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Abstract
Objective
To examine the relationship between scalp EEG biomarkers of hyperexcitability in Alzheimer
disease (AD) and to determine how these electric biomarkers relate to the clinical expression of
seizures in AD.

Methods
In this cross-sectional study, we performed 24-hour ambulatory scalp EEGs on 43 cognitively
normal elderly healthy controls (HC), 41 participants with early-stage AD with no history or
risk factors for epilepsy (AD-NoEp), and 15 participants with early-stage AD with late-onset
epilepsy related to AD (AD-Ep). Two epileptologists blinded to diagnosis visually reviewed all
EEGs and annotated all potential epileptiform abnormalities. A panel of 9 epileptologists
blinded to diagnosis was then surveyed to generate a consensus interpretation of epileptiform
abnormalities in each EEG.

Results
Epileptiform abnormalities were seen in 53% of AD-Ep, 22% of AD-NoEp, and 4.7% of HC.
Specific features of epileptiform discharges, including high frequency, robust morphology, right
temporal location, and occurrence during wakefulness and REM, were associated with clinical
seizures in AD. Multiple EEG biomarkers concordantly demonstrated a pattern of left temporal
lobe hyperexcitability in early stages of AD, whereas clinical seizures in AD were often asso-
ciated with bitemporal hyperexcitability. Frequent small sharp spikes were specifically associ-
ated with epileptiform EEGs and thus identified as a potential biomarker of hyperexcitability
in AD.

Conclusion
Epileptiform abnormalities are common in AD but not all equivalent. Specific features of
epileptiform discharges are associated with clinical seizures in AD. Given the difficulty recog-
nizing clinical seizures in AD, these EEG features could provide guidance on which patients
with AD are at high risk for clinical seizures.
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Neuronal hyperexcitability has emerged as an important
electric abnormality that could contribute not only to mem-
ory failure in early stages of Alzheimer disease (AD) but also
to disease progression.1–5 Seizures are reported in 10% to 22%
of patients with AD6 and may be a presenting symptom of the
disease.3,7,8 In patients with AD without seizures, subclinical
epileptiform abnormalities were identified in 21% to 38%with
the use of long-term scalp EEG recordings9,10 and may be
associated with accelerated cognitive decline.9

There is increasing interest in developing novel therapeutics
that target network hyperexcitability for symptomatic relief or
disease modification in AD.11–13 A major barrier to progress is
our limited understanding of biomarkers of hyperexcitability
in AD and their clinical relevance to AD pathophysiology and
seizures. The best-known biomarker of hyperexcitability in
humans is the epileptiform discharge. There is growing evi-
dence for mesial temporal lobe (mTL) hyperexcitability in
AD,12,14–16 but most mTL epileptiform discharges cannot be
seen on scalp EEG.16–18 EEG waveforms known as temporal
intermittent rhythmic delta activity (TIRDA)19–22 and small
sharp spikes (SSS)23,24 have been identified in patients with
epilepsy as potential scalp EEG biomarkers of mTL epi-
leptogenicity but have not yet been evaluated in AD.

Here, we performed a comprehensive analysis of scalp EEG
biomarkers of hyperexcitability in AD to examine the re-
lationship between these biomarkers and to understand how
these electric manifestations of hyperexcitability relate to the
expression of clinical seizures in AD.

Methods
Standard protocol approvals, registrations,
and patient consents
All prospective and retrospective study procedures were per-
formed under protocols approved by the Institutional Review
boards at our centers. Written informed consent was obtained
from all prospectively recruited research participants.

Study population
Ambulatory EEG recordings were prospectively acquired
from research participants between 2010 and 2019 and ret-
rospectively collected from patients who underwent ambu-
latory EEG for clinical purposes between 2014 and 2019.
Study size was guided by prior ambulatory EEG studies on
epileptiform abnormalities in AD.9,10 Figure e-1 (data avail-
able from Dryad, doi.org/10.5061/dryad.8gtht76kc) shows
the recruitment flowchart.

Participants were 50 to 90 years old and classified into 3
groups: cognitively normal healthy controls (HC) with no
history/risk factors for epilepsy, participants with probable
AD with no history/risk factors for epilepsy (AD-NoEp), or
participants with probable AD with epilepsy related to AD
(AD-Ep).

All HC were research participants with neuropsychiatric test
scores within the normal range and Clinical Dementia Rating
global score of 0. All participants with AD had Clinical De-
mentia Rating global scores of 0.5 or 1 at the time of EEG.
Exclusion criteria for HC and AD-NoEp were (1) history of
epilepsy or ongoing spells suspicious for seizures; (2) history
of stroke, traumatic brain injury with loss of consciousness,
meningitis/encephalitis, brain tumor, or brain surgery; and
(3) current use of benzodiazepines, seizure medications, sleep
aids, or bupropion. Participants with AD-Ep developed epi-
lepsy from 4 years before to 3 years after the onset of cognitive
decline; the etiology of epilepsy was presumed to be AD,
given no structural cortical lesions or convincing alternative
etiologies. Diagnosis of epilepsy was based on International
League Against Epilepsy criteria25; age at onset was defined as
age at first seizure.

