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Abstract

Introduction: Numerous studies have described aberrant patterns of rhythmic neural
activity in patients along the Alzheimer’s disease (AD) spectrum, yet the relationships
between these pathological features and cognitive decline are uncertain.

Methods: We acquired magnetoencephalography (MEG) data from 38 amyloid-PET
biomarker-confirmed patients on the AD spectrum and a comparison group of
biomarker-negative cognitively normal (CN) healthy adults, alongside an extensive
neuropsychological battery.

Results: By modeling whole-brain rhythmic neural activity with an extensive neuropsy-
chological profile in patients on the AD spectrum, we show that the spectral and spa-
tial features of deviations from healthy adults in neural population-level activity inform
their relevance to domain-specific neurocognitive declines.

Discussion: Regional oscillatory activity represents a sensitive metric of neuronal
pathology in patients on the AD spectrum. By considering not only the spatial, but also
the spectral, definitions of cortical neuronal activity, we show that domain-specific cog-

nitive declines can be better modeled in these individuals.
KEYWORDS

neural oscillations, neuropsychology, resting-state magnetoencephalography

to decline as a function of AD severity.>* Clinical measures of these

domains have also been found to predict conversion from preclinical to

Alzheimer’s disease (AD) is increasingly recognized as a spectrum
or continuum of progressive, multi-domain cognitive declines.’?
Although the hallmark neuropsychological deficit in patients with
AD is amnestic memory impairment, attention, executive function,

learning, verbal fluency, and processing speed have also been found

dementia phases of the disease.” Mirroring these neuropsychological
deficits is the early accumulation of pathological levels of amyloid beta
(AB) plaques in frontal, temporal, and parietal cortices, followed by a
build-up of tau-rich neurofibrillary tangles and aberrant functioning of
neuronal populations in the hippocampus and across the neocortex.®
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As scientists researching AD have shifted toward viewing it as a dis-
ease without strict clinical stages, objective and continuous measures
of direct relevance to cognitive/functional impairments are sorely
needed.

Among functional neuroimaging studies of patients on the AD spec-
trum, spectrally defined patterns of rhythmic population-level neural
activity have emerged as a particularly sensitive method for differen-
tiating patients with probable AD from cognitively normal (CN) older
adults.”~? In particular, electro- and magneto-encephalography (MEG)
studies of patients with AD have consistently shown increased sponta-
neous neural activity in the slower delta (2 to 4 Hz) and theta (5 to 7 Hz)
frequency bands, as well as decreased activity in the faster alpha (8
to 12 Hz) and beta (15 to 30 Hz) bands.?-8 Though widely replicated,
the relationship between these findings and domain-specific cognitive
function has not been extensively investigated. Because of this short-
coming, it is not clear which, if any, of these deviations from healthy
rhythmic neural activity covary meaningfully with cognitive decline in
patients on the AD spectrum. Identifying the relationships between
rhythmic neural activity and cognitive decline in AD is critical, as the
current knowledge gap in this area limits our understanding of the clin-
ical implications of these findings. More specifically, knowledge of the
direction of these relationships would indicate whether altered rhyth-
mic neuronal activity represents pathological or compensatory pro-
cesses, and thus could be useful in bolstering diagnosis and inform-
ing intervention. Additionally, previous studies of oscillatory aberra-
tions in patients with AD have often been conducted at a coarse spec-
tral and/or spatial resolution, and the vast majority were performed in
patient groups who were not biomarker-confirmed.

