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Abstract

Neural synchrony is intricately balanced in the normal resting brain but becomes altered in
Alzheimer’s disease (AD). To determine the neurophysiological manifestations associated with
molecular biomarkers of AD neuropathology, in patients with AD, we used
magnetoencephalographic imaging (MEGI) and positron emission tomography with amyloid-beta
(AB) and TAU tracers. We found that alpha oscillations (8 to 12 Hz) were hyposynchronous in
occipital and posterior temporoparietal cortices, whereas delta-theta oscillations (2 to 8 Hz) were
hypersynchronous in frontal and anterior temporoparietal cortices, in patients with AD compared
to age-matched controls. Regional patterns of alpha hyposynchrony were unique in each
neurobehavioral phenotype of AD, whereas the regional patterns of delta-theta hypersynchrony
were similar across the phenotypes. Alpha hyposynchrony strongly colocalized with TAU
deposition and was modulated by the degree of TAU tracer uptake. In contrast, delta-theta
hypersynchrony colocalized with both TAU and A depositions and was modulated by both TAU
and AP tracer uptake. Furthermore, alpha hyposynchrony but not delta-theta hypersynchrony was
correlated with the degree of global cognitive dysfunction in patients with AD. The current study
demonstrates frequency-specific neurophysiological signatures of AD pathophysiology and
suggests that neurophysiological measures from MEGI are sensitive indices of network disruptions
mediated by TAU and AP and associated cognitive decline. These findings facilitate the pursuit of
novel therapeutic approaches toward normalizing network synchrony in AD.

INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of dementia in older adults and is
characterized by progressive impairments in synapses, neural networks, and related
cognitive functions (1-3). Aberrant neurophysiological manifestations in hippocampal and
cortical circuits have been implicated in causing cognitive deficits in preclinical AD research
where abnormally hyper- and hypo-active neurons and altered oscillatory rhythms have been
linked to mechanisms mediated by amyloid-beta (Ap) and microtubule-associated protein
TAU in transgenic mouse models of AD (4-9). In patients with AD, recent positron emission
tomography (PET)-based methods have transformed our understanding of AD
pathophysiology. Tracers that bind to extracellular Ap plaques and abnormally
phosphorylated TAU now make it possible to visualize the origins and spread of these
abnormal proteins during life (10-12). However, the aberrant neurophysiological
manifestations associated with AD pathophysiology in humans remain poorly understood.

Electroencephalography (EEG) and magnetoencephalography (MEG) are two noninvasive
neurophysiological modalities that are sensitive to postsynaptic current flows in neocortical
pyramidal cells with high temporal resolution. In patients with AD, EEG and MEG studies
have shown reduced alpha power (8 to 13 Hz) in temporal and occipital sensors and
enhanced delta-theta power (2 to 8 Hz) in frontal and temporal sensors (13-15). Similarly,
MEG studies in subjects with prodromal AD with positive AB-PET have revealed increased
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power in delta-theta bands as spectral signatures of MEG sensors associated with increased
regional AP depositions and cellular hypometabolism (16-18). Other studies using MEG
sensor data to investigate patients with AD-related dementia have reported consistent
patterns of increased delta-theta in frontal and temporal sensors and decreased alpha in
temporal and occipital sensors in measures of power and synchrony (14, 19, 20). Although
these studies do not describe neural sources of network deficits detected in MEG and EEG
sensors, they demonstrate the sensitivity of MEG and EEG to detect functional changes in
early stages of AD. Because MEG can be more facilely used in conjunction with inverse
algorithms that enable estimation of brain activity that contribute to observed sensor data, it
can be used uniquely to examine the neuronal activations and communications across the
whole brain, as well as breakdown of neural networks in neurodegenerative diseases (21). In
combination with molecular imaging, MEG can help elucidate the biological bases of
network deficits and their specific associations with AD pathophysiology.

Studies using functional magnetic resonance imaging (fMRI), a well-established imaging
modality that measures changes in the blood oxygen level-dependent (BOLD) signal as a
surrogate for neuronal activity, have demonstrated dysfunctional large-scale neural networks,
most notably the default mode network (DMN), in patients with AD (22-24). Furthermore,
in healthy older adults, neuroimaging studies combining fMRI with AB-PET and TAU-PET
have identified associations between functional connectivity and the degree of Ap and TAU
deposition in the brain (25, 26). The latter studies have revealed distinctive as well as
interactive effects of AR and TAU on network integrity. For example, cognitively healthy,
ApB-positive individuals showed increased functional connectivity within DMN at low
concentrations of TAU and decreased functional connectivity at high concentrations of TAU.
However, the poor temporal resolution of fMRI has limited ability to delineate the
associations between precise timing of neurophysiological events and AD pathophysiology.

A better understanding of the neurophysiological signatures associated with Ap and TAU in
humans is essential to fulfill a critical gap in our understanding to link the findings of
network dysfunction in animal models to those in humans. Patients with AD may present
with uniquely focal neurobehavioral phenotypes reflecting dysfunction of specific neural
systems. The three most predominant AD neurobehavioral phenotypes include amnestic/
dysexecutive AD (AD-amnestic/dysexecutive) characterized by damage to frontal executive
and medial temporal memory systems, logopenic variant of primary progressive aphasia
(AD-IvPPA) with damage to language systems (27), and posterior cortical atrophy (AD-
PCA) with damage to visual systems (28). The focality and system-specific neurobehavioral
features do not reflect regional patterns of AR accumulations, but they do show strong
correspondence to the regional patterns of TAU accumulations and neuronal loss. The
neurophysiological abnormalities in these AD variants are not known.

In the present study, we hypothesized that, in patients with AD, frequency-specific neural
oscillatory activity from distinct neural populations will be associated with explicit
vulnerabilities to Ap and TAU accumulations. We leveraged the high spatial and precise
temporal resolution of MEG imaging (MEGI) to characterize network abnormalities in
patients on the AD pathophysiological continuum and used a multimodal imaging approach
combining MEGI, AB-PET, and TAU-PET. MEGI combines MEG sensor measurements

Sci Transl Med. Author manuscript; available in PMC 2020 April 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ranasinghe et al.