One hundred percent of HC and 68% of those with AD-
NoEp were research participants who underwent pro-
spective research ambulatory EEGs. Research participants
were consecutively recruited from the Massachusetts Alz-
heimer’s Disease Research Center, the Massachusetts Gen-
eral Hospital Memory Disorders Unit, and Brigham and
Women’s/South Shore Hospital Neurology and Epilepsy
Clinics. Participants recruited from the Massachusetts Alz-
heimer’s Disease Research Center either were HC or had a
consensus diagnosis of amnestic mild cognitive impairment
or mild dementia with a primary etiologic diagnosis of AD.
Participants recruited from clinics had probable AD
according to the National Institute on Aging–Alzheimer’s
Association diagnostic guidelines.26,27

Thirty-two percent of participants with AD-NoEp and 100%
of those with AD-Ep were patients who previously underwent
ambulatory EEGs for clinical purposes (workup of cognitive
decline for AD-NoEp; workup of seizures for AD-Ep). Their
clinical EEG data were obtained retrospectively. We included
all patients who underwent clinical ambulatory EEGs ≥24
hours at Massachusetts General Hospital Memory Disorders
Unit and Brigham and Women’s/South Shore Hospital
Neurology and Epilepsy Clinics between 2014 and 2019 and
met the inclusion/exclusion criteria above.

Glossary
AD = Alzheimer disease; AD-Ep = AD with epilepsy; AD-NoEp = AD with no epilepsy; CI = confidence index;mTL = mesial
temporal lobe; 95% CI = 95% confidence interval;OR = odds ratio; SSS = small sharp spikes; TIRDA = temporal intermittent
rhythmic delta activity.
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EEG recordings
Scalp electrodes were placed using the International 10–20
system with anterior temporal electrodes (T1, T2). Twenty-
four–hour ambulatory EEG recordings were acquired with
XLTEK TREX hardware (Natus Medical Inc, Pleasanton,
CA), sampling at 200 Hz.

EEG review and annotation
EEGs were visually reviewed and annotated by 2 board-
certified epileptologists (A.D.L., R.A.S.) blinded to diagnosis
using a graphic user interface created in MATLAB (Math-
Works, Natick, MA). Reviewers could adjust EEG amplitude
and time scale, add/remove filters (low-pass filter at 70 Hz,
high-pass filter at 1 Hz, and notch filter at 60 Hz), hide bad
channels, and switch between montages (longitudinal bipolar
with coronal ring, common referential, average referential,
and transverse). The epileptologists independently marked all
seizures, spikes, sharp waves, TIRDA, sharp transients of
uncertain significance, and SSS. Examples of focal and diffuse
slowing were also marked. After independent review, anno-
tations were reviewed jointly to create an initial set of
annotations.

Consensus determination of
epileptiform abnormalities
To generate a robust consensus for which participants’ EEGs
showed epileptiform abnormalities, we polled a panel of 9
actively practicing, fellowship-trained academic epileptolo-
gists. To reduce the burden of review, an initial EEG reviewer
(A.D.L) blinded to diagnosis selected examples of potential
epileptiform abnormalities for the panel to review. All epi-
leptiform discharges were selected for review, with a maxi-
mum of 7 per EEG (in which case, 7 representative examples
were chosen). The same was done for examples of TIRDA.
Many EEGs did not have 7 epileptiform discharges but had
annotations for sharp transients of uncertain significance. In
these cases, A.D.L. selected the most epileptiform-appearing
examples of sharp transients, with the total number of epi-
leptiform discharges and sharp transients capped at 7 per
EEG. One EEG had 9 electrographic seizures; 2 representa-
tive seizures were selected for review. A.D.L. did not partici-
pate in the expert panel. R.A.S. participated in the panel and
remained blinded for the entire procedure.

Each panelist blinded to diagnosis independently reviewed ex-
amples of potential epileptiform abnormalities (epileptiform
discharges, TIRDA, and seizures) using a web-based interface.
Each example was shown in 2 montages (longitudinal bipolar
with coronal ring, and common or average referential). For each
example of a potential epileptiformdischarge, TIRDA, or seizure,
reviewers were asked to rate their agreement with this designa-
tion. Their choices were: (1) strongly agree, (2) agree, (3)
neither agree nor disagree, (4) disagree, or (5) strongly disagree.

On the basis of the panel responses, individual examples of
epileptiform discharges, TIRDA, and seizures were classified
as follows. All examples for which ≥5 reviewers chose strongly

disagree or disagree were classified as not epileptiform and
were excluded from further analysis. The remaining examples
were categorized as follows: definite (≥7 reviewers chose
strongly agree or agree), probable (5–6 reviewers chose
strongly agree or agree), and equivocal (<5 reviewers chose
strongly agree or agree and <5 reviewers chose strongly dis-
agree or disagree) epileptiform abnormalities.

Epileptiform abnormalities for each participant were dis-
played together to recapitulate clinical EEG interpretation.
After reviewing all examples from a participant, the panel was
asked, “Given that all images on this page come from the same
patient, how would you interpret this patient’s EEG findings
overall?” Response options were as follows: (1) shows a
definite epileptogenic focus; (2) shows an abnormality of
clinical relevance, more likely epileptiform than not; (3)
shows an abnormality of clinical relevance, equivocal as to
whether it is epileptiform or not; (4) shows an abnormality of
clinical relevance, unlikely to be epileptiform; or (5) no ab-
normality present.

