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Abstract

Introduction: Neurophysiological manifestations selectively associated with amyloid beta and 

tau depositions in Alzheimer’s disease (AD) are useful network biomarkers to identify peptide 

specific pathological processes. The objective of this study was to validate the associations 

between reduced neuronal synchrony within alpha oscillations and neurofibrillary tangle (NFT) 

density in autopsy examination, in patients with AD.

Methods: In a well-characterized clinicopathological cohort of AD patients (n = 13), we 

quantified neuronal synchrony within alpha (8–12 Hz) and delta-theta (2–8 Hz) oscillations, 

using magnetoencephalography during the disease course, within six selected neocortical and 

hippocampal regions, including angular gyrus, superior temporal gurus, middle frontal gyrus, 

primary motor cortex, CA1, and subiculum, and correlated these with regional NFT density 

quantified at histopathological examination.

Results: Abnormal synchrony in alpha, but not in delta-theta, significantly predicted the NFT 

density at post mortem neuropathological examination.
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Discussion: Reduced alpha synchrony is a sensitive neurophysiological index associated with 

pathological tau, and a potential network biomarker for clinical trials, to gauge the extent of 

network dysfunction and the degree of rescue in treatments targeting tau pathways in AD.

Keywords

alpha oscillations; Alzheimer’s disease; magnetoencephalography; neurofibrillary tangle density; 
neuropathology; neurophysiology

1| INTRODUCTION

The pathological hallmarks of Alzheimer’s disease (AD) consist of extracellular 

amyloid beta (Aβ) plaques, and intracellular neurofibrillary tangles (NFT) of abnormally 

phosphorylated tau proteins.1,2 Cognitive decline in AD, however, correlates strongly with 

the NFT burden, but only poorly with the Aβ plaque burden.3 Studies using positron 

emission tomography (PET) with tau binding tracers and quantitative post mortem studies, 

in patients with AD, have also demonstrated that regional density of aggregated tau is 

strongly correlated with the patterns of cortical atrophy and corresponding domain-specific 

cognitive impairments.4–7 While this evidence strongly indicates that tau pathology is a 

major driver of local neurodegeneration, the mechanisms of neuronal damage in the milieu 

of abnormal tau accumulations remains under intense investigation.

Preclinical research in transgenic mice overexpressing pathological variants of tau has 

shown disruption of neuronal firing patterns and neurodegeneration.8–10 Although these 

studies suggest that tau may play a role in both pro-excitable and hypo-excitable 

pathophysiological mechanisms, more recent in vivo studies have clearly demonstrated 

tau-associated neuronal hypoactivity in neocortical networks. For example, transgenic 

mice overexpressing mutant tau variants or those that accumulate NFT have suppressed 

neocortical and hippocampal neuronal activity,11,12 reduced functional connectivity,13 

impaired synaptic plasticity,14 and downregulation of neuronal and synaptic genes.15 In 

line with these circuit-level dysfunctions, human neuroimaging studies examining the 

electrical field potentials generated by pyramidal neurons using electroencephalography 

(EEG) and magnetoencephalography (MEG) in patients with AD clinical syndrome 

have reported network-level dysfunctions as impaired synchrony and altered functional 

connectivity.16–18 Understanding the relationships across the levels of organization–from 

cellular physiology to neural networks, is a fundamental prerequisite for successful 

translation between preclinical mouse models and patients with AD. As such, delineating 

the specific associations between tau and network level dysfunctions in patients with AD is a 

crucial translational link.

In a previous multimodal imaging study using magnetoencephalo-graphic imaging (MEGI) 

alongside tau- and Aβ-PET, we demonstrated that abnormal neuronal synchrony within 

alpha (8–12 Hz) and delta-theta (2–8 Hz) frequency oscillations in patients with AD are 

differentially associated with tau and Aβ accumulations.16 Consistent with the hypoactivity 

phenotype reported in preclinical animal models we found that higher tau-tracer uptake 

was uniquely associated with the degree and distribution of the reduced synchrony within 
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the alpha band. We also found that focal alpha synchronization deficits, but not delta-

theta, significantly predicted the impairments in Mini-Mental State Examination (MMSE) 

performance in AD patients. Other studies have shown that higher levels of phosphorylated 

tau and total tau in cerebrospinal fluid (CSF) assays are correlated with reduced oscillatory 

power and synchrony in EEG spectral signatures, in patients with AD dementia as well as 

with mild cognitive impairment (MCI) due to AD.19–21 As such, abnormal indices of alpha 

synchronizations could potentially aid in clinical trials targeting tau pathways to determine 

the degree of network deficits at screening and rescue of network function after the putative 

disease-modifying therapies.