In this study, we examine MEG data collected from 38 patients
on the AD spectrum, all of whom were assessed as being biomarker-
positive using 18F florbetapir positron emission tomography (PET), and
20 demographically matched CNs (19 biomarker-negative) using meth-
ods that provide remarkably high spatial and spectral resolution. By
combining these data with an extensive neuropsychological battery,
we show that spectrally and spatially defined neural oscillations signifi-
cantly predict domain-specific neuropsychological function and instru-
mental activities of daily living in ways that are clinically informative.
Further, we find that the spatial and spectral properties of the relation-
ships with cognitive and functional impairments only partially overlap
with commonly reported group differences from CNs in the amplitude
of oscillations. This demonstrates that not all neural oscillatory differ-
ences in patients on the AD spectrum necessarily reflect pathology that
is directly relevant to cognitive and functional impairments, while also
providing key new pathways for research aimed at improving patient
outcomes.

2 | METHODS
2.1 | Participants

Forty-four patients with amnestic mild cognitive impairment (aMCl) or

mild probable AD, as determined by a fellowship-trained neurologist

RESEARCH IN CONTEXT

1. Systematic review: Previous literature was reviewed
through a search of online databases (e.g., PubMed).
Despite numerous studies on the effects of Alzheimer’s
disease (AD) on neural oscillations, little is known regard-
ing the relationship of these deviations and cogni-
tive/functional impairments.

2. Interpretation: This study links rhythmic patterns of cor-
tical neural activity to cognitive and functional declines in
patients on the AD spectrum. While the nature of many of
these relationships indicated pathology, others unexpect-
edly indicated compensation.

3. Future directions: This study paves the way for two
new avenues of research. First, the finding of a compen-
satory role for commonly reported increases in theta-
frequency neural activity should be used to better appre-
ciate the nuanced role of neural oscillations in AD. Sec-
ond, the combination of high spatial and spectral reso-
lution should be leveraged by emerging studies of non-
invasive, frequency-modulated neurostimulation. Using
these findings, directional hypotheses can be generated
that are both spatially and spectrally informed.

specializing in memory disorders, were enrolled in this study. One par-
ticipant disenrolled from the study due to COVID-19-related safety
concerns, one was excluded due to a major incidental finding, and four
were excluded after whole-brain PET imaging with florbetapir 18F indi-
cated amyloid-negativity. The remaining 38 amyloid-PET biomarker-
confirmed patients on the AD spectrum were compared to a control
group of 20 older adults with normal cognition (19 amyloid-negative
and one without PET). The CN participant without biomarker confirma-
tion was included after careful examination of their neuropsychological
profile, which indicated that they were well above the 50th percentile
for every cognitive domain, relative to healthy adults of the same age
(Mini-Mental State Examination [MMSE]: 30; attention composite z-
score: + 1.39; learning: + 1.17; memory: + 0.98; verbal: + 0.90; pro-
cessing speed: + 0.78). Group neuropsychological profiles and demo-
graphics can be found in Table 1. The groups were matched on key
demographics except age, which was included as a nuisance covariate
in all statistical modeling. Exclusion criteria included any medical ill-
ness affecting central nervous system function, any neurological disor-
der (other than AD/aMClI), history of head trauma, moderate or severe
depression (Geriatric Depression Scale > 10), and current substance
abuse.

The Institutional Review Board at the University of Nebraska Medi-
cal Center reviewed and approved this investigation. Written informed
consent was obtained from each participant after detailed description
of the study. Patient informants were also required to be present for

each participant on the AD spectrum to ensure their comfort over the
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TABLE 1 Participant demographics and neuropsychological profiles

Age Sex Handedness
(years) (% female) (# left)
CN 72.70(4.73) 60 1
ADS 69.21(6.91) 47 8
P 028’ .360 679
MoCA
(n=52) MMSE Learning
CN 27.43(1.99) 29.20(1.06) 0.60(0.76)
ADS 19.13(4.76) 23.66 (4.15) -2.04(0.88)
P <.001" <.001’ <.001"

Disease Monitoring

Education
(years)
16.60(2.87)
15.50(2.72)
166

Processing
Memory Attention Verbal Fluency Speed
0.33(0.56) 0.53(0.60) 0.18(0.76) 0.66(0.83)
-2.28(0.70) -0.77 (1.06) -1.04(1.01) -0.90(1.42)
<.001" <.001" <.001" <.001"

Abbreviations: ADS: Alzheimer’s disease spectrum; CN: cognitively normal; MMSE, Mini-Mental State Examination; MoCA: Montreal Cognitive Assessment.