Expert consensus for an overall epileptiform EEG was defined
as having ≥6 reviewers rating it as either “shows a definite
epileptogenic focus” or “shows an abnormality of clinical
relevance, more likely epileptiform than not.”We calculated a
confidence index (CI) for expert consensus that was based on
a weighted average across all responses, with weightings set as
+5 (shows a definite epileptogenic focus), +3 (shows an ab-
normality of clinical relevance, more likely epileptiform than
not), 0 (shows an abnormality of clinical relevance, equivocal
as to whether it is epileptiform or not), −3 (shows an ab-
normality of clinical relevance, unlikely to be epileptiform),
and −5 (no abnormality present). The CI ranges from −5 to
+5, with +5 indicating the highest confidence that an EEG is
epileptiform.

Spatiotemporal and morphologic analysis of
epileptiform discharges
Epileptiform discharge location was determined visually (by
A.D.L., R.A.S.) on the basis of the location of the voltage
maximum on bipolar, average, and common referential
montages. Epileptiform discharge morphologic analysis was
performed on the average referential channel with voltage
maximum with custom software described previously.28 For
each epileptiform discharge, 5 fiducial points were assigned to
mark the start, peak, trough, slow-wave peak, and end. Using
these fiducial points, we extracted 22 morphologic features
related to voltage, duration, slope, and area (data available
from Dryad, table e-1, doi.org/10.5061/dryad.8gtht76kc).
Equivocal and probable epileptiform discharges were grouped
and compared to definite epileptiform discharges. Sleep
staging was performed with EEG data according to the
American Academy of Sleep Medicine scoring manual.

Statistical analysis
Statistical testing was performed in MATLAB (MathWorks).
Population statistics are presented as mean ± SD. We used
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Fisher exact tests for comparison of 2-sample proportions,
Cochrane-Armitage tests for trend in proportions across
groups, Mann-Whitney U tests for comparison of in-
dependent samples, and the Cuzick test for assessment of
trend across groups. Statistical tests were 2 tailed, with α =
0.05 used to determine significance. Odds ratios (ORs) are
shown with 95% CIs. For spike morphologic analysis,
multiple-comparisons correction used the positive false dis-
covery rate with q < 0.05 to determine significance.29

Data availability
Data that support the findings of this study are available from
the corresponding author on reasonable request.

Results
Study demographics
Between 2010 and 2019, we prospectively performed research
ambulatory EEGs on 43 HC and 28 participants with AD-NoEp
and obtained retrospective clinical ambulatory EEG data from an
additional 13 patients with AD-NoEp and 15with AD-Ep. Tables
1 and 2 show the clinical characteristics of our study population.
Average age at onset of cognitive decline for participants withAD-
NoEp was 69.7 ± 6.7 years and for those with AD-Ep was 66.9 ±
8.4 years. For participants with AD-Ep, the average age at epilepsy
onset was 67.3 ± 8.2 years. Among those with AD-Ep, 20% had a
family history of epilepsy, and 13% had a remote history of head
trauma with loss of consciousness. Table e-2 (data available from

Dryad, doi.org/10.5061/dryad.8gtht76kc) shows the available
biomarker data for all study participants.

Epileptiform abnormalities are common in AD
Across the HC, AD-NoEp, and AD-Ep groups, there was a
gradient of increasing frequency of overall epileptiform EEGs
and increasing CI in the epileptiform nature of these EEGs
(figure 1). On the basis of expert consensus, 4.7% of HC, 22%
of participants with AD-NoEp, and 53.3% of those with AD-
Ep had an overall epileptiform EEG, an increasing trend that
was statistically significant (p < 0.001). The proportion of
epileptiform EEGs was significantly higher for those with AD-
NoEp compared to HC (p = 0.024, OR 5.77, 95% CI
1.16–28.57) and for those with AD-Ep compared to those
with AD-NoEp (p = 0.046, OR 4.06, 95% CI 1.16–14.26).

The CI associated with designating EEGs as overall epilepti-
form also showed an increasing trend across groups, with HC
being lowest (2.44 ± 0.16), the AD-NoEp group being in-
termediate (2.79 ± 1.4), and the AD-Ep group being highest
(3.97 ± 1.2) (p = 0.059). Of participants with AD-Ep, 40% had
an epileptiform EEG with a CI ≥3 compared to only 9.8% of
those with AD-NoEp (p = 0.016, OR 6.17, 95% CI
1.43–26.55). Thus, while epileptiform abnormalities were
common in AD-NoEp, there was a clear difference in the
robustness of these abnormalities between AD-NoEp and
AD-Ep. We next investigated which EEG features accounted
for this difference.

