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Abstract
Background and Objectives
Alzheimer disease (AD) is associated with a 2 to 3-fold increased risk of developing late-onset
focal epilepsy, yet it remains unclear how development of focal epilepsy in AD is related to AD
pathology. The objective of this study was to examine spatial relationships between the epi-
leptogenic zone and tau deposition, amyloid deposition, and brain atrophy in individuals with
AD who developed late-onset, otherwise unexplained focal epilepsy. We hypothesized that if
network hyperexcitability is mechanistically linked to AD pathology, then there would be
increased tau and amyloid deposition within the epileptogenic hemisphere.

Methods
In this cross-sectional study, we performed tau and amyloid PET imaging, brain MRI, and
overnight scalp EEG in individuals with early clinical stages of AD who developed late-onset,
otherwise unexplained focal epilepsy (AD-Ep). Participants were referred from epilepsy and
memory disorders clinics at our institutions. We determined epilepsy localization based on
EEG findings and seizure semiology. We quantified tau deposition, amyloid deposition, and
atrophy across brain regions and calculated asymmetry indices for these measures. We com-
pared findings in AD-Ep with those in a control AD group without epilepsy (AD-NoEp).

Results
The AD-Ep group included 8 individuals with a mean age of 69.5 ± 4.2 years at PET imaging.
The AD-NoEp group included 14 individuals with a mean age of 71.7 ± 9.8 years at PET
imaging. In AD-Ep, we found a highly asymmetric pattern of tau deposition, with significantly
greater tau in the epileptogenic hemisphere. Amyloid deposition and cortical atrophy were also
greater in the epileptogenic hemisphere, although the magnitudes of asymmetry were reduced
compared with tau. Compared with AD-NoEp, the AD-Ep group had significantly greater tau
asymmetry and trends toward greater asymmetry of amyloid and atrophy. AD-Ep also had
significantly greater amyloid burden bilaterally and trends toward greater tau burden within the
epileptogenic hemisphere, compared with AD-NoEp.

Discussion
Our results reveal a spatial association between the epileptogenic focus and tau deposition,
amyloid deposition, and neurodegeneration in early clinical stages of AD.Within the limitations
of a cross-sectional study with small sample sizes, these findings contribute to our un-
derstanding of the clinicopathologic heterogeneity of AD, demonstrating an association be-
tween focal epilepsy and lateralized pathology in AD.
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Introduction
Network hyperexcitability has emerged as an important con-
tributor to cognitive dysfunction and clinical progression in
Alzheimer disease (AD).1,2 Individuals with AD carry a 2 to
3-fold increased risk of developing seizures comparedwith their
healthy peers,3 and those who develop AD-related epilepsy
present with cognitive decline up to 5 years earlier than those
who do not develop epilepsy.4 This suggests that neuronal
hyperexcitability could play an important role in accelerating
preclinical and early clinical stages of AD. Genetic mouse
models of AD have consistently revealed a feed-forward cycle
that directly links neuronal hyperactivity with excess release of
soluble amyloid and tau and with subsequent deposition of
these proteins as insoluble plaques and tangles, respectively.5-8

Moreover, increasing evidence indicates that tau pathology
propagates trans-synaptically across neuronal networks.9-11

Whether and how the development of epilepsy in human AD is
associated with amyloid or tau pathology remains unclear.

In this article, we studied 8 individuals with early clinical
stages of AD who developed epilepsy early in their course of
AD. All individuals underwent PET imaging to visualize tau
and amyloid deposition in vivo. A consistent feature of epi-
lepsy in human AD is that it is most often focal, arising from a
unilateral temporal lobe.12,13 We hypothesized that if neuro-
nal hyperexcitability in AD is mechanistically linked to accu-
mulation of AD pathology, then unilateral temporal lobe
hyperexcitability in individuals with AD and epilepsy will be
accompanied by asymmetric, focally increased deposition of
tau and/or amyloid within the epileptogenic hemisphere.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
All research was performed under protocols approved by the
MassGeneral Brigham Institutional Review Board (Protocols
#2018P000286, 2018P000821). All research participants
provided written informed consent before their participation.

Participant Recruitment

AD With Epilepsy (AD-Ep) Group
We previously described AD-Ep participant 1, in whom in-
tracranial foramen ovale electrode recordings revealed silent
hippocampal seizures and spikes.14 This participant underwent
PET imaging as part of a separate research study. The remaining
7 participants were consecutively recruited for this study,

through outpatient epilepsy and memory disorders clinics at
our institutions, between 2019 and 2022. Inclusion criteria were
the following: (1) age 60–85 years; (2) early clinical stages of
probable AD (either mild cognitive impairment (MCI) or mild
dementia), based on the National Institute of Aging-Alz-
heimer’s Association criteria15,16; and (3) diagnosis of epilepsy
based on International League Against Epilepsy criteria,17 with
seizures starting after age 55 and etiology otherwise unexplained
(e.g., lack of epileptogenic brain lesions such as stroke or tumor
and lack of other convincing etiologies for epilepsy outside of
AD). Exclusion criteria included a history of stroke, traumatic
brain injury with loss of consciousness, meningitis/encephalitis,
brain tumor, or brain surgery preceding the diagnosis of epi-
lepsy (i.e., intracranial electrode recordings performed for
clinical indication of epilepsy were not exclusionary).

