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Since the first demonstrations of network hyperexcitability in scientific models of Alzheimer’s disease, a growing
body of clinical studies have identified subclinical epileptiform activity and associated cognitive decline in patients
with Alzheimer’s disease. An obvious problem presented in these studies is lack of sensitive measures to detect and
quantify network hyperexcitability in human subjects. In this study we examined whether altered neuronal syn-
chrony can be a surrogate marker to quantify network hyperexcitability in patients with Alzheimer’s disease.
Using magnetoencephalography (MEG) at rest, we studied 30 Alzheimer’s disease patients without subclinical epi-
leptiform activity, 20 Alzheimer’s disease patients with subclinical epileptiform activity and 35 age-matched con-
trols. Presence of subclinical epileptiform activity was assessed in patients with Alzheimer’s disease by long-term
video-EEG and a 1-h resting MEG with simultaneous EEG. Using the resting-state source-space reconstructed
MEG signal, in patients and controls we computed the global imaginary coherence in alpha (8–12 Hz) and delta–theta
(2–8 Hz) oscillatory frequencies. We found that Alzheimer’s disease patients with subclinical epileptiform activity
have greater reductions in alpha imaginary coherence and greater enhancements in delta–theta imaginary coher-
ence than Alzheimer’s disease patients without subclinical epileptiform activity, and that these changes can distin-
guish between Alzheimer’s disease patients with subclinical epileptiform activity and Alzheimer’s disease patients
without subclinical epileptiform activity with high accuracy. Finally, a principal component regression analysis
showed that the variance of frequency-specific neuronal synchrony predicts longitudinal changes in Mini-Mental
State Examination in patients and controls. Our results demonstrate that quantitative neurophysiological measures
are sensitive biomarkers of network hyperexcitability and can be used to improve diagnosis and to select appropriate
patients for the right therapy in the next-generation clinical trials. The current results provide an integrative frame-
work for investigating network hyperexcitability and network dysfunction together with cognitive and clinical cor-
relates in patients with Alzheimer’s disease.
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Introduction
Epileptic abnormalities in patients with Alzheimer’s disease have
been reported since the first accounts of Alzheimer’s disease by
Alois Alzheimer over a century ago.1 The demonstration of net-
work hyperexcitability in transgenic Alzheimer’s disease mice2 re-
vived this largely overlooked phenomenon, and since then a
growing body of clinical studies have identified subclinical epilepti-
form activity in cortical and hippocampal circuits in patients with
Alzheimer’s disease.3–8 These studies indicate that epileptiform
abnormalities manifest early in the disease course, often precede
the onset of cognitive decline and are associated with the genetic
risk of Alzheimer’s disease.9,10 Concurrently, numerous physio-
logical studies have established potential mechanisms related to
network hyperexcitability suggesting a vicious cycle where
Alzheimer’s disease proteinopathy—amyloid-β and tau—contri-
butes to epileptogenesis,11–15 which in turn augments the aggrega-
tion and spread of disease proteins.16,17 The perspective of epileptic
activity in Alzheimer’s disease has since transformed from a sec-
ondary process of neurodegeneration to that of a modifiable con-
tributor to disease pathology.18

While network hyperexcitability poses a core mechanism of
Alzheimer’s disease pathogenesis, epileptiform discharges which
represent sporadic paroxysmal abnormalities of network activity
are only detected in select patients in clinical assessments.
Development of novel therapeutics that target network hyperexcit-
ability, however, demands precise deciphering of neuronal circuit
dysfunction in patients. The ubiquitous rhythmic oscillations in
the brain that are altered by Alzheimer’s disease pathology19–23

are reliable quantitativemeasures of network dysfunction. The de-
gree to which abnormal oscillatory signatures can act as surrogate
markers of network dysfunction associatedwith subclinical epilep-
tiform activity has not been investigated in patients with
Alzheimer’s disease.

Here we tested the hypothesis that Alzheimer’s disease
patients with subclinical epileptiform activity (AD-EPI+) have
more severely impacted network synchrony than Alzheimer’s
disease patients without subclinical epileptiform activity
(AD-EPI−). We prospectively characterized patients into two
subgroups as AD-EPI+ and AD-EPI− using two forms of sensitive
neurophysiological monitoring: extended/long-term electroen-
cephalography (LTM-EEG) and magnetoencephalography with
simultaneous EEG (M/EEG). We leveraged the high spatial and pre-
cise temporal resolution of MEG to quantify network abnormalities
based on long-range neuronal synchronywithin specific oscillatory

frequencies of delta–theta (2–8 Hz) and alpha (8–12 Hz) in AD-EPI+
versus AD-EPI− patients.