Table 1 Participant demographics and clinical/EEG characteristics

HC (n = 43) AD-NoEp (n = 41) AD-Ep (n = 15)

Age, mean ± SD, y 72.6 ± 9.1 76.3 ± 7.2 69.6 ± 7.6

Age at cognitive decline, mean ± SD, y 69.7 ± 6.7 66.9 ± 8.4

Female, % 55.8 61.0 60.0

White, % 86.1 90.2 100

Education, mean, y 16.9 (12–21) 15.5 (5–21) 16.1 (12–22)

MMSE score, mean (range) 30 (28–30) 26 (13–30) 27 (20–30)

MCI/mild dementia, % 63/37 67/33

Clinical presentation, % amnestic/% mixed logopenic > amnestic 97.6/2.4 86.7/13.3

CDR global score (range) 0 0.5 (0.5–1) 0.5 (0.5–1)

On AChE-I, % 0 44 7

On memantine, % 0 22 0

On AED, % 0 0 87

Normal EEG, % 61 44 27

Generalized slowing on EEG, % 5 29 13

Focal slowing on EEG, % 37 44 47

Abbreviations: AChE-I = Acetylcholinesterase inhibitor; AD-Ep = Alzheimer disease with epilepsy; AD-NoEp = Alzheimer disease with no epilepsy; AED =
Antiepileptic drug; CDR = Clinical Dementia Rating; HC = healthy controls; MCI = mild cognitive impairment.
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Robust epileptiform discharge morphology is
associated with clinical seizures in AD
Epileptiform discharges were present in 4.7% of HC, 17% of
participants with AD-NoEp, and 46.7% of those with AD-Ep,
an increasing trend that was statistically significant (p <
0.001). We first assessed whether the morphology of epilep-
tiform discharges differed between AD-Ep and AD-NoEp.
Figure 2A shows representative images of epileptiform dis-
charges classified as definite, probable, and equivocal. Definite
epileptiform discharges had more robust morphologic fea-
tures than probable or equivocal epileptiform discharges, in-
cluding significantly larger trough voltage, peak-to-trough
voltage, and slope of falling half-wave of peak (data available
from Dryad, table e-1, doi.org/10.5061/dryad.8gtht76kc).
Eighty-eight percent of all epileptiform discharges in AD-Ep
were categorized as definite compared to 41% in AD-NoEp (p
< 0.001, OR 10.8, 95% CI 2.82–41.6) and 0% in HC (p <

0.001). To ensure that these results were not biased by par-
ticipants with frequent epileptiform discharges, we calculated
the relative distribution of epileptiform discharge type for
each participant and averaged these distributions across par-
ticipants (figure 2B). The results were similar, with 76.2% of
epileptiform discharges in AD-Ep classified as definite com-
pared to 23.8% in AD-NoEp (p = 0.05).

Frequency of epileptiform discharges
correlates with expression of clinical seizures
in AD
Figure 2C and table 3 show the number of epileptiform dis-
charges in each 24-hour EEG recording for participants with
an overall epileptiform EEG. Epileptiform discharges were
sparse in HC and participants with AD-NoEp, with a median
frequency of 1.5 and 3 per 24 hours, respectively. In contrast,
epileptiform discharges in participants with AD-Ep occurred

Table 2 Clinical details of AD-Ep cohort

Patient
Age at onset of
cognitive decline, y

Age at onset of
epilepsy, y Seizure semiology

AEDs at time
of EEG

Time between onset of
epilepsy and EEG, mo

AD-
Ep1a

63 66 GTC (S) LTG 5.8

AD-
Ep2a

64 65 FIA (W, automatisms) LTG, LAC, GBP 61.4

AD-
Ep3b

73 70 FA (W, flushing) ZNS 3.8

AD-Ep4 60 60 FIA (W, automatisms), GTC (W) LEV 85.0

AD-
Ep5a

78 80 FA (W, aphasia), FIA (W, behavioral
arrest)

LEV 47.3

AD-Ep6 66 66 FA (W olfactory, déjà vu, anxiety), FIA
(W, behavioral arrest)

BRV, LTG, CLB 40.5

AD-
Ep7b

66 68 GTC (W) None 0.0

AD-Ep8 74 74 FA (W, aphasia) LEV 4.4

AD-Ep9 45 46 FIA (W, flushing, olfactory, gustatory,
behavioral arrest)

LTG 65

AD-
Ep10

75 77 FIA (W, behavioral arrest) LEV 0.5

AD-
Ep11

65 67 FIA (W behavioral arrest, amnesia), GTC
(W)

LEV 7.8

AD-
Ep12

69 70 FA (W, abdominal, flushing) None 10.3

AD-
Ep13

64 60 FA (W, focal motor, aphasia) LTG 111.3

AD-
Ep14

64 66 FIA (W, behavioral arrest) LTG 27.9

AD-
Ep15

78 75 FA (W, aphasia), GTC (W) LEV 11.5

Abbreviations: AD-Ep = Alzheimer disease with epilepsy; AED = antiepileptic drug; BRV = brivaracetam; CLB = clobazam; FA = focal aware; FIA = focal with
impaired awareness; GBP = gabapentin; GTC = generalized tonic clonic; LAC = lacosamide; LEV = levetiracetam; LTG = lamotrigine; S = sleep; W = wake; ZNS =
zonisamide.
a Positive family history for epilepsy.
b Remote history of head trauma with loss of consciousness.
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with a median frequency of 23 per 24 hours. Epileptiform
discharge frequency differed between those with AD-Ep and
AD-NoEp (p = 0.05) and between those with AD-Ep and HC
(p = 0.05) but not between those with AD-NoEp andHC (p =
0.37). Participants with AD-Ep with high frequencies of epi-
leptiform discharges were more likely to have generalized
convulsions, but not all participants with generalized con-
vulsions had high frequencies of epileptiform discharges.