An important and an essential step in identifying a disease marker is to demonstrate its 

direct relationship with the gold-standard indices. The current study addresses this important 

link in validating the associations between neurophysiological markers and histopathological 

hallmarks of AD. Here, we examine the relationships between MEGI-derived neuronal 

synchrony abnormalities within the alpha and delta-theta bands and NFT density determined 

in a subsequent autopsy assessment, in select brain regions, in a cohort of patients with 

pathologically proven AD. We predicted that the functional impact of tau on neural networks 

during life will be correlated with the degree of tau accumulation indexed in the post 
mortem neuropathological examination. Specifically, we tested the hypothesis that focal 

abnormalities of neuronal synchrony within the alpha band, but not within delta-theta, will 

be correlated with regional NFT density.

2| METHODS

2.1| Participants

A cohort of 13 individuals with pathologically proven AD and free of other contributing 

neuropathological changes (to avoid confounders) were included in the study (Table S1 

in supporting information). All patients were evaluated with MEGI during their disease 

course and were enrolled in the Neurodegenerative Disease Brain Bank (NDBB) which 

is part of the University of California San Francisco, Memory and Aging Center (UCSF-

MAC). At the NDBB, an extensive dementia-oriented post mortem assessment covering 

the dementia-related regions of interest on one of the hemispheres, selected a priori based 

on higher degree of atrophy in gross inspection was performed following the currently 

accepted guidelines for neuropathological diagnosis of AD and other age-associated 

neuropathological changes.22,23

All patients underwent a complete clinical history, neurological examination, 

neuropsychological evaluation, and functional assessment using Clinical Dementia Rating 

(CDR and CDR Sum of Boxes [CDR-SOB).24 Each participant underwent a resting MEG 

scan and a brain structural magnetic resonance imaging (MRI). Eleven out of 13 patients 

were also assessed for AD biomarker status around the time of MEG evaluation, using 

CSF protein assays or using PET with 11C-PIB (amyloid-PET) and FDG-PET (Table 

S2 in supporting information). At the time of MEGI evaluation all patients underwent a 

complete bedside cognitive evaluation (duration between MEGI and bedside assessments: 

90.62 ± 70.43 days; Methods and Table S3 in supporting information). All patients fulfilled 

the diagnostic criteria for probable AD1 or MCI due to AD25 at the time of MEGI 
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assessment. Each participant also underwent genetic analysis for familial AD mutations 

and apolipoprotein E (APOE) allele status. Familial AD mutations, namely, APP, PSEN1, 

and PSEN2 were analyzed by direct sequencing of amplified DNA. For genetic analysis of 

APOE, genomic DNA was purified from blood samples and amplified by polymerase chain 

reaction using primers that straddle the polymorphism encoding the ε2, ε3, or ε4 genotypes. 

One out of 13 patients in our cohort was positive for familial APP mutation and none were 

positive for PSEN1 or PSEN2 mutations. Each participant’s APOE allele status is shown 

in Table S1. To determine the normalized values (z-scores) of regional neurophysiological 

indices, we also recruited an age-matched control cohort (n = 23; Table S4 in supporting 

information) from the research cohorts of UCSF-MAC. Informed consent was obtained from 

all participants or their assigned surrogate decision makers. The study was approved by the 

Institutional Review Board (IRB) at UCSF.