AD Control Group Without Epilepsy (AD-NoEp Group)
Data for this groupwere obtained from a separate PET imaging
study performed at Massachusetts General Hospital. Inclusion
criteria for this PET imaging study were as follows: (1) age
46–100 years; (2) clinical diagnosis of MCI or AD by a neu-
rologist, using NIH consensus criteria; (3) Clinical Dementia
Rating (CDR) score ≥0.5; and (4) stable medications for at
least 30 days. Exclusion criteria included the following: seizure
disorder; presence of a significant medical, neurologic, or
psychiatric disorder other than diagnosis of MCI or AD (not
including mild depression); and presence of another neuro-
degenerative disease associated with cognitive impairment or
dementia. The AD-NoEp group comprised a subset of partic-
ipants from this study who were amyloid positive, based on
Pittsburgh Compound B (PIB) PET imaging.

Neurophysiologic Recordings
All AD-Ep participants underwent overnight ambulatory scalp
EEG recordings for research as described previously.13 We
also examined EEGs and, in some cases, intracranial electrode
recordings performed for clinical purposes. Designation of the
most likely epileptogenic focus for each participant was made
by board-certified epileptologists (ADL, RAS, ES) based on
neurophysiologic recordings and seizure semiology.

Structural MRI
High-resolution T1-weighted images were acquired on either
a Siemens 3T Skyra scanner (AD-Ep participant 6) or a Sie-
mens 3T Tim Trio scanner (all other participants), using a
magnetization-prepared rapid gradient-echo sequence. Im-
ages were processed with FreeSurfer 618,19 and parcellated
into cortical and subcortical regions of interest (ROIs)
according to the Desikan-Killiany atlas.20 Segmentation re-
sults were manually checked to ensure accuracy.

Glossary
AI = asymmetry index; CDR = Clinical Dementia Rating;DVR = distribution volume ratio; FDR = false discovery rate;MCI =
mild cognitive impairment; PIB = Pittsburgh Compound B; PVC = partial volume correction; ROIs = regions of interest;
SUVR = standardized uptake value ratio.
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PET Imaging
Radiotracers were synthesized at Massachusetts General
Hospital, and PET imaging was performed on site. AD-Ep
participant 1 was imaged using Siemens/CTI ECAT EXACT
HR+ while all others were imaged using a GE Discovery MI
PET/CT scanner. All participants underwent amyloid imag-
ing with 11C PIB and tau imaging with 18F-flortaucipir (FTP,
AD-Ep participant 1) or 18F-MK-6240 (all other partici-
pants). PIB: Participants were given a 15-mCi bolus injection,
followed by a 60-minute dynamic acquisition in 39 frames (8
× 15 seconds, 4 × 60 seconds, 27 × 120 seconds). FTP: AD-
Ep participant 1 was given a 10-mCi bolus injection, followed
by image acquisition from 80 to 100minutes after injection, in
4 × 5-minute frames. MK-6240: Participants were given a 5-mCi
bolus injection, followed by a 120-minute dynamic acquisition in
54 frames (6 × 10 seconds, 8 × 15 seconds, 6 × 30 seconds, 8 ×
60 seconds, 8 × 120 seconds, 18 × 300 seconds).

PET images were reconstructed, attenuation corrected, and
co-registered to T1 images with SPM12, using a 6-degree-of-
freedom rigid-body registration. Structural ROIs from Free-
Surfer 6 were mapped into native PET space. PIB data were
expressed as a distribution volume ratio (DVR) for each ROI,
using the Logan graphical method21 applied to data from 40
to 60 minutes after injection. FTP and MK-6240 data were
expressed as a standardized uptake value ratio (SUVR) for
each ROI and calculated from PET data acquired 80–100 and
90–110 minutes after injection, respectively. Cerebellar gray
was used as the reference for all analyses. Partial volume
correction (PVC) was performed using the GTM method,
and analyses were performed with and without PVC.

Global amyloid burden on PIB PET was summarized using a
FreeSurfer-defined aggregate ROI comprising the frontal,
lateral temporal and parietal, and retrosplenial (FLR) cortices,
as described previously.22 An FLR SUVR (non-PVC) > 1.12
was considered a positive amyloid PET scan.