RESULTS

Page 4

with individualized MRI data and inverse algorithms to generate functional maps of brain
activity and determines accurate neuronal sources of electrophysiological signals (29). We
examined the neuronal synchrony within alpha (8 to 12 Hz) and delta-theta (2 to 8 Hz)
frequency bands in patients with AD [/7= 60 patients with probable AD or mild cognitive
impairment (MCI) due to AD (30, 31); Clinical Dementia Rating (CDR) range, 0.5 to 2;
Table 1] compared with age-matched controls (n7= 20) and determined the associations
between frequency-specific neuronal synchrony deficits and Ap burden, TAU burden, and
global cognitive decline. We also examined the patterns of frequency-specific neuronal
synchrony deficits in each AD neurobehavioral phenotype.

Patients with AD exhibit hyposynchronous alpha rhythms and hypersynchronous delta-
theta rhythms

The direct voxel-wise comparison of resting-state global neuronal synchrony between
patients with AD and age-matched controls revealed distinct deficits within alpha (8 to 12
Hz) and delta-theta (2 to 8 Hz) frequency bands (Fig. 1). We estimated the global neuronal
synchrony within each frequency band, in each participant, by calculating the MEGI-derived
voxel-wise imaginary coherence (32) based on source space reconstruction algorithms and
individualized head models. Imaginary coherence at each voxel indicated the average
synchrony of that voxel with the rest of the brain. We found that, in patients with AD,
neuronal synchrony within the alpha band was reduced (hyposynchronous) compared to
controls (Fig. 1A), whereas neuronal synchrony within the delta-theta band was increased
(hypersynchronous) compared to controls (Fig. 1B). Anatomically, alpha hyposynchrony
was found in clusters of voxels distributed in the left inferior temporal, left posterior parietal,
and bilateral occipital regions (Fig. 1LA). In contrast, delta-theta hypersynchrony was found
in voxel clusters that were distributed more anteriorly, including bilateral frontal cortices,
bilateral posterior parietal cortices, and right temporal cortex (Fig. 1B).

Syndrome-specific spatial patterns in AD phenotypes occur in alpha hyposynchrony but
not in delta-theta hypersynchrony

We determined the specific neurobehavioral phenotype for each patient in our cohort
according to the diagnostic criteria for AD-IVPPA (= 15) and AD-PCA (n=15) and
labeled those who fulfilled the criteria for probable AD but did not meet criteria for either
AD-IVPPA or AD-PCA as AD-amnestic/dysexecutive (7= 30). Although all three variants
showed similar impairments in global cognition and equivalent degree of disease severity,
each AD phenotypic variant showed a characteristic profile on neuropsychological testing
(table S1). When contrasted against the age-matched control group, each AD phenotype
demonstrated a syndrome-specific anatomic pattern of alpha hyposynchrony (Fig. 2A). The
AD-amnestic/dysexecutive group showed a focal region of alpha hyposynchrony in bilateral
posterior parietooccipital cortices, whereas the AD-IVPPA group showed a left hemisphere
predominant involvement of posterior temporal cortex (Fig. 2A). AD-PCA on the other hand
showed bilateral occipital alpha hyposynchrony with relatively stronger deficits in the right
hemisphere (Fig. 2A). In sharp contrast to alpha hyposynchrony, the anatomic patterns of
delta-theta hypersynchrony were similar across the three AD phenotypes and involved
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bilateral anterior and dorsal frontal cortices and posterior parietal cortices (Fig. 2B). Patients
with AD-PCA showed additional voxel clusters of delta-theta hypersynchrony over the right
posterior temporal and right occipital cortices (Fig. 2B). Direct statistical comparisons
between patient subgroups further highlighted the unique spatial patterns of alpha
hyposynchrony and the nonspecific spatial distributions of delta-theta hypersynchrony
across AD phenotypes (fig. S1). These results suggest that alpha hyposynchrony reflects the
clinical heterogeneity of AD, whereas delta-theta hypersynchrony largely represents network
deficits that are nonspecific across AD phenotypes.

Alpha hyposynchrony and delta-theta hypersynchrony have different spatial associations
with TAU and A depositions

Next, we examined the regional relationships between protein tracer uptake (the TAU tracer,
flortaucipir; and the AB tracer, 11C-PiB) and neuronal synchrony deficits (alpha
hyposynchrony and delta-theta hypersynchrony) in patients with AD. The topographic
patterns of flortaucipir (TAU) and 11C-PiB (AB) uptake were consistent with previous
reports with high flortaucipir retention in temporoparietal regions (10) and high 11C-PIB
retention in bilateral frontal posterior parietal cortices (fig. S2) (33). As the first step in the
voxel-wise spatial colocalization analysis, in each patient, we identified the supratheshold
voxels showing alpha hyposynchrony, delta-theta hypersynchrony, increased flortaucipir
uptake, and increased 11C-PiB uptake (see Materials and Methods for details). Next, we
estimated the Gwet’s agreement coefficient (Gwet’s AC) (34) at each voxel to determine the
degree of correspondence between an abnormal index read from either modality of
neuroimaging (abnormally high or low synchrony or abnormally high protein tracer uptake).
We found strong colocalizations between alpha hyposynchrony and flortaucipir (Gwet’s AC,
>0.5; n=12; Fig. 3A) with an anatomic distribution of bilateral posterior and inferior
temporal cortices and the left posterior parietal cortex. This anatomic distribution, especially
on the left hemisphere, was consistent with the regional pattern of alpha hyposynchrony in
patients with AD as shown earlier (Fig. 1A). In contrast, there was poor spatial
colocalization between alpha hyposynchrony and 11C-PiB uptake (Fig. 3C). Delta-theta
hypersynchrony showed strong colocalizations with both increased flortaucipir and 11C-PiB
uptake (Gwets AC, >0.5; 7= 18; Fig. 3, B and D). Furthermore, the spatial overlap patterns
between delta-theta hypersynchrony and flortaucipir and 11C-PiB uptakes looked similar and
involved multiple voxel clusters over bilateral frontal posterior parietal and posterior
temporal cortices (Fig. 3, B and D). These regional patterns were also consistent with the
anatomic distribution of delta-theta hypersynchrony in patients with AD as shown earlier
(Fig. 1B). In summary, the spatial patterns of alpha hyposynchrony selectively colocalized
with flortaucipir (TAU) uptake, whereas the spatial patterns of delta-theta hypersynchrony
colocalized with both flortaucipir (TAU) and 11C-PiB (Ap) uptake.

