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Abstract
Functional networks in aging and Alzheimer’s disease: Contributions and consequences
by
Jacob Ziontz
Doctor of Philosophy in Neuroscience
University of California, Berkeley

Professor William Jagust, Chair

Alzheimer’s disease is characterized by two hallmark neuropathologies: A} plaques and
hyperphosphorylated tau protein. AP tends to arise in a diffuse manner throughout cortex,
whereas tau pathology accumulates in a stereotyped pattern first in medial temporal lobe and
then in selectively vulnerable neocortical regions as the disease progresses. The processes
facilitating the propagation of tau pathology are still unknown, but converging cellular and
neuroimaging evidence suggests that tau spreads transneuronally along pathways of functional
connectivity throughout the brain. In this work, we utilize multimodal human neuroimaging data
in older adults without Alzheimer’s disease to investigate the factors involved in the spread of tau
at the earliest stages of pathology accumulation. First, we measure resting state functional
connectivity between hippocampus and medial parietal cortex to show that greater connectivity
strength along this pathway is associated with downstream tau pathology burden cross-
sectionally, with consequences for memory function. Next, we identify networks of functional
connectivity specific to either episodic memory or executive function, and show that these
networks are altered by the presence of tau pathology before widespread neurodegeneration is
evident. Finally, we show that baseline connectivity strength and AD pathology interact to
predict longitudinal rate of tau pathology accumulation and rate of cognitive decline in a
multicohort sample of cognitively unimpaired older adults. Together, this work reveals that
functional connectivity can be used to better understand the extent and distribution of the earliest
tau accumulation, and outlines what effects this accumulation has on changes in functional brain
networks and the cognitive domains they support.
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Introduction

Alzheimer’s disease (AD) is a devastating neurodegenerative condition that accounts for
or contributes to between 60-80% of all dementias worldwide!, and exacts an immense
emotional and financial toll on patients, caregivers, loved ones, and society more broadly. The
disease can present clinically as a number of different subtypes and variants with different
pathophysiological trajectories, but the most common type is sporadic late-onset AD, which can
have a prodromal period of up to 20 years before cognitive deficits rise to the level of diagnosis?.
Though there is currently no cure or proven way to prevent the disease, a number of recent
advances have raised the possibility of detecting and treating the disease early enough to have a
meaningful impact on the lives of those affected by it. Reliable blood serum tests for AD
pathological protein have been developed that are able to detect the presence of AD biomarkers
prior to clinical diagnosis®, and several monoclonal antibody anti-amyloid therapies have
recently been approved by the FDA that show promise in slowing the cognitive decline
stemming from the disease*. Despite these advances, it is still relatively unknown what factors
cause AD pathological protein to deposit throughout the brain in some individuals, and what the
precise ties are between the accumulation of this pathology and resulting cognitive decline.

The hallmark neuropathologies of Alzheimer’s disease (AD) are fibrillar beta-amyloid
(AP) plaques and neurofibrillary tangles of hyperphosphorylated tau protein. Af plaques tend to
accumulate in a diffuse manner across the cortex, whereas tau pathology tends to be localized
originally within medial temporal lobe before accumulating in a stereotyped pattern in
progressive neocortical areas, particularly in late-onset sporadic AD°. Most older adults display
some degree of tau pathology confined to medial temporal lobe structures such as entorhinal
cortex and hippocampus®, correlated with subtle changes in cognition’ . However, the
accumulation of tau pathology outside of medial temporal lobe in proximate structures of the
neocortex marks a transition from healthy aging to AD, with consequences for cognitive function
such as episodic memory and executive function that eventually lead to mild cognitive
impairment and dementia!®, Despite a variety of evidence from the staging of postmortem brain
tissue characterizing the stereotyped accumulation of tau pathology, relatively little is known
about the processes that facilitate the transition from the preclinical stage to the widespread
neuropathology characteristic of AD. Investigation into these mechanisms provides greater
insight into the risk factors that lead to the accumulation of tau pathology in AD, and may reveal
potential targets for therapeutic intervention.

The advent of functional neuroimaging methods at the outset of the 215 century led to the
characterization of so-called “intrinsic functional connectivity networks”, networks of brain
regions with correlated neural activity thought to underlie cognitive processes of the brain!!. This
area of investigation was linked with neurodegenerative research by the striking observation that
the spatial topography of these networks tends to overlap with patterns of AD syndrome-specific
regional atrophy!2. In other words, individuals with different behavioral variants of AD tended to
exhibit selective neurodegeneration in the same regions that tend to be functional coactive. Over
time, this observation has led to the view that the stereotypical pattern of tau pathology
accumulation may be due to transneuronal spread of this pathology throughout the brain along
pathways of functional and/or structural connectivity, rather than arising spontaneously in areas
of high metabolic activity as has also been suggested!*!%. The theory of transneuronal spread of
tau has been corroborated by studies in vitro and in animal models showing activity-mediated
spread of tau pathology from cell to cell'>!8, and from variety of functional neuroimaging
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evidence in living human participants showing that regions of high functional connectivity from
medial temporal lobe tau epicenters also tend to covary in tau pathology burden!*!-2, Despite
accumulating evidence for tau pathology propagation along functional pathways in the brain, it is
still not understood what factors facilitate the spread of this tau pathology at the earliest stages of
disease, and why certain brain regions tend to be more vulnerable to tau pathology spread.

In this work, we outline both the ways in which functional brain networks in the aging
brain contribute to Alzheimer’s disease pathology, as well as the reciprocal consequences of this
pathology accumulation for functional networks and cognitive function. In Chapter 1, we show
that a pathway of common connectivity between the medial temporal and medial parietal lobe
exhibits greater downstream tau pathology burden for individuals with greater functional
connectivity strength, with consequences for episodic memory function. In Chapter 2, we use a
novel approach to identify behaviorally meaningful networks of brain regions that support
cognitive domains such as memory and executive function and show that these networks may be
impacted by the presence of tau pathology prior to the effects of widespread neurodegeneration.
Finally in Chapter 3, we show that connectivity strength between hippocampus and key early
areas of neocortical tau accumulation interacts with baseline AD pathology burden to predict the
rate of tau accumulation and cognitive decline over time. Taken together, this work furthers our
understanding of how features of functional brain networks at the individual level facilitate the
spread of AD pathology to vulnerable regions of the brain, and how these networks play a critical
role in the effects of AD pathology on cognition at the earliest stages of disease.

v



Chapter 1: Hippocampal connectivity with retrosplenial cortex is linked to neocortical tau
accumulation and memory function
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Abstract

The mechanisms underlying accumulation of Alzheimer’s disease (AD)-related tau
pathology outside of the medial temporal lobe (MTL) in older adults are unknown but crucial to
understanding cognitive decline. A growing body of evidence from human and animal studies
strongly implicates neural connectivity in the propagation of tau in humans, but the pathways of
neocortical tau spread and its consequences for cognitive function are not well understood. Using
resting state fMRI and tau PET imaging from a sample of 97 male and female cognitively normal
older adults, we examined MTL structures involved in medial parietal tau accumulation and
associations with memory function. Functional connectivity between hippocampus and
retrosplenial cortex, a key region of the medial parietal lobe, was associated with tau in medial
parietal lobe. By contrast, connectivity between entorhinal and retrosplenial cortices did not
correlate with medial parietal lobe tau. Further, greater hippocampal-retrosplenial connectivity
was associated with a stronger correlation between MTL and medial parietal lobe tau. Finally, an
interaction between connectivity strength and medial parietal tau was associated with episodic
memory performance, particularly in the visuospatial domain. This pattern of tau accumulation
thus appears to reflect pathways of neural connectivity, and propagation of tau from entorhinal
cortex to medial parietal lobe via the hippocampus may represent a critical process in the
evolution of cognitive dysfunction in aging and AD.



Significance Statement

The accumulation of tau pathology in the neocortex is a fundamental process underlying
Alzheimer’s disease. Here, we use functional connectivity in cognitively normal older adults to
track the accumulation of tau in the medial parietal lobe, a key region for memory processing
that is affected early in the progression of AD. We show that the strength of connectivity between
the hippocampus and retrosplenial cortex is related to medial parietal tau burden, and that these
tau and connectivity measures interact to associate with episodic memory performance. These
findings establish the hippocampus as the origin of medial parietal tau and implicate tau
pathology in this region as a crucial marker of the beginnings of Alzheimer’s disease.



Introduction

Hyperphosphorylation of the microtubule-associated protein tau together with amyloid-3
(AP) plaques represent the hallmark neuropathologies of Alzheimer’s disease (AD). Early
histopathology studies > and more recent positron emission tomography (PET) imaging have
characterized the distribution and extent of pathological tau burden in patients with AD as well
as cognitively healthy older adults 2%?7. Tau pathology has been observed to originate in the
transentorhinal region, an area spanning the lateral entorhinal cortex and medial perirhinal cortex
in humans %%, but its accumulation in cortical areas outside of the MTL, perhaps facilitated by
AP 3°, is often a feature of the earliest stages of AD.

A developing body of work investigating the mechanisms of tau accumulation supports
the transsynaptic propagation of tau via coactive neurons. Studies in vitro and in animal models
suggest that tau pathology can be transferred between synaptic connections, and that enhanced
neuronal activity stimulates the release of pathological tau and increases downstream
accumulation '>-!¢3! Tn humans, transneuronal tau spread has been investigated by associating
the topography of tau accumulation with measures of structural and functional connectivity '*-
21.2532-34 Connectivity measures between brain regions that exhibit early tau accumulation may
therefore provide insights into the structures and processes involved in the spread of tau in aging
and AD.

Tau appears to initially propagate to neocortex via connectivity with the anterolateral
entorhinal cortex (alEC) !°, but regions without strong structural connectivity to alEC such as the
medial parietal lobe 3¢ also develop tau pathology as AD progresses 78, Connectivity with
other MTL structures that subsequently develop tau pathology, including the posteromedial
entorhinal cortex (pmEC) and hippocampus, may thus underly tau spread into medial parietal
lobe. This region also comprises a large part of the posterior medial (PM) memory network,
which together with the anterior temporal (AT) memory network represent two distinct large-
scale neocortical memory systems with separable anatomical and functional connectivity with
the MTL that support different aspects of memory and cognitive function 3*°. Given the
substantial increase in PM tau in mild cognitive impairment (MCI) and AD #!, tau accumulation
in regions of this memory system may be a key condition under which memory performance
begins to worsen prior to the clinical presentation of disease.

In this study, we investigate how tau spreads from MTL to the medial parietal lobe using
resting state functional magnetic resonance imaging (fMRI) in a sample of cognitively normal
older adults. We measured functional connectivity between key MTL subregions (alEC, pmEC
and hippocampus) and medial parietal lobe, and tested whether this connectivity was related to
tau deposition in medial partial lobe. Given strong structural connectivity between hippocampus
and medial parietal lobe #*, we hypothesized that the degree of functional connectivity with
hippocampus would better predict tau burden in medial parietal lobe than functional connectivity
with either entorhinal subregion. Because pmEC also demonstrates connectivity with some
medial parietal areas 3¢ and alEC is the earliest cortical region of tau accumulation, we also
tested whether these structures would also contribute to medial parietal tau. Further, we were
interested in examining how connectivity between the MTL and medial parietal lobe was related
to both the correspondence of tau between the two regions and to memory function. We
hypothesized that MTL and medial parietal tau would be more correlated as functional
connectivity between these regions increased, and that greater tau burden and functional
connectivity together would be associated with worse memory performance.



Materials and Methods
Participants

To test these hypotheses, we included data from 97 male and female cognitively normal
older adults from the Berkeley Aging Cohort Study. All participants underwent 3T structural
MRI, and resting state 3T functional MRI, and a standard neuropsychological assessment. These
participants also received tau PET imaging using '8F-Flortaucipir (FTP) and A PET imaging
using 'C-Pittsburgh Compound B (PiB). Demographic information for all participants is shown
in Table 1. There were 3 individuals who did not have PiB PET data available for analysis, and
so were excluded from all analyses that adjusted for global AP signal. We included only
participants whose resting state fMRI data was collected within 146 days of their corresponding
tau PET scan (M =42.5, SD = 37.9). Additional inclusion criteria for this study were 60+ years
of age, cognitively normal status (Mini Mental State Examination score > 25 and normal
neuropsychological examination, defined as within 1.5 SDs of age, education, and sex adjusted
norms), no serious neurological, psychiatric, or medical illness, no major contraindications found
on MRI or PET, and independent community living status. This study was approved by the
Institutional Review Boards of the University of California, Berkeley, and the Lawrence
Berkeley National Laboratory (LBNL). All participants provided written informed consent.

Mean (SD) or n (%) Range

Age (years) 76.4 (6.1) 60-93
Education (years) 16.8 (1.9) 12 -20
MMSE 28.6 (1.3) 25-30
Global Ap PET 1.17 (0.25) 0.92-1.89
Sex (female) 58 (59.8%)

AP+ 43 (45.7%)

ApoE4+ 28 (29.8%)

Table 1. Participant characteristics. Demographic information for sample of 97 cognitively
normal older adults including age, years of education, mini mental state examination (MMSE)
score, global AP PET signal, sex, AP positivity status (Ap+), and apolipoprotein E positivity
status (ApoE4+).

MRI acquisition

Structural and functional MRI data were acquired on a 3T TIM/Trio scanner (Siemens
Medical System, software version B17A) using a 32-channel head coil. A T1-weighted whole
brain magnetization prepared rapid gradient echo (MPRAGE) image was acquired for each
subject (voxel size = Imm isotropic, TR = 2300ms, TE = 2.98ms, matrix = 256x240x160, FOV
= 256x240x160mm?, sagittal plane, 160 slices, 5 min acquisition time). Resting state functional
MRI was then acquired using T2*-weighted echo planar imaging (EPI, voxel size = 2.6mm
isotropic, TR = 1.067ms, TE = 31.2ms, FA = 45, matrix 80x80, FOV = 210mm, sagittal plane,
300 volumes, anterior to posterior phase encoding, ascending acquisition, 5 min acquisition
time). During resting state acquisition, participants were told to remain awake with eyes open
and focused on a white asterisk displayed on a black background.



MRI preprocessing

Structural T1-weighted images were processing using Statistical Parametric Mapping
(SPM12). Images were first segmented into gray matter, white matter, and cerebral spinal fluid
(CSF) components in native space. DARTEL-imported tissue segments for all individuals in the
sample were used to create a study-specific template, which was then used to warp native space
T1 images and tissue segments to MNI space at 2mm isotropic resolution. Finally, native space
T1 images were segmented with Freesurfer v.5.3.0 using the Desikan-Killiany atlas parcellation
e

Resting state fMRI images were preprocessed using a standard SPM12 pipeline. Slice
time correction was first applied to adjust for differences in acquisition time for each brain
volume. Then, all echo planar images (EPIs) were realigned to the first acquired EPI, and
translation and rotation realignment parameters were output. Each EPI was next coregistered to
each individual’s native space T1 image. Next all resting state EPIs and structural images were
warped to the study-specific DARTEL template in 2mm isotropic MNI space from structural
preprocessing. Unsmoothed fMRI data in MNI space was used to extract the time series
correlation of all ROI seeds used in these analyses.