Materials and methods
Subjects

Fifty patients with Alzheimer’s disease (age, 60+ 8) and 35 age-
matched control subjects (age, 64+ 6) were included in the study
(Table 1). All patients with Alzheimer’s disease met the National
Institute of Aging–Alzheimer’s Association criteria for probable
Alzheimer’s disease or mild cognitive impairment (MCI) due to
Alzheimer’s disease,24–26 and had CSF or amyloid-PET biomarkers
supportive of an Alzheimer’s disease diagnosis or subsequent
histopathological confirmation at autopsy (Supplementary
Table 1). Twenty Alzheimer’s disease patients (40%) were identi-
fied as positive for subclinical epileptiform activity (AD-EPI+)
based on LTM-EEG and M/EEG evaluations. Twenty-seven of the
50 patients (54%) included in the current study also took part in
our previous observational study where we reported the inci-
dence of subclinical epileptiform activity in Alzheimer’s disease.4

All participants were recruited from research cohorts at the
University of California San Francisco (UCSF) Memory and Aging
Center. Clinical diagnosis for patients with Alzheimer’s
disease was established by consensus at a multidisciplinary
team and confirmed with positive Alzheimer’s disease biomar-
kers (Supplementary Table 1). Each Alzheimer’s disease patient
was further assigned to their specific Alzheimer’s disease
neurobehavioural phenotype. Specifically, we identified patients
who met the diagnostic criteria for logopenic variant of primary
progressive aphasia (lvPPA)27 and posterior cortical atrophy28 as
atypical Alzheimer’s disease phenotypes (lvPPA, n=7; posterior
cortical atrophy, n= 11). Age-matched normal controls were re-
cruited from the community and the eligibility criteria included
normal cognitive performance, normal MRI and absence of neuro-
logical, psychiatric or other major medical illnesses. Informed
consent was obtained from all participants or their assigned sur-
rogate decision makers. The study was approved by the UCSF
Institutional Review Board.

Neurophysiological assessments to detect
subclinical epileptiform activity

All patients underwent overnight long-term monitoring by video
EEG(LTM-EEG) telemetry, followed by 1-h resting-state MEG
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exam with simultaneous 21-lead EEG (M/EEG) the following day.
Based on LTM-EEG and M/EEG recordings patients were identified
as epileptiform-positive (AD-EPI+) and -negative (AD-EPI−).

LTM-EEG telemetry

Patients were evaluated at the Clinical and Translational Science
Institute Clinical Research Center at Moffitt Hospital at UCSF.
Monitoring included overnight long-term recording using silver
cup electrodes in the standard international 10–20 electrode array,
with 3 min of hyperventilation.

M/EEG

One-hour resting-state M/EEG was performed at the UCSF
Biomagnetic Imaging Laboratory. The MEG was recorded with a
whole-head MEG system (CTF) comprising 275 axial gradiometers
(sampling rate=600 Hz). Fiducial coils were placed at the nasion
and left and right pre-auricular points to locate head position rela-
tive to the sensor array and later used to co-register MEG data with
the brain MRI. During recordings, participants stayed supine, eyes
closed and were encouraged to fall asleep. During the final 10 min
the participants hyperventilated for 3 min and breathed normally
for 7 min.

LTM-EEG and M/EEG were read by experienced epileptologists
(P.A.G. and H.E.K.) and clinical neurophysiologists (K.G.R. and
K.V.). The Spike Density Calculation Engine in Persyst-11 EEG soft-
ware was used to help detect epileptiform activity on the LTM-EEG.
Epileptiform activity on LTM-EEG or M/EEG was defined using the
same criteria mentioned in our previous study4 and included the
presence of a spike or sharp wave that fulfilled the specific criteria
to be identified as an interictal epileptiform discharge (i.e. abrupt
change in polarity with specific morphological spike and sharp
wave characteristics that is clearly distinguished from background
activity, a clear physiologic field, disrupted background, associated
with subsequent slowing, or embedded in bursts of focal slow-
ing).29,30 Normal EEG variants such as small sharp spikes and wick-
et spikes were not included as subclinical epileptiform activity.
Entire recordings were reviewed by visual inspection, and deter-
mination of epileptiform activity was made by consensus between
the clinicians who reviewed the recordings (P.A.G., H.E.K., K.G.R.
and K.V. for LTM-EEG; H.E.K. and K.G.R. for M/EEG). Seventeen con-
trols were monitored with both LTM-EEG and 1-h M/EEG (the same
protocol as for patients with Alzheimer’s disease). An additional
eight controls were monitored with 1-h M/EEG. LTM-EEG and M/
EEG recordings from controls were reviewed by the same team of
clinicians as described above and were marked down as negative
for epileptiform activity with consensus agreement. Ten control
participants were only assessed via a 10-min resting MEG.

Neurophysiological assessment to quantify
long-range neuronal synchrony

We estimated long-range synchrony using the source space recon-
structed MEG data, for each subject, within frequency bands of al-
pha (8–12 Hz) and delta–theta (2–8 Hz).23,31 Neuronal synchrony
measures were based on a 60-seconds continuous segment of rest-
ing state MEG recording. The analytic epochs for the patients with
Alzheimer’s disease were selected from the initial 10-min segment
of the 1-h resting M/EEG recordings collected under the clinical
protocol described above. The 60-s analytic epochs for the age-
matched controls also came from the initial segments of the rest-
ing MEG recording sessions. The resting MEG data collection

protocols (for patients and controls) required the subject to be
interactive with the examiner immediately before the data collec-
tion period and helped to achieve awake status data collection dur-
ing the initial segment of the recordings. The spectral power
density was examined in each subject’s selected data epoch to re-
affirm the characteristic spectral patterns of awake resting status
of the participant. In addition, the simultaneous EEG collected
from all Alzheimer’s disease patients and some of the controls
were also examined to confirm the awake resting status.