*P <.05.

course of the study, as well as to complete certain questionnaires (e.g.,
the Functional Activities Questionnaire), and as such informed consent
was obtained from each informant as well. To ensure that the inter-
ests of all patients were represented appropriately, for patients whose
capacity to consent was questionable, informed assent was obtained
from the research participant, in addition to informed consent from a

legally authorized representative.

2.2 | Neuropsychological testing

After screening and informed consent, participants underwent a bat-
tery of neuropsychological tests, with raw scores for each participant
being converted to demographically adjusted z-scores based on pub-
lished normative data.l?"22 This battery was developed in collabo-
ration with a clinical neuropsychologist specializing in memory dis-
orders, and focused on five cognitive domains generally impacted in
patients with AD: verbal memory (Wechsler Memory Scale Fourth Edi-
tion [WMS-1V] Logical Memory Il Delayed Recall and Recognition;23
Hopkins Verbal Learning Test-Revised [HVLT-R] Delayed Recall and
Recognition Discriminability Index2*), learning (WMS-1V Logical Mem-
ory | Recall;23 HVLT-R Learning Trials 1-324), attention and execu-
tive function (Wechsler Adult Intelligence Scale Fourth Edition [WAIS-
IV] Digit Span Forward, Backward, and Sequencing;?? Trail Making
Test Part B29), language (Boston Naming Test;2° Controlled Oral Word
Association Test/Phonemic Verbal Fluency;?° Animals/Semantic Ver-
bal Fluency?°), and processing speed (WAIS-IV Digit Symbol Coding;??
Trail Making Test Part A2°). Demographically corrected z-scores based
on test-specific normative data were averaged to create composite
cognitive domain z-scores by participant. These domain composite
scores were corroborated within the CN group by calculating a ratio
of z-scores representing the average of all correlations among intra-
domain tests, divided by the average of all correlations with inter-
domain tests. All domains had a ratio of zj,¢12/Zjnter > 1.50, and on aver-
age Zintra/Zinter = 3.46 (standard deviation [SD] = 1.85), indicating that
these domains were ~250% more internally than externally related.
In addition, instrumental activities of daily living (IADLs) were mea-

sured (with an informant for patients on the AD spectrum) using the

Functional Activities Questionnaire (FAQ),%> and general cognitive sta-
tus was measured using the Montreal Cognitive Assessment (MoCA)2¢

and the MMSE.?”

2.3 | Florbetapir 18F positron emission tomography

Combined PET/computed tomography (CT) data using 18F-florbetapir
(Amyvid, Eli Lilly) and a GE Discovery MI digital scanner were col-
lected following the standard procedures described by the Society of
Nuclear Medicine and Molecular Imaging (3D acquisition; single intra-
venous slow-bolus < 10 mL; dose = 370 MBq; waiting period = 30-
50 minutes; acquisition = 10 minutes).?® Images were attenuation
corrected using the CT data, reconstructed in MIMneuro (slice thick-

ness = 2 mm),2?

converted to voxel standardized uptake values (SUV)
based on body weight, and normalized into Montreal Neurological
Institute space. Each scan was read by a fellowship-trained neurora-
diologist blinded to group assignment and assessed as being “amyloid-
positive” or “amyloid-negative” using established clinical criteria.2? At
this stage, patients who were amyloid-negative were excluded from
the AD spectrum group. Images were then normalized to the crus of
the cerebellum (SUIT template)®° to generate voxel-wise maps of SUV
ratios (SUVr),3! and back-transformed into each patient’s native mag-
netic resonance imaging (MRI) space using their FreeSurfer-processed
T1 data. The PET data overlapping with each individual’s cortical
gray-matter ribbon was then projected onto a tessellated FSAverage
template surface using mri_vol2surf (maximum value; projection frac-

tion = 1; steps of 2).32

2.4 | Magnetoencephalography recording and
preprocessing

Our MEG recording and preprocessing pipeline has been extensively
described in previous papers.33-3% Eight minutes of seated eyes-closed
resting state MEG data were collected from each participant using a
306-sensor Elekta/MEGIN system at 1 kHz (bandwidth 0.1 to 330 Hz).