Regions of interest

We defined regions of interest (ROIs) for these analyses to examine the association of
functional connectivity between these areas and tau burden. Most were obtained from the
FreeSurfer segmentation of each participant’s native space 3T structural image +*, including
hippocampus (HC), retrosplenial cortex (RsC), posterior cingulate cortex (PCC), precuneus
(PrC), whole entorhinal cortex (EC), and inferior temporal cortex (IT). In the case of RsC, we
used the FreeSurfer region analog labeled as “isthmus cingulate.” The composite medial parietal
lobe ROI used throughout this study consisted of the RsC, PCC, and PrC regions. To test
neocortical connectivity with HC outside of the medial parietal lobe, we also identified a region
in the superior frontal gyrus (SFG) analogous to the medial portion of Brodman Area 10, labeled
as A10m in the Brainnetome atlas parcellation **.

Anterolateral entorhinal cortex and pmEC were defined in a previous study with high-
resolution 7T MRI #°. In brief, anatomical borders of the entire entorhinal cortex were manually
defined on a high-resolution T1-group template. Multivariate classification in a group of young
adults was used to then identify clusters of voxels within this mask that showed preferential
functional connectivity with perirhinal cortex, comprising the alEC ROI, or with the
parahippocampal gyrus, comprising the pmEC ROI. These alEC and pmEC ROIs were then
warped to a 2mm isotropic MNI template and made publicly available. In this study, we used
these bilateral MNI space ROIs in our functional connectivity analyses. Because these regions
are in close spatial proximity to one another, we extracted time series from the unsmoothed,
denoised MNI space resting state data to avoid smoothing signal from each seed into each other.

To address signal dropout in the identified ROIs, we derived an explicit mask to remove
regions of low signal across the whole brain. This mask was defined by calculating the mean
functional MNI space image across all individuals, restricted to a group level grey matter mask.
We then excluded voxels with less than 40% of the mean signal intensity of the image. Using this
mean signal intensity threshold mask, a mean of 15.8% of voxels (SD = 11.9%) were removed
across all ROIs with the highest proportion of voxels being removed from the A10m region
(34.8%).



Functional connectivity analyses

Seed-to-seed functional connectivity was assessed using the CONN functional
connectivity toolbox (version 17¢) #¢ implemented in MATLAB version 2019b (The Mathworks
Inc., Natick, MA). ART motion detection was first performed to identify volumes of high
motion, using a movement threshold of > 0.5mm/TR and a global intensity z-score of 3. Outlier
volumes were flagged and included as spike regressors during denoising. No individuals were
excluded from these analyses due to excess motion, as all participants had < 20% of outlier
volumes (M = 5.0%, SD = 3.4%). Denoising was then performed with translation and rotation
realignment parameters and their first-order derivatives, as well as anatomical CompCor (first
five components of time series signal from white matter and CSF). A band pass filter of 0.008-
0.1 Hz and linear detrending were then applied to the residual time-series.

We constructed a model of functional connectivity between each of three MTL regions
(alEC, pmEC, and HC) and medial parietal lobe using bilateral ROIs. Within the medial parietal
lobe, we identified the retrosplenial cortex as a region where tau is thought to spread to the
neocortex via the MTL #° and with known structural and functional connectivity with MTL
363942 Semipartial correlations and unsmoothed data were used to minimize spillover of signal
between adjacent MTL regions. Connectivity strength was defined as B-weights from region-to-
region semipartial correlations adjusted for age and sex.

PET acquisition and processing

PET was acquired for all participants at LBNL. Tau accumulation was assessed with FTP
synthesized at the Biomedical Isotope Facility at LBNL as previously described ?’. Data were
collected on a Biograph TruePoint 6 scanner (Siemens, Inc) 75-115 min post-injection in
listmode. Data were then binned into 4 x 5 min frames from 80-100 min post-injection. CT scans
were performed before the start of each emission acquisition. AP burden was assessed using ''C-
Pittsburgh Compound B (PiB), also synthesized at the Biomedical Isotope Facility at LBNL 47,
Data were collected on the Biograph scanner across 35 dynamic frames for 90 min post-injection
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),
and a computed tomography (CT) scan was performed. All PET images were reconstructed using
an ordered subset expectation maximization algorithm, with attenuation correction, scatter
correction, and smoothing with a 4mm Gaussian kernel.

Processing of FTP images was carried out in SPM12. Images were realigned, averaged,
and coregistered to 3T structural MRIs. Standardized uptake value ratio (SUVR) images were
calculated by averaging mean tracer uptake over the 80-100 min data and normalized with an
inferior cerebellar gray reference region #8. The mean SUVR of each ROI (structural MRI
FreeSurfer segmentation) was extracted from the native space images. This ROI data was partial
volume corrected using a modified Geometric Transfer Matrix approach #° as previously
described **. SUVR images were then warped to 2mm MNI space for voxelwise analyses using
the study-specific DARTEL template produced from structural data (see above). No additional
spatial smoothing was applied. PiB images were also realigned using SPM12. An average of
frames within the first 20 min was used to calculate the transformation matrix to coregister the
PiB images to the participants’ 3T structural MRI; this transformation matrix was then applied to
all PiB frames. Distribution volume ratio (DVR) images were calculated with Logan graphical
analysis over 35-90 min data and normalized to a whole cerebellar gray reference region 3!,
Global AB was calculated across cortical FreeSurfer ROIs as previously described *2, and a
threshold of DVR > 1.065 was used categorize participants as AB-positive or AB-negative. In



addition, mean DVR within each FreeSurfer ROI was extracted from coregistered, MNI space
PiB images.
Tau PET quantification

To quantify tau deposition, we used the proportion of voxels above an a priori threshold
of SUVR > 1.4 for FTP PET signal. This threshold has been shown to be a reliable marker of
AD-related tau pathology, outperforming other thresholds in discriminating between A- older
adults and MCI/AD individuals *’. This suprathreshold measure has also been used in previous
investigation of the relationship between functional connectivity and tau accumulation .
Another distinct advantage of using suprathreshold signal over mean SUVR is that it is not
confounded by differing number of voxels within ROIs. To calculate this suprathreshold tau
measure for each individual, we computed the number of suprathreshold FTP voxels within each
ROI and divided by the total number of voxels in the region. In MTL and particularly
hippocampus however, measuring tau is challenging given the confound of signal contamination
from off-target FTP binding in choroid plexus. To address this, we quantified hippocampal tau
using Rousset geometric transfer matrix partial volume corrected FTP SUVR, which minimizes
choroid plexus spillover *¥. As an additional precaution, we adjusted for choroid plexus FTP
signal in regression analyses using this hippocampal tau signal.
Neuropsychological assessment

To assess episodic memory in our sample of cognitively normal older adults, we used
neuropsychological assessment data collected closest in time to each individual’s tau scan. There
was a mean of 84.2 days (SD = 56.9) between each individual’s cognitive assessment and tau
PET scan. We computed an episodic memory composite measure by averaging the z-transformed
individual test scores using mean and SD from the sample 73 for four different tasks. These
tasks were the California Verbal Learning Test (CVLT) immediate free recall, CVLT long-delay
free recall, Visual Reproduction I (immediate recall), and Visual Reproduction II (delayed
recall). We analyzed distinct verbal and visuospatial episodic memory components by
considering performance in CVLT and Visual Reproduction tasks separately.
Experimental Design and Statistical Analyses

Functional connectivity analyses were carried out in the CONN functional connectivity
toolbox (version 17e). Semipartial correlations were used for all first-level analyses to compute
the time series correlation for all voxels of each ROI, controlling for the variance of all other
ROIs entered into the same model. Statistically significant functional connectivity was
determined by extracting B-weights from region-to-region semipartial correlations adjusted for
age and sex. A one-sample t-test was then conducted on these B-values to test if connectivity
between ROI pairs was significantly different from 0 (two-tailed, FDR corrected p < 0.05).
Multivariate linear regression analyses were carried out in R (version 3.6.3) with a two-tailed
significance level of o = 0.05 throughout. All regression analyses were adjusted for age at time
of tau scan, sex, and mean global Af3 burden. Analyses involving cognitive test performance
were additionally adjusted for years of education and practice effects, quantified as the square
root of the number of prior testing occasions >*. All models including interactions used mean-
centered values for independent variables.
Results
Hippocampus exhibits strong resting state functional connectivity with retrosplenial cortex

We first investigated which structures of the MTL exhibit resting state functional
connectivity with retrosplenial cortex, focusing on three regions of interest within MTL: alEC,
pmEC, and hippocampus (Figure 1a). We observed significant functional connectivity between



hippocampus and retrosplenial cortex ( = 0.45, p <0.001), as well as between pmEC and
retrosplenial cortex (B = 0.07, p = 0.007). We directly compared the connectivity of these two
pathways and found that hippocampal-retrosplenial (HC-RsC) connectivity was significantly
greater than pmEC-RsC connectivity (two-tailed paired samples #96) = 15.74, p < 0.001). By
contrast, no significant connectivity was observed between alEC and retrosplenial cortex (f =
0.00, p = 0.891). Thus, hippocampus and to a lesser extent pmEC, but not alEC, exhibited resting
state functional connectivity with retrosplenial cortex in our sample of cognitively normal older
adults (Figure 1b).

ROI-to-ROI
RsC [ HC effects:

I 1462

B pmEC alEC

Figure 1. Hippocampus exhibits strong resting state functional connectivity with
retrosplenial cortex. (A) Regions of interest for functional connectivity analysis. Anterolateral
entorhinal cortex (alEC), posteromedial entorhinal cortex (pmEC), and hippocampus (HC) were
included from MTL, as well as retrosplenial cortex (RsC). (B) RsC exhibits functional
connectivity with HC and pmEC, but not alEC. Line color and thickness correspond to T-statistic
of one-sample t-test of B values. See Figure S1 for resting state connectivity with superior frontal
gyrus and association with medial parietal tau.

Hippocampal-retrosplenial connectivity strength is related to medial parietal tau pathology
Having observed strong functional connectivity between MTL and retrosplenial cortex,
we next sought to investigate the extent to which this connectivity is associated with tau
pathology in a medial parietal lobe composite region comprising the retrosplenial cortex,
precuneus, and posterior cingulate cortex. To visualize this tau signal, we computed the
proportion of participants above threshold in each voxel of the composite region (Figure 2a).
Adjusting for age, sex, and global AB PET signal, we found that HC-RsC connectivity strength
was associated with suprathreshold tau in the medial parietal lobe (B = 0.145, p = 0.004; Figure
2b). From this same model, global Af was also associated with suprathreshold medial parietal
tau (B = 0.113, p = 0.014). In contrast with HC-RsC connectivity, neither alEC-RsC (f = 0.120, p
= 0.145) nor pmEC-RsC connectivity strength (f = 0.015, p = 0.842) were associated with
medial parietal lobe tau (Figure 2c-d) adjusting for age, sex, and global AB. In a separate model,
we further examined whether individuals with more global AP exhibited a stronger relationship



between HC-RsC and medial parietal tau. Adjusting for age and sex, we did not observe a
significant interaction between HC-RsC connectivity and global A (B = 0.442, p = 0.141).
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Figure 2. Hippocampal-retrosplenial connectivity strength is related to medial parietal tau
pathology. (A) Percent of participants above tau threshold (FTP SUVR > 1.4) for each voxel in
medial parietal lobe (MPL) region comprising retrosplenial cortex, precuneus, and posterior
cingulate cortex. (B) Adjusting for age, sex, and global beta amyloid (Af), hippocampal-
retrosplenial (HC-RsC) resting state functional connectivity strength is associated with mean
suprathreshold tau within MPL. MPL suprathreshold tau defined as proportion of voxels above
threshold within composite region. (C) alEC-RsC and (D) pmEC-RsC connectivity strength are
not associated with MPL tau. Significance value for each plot corresponds to effect of each term
from linear regression model. Functional connectivity (FC) strength quantified as B-values from
semipartial correlations between regions. See Figure S2 for association between HC-RsC
connectivity and tau outside of medial parietal lobe, as well as medial parietal Af.

To confirm that the relationship between HC-RsC connectivity and medial parietal tau
was specific to retrosplenial cortex and not a general effect of strong resting state functional
connectivity, we identified a control region within the SFG analogous to the medial portion of
Brodmann area 10 from the Brainnetome Atlas **. Like retrosplenial cortex, this region is known
to be part of the default mode network but does not have extensive structural connections with
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hippocampus and exhibited low signal dropout in our sample. Similar to retrosplenial cortex, we
observed significant resting state functional connectivity between hippocampus and SFG (B =
0.40, p <0.001), though not between SFG and alEC (B = 0.02, p = 0.439) or pmEC (f =-0.02, p
=0.379; Figure S2a). However, in contrast with retrosplenial cortex, we did not observe an
association between the strength of hippocampus-SFG connectivity and medial parietal lobe tau
(B=0.006, p=0.907; Figure S2b).

We further wanted to verify that connectivity between hippocampus and retrosplenial
cortex was associated specifically with tau in medial parietal lobe and not also in other early tau-
accumulating regions. To this end, we examined tau within entorhinal cortex and inferior
temporal cortex, a region frequently used as a marker for early tau accumulation in aging
Again adjusting for age, sex, and global AP, we found that HC-RsC connectivity was not
associated with suprathreshold tau in the entorhinal cortex (f =-0.017, p = 0.843; Figure 2-2a).
Though suprathreshold tau in medial parietal lobe and inferior temporal cortex were highly
correlated (» = 0.796, p < 0.001), HC-RsC was only associated at trend level with inferior
temporal tau (f = 0.150, p = 0.082; Figure 2-2b). Finally, to confirm that the relationship
between connectivity and pathology was specific to tau, we examined the association between
HC-RsC and A burden in the medial parietal lobe. Adjusting for age and sex, HC-RsC
connectivity was not associated with medial parietal lobe A PET signal (f = 0.172, p = 0.193;
Figure 2-2c). Taken together, these results demonstrate the specificity of tau pathology
accumulation in medial parietal lobe via direct connectivity with hippocampus in cognitively
unimpaired older adults.

Hippocampal-retrosplenial connectivity strengthens tau correspondence

To further examine the role of functional connectivity in the accumulation of tau
pathology from MTL, we tested whether HC-RsC connectivity strength modulated how closely
MTL tau corresponded with medial parietal lobe tau. Adjusting for age, sex, global AP, and
choroid plexus FTP signal, there was a significant main effect of hippocampal tau (f = 0.263, p <
0.001) as well as a main effect of HC-RsC ( = 0.123, p = 0.005) on medial parietal lobe
suprathreshold tau (Table 2). Critically, we also observed an interaction between hippocampal
tau and HC-RsC connectivity (B = 0.607, p = 0.008; Figure 3) such that there was a stronger
association between MTL and medial parietal lobe tau with greater functional connectivity
between these regions. To further verify that choroid plexus spillover into hippocampus was not
driving these results, we replicated this analysis using partial volume corrected entorhinal tau
PET, and found a trend-level interaction between entorhinal tau and HC-RsC in predicting
medial parietal tau (B = 0.357, p = 0.073; Figure S3). Because tau in entorhinal cortex and
hippocampus were highly correlated with one another (» = 0.719, p < 0.001), it is not surprising
that using entorhinal tau yielded a similar result, and suggests that contamination of hippocampal
signal from non-specific choroid plexus FTP binding is likely not driving this finding.