To estimate the long-range synchrony we computed voxelwise
imaginary coherence using source-space reconstructed MEG data,
for each subject, within frequency bands of alpha (8–12 Hz) and del-
ta–theta (2–8 Hz).23,31 Imaginary coherence captures only the co-
herence that cannot be explained by volume spread and is a
reliable metric for resting state functional connectivity analyses.32

Artefact detection was confirmed by visual inspection of sensor
data and channels with excessive noise within individual subjects
were removed prior to analysis. Tomographic reconstructions of
the MEG data were generated using a head model based on each
participant’s structural MRI. Spatiotemporal estimates of neural
sources were generated using time–frequency analyses implemen-
ted in the Neurodynamic Utility Toolbox for MEG (NUTMEG; http://
nutmeg.berkeley.edu).33 Tomographic volume of source locations
(voxels) were computed through an optimized adaptive spatial fil-
ter (10 mm lead field) that weights each location relative to the sig-
nal of the MEG sensors.34,35 The source-space reconstruction
approach provided amplitude estimations at each voxel derived
through the linear combination of spatial weighting matrix with
the sensor data matrix. We computed voxelwise global imaginary
coherence at each voxel as the average of the Fisher’s
Z-transformed imaginary coherence values between a given voxel
(10 mm isotropic) and all other voxels in the brain, for each subject.
To minimize spatial frequency noise in the beamformer volumes,
average and variance maps for each individual frequency band
were calculated and smoothed using a Gaussian kernel with a
width of 20×20× 20 mm full-width-at-half-maximum.

Neuropsychological and functional assessment

Each participant was assessed via Mini-Mental State Examination
(MMSE, with appropriate permission), a structured caregiver inter-
view to document the Clinical Dementia Rating scale (CDR) and a
standard battery of neuropsychological tests36 (Supplementary
material).

MRI

Structural brain images were acquired from all participants
(Supplementary material) and were used to generate invidualized
head models for source-space reconstruction of MEG sensor data.

Statistical analyses

Statistical comparisons for imaginary
coherence analyses

We examined the group-level statistics in imaginary coherence in
patients with Alzheimer’s disease and age-matched
control subjects, using statistical non-parametric whole-brain
mapping methods incorporated in the NUTMEG toolbox.33

Statistical significance was estimated by obtaining a permuted dis-
tribution (through 2N possible combinations of negations) and es-
timating the significance of the test statistic (imaginary
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coherence) value from its position in this permuted distribution. To
correct for multiple comparisons, we used 5% false discovery rate
(FDR) in our analysis and thresholded the images with adjusted
P-values. Specifically, we determined the corrected P-value thresh-
old level at the 5% FDR cutoff level for all voxels that showed effects
at the uncorrected P,0.01 threshold. The voxels that survived the
FDR correction were then further thresholded using cluster correc-
tion procedure in NUTMEG, with a cutoff level of 30 voxels (only the
clusters with 30 congruent voxels remained), and P-values thre-
sholded to P, 0.01. Clusters in the thresholded statistical maps
were discarded if they fell below the 95% of null-distribution cutoff
following permutation testing and did not meet the required min-
imum value of 30 contiguous voxels at P, 0.01. This approach
minimized the possibility of observing spurious effects. The group
contrasts were examined within each frequency band for the fol-
lowing contrasts: all Alzheimer’s disease patients versus controls;
AD-EPI+ versus controls; AD-EPI− versus controls.

To compare the network impacts from the Alzheimer’s disease
pathophysiological processes in AD-EPI+ versus AD-EPI−, we em-
ployed statistical mixed models. First, we extracted the voxelwise
imaginary coherence values for each Alzheimer’s disease patient,
within the regions of interest that was identified as significantly
different between all Alzheimer’s disease patients and controls,
for each frequency band (i.e. alpha and delta–theta). Next, we
used the PROC MIXED procedure in SAS to build a mixed model,
for each frequency band, and examined the pairwise group level
difference between AD-EPI+ and AD-EPI− patients. The models in-
corporated a repeated measures design to incorporate multiple re-
gions per subject and included region of interest label and subject
identity as categorical information. Data from 173 and 583 voxels
were included for alpha and delta–theta imaginary coherence
models, respectively.

Logistic regression models and receiver operating
characteristic curve analysis

We used a logistic regressionmodel where the Alzheimer’s disease
subgroup identity (i.e. AD-EPI+, AD-EPI−) was the dependent vari-
able and MEG-derived functional connectivity patterns were the
predictor variables. We first defined the most affected voxel-level
regions of interest in the contrast between all Alzheimer’s disease
versus controls, for alpha anddelta–theta frequency bands. This se-
lectionwas based on the t-statistic derived from the above contrast.
To minimize regional dependency, we applied the additional cri-
teria of .20 mm apart when selecting the voxel-level regions of
interest. Supplementary Table 2 lists the regional labels and
MontrealNeurological Institute (MNI) coordinatesof theselected re-
gions of interest showing the greatest degree of alpha hyposyn-
chrony and the greatest degree of delta–theta hypersynchrony.
Next, we extracted the alpha and delta–theta imaginary coherence
values for 10 regions of interest for each Alzheimer’s disease pa-
tient. We then used a logistic regression-based discriminant ana-
lysis (PROC LOGISTIC in SAS) to quantify the extent of distinction
between AD-EPI+ and AD-EPI− individuals based on imaginary co-
herence of alpha and delta–theta region of interest values.
Specifically, we ran a series of models varying the number of pre-
dictor variables from two regions of interest (the top alpha region
of interest and top delta–thetaregion of interest ) to 10 regions of
interest (top five alpha and top five delta–theta). The category iden-
tity of AD-EPI+ or AD-EPI−was the dependent variable of themod-
els. Receiver operating characteristic (ROC) plots were constructed

to quantify the confidence limits and area-under-the curve (AUC)
estimates for each model.