Continuous head position indicator coils were used to measure slight
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movements during each recording, and the position of these coils
was digitized, along with each participant’s fiducials and scalp surface,
using a 3D digitizer (Fastrak 3SF0002, Polhemus Navigator Sciences).
Head motion correction and signal space separation with a tempo-
ral extension®” were implemented to reduce noise, and only the data
from the 204 gradiometers were used for analysis. Using the digi-
tized head points, each participant’s MEG data were co-registered with
their own high-resolution structural T1-weighted MRI data (Siemens
Prisma 3T; 64-channel head coil; TR: 2.3 seconds; TE: 2.98 ms; flip
angle: 9°; FOV: 256 mm; slice thickness: 1 mm; voxel size: 1 mm?3)
using an iterative closest-point rigid-body registration in Brainstorm
(September 3, 2020 distribution)®® and, after visual inspection, these
fits were manually corrected. Triangulated cortical surfaces were com-
puted from the T1 MRI data using FreeSurfer recon_all®2 and imported
into Brainstorm. Individual cortical surfaces (including the cerebellum)
were down-sampled to ~17,000 vertices for computation of the for-

ward model for use in MEG source imaging.

2.5 | Magnetoencephalography analysis

MEG data were bandpass filtered between 1 and 200 Hz and notch
filtered at 60, 120, and 180 Hz, and ocular and cardiac artifacts were
identified using an automated identification algorithm, supplemented
by visual inspection of their temporal and spatial topography. From
these topographies, signal-space projectors (SSPs) were generated and
reviewed for each type of artifact, and those accounting for ocular
and cardiac components were removed from the gradiometer data.
Artifact-reduced MEG data were then epoched into non-overlapping
blocks of 4 seconds and down-sampled to 500 Hz. Epochs still con-
taining major artifacts (e.g., SQUID jumps) were excluded within each
participant using the u of standardized thresholds of + 2.5 median
absolute deviations from the median for signal amplitude and gradi-
ent. After exclusions, a mean of 98.90 (SD: 8.56) and 96.89 (SD: 7.93)
epochs were included for further analysis for the CN and AD spec-
trum groups, respectively. Importantly, there was no significant differ-
ence in the amount of data used between the two groups (P = .377).
Empty-room recordings of > 2 minutes, collected around each individ-
ual scanning session, were processed using an identical pipeline to the
one described above (with the exception of artifact SSPs), to empirically
model the magnetically-shielded room noise statistics for source anal-
ysis.

Source analysis of neuromagnetic fields used an overlapping-
spheres forward model, unconstrained to the cortical surface. This
approach models a single sphere per each sensor, which in this study
included the 204 gradiometers (minus any channels previously marked
as “bad”) for each participant. A linearly constrained minimum variance
beamformer implemented in Brainstorm was used to spatially filter the
epoched data based on the data covariance computed from the resting-
state recording and the noise covariance computed from recordings of
the empty room. These source-level time series data were then trans-
formed into the frequency-domain using Welch’s method for estimat-

ing power spectral density (PSD; window = 1 second; 50% overlap),

grouped into canonical frequency bands (delta: 2 to 4 Hz; theta: 5 to
7 Hz; alpha: 8 to 12 Hz; beta: 15 to 29 Hz), and these spectral maps
were normalized to the total power across the frequency spectrum.
The norm of the three unconstrained orientations per location and
map were then projected onto a common FSAverage template surface
(including the cerebellum) for statistical modeling.