55,56
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Independent variables

Dependent variable:
MPL suprathreshold tau

age

sex

global AP

choroid plexus signal
hippocampus mean tau
HC-RsC FC strength

hippocampus mean tau x
HC-RsC FC strength

Constant

B =-0.002, p = 0.321

B =0.007, p = 0.708

B =0.050, p = 0.241
B=-0.012, p = 0.208
B=0.263*** p <0.001
B=0.123** p=0.005

B = 0.607+*, p = 0.008
B =0.066, p = 0.281

Table 2. Summary of model results with medial parietal tau as outcome. Effects from linear
regression model examining the relationship between medial parietal lobe (MPL) suprathreshold

tau and age, sex, global AP, choroid plexus signal (partial volume corrected FTP SUVR),

hippocampus mean tau (partial volume corrected FTP SUVR), hippocampal-retrosplenial (HC-

RsC) functional connectivity (FC) strength, and hippocampus mean tau x HC-RsC FC strength
interaction. Bolded term indicates interaction effect visualized in Figure 3. See Table S1 for
model results using FTP SUVR from entorhinal cortex instead of hippocampus.

*p < 0.05; #%p < 0.01; ***p < 0.001.
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Figure 3. Hippocampal-retrosplenial connectivity modulates the relationship between
medial temporal and medial parietal tau. Visualization of interaction between hippocampus
mean tau (partial volume corrected FTP SUVR) and hippocampal-retrosplenial functional
connectivity strength (HC-RsC) from linear regression model (see Table 2). Medial parietal lobe
(MPL) suprathreshold tau is associated with a hippocampal tau x HC-RsC interaction. Plot
displays the relationship predicted by linear regression at low (10" percentile), median, and high
(90" percentile) HC-RsC. See Figure S3 for visualization of the same interaction effect using
FTP SUVR from entorhinal cortex in place of hippocampus.

Episodic memory is related to an interaction between tau and connectivity

We next sought to test if connectivity and tau might also interact to associate with
episodic memory performance. Adjusting for age, years of education, practice effects, and global
AP, we did not observe a significant main effect of either medial parietal lobe tau (B =1.111, p =
0.318) or HC-RsC connectivity (B =0.073, p = 0.861) on episodic memory. Critically, there was
a significant interaction between medial parietal tau and hippocampal-retrosplenial connectivity
(B =-9.482, p = 0.018), such that episodic memory performance was poorest when both medial
parietal tau and hippocampal-retrosplenial connectivity were greatest (Table 3). Examining
episodic memory subdomains separately, the interaction between medial parietal tau and
hippocampal-retrosplenial connectivity was significantly associated with visuospatial memory
performance (f =-12.016, p = 0.006; Figure 4a), but not verbal memory performance (f = -
6.933, p = 0.145; Figure 4b).
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Independent variables

Dependent variable:
Episodic memory composite

age

sex

years education
practice effects

global AB

MPL suprathreshold tau
HC-RsC FC strength

MPL suprathreshold tau x
HC-RsC FC strength

Constant

B =-0.048%* p=0.005
B =-0.105, p = 0.540

B =0.037, p=0.420
B=0.253* p=0.019

B =-0.308, p = 0.395
B=1.130, p=0.284
B=0.079, p = 0.843

p=-9.531*%, p=0.018

B=0.139,p=0.772

Table 3. Summary of model results with episodic memory performance as outcome. Effects
from linear regression model examining the relationship between episodic memory performance
(California Verbal Learning Test immediate and long-delay free recall, Visual Reproduction
immediate and delay recall) and age, years of education, practice effects (see Materials &
Methods), global AB, MPL suprathreshold tau, HC-RsC FC strength, and MPL suprathreshold

tau x HC-RsC FC strength interaction. Bolded term indicates interaction effect visualized in

Figure 4. *p < 0.05; **p < 0.01; ***p <0.001.
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Figure 4. Episodic memory performance is associated with the interaction of hippocampal-
retrosplenial connectivity and medial parietal tau. Visualization of interaction between
hippocampal-retrosplenial (HC-RsC) functional connectivity (FC) strength (beta value) and
medial parietal lobe (MPL) suprathreshold tau in relation to visuospatial and verbal memory,
adjusting for age, sex, years of education, practice effects, and global AB. (A) Visuospatial
memory (Visual Reproduction immediate and delay recall) is associated with the interaction of
MPL tau and HC-RsC FC strength. (B) Verbal memory (CVLT immediate and long delay free
recall) does not exhibit a significant interaction. Plots display the relationship predicted by linear
regression at low (10" percentile), median, and high (90" percentile) MPL suprathreshold tau.

Discussion

In this study of cognitively unimpaired older adults, we measured functional connectivity
between the MTL and medial parietal lobe using resting state fMRI and examined tau and A3
pathology with PET imaging. Overall, our findings suggest that AD-related tau accumulates in
medial parietal lobe via connectivity with hippocampus, and that this may reflect early disruption
of memory processing via tau spread. A growing literature has linked patterns of resting state
functional connectivity to greater tau accumulation and correspondence of tau between these
regions %2, Though recent data suggest heterogeneity in patterns of tau deposition in patients
with AD, these distinct profiles all include medial parietal lobe as a vulnerable region >’. Further,
computational modeling of tau spread using functional connectivity closely resembles the
observed pattern of tau deposition in the brain 2°*2, Our finding that connectivity between
retrosplenial cortex and hippocampus, but not alEC or pmEC, was associated with medial
parietal tau suggests that tau originating in MTL accumulates in hippocampus before later
spreading directly to medial parietal lobe via connectivity with retrosplenial cortex. Because
pmEC-RsC connectivity was weaker than HC-RsC connectivity and did not correlate with
medial parietal tau, it is not likely to be the primary structure involved in the propagation of tau
to this region despite connectivity with several posterior medial areas %%,

Instead, tau may spread to alEC-connected neocortex and hippocampus at a comparable
rate, later accumulating in medial parietal areas with connections to the hippocampus. This is
consistent with histopathological data indicating that although the earliest cortical region to
exhibit tau pathology is the alEC/transentorhinal area 2%°, tau is typically observed in
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hippocampus prior to limbic areas such as the retrosplenial region 2°. Our findings also
corroborate recent work that found that structural connectivity between hippocampus and
posterior cingulate cortex (PCC) was associated with tau pathology in PCC 3. Importantly, our
finding of greater correspondence between hippocampal and medial parietal tau with greater HC-
RsC connectivity strength further suggests that neural connectivity may reflect patterns of tau to
spread from early-accumulating regions to connected downstream areas.

The specificity of this key finding in our study is striking. The lack of association
between HC-RsC connectivity and tau in entorhinal cortex suggests this connectivity is
specifically related to tau in the downstream medial parietal region of this pathway. Though the
inferior temporal cortex is one of the first areas of neocortical tau pathology and is often used as
a marker of AD disease progression >>¢, we found the strength of HC-RsC connectivity was
only associated at trend level with tau in this region. In addition, functional connectivity between
hippocampus and the superior frontal gyrus was significant but not associated with medial
parietal tau, suggesting that functional connections with other brain areas are not related to tau in
medial parietal lobe. We also did not find an association between HC-RsC and A3 burden within
medial parietal lobe, which is not surprising given that Ap does not originate in the MTL and is
not thought to spread in the same transneuronal manner as tau. Taken together, these results
support the view that tau pathology in hippocampus spreads to medial parietal lobe in cognitively
unimpaired older adults, reflected by resting state functional connectivity between these regions.

Some studies have in fact found a negative association between tau pathology and
functional connectivity across the cortex >-6%6! though these tended to use global measures of
tau or focused on AB-positive individuals. However, our findings together with previous work
help illustrate how the relationship between tau and connectivity may vary between different
brain areas and time scales. Initially, greater connectivity within an individual pathway may
facilitate the spread of tau from regions of early accumulation to downstream cortical areas,
perhaps enhanced by the presence of AP. Over time, however, the influence of tau throughout
this circuit leads to neurodegeneration and disruption of neuronal signaling, and tau pathology
may in fact show an inverse correlation with functional connectivity. These distinct short- and
long-term effects may help explain regional differences in the tau-connectivity relationship such
that pathways of early tau propagation are first to show local degeneration, whereas later
pathways, such as the MTL-medial parietal lobe, may concurrently demonstrate increased
connectivity leading to further tau spread.

We also found that episodic memory performance, particularly visuospatial memory, was
related to the combination of greater medial parietal lobe tau accumulation and greater HC-RsC
strength. Because we did not observe a main effect of connectivity on memory, it does not appear
likely that greater connectivity alone is related to worse cognition. However, the interaction
between connectivity strength and medial parietal tau suggests that the presence of tau in
conjunction with greater connectivity along this pathway may indeed be detrimental for memory
performance. Existing work has yet to establish a clear relationship between memory
performance and connectivity changes in aging. Greater functional connectivity between MTL
and medial parietal areas is related to poorer memory performance both cross-sectionally and
over time ®!. By contrast, a positive association has been reported between MTL-medial parietal
connectivity and memory performance %63, though these studies did not include tau PET
measures. Abnormal diffusivity of the hippocampal cingulum bundle has also been shown to be
related to greater decline in memory performance in older individuals with high PCC tau and
high AB 33.
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It may be that the propagation of tau, reflected by greater connectivity and
correspondence of pathology between regions, is associated with the earliest deficits in cognitive
function. Converging theoretical frameworks including the ‘molecular nexopathies’ paradigm
have proposed that the conjunction of pathology and intrinsic circuit characteristics can lead to a
state of mild peptide-dependent network disruption, marking the onset of neurodegenerative
disease %% prior to widespread neurodegeneration and cascading network failure . Tau spread
to the medial parietal lobe may be an indicator of consequences for the PM memory system,
which while not affected by tau as early as the AT system may begin to be disrupted in MCI and
AD *! Tt is also striking that we found a particularly strong association with visuospatial
memory, given medial parietal areas have long been implicated in processing of spatial
information 67-%°. The representation of visuospatial context is also thought to be a key function
of the PM memory system *, and spatial information processing is one of the earliest-affected
domains in cognitive aging and Alzheimer’s disease °. Connectivity-mediated accumulation of
tau may thus underlie the beginnings of cognitive decline in healthy older adults.

There are a number of limitations to the conclusions drawn from this study. The cross-
sectional and correlational nature of these results means that caution is required in inferring a
causal relationship between connectivity and tau spread. Still, in view of longitudinal studies
showing that tau propagates to different regions over time via connectivity 24, our findings are
consistent with a relationship that could be causal. In addition, though we adjusted for AR PET
signal throughout this study, we did not find that the relationships described here were stronger
in individuals with greater global AP} burden. This was a somewhat surprising finding given a
number of studies that have found a stronger association between tau and connectivity for those
with greater AB pathology %2133, Tt is possible that our sample did not provide us with enough
statistical power to observe this interaction, though it was enriched to include nearly half Aj-
positive individuals. Further study is needed to assess the role of AP in the association between
medial parietal lobe tau and functional connectivity in cognitively normal older adults.
Conclusion

The findings described here support the view that tau pathology accumulates in medial
parietal lobe via direct connectivity with hippocampus in cognitively normal older individuals.
Though the accumulation of tau pathology in MTL and even some areas of the AT network has
been observed in older adults without cognitive impairment, tau spread into the PM network and
subsequent domain-specific memory decline may reflect a significant transition between normal
aging and the processes involved in Alzheimer’s disease. Future work with longitudinal data can
help establish tau propagation into the medial parietal lobe as a crucial marker of the beginnings
of Alzheimer’s disease.
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Supplementary Materials

Dependent variable:

Independent variables MPL suprathreshold tau

age B=-0.002, p=0.359
sex B =0.006, p=0.791
global AB B=0.033, p=0.527
choroid plexus signal B=0.006, p=0.566
entorhinal mean tau B=0.139%* p=0.008
HC-RsC FC strength B=0.133*%* p=0.006

entorhinal mean tau x HC-RsC
FC strength

Constant B=0.017,p=0.790

B =0.357, p = 0.073

Table S1. Summary of model results with medial parietal tau as outcome. Effects from
linear regression model examining the relationship between medial parietal lobe (MPL)
suprathreshold tau and age, sex, global beta amyloid (Ap), choroid plexus signal (partial volume
corrected FTP SUVR), entorhinal mean tau (partial volume corrected FTP SUVR), hippocampal-
retrosplenial (HC-RsC) functional connectivity (FC) strength, and entorhinal mean tau x HC-

RsC FC strength interaction. Bolded term indicates interaction effect visualized in Figure S3.
*p <0.05; **p < 0.01; ***p <0.001.
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Figure S1. Hippocampal-superior frontal resting state functional connectivity is not
associated with medial parietal lobe tau accumulation. (A) Superior frontal gyrus (SFG;
medial portion of Brodmann Area 10) exhibits resting state functional connectivity with
hippocampus (3 = 0.40, p < 0.001), but not with pmEC ( =-0.02, p =0.379) or alEC ( = 0.02,
p = 0.439). Line color and thickness correspond to T-statistic of one-sample t-test of  values. (B)
Adjusting for age, sex, and global AR, HC-SFG functional connectivity strength is not associated
with proportion of voxels above threshold (SUVR > 1.4) within medial parietal lobe.
Connectivity strength measured by extracting 3 -values of semipartial correlations between
hippocampus and SFG.
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Figure S2. Hippocampal-retrosplenial resting state functional connectivity is specifically
associated with medial parietal lobe tau accumulation. (A) HC-RsC is not associated with
entorhinal cortex (EC) suprathreshold tau. (B) HC-RsC shows a trend-level association with
inferior temporal (IT) suprathreshold tau. (C) HC-RsC is not associated with MPL A3 measured
by PiB PET DVR. Plots show residualized values from linear regression models adjusting for
age, sex, and global AB. Connectivity strength measured by extracting 3 -values of semipartial
correlations between HC and RsC. Suprathreshold tau defined as proportion of voxels above
threshold (SUVR > 1.4) within each region of interest.
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Figure S3. Entorhinal tau pathology exhibits greatest association with medial parietal lobe
tau when hippocampal-retrosplenial connectivity is greatest. Visualization of interaction
between entorhinal cortex (EC) mean tau (partial volume corrected FTP SUVR) and
hippocampal-retrosplenial (Table S1). Medial parietal lobe (MPL) suprathreshold tau is
associated with an entorhinal tau x HC-RsC interaction at trend level. Plot displays the
relationship predicted by linear regression at low (10" percentile), median, and high (90
percentile) HC-RsC.
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Foreword for Chapter 2