2.2| General and project-specific neuropathological assessment

The brains were obtained post mortem, processed, and analyzed according to standard 

protocols, as previously described.26 Primary pathological diagnosis was herein defined 

as the most developed neuropathological entity and which severity and regional 

distribution are thought to explain the majority of the patient’s clinical cognitive and 

behavioral phenotype.22,27 All cases were classified according to the Alzheimer’s Disease 

Neuropathological Change (ADNC) severity (i.e., ABC score), including Thal phase, Braak 

Stage, and Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) neuritic 

plaque frequency stage22 (Table 1 and Table S1). Using thioflavin-S fluorescent microscopy, 

we quantified NFT burden, manually, from microphotographs obtained with a Zeiss Axio 

Scan.Z1 fluorescent slide scanner microscope at the Molecular Imaging Center at University 

of California Berkeley, in the most affected hemisphere (left hemisphere in nine and 

right hemisphere in four individuals).6 We examined four neocortical regions of interest 

(ROI), middle frontal gyrus (MFG), superior temporal gyrus (STG), primary motor cortex 

(PMC), and angular gyrus (AG), and two hippocampal ROIs, the CA1 sector and subiculum 

(SUBI). NFT counts included intracellular and extracellular NFTs (Methods in supporting 

information).These regions were chosen as representative anatomic regions of the functional 

domains affected in AD and their classical vulnerability to AD pathology6 and there were no 

statistically significant regional differences in NFT density measures across the six regions 

(one-way analysis of variance, F = 1.59, P = 0 .1782).

2.3| Resting state MEG data acquisition and analysis

Each subject underwent an MEG scan (average duration between MEG and death for 

patients with AD, 4.27 ± 2.29 years), on a whole-head biomagnetometer system consisting 

of 275 axial gradiometers (CTF). A minimum of 10 minutes of continuous data was 

collected from each subject, lying supine, awake, and eyes-closed (sampling-rate: 600 

Hz). Three fiducial coils including nasion, left, and right pre-auricular points were placed 

to localize the position of head relative to sensor array, and later coregistered to each 

individual’s MRI to generate an individualized head shape model. Data collection was 

optimized to minimize within-session head movements (< 0.5 cm).
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Data were then pre-processed using the Fieldtrip toolbox, and source space reconstruction 

was performed using custom-built MATLAB software tools (Methods in supporting 

information). We computed the average imaginary coherence per ROI, for each patient and 

control, within the alpha (8–12 Hz) and delta-theta (2–8 Hz) bands. Imaginary coherence 

captures only the coherence that cannot be explained by volume spread,28 and is a reliable 

metric of resting state functional connectivity.29,30 For each ROI, we identified the best 

representative anatomic region from the Brainnetome atlas in both hemispheres (Table S5 

in supporting information), and computed the average normalized imaginary coherence 

(z-score) per subject (Methods in supporting information).

2.4| Statistical analyses

We used a linear mixed model analysis to quantify the relationship between 

neurophysiological indices and NFT densities. Mixed models using random coefficients 

are robust for analysis of data with repeated observations per subject accounting for 

both within- and between-subject factors to provide a more accurate estimate of error. 

Specifically, we used SAS MIXED procedure with a general covariance structure approach 

that is better suited to analyze data with repeated observations per subject, compared to 

traditional univariate or multivariate approaches. We used two separate mixed models to 

examine the associations of alpha and delta-theta synchrony. The models included a repeated 

measures design with unstructured covariance type to estimate the within-subject covariance 

matrix incorporating data from six ROIs per subject. The dependent variable in each model 

included regional NFT density, from the six anatomical regions, per subject. The predictor 

variable of the models included the neuronal synchrony (i.e., alpha or delta-theta) from 

each of the six anatomical regions, per each subject. Subject identity and ROI identity were 

included into the models as categorical variables. To account for the clinical decline between 

the MEG scan and death in the models, we included the difference in CDR-SOB. We chose 

CDR-SOB to indicate the difference in clinical severity because it is a more dimensional 

score than CDR and hence able to better quantify a longitudinal change. Duration between 

MEG scan and death and CDR at the closest evaluation to death were also included in the 

models to account for the time lag between MEG scan and autopsy exam and the clinical 

severity at autopsy exam, respectively.