Asymmetry Index (AI) Calculations
We quantified tau, amyloid, and brain atrophy in cortical ROIs
based on the Desikan-Killiany atlas, using FTP or MK-6240
SUVR, PIB DVR, or cortical thickness values, respectively.
We also quantified these measures across 6 larger brain re-
gions, by averaging values across multiple cortical ROIs, as
performed previously23,24: (1) frontal (superior frontal, ros-
tral and caudal middle frontal, lateral and medial orbito-
frontal); (2) medial temporal (entorhinal, parahippocampal,
hippocampus, amygdala; for cortical thickness measures, only
entorhinal and parahippocampal regions were used); (3)
lateral temporal (inferior, middle, and superior temporal,
bank of superior temporal sulcus); (4) medial parietal (pos-
terior cingulate, precuneus); (5) lateral parietal (inferior and
superior parietal, supramarginal); and (6) occipital (peri-
calcarine, cuneus, lateral occipital).

To examine asymmetries in amyloid or tau deposition and
their spatial relationship to the epileptogenic hemisphere in

AD-Ep, we calculated an AI for each ROI as follows: 200 *
(Ipsilateral - Contralateral)/(Ipsilateral + Contralateral),
where ipsilateral and contralateral were DVR or SUVR values
relative to the epileptogenic hemisphere. A positive AI indi-
cates greater amyloid or tau deposition in the epileptogenic
hemisphere. To ensure accuracy of AI calculations in ROIs
with little tracer uptake, we set a threshold in which the DVR
or SUVR of an ROI had to exceed 0.90 in both hemispheres
for the AI to be calculated.We chose a slightly lower threshold
because some AD-Ep participants had ROIs in which there
was high tau accumulation in one hemisphere and
background-level tau in the opposite hemisphere; thus, higher
thresholds would have excluded these important findings
from the analysis. AI for brain atrophy was calculated as 200 *
(Contralateral - Ipsilateral)/(Ipsilateral + Contralateral). A
positive AI indicates greater atrophy in the epileptogenic
hemisphere.

We also compared asymmetry of amyloid, tau, and atrophy
between AD-Ep and AD-NoEp groups. Because the AD-
NoEp group does not have an epileptogenic hemisphere, here
we calculated amyloid and tau asymmetry indices relative to
the left hemisphere, as follows: 200 * (Left - Right)/(Left +
Right), where a positive AI indicates greater amyloid or tau
deposition in the left hemisphere. Similarly, AI for brain at-
rophy was calculated as follows: 200 * (Right - Left)/(Left +
Right), where a positive AI indicates greater atrophy in the left
hemisphere.

Statistical Analysis
Population statistics are given as mean ± SD. We used Mann-
Whitney U tests for comparison of independent samples,
Fisher exact tests for comparison of proportions, and Spear-
man correlations to measure associations.

Among AD-Ep participants, to identify ROIs in which AIs
differed significantly from 0, we used right-tailed Mann-
Whitney signed-rank tests. To compare magnitudes of tau,
amyloid, and atrophy AIs between AD-Ep and AD-NoEp, we
focused on AD-Ep participants with left-sided epilepsy and we
used right-tailed Mann-Whitney U tests to determine
whether AD-Ep participants with left-sided epilepsy
showed significantly greater AIs (relative to the left hemi-
sphere) than AD-NoEp. We did not perform this analysis
for participants with right-sided epilepsy, given the lower
sample size.

We accounted for multiple comparisons using the Benjamini
and Hochberg method to control the false discovery rate
(FDR). We report FDR-corrected p values (where, for right-
tailed tests, an FDR-corrected p < 0.025 was considered sta-
tistically significant). Mann-Whitney standardized effect sizes
(r) are also reported.

Data Availability
Data that support the findings of this study are available on
reasonable request from the corresponding author.
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Results
AD-Ep Population Characteristics
We studied 8 individuals with early clinical stages of AD (MCI
or mild dementia) who developed late-onset, otherwise un-
explained focal epilepsy (AD-Ep). Demographic and clinical
characteristics of the cohort are provided in Tables 1 and 2,
and additional details are summarized in eTable 1. All par-
ticipants had a predominantly amnestic presentation of AD.
The average age at onset of cognitive decline was 66.5 ± 3.8
years and at first clinical seizure was 67.9 ± 4.0 years. Six
participants had their first seizure in the same year that they
developed cognitive impairments. Seven participants underwent
CSF analysis for AD biomarkers; 6 had CSF-confirmed AD
while 1 participant (participant 8) had borderline results due to
low phospho-tau levels.

Four participants had exclusively nonconvulsive seizures while
2 had only convulsive seizures and 2 had nonconvulsive and
convulsive seizures. EEG abnormalities for each participant are
summarized in eTable 1, and examples of EEG findings from all
participants are presented in eFigure 1. Five participants had
left temporal lobe epilepsy, including 1 participant with left
hippocampal seizures captured on intracranial electrodes.
Three participants had right temporal lobe epilepsy.