In the previous chapter, we demonstrated that resting state functional connectivity
strength along the pathway from hippocampus to medial parietal cortex is associated with
downstream tau pathology burden cross-sectionally. Further, this association is strengthened in
individuals with higher upstream hippocampal tau pathology, and the combination of tau
accumulation and high connectivity strength has consequences for memory function. This first
analysis investigated the possible correlation between an individual’s connectivity between
regions vulnerable to tau pathology and the degree of tau accumulation in the downstream
region, implicating neural activity in the spread of tau pathology. In the next chapter, we utilize
whole-brain neural connectivity and investigate the opposite direction of this effect: Does tau
pathology accumulation influence the integrity of networks of functional connectivity? In
Chapter 2, we investigate whether measures of connectivity across the entire brain—connectivity
networks defined using cognitive performance—are affected by tau pathology, even before the
onset of widespread neurodegeneration. This line of inquiry provides insight into the connections
in the brain most likely to be altered by the presence of tau pathology, and highlights the
intercorrelated relationship between pathology accumulation and network connectivity in aging
and Alzheimer’s disease.
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Abstract

Tau pathology is associated with cognitive impairment in both aging and Alzheimer’s
disease (AD), but the functional and structural basis of this relationship remain unclear. We
hypothesized that the integrity of behaviorally-meaningful functional networks would help
explain the relationship between tau and cognitive performance. Using resting state fMRI, we
identified unique networks related to episodic memory and executive function. The episodic
memory network was particularly related to tau pathology measured with positron emission
tomography (PET) in entorhinal and temporal cortices. Further, episodic memory network
strength mediated the relationship between tau pathology and cognitive performance above and
beyond neurodegeneration. We replicated the association between these networks and tau
pathology in a separate cohort of older adults, including both cognitively unimpaired and mild
cognitive impairment individuals. Together, these results suggest that behaviorally-meaningful
functional brain networks represent a functional mechanism linking tau pathology and cognition.
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Introduction

The microtubule-associated protein tau is primarily involved in stabilizing the neural
cytoskeleton 7!, but when hyperphosphorylated it becomes pathological and dissociates to form
neurofibrillary tangles both intra- and extracellularly 2. Along with diffuse fibrillar amyloid-beta
(AP), the stereotyped spread of tau from medial temporal lobe to areas across the cortex is one of
the hallmark neuropathologies of Alzheimer’s disease (AD) °. Tau pathology is also known to be
present in aging, with accumulation in the medial temporal lobe observed in almost all older
adults even without cognitive impairment °. In contrast to the weak relationship found between
AP and cognitive performance, tau pathology burden is closely associated with cognitive
performance both cross-sectionally and over time "~%7>7* in older adults. Episodic memory is one
of the cognitive domains that declines earliest in the presence of AD pathology even in
cognitively unimpaired (CU) older adults %73, but executive function may also be impaired
shortly after, particularly for individuals with mild cognitive impairment (MCI) and AD 7>-7°,
Still, despite the preponderance of evidence linking tau to cognitive performance in aging and
AD, the mechanisms by which tau deposition results in cognitive decline are not well
understood.

Most explanations of the link between tau pathology and cognition have focused on the
role of neurodegeneration. Tau pathology is associated with lower regional brain volume and
cortical thickness 882 and the baseline spatial pattern of tau accumulation predicts future
atrophy rate beyond the effects of baseline AP or cortical thickness 3. Indeed, tau may lead to
neural death and regional atrophy via disruption of cytoskeletal integrity in brain regions where it
accumulates 3984 and the presence of tangles in affected regions may further disrupt cell
signaling and maintenance ®°. Still, studies examining neurodegeneration as a potential
mechanism have shown that much of the association between tau and cognition is unexplained
by structural measures, particularly for individuals in the earliest stages of decline. A mediating
effect of grey matter volume 7® and cortical thickness 8 has been in observed in individuals
diagnosed with AD, though CU individuals often do not show a definitive mediating role for
brain structure in the relationship between tau pathology and cognition 32%, In each of these
studies, a great degree of variance in the relationship between tau pathology and cognition
remains after accounting for brain structure. It may be that factors related to brain function,
rather than structure, explain greater degree of variance in the relationship between tau pathology
and cognition in the earliest stages of disease.

Inter-correlation of the spontaneous blood oxygen level-dependent (BOLD) signal,
reflecting neural activity and measured with functional magnetic resonance imaging (fMRI), has
been used for decades to define functionally correlated regions of the brain. This phenomenon is
described as intrinsic connectivity as regional patterns of coherence arise in the absence of
external stimulus, with topography at rest robust across individuals and closely matching
functional connections observed during task performance %, Networks reflecting these patterns
of functional connectivity (FC) can be observed during many different cognitive tasks or in the
absence of a specific paradigm *’, and functional architecture at rest may in fact shape networks
observed during task performance ®. Interestingly, atrophy patterns of different
neurodegenerative syndromes topographically resemble distinct intrinsic connectivity networks
in healthy individuals '?. Furthermore, patterns of tau accumulation in different clinical variants
of AD mirror ¥ and can be predicted by patterns of connectivity of distinct brain networks 2>
Some of these networks, such as the default mode and salience networks, show alterations in the
strength of connectivity that is related to AP and tau pathologies *° and decline in cognitive
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function over time °!. Given the close relationship between intrinsic FC and patterns of tau
accumulation, network connectivity may be a critical factor in the relationship between tau
pathology and cognitive performance.

Functional networks can be identified using a wide array of approaches, with one of the
most well-known parcellations organizing the brain into 7 distinct, stable networks that span the
entire cerebral cortex ?2. Alternatively, networks of functional connections can be identified in
terms of their relationship to specific cognitive performance. One influential study ** defined a
whole-brain network of functional connections most closely related to performance on a
sustained attention task, and found that overall strength of this network during task predicted
attentional performance in an independent cohort, both during a different attention task and at
rest. Similar methods have been used to identify brain networks reflecting varied outcomes such
as pain ** and creative ability *°, as well as cognitive performance in domains including executive
function %, short-term memory °’, fluid intelligence *®%°, attention '°°, and processing speed '°!.
Still, though considerable evidence indicates that intrinsic brain networks are robust and
generalizable, few studies to date have leveraged these kinds of functional networks to
understand the impact of pathology on cognitive function. Further, this type of approach relies on
selecting a priori thresholds for identifying connections, and often results in networks of
hundreds or thousands of components that make it difficult to explore biologically meaningful
pathways and regional interactions. Approaches that result in much sparser networks have a
particular advantage in the study of aging and AD, as evidenced by a recent study identifying
highly sparse functional networks predicting cognitive reserve in older adults 192, Sparse
networks can be viewed as more biologically and cognitively relevant in that it is easier to
examine those connections that are involved in cognitive performance, and simplifies the
analysis of which connections may be impacted by pathology and/or atrophy in regions known to
be affected in neurodegenerative disease. In this way, network sparsity allows for the
examination of the relevance of specific connections and regions involved in both cognitive
function and neurodegenerative disease.

In this study, we investigated the role of behaviorally-meaningful functional brain
networks in mediating the relationship between tau pathology accumulation and cognitive
performance. We utilized a data-driven network definition procedure to identify networks of
resting state functional connections in older adults that are closely related to performance on
neuropsychological tests in two distinct cognitive domains: episodic memory and executive
function. We hypothesized that this approach, allowing for network identification without
introducing a priori thresholds for selecting connections, would nonetheless yield networks with
a much sparser and interpretable subset of connections than conventional approaches *1%3, We
further hypothesized that the overall strength of these networks would be related to tau pathology
accumulation and would play a mediating role in the relationship between tau and cognitive
function, particularly in the episodic memory domain. Finally, to assess the robustness of this
approach, we replicated our findings in an independent dataset, demonstrating that behaviorally-
defined networks represent a functional mechanism for the relationship between pathology and
cognitive performance.

Materials and Methods
Participants

Berkeley Cohort. We included data from 120 cognitively unimpaired (CU) older adults
from the Berkeley Aging Cohort Study (BACS). Demographic information for all BACS
participants is shown in Table 1. All participants underwent 3T structural MRI, resting state 3T
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functional MRI, and a standard neuropsychological assessment. We excluded 2 participants on
the basis of excessive head motion during the rsfMRI scan, defined as >20% of all volumes
being flagged as outliers during artifact detection. Of the remaining sample, 103 individuals
underwent tau PET imaging using '*F-Flortaucipir (FTP), and we excluded an additional 9
participants whose resting state fMRI data was collected more than 1 year from the closest
corresponding tau PET scan (M = 125.6, SD = 138.4 days). Additional inclusion criteria for this
study were 60+ years of age, cognitively normal status (Mini Mental State Examination score >
25 and normal neuropsychological examination, defined as within 1.5 SDs of age, education, and
sex adjusted norms), no serious neurological, psychiatric, or medical illness, no major
contraindications found on MRI or PET, and independent community living status. This study
was approved by the Institutional Review Boards of the University of California, Berkeley, and
the Lawrence Berkeley National Laboratory (LBNL). All participants provided written informed
consent.

ADNI cohort. We included data from 140 older adults aged 60-100 years old from the
Alzheimer’s Disease Neuroimaging Initiative 3 (ADNI3) who had all undergone 3T structural
MRI and resting state 3T functional MRI, and tau PET imaging using '3F-Flortaucipir (FTP).
Demographic information for all ADNI participants is shown in Table 1. We excluded 8
participants due to errors in warping rsfMRI data to MNI space. We excluded an additional 13
participants due to excessive head motion, again defined as >20% of all volumes being flagged
as outliers. Individuals aged 60+ years from ADNI3 were included based on the availability of
high temporal resolution rsfMRI (TR=0.607) within 1 year of a corresponding FTP PET scan (M
=29.4, SD =94.5 days).

BACS rsfMRI ADNI3 rsfMRI BACS vs. ADNI
Mean (SD) or n (%)
Sample CUr=118) CU@®=75) MCI(n=44)
Age 78.2 (6.5) 70.9 (8.1) 72.6 (7.1) p<0.001
MMSE 28.7 (1.2) 28.9 (1.6) 27.5 (2.6) p=0.15
Education (yrs) 16.9 (2.0) 16.5(2.4) 16.3 (2.6) p=0.07
Sex (female) 68 (58%) 52 (69%) 14 (32%) p=0.84

Table 1. Demographics for participants with resting state functional magnetic resonance
imaging data (rsfMRI) from the Berkeley Aging Cohort Study (BACS) and Alzheimer’s
Disease Neuroimaging Initiative (ADNI) samples. CU = Cognitively unimpaired, MCI = mild
cognitive impairment, MMSE = Mini mental state examination.

MRI acquisition and processing

In BACS, structural and functional MRI data were acquired on a 3T TIM/Trio scanner
(Siemens Medical System, software version B17A) using a 32-channel head coil. A T1-weighted
whole brain magnetization prepared rapid gradient echo (MPRAGE) image was acquired for
each subject (voxel size = Imm isotropic, TR = 2300ms, TE = 2.98ms, matrix = 256x240x160,
FOV = 256x240x160mm?, sagittal plane, 160 slices, 5 min acquisition time). Resting state
functional MRI was then acquired using T2*-weighted echo planar imaging (EPI, voxel size =
2.6mm isotropic, TR = 1.067s, TE = 31.2ms, FA =45, matrix 80x80, FOV = 210mm, sagittal
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plane, 300 volumes, anterior to posterior phase encoding, ascending acquisition, 5 min
acquisition time). During resting state acquisition, participants were told to remain awake with
eyes open and focused on a white asterisk displayed on a black background.

In ADNIS3, structural and functional MRI data were acquired on 3T scanners with a
standardized protocol across all sites. A T1-weighted whole brain magnetization prepared rapid
gradient echo (MPRAGE) image was acquired for each subject (voxel size = 1mm isotropic, TR
= 2300ms, TE = min full echo, matrix = 208x240x256, FOV = 208x240x256mm?, sagittal plane,
256 slices, 6 min acquisition time). Resting state functional MRI was then acquired using EPI-
BOLD (voxel size = 2.5mm isotropic, TR = 0.607s, TE = 30ms, FA = 53, matrix 220x220, FOV
= 160mm, sagittal plane, 976 volumes, anterior to posterior phase encoding, ascending
acquisition, 10 min acquisition time, further details at https://adni.loni.usc.edu/wp-
content/uploads/2017/07/ADNI3-MRI-protocols.pdf).

Structural T1-weighted images were processing using Statistical Parametric Mapping
(SPM12). Images were first segmented into gray matter, white matter, and CSF components in
native space. DARTEL-imported tissue segments for all individuals in the sample were used to
create a study-specific template, which was then used to warp native space T1 images and tissue
segments to MNI space at 2mm isotropic resolution. Finally, native space T1 images were
segmented with Freesurfer v.5.3.0 using the Desikan-Killiany atlas parcellation *3. Separate
DARTEL study-specific templates were created for BACS and ADNI, such that functional and
structural images were warped to MNI space using a template defined separately in each cohort.

Resting state fMRI images from BACS and ADNI3 were preprocessed using a nearly
identical SPM12 pipeline, with slight differences to account for different acquisition parameters.
Slice time correction was applied in BACS to adjust for differences in acquisition time for each
brain volume, but this was not done in ADNI because of the low TR resting state data. In both
cohorts, all EPIs were realigned to the first acquired EPI, and translation and rotation
realignment parameters were output. Each EPI was next coregistered to each individual’s native
space T1 image. Next all resting state EPIs and structural images were warped to a cohort-
specific DARTEL template in 2mm isotropic MNI space from structural preprocessing. These
smoothed rsfMRI images in MNI space were used to extract the time series of each ROI in seed-
to-seed functional connectivity analyses. To further adjust for confounds of head motion, mean
framewise displacement was computed for each rsfMRI scan and included as a covariate in all
subsequent analyses. Across all subjects after excluding participants with excessive head motion,
mean framewise displacement was 0.18mm (SD: 0.06) in BACS and 0.19mm (SD: 0.07) in
ADNI.