3| RESULTS

3.1| Demographics

Our cohort predominantly included patients with early-onset AD in which all but one patient 

had their disease onset before age 65 (average disease onset, 56.8 ± 8.1 years; 54% female 

and 46% male). At the time of MEG evaluation, the participants were mild-to-moderately 

impaired with an average MMSE of 20.62 ± 4.81 and an average CDR of 0.96 ± 0.52 (Table 

1 and Table S3). The average disease duration at death was 10.4 ± 2.4 years and the average 

age-at-death was 67.15 ± 6.82 years. All participants were assigned Braak stage V or VI for 

neurofibrillary changes31 and had “frequent” neuritic plaque pathology by CERAD criteria 

(Table 1 and Table S1).
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3.2| Regional patterns of NFT density and frequency-specific neuronal synchrony deficits

Regional distribution of NFT burden, quantified using thioflavin-S fluorescent microscopy 

(Figure 1A), showed more NFT in the neocortex than the hippocampus (CA1 and 

subiculum) in our cohort (Figure 1B and C). For example, the angular gyrus and superior 

temporal gyrus showed the highest average NFT burden values (126.2 ± 64.7, 126.1 ± 51.3 

per mm2, for angular gyrus and superior temporal gyrus, respectively), while CA1 showed 

the lowest average NFT burden (82.5 ± 49.5 per mm2). This is consistent with our cohort 

having a high percentage (92%) of patients with early-onset and atypical AD who selectively 

have high tau density in the neocortex.6

Patients with AD consistently showed reduced neuronal synchrony within the alpha band 

and increased neuronal synchrony within the delta-theta band in most ROIs, compared 

to age-matched controls (Figure S1 in supporting information). Across the six ROIs, the 

angular gyrus showed the largest reductions in alpha synchrony as well as the highest 

increases in delta-theta synchrony (Figure 1D; normalized imaginary coherence, −0.57 

± 0.71, 0.42 ± 1.21, for alpha and delta-theta, respectively). At each ROI, the z-score 

distribution of delta-theta range was higher than that of the alpha range (Figure 1D; range, 

−1.6–1.8, and −1.2–2.6, for alpha and delta-theta, respectively). Furthermore, reduced alpha 

synchrony, but not increased delta-theta synchrony, showed a significant negative correlation 

with the CDR-SOB measured around the time of the MEG (Figure S2A–B in supporting 

information). The pattern of alpha hyposynchrony and delta-theta hypersynchrony as well 

as their distinct associations with clinical deficits are consistent with previous reports in 

patients with AD, from our group as well as from others.16,19,32

3.3| Associations of regional NFT density and frequency-specific neuronal synchrony 
deficits

Next, we examined the associations between the regional NFT density estimates and the 

regional deficits of neuronal synchrony within alpha and delta-theta frequency bands (Figure 

2). A linear mixed model predicting the degree of NFT density from frequency-specific 

neuronal synchrony deficits adjusted for the clinical decline and time lag between MEG 

scan and death, showed significant associations with alpha deficits but not with delta-theta 

deficits. For example, lower regional z-scores of alpha (more hyposynchronous alpha) 

predicted higher NFT burden (Figure 2A; F = 10.17, P = 0 .01). In contrast, delta-theta 

synchrony deficits did not show significant associations with the regional NFT burden 

(Figure 2B; F = 0.07, P = 0.80). Figure 2A–B depict the model fits computed at group 

average values of duration between MEG and death, CDR-SOB difference between MEG 

and death, and CDR at death, and Figure 2C–D depict raw data.

The random intercepts at different levels of CDR at death illustrated the associations of the 

alpha band synchrony deficits and NFT density (Figure 3, CDR = 0–3). For example, at 

CDR = 0, and at an unimpaired level of alpha hyposynchrony (i.e., z-score = 0), which may 

essentially represent a cognitively normal individual with intact functional connectivity, the 

model predictions of cortical NFT burden was close to zero (Figure 3A, CDR = 0). At higher 

values of CDR scores, the model predicted higher levels of NFT density for a given z-score 
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measure of neuronal synchrony within alpha band (Figure 3A, CDR = 1–3). Delta-theta 

synchrony deficits (Figure 3B) were not significant predictors of NFT density.

MEG source localization estimates have a relatively higher reliability in superficial cortical 

regions than deep brain regions such as medial temporal cortex. To examine the associations 

between neuronal synchrony deficits and NFT densities exclusively within the neocortex, 

we repeated the mixed model analyses using only the four neocortical ROIs (angular gyrus, 

middle frontal gyrus, superior temporal gyrus, and primary mortor cortex). Consistent with 

our previous result with six ROIs, we found robust correlations between the NFT burden 

and frequency-specific neuronal synchrony deficits (Figure S3 in supporting information). 