Spatial Associations Between the
Epileptogenic Focus and Tau, Amyloid,
and Neurodegeneration
In all AD-Ep participants, we found a striking pattern of
asymmetric tau deposition, with more tau deposited in the
epileptogenic hemisphere (Figure 1A). Participants with
higher global tau burden (AD-Ep participants 1–6) showed

Table 1 Clinical Details for AD-Ep Population

Participant 1 2 3 4 5 6 7 8

Handedness Ambidextrous Right Left Left Right Right Left Right

Age range at onset of cognitive
decline (y)a

65–69 70–74 65–69 60–64 60–64 70–74 65–69 65–69

No. of years between cognitive decline
and first seizure

0 +5 +1 +4 0 0 0 +1

No. of years between first seizure and
PET imaging

+3 0 +2 0 +1 +3 +2 +2

Cognitive presentation Amnestic Amnestic Amnestic Amnestic Amnestic Amnestic Amnestic Amnestic

Epileptogenic region L temporal
(hippocampal)

L
temporal

R
temporal

L
temporal

L
temporoparietal

L temporal;
later,
R temporal

R
temporal

R
temporal

Clinical stage at PET imaging Mild dementia Mild
dementia

MCI Mild
dementia

MCI Mild
dementia

MCI Mild
dementia

Amyloid PET tracer PIB PIB PIB PIB PIB PIB PIB PIB

Global PIB (FLR non-PVC)b 1.71 2.05 1.18 2.11 2.19 2.34 1.74 1.77

Tau PET tracer FTP MK6240 MK6240 MK6240 MK6240 MK6240 MK6240 MK6240

Abbreviations: MCI = mild cognitive impairment; PVC = partial volume correction.
a Identifiable details such as sex and exact ages are not provided, so as to protect participant privacy.
b FLR non-PVC > 1.12 indicates a positive PIB PET scan.

Table 2 Comparison of AD-Ep and AD-NoEp Populations

AD with epilepsy (AD-Ep) AD without epilepsy (AD-NoEp) p Value

Number of participants 8 14 —

Mean age at PET, y (range) 69.5 ± 4.2 (60–72) 71.7 ± 9.8 (58–84) 0.48

Percent female (#F/M) 62.5% (5/3) 35.7% (5/9) 0.38

Race (% White) 100% 100% 1.0

Ethnicity (% non-Hispanic) 100% 100% 1.0

Mean years of education 16.4 ± 2.6 16.4 ± 3.1 0.97

Mean PIB FLR DVR (no PVC) 1.89 ± 0.37 1.68 ± 0.36 0.21

MMSE (closest within 1 y of PET) 23.9 ± 3.4 22.8 ± 4.9 0.76
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increased tau deposition broadly throughout the epilepto-
genic hemisphere while participants with lower global tau
burden (AD-Ep participants 7–8) showed a highly focal ac-
cumulation of tau within the lateral temporal neocortex of the
epileptogenic hemisphere. For most participants, tau de-
position was highest in the temporal and parietal neocortex,
although AD-Ep participant 6 was atypical, with most tau
deposition in the occipital cortex but with high tau deposition
in temporal and parietal regions as well.

We quantified tau asymmetry using an AI, calculated over 6
broad brain regions (Figure 2A) and within smaller cortical
ROIs (eFigure 2). We found significantly higher tau deposition
in the frontal (p = 0.023, r = 0.88), lateral temporal (p = 0.023,
r = 0.94), medial parietal (p = 0.023, r = 0.88), and lateral parietal
(p = 0.023, r = 0.91) regions of the epileptogenic hemisphere.
These findings were evident both with and without PVC.

Compared with tau, patterns of amyloid asymmetry were
subtler and more variable across participants (Figure 1B).

Most AD-Ep participants showed areas of asymmetrically
greater amyloid within the epileptogenic hemisphere, al-
though the magnitude of this asymmetry was lower than for
tau. Quantification of amyloid asymmetry (Figure 2B, eFig-
ure 2) revealed significantly greater amyloid deposition in the
lateral temporal (p = 0.011, r = 0.94), lateral parietal (p =
0.011, r = 0.94), and occipital (p = 0.023, r = 0.80) regions of
the epileptogenic hemisphere, although these findings were
only significant when PVC was used, possibly due to greater
atrophy in the same regions (mentioned further). Two AD-
Ep participants (participants 3 and 6) showed areas of in-
creased amyloid deposition in the contralateral hemisphere
(Figure 1B). Of interest, AD-Ep participant 6 had developed a
secondary seizure focus in the contralateral hemisphere
(presenting as focal status epilepticus) approximately 6
months before undergoing the amyloid PET scan.