Assessment for regional associations between
predominant epileptic zone and impaired neuronal
synchrony

We also examined the regional associations between the regional
patterns of impaired neuronal synchrony and the predominant
epileptic zone, as the latter was localized to one of three
hemispheric locations: frontal; temporal; parietal–occipital
(Supplementary material).

Linear mixed models to examine rate of MMSE decline

We compared the rate of decline inMMSE AD-EPI+ and AD-EPI− pa-
tients using a linear mixed-effects model (SAS PROC MIXED). For
this analysis we utilized all the multiple evaluations in our cohort
including the retrospective assessments (with reference to their
neurophysiological assessment), which included 88 total observa-
tions from 24 AD-EPI− patients and 68 total observations from 18
AD-EPI+ patients. Starting from each patient’s first evaluation, we
examined the longitudinal scores in MMSE. Patient identity was en-
tered into the model as a repeated factor. Fixed effects were time
from initial evaluation and the presence or absence of subclinical
epileptiform activity. We also examined the same effects after in-
corporating age atMEG and education as covariates into themodels.

Principal component regression analysis

We used a principal component regression approach to examine the
associations betweenMMSE rate of decline and the imaginary coher-
ence metrics. First, we calculated the MMSE slopes for each individ-
ual patient and control participant with multiple MMSE evaluations
utilizing the retrospective data-points with reference to their neuro-
physiological assessment (n=24, n= 18 and n= 29, AD-EPI−,
AD-EPI+ and controls, respectively). Next, we generated a data ma-
trix including each subject’s (row-vector) imaginary coherence va-
lues within the voxel-ROIs identified in the all Alzheimer’s disease
versus controls comparison, for alpha (173 columns) and delta–theta
(583 columns) frequency bands.We used the first two principal com-
ponents derived from a principal component analysis (PCA) of this
data matrix as predictors in a multiple regression model to predict
the MMSE slopes. Fit diagnostics for the multiple regression model
based on Cook’s D and DFITS measures identified a single observa-
tion consistently as an extreme outlier and we excluded this obser-
vation from our final regression model, thus including n=24, n=17
and n=29 subjects under AD-EPI−, AD-EPI+ and controls,
respectively.

Statistical comparisons of demographic and clinical
variables

For pairwise comparisons of continuous variables, t-tests were
used for those that were normally distributed and Wilcoxon–
Mann–Whitney tests for those that were not. For comparisons of
proportions of categorical variables in contingency tables,
Pearson chi-square (χ2) tests were used when expected cell values
were .5 and Fisher exact tests when they were ,5. All statistical
analyses were done using SAS software version 9.4 (SAS Institute
Inc., Cary, NC).
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Data availability

All data associatedwith this study are present in the paper or in the
Supplementary material. Anonymized subject data will be shared
on request from qualified investigators for the purposes of replicat-
ing procedures and results, and for other non-commercial research
purposes within the limits of participants’ consent.
Correspondence and material requests should be addressed to
the corresponding author.

Results
Demographic and clinical characteristics

Both AD-EPI− and AD-EPI+ were mild-to-moderately impaired in
dementia severity, and did not differ from each other in demo-
graphic, clinical and cognitive characteristics including age at on-
set, disease duration, fraction of early-onset Alzheimer’s disease,
fraction of atypical Alzheimer’s disease, Apo-ɛ4 carrier status and
use of medications (Table 1 and Supplementary Table 3).
Consistent with our previous reports, AD-EPI+ patients showed a
faster decline in MMSE and executive function than AD-EPI−, al-
though there were no group differences in rate of change in mem-
ory, visuospatial and language abilities (Supplementary Table 4).
Background activity characterized by generalized and

asymmetric/focal slowing was not different between AD-EPI+ ver-
sus AD-EPI− (Table 1). Epileptiform discharges in AD-EPI+ subjects
weremost often detected in temporal lobes (Supplementary Fig. 1).

AD-EPI+++++ have more severe neuronal synchrony
abnormalities than AD-EPI−−−−− patients.

We quantified the neuronal synchrony within alpha (8–12 Hz)
and delta–theta (2–8 Hz) frequency oscillations by estimating
imaginary coherence (IC) in a voxelwise whole-brain analysis.
Comparison of all Alzheimer’s disease patients (i.e. the full cohort
of Alzheimer’s disease patients) versus age-matched controls de-
monstrated region-specific patterns of reduced alpha synchrony
in the posterior parieto-temporal–occipital regions and increased
delta–theta synchrony in the dorsal frontal and parietal cortices,
consistent with previous reports23 (Supplementary Fig. 2).
AD-EPI+ patients showed notably enhanced regional reductions
of alpha synchrony and increased regional patterns of delta–theta
synchrony relative to AD-EPI− patients (Fig. 1). To quantify these
distinctions, we compared each Alzheimer’s disease subgroup
with age-matched controls. AD-EPI+ patients versus controls
showed greater reductions in alpha synchrony and larger increases
in delta–theta synchrony than AD-EPI− patients versus controls
(Fig. 2). Additional analyses demonstrated that comparable pat-
terns of frequency-specific and region-dependent synchrony