Specifically, alpha deficits showed a significant negative association with the NFT density, 

where greater reductions in alpha synchronizations predicted higher NFT burden (Figure 

S3A,C). In contrast, delta-theta synchrony deficits did not show significant associations with 

neocortical NFT density (Figure S3B,D).

4| DISCUSSION

In this study, we demonstrated the neuronal synchrony abnormalities within alpha and delta-

theta oscillatory bands and their associations with the NFT burden, in a well-characterized 

clinicopathological cohort of patients with AD. To the best of our knowledge, this is the 

first study to examine the associations between neurophysiological signatures of network 

level dysfunction and histopathologically quantified NFT density–the gold-standard method 

to measure tau burden, in patients with AD. Our results indicate that reductions within 

alpha band neuronal synchrony are sensitive indices of neurodegenerative effects associated 

with abnormally phosphorylated, aggregated tau, in AD. The current results are consistent 

with, and extend the previous findings from tau-PET imaging in which the degree and 

distribution of tau-tracer uptake was significantly correlated with the degree and distribution 

of alpha hyposynchrony,16 and from CSF tau assays in which higher CSF phospho-

tau and total-tau were associated with reduced electrophysiological signatures of alpha 

oscillations, in patients with AD.19,21,33 These findings indicate the specific vulnerabilities 

of cellular and molecular pathways underlying alpha oscillatory dynamics to tau-associated 

pathomechanisms in AD.

4.1| Disrupted alpha oscillations may provide a biomarker beyond NFT in AD 
pathophysiology

Previous neurophysiological studies using EEG and MEG have demonstrated a dynamic 

pattern of abnormalities within alpha band oscillatory activity during the disease course in 

patients with AD neuropathological spectrum. In preclinical and prodromal stages of AD 

there is a frontal predominant increase in alpha power and synchrony where the increased 

alpha oscillatory signal has been shown to discriminate patients with MCI and individuals 

with subjective cognitive decline from healthy controls,34,35 associated with increased CSF 

phosphotau20 and to be of higher predictive value Proof.aspxof conversion from MCI to 

AD.36–38

With advanced stages of AD dementia, alpha power and synchrony become significantly 

reduced in frontal as well as posterior temporal and parietal cortices in the brain, compared 

Ranasinghe et al. Page 7

Alzheimers Dement. Author manuscript; available in PMC 2022 January 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to healthy older adults.16,39–41 The current study represents the latter associations–reduced 

alpha oscillatory activity in patients with AD dementia stage–and further establishes 

the specific associations of reduced alpha signatures with underlying tau pathology in 

AD. Although the specific relationships between dynamic patterns of alpha oscillations 

and progressive changes in tau and Aβ accumulations are yet to be demonstrated, 

current evidence supports the hypothesis that alpha deficits may have distinct temporal 

relationships with tau and Aβ and may provide reliable electrophysiological indices of 

disease progression. For example, the early increase of alpha power and synchrony may be 

driven by the neuronal hyperactivity that is strongly associated with Aβ in animal models 

of AD. This idea is supported by MEG and EEG evidence of alpha power augmentation 

significantly associated with Aβ tracer uptake in Aβ-positive MCI patients.18,42 In the 

backdrop of novel peptide modulatory therapies in the lineup for clinical trials the demand 

for precise deciphering of neuronal circuit dysfunction and measures to quantify therapeutic 

efficacy is felt more than ever and alpha oscillatory indices provide promising tools for such 

requirement.

The strong and distinct association between alpha hyposynchrony and histopathologically 

quantified NFT density, however, does not limit alpha hyposynchrony as a 

neurophysiological measure solely representing NFT. In a previous study, using 18F-

flortaucipir we showed that regional patterns of alpha hyposynchrony in AD patients were 

spatially colocalized with tau tracer uptake, and that greater degree of hyposynchrony is 

associated with higher amount of tracer uptake.16 Although there are important distinctions 

including the apriori selected regional analysis in the current study as opposed to the 

voxelwise whole-brain analysis in the previous multimodal imaging investigation, we can 

identify some important parallels. First, STG and AG showed greater degree of alpha 

synchrony reductions compared to other neocortical regions in both investigations. Second, 

the regional patterns of colocalized reduced-alpha synchrony and increased flortaucipir 

uptake overlapped with the neocortical regions of AG, STG, and MFG. Of importance is the 

finding that alpha-hyposynchrony is correlated with both NFT density at histopathological 

assessment and with the 18F-flortaucipir uptake, suggesting that it is a biomarker sensitive 

to the effects of tau measured by both these modalities. Because 18F-flortaucipir binds to 

tau filaments in neurites (neuropil threads) as well as NFT,43 tau-PET may represent a 

different load of pathological tau than what is quantified as NFT density in histopathological 

assessment. As such, alpha hyposynchrony may be a sensitive index of multiple and 

heterogeneous effects of tau-associated toxicity in AD pathophysiology.