Alpha hyposynchrony and delta-theta hypersynchrony are distinctly modulated by the
degree of TAU and Ap depositions

To examine the functional relationships between neuronal synchrony deficits and Ap and
TAU depositions, we used a voxel-wise general linear model analysis on the subset of
patients with all three imaging modalities: MEG, flortaucipir (TAU) PET, and 11C-PiB (AB)
PET (7= 12). The dependent variable in the model was the degree of abnormal synchrony
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estimated by the Z-normalized imaginary coherence (based on age-matched controls) at each
voxel. The predictor variables of the model included the degree of flortaucipir uptake
[standardized uptake value ratio (SUVR)] and the degree of 11C-PiB uptake [distribution
volume ratio (DVR)] for each voxel. The frequency band identity (alpha or delta-theta) and
the subject identity were included into the model (see Materials and Methods for details).
This voxel-wise model revealed distinct associations of alpha and delta-theta synchrony with
degree of TAU and Ap tracer uptake (Fig. 4). The degree of flortaucipir uptake negatively
modulated alpha synchrony [p = —-0.68; £< 0.0001; SE = 0.32; 95% confidence interval
(CI), —1.31 to -0.05; Fig. 4, left subplot] where higher flortaucipir uptake was associated
with greater hyposynchrony in alpha band. There was no main effect of 11C-PiB uptake on
alpha synchrony [p = 0.47; £P=0.059; SE = 0.35; 95% ClI, —0.22 to 1.15]. In contrast, both
flortaucipir and 11C-PiB uptake positively modulated delta-theta synchrony [flortaucipir: B =
1.66; P< 0.0001; SE = 0.23; 95% Cl, 1.19 to 2.12; 11C-PiB: p = 1.13; P< 0.0001; SE =
0.25; 95%, 0.64 to 1.62]. This is also depicted in the interaction plot (Fig. 4, right subplot)
where voxels with high 11C-PiB and with low flortaucipir, and low 11C-PiB with high
flortaucipir both showed hypersynchronous delta-theta. At voxel-level interactions, a high
amount of both proteins (high 11C-PiB and high flortaucipir uptake) caused a net effect of
reduced synchrony in delta-theta (Fig. 4, delta-theta subplot, top right corner). These
findings indicate distinct effects of TAU and AP depositions on neural synchronizations
within specific oscillatory frequencies in AD—alpha is negatively modulated by TAU
regardless of AR, whereas delta-theta is either positively or negatively modulated by
interaction of TAU and AB. We also reran our model after including the APOE-e4 carrier
status of each subject into the model. The addition of APOE-e4 carrier status did not change
the associations between frequency-specific neural synchronization deficits and molecular
tracer uptake in patients with AD (table S2).

Alpha hyposynchrony is associated with MMSE decline

We have demonstrated that alpha hyposynchrony, in contrast to delta-theta hypersynchrony,
is strongly modulated by the amount of TAU deposition as well as more tightly linked to
topography of TAU deposition representing the AD phenotypic variability. Consequently, we
then predicted that alpha hyposynchrony will have stronger associations with clinical decline
than delta-theta hypersynchrony. We used a linear mixed model analysis to quantify the
relationship between each neuronal synchrony defect and performance on the Mini-Mental
State Exam (MMSE) in a cross-sectional analysis. For this analysis, we included the subset
of patients with AD (7= 26) who were evaluated with MMSE within 30 days of MEGI. The
magnitude of alpha and delta-theta synchrony was estimated in a region of interest (ROI)-
based approach where the average synchrony was estimated for each patient within the ROI
showing group differences when compared with age-matched controls, for each frequency
band (see Materials and Methods). Using a linear mixed model, these values were modeled
against MMSE, where participants were categorized into each quartile of MMSE score
distribution (MMSE performance scores divided into quartiles). With observations stratified
into meaningful epochs of disease severity, this analytic approach provided precise estimates
of error within these categories and allowed robust detection of associations between the
patterns of change. We found a significant drop in alpha synchronizations across the MMSE
quartiles starting from high to low (F=5.44, £=0.0063; Fig. 5A and table S3). In contrast,
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there was no significant change in delta-theta synchronizations across the MMSE quartiles
(F=0.75, P=0.5281; Fig. 5B and table S3). Collectively, these results support the premise
that changes of alpha synchronizations meaningfully correlate with global cognitive deficits
in patients with AD.

DISCUSSION

We demonstrated neuronal synchrony abnormalities within alpha and delta-theta oscillatory
bands and their associations with A deposition, TAU deposition, and cognitive decline in
AD. Patients with AD showed reduced alpha synchronizations compared with age-matched
controls. The alpha-hyposynchrony was (i) closely mapped onto syndrome-specific regional
deficits in each neurobehavioral phenotype of AD; (ii) topographically associated with TAU
deposition and not with AB; (iii) modulated by the degree of TAU deposition and not by Ap;
and (iv) strongly correlated with the decline in global cognition in patients with AD. In
contrast, delta-theta synchronizations were increased in patients with AD compared with
age-matched controls. The delta-theta hypersynchrony was (i) located in a similar
distribution in all three AD phenotypes; (ii) topographically associated with both TAU and
AP deposition; (iii) modulated by the degree of TAU depositions as well as the degree of AR
depositions; and (iv) not associated with MMSE decline in patients with AD. A long-known
conundrum in AD research is that AB and TAU aggregates have discrepant spatial patterns
and relationships with clinical deficits (35). Distinct relationships of alpha and delta-theta
with TAU and Ap aggregates demonstrate that diverse cellular and molecular pathways that
determine alpha and delta-theta frequencies may have specific vulnerabilities to AD
pathophysiological mechanisms (36).