2.6 | Statistical analysis and visualization

Statistical comparisons were performed, accounting for the effects of
age, using SPM12. Initial tests using parametric general linear models
investigated the effects of group (i.e., CN vs. AD spectrum; unpaired
t-test; unequal variance) and cognitive function (i.e., neuropsycholog-
ical domain z-scores on functional neural maps; regression). Regres-
sion analyses relating neural activity and neuropsychological domain
z-scores were corrected for multiple comparisons at this stage using
a set-level correction of pgopferroni < -05 (P = .05/[4 spectral maps x 5
cognitive domains] = .0025). Tests that survived this initial threshold
were examined further. To account for non-uniform spatial autocorre-
lation in the data, avoid assumptions of parametric modeling, and avoid
selecting arbitrary cluster-forming thresholds, threshold-free cluster
enhancement (TFCE; E = 1.0, H = 2.0; 5000 permutations)3’ was
performed, with multiple comparisons correction set to cluster-wise
Prwe < .05. Clusters surviving at this threshold were used to create
logical masks that were applied to the original statistical contrasts
(i.e., vertex-wise F-values) for visualization in Brainstorm. Peak-vertex
data from these clusters were extracted and plotted using ggplot24©
for interpretation of directional effects. Labels for peak-vertex data
were derived from the Desikan-Killiany atlas.*’ Ag SUVr data were
also extracted from the same peak-vertices of the surface-based flor-
betapir PET images, for use in secondary analyses in the statistical
software R.*?> Mediations were tested using a hierarchical regression
approach.*3

3 | RESULTS

To examine the spatially and spectrally specific relationships between
altered patterns of neuronal oscillations and cognitive/functional
impairments in patients on the AD spectrum, we analyzed MEG, neu-
ropsychological, and PET data from a final sample of 38 confirmed Ag-
positive patients and 20 (19 confirmed AB-negative) CN older adults
(Figure 1). The cortical surface MEG maps exhibited the expected
spatio-spectral activity patterns both between and across groups (Fig-

ure S1in supporting information).

3.1 | Pathological patterns of rhythmic neural
activity in patients on the AD spectrum

Replicating an extensive literature, we observed a robust increase in

theta-frequency (5 to 7 Hz) activity in patients on the AD spectrum,
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Dynamic mapping of Alzheimer’s pathology (DMAP) study flowchart. After initial screening and recruitment, participants

performed an extensive series of neuropsychological tests designed to tap five cognitive domains: attention, memory, verbal function, processing
speed, and learning. This testing visit was followed by another, neuroimaging-focused visit, during which participants underwent functional and
structural neuroimaging with MEG and MRI. Participants in the patient group returned for a third visit, in which they underwent a quantitative
PET/CT scan with florbetapir 18F, and were excluded from further analysis at this stage if they were biomarker-negative. Previous PET data was
available for 19 CN adults. The cortical surface maps (bottom center) represent the grand average of these PET scans across all patients in the final
(biomarker-positive) AD spectrum group. Red text indicates protocols that only pertain to the AD spectrum group. Ag, amyloid beta; ADS,
Alzheimer’s disease spectrum; CN, cognitively normal; HVLT-R, Hopkins Verbal Learning Test-Revised; MEG, magnetoencephalography; MMSE,
Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; MRI, magnetic resonance imaging; PET, positron emission tomography;
WAIS-IV, Wechsler Adult Intelligence Scale Fourth Edition; WMS-IV LM, Wechsler Memory Scale Fourth Edition Logical Memory; WRAT-4, Wide