4.2| Alpha hyposynchrony provides a common translational thread between human 
neuroimaging and AD transgenic mice

Our finding that reduced alpha synchrony, but not the increased delta-theta synchrony, 

is strongly correlated with the NFT density within select brain regions is consistent 

with in-vivo experiments in AD transgenic mice showing tau-dependent suppression of 

neurons. In transgenic mice, pathological tau was found to reduce the activity within the 

neocortical networks via suppression and disruption of neuronal firing patterns.11,12,44 In 

addition, the toxic effect of tau appears to preferentially target excitatory neurons and 

leads to downregulation of the genes involved in glutamate receptor signaling including 
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several AMPA and NMDA receptor subunits.12,45 Although several fundamental questions 

remain to be answered in these preclinical models, including whether tau is pathogenic 

in its oligomeric or fibrillar form and whether the toxic effects of tau are intracellular or 

extracellular, the results from the current study provide a consistent link between cellular 

abnormalities found in preclinical mouse models and network-level dysfunction in patients 

with AD. Alpha hyposynchrony thus poses an index of high translational value in AD 

research, which needs to be pursued in future studies researching the physiological and 

pathological bases of this rhythm.

4.3| Tau is related to abnormal cortical neural synchronization mechanisms

Recent studies have also reported close associations between disrupted sleep-wake cycles 

and tau, both in humans and in rodent models.46,47 Neuropathological studies in human 

patients, have shown that wake-promoting neurons in the brain are extremely vulnerable to 

tau depositions in AD.48 Given that alpha oscillations are tightly related to the awake brain 

states, these relationships posit an intriguing connection between the selective vulnerabilities 

of neurons to tau pathology in AD and deficits in alpha oscillatory dynamics.49 The 

demonstration of strong overlap of alpha hyposynchrony with the brain regions that 

ultimately develop pathological hallmarks of tau–the key emphasis delivered in the current 

results–suggests that the disrupted alpha rhythms may be a harbinger of pathological 

processes targeting “awake” states of neural circuits and may even contribute to aberrant 

neuroplasticity.

A growing literature illustrates that neural oscillations are a fundamental mechanism of 

information processing in neural networks. Modulation of oscillatory power in different 

frequency bands is thought to reflect changes in the synchronization of local and long-

range neuronal assemblies. The prominent view in the current literature is that alpha 

oscillations exert an inhibitory modulation of irrelevant neuronal activity thus reducing 

the neural noise, and plays an important role in gating the information in neural 

networks.50 As such, reduced alpha oscillations in patients with AD is consistent with 

network dysfunction associated with AD pathophysiology. Previous EEG and MEG studies 

in patients with AD have demonstrated that the reduced alpha oscillatory activity is 

significantly correlated with global cognitive deficits such as reduced MMSE scores or 

increased CDR-SOB ratings as well as some domain-specific cognitive deficits such as 

executive and working memory.16,51–53 As the current study establishes an important link 

between alpha hyposynchrony and tau accumulation in patients with AD, it highlights the 

importance of including neurophysiological indices together with cognitive measures in the 

models predicting tau accumulation and neurodegeneration.

4.4| Delta-theta oscillatory deficits have a variable association with tau and Aβ during the 
disease course in AD

In our previous multimodal imaging investigation combining MEG and Aβ- and tau-PET 

we found that Aβ tracer uptake only showed significant relationships with the degree and 

distribution of delta-theta hypersynchrony, whereas tau tracer uptake showed spatial as well 

as functional associations with both alpha hyposynchrony and delta-theta hypersynchrony, 

in patients with AD.16 In this context, the current finding of delta-theta hypersynchrony 
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showing no relationship to NFT density is seemingly inconsistent. However, the time 

and space dynamics of Aβ and tau in AD pathophysiology may explain these diverse 

relationships. Neuronal hyperactivity and hypersynchrony has been identified as an early-

stage abnormality along the AD continuum in both preclinical mouse models as well 

as in human neuroimaging studies.9,18,35,42,54–56 It has been suggested that this early 

hyperactivity is driven by the pathogenic effects of Aβ on neuronal circuits, which later 

become hypoactive with the emergence of a predominant tau-associated pathogenic effect.10 