Alpha oscillations primarily deliver an overall inhibitory influence (37), where alpha power
and synchrony are modulated to down-regulate the task-irrelevant information network
activity while keeping a high signal-to-noise ratio within task-relevant networks (38, 39).
Thus, it is conceivable that local neuronal hyperexcitability is a potential downstream effect
of impaired alpha synchronizations in affected neural networks. Network hyperexcitability
and aberrant neuronal firing are key findings in transgenic mouse models of AD (40).
Consistent with these findings, our group previously reported a higher incidence of
subclinical epileptiform activity in patients with AD than age-matched control participants
(41). Both these lines of evidence support the hypothesis that intrinsic deficits of inhibitory
mechanisms contribute to AD pathophysiology. The unique regional patterns of alpha
hyposynchrony in each clinical phenotype of AD identified in the current study indicates the
selective vulnerability of networks to develop deficits in alpha rhythms, which may
subsequently contribute to characteristic cognitive defects in patients with AD. Network
abnormalities occur many years before the structural deficits and overt pathological changes
in AD as well as clinical symptoms (42). Future studies on prodromal and preclinical AD
will determine the extent to which alpha deficits may indicate early manifestations of
network abnormalities in AD.

The current study highlighted several key parallels between deficits in alpha synchrony and
TAU deposition. First, there was a strong topographical relationship between alpha
hyposynchrony and flortaucipir uptake. Previous neuroimaging studies have shown that TAU
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deposition has distinct anatomic relationships in each AD phenotype closely mapping to the
specific neural network affected (10). Our findings of alpha hyposynchrony closely
resembles the same regional heterogeneity across the three neurobehavioral AD phenotypes.
Second, cognitive deficits in patients with AD are strongly correlated with TAU depositions,
whereas only weakly associated with Ap depositions (33, 43, 44). Consistent with this
observation, we found that alpha synchrony was correlated with MMSE deficits in patients
with AD. Third, our general linear model identified a strong main effect of flortaucipir
uptake on alpha hyposynchrony but no main effect of 11C-PIB uptake on alpha synchrony.
Collectively, these findings indicate that impaired alpha synchrony within focal neural
networks is likely an important consequence of TAU-mediated pathophysiological
mechanisms in AD. Furthermore, normalizing long-range alpha synchrony may hold
promise as an intriguing neuromodulatory target (45, 46). Prospective and longitudinal
studies combining MEG and PET will assess the utility of regional alpha synchrony as a
potential biomarker to assess therapeutic efficacy of new TAU reduction therapies in AD.

The anatomic distribution of delta-theta hypersynchrony shows a remarkable overlap with
the brain regions identified as anterior and dorsal DMN. In the context of recent fMRI
experiments demonstrating increased DMN connectivity, especially in the earliest stages of
AD pathophysiological continuum (26, 47), delta-theta hypersynchrony may characterize the
neurophysiological signatures of a functional up-regulation of network activity. Whether this
increased synchrony depicts mechanisms that are compensatory or contributory to network
disruption in AD remains to be uncovered. Furthermore, recent studies illustrate unique
modulations of Ap and TAU deposition on network-specific functional connectivity in
humans. For example, Ap+ healthy individuals showed increased DMN connectivity in the
presence of low TAU depositions and decreased DMN connectivity in the presence of high
TAU depositions (26). Our general linear model results, which demonstrated that delta-theta
synchrony is strongly modulated by AP deposition yet being influenced by the degree of
TAU deposition, are a consistent parallel with such phenomenon. For example, when TAU
deposition was low, higher amounts of Ap positively modulated delta-theta synchrony,
whereas when TAU deposition was high, higher amounts of Ap negatively modulated delta-
theta synchrony. Although the sequential relationship of which of these abnormalities comes
first still remains unknown, according to the amyloid-cascade hypothesis, (48, 49) it is
reasonable to consider that Ap-induced delta-theta hypersynchrony could precede, and lead
to, TAU-induced hyposynchrony. Future studies in presymptomatic and prodromal AD will
delineate these exact relationships. Moreover, treatment with levetiracetam as a network
stabilization target in AD have demonstrated reductions in delta synchrony (50), indicating
the potential benefit of this neurophysiological index as a biomarker.

The failure of clinical trials to transfer therapies from preclinical to clinical studies in AD
highlights our limited knowledge of how abnormal neurophysiology in animal models
reflects pathophysiological mechanisms in the human condition. Our multimodal imaging
approach combining MEG, flortaucipir-1C-PIB-PET uncovered key observations highly
relevant to studies examining Ap- and TAU-mediated cellular toxicity in AD transgenic
mice. Increased neuronal activity and network hypersynchrony associated with higher Ap
burden are widely reported in AD transgenic mice (4, 9, 40, 51). In contrast, decreased
neuronal activity and impaired network synchrony have been reported in association with the
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presence of TAU aggregation in P301L TAU transgenic mice (5). The main effects of 11C-
PIB-PET uptake and flortaucipir uptake from our general linear model, associated with an
increased and decreased neuronal synchrony, respectively, fit nicely with these preclinical
results. Furthermore, our model revealed an interaction between 11C-PIB-PET uptake and
flortaucipir uptake on neuronal synchrony. Many preclinical studies have reported
dependencies of Ap-mediated toxicity on TAU, with a dominating effect of TAU to impair
functional integrity of neural circuits (8) as well as TAU being a mediator of AB toxicity in
AD (52). Our results underscore that the overall neurophysiological effect of these protein-
specific toxicities manifests within distinct frequency oscillatory bands—alpha being
hyposynchronous, and delta-theta being hypersynchronous.

A key distinction between human and rodent data is that, whereas human resting brain
rhythms are dominated by two clear peaks—the strongest created by alpha oscillations (8 to
12 Hz) and the second strongest created by delta-theta oscillations (2 to 8 Hz)—rodents
show only a single predominant peak of theta oscillations (4 to 12 Hz) (53). A clear alpha
peak is virtually absent during rest in mouse brain (54, 55). Despite these differences, the
range of oscillatory frequencies are remarkably similar in all mammalian brains tested and
range from slow oscillations of 1 to 2 Hz to fast oscillations >200 Hz (54). Furthermore,
cross-species spectral similarity is also seen in sleep spindles that have the same frequency
(12 to 18 Hz) and duration in both rodents and humans (56). Therefore, brain oscillations
may share fundamental properties across mammals albeit with fine-tuning optimized for
unique genetic, environmental, and behaviors characteristics of each individual species.
Findings of widely reported theta oscillations in AD transgenic mice, as such, may
potentially represent both delta-theta and alpha oscillatory bands in the human condition (9,
57, 58). The current results further emphasize the importance of fine delineation of cross-
species relationships in resting oscillatory frequencies in preclinical models to facilitate
better clinical translation of such findings.