Functional connectivity analyses

ROI-to-ROI functional connectivity was assessed using the CONN functional
connectivity toolbox (version 17¢) ¢ implemented in MATLAB version 2019b (The Mathworks
Inc., Natick, MA). ART motion detection was first performed to identify volumes of high
motion, using a movement threshold of > 0.5mm/TR and a global intensity z-score of 3. Outlier
volumes were flagged and included as spike regressors during denoising. Denoising was
performed with translation and rotation realignment parameters and their first-order derivatives,
as well as anatomical CompCor (first five components of time series signal from white matter
and CSF). A band pass filter of 0.008-0.1 Hz and linear detrending were applied to the residual
time-series. For each individual denoised time series were extracted for 246 ROIS from the
Brainnetome atlas 4. Each of these time series were then correlated (Pearson’s 7) and
transformed (7 to Fisher z), resulting in a 246x246 connectivity matrix.
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Network definition procedure

Behaviorally-meaningful functional networks were defined in a similar fashion to
previous network-building approaches %, taking a functional connectivity matrix and behavioral
outcome measure for each individual as inputs and generating a network across the sample
consisting of a subset of all possible connections in the brain. Each connection (30,135 unique
ROI-ROI pairs in a 246 x 246 matrix) was treated as a regressor in a regularized linear model
with behavioral performance as the outcome. A least absolute shrinkage and selection operator
(LASSO)!'% penalty (1) was applied to the beta weights of each regressor, such that only a sparse
subset of regressors survived the penalty to remain nonzero. An appropriate A penalty was
selected by computing the Bayesian Information Criterion (BIC)!'?° using the equation:

1 n
LL = —g(l +In (EZ(}G - }A’i)2>>

where LL is the log likelihood of the model, 7 is the sample size, y is the observed data and ¥ is
the outcome predicted by each model with a given A, and the using the equation:

BIC = —2LL+alnn

where a is the number of nonzero features included in the model. BIC was computed for models
iterating through 1000 A hyperparameter values, and the model with the lowest BIC (i.e., best
explanatory power adjusting for the number of regressors) was selected. This data-driven
LASSO+BIC procedure does not require selection of an arbitrary significance threshold and only
keeps regressors with very high beta values, meaning those that are the most relevant to the
behavioral outcome measure. The resulting networks tend to exclude spurious or collinear
relationships between behavior and connectivity, making them highly sparse and more
interpretable. Overall network strength was then computed for each individual by summing the
connectivity values (Fisher z-transformed correlations) for every ROI-ROI connection in the
network!%?,

PET acquisition and processing

In BACS, PET was acquired for all participants at the Lawrence Berkeley National
Laboratory (LBNL). Tau burden was assessed with '8F-Flortaucipir (FTP) synthesized at the
Biomedical Isotope Facility at LBNL as previously described ?7. Data were collected on a
Biograph TruePoint 6 scanner (Siemens, Inc) 75-115 min post-injection in listmode. Data were
then binned into 4 x 5 min frames from 80-100 min post-injection. CT scans were performed
before the start of each emission acquisition. In ADNI, PET data were collected using a
standardized protocol of six 5-min time windows 75 to 105 min after injection. All PET images
were reconstructed using an ordered subset expectation maximization algorithm, with attenuation
correction, scatter correction, and smoothing with an 8mm Gaussian kernel.

Processing of FTP images was carried out in SPM 12 and Freesurfer. Images were
realigned, averaged, and coregistered to 3T structural MRIs. Standardized uptake value ratio
(SUVR) images were calculated by averaging mean tracer uptake over the 80-100 min data and
normalized with an inferior cerebellar gray reference region. The mean SUVR of each ROI
(structural MRI FreeSurfer segmentation) was extracted from the native space images. SUVR
images were then warped to 2mm MNI space for voxelwise analyses using the cohort specific
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DARTEL template produced from structural data (see above). No additional spatial smoothing
was applied.
Neuropsychological measures

Episodic memory and executive function cognitive domain performance was measured
using neuropsychological assessment data collected closest in time to each individual’s rsfMRI
scan (M =129.5, SD = 73.2 days). Composite measures were computed by averaging the z-
transformed individual test scores using mean and SD from the sample ’. The episodic memory
domain composite included scores from the California Verbal Learning Test (CVLT) immediate
free recall, CVLT long-delay free recall, Visual Reproduction I (immediate recall), and Visual
Reproduction II (delayed recall) tasks. The executive function domain composite included scores
from the Trails A, Trails B, Stroop Correct in 60s, and Digit Symbol Substitution tasks. In the
ADNI sample, episodic memory (adni_mem) and executive function (adni_ef2) cognitive
domain scores were downloaded from the publicly available computed online repository using
methods described previously (https://ida.loni.usc.edu/download/files/study/ce0a4966-84bt-
4al7-bacc-99e98277e325/file/adni/ADNI_Methods UWNPSYCHSUM March_2020.pdf).
Statistical analyses

Following functional connectivity analyses, network definition was carried out in python
using a combination of internal code and the pycasso package (https://pypi.org/project/pycasso/).
All subsequent statistical analyses were carried out in R version 4.2.0. Linear regression models
in the {stats} package were used to assess the relationship between network strength and tau
pathology adjusting for age, sex, mean framewise displacement, the interval between rsfMRI and
tau PET acquisition, and the interval between rsfMRI and cognitive testing. All analyses
involving neuropsychological measures additionally adjusted for years of education. The
{lavaan} package was used to carry out multiple mediation analyses, with 1000 bootstrapped
iterations used to determine statistical significance. Percent mediated by each factor was
computed by dividing the indirect effect of each factor by the total effect of the relationship.
Data visualization

Networks were rendered and visualized using the Biolmage Suite Connectivity Viewer,
part of the Biolmage Suite Web 1.2.0 browser tool
(https://bioimagesuiteweb.github.io/webapp/index.html). Voxelwise analysis results were
visualized using the nilearn glassbrain plotting function in python
(https://nilearn.github.io/dev/modules/generated/nilearn.plotting.plot glass_brain.html). Scatter
plots were created using the {ggplot2} package in R to visualize effects from linear regression
models.
Results
Network identification captures cognition-specific connections across the brain

Resting state fMRI data from 118 CU older adults aged 60-94 (M = 78.2, SD = 6.5 years)
from the Berkeley Aging Cohort Study (BACS; Table 1) were used to identify distinct episodic
memory and executive function networks. We computed resting state functional connectivity
(rsFC) as the Pearson’s correlation coefficient (z-transformed) between all regions of interest
(ROIs) in a 246-ROI parcellation (Brainnetome atlas) 4. Using the data-driven network
definition procedure (Materials and Methods), we selected pairwise connections specific to each
behavioral domain by regressing each unique connection against either an episodic memory or
executive function composite score measured close to the fMRI scan (M = 129.5, SD = 73.2
days). A LASSO penalty (1) was applied to identify connections with the greatest positive
association to the behavioral domain score, iterating over many possible A values to select the
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model with the lowest Bayesian Information Criterion (BIC). The resulting sample network
masks were then applied to each individual’s connectivity matrix, and rsFC values for each
connection in the network were summed to determine subject-specific overall network strength
(Figure 1a).

This approach identified an episodic memory network comprising 63 functional
connections, including between brain areas often implicated in memory processing such as
hippocampus, medial parietal, anterior temporal, and prefrontal regions (Figure 1b). An
executive function network comprising 60 connections between prefrontal, superior parietal, and
lateral temporal regions was also identified (Figure 1c). Networks defined by these two cognitive
domains were markedly distinct, with only 2 identical ROI-ROI connections and limited spatial
overlap of connected regions (Dice similarity coefficient = 0.07). After adjusting for age, sex,
years of education, mean framewise displacement, and time between rsfMRI and cognitive
testing, subject-specific network strength was unsurprisingly highly correlated with performance
in the cognitive domain by which it was defined; episodic memory network strength with
episodic memory performance (r = 0.58), and executive function network strength with
executive function performance (r = 0.55). Episodic memory network strength exhibited a
weaker correlation with executive function performance (r = 0.18), as did executive function
network strength with episodic memory performance (r = 0.18; Figure S1).

Tau pathology burden is associated with lower memory network strength

We next aimed to characterize how the strength of these networks was related to age and
tau pathology burden. Age was negatively correlated with the overall strength of both episodic
memory (» =-0.24, p = 0.010) and executive function networks (» =-0.19, p = 0.038; Figure S2).
We then examined tau PET standard uptake value ratio (SUVR) in the entorhinal cortex (EC) as
well as a previously-validated AD-signature temporal meta-ROI comprising EC, amygdala,
parahippocampal, fusiform, inferior temporal, and middle temporal gyri . We used linear
regression models adjusting for age, sex, mean framewise displacement, the interval between
rsfMRI and tau PET, and the interval between rsfMRI and cognitive testing to test the association
between network strength and tau pathology burden. Greater tau PET signal in EC was
associated with lower episodic memory network strength (f =-4.11, p = 0.019; Figure 2a), as
was greater temporal meta-ROI tau signal (f =-4.94, p = 0.017; Figure 2b). By contrast, neither
tau PET burden in EC (B =-0.97, p = 0.51; Figure 2d) nor the temporal meta-ROI (f =-1.00, p
= 0.57; Figure 2¢) was associated with executive function network strength.

To verify EC and the temporal meta-ROI were appropriate regions to test the association
between network strength and tau pathology burden and to explore other potential regional
relationships, we examined the voxelwise association between tau PET signal and strength of
each network separately, adjusting for age and sex. Using an exploratory threshold (k > 100, p <
0.05 unc.), we found an association between tau PET and episodic memory network strength in
medial temporal and lateral temporal regions that captures the typical pattern of tau deposition in
AD %7 and which largely overlaps with the temporal meta-ROI (Figure 2¢). A notably sparser
pattern of associations was observed between tau PET and executive function network strength
(Figure 2f).
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Figure 1. Behavioral functional networks in cognitively unimpaired older adults. (A) In
network definition, all unique pairwise rsFC values for each individual were regressed against a
behavioral outcome measure. A LASSO penalty (1) was applied to the § of each positive
pairwise connection to select a sparse subset of connections, iterating over 1000 A values to
identify the model with the lowest Bayesian Information Criterion (BIC). A network mask can
then be projected onto cortical ROIs, and subject-specific network strength is computed by
summing rsFC values for each network connection (see Methods). (B) Episodic memory and (C)
executive function networks, with spheres centered within connected regions and size
corresponding to the number of connections to each region. Darker-colored spheres correspond
to nodes in the left hemisphere, and lighter-colored spheres correspond to nodes in the right
hemisphere. Cortical surface renderings (right) depict regions connected by each network.
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Figure 2. Tau pathology burden is associated with lower memory network strength. (A)
Association between episodic memory (EM) network strength and tau PET signal in entorhinal
cortex (EC) and (B) temporal meta-ROI adjusting for age and sex. (C) Voxelwise association
between episodic memory network strength and tau PET signal adjusted for age and sex. (D)
Association between executive function network strength and tau PET signal in EC and (E)
temporal meta-ROI adjusting for age and sex. (F) Voxelwise association between executive
function (EF) network strength and tau PET signal. Voxelwise analyses used an exploratory
threshold (k > 100, p < 0.05 unc.) to validate the use of EC and temporal meta-ROI for as
relevant regions for associations with network strength.

Memory network strength mediates the association between pathology and cognition

Next, we tested whether episodic memory or executive function networks would mediate
the relationship between tau pathology and cognitive function, particularly compared to
structural measures of neurodegeneration. We used multiple mediation models to measure the
extent to which the association between temporal meta-ROI tau accumulation and cognitive
domain score is mediated by both network strength and cortical thickness in this same meta-ROI,
including both functional and structural effects in the same model. We found that episodic
memory network strength significantly mediated 50.1% of the total effect of entorhinal cortex
(EC) tau on memory performance (p = 0.026), while EC cortical thickness only mediated a
nonsignificant (p = 0.18, 15.8%) proportion of this relationship (Figure 3a). Similarly, episodic
memory network strength mediated 48.5% of the total effect of meta-ROI tau on episodic
memory performance (p = 0.009), while meta-ROI cortical thickness only mediated a
nonsignificant (20.8%, p = 0.13) proportion of this relationship (Figure 3b). Using bilateral
hippocampal volume as an alternative structural measure did not change this result, as episodic
memory network strength mediated 51.5% of the total effect (p = 0.003), while hippocampal
volume mediated a nonsignificant (p = 0.25, 10.9%) proportion of the effect. In contrast, neither
executive function network strength (p = 0.42) nor EC cortical thickness (p = 0.24) mediated the
relationship between EC tau and executive function performance (Figure 3c¢), nor did the
executive function network (p = 0.41) or meta-ROI cortical thickness (p = 0.09) mediate the
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relationship between meta-ROI tau and cognition (Figure 3d). As an additional control, we found
that episodic memory network strength did not mediate the relationship between meta-ROI tau
and executive function performance (p = 0.14), nor did executive function network strength
mediate the relationship between meta-ROI tau and episodic memory performance (p = 0.48;
Figure S3).
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Figure 3. Episodic memory network strength mediates the association between tau
pathology and cognitive performance. Multiple mediation models demonstrate that episodic
memory network strength mediates the relationship between tau pathology and cognition to a
greater degree than cortical thickness, both (A) in entorhinal cortex (EC) and (B) in the meta-
ROI. Neither executive function network strength nor cortical thickness mediates the
relationship between tau pathology and cognition (C) in entorhinal cortex or (D) in the meta-
ROI. Stacked bar charts visualize proportion of total effect mediated by each factor.

Network strength association with tau generalizes to an independent cohort

Finally, we assessed the extent to which these networks were associated with tau
pathology in an independent cohort of older adults. We utilized rsfMRI and tau PET data from an
ADNI3 sample of CU older individuals as well as patients with MCI (Table 1) to test the
generalizability of the BACS-defined networks in their association with tau pathology burden.
We computed rsFC between all 246 regions of the same whole-brain atlas ** in ADNI
participants, and network strength was derived by summing rsFC values of the BACS-defined
episodic memory (Figure 4a) and executive function (Figure 4d) network connections in the
independently collected and processed sample. We then used linear regression models adjusting
for age, sex, mean framewise displacement, and the interval between rsfMRI and cognitive
testing to examine the association between BACS-defined network strength and age as well as
tau pathology in the ADNI sample. As in BACS, we observed a negative correlation between
network strength and age for both episodic memory (r =-0.30, p = 0.001) and executive function
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(r=-0.29, p =0.001; Figure S2). Similar to the BACS sample, episodic memory network
strength showed a moderate correlation with both EC tau (f =-2.11, p = 0.083; Figure 4b) and a
somewhat stronger association with meta-ROI tau (B = -2.65, p = 0.031; Figure 4c) adjusting for
age, sex, mean framewise displacement, rsfMRI-PET interval, and rstMRI-cognitive testing
interval.
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Figure 4. Strength of BACS-defined networks is associated with tau pathology burden in
ADNI participants. BACS-defined episodic memory (A) and executive function networks (D)
were applied to ADNI participants and network strength was computed for each individual. (B)
Association between overall episodic memory network strength and entorhinal cortex (EC) tau
PET. (C) Association between episodic memory network strength and meta-ROI tau PET. (E)
Association between executive function network strength and EC tau PET. (F) Association
between executive function network strength and meta-ROI tau PET. Scatter plots are visualized
effects of interest from linear regression models adjusted for age, sex, mean framewise
displacement, rsfMRI-PET interval, and rsfMRI-cognitive testing interval.

In contrast with the BACS sample of only CU individuals, however, executive function
network strength was also correlated with tau pathology in EC (B =-2.06, p = 0.048; Figure 4e)
and in the meta-ROI (B = -2.08, p = 0.048; Figure 4f).

To examine associations between BACS-defined network strength and cognition in the
ADNI sample, we utilized previously computed memory and executive function cognitive
domain scores !9 collected closest in time to each participant’s fMRI scan (M = 22.0, SD = 52.2
days). Episodic memory network strength exhibited a bivariate correlation with memory
performance (= 0.22, p = 0.012), as did executive function network strength with executive
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function performance in ADNI (» = 0.34, p < 0.001). Adjusting for age, sex, mean framewise
displacement, rstMRI-cognitive testing interval, and years of education, the relationship between
episodic memory network strength and memory performance in ADNI was no longer significant
(B=0.03, p=0.31), but executive function network strength remained significantly associated
with executive function performance (f = 0.08, p = 0.003). Adjusting for these same factors,
episodic memory network strength was weakly correlated with executive function performance
(B=0.04, p=0.07), as was executive function network strength with memory performance (p =
0.05, p = 0.07; Figure S4). Finally, we again examined the roles of network strength and cortical
thickness in the tau-cognition relationship using multiple mediation analyses in the ADNI
sample. We found that episodic memory network strength did not significantly mediate the
association between entorhinal cortex (7.2%, p = 0.23) or meta-ROI (7.6%, p = 0.22) tau burden
and episodic memory performance, while entorhinal cortical thickness (29.8%, p = 0.01) and
meta-ROI cortical thickness (28.0%, p = 0.02), did mediate this relationship (Figure 5a-b).
Executive function network strength exhibited a weak mediating role in the association between
entorhinal cortex (14.0%, p = 0.06) and meta-ROI (13.5%, p = 0.07) tau burden and executive
function performance, as did entorhinal cortical thickness (18.0%, p = 0.07) and meta-ROI
cortical thickness (17.2%, p = 0.13; Figure 5c-d). Taken together, our findings suggest that the
strength of these functional networks in a separately collected and processed cohort of older
adults exhibit similar relationships with age and tau pathology burden, but did not demonstrate
robust associations with cognitive performance per se.