It is therefore reasonable to expect that delta-theta hypersynchrony may only covary with 

protein depositions in the brain regions that have a predominance of ongoing Aβ-associated 

toxic effect. Our results indicate that the select ROIs considered in the current autopsy 

analysis do not represent these regional combinatorial effects of Aβ and tau. On the 

other hand, in our previous investigation of voxel-level associations between delta-theta 

hypersynchrony and the protein-specific tracer uptake in PET imaging during the disease 

course in AD patients we demonstrated the main effects as well as interactive effects of tau 

and Aβ on delta-theta hypersynchrony.

4.5| Limitations

Our study is not without limitations. First, we chose to focus on six specific brain 

regions because of their relevance across a range of functional domains and classical 

vulnerability to AD pathology. Future work to further elucidate the relationship between 

regionally specific tau accumulation and neurophysiological abnormalities would benefit 

from assessing additional brain regions, as well as intra-regional differences such as NFT 

pathology in layers III and V. The latter may provide additional insights about cellular-level 

vulnerabilities. Second, except for one patient our cohort exclusively consisted of the 

early-onset AD phenotype. Although this selection allowed us to chose a clinical cohort 

of AD excluding other co-pathologies, it also limited the ability to generalize our findings 

to late-onset AD phenotype. Third, despite the benefit of close clinical follow-up over 

many years, our sample size is relatively small. Future studies with more patients and 

representing all phenotypic presentations of AD will be able to examine the sensitivity 

and specificity of alpha hyposynchrony as a neurophysiological index of NFT density. 

Notwithstanding the constraints imposed by small sample size, the robust associations 

between neurophysiological and histopathological indices of AD from the current study 

provide a solid rationale for the design and analyses of large-scale cohort studies in future.

4.6| Summary and future directions

During the past decades, intense research into the mechanisms of neurodegenerative 

diseases have discovered novel genetic and molecular features as well as exposed 

the complexity and heterogeneity of tau proteinopathies.57 Characterizing the abnormal 

neurophysiological indices associated with tau in AD patients not only will help address 

fundamental questions about the mechanisms of AD pathophysiology, but also will 

deliver translational biomarkers to facilitate the preclinical-to-clinical discovery of new 

treatments. The important link established by the current study, between neurophysiological 

manifestations and the histopathological indices of AD pathophysiology, marks a significant 

step toward a long-term goal of developing validated electrophysiological biomarkers. Key 

topics for future research include the study of cross-sectional and longitudinal relationships 
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between neurophysiological manifestations and tau accumulation and neurodegeneration, 

and integration of these findings into structure-function modeling that can inform clinical 

trials and new therapeutic options.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature using traditional 

(e.g., PubMed) sources and conference proceedings. The relevant publications 

describing the neurophysiological manifestations and neuropathological 

characteristics of Alzheimer’s disease (AD) are appropriately cited.

2. Interpretation: Associations between alpha oscillatory (8–12 Hz) deficits 

during the disease course and tau burden at the post mortem examination, 

in patients with AD, offer neuropathological validation of frequency-

specific neurophysiological signatures of tau-mediated pathophysiological 

mechanisms in AD.

3. Future directions: The article emphasizes that characterization of abnormal 

neurophysiological indices associated with tau in AD patients will not 

only help address fundamental questions about the mechanisms of AD 

pathophysiology, but also facilitate the translation between preclinical animal 

models and human condition. Key topics for future research include the study 

of cross-sectional and longitudinal relationships between neurophysiological 

manifestations and tau accumulation and integration of these findings into 

structure-function modeling that can inform clinical trials and new therapeutic 

options.
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HIGHLIGHTS

• An observational cohort study combining magnetoencephalography and 

neuropathology.

• Abnormal alpha but not delta-theta oscillations predicted post mortem tau 

density.