We also examined patterns of cortical and subcortical atrophy
in the AD-Ep group. We found increased atrophy within the
epileptogenic hemisphere, although the magnitude of

Figure 1 Representative Tau and Amyloid PET Images for AD-Ep Group

(A) Representative tau PET images. Axial slices are shown for each participant (Pt), arranged from inferior (left) to superior (right). Images are oriented such
that the epileptogenic hemisphere for each participant is shown on the left. (L) and (R) indicate the epileptogenic hemisphere (left or right, respectively) for
each participant. Participant 1 was imaged using 18F-flortaucipir while participants 2–8 were imaged using 18F-MK-6240. (B) Representative amyloid PET
images. Image orientation is the same as for (A), and all participants were imaged using 11C-PIB. White arrows highlight subtler regions of increased tau or
amyloid deposition in the epileptogenic hemisphere while yellow arrows highlight increased amyloid in the contralateral hemisphere in some participants.
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asymmetry was much less than for tau. Quantification of cortical
thickness asymmetry revealed significantly greater atrophy in the
frontal (p = 0.008, r = 0.94), lateral temporal (p = 0.008, r =
0.94), and lateral parietal (p = 0.008, r = 0.94) regions and a
trend toward greater atrophy in the occipital region (p = 0.041,
r = 0.68) of the epileptogenic hemisphere (Figure 2C). Quan-
tification of subcortical volume asymmetry revealed significantly
greater atrophy in the amygdala (p = 0.023, r = 0.85), hippo-
campus (p= 0.023, r= 0.85), and nucleus accumbens (p= 0.023,
r = 0.94) of the epileptogenic hemisphere (eFigure 3).

Comparison of Tau, Amyloid, and Atrophy
Asymmetry Between AD-Ep and AD-
NoEp Groups
We next compared asymmetry findings in the AD-Ep group
with those in a control AD group without epilepsy (AD-
NoEp). The AD-NoEp group comprised 14 individuals with
early clinical stages of AD (MCI or mild dementia), no history
of seizures, and amyloid positivity based on PIB PET imaging.
Table 2 presents comparison of the demographic and clinical
features of AD-Ep and AD-NoEp. There were no significant
differences in age at PET scan, biological sex,MMSE score closest
to PET scan, or global amyloid deposition between groups.

Figure 3 shows the tau, amyloid, and atrophy AIs for AD-Ep
and AD-NoEp, calculated relative to the left hemisphere. In
the AD-NoEp group, there were trends toward a rightward
tau asymmetry in the medial temporal (p = 0.0425, r = 0.59),
lateral parietal (p = 0.0425, r = 0.59), and occipital regions (p
= 0.0425, r = 0.62), consistent with what has been reported
previously.25 In the AD-Ep group, tau AIs fell near or beyond
the extremes of the distributions for the AD-NoEp group.
In other words, most AD-Ep participants with left-sided
epilepsy had tau AIs in or above the upper range of the AD-
NoEp distribution (i.e., more leftward asymmetry com-
pared with AD-NoEp), whereas those with right-sided
epilepsy often showed tau AIs in or below the lower range
of the AD-NoEp distribution (i.e., more rightward asym-
metry compared with AD-NoEp). Quantitatively, AD-Ep
participants with left-sided epilepsy had tau AIs that were
significantly greater than in AD-NoEp in the medial parietal
(p = 0.0210, r = 0.62) and lateral parietal (p = 0.0066, r =
0.68) regions and showed trends toward significance in the
frontal (p = 0.0252, r = 0.58) and lateral temporal (p =
0.0252, r = 0.51) regions. We did not perform statistical
testing for the AD-Ep group with right-sided epilepsy, given
the low number of participants.

Figure 2 Asymmetry Indices for Tau, Amyloid, and Cortical Atrophy in the AD-Ep Group

AIswere calculatedwith respect to the epileptogenic/nonepileptogenic hemisphere across 6 large brain regions, for (A) tau deposition, (B) amyloid deposition,
and (C) cortical atrophy. A positive AI indicates greater tau deposition, amyloid deposition, or cortical atrophy in the epileptogenic hemisphere whereas a
negative AI indicates greater tau deposition, amyloid deposition, or cortical atrophy in the nonepileptogenic hemisphere. Box-and-whisker plots for the AD-Ep
population are shown, and individual AD-Ep participants are plotted as colored markers, based on whether their seizures arose from the left (blue) or right
(red) hemisphere. AIs for tau and amyloid were calculated using partial volume–corrected SUVR and DVR values, respectively. Numbers above each ROI
represent the number of participants in whom AIs could be calculated for that ROI (i.e., participants with above-threshold SUVR or DVR levels). Asterisks
denote ROIs in which the AI was significantly different from 0 (FDR-corrected p value < 0.025), whereas asterisks in parentheses indicate trends toward
significance. Note in part (A), on the occipital plot, participant 5 is plotted on the x-axis (blue filled circle at tau AI = −40), although this participant had amuch
larger magnitude of AI (> −100) that otherwise would not be seen due to the scaling of the plot (but can be seen in Figure 3A). AI = asymmetry index; DVR =
distribution volume ratio; SUVR = standardized uptake value ratio.
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Findings for amyloid and atrophy asymmetry between AD-Ep
and AD-NoEp groups were less striking. For amyloid, AD-Ep
participants with left-sided epilepsy showed a trend toward
greater left-sided asymmetry in the lateral parietal region (p =
0.0583, r = 0.52) compared with AD-NoEp. For atrophy, AD-
Ep participants with left-sided epilepsy showed a trends to-
ward greater left-sided asymmetry in the frontal (p = 0.0346, r
= 0.49), medial parietal (p = 0.0346, r = 0.49), and lateral
parietal (p = 0.0346, r = 0.49) regions, compared with AD-
NoEp.