Range Achievement Test 4

as well as decreases in neuronal activity in the alpha (8 to 12 Hz) and
beta (15 to 29 Hz) bands (Figure 2). In the theta range, these differ-
ences were strongest in the left (t ., [55] = 4.43; P < .001) and right
(tpeak[55] = 4.08; P < .001) inferior parietal cortices (IPC), and the
left (tpeqk[55] = 3.92; P < .001) and right (tpeq[55] = 3.47; P = .001)
cerebellum. In the alpha band, patients on the AD spectrum exhibited
decreases in neuronal activity in the left (t,eq[55] = 3.47; P =.001) and
right (tpeq[55] = 3.13; P = .003) middle temporal cortices (MTC). Beta
frequency activity was mainly reduced in these patients in the left IPC
(tpeak[55] = 3.39; P =.001). No significant differences were found in the
deltarange.

3.2 | Spatio-spectral neural dynamics predict
cognitive decline along the Alzheimer’s disease
spectrum

To investigate the relevance of these spectrally specific neural devi-
ations to cognitive decline in patients on the AD spectrum, we next
regressed these neural maps on each of the five neuropsychological
composite scores representing cognitive domains impacted by AD:
memory, learning, attention and executive function, verbal fluency, and
processing speed. Importantly, because the direction of these differ-
ences from CNs was frequency-dependent (i.e., a decrease for the
faster alpha and beta band frequencies, and an increase for the slower
delta and theta bands), the results of this analysis must be interpreted

in light of this fact. For example, more positive values in the theta band

indicate greater deviations from normal aging, while more positive beta
values indicate the opposite effect.

These relationships were largely non-overlapping in regard to their
spatial, spectral, and cognitive definitions (Figure 3). In the delta band,
pathologically higher levels of neural activity in the right temporal pole
(rpeak[35] = -.54, P < .001) and left superior temporal cortex (STC;
rpeak[35] = -.46, P = .004) predicted declines in processing speed.
In contrast, greater right STC (r,eq[35] = .45, P = .005) and supra-
marginal gyrus (SMG; rpeq[35] = .45, P = .005) deviations from CNs
in the theta band predicted better memory performance, indicating
that these commonly reported differences are likely compensatory in
nature. Pathological beta-frequency deviations from CNs in the right
(rpeak[35] = .45, P = .005) and left (rpeq[35]) = .36, P = .027) IPC pre-
dicted declines in attention function, as well as reduced processing
speed in the left MTC (rpeq[35] = .37, P =.023). Notably, despite robust
differences in alpha-frequency amplitude between patients on the AD
spectrum and CNs, replicating many past studies, no significant rela-
tionships were found between cognitive function and alpha-frequency

cortical activity.

3.3 | Spatio-spectral neurocognitive relationships
are not mediated by regional A8 accumulation

To examine whether regional AB uptake was responsible for any of
these effects, we extracted SUVrs from each patient’s florbetapir

18F PET images for each of the vertices that exhibited a significant
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FIGURE 2 Spatio-spectral group differences in cortical neural oscillatory amplitude. Surface maps to the left indicate significant statistical
differences in oscillatory amplitude between patients (Alzheimer’s disease spectrum [ADS]) and cognitively normal older controls (CN), beyond the
effects of age, and corrected for multiple comparisons using a stringent threshold-free cluster enhancement approach (ppye = .05). Theta maps are
shown at the top, with alpha maps in the middle and beta maps at the bottom. Plots to the right of each map indicate the direction and nature of
these effects at the vertices where they were most pronounced. Box plots represent conditional means, first and third quartiles, and minima and
maxima, and violin plots show the probability density. L-IPC, left inferior parietal cortex; L-MTC, left middle temporal cortex

relationship between neuronal oscillatory activity and cognitive
impairment in patients on the AD spectrum. We found no evidence
for a mediation of any of these spatio-spectral neurocognitive rela-
tionships by Ag uptake. In addition, Bayesian analysis of these mod-
els revealed evidence that A uptake provides no additional predictive
information regarding cognitive status for any relationship in the theta
(all BFg1 > 2.30) or delta (all BFgq > 2.40) band, nor for the right IPC-
attention relationship in the beta band (BFy4 = 2.30). In contrast, AG did
not exhibit robust evidence for or against the null hypothesis of no rela-
tionship to attention in the left IPC (BFg, = 1.02), and predicted pro-
cessing speed in the left MTC, above and beyond the effects of beta-
frequency neural activity in the same region (r[34] = -.34, P = .044;
BF19 = 2.07). However, this relationship should be interpreted cau-

tiously, as it did not survive correction for multiple comparisons.