Both power and synchrony of neural oscillations are key modulators of network activity.
Although to compare and contrast against power and synchrony are beyond the scope of the
current manuscript, it is worth emphasizing that our findings demonstrated that changes in
neuronal synchrony are robust features in early AD. Consistent with these findings, in a
previous report, we demonstrated that in patients with primary progressive aphasia variants,
regional patterns of neuronal synchrony detected syndrome-specific effects more robustly
than regional patterns of spectral power (59). Whereas oscillatory power is a first-order
estimate and represents the degree of activity within neuronal populations, neuronal
synchrony is a secondary estimate and represents the degree of connectivity between
neuronal populations. A recent model that elegantly incorporated both power and synchrony
found that synchrony within alpha band oscillations contributes to long-range connectivity
between distributed regional components of canonical networks (39). It is reasonable to
conclude that secondary estimates of neuronal firing such as synchrony reflect coordinated
communications within and between neural networks more accurately than power estimates
and, hence, provide more robust neurophysiological indices in aging as well as in AD, where
network disruption is a central underlying feature.
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Synchronized oscillations play an important mechanistic role in facilitating synaptic
plasticity and in shaping the functional architecture of neuronal populations. Synchronized
oscillations across brain regions may facilitate temporal coordination in spiking among
target neuronal populations, a process that is known to modulate synaptic plasticity (60).
Consistent with this idea, impaired synaptic plasticity has been suggested as a potential
contributory cause for symptomatology of several disease conditions, including
schizophrenia, autism, epilepsy, as well as neurodegenerative conditions like AD and
Parkinson’s disease, where abnormal synchrony has been linked to cognitive deficits (61).
Synchronized oscillations can also serve as a gating mechanism that modulates the
excitability of target neurons, thereby shaping the functional architecture of neuronal
networks (62). The modulatory role of alpha oscillations has been demonstrated where alpha
synchrony down-regulates task-irrelevant information while keeping a high signal-to-noise
ratio within task-relevant networks, across several cognitive tasks including visual
recognition and working memory (37-39, 63-66). Similarly, delta-theta synchrony has been
shown to play a central role in memory function by coordinating interactions between the
hippocampus and a wider network of regions with which it communicates (67, 68). Further
investigation is required to delineate the molecular and cellular manifestations of frequency-
specific synchronization deficits in AD reported in our study.

Our findings should be considered in the context of the following limitations. First, although
our patient cohort was strengthened by inclusion of the three main AD neurobehavioral
phenotypes, our sample size for multimodal imaging (MEGI, TAU-PET, and AB-PET) is
relatively small (18 for amyloid-PET and MEGI and 12 for TAU-PET and MEGI). Future
studies with greater sample sizes including more patients across AD variants are needed to
validate the generalizability of our findings. Second, our multimodal imaging combining
MEGI and PET was limited to patients with AD and did not include unimpaired controls
with positive AR-PET. Further studies including subpopulations characterizing cognitively
normal individuals with positive AB-PET are needed to determine whether the observed
relationships between neurophysiology and AD pathophysiology represent a continuum
from preclinical AD to dementia. Third, our cohort of patients with AD included individuals
with less common phenotypes including AD-IvPPA and AD-PCA and represented the
younger early-onset AD population than the more common late-onset AD. Despite the
benefit of reasonable assurance that the clinical syndrome is caused by AD pathology with
minimal confound by other age-related or neurodegenerative comorbidities in the younger
cohort, our findings may be less generalizable to late-onset AD. Another limitation is the
known off-target binding of flortaucipir in the basal ganglia, choroid plexus, and the
meninges. These off-target sources of signal are unlikely to have driven our results because
the flortaucipir increases in the current study were seen in brain areas remote from off-target
binding sites.

MATERIALS AND METHODS

Study design

The objective of this study was to determine frequency-specific neurophysiological
manifestations associated with molecular biomarkers of AD neuropathology—Ap and TAU
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protein depositions. In a cross-sectional observational study in patients with AD and age-
matched controls, we conducted MEGI and PET imaging with AB-specific radiotracer 11C-
PIB and TAU-specific radiotracer 18F-flortaucipir. Patients and age-matched controls who
fulfilled the respective eligibility criteria were recruited randomly from the University of
California San Francisco (UCSF) Memory and Aging Center, Alzheimer’s Disease Research
Center, and the community. No power analysis was performed before the study; the cohort
sizes were within the range of previous experiments using MEG and PET imaging in
patients with AD (10, 11, 16, 19). Preprocessing of neuroimaging data included standard
automated analytic pipelines, for each imaging modality, which were agnostic to the
diagnostic and demographic characteristics of the data.

Participants

A total of 60 patients with AD and 20 age-matched controls were included in this study
(Table 1). All patients fulfilled the current diagnostic criteria for probable AD or MCI due to
AD (30, 31). Each participant underwent a complete clinical history, physical examination,
neuropsychological evaluation, and brain MRI. In addition, each participant also underwent
a 10-min session of MEG recording at rest. A subset of patients (7= 12) underwent PET
with both the TAU-specific radiotracer 18F-flortaucipir and the AB-specific radiotracer 11C-
PIB (n= 12 patients with all three modalities of imaging: MEG, TAU-PET, and AB-PET). A
total of 18 patients underwent PET imaging with AB-specific radiotracer 11C-PIB (7= 18
patients with MEG and AB-PET; this number included the aforementioned 12 patients with
all three modalities of imaging, plus 6 additional patients with MEG and AB-PET).