We also assessed relationships between tau asymmetry, am-
yloid asymmetry, and atrophy asymmetry, across different
brain regions, for AD-Ep and AD-NoEp groups (eAppendix
and eFigures 4 and 5). In the AD-NoEp group, tau asymmetry
was positively correlated with amyloid asymmetry and atro-
phy asymmetry, in multiple brain regions. With the limitation
of low sample size, these relationships seemed to be largely
similar in the AD-Ep group.

Comparison of Tau Burden, Amyloid Burden,
and Cortical Thickness in AD-Ep vs AD-NoEp
To better understand the observed differences in asym-
metry between AD-Ep and AD-NoEp, we next compared
tau burden, amyloid burden, and cortical thickness between
AD-Ep and AD-NoEp groups (Figure 4). For tau burden
(Figure 4A), most AD-Ep participants had tau SUVRs in

the epileptogenic hemisphere that were in or above the upper
range of the AD-NoEp distribution. For AD-Ep participants
with left-sided epilepsy, there were trends for increased tau
burden in the medial temporal (p = 0.095, r = 0.34), lateral
temporal (p = 0.079, r = 0.44), medial parietal (p = 0.095, r =
0.36), lateral parietal (p = 0.079, r = 0.44), and occipital (p =
0.079, r = 0.44) regions of the epileptogenic hemisphere,
compared with AD-NoEp. There were no significant or
trending group differences in tau burden in the non-
epileptogenic hemisphere. Two AD-Ep participants with
right-sided epilepsy (participants 7 and 8) were outliers be-
cause they both had subthreshold or near-threshold tau
SUVRs in most brain regions, except for the epileptogenic
lateral temporal region, where their tau burden was in the low-
mid range of the AD-NoEp distribution. These findings could
be due to both participants being in earlier pathologic stages
of AD, as their amyloid burden was also lower compared with
other AD-Ep participants, although within the norm for AD-
NoEp (Figure 4B).

For amyloid burden (Figure 4B), AD-Ep participants with
left-sided epilepsy had amyloid deposition that was signifi-
cantly (or nearly significantly) higher compared with AD-
NoEp, for regions in both the epileptogenic hemisphere (frontal
(p = 0.025, r = 0.5), medial temporal (p = 0.0036, r = 0.67),
lateral temporal (p= 0.0254, r= 0.5),medial parietal (p= 0.0254,
r = 0.46, and lateral parietal (p = 0.052, r = 0.39)) and the

Figure 3 Comparison of Tau Asymmetry, Amyloid Asymmetry, and Atrophy Asymmetry Between AD-Ep and AD-NoEp
Groups

AIs were calculated with respect to the left hemisphere across 6 large brain regions, for (A) tau deposition, (B) amyloid deposition, and (C) cortical atrophy. A
positive AI indicates greater tau deposition, amyloid deposition, or cortical atrophy in the left hemisphere while a negative AI indicates greater tau deposition,
amyloid deposition, or cortical atrophy in the right hemisphere. Box-and-whisker plots are shown for the AD-NoEp group, with values for each AD-NoEp
participant plotted as open black circles. AD-Ep participants are plotted using colored markers, based on whether their seizures arose from the left (blue) or
right (red) hemisphere. AIs for tau and amyloid were calculated using partial volume–corrected SUVR and DVR values, respectively. AD-Ep participant 1 was
excluded from the tau analysis because their tau PET imaging was performed using FTP, rather than withMK-6240. Blue asterisks denote ROIs in which the AI
for AD-Ep participants with left-sided seizures was significantly greater than for AD-NoEp (FDR-corrected p value < 0.025), whereas blue asterisks in
parentheses indicate trends toward significance. AI = asymmetry index; DVR = distribution volume ratio; SUVR = standardized uptake value ratio.
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nonepileptogenic hemisphere (frontal (p = 0.033, r = 0.48),
medial temporal (p = 0.0062, r = 0.65), lateral temporal (p =
0.033, r = 0.46), and medial parietal (p = 0.033, r = 0.46)). AD-

Ep participants with right-sided epilepsy did not show higher
amyloid burden in either hemisphere compared with AD-NoEp.
It is unclear whether this finding is specific to right-sided epilepsy

Figure 4 Comparison of Tau Burden, Amyloid Burden, and Cortical Thickness Between AD-Ep and AD-NoEp Groups