Total effect (B)

0.0

Total effect (B)

B

Figure 5. Network strength does not robustly mediate the association between tau
pathology and cognitive performance in an independent cohort. Multiple mediation models
demonstrate that cortical thickness, but not episodic memory network strength, mediates the
relationship between tau pathology and cognition, both (A) in entorhinal cortex (EC) and (B) in
the meta-ROI. Executive function network strength and cortical thickness show a weak
mediating effect in the relationship between tau pathology and cognition (C) in entorhinal cortex
and (D) in the meta-ROI. Stacked bar charts visualize proportion of total effect mediated by each
factor.
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Discussion

In this study, we used resting state fMRI in a cohort of CU older adults to identify
functional networks related to both episodic memory and executive function performance. The
episodic-memory defined network was characterized by connections between medial and lateral
temporal cortex, medial parietal and inferior parietal cortex, and frontal regions including medial
parietal prefrontal cortex. Parahippocampal gyrus, precuneus, and supramarginal gyrus tended to
have the most connections with other brain areas in this network. Notably, the episodic memory
network included connections between hippocampus and anterior temporal as well as posterior
medial regions. This pattern of connectivity is thought to be critical for memory processing and
susceptible to age- and pathology-related alterations 3. The executive function-defined network
was characterized by connections between lateral temporal, superior parietal, and many superior
frontal regions. Regions in the inferior parietal lobule and inferior temporal gyrus were
particularly well-connected with the rest of the brain by this network. One striking anatomical
feature of the executive function-defined network was connections with a cluster of regions in
dorsolateral prefrontal cortex (dIPFC). The dIPFC has long been implicated in the ability to
manipulate information in the environment such as rearranging of digits, and making plans for
the future 9. Further comparing the anatomy of the two networks, the episodic memory network
contained more regions such as parahippocampal gyrus, fusiform gyrus, and posterior cingulate
cortex that are part of the limbic system affected early in the accumulation of tau pathology in
aging and AD. Overall, the topography of these networks suggests that using cognitive
performance to identify a sparse network of functional connections in the brain may provide
insight into which connections throughout the brain are likely to be altered by the presence of tau
pathology in aging and Alzheimer’s disease.

In the BACS sample of CU older adults, we found that greater tau pathology in both
entorhinal cortex and the temporal meta-ROI was related to lower overall strength of the episodic
memory-defined network, but not the executive function-defined network. Episodic memory is
often observed to be one of the first cognitive domains to decline in preclinical AD, and
pathology-related disruption of connections specifically related to episodic memory plausibly
underlies this deficit. Aberrant resting state FC between hippocampus and other memory-related
brain regions has previously been shown to differentiate CU older adults and those with impaired
memory performance ''°. Further, brain aging predicted from rsfMRI is accelerated in
individuals with a history of familial AD and significant pathology burden !''!, and discrepancy
between chronological and brain age determined using rsfMRI has been shown to capture
cognitive impairment !'2, The networks identified in our study replicate these negative
associations with age, but the relationship between episodic memory network strength and tau
burden even after adjusting for participant age indicates that AD pathology may be driving
functional impairment beyond the effects of normal aging. Indeed, the observed spatial
distribution of tau pathology associated with reduced episodic memory network strength in our
study resembles the typical pattern of AD-related tau deposition %7, revealing a phenotype
typical of AD in CU older individuals.

Examination of the BACS-defined networks in the ADNI cohort provide replication and
extension of our findings in BACS. We found associations between tau and reduced network
strength for both episodic memory and executive function networks in ADNI participants, which
may reflect more progressed disease given the inclusion of patients with MCI in the ADNI
sample. Associations with the strength of both networks supports the notion that both episodic
memory and executive function domains tend to become impaired as individuals transition to
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MCI 7578, This was particularly the case for tau pathology in the temporal meta-ROI, a group of
regions where tau accumulation is thought to occur outside of the effects of normal aging '%.
Though tau was correlated with lower strength of both networks, the executive function network
showed a stronger association with cognitive performance than did the episodic memory network
after adjusting for factors such as age and sex. Though neither of these networks were observed
to robustly mediate the effects of tau on cognition in the ADNI sample, measures of brain
strcture mediated this relationship more so than episodic memory network strength. Thus, the
executive function network showed a somewhat more convincing association with cognition in
the cohort of CU and MCI individuals, which may be related to the more progressed disease
stage of the ADNI sample affecting cognitive domains other than episodic memory.

Another potential explanation for the limited replication of the functional network
mediation is differences in data acquisition between BACS and ADNI. Although fMRI data was
processed as similarly as possible between the two samples, differences in scanners between sites
and acquisition parameters make an exact comparison challenging. Further, although composite
measures of episodic memory and executive function were used in both samples, the precise
neuropsychological tests that were used to construct these measures differed between samples
and may introduce additional variability. These differences are also informative, however, as they
suggest that relationships between network strength and AD pathology can be replicated despite
nonidentical data acquisition across samples. It should also be noted that replication of
associations between cognitive and resting-state fMRI networks is challenging given the
relatively high degree of variability inherent to this modality. Furthermore, the approach used
here tends to identify networks of relatively few functional connections compared to previous
approaches (Rosenberg et al. 2015; Shen et al. 2017), favoring interpretability of these networks
in the context of aging and AD. However, it is possible that this sparsity may make it less likely
to capture all of the many connections in the brain that are important for cognitive function,
emphasizing the need for ongoing work to balance both interpretability and generalizability of
these behaviorally-meaningful functional networks.

The mediating roles of brain structure and function also hint at the differing biological
consequences that this pathology can have in the aging brain. Though tau accumulation has been
convincingly linked to neurodegeneration %3, the role of structural measures in mediating its
relationship with cognition has been inconsistently demonstrated 7#2, particularly for CU
individuals ®. Indeed, tau pathology has been shown to be more sensitive for detecting early
cognitive change than either AR PET or structural measures !4, and it has been proposed that
functional changes such as network disruption may be a crucial mechanism for the effect of tau
pathology on cognition #!'3, Consistent with our results, tau pathology may eventually cause
cognitive dysfunction through synaptic loss and neurodegeneration, but also more immediately
via alterations in synaptic function ®°. These distinct effects may help explain the limited role of
neurodegeneration in cognitive impairment early in disease progression, and suggest that the
functional consequences of tau are more relevant for study and intervention at the earliest stages
of decline *.

This study has several limitations. First, the BACS sample includes individuals with
rsfMRI, tau PET, and cognitive testing collected within 1 year of each other. Although alterations
in brain tau and cognition are likely to occur very slowly in cognitively normal people and we
adjust for the time difference between the acquisition of these data in our analyses, our results
may be impacted by these relatively liberal inclusion criteria. We also did not analyze the role of
AP and chose to focus on tau pathology due to its closer relationship with cognition, but it is
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possible that there be interactions between tau and AP} that we lack the statistical power to test. In
addition, we took the approach of including only connections with a positive relationship to
behavior in order to increase network sparsity and interpretability, but it is possible that
functional connections that are negatively associated with behavior may also be important for
cognition and influenced by the presence of pathology. We also did not precisely replicate
associations between the BACS networks and cognition in ADNI, so further work is needed to
identify generalizable networks with a more robust influence on cognition, perhaps defined using
task fMRI. Finally, in order to make inferences about the role of these networks in cognitive
decline, future work should utilize longitudinal cognitive data rather than focusing exclusively
on cross-sectional cognitive performance.

Taken together, our results suggest that behaviorally meaningful functional networks in
fact play an important role in cognition in the early stages of AD. Despite skepticism over the
relevance of resting state fMRI for predicting cognition!!®, the ubiquity and ease of collecting
resting state data makes it a modality of great interest for potential clinical relevance %347,
Overall, this study presents evidence that these networks are a compelling functional mechanism
for the effect of tau pathology on cognitive performance in older adults. While
neurodegeneration may account for more broad effects on cognition in the later stages of
Alzheimer’s disease when tau pathology has been present for many years, reduced network
integrity helps explain the impact of tau accumulation on cognitive function in older individuals
without obvious structural atrophy.

38



Supplementary Materials

EpisodicMemory

EpisodicMemory

-

o

'
-

R =0.18, o

EM network strength

R= 0.18,O o
p=0.07

ExecutiveFunction

N

c 14
o ) e O (<]
© o 09&%@ o 0% -
w Y1 3 ®
)

2 SRS Ad
=7 wem e
g ®9°
5 o o ©

_2- ®

(]
_3- P
0 5 10 15 0 5 10 15

EM network strength
R= 0.55, )

| p<0.001 .

o @O @
.0
° oo o 2] o
o ® °
X} Py
@
o ® 9 -31 o
5 10 5 10
EF network strength EF network strength

Figure S1. Network strength is highly correlated with performance in the domain by which
it is defined. (A) In BACS, correlation between episodic memory (EM) network strength and
EM performance. (B) Correlation between EM network strength and executive function (EF)
performance. (C) Correlation between EF network strength and EM performance. (D)
Correlation between EF network strength and EF performance.
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Figure S2. Age is associated with lower network strength across cohorts. (A) In BACS,
greater age is correlated with lower overall episodic memory (EM) network strength. (B) In
ADNI, greater age is correlated with lower overall EM network strength. (C) In BACS, greater
age is correlated with lower overall executive function (EF) network strength. (D) In ADNI,
greater age is associated with lower overall EF network strength.
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Figure S3. Network strength does not mediate performance in a distinct cognitive domain.
(A) Neither executive function network strength nor meta-ROI cortical thickness significantly
mediate the relationship between meta-ROI tau burden and episodic memory performance. (B)
Neither episodic memory network strength nor meta-ROI cortical thickness mediate the
relationship between meta-ROI tau burden and executive function performance.
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Figure S4. Replication of cognitive analyses in ADNI. Adjusting for age, sex, mean framewise
displacement, rstMRI-cognitive testing interval, and years of education, strength of the BACS-
defined episodic memory (EM) network is not associated with the adni_mem measure of
memory performance (A), and weakly associated with the adni_ef2 measure of executive
function performance (B) in the ADNI cohort. Adjusting for these same factors, strength of the
BACS-defined executive function (EF) network is weakly associated with the adni_mem
measure of memory performance (C), and significantly correlated with the adni_ef2 measure of
EF performance (D).
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Foreword for Chapter 3

In Chapter 2, we identified functional connectivity networks specific to episodic memory
or executive function performance and demonstrated that these networks are altered by the
presence of tau pathology even before the onset of obvious widespread neurodegeneration. These
results are an important step toward understanding whether tau pathology impacts the
connectivity of networks supporting cognitive function in the aging brain. However, it is
unknown whether connectivity is itself a predictor of tau spread of time, influencing both the rate
and spatial progress of tau accumulation over time. Further, following the idea that connectivity
may reflect pathways along which tau pathology propagates, it is unknown whether the degree of
tau pathology at baseline interacts with the intrinsic connectivity of the brain to predict rate of
tau accumulation. Finally, it remains to be seen if factors that have been shown to influence
neural excitability, such as AP} deposition and ApoE4 genotype, further modulate the interaction
between baseline tau pathology and connectivity. In Chapter 3, using a multicohort sample of
cognitively unimpaired older adults, we test whether the baseline connectivity strength and AD
pathology in the medial temporal lobe interact with one another to predict the longitudinal rate of
both tau pathology accumulation and cognitive decline. This interaction provides a possible
explanation for the individual differences in both the rate and distribution of tau accumulation
seen in the early stages of cognitive impairment.
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Abstract

The propagation of pathological tau protein outside of medial temporal lobe and its
accumulation in neocortex indicates a transition from healthy aging to Alzheimer’s disease (AD).
Still, the mechanisms underlying this transition are not well understood and likely rely on a
confluence of detrimental factors. We investigated these processes using resting state functional
MRI and longitudinal PET imaging from a multi-cohort sample of cognitively unimpaired older
adults from the Berkeley Aging Cohort Study (BACS) and Alzheimer’s Disease Neuroimaging
Initiative (ADNI). We first measured resting state functional connectivity between hippocampus
as a medial temporal lobe epicenter of tau pathology and two key regions of neocortical tau
accumulation: precuneus and inferior temporal cortex. We then examined how baseline tau PET,
AP PET, and ApoE4 status interacted with functional connectivity strength to predict rate of tau
accumulation in downstream neocortical regions. We found that the 3-way interaction between
connectivity, baseline tau, and baseline A} or ApoE4 status was associated with tau
accumulation both in precuneus and inferior temporal cortex. We further showed that pathology-
connectivity interactions were associated with longitudinal memory decline. Together, these
findings indicate that tau propagation is influenced by the interaction of baseline functional
connectivity and AD pathology, and suggest these factors may be used to predict the extent and
distribution of future tau accumulation.
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Introduction

Hyperphosphorylated tau protein and fibrillar beta-amyloid (A) are the hallmark
neuropathologies of Alzheimer’s disease, with neurofibrillary tangles of tau accumulating both
intra- and extra-cellularly and A plaques largely found in the extracellular space!'”. A
accumulates in a diffuse manner across neocortex, but tau pathology has a stereotyped pattern of
deposition, originating in medial temporal lobe before accumulating in proximal areas of the
temporal and medial parietal cortices®. Tau pathology is found in the medial temporal lobe
(MTL) of most older adults, even those without cognitive impairment!'®, but its accumulation in
other areas of cortex is thought to represent a transition to Alzheimer’s disease and is associated
with neurodegeneration and cognitive decline®!'®. A variety of evidence suggests that substantial
tau deposition outside of MTL occurs only with the presence of AP pathology, which is likely a
key component of this process!?®!?!, However, the mechanisms of tau accumulation and its
transition out of the MTL are poorly understood.