Right temporal location of epileptiform
discharges is associated with clinical seizures
in AD
We next assessed whether the location of epileptiform dis-
charges differed between groups (figure 2D and table 3). In
HC, epileptiform discharges were exclusively left temporal. In
AD-NoEp, epileptiform discharges were primarily left tem-
poral (85.7% of participants) but also bifrontal (28.6% of
participants). One participant had independent left temporal
and bifrontal epileptiform discharges. No HC or participants
with AD-NoEp had right temporal epileptiform discharges. In
contrast, in those with AD-Ep, epileptiform discharges were
seen in both the left and right temporal regions (71.4% and
42.9% of participants with epileptiform discharges, re-
spectively). One participant had independent left and right
temporal epileptiform discharges.

Epileptiformdischarges during awake andREM
states are associated with clinical seizures
in AD
In all groups, epileptiform discharges occurred most fre-
quently during N2 sleep (figure 2E). We assessed the fre-
quency of epileptiform discharges occurring during awake and
REM states, which are the least permissive states for

expression of epileptiform discharges in patients with focal
epilepsy.30–32 Epileptiform discharges were rare during awake
and REM states in HC and those with AD-NoEp (0% and
2.4%, respectively) but occurred significantly more often in
these states in participants with AD-Ep (28.7%) (p = 0.005).

Predicting clinical seizure risk in AD from
epileptiform discharge characteristics
Given the differences in epileptiform discharge characteristics
between AD-NoEp and AD-Ep, we examined the utility of
specific features of epileptiform discharges in distinguishing
which participants with AD had clinical seizures. High fre-
quency (>10 per 24 hours) and right temporal location of
epileptiform discharges each had 100% specificity for pre-
dicting clinical seizures, with sensitivities of 57% and 43%,
respectively. Occurrence during awake/REM states had good
specificity (85.7%) and sensitivity (85.7%) for predicting
clinical seizures. Dual criteria of either high frequency or right
temporal location yielded 100% specificity and 71.4% sensi-
tivity for predicting clinical seizures in our study population.
We applied these dual criteria to a previously published
population of 7 participants with AD-NoEp with epileptiform
discharges9 and obtained a specificity of 71.4% (2 of 7 par-
ticipants had spike rates >10 per 24 hours, and none had right
temporal epileptiform discharges).

Relationship among TIRDA, epileptiform
discharges, and clinical seizures in AD
TIRDA is a scalp EEG biomarker previously described in
patients with temporal lobe epilepsy that has a strong asso-
ciation with mTL epilepsy.19–22 Given the significance of
mTL hyperexcitability in AD, we next evaluated the re-
lationship among TIRDA, epileptiform discharges, and clini-
cal seizures in AD. Figure 3A shows representative examples
of TIRDA, and table 3 gives additional details. TIRDA was
seen in 2.3% of HC, 12.2% of participants with AD-NoEp, and
26.7% of those with AD-Ep; this increasing trend was statis-
tically significant (p = 0.006). Notably, TIRDA was diagnosed
with higher confidence compared to epileptiform discharges,
particularly for HC and participants with AD-NoEp. One
hundred percent and 80% of all TIRDA was classified as
definite for HC and those with AD-NoEp, respectively (figure
3B), compared to 0% and 23.8% of epileptiform discharges
classified as definite in the same groups (figure 2B). Across all
participants, the presence of TIRDA (definite, probable, or
equivocal) had a 83.3% positive predictive value for de-
termining whether a participant’s EEGwas classified as overall
epileptiform (10 of 12 participants with TIRDA had an overall
epileptiform EEG). In comparison, epileptiform discharges
(definite, probable, or equivocal) had a positive predictive
value of 61.5% (16 of 26 participants with epileptiform dis-
charges had an overall epileptiform EEG).

TIRDA occurred at low frequencies in most participants
(figure 3C). All participants with AD-Ep with TIRDA had
focal seizures; none had generalized convulsions (table 3).
TIRDA in HC and participants with AD-NoEp was

Figure 1 Epileptiform abnormalities in AD

(A) Percentage of participants with an overall epileptiform EEG based on
expert consensus. Error bars show the 95% confidence interval for the
population proportion. (B) Mean confidence index for rating overall epi-
leptiform EEGs in each group. Error bars show the 95% confidence interval
of the mean. AD = Alzheimer disease; AD-Ep = AD with epilepsy; AD-NoEp =
AD with no epilepsy; HC = healthy controls.
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exclusively left temporal, while TIRDA was predominantly
bitemporal in those with AD-Ep (figure 3D). When TIRDA
was present with epileptiform discharges in a given partici-
pant, the lateralization of TIRDA matched that of epilepti-
form discharges (table 3). Like epileptiform discharges,
TIRDA was more likely to occur during wakefulness in par-
ticipants with AD-Ep (72.5%) compared to HC and those
with AD-NoEp (42.8% and 30%, respectively) (figure 3E).