3.4 | Occipito-parietal theta oscillations predict
functional independence in patients on the AD
spectrum

Finally, to establish which, if any, of these spectro-spatial neuronal
maps related to patient functional independence, we regressed each

spectrally specific map on IADLs (measured with the FAQ) in the

patient group. No significant relationships between neuronal activity
and functional independence were found in the delta, alpha, or beta
bands; however, a robust relationship was observed in the theta band
in right lateral occipital cortex (LOC; ryeq[35] = -.46, P = .004; Fig-
ure 4). This effect again suggested compensation, such that stronger
theta activity in this region predicted increased functional indepen-
dence (i.e., lower FAQ scores).

4 | DISCUSSION

Decades of research have found pathological population-level neu-
ronal activity in patients on the AD spectrum, and this study provides
key new knowledge in this established area by comprehensively asso-
ciating these neural changes with domain-specific cognitive declines.
By doing so, we find support for the traditional conceptualization of
delta and beta frequency deviations from healthy aging as signaling
pathological changes, and show these changes are regionally specific
and linked to cognitive decline in specific domains. Conversely, we
find no such cognitive correlate of the commonly found decreases in
alpha oscillatory amplitude. Unexpectedly, we also find that the often-
reported perturbations in theta amplitude in patients on the AD spec-

trum appear to predict better cognition and functional outcomes.
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FIGURE 3 Spatio-spectral neural oscillations predict cognitive decline along the Alzheimer’s disease (AD) spectrum. Surface maps to the left
indicate significant statistical outputs of whole-brain models relating oscillatory amplitude and domain-specific cognitive function in patients on
the AD spectrum, beyond the effects of age, and corrected for multiple comparisons using a stringent threshold-free cluster enhancement
approach (ppywe = .05). Plots to the right of each map indicate the direction and nature of these effects at the vertices where they were most
pronounced, with lines-of-best-fit and corresponding confidence intervals overlaid. L-IPC, left inferior parietal cortex; L-MTC, left middle temporal

cortex; R-STC, right superior temporal cortex; R-TP, right temporal pole

We first replicated previous findings of increased low-frequency
neural activity and decreased high-frequency activity in patients on
the AD spectrum. Importantly, by leveraging a powerful source imag-
ing approach, our findings provide enhanced spatial resolution com-
pared to otherwise comparable investigations conducted previously.
This increased sensitivity revealed that commonly observed decreases
in alpha and beta frequency activity are strongest in the bilateral MTC
and left IPC, respectively, while increases in the theta band occurred
in awidespread network encompassing the bilateral IPC, left MTC, and
left dorsolateral prefrontal cortex. By significantly enhancing previous
knowledge regarding the spatial foci of such oscillatory deviations in
AD, these results provide exciting new avenues for future study, partic-

ularly in regard to emerging noninvasive electrical stimulation thera-

pies. Although interesting, these spatio-spectral neural deviations from
healthy aging alone do not inform us regarding their relevance to clini-
cal outcomes.