Though the spread of tau pathology in Alzheimer’s disease does not always follow a
single homogeneous trajectory”’, in sporadic AD tau spread outside of medial temporal lobe
predominantly occurs in inferior and lateral regions of the temporal cortex, as well as frequently
in medial parietal regions such as the retrosplenial cortex and precuneus?%-3%122123 Tn particular,
the inferior temporal cortex (IT) has been proposed as a key region of tau spread, with pathology
in this region representing a transition to mild cognitive impairment (MCI) and AD'?*. Indeed,
several studies have identified inferior temporal tau accumulation as indicative of future atrophy,
cognitive impairment, and functional decline’®:!2>:126, Medial parietal tau has also been observed
to be an area of relatively early tau accumulation®”-3%:127_ and substantial increase in accumulation
in this region is observed in MCI and AD*!. This region is also notable as a site of early A
deposition and subsequent network disruption!?®, and thus the pathway between medial temporal
lobe structures such as hippocampus and medial parietal regions may be of particular importance
for the interaction of tau and A pathologies. Furthermore, following the proposed role of
anterior temporal brain regions in object/item memory and posterior medial region in
scene/context memory>?#%12% there may be distinct cognitive consequences for tau accumulation
in IT and medial parietal cortices. As tau spreads from its origin in medial temporal lobe to these
regions, likely along distinct neuronal pathways, disruptions in neuronal signaling and
neurodegeneration may lead to differentiable declines in cognitive function over time®-77-7%,

Considerable evidence from in vitro studies'®, animal models'>*!, and human
neuroimaging investigation'*->> suggests that tau pathology spreads throughout the cortex in a
transsynaptic manner. Tau has been observed to propagate via the extracellular space from one
neuron to another, and the release of tau is enhanced by neuronal activity and increases tau
pathology accumulation in vivo'>!%3!, The spread of tau pathology throughout the brain has been
corroborated by analysis of functional neuroimaging measures in older adults and individuals
with Alzheimer’s disease. In particular, resting state functional magnetic resonance imaging
(rsfMRI) has been used as a way to model the spread of tau throughout the cortex!'®-?°. This work
is based in the principle that functionally connected brain regions, i.e., areas of the brain that
show correlated blood oxygen level-dependent (BOLD) signal over time, may represent
pathways between coactive regions that facilitate the transsynaptic spread of tau pathology. Early
graph theoretical analysis of rsfMRI functional connectivity in Alzheimer’s disease indicated that
more positively correlated (i.e., strongly connected) nodes exhibit greater tau pathology burden,
favoring the notion of transneuronal tau spread rather than tau arising in areas of high metabolic
demand'®. More recently, converging evidence has shown that functional connectivity strength
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between tau epicenters and other areas of cortex correlates with the degree and covariance of tau
pathology in these downstream areas!'®?%13°, Resting state functional connectivity has also been
used to model future tau accumulation® and baseline functional connectivity has been shown to
associate with rate of tau accumulation in individuals across the AD continnuum?!->3-34,
emphasizing the critical role of functional connectivity in AD-phenotype patterns of tau
accumulation across the neocortex. However, little attention has been given to the factors that
drive tau pathology spread along the pathways of earliest accumulation in cognitively
unimpaired individuals.

Functional pathways in the brain have been proposed as the conduits along which
neurodegenerative pathologies tend to spread??, but additional factors are needed to explain the
variability in extent and distribution of pathology across individuals, particularly at the earliest
stages of accumulation. If tau spreads to downstream neocortical areas along pathways of
functional connectivity, the degree of tau pathology in upstream medial temporal lobe regions
should influence the rate of this spread. Indeed, increased rate of tau spread into neocortex is
associated with greater baseline medial temporal tau pathology and global AR burden'?.
Further, the presence of cortical AP has been associated with hyperexcitability!*! and changes in
network connectivity!!4, and may in fact be a critical factor in driving medial temporal lobe
excitability and tau accumulation'?2. In addition, carriers of the apolipoprotein E (ApoE) &4
allele have exhibited hyperexcitability medial temporal lobe structures such as
hippocampus!33134, as well as differences in connectivity of functional brain networks including
default mode and temporal networks!3>:136, ApoE4 status has also been linked to greater rates of
tau accumulation!¥’-13% and recent evidence has suggested that Ap may be a critical mediating
factor in the relationship between ApoE genotype and connectivity-mediated tau spreading!#.
Taken as a whole, high functional connectivity between areas of early pathology accumulation,
modulated by greater baseline tau, AP, and/or ApoE genotype, may be the conditions under
which tau accumulates most quickly, and therefore represent a useful framework for predicting
future regional tau accumulation at the earliest stages of disease.

In the present study, we used rsfMRI and longitudinal PET imaging to investigate the
spread of tau pathology from medial temporal lobe to neocortex in a multi-cohort sample of
cognitively unimpaired older adults. For each individual, we measured resting state functional
connectivity between hippocampus and both inferior temporal cortex and precuneus, two key
potential pathways of neocortical tau accumulation3123-124130 "We then assessed the relationship
between rate of longitudinal tau accumulation in these regions and interactions between baseline
pathology and functional connectivity, i.e., the 3-way interaction between baseline connectivity
strength, tau pathology, and cortical AP. We further tested whether ApoE genotype in these same
individuals modulated this tau-connectivity relationship. Finally, we examined the relationship
between pathology-connectivity interaction and decline in memory performance over time. We
hypothesized that the relationship between higher functional connectivity and downstream tau
accumulation would be modulated by baseline tau and A} pathology, as well as ApoE genotype,
to show to strongest relationships with downstream tau accumulation. In addition, we
hypothesized that the interaction of these factors would be associated with a decline in memory
performance.

Methods
Participants

We included data from 110 cognitively unimpaired (CU) older adults from the Berkeley

Aging Cohort Study BACS) and Alzheimer’s Disease Neuroimaging Initiative (ADNI).
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Demographic information for all participants is shown in Table 1, and demographics for each
sample separately is shown in Table S1. All participants had data from 3T structural MRI, resting
state 3T functional MRI, flortaucipir (FTP) PET scan within 1 year of MRI (M = 45 days, SD =
52 days), AP PET imaging, and at least 2 separate FTP PET scans. We excluded 6 participants on
the basis of excessive head motion during the rsfMRI scan, defined as >20% of all volumes
being flagged as outliers during artifact detection. Additional inclusion criteria in BACS were
60+ years of age, cognitively normal status (Mini Mental State Examination score > 25 and
normal neuropsychological examination, defined as within 1.5 SDs of age, education, and sex
adjusted norms; no serious neurological, psychiatric, or medical illness, no major
contraindications found on MRI or PET, and independent community living status. ADNI
participants were all cognitively normal or had subjective memory complaints at time of their
rsfMRI scan. This study was approved by the Institutional Review Boards of the University of
California, Berkeley, and the Lawrence Berkeley National Laboratory (LBNL). All participants
provided written informed consent. The final sample of 110 cognitively unimpaired individuals
included 67 cognitively normal BACS participants and 43 cognitively unimpaired ADNI
participants.

All (n=110) AB- (n =58) AP+ (n=52)
Mean (SD) or n (%)
Age (years) 76.4 (6.4) 74.4 (7.0) 78.7 (4.8)
Centiloids 28.0 (38.5) 3.1(6.5) 55.7 (40.5)
Meta-ROI tau slope (SUVR/year) 0.02 (0.01) 0.01 (0.01) 0.03 (0.01)
rsfMRI-tau interval (days) 45.0 (52.0) 52.1(53.6) 37.1(49.4)
# FTP PET scans 2.81 (0.88) 2.79 (0.83) 2.81(0.94)
Sex (female) 67 (60.9%) 33 (56.9) 34 (65.4%)

ApoE4+

35 (33.0%)

9 (16.0%)

26 (52%)

Table 1. Demographics of combined BACS and ADNI sample. SUVR = standard uptake value
ratio, rsfMRI = resting state functional magnetic resonance imaging, FTP = flortaucipir, PET =
positron emission tomography.

MRI acquisition and processing

In BACS, structural and functional MRI data were acquired on a 3T TIM/Trio scanner
(Siemens Medical System, software version B17A; Siemens, Erlangen, Germany) using a 32-
channel head coil. A T1-weighted whole brain magnetization prepared rapid gradient echo
(MPRAGE) image was acquired for each subject (voxel size = 1mm isotropic, TR = 2300ms, TE
= 2.98ms, matrix = 256x240x160, FOV = 256x240x160mm?, sagittal plane, 160 slices, 5 min
acquisition time). Resting state functional MRI was then acquired using T2*-weighted echo
planar imaging (EPI, voxel size = 2.6mm isotropic, TR = 1.067s, TE = 31.2ms, FA = 45, matrix
80x80, FOV = 210mm, sagittal plane, 300 volumes, anterior to posterior phase encoding,
ascending acquisition, 5.3 min acquisition time). During resting state acquisition, participants
were told to remain awake with eyes open and focused on a white asterisk displayed on a black
background.

In ADNI, structural and functional MRI data were acquired on 3T scanners with a
standardized protocol across all sites (Siemens Medical Solutions, Siemens, Erlangen, Germany).
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A T1-weighted whole brain magnetization prepared rapid gradient echo (MPRAGE) image was
acquired for each subject (voxel size = Imm isotropic, TR = 2300ms, TE = min full echo, matrix
= 208x240x256, FOV = 208x240x256mm?, sagittal plane, 256 slices, 6 min acquisition time).
Resting state functional MRI was then acquired using EPI-BOLD (voxel size = 2.5mm isotropic,
TR =0.607s, TE = 30ms, FA = 53, matrix 220x220, FOV = 160mm, sagittal plane, 976 volumes,
anterior to posterior phase encoding, ascending acquisition, 10 min acquisition time, further
details at https://adni.loni.usc.edu/wp-content/uploads/2017/07/ADNI3-MRI-protocols.pdf).
Structural T1-weighted images were processed using Statistical Parametric Mapping (SPM12;
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Images were first segmented into gray
matter, white matter, and CSF components in native space. Native space T1 images were
segmented with Freesurfer v.5.3.0 (https://surfer.nmr.mgh.harvard.edu/) using the Desikan-
Killiany atlas parcellation %,

Resting state fMRI images from BACS and ADNI were preprocessed using a nearly
identical SPM12 pipeline, with minimal differences to account for different acquisition
parameters. Slice time correction was applied in BACS to adjust for differences in acquisition
time for each brain volume, but this was not done in ADNI because of the low TR resting state
data. In both cohorts, all EPIs were realigned to the first acquired EPI, and translation and
rotation realignment parameters were output. Each EPI was next coregistered to each
individual’s native space T1 image, and these native space rsfMRI scans were used to extract the
time series of each ROI in seed-to-seed functional connectivity analyses.

Functional connectivity analyses

ROI-to-ROI functional connectivity was assessed using the CONN functional
connectivity toolbox (version 17¢)* implemented in MATLAB version 2021a (The Mathworks
Inc., Natick, MA). ART motion detection (https://www.nitrc.org/projects/artifact detect/) was
first performed to identify volumes of high motion, using a movement threshold of > 0.5mm/TR
and a global intensity z-score of 3. Outlier volumes were flagged and included as spike
regressors during denoising; no volumes were discarded. Denoising was performed with
translation and rotation realignment parameters and their first-order derivatives, as well as
anatomical CompCor (first five components of time series signal from white matter and CSF). A
band pass filter of 0.008-0.1 Hz and linear detrending were applied to the residual time-series.
For each individual, denoised time series were extracted for 87 ROIs from the Desikan-Killiany
atlas®’. Each of these time series were then correlated (Pearson’s r) and transformed (r to Fisher
z). As a final step to compare functional connectivity between the BACS and ADNI samples,
these values were z-scored within each sample using the mean and standard deviation of Af3-
individuals for each ROI-ROI connection.

We examined pathology-connectivity interactions as the 3-way interaction between
functional connectivity, tau pathology, and AP pathology burden. We conducted seed-target
connectivity analyses with linear regression models to assess the relationship between rate of tau
pathology accumulation in the downstream target region (either precuneus or inferior temporal
cortex) and the resting state functional connectivity strength between the seed region
(hippocampus) and this target region, modulated by baseline tau and either baseline Af or ApoE4
status. The seed-target analysis was carried out with linear regression models and included all 2-
way interactions and main effects related to the 3-way interaction of interest.

PET acquisition and processing

In BACS, PET was acquired for all participants at the Lawrence Berkeley National

Laboratory (LBNL). Tau burden was assessed with '8F-Flortaucipir (FTP) synthesized at the
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Biomedical Isotope Facility at LBNL as previously described ?7. Data were collected on a
Biograph TruePoint 6 scanner (Siemens, Inc) 75-115 min post-injection in listmode. Data were
then binned into 4 x 5 min frames from 80-100 min post-injection. CT scans were performed
before the start of each emission acquisition. In ADNI, PET data were collected using a
standardized protocol of six 5-min time windows 75 to 105 min after injection. All PET images
were reconstructed using an ordered subset expectation maximization algorithm, with attenuation
correction, scatter correction, and smoothing with an 8mm Gaussian kernel.

Processing of FTP images was carried out in SPM12 and Freesurfer. Images were
realigned, averaged, and coregistered to 3T structural MRIs. Standardized uptake value ratio
(SUVR) images were calculated by averaging mean tracer uptake over the 80-100 min data and
normalized with an inferior cerebellar gray reference region. The mean SUVR of each ROI
(structural MRI FreeSurfer segmentation) was extracted from the native space images. Because
hippocampal FTP signal is often thought to have low validity due to contamination from off-
target choroid plexus signal'*8, regional SUVRs were partial volume corrected (PVC) using a
modified Geometric Transfer Matrix approach*® as previously described* to minimize spillover
signal between adjacent regions. Additionally, all analyses with hippocampal FTP included
choroid plexus PVC SUVR as a covariate. Regional rate of tau pathology accumulation was
computed using a longitudinal PET processing pipeline that defines a midpoint average MRI
from all baseline and follow-up scans to coregister PET images?®. Tau slopes were extracted
from linear mixed effects models with time from baseline as the only predictor and random
effects of slope and intercept. All available FTP PET scans were included in each individual’s
slope calculation, and SUVR values were normalized to a hemispheric eroded white matter
reference region prior to modeling to reduce variability over time. Slopes were computed for the
110 individuals in our final sample from a total of 309 FTP PET scans (M = 2.81, SD = 0.88).
Defining rsfMRI scan as baseline, 72.7% of FTP scans were prospective and 27.2% of FTP scans
were retrospective across all individuals. Voxelwise tau slope images were computed using all
available FTP PET scans for each individual, with slope values from standard linear regression
extracted for each voxel in the brain.