Table 1 Participant demographics and clinical characteristics

Characteristic Controls (n=35) AD-EPI−−−−− (n=30) AD-EPI+++++ (n=20) P*

Age, years 63.0+5.8 60.7+8.3 59.9+6.7 0.122
Female sex, n (%) 22 (62.8) 17 (56.7) 12 (60.0) 0.879
White, n (%)a 25 (92.6) 27 (96.4) 19 (100.0) 0.449
Education, years 17.4+1.6 15.7+2.6 17.0+2.7 0.012b

Right handedness, n (%) 28 (80.0) 25 (83.3) 18 (90.0) 0.629
ApoE ɛ4 carrier, n (%) 4 (16.0) 12 (44.4) 9 (47.4) 0.043b

MMSEc 29.6+0.7 21.3+5.8 21.5+4.7 0.911
CDRd 0 1.0 (0.5–1.0) 1.0 (0.5–1.0) 0.351
CDR-SOBd 0 4.5 (3.5–5.0) 4.7 (3.3–6.5) 0.690
Age at disease onset, years – 54.0 (50.0–58.0) 53.5 (50.0–57.5) 0.882
Disease duration – 5.4 (4.7–7.2) 4.8 (3.8–6.5) 0.440
Early onset Alzheimer’s disease, n (%) – 28 (93.3) 19 (95.0) 0.44
Atypical Alzheimer’s disease, n (%) – 11 (36.7) 7 (35.0) 0.904
Generalized slowing on LTM-EEG, n (%) – 7 (23.3) 6 (30.0) 0.598
Asymmetric/focal slowing on LTM-EEG, n (%) – 4 (13.3) 3 (15.0) 0.868
Generalized slowing on M/EEG, n (%) – 13 (43.3) 6 (30.0) 0.341
Asymmetric/focal slowing on M/EEG, n (%) – 5 (16.7) 8 (40.0) 0.065
On AChE-I, n (%) – 15 (50.0) 12 (60.0) 0.487
On memantine, n (%) – 1 (3.3) 1 (5.0) 0.768
On AChE-I and memantine, n (%) – 7 (23.3) 3 (15.0) 0.470
On antidepressants, n (%) – 15 (50.0) 11 (55.0) 0.729

Values for age, education and MMSE are means+ standard deviation (SD). Values for CDR, CDR-SOB, age at disease onset and disease duration are medians with interquartile

ranges in parentheses. AChE-I = acetylcholinesterase inhibitor; Alzheimer’s disease = Alzheimer’s disease; AD-EPI− = Alzheimer’s disease patients without epileptiform
activity; AD-EPI+ = Alzheimer’s disease patients with epileptiform activity; ApoE = apolipoprotein E; CDR-SOB = CDR–Sum of Boxes.

*Statistical tests: P-values are reported from one-way ANOVA with pairwise comparisons for age and education, Pearson χ2 test for sex and apolipoprotein-ɛ4 carrier, race and

handedness, for the full cohort including the three groups. P-values are reported Pearson χ2 test between AD-EPI+ and AD-EPI− for atypical Alzheimer’s disease, generalized

slowing on EEG, asymmetric/focal closing on EEG, generalized slowing on MEG, asymmetric/focal closing on MEG, usage of AchE-I, memantine, combined AchE-I and
memantine and antidepressant use. P-values for early-onset Alzheimer’s disease are reported from Fisher’s exact test between AD-EPI+ and AD-EPI−. P-values for theMMSE is

reported from unpaired t-test and for CDR, CDR-SOB, age at disease onset and disease duration are reported from Wilcoxon–Mann–Whitney test, comparing the two patient

cohorts.
aRace or ethnic group was self-reported. Two patients with Alzheimer’s disease and eight controls opted out from reporting race.
bPairwise comparison for education between controls and AD-EPI− showed a statistically significant difference (P=0.011); pairwise analyses showed significant higher

proportions of Apolipoprotein E ɛ4 carrier status in Alzheimer’s disease compared to controls (16% versus 45% in controls and all Alzheimer’s disease, P=0.0125), but no

differences between the two Alzheimer’s disease cohorts (P= 0.844).
cScores on the MMSE range from 0 to 30, with higher scores denoting better cognitive function.
dScores on the CDR range from 0 to 3 and scores on the CDR-SOB range from 0 to 18, with higher scores denoting more disability.

748 | BRAIN 2022: 145; 744–753 K. G. Ranasinghe et al.

http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab442#supplementary-data
mailto:the corresponding author
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab442#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab442#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab442#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab442#supplementary-data


deficits are observed in AD-EPI+ patients when subtyped according
to the modality by which the subclinical epileptiform activity was
detected (i.e. via LTM-EEG or M/EEG; Supplementary Fig. 3). Next,
we directly contrasted AD-EPI+ and AD-EPI− patients in a statistic-
al linear mixed model using a region of interest approach. For this

analysis, we employed a mixed-effects model with repeated
measures and included the statistically significant regions of inter-
est from the contrast between all Alzheimer’s disease versus con-
trols as predictors. AD-EPI+ patients showed greater reductions
in alpha synchrony in the parieto-temporal–occipital cortices