On average, the patients were mild to moderately impaired with a mean MMSE score of 20
+ 5 (MMSE range, 6 to 29; fig. S3) and a mean CDR of 0.93 + 0.46 (CDR range, 0.5 to 2;
fig, S3). Patients with AD and controls did not differ on sex, race, or education (Table 1).
Clinical diagnosis for patients with AD was established by consensus in a multidisciplinary
team. Fifty-three of 60 patients were positive for either CSF- or PET-derived AD biomarkers
and/or subsequently confirmed via autopsy examination (table S4). The seven patients, who
were not evaluated with AD biomarkers, were clinically diagnosed and showed the
characteristic pattern of volume loss on structural MRI. Each patient with AD was further
assigned to their specific AD neurobehavioral phenotype. Specifically, patients with AD-
IVPPA (7= 15) and patients with AD-PCA (7= 15) met the diagnostic criteria for logopenic
variant of primary progressive aphasia (27) and posterior cortical atrophy (28), respectively.
Age-matched normal controls were recruited from the community, and the eligibility criteria
included normal cognitive performance, normal MRI, and absence of neurological,
psychiatric, or other major medical illnesses. In addition, we also used an amyloid negative
normative dataset from the Lawrence Berkeley National Laboratory (LBNL) to estimate the
normalized scores of flortaucipir and 11C-PIB uptake data (/7= 29 with average age of 73 +
7.2 and 7= 53 with average age of 73 + 7.7, for 11C-PIB and flortaucipir, respectively; fig.
S4). Informed consent was obtained from all participants or their assigned surrogate decision
makers. The study was approved by the Institutional Review Board at UCSF, LBNL, and the
University of California Berkeley.
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Neuropsychological assessment

For each participant, a structured caregiver interview was used to assess the CDR scale (69).
Each participant was also assessed via an MMSE and a standard battery of
neuropsychological tests (70). Statistical tests comparing demographic characteristics and
cognitive abilities were performed using SAS software (SAS 9.4).

Resting-state MEG data acquisition

Each subject underwent MEG recording on a whole-head bio-magnetometer system
consisting of 275 axial gradiometers (MEG International Services Ltd., Coquitlam, British
Columbia, Canada). Three fiducial coils including nasion, and left and right preauricular
points were placed to localize the position of the head relative to the sensor array and later
coregistered to each individual’s respective MRI to generate an individualized head shape.
Data collection was optimized to minimize within-session head movements and to keep it
below 0.5 cm. Five to 10 min of continuous recording was collected from each subject while
lying supine and awake with eyes closed (sampling rate, 600 Hz). We selected a 60-s (1 min)
continuous segment with minimal artifacts (minimal excessive scatter at signal amplitude
<10 pT), for each subject, for analysis. The study protocol required the participant to be
interactive with the investigator and be awake at the beginning of the data collection.
Spectral analysis of each MEGI recording and the simultaneously collected scalp EEG
recordings were examined to confirm that the 60-s data epoch represented awake, eyes
closed resting state for each participant. Artifact detection was confirmed by visual
inspection of sensor data, and channels with excessive noise within individual subjects were
removed before analysis. Both controls” and patients’ data were within our specified limits
of signal scatter and were not different in the degree of head movement (unpaired ftest: ¢=
1.5, P=0.13; means + SD for patients, 0.32 + 0.23 ¢cm; controls, 0.22 + 0.23 cm; fig. S5).

Source space reconstruction of MEG data

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 a time-frequency—optimized adaptive spatial filtering technique
implemented in the Neurodynamic Utility Toolbox for MEG (NUTMEG; http://
nutmeg.berkeley.edu). Tomographic volume of source locations (voxels) was computed
through an adaptive spatial filter (10-mm lead field) that weighs each location relative to the
signal of the MEG sensors (29, 71). 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 (71). A high-resolution anatomical MRI was
obtained for each subject (see below) and was spatially normalized to the Montreal
Neurological Institute template brain using the Statistical Parametric Mapping (SPM)
software (www.fil.ion.ucl.ac.uk/spm), with the resulting parameters being applied to each
individual subject’s source space reconstruction within the NUTMEG pipeline.

Neuronal synchrony estimation

We computed imaginary coherence between voxels, for each subject, within the frequency
bands of alpha (8 to 12 Hz) and delta-theta (2 to 8 Hz). On the basis of our previous MEGI
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spectral power density analyses during resting awake state in patients with AD and age-
matched controls, which showed a robust low-frequency activity within the 2 to 8 Hz
window, we combined the conventional delta and theta bands and created a combined delta-
theta band (2 to 8 Hz) to capture the strongest low-frequency peak. Imaginary coherence
captures only the coherence that cannot be explained by volume spread (32) and is a reliable
metric for resting-state functional connectivity analyses (72, 73). We then computed the
global functional connectivity at each voxel as the average of the Fisher’s Ztransformed
imaginary coherence values between a given voxel (10 mm isotropic) and all other voxels in
the brain. 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 x 20 x 20 mm full width at half maximum (74).

PET data acquisition and image processing

Detailed descriptions of flortaucipir and PiB PET acquisition are available in previous
publications (10, 11). All PET scans were acquired at LBNL on Siemens Biograph 6
Truepoint PET/CT scanner (Siemens Medical Systems) in three-dimensional acquisition
mode. Flortaucipir was synthesized at the LBNL Biomedical Isotope Facility (BIF) using a
GE TRACERIab FXN-Pro synthesis module with a modified protocol based on an Avid
Radiopharmaceuticals protocol supplied to the facility. Participants were injected with 10
mCi of tracer and scanned in list mode 80 to 100 min after injection (4 x 5-min frames).
11C-pIB was also synthesized at the LBNL BIF according to a previously published protocol
(75). Beginning at the start of an injection of 15 mCi of PIB into an antecubital vein, 90 min
of dynamic emission data were acquired and subsequently binned into 35 frames (4 x 15, 8
x 30, 9 x 60, 2 x 180, 10 x 300, and 2 x 600s). Flortaucipir and 11C-PIB PET images were
reconstructed using an ordered subset expectation maximization algorithm with weighted
attenuation and smoothed with a 4-mm Gaussian kernel with scatter correction. Image
resolution, calculated using a Hoffman brain phantom, was 6.5 x 6.5 x 7.25 mms3. Ninety
minutes of dynamic postinjection data for PIB and 80 to 100 min of postinjection data for
flortaucipir were used for the following PET processing.