(A) Tau burden. MK-6240 SUVRs (PVC) were aver-
aged across 6 large brain regions in the left
hemisphere (left) and right hemisphere (right).
The AD-NoEp distribution is shown as a box-and-
whisker plot, with values for AD-NoEp participants
plotted as open black circles. Values for AD-Ep
participants are plotted using colored markers,
based on whether their seizures arose from the
left (blue) or right (red) hemisphere. Participant 1
was excluded from the tau analysis because their
tau PET imaging was performed using FTP, rather
than with MK-6240. (B) Amyloid burden. Format is
similar to (A) but uses PIB DVRs (PVC). (C) Cortical
thickness. Format is similar to (A). Blue asterisks
represent statistically significant differences be-
tween AD-Ep participants with left-sided epilepsy
and the AD-NoEp group (FDR-corrected p value <
0.025). Blue asterisks in parentheses represent
trending differences between these groups. DVR =
distribution volume ratio; PIB = Pittsburgh Com-
pound B; PVC = partial volume correction; SUVR =
standardized uptake value ratio.
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in AD or due to our sample of participants with right-sided
epilepsy being in earlier disease stages.

For cortical thickness (Figure 4C), we did not find any sig-
nificant or trending group differences between AD-Ep and
AD-NoEp groups, for regions in either the epileptogenic or
nonepileptogenic hemisphere.

Relationships Between Epilepsy
Characteristics and Tau and Amyloid Burden
Deposition and Asymmetry
Finally, we examined how epilepsy characteristics were
associated with tau and amyloid burden and asymmetry.
We found no significant associations between epilepsy
duration (latency between first seizure and PET imaging)
and global or regional tau or amyloid burden. There was
also no significant association between epilepsy duration
and tau or amyloid AI. We also examined whether the
burden of epileptiform abnormalities on scalp EEG was
related to amyloid or tau burden or asymmetry. We stratified
AD-Ep participants based on whether they had epileptiform
discharges on scalp EEG. We found no association between
scalp EEG epileptiform abnormalities and amyloid or tau
burden or AI.

Discussion
Individuals with AD who develop epilepsy often have
lateralized epileptiform abnormalities,12-14,26 raising the
question of why epilepsy arising in AD is asymmetric while
AD pathology is often assumed to be symmetric. In this
study of 8 individuals with early clinical stages of AD who
developed late-onset focal epilepsy, we found greater tau
deposition, amyloid deposition, and cortical atrophy within
the epileptogenic hemisphere. Asymmetrically deposited
tau in the epileptogenic hemisphere was the most striking
finding, whereas asymmetries in amyloid deposition and
cortical atrophy were less pronounced. Compared with a
control AD group without epilepsy, the AD-Ep group
showed greater tau asymmetry, greater amyloid burden
bilaterally, and greater tau burden within the epileptogenic
hemisphere. Relationships between tau, amyloid, and at-
rophy asymmetry were similar between AD-Ep and AD-
NoEp. We found no associations between duration of
epilepsy or extent of epileptiform abnormalities with tau or
amyloid burden or asymmetry.

Asymmetries in tau and, to a lesser extent, amyloid deposition
in AD have recently begun to be recognized, largely because of
PET imaging studies that allow assessment of the entire
brain,23,24,27,28 as opposed to postmortem studies that typically
sample only 1 hemisphere.29 Asymmetric tau has primarily been
described in atypical variants of AD such as logopenic variant
primary progressive aphasia and posterior cortical atrophy.23,30,31

Whether individuals with AD who develop epilepsy should be
considered to have an atypical variant of AD warrants further

consideration, although notably, all our participants had “typical”
amnestic presentations of AD.

Recently, a data-driven approach was applied to a large sample
of tau PET images from individuals with AD, to identify
spatiotemporal patterns of tau progression in AD.28 Four
distinct tau trajectories were found, including a “lateral tem-
poral” subtype, characterized by highly asymmetric cortical
tau pathology involving the lateral temporoparietal regions.
The “lateral temporal” subtype comprised 20% of the study
population and was associated with worse global cognition
and faster rate of cognitive decline, compared with other tau
subtypes. Another group found that asymmetric cortical tau
deposition in AD was associated with earlier age at onset and
faster decline.32 Asymmetric patterns of cortical tau de-
position also occur in preclinical stages of AD, comprising 9%
of cases.24 Given the highly asymmetric cortical tau pathology
seen in AD-Ep and previous work demonstrating that epilepsy
in AD is associated with earlier age at onset of cognitive
decline, greater cognitive impairment, and more aggressive
disease course,4 we hypothesize that development of epilepsy
in preclinical and early clinical stages of AD12,33 is associated
with the “lateral temporal” tau subtype.

Amyloid asymmetry in AD has been less well characterized
than tau, although some studies have reported asymmetric
amyloid deposition in preclinical and clinical stages of
AD.27,34,35 Of interest, asymmetries in amyloid deposition
have also been observed in genetic mouse models of AD using
PET imaging, with strong asymmetries seen in 30% of these
mice.36 Whether amyloid asymmetry is associated with epi-
leptiform spiking or seizures in these mice is unknown.