• Frequency-specific neurophysiological indices are promising network 

biomarkers in Alzheimer’s disease.
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FIGURE 1. 
Estimation of regional neurofibrillary tangle (NFT) densities and frequency-specific 

neuronal synchrony deficits: Regional tau NFT densities were quantified via thioflavin-S 

fluorescent microscopy (A), where NFT pathology is distinguished by flame-shaped or 

globose morphology of fibrous aggregates (A-inset). Mean NFT densities per mm2 were 

estimated for six regions, including angular gyrus (AG), primary motor cortex (PMC), 

superior temporal gyrus (STG), middle frontal gyrus (MFG), hippocampus-CA1 (CA1), 

and subiculum (SUBI), in patients with Alzheimer’s disease (AD; B-C). For each region, 

the degree of neuronal synchrony was quantified within alpha (8–12 Hz) and delta-theta 

(2–8 Hz) oscillatory bands (D). Neuronal synchrony is depicted as the average imaginary 
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coherence estimate per each region, normalized based on an age-matched healthy control 

population. (n = 13, patients with AD; n = 23 age-matched controls)
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FIGURE 2. 
Predictions of neurofibrillary tangle (NFT) density by frequency-specific neuronal 

synchrony deficits in patients with Alzheimer’s disease (AD): Estimates from linear mixed-

effects models predicting the NFT density by alpha (8–12) synchrony deficits and delta-

theta (2–8 Hz) synchrony deficits, in patients with AD showed that greater alpha deficits 

significantly predicts with higher NFT burden (A), while delta-theta does not predict NFT 

burden (B). Each mixed-effects model included a repeated measured design to include six 

regions per subject and additional variables of CDR at death, CDR-SOB difference from 

MEG to death and time duration from MEG to death. The model fits depicted in (A-B) 

are computed at group averages for other additional variables (2.45, 9.07, and 4.74, for 

CDR, CDR-SOB difference, and time difference, respectively). Raw data points depicting 

the regional values of mean NFT densities and mean imaginary coherence in alpha (8–12 

Hz) band (C), and delta-theta (2–8 Hz) band (D), in patients with AD. AG, angular gyrus; 

CA1, hippocampus-CA1; CDR, Clinical Dementia Rating; CDR-SOB, Clinical Dementia 

Rating Sum of Boxes; MEG, magnetoencephalography; MFG, middle frontal gyrus; PMC, 

primary motor cortex; STG, superior temporal gyrus; SUBI, subiculum
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FIGURE 3. 
Predictions of neurofibrillary tangle (NFT) density by frequency-specific neuronal 

synchrony deficits at different degrees of functional severity at death in patients with 

Alzheimer’s disease (AD): Estimates from linear mixed-effects models predicting the NFT 

burden by alpha (8–12) synchrony deficits (A) and delta-theta (2–8 Hz) synchrony deficits 

(B), in patients with AD. From left to right each subplot depicts model fits computed at 

varying combination of Clinical Dementia Rating (CDR) at death and Clinical Dementia 

Rating Sum of Boxes (CDR-SOB) difference as such to represent increasing functional 

deficits. For example, the left most subplot is computed at the CDR = 0 and CDR-SOB 

difference = 0, while the next three subplots from left to right are computed at first 

quartile (Q1), median and the third quartile (Q3) values for CDR-SOB difference from 

magnetoencephalography (MEG) to death and duration from MEG to death
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TABLE 1

Demographic characteristics of patients with AD (n = 13)

Age at MEG – y 62.88 ± 7.47

Age of disease onset –y 56.77 ± 8.07

Age at death – y 67.15 ± 6.82

Sex (female) – no. (%) 7 (53.85)

Race (White) – no. (%) 13 (100.00)

Education – y 15.92 ± 3.38

CDR at MEG 0.96 ± 0.52

CDR-SOB at MEG 5.46 ± 2.95

MMSE at MEG 20.62 ± 4.81

CDR-SOB at death 14.58 ± 4.14

CDR at death 2.46 ± 0.88

Braak stage 5.92 ± 0.28

Thal stage 4.92 ± 0.28

Duration between MEG and death – y 4.27 ± 2.29

Abbreviations: AD, Alzheimer’s disease; CDR, Clinical Dementia Rating; CDR-SOB, CDR Sum of Boxes; MEG, magnetoencephalography; 
MMSE, Mini-Mental State Examination.
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