Frequent SSS are a potential epileptiform
variant in AD
SSS, also known as benign epileptiform transients of sleep, are
low-amplitude (<50 μV), short-duration (<50 millisecond)
spikes that occur during drowsiness and light sleep and that are
typically seen independently over the bitemporal regions, al-
though can also occur unilaterally. SSS are considered a normal
EEG variant (no association with epilepsy), although recent
studies have shown that in some cases SSS-like waveforms can
be a scalp EEG correlate of mTL epileptiform discharges.16,24,33

We evaluated the range of expression of waveforms meeting
morphologic and spatiotemporal criteria for SSS. Figure 4A
shows the number of SSS-like waveforms present in 24 hours
for all study participants. In HC, the number of SSS-like

waveforms over 24 hours ranged from 0 to 40, and all HCwith
≥5 examples had bilateral representation (gray bars). Four
participants with AD were clear outliers from this distribution
(figure 4A, colored bars).

AD-NoEp5 had 139 SSS-like waveforms, all left temporal
(figure 4A, AD-NoEp, blue bar; figure 4B, top). This partici-
pant had an overall epileptiform EEG (CI 4.3), with 9 sub-
clinical left temporal seizures and 2 left temporal epileptiform
discharges (neither classified as definite). AD-Ep6 had 161 SSS-
like waveforms, 94% left temporal (figure 4A, AD-Ep, blue bar).
This participant had an overall epileptiform EEG (CI 1.8), with
left temporal epileptiform discharges and left temporal and
bitemporal TIRDA. AD-Ep4 had 221 SSS-like waveforms, di-
vided equally between left and right temporal regions (figure
4A, purple bar). This participant had an overall epileptiform
EEG (CI 4.8) with abundant epileptiform discharges arising
independently from the left and right temporal regions.

AD-NoEp10 had 787 SSS-like waveforms in 24 hours, with
99% right temporal (figure 4A, red bar; figure 4B, bottom).
The expert panel initially reviewed 6 examples of the SSS-like
waveforms from AD-NoEp8 and classified all 6 as not epi-
leptiform. The panel was then asked, “If there were >500

Figure 2 Characterization of epileptiform discharges in AD

(A) Representative examples of definite, probable, and equivocal epileptiformdischarges arising from the left temporal region in AD-Ep1, AD-NoEp7, andHC1,
respectively. EEG channels (top to bottom): Fp1-ave, F7-ave, T1-ave, T3-ave, T5-ave, and O1-ave. Calibration bars: 100 μV, 500 milliseconds. (B) Averaged
distribution of epileptiform discharge type, normalized to each participant. (C) Frequency of epileptiform discharges across groups. Each bar represents 1
participant with at least 1 epileptiform discharge on 24-hour EEG. Bars are in order of increasing frequency of epileptiform discharges within each group. (D)
Schematic representation of epileptiform discharge location. Color bar represents the percentage of participants with epileptiform discharges with a specific
localization. Numbers add up to >100% in AD-NoEp and AD-Ep because some participants had epileptiform discharges in >1 location. (E) Distribution of
epileptiform discharges by sleep stage, normalized to each participant. AD = Alzheimer disease; AD-Ep = ADwith epilepsy; AD-NoEp = ADwith no epilepsy; HC
= healthy controls.
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examples of these ‘spikes’ in this patient’s 24-hour EEG re-
cording, all of which were right temporal in location and
occurred during sleep, how would you classify these ‘spikes’?”
With this contextual information, the panel reclassified the
EEG as overall epileptiform, with a CI of 1.3.

Discussion
This study provides a comprehensive analysis of epileptiform
abnormalities in early stages of AD. Using 24-hour ambula-
tory EEGs, we examined multiple features of epileptiform
discharges, incorporating additional EEG biomarkers of mTL
hyperexcitability and integrating this with information about
clinical seizures.

Our study examined the relationship between electric and clinical
expression of hyperexcitability in AD. We found that specific
features of epileptiform discharges, including robust morphology,
higher frequency, occurrence during wakefulness and REM, and
right temporal location, were associated with clinical seizures.
Given the difficulty in recognizing clinical seizures in AD,3,34 these
EEG features could potentially be used for seizure risk assessment
in AD, although larger validation studies are needed. Our findings
demonstrate that not all forms of hyperexcitability in AD are
equivalent and that epileptiform discharges should not be viewed
as a binary biomarker of hyperexcitability but rather as existing on
a spectrum of hyperexcitability.

We found evidence of temporal lobe and bifrontal hyperex-
citability in early stages of AD. In AD-NoEp, hyperexcitability