PET data were realigned and coregistered onto their corresponding T1 image using the
Statistical Parametric Mapping 12 (SPM12; www.fil.ion.ucl.ac.uk/spm/). For PIB, 90-min
DVR images were created using Logan graphical analysis (76), using the cerebellar gray
matter as the reference region. For flortaucipir, 80- to 100-min SUVR images were created
using inferior cerebellar gray matter as the reference region (77). Cerebellar gray matter and
inferior cerebellar gray matter were segmented using FreeSurfer 5.3 (http://
surfer.nmr.mgh.harvard.edu) (78) and inferior parcels from the spatially unbiased atlas
template of the cerebellum and brainstem (79).

Spatial colocalization analysis

To determine the spatial colocalization between MEG-derived neuronal synchrony deficits
and the PET-derived abnormal amounts of tracer uptakes, we determined the Gwet’s AC
(34) in a voxel-wise analysis. Gwet’s AC is a reliable measure of interrater concordance and
ranges from —1 to +1. Values >0.5 indicate high agreement between the test modalities, and
values <-0.5 indicate high disagreement. Zero indicates no relationship. The Gwet’s AC
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estimates the proportion of scores that are in agreement by chance and reduces bias of
agreement due to chance to an appropriate magnitude (34). In our analysis, we created
voxel-wise binary maps for each participants’ alpha synchrony, delta-theta synchrony,
flortaucipir uptake, and 11C-PIB uptake. To generate binary maps for alpha synchrony and
delta-theta synchrony, we first created Zscored voxel-wise images for each patient, based on
the mean and SD values derived from our age-matched control cohort. To generate binary
maps for flortaucipir and 11C-PIB uptake data, we created age-corrected voxel-wise Zscore
images based on the mean and SD values derived from a normative cohort examined at the
LBL. Next, we binarized each Zmap (alpha, delta-theta, flortaucipir, and 11C-PIB) for each
patient and identified the suprathreshold voxels. To make sure that the binary images from
the two modalities of imaging (MEG and PET) are at comparable degree of strength, we
examined the thresholding across the full range of distribution in each modality and
determined the cutoffs where the ratio between the MEG image and PET image holds
equivalent strength in their binary images (fig. S6). On the basis of this analysis, we
thresholded alpha synchrony maps at Z< —0.25, delta-theta synchrony maps at 2= 0.25,
flortaucipir maps at Z=> 3.5, and 11C-PIB maps at 2> 3.5. Next, we calculated the Gwet’s
AC at each voxel between the binary maps for the following combinations: alpha and
flortaucipir; delta-theta and 11C-PIB; alpha and 11C-PIB; and delta-theta and flortaucipir.
The images were thresholded to depict the agreement scores =0.5 and <-0.5 representing
only the voxels with high degree of agreement or high degree of disagreement.

Magnetic resonance image acquisition and analysis

Structural brain images were acquired from all participants using a unified MRI protocol on
a 3-Tesla Siemens MRI scanner at the Neuroscience Imaging Center at UCSF. Structural
MRIs were used to generate individualized head models for source space reconstruction of
MEG sensor data. The structural MRI scans were also used in the clinical evaluations of
patients with AD to identify the pattern of gray matter volume loss to support the diagnosis
of AD.

Statistical analyses

Using statistical nonparametric whole-brain mapping methods incorporated in the
NUTMEG toolbox (29, 71), we examined the group-level differences in global functional
connectivity between patients with AD and age-matched controls. We also examined the
group differences between AD phenotypes. In the latter analyses, we contrasted each AD
phenotype against the pooled sample of other two phenotypic subgroups (AD-amnestic/
dysexecutive versus AD-IVPPA and AD-PCA; AD-IVPPA versus pooled AD-amnestic/
dysexecutive and AD-PCA,; and AD-PCA versus pooled AD-amnestic/dysexecutive and
AD-IVPPA). Statistical comparisons were estimated by obtaining a permuted distribution
(through 2N possible combinations of negations) and estimating the significance of the test
statistic (imaginary 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 Pvalues. Specifically, we determined the corrected P
value threshold at the 5% FDR cutoff for all voxels that showed effects at the uncorrected P
< 0.05 threshold. The voxels that survived the FDR correction were then further thresholded
using cluster correction procedure in NUTMEG (29, 59) with a cutoff of 25 voxels (only the
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clusters with 25 congruent voxels remained), and P values thresholded to £< 0.01. Clusters
in the thresholded statistical maps were discarded if they fell below the 95% of null-
distribution cutoff after permutation testing and did not meet the required minimum value of
25 contiguous voxels at £< 0.01. This approach minimized the possibility of observing
spurious effects.

We used a general linear model (PROC GLM in SAS) to examine the functional associations
between the frequency-specific neuronal synchrony deficits and the degree of PET tracer
uptake in a voxel-wise analysis. This analysis included the subset of patients (7= 12) who
were evaluated with all three imaging modalities including MEG, flortaucipir PET, and 11C-
PIB PET. The independent variables include the SUVR value of flortaucipir and the DVR
value of 11C-PIB at each voxel. The dependent variable included the Z-normalized
imaginary coherence at each voxel. We used a single general linear model with both the
alpha and delta-theta frequency bands and included the frequency band identity as well as
the subject identity into the model. In addition to the main effects of the degree of
flortaucipir uptake and 11C-PIB uptake, the model also examined the interaction between
TAU and A on each frequency band separately.

