarker may have limited specificity
for AD (73) and may be impacted by frequency and duration of
seizures (74, 75). Other biomarkers undergoing investigation for
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detecting early preclinical stages of AD, such as the shedded form of
platelet-derived growth factor receptor-b and plasma glial fibrillary
acidic protein, may supplement existing biomarkers in detecting
epileptic preclinical or prodromal AD (16, 76). Particular seizure
types, such as temporal lobe seizures, may occur more frequently in
epilepsy occurring from early stages of AD and also warrant
further study.

Further research may also elucidate important comorbidities that
contribute to the observed relationship between LOEU and AD. In
addition to both demonstrating increased small vessel cerebrovascular
disease, cerebral amyloid angiopathy may contribute to cortical injury
and seizures; serial MRI imaging including GRE or SWI may elucidate
if suggestive cortical microhemorrhages or siderosis develop over time
in LOEU (77). Subclinical seizures and epileptiform activity during
sleep may compromise healthy sleep and may play a role in impaired
AP processing and clearance (78). Traumatic brain injuries occur at
an elevated rate in patients with epilepsy and may contribute to
development of AD pathology and increased risk of AD (79, 80). AD
and epilepsy may both lead to impairments in the blood-brain barrier,
contributing to further neuronal dysfunction (81). Lastly, as
neurodegenerative processes frequently co-occur, it will be important
to continue investigating if co-occurring TDP-43 and alpha-synuclein
deposits impact seizure expression.

Currently, categorizing patients as demonstrating epileptic
prodromal AD, epileptic preclinical AD, and LABE is important to
recognize clinically, but requires further research to determine an
optimal management approach. With further research, these
categorizations will be useful for clinicians when counseling patients
about prognosis and assessing eligibility for therapies or clinical trials.
Phase 3 studies of amyloid lowering antibody therapies excluded
patients with recent history of seizures (82, 83). Thus, patients with
LOEU may currently have reduced access to anti-amyloid therapies.
As the safety of amyloid lowering therapies has not been well
investigated in patients with epilepsy, further clinical trials should
be performed, including investigating impact on cognitive symptoms,
seizure frequency, and development of amyloid related imaging
abnormalities. Given recent trial results that found treatment with
donanemab had greater benefit when used in early stages of AD (84),
it is possible that patients with epileptic preclinical AD without frank
cognitive symptoms may be optimal candidates for treatment with
anti-amyloid therapies.

At this time, management of epileptic prodromal AD, epileptic
preclinical AD, and LABE should mirror existing strategies for
management of late-onset epilepsy and epilepsy in older adults
(Figure 1). Avoidance of antiseizure medications with greater cognitive
side effects, such as topiramate, zonisamide, and phenobarbital, may
be prudent (85). Divalproex sodium has been associated with
accelerated cognitive decline and cerebral atrophy in AD; thus
treatment with divalproex and other formulations of valproate may
not be preferred (86). As levetiracetam has few drug-drug interactions
and treatment with low-dose levetiracetam in patients with detectible
epileptiform activity has been found to improve spatial memory and
executive function (87), levetiracetam or brivaracetam may
be preferred initial treatments. Lamotrigine and lacosamide are also
well tolerated in older adults, but evidence that these medications and
other sodium channel inhibitors slow cardiac conduction is a
consideration in patients with existing cardiac comorbidities (88). As
causes of dementia are commonly multifactorial, optimization of
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cerebrovascular risk factors including hypertension, hyperlipidemia,
and diabetes mellitus may slow rates of cognitive decline. Annual or
biennial cognitive screening may allow for early detection of
progression. Upon meeting criteria for AD, early treatment with
anticholinesterase inhibitors may reduce cognitive symptoms. Patients
meeting criteria for epileptic prodromal AD, epileptic preclinical AD,
or LABE may eventually be offered enrollment in targeted
clinical trials.

11. Conclusion

Evidence from recent investigations suggests that LOEU can serve
as an early sign of AD. Epidemiological data establish a significant
association between LOEU and AD, indicating that individuals with
LOEU are at an increased risk of developing AD within years of
epilepsy onset. Furthermore, biomarker investigations focusing on
amyloid and tau show that biomarker profiles may improve prediction
of progression to AD in LOEU patients. Based on this evidence, any
older adult presenting with LOEU should have a thorough evaluation
for preclinical or prodromal AD. The established relationship between
LOEU and AD suggests that patients with LOEU and consistent
amyloid and tau biomarkers should be considered for epileptic
preclinical or prodromal AD evaluation. To fully understand
progression in LOEU, prospective studies that assess changes in
imaging features and biomarkers over time are needed. Such studies
will not only enhance our understanding of the underlying
mechanisms but also improve accuracy in identifying of subgroups of
LOEU at the greatest risk of AD.

Future research efforts should explore efficacy of amyloid lowering
therapies or other targeted therapeutics in modifying the disease
progression of both epilepsy and cognitive dysfunction in LOEU
patients. By continuing to elucidate the interplay between LOEU and
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