Figure 1 Frequency-specific neuronal synchrony abnormalities in Alzheimer’s disease patients with and without epileptiform activity. (A–F) The
strength of functional connectivity as global imaginary coherence (IC) within alpha (8–12 Hz) and delta–theta (2–8 Hz) frequency oscillation bands.
Controls showed highest imaginary coherence within the alpha band (8–12 Hz) in occipitoparietal cortices (A). AD-EPI− and AD-EPI+ patients showed
reduced imaginary coherence within the alpha band, where the latter group showed a greater degree of reductions (B and C). Within the delta–theta
band, controls showed highest imaginary coherence in frontal and parietal cortices (D). AD-EPI− and AD-EPI+ both showed enhanced delta–theta im-
aginary coherence where the latter group showed greater degree of enhancement (E and F). The colour maps are thresholded with a cluster correction
of 30 voxels (P, 0.01) and at 5% false discovery rate (n=30, AD-EPI+; n= 20 AD-EPI−; n= 35 age-matched controls). Alzheimer’s disease= Alzheimer’s
disease; AD-EPI−=Alzheimer’s disease patientswithout epileptiform activity; AD-EPI+=Alzheimer’s disease patients with epileptiform activity; IC=
imaginary coherence.

Figure 2 Distinctive regional patterns of neuronal synchrony deficits in Alzheimer’s disease patients with and without epileptiform activity. (A–F)
Statistical comparisons of imaginary coherence between groups. Within the alpha band, AD-EPI− and AD-EPI+ showed significantly reduced imagin-
ary coherence compared to controls, over bilateral occipital cortices, with more extensive regional involvement in AD-EPI+ (A and B). Pairwise com-
parison showed AD-EPI+with significantly lower alpha imaginary coherence than AD-EPI− (C). AD-EPI− and AD-EPI+ showed significantly increased
delta–theta imaginary coherence compared to controls, over bilateral frontal and parietal cortices, with more extensive involvement in AD-EPI+
(D and E) and pairwise comparison showed AD-EPI+with significantly higher delta–theta imaginary coherence than AD-EPI− (F). Each brain rendering
depicts the t-maps from voxelwise comparison of global imaginary coherence between groups. The colour maps are thresholded with a cluster
correction of 30 voxels (P, 0.01) and at 5% FDR. (C and F) depict least squares (LS)-means and 95% confidence-limits (n=30, AD-EPI+; n=20
AD-EPI−; n=35 age-matched controls). Alzheimer’s disease = Alzheimer’s disease; AD-EPI− = Alzheimer’s disease patients without epileptiform
activity; AD-EPI+ = Alzheimer’s disease patients with epileptiform activity; IC = imaginary coherence.

Quantitative electrophysiology in AD BRAIN 2022: 145; 744–753 | 749

http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab442#supplementary-data


(Fig. 2C; t=6.05, P, 0.0001) and greater enhancements in delta–
theta synchrony in the dorsomedial frontal and parietal cortices
(Fig. 2F; t= –13.66, P,0.0001) than AD-EPI− patients.

A direct comparison of voxelwise alpha and delta–theta imagin-
ary coherence between AD-EPI+ and AD-EPI− patients revealed
additional regional differences between these two subgroups
(Supplementary Fig. 4). For example, AD-EPI+ showed reduced al-
pha synchrony in the dorsal aspect of the central, parietal and tem-
poral cortices and increased delta–theta synchrony in the bilateral
posterior parietal and right temporal cortices compared to
AD-EPI−. The directionality of these frequency-specific changes
from the direct comparison were consistent with the results from
each subgroup versus age-matched controls shown above. The re-
gional significance of the frequency-specific deficits in AD-EPI+
versus AD-EPI− remains to be explored in future studies. We fur-
ther examined whether there are regional associations between
the predominant epileptiform zone in AD-EPI+ patients and the
most affected voxel-level regions of interest in alpha hyposyn-
chrony and delta–theta hypersynchrony. To this end we first iden-
tified the quartiles of AD-EPI+ patients with the largest deviations
of alpha hyposynchrony and delta–theta hypersynchrony in each
region of interest (Supplementary material). Next, we denoted
the predominant epileptiform zone in these subjects to examine
any specific spatial pattern (Supplementary Fig. 5 and
Supplementary Table 5). This analysis revealed no specific regional
relationships, a finding which indicated widespread network dys-
function in Alzheimer’s disease that extends beyond the regional
boundaries of a sporadic subclinical epileptic abnormality.

Quantitative neuronal synchrony abnormalities
can distinguish between AD-EPI+++++ from AD-EPI−−−−−
patients

We used a logistic regression model and an ROC curve analysis to
examine the potential of altered neuronal synchrony to discrimin-
ate between AD-EPI+ and AD-EPI− patients. The predictors of the
logistic regression models included altered alpha and delta–theta
synchrony (z-score) from the most impaired voxel-level regions
of interest as defined in the contrast between all Alzheimer’s dis-
ease versus controls (Supplementary Table 2). We ran a series of

models varying the number of predictor regions of interest from
two (i.e. the most affected alpha region of interest and the most
affected delta–theta region of interest) to 10 (i.e. top five alpha re-
gions of interest and top five delta–theta regions of interest). The
most affected voxel-level regions of interest in alpha and delta–
theta were the left inferior temporal cortex and right middle tem-
poral cortex, respectively (Supplementary Table 5). We found that
even with a single region of interest per frequency band, alpha hy-
posynchrony and delta–theta hypersynchrony have the capacity to
distinguish AD-EPI+ patients from AD-EPI− with high accuracy
denoted by an AUC of 0.73 (Fig. 3A; AUC 0.73; CI, 0.58–0.89; χ2=
8.73, P=0.0031). The accuracy of discrimination increased with
increasing number of predictor regions of interest in the models,
where it reached 0.82 with three and 0.87 with five predictor re-
gions of interest per frequency band (Fig. 3A; three regions of
interest: AUC 0.82; CI, 0.70–0.94; χ2=27.48, P,0.0001; five regions
of interest: AUC 0.87; CI, 0.78–0.97; χ2=56.38, P,0.0001).