Table 3 Summary of biomarkers of hyperexcitability

Participant Cognitive status Seizure semiology

Epileptiform discharges TIRDA Frequent SSS

Location n/24 h Location n/24 h Location n/24 h

HC1 Normal LT 1 LT 7

HC2 Normal LT 2

AD-NoEp1 MCI LT 10

AD-NoEp2 MCI LT 1

AD-NoEp3 MCI LT, BiF 1, 3 LT 1

AD-NoEp4 MCI LT 4 LT 1

AD-NoEp5 Mild dementia LT, (LT Sz)a 2 (9) LT 139

AD-NoEp6 Mild dementia BiF 1

AD_NoEp7 MCI LT 3 LT 2

AD-NoEp8 MCI LT 1

AD-NoEp9 MCI LT 4

AD-NoEp10 Mild dementia RT 2 L
785 R

AD-Ep1 MCI GTC LT 110

AD-Ep2 MCI FIA RT 38 RT 3

AD-Ep3 MCI FA LT 23

AD-Ep4 MCI FIA, GTC BiT 811 L
473 R

BiT 111 L
110 R

AD-Ep5 Mild dementia FA, FIA RT 3 BiT 1 L
1 R

AD-Ep6 Mild dementia FA, FIA LT 2 BiT 3 L
1 BiT

LT 152 L
9 R

AD-Ep7 MCI GTC LT 6

AD-Ep8 MCI FA BiT 9 L
2 R
10 BiT

Abbreviations: AD-Ep = Alzheimer disease with epilepsy; AD-NoEp = Alzheimer disease with no epilepsy; Bi = bilateral; F = frontal; FA = focal aware; FIA = focal
impaired awareness; GTC = generalized tonic clonic; MCI = mild cognitive impairment; SSS = small sharp spike; Sz = seizures; T = temporal; TIRDA = temporal
intermittent rhythmic delta activity.
a Participant had 9 left temporal electrographic seizures on EEG.
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was predominantly left temporal and bifrontal, a finding
corroborated by a previous study.9 The asymmetry in tem-
poral lobe hyperexcitability was concordant across multiple
biomarkers, including epileptiform discharges, electrographic
seizures, and TIRDA. Given that AD pathology is generally
assumed to be symmetric, the finding of asymmetric hyper-
excitability in 20% of AD-NoEp is unexpected. Because
studies in animal AD models have established a direct link
between neuronal hyperactivity and propagation of amyloid
and tau pathology,35–38 we hypothesize that the asymmetry in
temporal lobe hyperexcitability could be related to an asym-
metric cascade of AD pathology in these participants.

In contrast, participants with AD-Ep had left and/or right
temporal epileptiform discharges and predominantly bitem-
poral TIRDA. This might suggest that patients with AD with
widespread network disturbances are more likely develop
clinical seizures. However, because 27% of those with AD-Ep
had only unitemporal epileptiform abnormalities and 47% had
no epileptiform abnormalities on scalp EEG, additional features
likely play a role in the development of clinical seizures.

An interesting observation was that epileptiform abnormali-
ties during wakefulness were more common in AD-Ep

compared to AD-NoEp.One interpretation is that AD-Ep have a
more severe hyperexcitability phenotype, allowing epileptiform
abnormalities to be expressed in the “less permissive” awake
state. This is consistent with our finding that epileptiform dis-
charges in AD-Ep were also more frequent and morphologically
robust than in AD-NoEp. An alternative interpretation is that
patients with AD with epileptiform abnormalities during wake-
fulness are more likely to have seizures during wakefulness,
which are more likely to be recognized clinically. Similarly, pa-
tients with AD-NoEp with epileptiform abnormalities during
sleepmight have nocturnal seizures that largely go unrecognized.
We captured subclinical seizures during sleep in 1 participant
with AD-NoEp (AD-NoEp5). The prevalence with which
nocturnal seizures occur in AD is unknown but likely higher than
observed here in that our EEGs sampled only 24 hours.

Our study examined scalp EEG biomarkers of mTL hyper-
excitability in AD, including TIRDA and frequent SSS. While
the frequency of TIRDA was lower than that of epileptiform
discharges, TIRDA was diagnosed with higher confidence,
and its presence had a 83% positive predictive value for
whether an EEG was considered overall epileptiform. Thus,
TIRDA should be incorporated into future studies of hyper-
excitability in AD.

Figure 3 Characterization of TIRDA as a scalp biomarker of mesial temporal lobe hyperexcitability in AD

(A) Representative examples of definite TIRDA. Top: Left TIRDA in HC1. Middle: Left TIRDA in AD-NoEp8. Bottom: Right TIRDA in AD-Ep2. EEG channels (top to
bottom): L Temp (Fp1–F7, F7–T3, T3–T5, T5–O1) and R Temp (Fp2–F8, F8–T4, T4–T6, T6–O2). Calibration bars: 100 μV, 1 second. (B) Averaged distribution of
TIRDA type normalized to each participant. (C) Frequency of TIRDA occurrence across groups. Each bar represents 1 participant with at least 1 example of
TIRDA on 24-hour EEG. Bars are in order of increasing TIRDA occurrence within each group. (D) Schematic representation of TIRDA lateralization. Color bar
represents the percentage of participants with TIRDA with a given lateralization. Numbers add up to >100% in AD-Ep because 3 participants had bitemporal
TIRDA. (E) Distribution of TIRDA by sleep stage, normalized to each participant. AD = Alzheimer disease; AD-Ep = AD with epilepsy; AD-NoEp = AD with no
epilepsy; HC = healthy controls; Temp = temporal; TIRDA = temporal intermittent rhythmic delta activity.
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SSS have long been considered a normal EEG variant with no
association with epilepsy. However, the characterization of SSS as
benignwas based on routine scalp EEGswith limited sleep data in
a younger population with few elderly participants.39 Here, we
evaluated the normal range of the expression of SSS-like wave-
forms in a healthy elderly control population using 24-hour
EEGs, with detailed analysis of rate and lateralization. On the
basis of these normative data and corroborative epileptiform
features on EEG, we propose that the frequent appearance (>100
in 24 hours) of SSS-like waveforms, especially when unilateral,
should raise suspicion for mTL hyperexcitability in AD. We hy-
pothesize that these frequent and lateralized waveforms, which
otherwise share the samemorphology as SSS and would likely be
classified as SSS bymost EEG readers, are physiologically distinct
from benign SSS. Rather, they likely represent a surface correlate
of mesial temporal epileptiform discharges.24

A unique strength of our study is the use of a blinded, 9-expert
panel to establish a consensus interpretation of EEG abnormali-
ties. Prior EEG studies in ADused only 1 or 2 blinded reviewers to
interpret the EEG and treated the diagnosis of epileptiform dis-
charges as a binary decision.9,10 It is well known that the decision
of what constitutes an epileptiform discharge is not always clear,
and considerable variation exists among experts in interpreting
epileptiform abnormalities.28,40,41 Here, crowd-sourcing opinions
from a large pool of experts resulted in a consensus opinion that
correlated with objective morphologic features on EEG.