Whether lateralized AD pathology gives rise to focal epilepsy,
or focal hyperexcitability drives lateralized accumulation of AD
pathology, or a common mechanism drives both focal hyper-
excitability and lateralized pathology in AD, is unclear. Our
study offers some potentially important insights. First, we
found that amyloid burden was significantly higher in AD-Ep
comparedwith AD-NoEp and that this difference was strongest
in the medial temporal region, though also seen in the frontal,
lateral temporal, and medial parietal regions. One possibility,
given the feed-forward mechanism that directly links soluble
amyloid with neuronal hyperactivity,5,6,37 is that high amyloid
burden within the medial temporal lobe could precipitate local
neuronal hyperexcitability, increasing susceptibility to medial
temporal lobe seizures. Another possibility is that high amyloid
burden in the neocortex could also drive medial temporal lobe
hyperexcitability, through long-range network effects. A recent
study found that high neocortical amyloid burden drives default
mode network hyperexcitability, which, in turn, drives hyper-
excitability of the medial temporal lobe and early accumulation
of entorhinal tau.38We also found an asymmetry in neocortical
amyloid deposition in AD-Ep, which might account for de-
velopment of unilateral medial temporal lobe hyperexcitability.
While this observed amyloid asymmetry was subtle, it is plau-
sible that the magnitude of asymmetry was higher in earlier
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stages of the disease because previous studies have shown that
amyloid deposition may be most asymmetric in preclinical and
prodromal stages of AD and then later become more
symmetric.34,35

We did not find significant tau asymmetry in the medial
temporal region in AD-Ep, nor did we find an increase in tau
burden specific to the epileptogenic medial temporal lobe.
Therefore, there is little evidence to suggest that medial
temporal tau drives epilepsy in AD. However, it is possible
that medial temporal tau could have been asymmetric earlier
in the disease process, leading to asymmetric neocortical tau
deposition, before saturating and becoming more symmetric
by the time PET imaging was performed.

Of interest, we found that tau asymmetry in AD-Ep was
widespread throughout neocortical regions and similar in
magnitude across the frontal, lateral temporal, medial parietal,
and lateral parietal regions, with increased tau throughout the
epileptogenic hemisphere. AD-Ep participants had greater
neocortical tau asymmetry compared with AD-NoEp, and
several AD-Ep participants also had a higher tau burden in the
epileptogenic hemisphere, compared with AD-NoEp. This
widespread tau deposition could be consistent with the cas-
cading network failure model of AD,39,40 which posits that an
initial local network failure (e.g., from unilateral medial tem-
poral lobe hyperexcitability) triggers system-wide brain net-
work compensatory changes (including changes in the default
mode network) that later become overwhelmed as amyloid
deposition saturates, resulting in decompensation of the initial
failed network and rapid, widespread tau deposition
throughout connected regions of the failed network. As
studies in animal models of AD and epilepsy have demon-
strated that tau is pro-epileptogenic,41-45 it is possible that
focal seizures could emerge in the context of this rapid,
lateralized tau deposition. Of note, most AD-Ep partici-
pants developed clinical seizures in the same year that they
presented with cognitive decline, which is consistent with
the idea that changes in tau, rather than amyloid, may be
more closely related to development of seizures in these
participants. While there were subtle increases in cortical
atrophy within the epileptogenic hemisphere, we did not
find significant differences in cortical atrophy between AD-
Ep and AD-NoEp groups. Thus, it is unlikely that neuro-
degeneration drives the development of epilepsy in AD.

With the major caveats of low sample size, cross-sectional
design, and other unknown factors, we did not find compel-
ling evidence that epilepsy drives lateralized AD pathology.
Epilepsy duration was not significantly associated with amy-
loid or tau burden or asymmetry, although network hyper-
excitability likely preceded development of epilepsy and the
duration of this hyperexcitability is unknown. The presence of
scalp EEG epileptiform abnormalities was also not signifi-
cantly associated with amyloid or tau burden or asymmetry,
although scalp EEG provides a poor proxy for medial tem-
poral lobe epileptiform abnormalities.14 Longitudinal studies

are clearly needed to assess the relationship between focal
seizures and epileptiform activity and subsequent changes in
amyloid and tau deposition and cortical atrophy.

The strengths of this study include a well-characterized clin-
ical cohort with detailed information on the cognitive, neu-
rophysiologic, and neuroimaging aspects of each case.
Limitations include its small sample size and cross-sectional
design. Moreover, our study population was entirely White,
non-Hispanic, and highly educated. These limitations un-
derscore the need for larger, longitudinal studies with a more
diverse study population.

Altogether, our study reveals a spatial association between
focal epilepsy and asymmetries in tau deposition, amyloid
deposition, and cortical atrophy in early clinical stages of AD.
Historically, individuals with AD and epilepsy were excluded
from almost all observational studies and clinical trials in AD.
Yet, studying these individuals can provide unique insights
into our understanding of the clinical and pathologic het-
erogeneity of AD, with the possibility of improving disease
prognostication and guiding the development of novel tar-
geted therapies aimed toward specific AD subtypes.
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