Neuronal synchrony was associated with the
rate of change in MMSE

Previously, we showed that AD-EPI+ patients have a faster rate of
decline in MMSE than AD-EPI− patients.4 To examine whether
the variance in MMSE rate of decline can be explained by the vari-
ance of altered neuronal synchronywe used a PCA-correlation ana-
lysis. The first two PCA components derived from the concatenated
alpha and delta–theta imaginary coherence matrices explained
47% of the MMSE variance in the combined cohort of patients
and controls (Supplementary Fig. 6). A multiple regression model
based on the first two PCA components significantly predicted
the MMSE rate of decline (Fig. 3B), indicating a gradation of MMSE
slopes where age-matched controls represented flat slopes while
AD-EPI+ patients represented the steepest declines in MMSE.

Discussion
In this study, we demonstrate how quantitative neurophysiological
indices can be used to detect a greater degree of network dysfunc-
tion in AD-EPI+ than AD-EPI− patients. An important deduction
from our results is that frequency-specific neural synchronization

Figure 3 Neuronal synchrony indices distinguish between AD-EPI+++++ from AD-EPI−−−−− and are associated with rate of change in MMSE. (A) The ROC
curves derived from logistic regression analyses for the discriminability between AD-EPI− and AD-EPI+ based on alpha and delta–theta imaginary
coherence values from the most affected voxel-level regions of interest (varying from 1, 3, or 5 per frequency band). Longitudinal change in MMSE
was significantly predicted by the first two principal components of the imaginary coherence matrix including alpha and delta–theta imaginary co-
herence in the full cohort (B). (A) n= 30, 20, 35, AD-EPI−, AD-EPI+ and controls; (B) n=17, 24, 29, AD-EPI+, AD-EPI− and controls). Alzheimer’s disease=
Alzheimer’s disease; AD-EPI−= Alzheimer’s disease patients without epileptiform activity; AD-EPI+= Alzheimer’s disease patients with epileptiform
activity; IC = imaginary coherence; MMSE = Mini Mental State Examination; ROC = receiver operating characteristic.
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abnormalities which represent dimensional changes of network
dysfunction in Alzheimer’s disease are also sensitive to category
boundaries defined along the degree of network hyperexcitability
as EPI+ and EPI−. Although an increasing number of clinical stud-
ies have supported the hypothesis that network hyperexcitability
could be a contributor to disease pathogenesis of Alzheimer’s dis-
ease, epileptiform discharges in patients with Alzheimer’s disease
are still widely considered as a binary biomarker of hyperexcitabil-
ity. Our findings challenge this view and demonstrate that both
network dysfunction and network hyperexcitability exist on a
closely coupled spectrum of severity in Alzheimer’s disease.
Indices of network dysfunction, as such, provide useful quantita-
tive tools to probe network hyperexcitability in Alzheimer’s dis-
ease. Emerging basic science evidence further supports the
confluence of network dysfunction and network hyperexcitability
in Alzheimer’s disease pathophysiology. The current study pro-
vides an integrative framework to investigate network dysfunction
and hyperexcitability and to quantify the network impact of
Alzheimer’s disease pathophysiology in a clinical population.

Comorbid and pathological associations of
epileptic activity and Alzheimer’s disease
pathophysiology

Key findings from the current study strongly support the premise
that epileptiform events represent integral manifestations of dis-
ease mechanisms in Alzheimer’s disease. First, our finding that
AD-EPI+ showing greater deficits in alpha synchrony bears import-
ant pathophysiological relevance in the context that alpha hypo-
synchrony is regionally associated with high levels of
pathological tau and related cognitive dysfunction in patients
with Alzheimer’s disease.23,37 Alpha oscillations are widely consid-
ered as inhibitory modulators of neuronal and network activity in
the brain where higher alpha power and synchrony downregulate
the irrelevant information while keeping a high signal-to-noise ra-
tio of task-relevant information. It is therefore conceivable that re-
duced alpha oscillatory activity may contribute to network
hyperexcitability as a downstream effect. Although neuronal hy-
poactivity is seemingly contradictory to a pro-epileptic phenotype,
growing basic science evidence indicates that epileptic events re-
present a combination of heterogeneous aberrations at the level
of single units including increases as well as decreases in firing
across excitatory and inhibitory cell classes, and suggest potential
mechanisms where glutamatergic abnormalities may give rise to
network hyperexcitability.38