To understand the nature of such relationships between oscillatory
neural deviations and cognitive impairments, we regressed spectrally
specific maps of cortical neural activity on five cognitive domains, mea-
sured with a thorough neuropsychological battery. As expected, many
of these neural deviations from healthy aging predicted declines in cog-
nitive performance, indicating pathology. Increased delta amplitude
across a bilateral network of inferior parietal, anterior and posterior
temporal, and dorsolateral prefrontal regions predicted worse pro-
cessing speed, which aligns well with previous research indicating the

importance of delta rhythms for temporal expectation and reaction
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FIGURE 4 Spatio-spectral neural oscillations predict functional independence along the Alzheimer’s disease spectrum. The surface maps to
the left indicate the significant statistical output of a whole-brain model relating oscillatory amplitude and functional independence (instrumental
activities of daily living) in patients on the AD spectrum, beyond the effects of age, and corrected for multiple comparisons using a stringent
threshold-free cluster enhancement approach (ppye = .05). The plot to the right indicates the direction and nature of this effect at the vertex
where it was most pronounced, with the line-of-best-fit and corresponding confidence interval overlaid. FAQ, Functional Activities Questionnaire;

R-LOC, right lateral occipital cortex

time.** Decreased beta-frequency amplitude similarly predicted
declines in processing speed. However, beta’s relationship to process-
ing speed was conspicuously spatially non-overlapping with that of
delta, and instead included a left-lateralized network of middle tempo-
ral, supramarginal, and somato-motor cortices. Emerging work has sug-
gested an overarching role for human beta oscillations as a “top-down,”
bi-directional regulator of cognitive flexibility and prediction.*>4¢
Thus, these complementary relationships between delta and beta oscil-
latory amplitude and processing speed point to a multi-spectral, dis-
tributed pathology affecting both “early” temporal readiness and “late”
temporal prediction signals in patients on the AD spectrum. Supporting
this conceptualization further, pathologically low levels of beta, but not
delta, oscillations also predicted declines in attention across a bilateral
network of inferior parietal, middle temporal, and prefrontal regions.
In contrast to the relationships observed in the delta and beta
frequencies, deviations from healthy aging in theta oscillatory ampli-
tude predicted better cognitive function. Specifically, increases in theta
amplitude in right superior temporal and supramarginal cortices were
related to better memory function, while similar increases in right
parieto-occipital cortices signaled greater functional independence.
This was unexpected, and in fact, many previous studies have combined
theta and delta frequency information into one “low-frequency” met-
ric for simplicity. This compensatory theta effect suggests that theta
and delta frequency deviations from healthy aging in patients on the
AD spectrum are functionally distinct, both in terms of their relation-
ships to differing cognitive domains, as well as in the ultimate direction
of such relationships. The spatial definitions of the theta-frequency
effects are also of interest, as better memory performance was pre-
dicted by neuronal deviations in the superior temporal cortex, while
better daily functioning (i.e., IADLs) was predicted by similar devi-
ations in parieto-occipital cortices. This signals that, while compen-
satory theta deviations in key association cortices may robustly pre-
dict alterations in memory function, those deviations in “lower-order”
regions typically associated with visuospatial and visual attention func-
tion appear to be more directly relevant to the challenges to indepen-

dence that these patients face.

Absent from these neuro-cognitive relationships was alpha activ-
ity, which was conspicuous as oscillations in this range are likely the
most consistently reported to differ in the AD spectrum relative to
healthy aging. Although this null finding is certainly far from conclusive,
it was not due to power or a lack of sensitivity in the alpha band, as we
observed robust amplitude differences in the alpha range between CNs
and patients. It remains possible that these deviations from healthy
aging in the alpha band do not represent functional insults until later in
the course of the disease, or alternatively could represent other psychi-
atric or situational comorbidities not examined here. Also absent were
any relationships between oscillatory amplitude and regional Ag accu-
mulation, but this was less surprising. A growing literature has shown
that regional tau, and not AB, pathology better predicts cognitive and
functional outcomes in clinical AD.#”=>! Accordingly, while these data
allowed us to confirm that all patients in our AD spectrum group were
Ap-positive, they appear to yield little information regarding functional
neural or cognitive declines, at least at the stage of the disease that we
study herein.
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