Our study has several limitations. First, while our study is
comparable in size to prior long-term EEG studies in AD9,10

and the only study to combine participants with AD with and
without clinical seizures with healthy elderly controls under
the same analytic framework, it remains limited in the num-
bers of participants. Second, some of our data were obtained
retrospectively from clinical studies. These clinical studies did
not bias our results toward more epileptiform abnormalities,
however. Among AD-NoEp, only 8% of clinical EEGs had
epileptiform abnormalities compared to 29% of research
EEGs. Third, because our study took place at urban academic
centers, our study population may not represent the general
population. Our participants were primarily White and highly
educated. Twenty-four percent of participants with AD-NoEp
and 40% of those with AD-Ep had early-onset AD, although
the latter is consistent with the finding that seizures are as-
sociated with an earlier age at onset of cognitive decline in
AD.3,42–44 Future studies should examine electric biomarkers
in an AD population with more racial and socioeconomic
diversity. Fourth, many participants did not have biomarker
data to confirm the diagnosis of AD. We also could not rule
out the possibility that some HCmight have preclinical AD. If
AD pathology drives hyperexcitability, we would expect the
magnitude of results reported here to be falsely decreased by
this diagnostic impurity; i.e., we are reporting fewer epilepti-
form abnormalities in AD and more epileptiform abnormali-
ties in HC than expected from diagnostically pure cohorts.
Fifth, most participants with AD-Ep were taking anticonvul-
sants. If anything, anticonvulsants would decrease the fre-
quency and morphologic robustness of epileptiform
discharges45,46 but should not affect their location. Sixth,
while we focused on the relationship between electric and

Figure 4 Frequent SSS-like waveforms are a potential epileptiform abnormality in AD

(A) Number of SSS-likewaveforms per 24 hours for all participants with at least 1 example. Each bar represents 1 participant. Bars are organized by increasing
number of SSS-like waveforms within each group. Gray bars indicate participants with either ≤5 SSS-like waveforms or >5 SSS-like waveforms with bilateral
representation over a 24-hour EEG. Blue bar indicates >5 SSS-like waveforms with >90% left temporal. Red bar indicates >5 SSS-like waveforms with >90%
right temporal. Purple bar indicates frequent independent bitemporal SSS-like waveforms. (B) Representative examples of SSS-like waveforms. Top: Left
temporal example fromAD-NoEp5. Bottom: Right temporal example fromAD-NoEp10. EEG channels (top to bottom): LT (Fp1–F7, F7–T3, T3–T5, T5–O1) andRT
(Fp2–F8, F8–T3, T3–T5, T5–O1). Calibration bars: 50μV, 500milliseconds. AD = Alzheimer disease; AD-Ep = probable ADwith epilepsy related to AD; AD-NoEp =
probable AD with no history/risk factors for epilepsy; HC = healthy controls; LT = left temporal; RT = right temporal; SSS = small sharp spike.
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clinical hyperexcitability in AD, we did not address whether
these abnormalities are related to cognitive function or clinical
course. The clinical significance of the epileptiform abnor-
malities found in 1 in 5 patients with early-stage AD remains
unclear. It has long been recognized that epileptiform activity
can have detrimental effects on cognition,47–49 and the pres-
ence of epileptiform discharges was associated with a faster
rate of cognitive decline in a small study in a population with
early-onset AD.9 Larger studies are needed to determine
whether epileptiform abnormalities can predict which pa-
tients with AD are at risk for seizures (clinical, subclinical, or
silent16) or for rapid cognitive decline.9 It also remains un-
known whether treatment with antiseizure medications could
effectively alter the clinical course or provide symptomatic
relief in AD. Given these clinical ambiguities, we do not rec-
ommend ambulatory EEG as a routine screening tool in early-
stage AD at this time but reserve this for patients with AD
presenting with subtle symptoms concerning for seizures or
with an unusually rapid cognitive decline. Finally, this was a
cross-sectional study, and how and when biomarkers of hy-
perexcitability arise in relation to the AD pathophysiologic
cascade and emergence of clinical seizures is unknown. Lon-
gitudinal EEG studies are needed to better define this elec-
troclinical cascade of hyperexcitability in AD and its
relationship with cognition and clinical course.

Nevertheless, this study demonstrates the frequency and
asymmetry of epileptiform abnormalities in the early stages of
AD and details an important relationship between electric and
clinical manifestations of hyperexcitability in AD. While the
links between this electroclinical spectrum of hyperexcitability
and disease course remain to be elucidated, it is clear that this
relationship needs to be understood as we work toward novel
and more effective means of diagnosing, prognosticating, and
altering the course of AD.
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