Second, our study demonstrates that increased delta–theta os-
cillatory signature is higher in AD-EPI+ than AD-EPI− patients.
Increased delta–theta oscillations in patients with Alzheimer’s dis-
easehasbeenconsistently linked toabnormal amyloid-βaccumula-
tion.23,37,39,40 In transgenic Alzheimer’s disease mice network
hyperexcitability and hyperactive neuronal states were reliably
linked to toxic effects of amyloid-β andothermetabolites of amyloid
precursor protein (APP), suggesting that amyloid-β-mediated im-
paired GABAergic inhibitory transmission12,14 may contribute to
network instability in the epileptic phenotype in Alzheimer’s dis-
ease. Further support for comorbid pathophysiological processes
ofAlzheimer’sdiseaseandepileptiformactivity comes fromclinical
trials using anti-seizure drugs in Alzheimer’s disease. For example,
theanti-epileptic agent levetiracetamstabilized thenetworkabnor-
malities by reducing 1–4 Hz synchrony and enhancing 13–25 Hz
synchrony in patients with Alzheimer’s disease.41 A new clinical
trial has shown that low-dose levetiracetam improves accuracy in

spatial memory and executive function in Alzheimer’s disease pa-
tientswith epileptiform activity.42 It has also been shown previous-
ly that levetiracetam suppresses hippocampal hyperactivity and
improves hippocampal-dependent pattern separation ability in pa-
tients with MCI.43 Therefore, electrophysiological indices that are
sensitive to epileptic activity in Alzheimer’s disease are not only
surrogates of network hyperexcitability but also indicators of the
full-scale functional consequences associated with Alzheimer’s
disease pathophysiology.

Neuronal synchrony deficits signify wider
network-level abnormalities in Alzheimer’s disease

Clinical studies have clearly demonstrated that pathological hyper-
synchronous patterns of brain activity in patients with focal epi-
lepsy extend beyond the region from which epileptiform
discharges and seizures can be recorded.44–47 This is also consistent
with the evolving undertraining of the pathogenesis of epilepsy as a
phenomenonofnetworkdysfunctionwhere the traditional concept
of an ‘ictal network’ has replaced the classic concept of ‘epilepto-
genic zone’. In this context, our finding that regional patterns of
neuronal synchrony deficits are spatially dissociated from the loca-
tion of epileptiform abnormalities indicates that neuronal syn-
chrony deficits signify network-level abnormalities above and
beyond the localizationof spikes andsharps. Furthermore, previous
clinical studies reported a relatively higher occurrence of abnormal
electrophysiological events during transition to and from sleep
compared to awake brain states in patients with Alzheimer’s dis-
ease. The high sensitivity of quantitative neuronal synchronymea-
sures during awake to distinguish between AD-API+ and AD-EPI–
indicates that manifestations of underlying network dysfunction
spans across different ‘brain states’. Future studies to better charac-
terize themechanismsbywhich epileptic activity interactswith the
neural architecture in the human brain will be of great importance
to advance our understanding of the network hyperexcitability in
Alzheimer’s disease.

Implications of quantitative indicators of
epileptiform activity in Alzheimer’s disease for
clinical trials

The current results present important twofold implications for
clinical trials in Alzheimer’s disease. First, as network-stabilizing
therapies hold promise to be disease-modifying agents, biomar-
kers sensitive to network hyperexcitability play a key role in de-
tecting and quantifying network hyperexcitability to stratify
candidates for the optimum intervention and to measure thera-
peutic success. The regional patterns of most affected anatomical
areas within each frequency oscillation reported in the current
study provide crucial information to be validated in independent
larger cohorts to establish population statistics for network mea-
sures and establish biologically meaningful cutoffs for clinical
trials. Second, the demonstration of network dysfunction and net-
work hyperexcitability in a spectrum of severity associated with
Alzheimer’s disease pathophysiology signifies the importance of
epileptic phenotype in Alzheimer’s disease for clinical trials target-
ing amyloid-β- and tau-mediated pathogenic pathways. The re-
sults from this study raise the intriguing question regarding the
nature and extent of the contribution of underlying network hyper-
excitability to many failed clinical trials of amyloid- and tau-
lowering approaches where this variable was largely ignored.
With clinical trials pivoting towards earlier interventions,
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quantifiable measures of network hyperexcitability are therefore
attractive biomarkers for both network-stabilizing and protein-
lowering therapeutic strategies.

Limitations

Our findings should be considered in the context of the following
limitations. First, given the extended demand for time and re-
sources for LTM-EEG our sample size was limited to 50
Alzheimer’s disease patients, which restricted the ability to search
for genetic, environmental and other factors associated with the
quantitative surrogates of network hyperexcitability. Second, gi-
ven the same high resource demand, LTM-EEG monitoring was
not done for controls, and future studies on healthy ageing are
needed to identify the effect of ageing on network hyperexcitabil-
ity. Third, because the current Alzheimer’s disease cohort is pre-
dominantly early-onset Alzheimer’s disease phenotype future
studies are needed to generalize the results to the more common
late-onset Alzheimer’s disease population.

Conclusions and future directions
In summary, we demonstrate quantitative and dimensional fea-
tures of network dysfunction in patients with Alzheimer’s disease
that can distinguish the clinical expression of network hyperexcit-
ability. Frequency-specific neuronal synchrony deficits may be im-
portant targets for network-stabilizing therapies with potential to
delay or prevent the disease progression in Alzheimer’s disease.
Key topics for future studies are to investigate the longitudinal re-
lationships between network dysfunction and hyperexcitability
along the clinical course of Alzheimer’s disease and to identify con-
vergent quantitative electrophysiological signatures from EEG to
develop into clinically viable network biomarkers.
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