To examine the associations between frequency-specific neuronal synchrony abnormalities
and cognitive deficits, we used a mixed model approach (PROC MIXED in SAS) (70). This
analysis was performed on the subset of patients with AD (/7= 26) who were evaluated with
MMSE within 30 days of MEG. We first created masks based on the regions that were
significant in the group comparison between age-matched controls and each AD phenotype,
resulting in three different masks for each frequency band, one for AD-amnestic/
dysexecutive, one for AD-IVPPA, and one for AD-PCA. Next, we calculated mean voxel-
wise alpha synchrony and delta-theta synchrony for each patient with AD within their
respective phenotype-specific mask. Next, based on the quartiles of the distribution of
MMSE in our cohort of patients with AD, we categorized each patient with AD into one of
four stages of MMSE depicting their global cognitive dysfunction. The four stages of
MMSE identified by the quartile boundaries included 30-24, 23-22, 21-19, and 18-0. Two
separate mixed models included alpha and delta-theta synchrony as dependent variables,
respectively, whereas MMSE-stage consisted of the categorical predictor variables. The
models were adjusted for age and sex, and the patient identity was entered as a repeated
factor. When comparing between least squares means of each pairwise quantile subgroups,
the values were adjusted to multiple comparisons based on Bonferroni method (critical 2
value threshold 0.05/6 = 0.0083). This approach allowed us to examine the relationship
between the degree of neuronal synchrony and the deficits in MMSE while having equal
representation of patients along the distribution of MMSE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Resting-state neural synchronizationsin patientswith AD compared with age-matched
controls.

Each brain rendering depicts the #maps from the voxel-wise comparison of global imaginary
coherence between groups for alpha (A) and delta-theta (B) oscillations. Cold colors indicate
hyposynchrony, and hot colors indicate hypersynchrony. The color maps are thresholded
with a cluster correction of 25 voxels (P< 0.01) and at 5% FDR (7= 60, patients with AD; n
= 20, age-matched controls).
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Fig. 2. Resting-state neural synchronizationsin each neurobehavioral phenotype of AD
compared with age-matched controls.

Each row represents the three AD phenotypes, from top to bottom, AD-amnestic/
dysexecutive (AD-AMN), logopenic variant of primary progressive aphasia (AD-IVPPA),
and posterior cortical atrophy (AD-PCA). The left column (A) shows the alpha synchrony,
and the right column (B) shows the delta-theta synchrony, in each AD phenotype when
compared with age-matched controls. Cold colors indicate hyposynchrony, and hot colors
indicate hypersynchrony. The brain renderings depict the #maps from the voxel-wise
comparison of global imaginary coherence. The color maps are thresholded with a cluster
correction of 25 voxels (P< 0.01) at 5% FDR (7= 30, 15, 15, and 20 for AD-AMN, AD-
IVPPA, AD-PCA, and age-matched controls, respectively).
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Spatial colocalizations of neuronal synchrony abnormalities and increased tracer uptakes

Flortaucipir
(TAU) uptake

11C-PIB
(AB) uptake

Gwet's AC

|

-1 05 0 +05 +1

Fig. 3. Spatial colocalization between neuronal synchrony and flortaucipir and LcpiB uptakes.
Images show the voxel-wise Gwet’s Agreement coefficient (Gwet’s AC) between alpha

hyposynchrony and flortaucipir uptake (A), between delta-theta hypersynchrony and
flortaucipir uptake (B), between alpha hyposynchrony and 11C-PIB uptake (C), and between
delta-theta hypersynchrony and 11C-PIB uptake (D). Images are thresholded to show Gwet’s
AC scores depicting high agreement (>0.5; depicted in yellow-orange color scheme) or high
disagreement (<—0.5; depicted in blue color scheme) [7= 12 patients included in the
analyses for subplots (A) and (B); n = 18 patients included in the analyses for subplots (C)
and (D)].
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Fig. 4. Functional associations between neural synchronization deficits and the degree of Ap and
TAU depositions.

Contour plots depict the main effects and interactive effects of flortaucipir (TAU) uptake and
11C-pIB (AB) uptake on alpha (left subplot) and delta-theta (right subplot) synchrony
abnormalities in a voxel-wise general linear model based on subjects scanned with all three
modalities of imaging: MEGI; flortaucipir; 11C-PIB PET. X axes represent the degree of
11C-PIB uptake (DVR), and Y axes represent the degree of flortaucipir uptake (SUVR).
Color gradients represent the degree of neuronal synchrony represented as Zscores
(depicted in contour lines), where blue represents reduced neuronal synchrony
(hyposynchrony) and red represents increased neuronal synchrony (hypersynchrony), based
on age-matched normal controls. (7= 12 patients with AD).
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Fig. 5. Alpha synchronizations demonstr ate associations with global cognitive declinein patients

with AD.

Alpha (A) and delta-theta (B) synchrony is plotted against Mini Mental State Exam
(MMSE) scores in patients with AD. The Xaxes show the four quartiles of MMSE. The
plots depict the least square means corrected for age and sex, and the SEs, derived from the
mixed model analysis. Yaxes depict the frequency-specific neuronal synchrony values
derived as global imaginary coherence (see Materials and Methods) for alpha and delta-theta
bands (n = 26 patients with AD with MMSE evaluation within 30 days of MEGI). MMSE
scores range from 0 to 30, with higher scores denoting better cognitive function.
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Participant demographics.

Table 1.

AD Controls p
(n =60) (n=20)
Age, years 61.2+7.8 643+46 0.10
Female sex, no. (%) 39(65.0) 12 (60.0) 0.69
Right handedness, no. (%) 49 (81.7) 16 (80.0) 0.25
White race, no. (%) * 54 (96.4) 18 (94.7) 043
Education, years 16.0+2.7 173%20 0.07
APOE-¢4 carrier (%) 27(482)  5(20.8) 0.02
MMSE? 204+53 29.6+0.7 <0.0001
CDRS 09+0.5 0+0 <0.0001

Page 26

Values for age and education indicate means + SD of the participants at the time of evaluation. Statistical comparisons of gender and handedness
were performed using Fisher’s exact test, whereas the statistical comparison of race was performed using chi-square test. Statistical comparisons of

age and education were performed using unpaired #test.

*
Race was self-reported, and the total number of observations reported for each group included /7= 56 and 7= 19 for patients with AD and control

groups, respectively.

fFour patients with AD did not take part in the genetic analyses due to subject preferences.
’tScores on the MMSE range from 0 to 30, with higher scores denoting better cognitive function.

§Scores on the CDR range from 0 to 3, with higher scores denoting greater impairment.
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