IN BACS, AP burden was assessed using ''C-Pittsburgh Compound B (PiB), also
synthesized at the Biomedical Isotope Facility at LBNL #’. Data were collected on the Biograph
scanner across 35 dynamic frames for 90 min post-injection 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), and a CT scan was performed.
All PET images were reconstructed using an ordered subset expectation maximization algorithm,
with attenuation correction, scatter correction, and smoothing with a 4mm Gaussian kernel. An
average of frames within the first 20 min was used to calculate the transformation matrix to
coregister the PiB images to the participants’ 3T structural MRI; this transformation matrix was
then applied to all PiB frames. Distribution volume ratio (DVR) images were calculated with
Logan graphical analysis over 35-90 min data and normalized to a whole cerebellar gray
reference region °%°!. Global AB was calculated across cortical FreeSurfer ROIs as previously
described *, and a threshold of DVR > 1.065 was used categorize participants as AB-positive or
AB-negative in BACS. In ADNI, AP burden was assessed using either florbetapir (FBP) or
florbetaben (FBB), with an SUVR cutoff of 1.08 and 1.11 respectively used to categorize Af3-
positive and AB-negative participants. Finally, A PET measures were converted to Centiloids
using standard conversion formulae!'#.
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Neuropsychological measures

The visuospatial and verbal memory composites in BACS were constructed from
longitudinal cognitive data taken from a standard neuropsychological battery. Longitudinal
cognitive data included a total of 541 observations for the 67 individuals in BACS (M = 8.1, SD
= 3.3 observations per individual). Participants had an average of 4.4 cognitive time points prior
to baseline MRI (SD = 2.3), and an average of 3.7 cognitive time points after baseline MRI (SD
= 1.8). Visuospatial memory was defined as a composite of Visual Reproduction I and II total
recall scores. Verbal memory was defined as a composite of California Verbal Learning Test
short- and long-delay free recall components. All scores were z-scored using the mean and
standard deviation of each test from baseline, defined as the cognitive time point closest to each
participant’s rsfMRI scan. We computed rate of cognitive decline for each individual by
extracting slopes from linear mixed effects models with time from baseline as the only predictor
and random effects of slope and intercept.
Statistical Analyses

All terms used in linear models with interactions were mean-centered. All linear mixed
effects modeling of regional tau slopes, pathology-connectivity interactions, and cognitive
decline in BACS were conducted using {nlme} in R. Standard linear regression was carried out
with {Im} in R. Leave-one-out cross validation modeling of tau accumulation was conducted
with {sklearn} in python.
Data Visualization

Surface renderings of voxelwise tau slope images were visualized using the BrainNet
Viewer toolbox (http://www.nitrc.org/projects/bnv/) in MATLAB Version 23.a. Ball-and-stick
plots to visualize connectivity were created using the nilearn glassbrain plotting function in
python (https://nilearn.github.io/dev/modules/generated/nilearn.plotting.plot_glass brain.html).
Scatter plots were created using the {ggplot2} package in R version 4.2.0 to visualize effects
from linear regression models. The {effects} package in R was used to visualize interaction
effects from linear regression models. The seaborn.regplot was used for scatter plots to visualize
the correlation between predicted and observed outcomes from leave-one-out cross validation.
Results
Baseline tau, Ap, and functional connectivity interaction is associated with longitudinal tau

To investigate the association between functional connectivity, baseline pathology, and
longitudinal rate of tau accumulation, we utilized a sample of 110 cognitively unimpaired older
adults (Table 1), n = 67 individuals from the Berkeley Aging Cohort Study (BACS) and n =43
individuals from the Alzheimer’s Disease Neuroimaging Initiative (ADNI). Participants were
between 61 — 93 years of age (M = 76.4 years, SD = 6.4 years) cognitively unimpaired at
baseline with an interval between 3T rsfMRI and flortaucipir (FTP) PET scans of no greater than
1 year (M = 45 days, SD = 52 days). Participants also had a concurrent A PET scan, and at least
2 FTP PET time points. A subset of 106 individuals had genotype data available to determine
ApoE4 status. There were no significant differences in demographics between participants from
the BACS and ADNI cohorts (Table S1), though ADNI individuals had a shorter interval
between baseline rsfMRI scan and FTP PET scan (p = 0.02). For all participants, resting state
functional connectivity between native space Desikan-Killiany atlas regions was computed, and
functional connectivity values were normalized within cohorts to be able to account for
acquisition differences when comparing these values between BACS and ADNI (see Methods).
In addition, we computed FTP slope using linear regression for each subject in each voxel of the
brain. Visualizing this average voxelwise longitudinal rate of change, tau accumulation over time
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was observed primarily in lateral and inferior temporal cortices as well as medial parietal areas
bilaterally, and was visibly higher in AB+ compared to AB- individuals (Figure 1).

®
Ef»

FTP SUVR/year ' FTP SUVR/year !

Figure 1. Voxelwise tau accumulation in combined sample of cognitively unimpaired older
adults. Longitudinal rate of tau accumulation was computed using a simple linear regression
model for all flortaucipir (FTP) PET scans for each cognitively unimpaired (CU) individual in the
combined sample of BACS and ADNI participants. Group average voxelwise FTP slopes
(SUVR/year) are plotted for AB- (left) and AP+ (right) subjects.

We next investigated the association between rate of tau pathology accumulation and
functional connectivity in 2 regions of interest: precuneus (PrC) and inferior temporal cortex
(IT). Partial-volume corrected (PVC) rate of tau accumulation in each region was first calculated
using linear mixed effects models with time from baseline as the only predictor and random
effects of slope and intercept. These tau accumulation rates were then used as the dependent
variable in linear mixed effects models testing the 3-way interaction (and all related 2-way
interactions and main effects) between hippocampus-precuneus resting state functional
connectivity (HC-PrC), baseline hippocampal tau, and baseline cortical Af} burden (Centiloids),
with additional fixed effects for age, sex, and choroid plexus FTP SUVR and a random effect of
cohort. We found a main effect of greater baseline HC tau on rate of tau accumulation in
downstream precuneus (3 = 0.014, p = 0.025), and further observed a 2-way interaction between
HC-PrC and baseline HC tau, such that there was a closer association between HC tau and
precuneus tau accumulation for stronger HC-PrC connectivity (f = 0.016, p = 0.016). Critically,
we also observed a 3-way interaction between HC-PrC, baseline HC tau, and baseline Centiloids
(B =0.006, p = 0.038), indicating that the strongest association between HC tau and precuneus
tau accumulation was present in individuals with greater HC-PrC connectivity and greater
baseline A burden (Figure 2). This 3-way interaction was also significant in the BACS and
ADNI cohorts separately (Figure S1). To test the specificity of these pathology-connectivity
interactions along this hypothesized hippocampus-precuneus pathway, we repeated these
analyses using parahippocampal gyrus as a control upstream medial temporal lobe region and did
not find that precuneus tau accumulation was related to the 3-way interaction between baseline
parahippocampal-precuneus connectivity, parahippocampal tau, and Centiloids ( = 0.00002, p =
0.90). Examining superior parietal cortex as a control downstream neocortical region, we did not
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find that tau accumulation in this region was related to the 3-way interaction between

hippocampus-superior parietal connectivity, hippocampal tau, and Centiloids (f = 0.0001, p =
0.41).
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Figure 2. Hippocampus-precuneus pathology-connectivity interaction is associated with
precuneus tau accumulation. (A) Rate of tau accumulation in precuneus (PrC) as a function of
baseline hippocampal (HC) tau signal. Points represent a single AB- (left) or AR+ (right) subject,
with size and color corresponding to strength of functional connectivity between hippocampus and
precuneus (HC-PrC). (B) From a linear model adjusting for age, sex, and choroid plexus FTP
signal, visualization of association between precuneus rate of tau accumulation and the 3-way
interaction of baseline HC tau, Centiloids, and HC-PrC functional connectivity. Lines represent
predicted association for 3 different levels of HC-PrC connectivity. Panels visualize predicted
associations at mean Centiloid value of AB- (leff) and AP+ (right) participants.

Similarly, we examined the association between rate of tau accumulation in IT and the 3-
way interaction between hippocampus-inferior temporal resting state functional connectivity
(HC-IT), baseline hippocampal tau, and baseline cortical AB. We found a main effect of greater
baseline HC tau on rate of tau accumulation in IT ( = 0.028, p = 0.049), though the 2-way
interaction between HC-IT and baseline HC tau did not reach significance (f = 0.016, p = 0.23).
The 3-way interaction between HC-IT, baseline HC tau, and baseline Centiloids was associated
with IT tau accumulation (f = 0.007, p = 0.067), suggesting a trend towards the relationship
between HC-IT connectivity being modulated by baseline tau and AP pathology (Figure 3).
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Modeling these relationships in each cohort separately, this 3-way interaction was significantly
associated with IT tau accumulation in ADNI, but not in BACS (Figure S2). Again, we repeated
these analyses using parahippocampal gyrus as a control upstream medial temporal lobe region
and did not find that inferior temporal tau accumulation was related to the 3-way interaction
between baseline parahippocampal-inferior temporal connectivity, parahippocampal tau, and
Centiloids ( =- 0.0001, p = 0.64). Examining superior temporal cortex as a control downstream
neocortical region, we did not find that tau accumulation in this region was related to the 3-way
interaction between hippocampus-superior temporal connectivity, hippocampal tau, and
Centiloids (3 = -0.00006, p = 0.83).
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Figure 3. Hippocampus-precuneus pathology-connectivity interaction is associated with
inferior temporal tau accumulation. (A) Rate of tau accumulation in inferior temporal (IT)
cortex as a function of baseline hippocampal (HC) tau signal. Points represents a single AB- (lef?)
or AP+ (right) subject, with size and color corresponding to strength of functional connectivity
between hippocampus and inferior temporal cortex (HC-IT). (B) From a linear model adjusting
for age, sex, and choroid plexus FTP signal, visualization of association between precuneus rate of
tau accumulation and the 3-way interaction of baseline HC tau, Centiloids, and HC-IT functional
connectivity. Lines represent predicted association for 3 different levels of HC-PrC connectivity.
Panels visualize predicted associations at mean Centiloid value of A- (/eft) and AP+ (right)
participants.
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ApoE4 genotype modulates connectivity association with tau accumulation

We next tested if there were dissociable effects of ApoE4 status and AP on the
relationship between baseline tau, connectivity, and longitudinal tau accumulation. We again
used linear mixed effects modeling with a random effect of cohort to assess the relationship
between precuneus tau accumulation and the 3-way interaction between ApoE4 carrier status,
baseline HC tau, and HC-PrC connectivity. We did not observe any significant main effects or 2-
way interactions, but the 3-way interaction was associated with precuneus tau accumulation ( =
0.032, p = 0.04), such that the strongest association between baseline HC tau and precuneus tau
accumulation tended to be present in ApoE4+ individuals with greatest HC-PrC connectivity
(Figure 4a). This 3-way interaction remained significantly associated with precuneus tau
accumulation in a separate model adjusting for the main effect of baseline Centiloids (3 = 0.034,
p = 0.028). In analyses separated by cohort, the interaction was significantly associated with PrC
tau accumulation in BACS, but not in ADNI (Figure S3). Next, in a model predicting IT
accumulation, we found a significant 3-way interaction between ApoE4 carrier status, baseline
tau, and HC-IT connectivity (B =-0.087, p = 0.001), indicating that HC-IT connectivity tended to
modulate the association between HC baseline tau and precuneus tau accumulation specifically
in ApoE4- individuals (Figure 4b). This interaction remained significantly associated with IT tau
accumulation in a separate model with baseline Centiloids as a main effect (f =-0.083, p =
0.001), but not when analyzed in each cohort independently (Figure S4).
Pathology-connectivity interactions are linked to memory decline

Finally, we investigated whether pathology-connectivity interactions were also related to
decline in episodic memory, a critical downstream consequence of tau pathology accumulation.
For this analysis, we focused on the subsample of 67 BACS participants with 546 longitudinal
neuropsychological testing time points spanning up to 18 years (M = 8.9, SD = 4.0) and up to 15
cognitive time points per individual (M = 8.1, SD = 3.3). Similar to rate of tau accumulation, rate
of memory decline was calculated using linear mixed effects models with time from baseline as
the only fixed predictor and random effects of slope and intercept. Given the proposed role of the
medial parietal cortex in spatial processing and memory'?’, we examined the relationship
between pathology-connectivity interactions and a visuospatial memory composite of Visual
Reproduction I and II performance, as well as a verbal memory composite of the California
Verbal Learning Test (CVLT) short- and long-delay free recall components.
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Figure 4. Connectivity modulated by ApoE4 genotype is associated with rate of tau
accumulation. (A) Visualization of 3-way interaction between hippocampus-precuneus functional
connectivity (HC-PrC), baseline HC tau, and ApoE4+ status. From a linear model adjusting for
age, sex, and choroid plexus FTP signal, association between HC baseline tau is modulated by
HC-PrC and ApoE4 positivity. (B) Visualization of 3-way interaction between hippocampus-
inferior temporal functional connectivity (HC-IT), baseline HC tau, and ApoE4+ status. From a
linear model adjusting for age, sex, and choroid plexus FTP signal, association between HC
baseline tau is modulated by HC-IT and ApoE4 negativity. Lines represent predicted association
for 3 different levels of functional connectivity. Panels visualize predicted associations for ApoE4-
(left) and ApoE4+ (right) participants.

We first assessed the association between rate of visuospatial memory decline and
pathology- connectivity interactions at baseline using linear regression models adjusting for age,
sex, and choroid plexus FTP SUVR. We observed a main effect of baseline HC tau on rate of
visuospatial memory decline (f = -0.08, p = 0.01), as well as a 2-way interaction of HC-PrC and
Centiloids (B =-0.34, p = 0.03) indicating that greater HC-PrC connectivity was associated with
less steep memory decline at lower baseline Centiloids. Critically, we also observed a significant
3-way interaction between baseline HC-PrC connectivity, HC tau, and Centiloids (B =-3.97, p =
0.008), such that the greatest decline in visuospatial memory performance occurred in
individuals with highest baseline A, HC-PrC connectivity, and HC tau (Figure 5a). We repeated
this analysis examining the interaction between baseline connectivity, pathology, and ApoE
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genotype and including a main effect of Centiloids in the linear regression model, and again
found a significant 3-way interaction between baseline HC-PrC connectivity, HC tau, and ApoE
genotype (f =-0.68, p = 0.017), such that the greatest decline in visuospatial memory
performance was observed in ApoE4+ individuals with greater HC-PrC connectivity and greater
HC tau (Figure 5b). We replicated this analysis using HC-IT connectivity in place of HC-PrC but
did not observe any significant pathology-connectivity interactions associated with decline in
visuospatial memory performance.
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Figure 5. HC-PrC pathology-connectivity interaction is associated with visuospatial memory
decline. (A) Visualization of 3-way interaction between hippocampus-precuneus functional
connectivity (HC-PrC), baseline HC tau, and Centiloids. Adjusting for age, sex, and choroid
plexus FTP signal, association between HC baseline tau and rate of decline is visuospatial
memory performance is modulated by HC-PrC and Centiloids. Panels visualize predicted
associations at mean Centiloid value of AB- (leff) and AP+ (right) participants. (B) Visualization
of 3-way interaction between hippocampus-precuneus functional connectivity (HC-PrC), baseline
HC tau, and ApoE4 status. Adjusting for age, sex, and choroid plexus FTP signal, association
between HC baseline tau and rate of decline is visuospatial memory performance is modulated by
HC-PrC and ApoE4 positivity. Lines represent predicted association for 3 different levels of
functional connectivity. Panels visualize predicted associations for ApoE4- (left) and ApoE4+

(right) participants.
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In assessing rate of change in verbal memory performance, we observed a main effect of
baseline HC tau on verbal memory decline (3 =-0.05, p = 0.04), and again observed a 2-way
interaction of HC-PrC and Centiloids ( = -0.29, p = 0.01). The 3-way interaction between
baseline HC-PrC connectivity, HC tau, and Centiloids was not significant (f =-1.99, p = 0.07),
but suggested a trend toward individuals with highest baseline A3, HC-PrC connectivity, and HC
tau exhibiting the steepest verbal memory decline (Figure S5). Again, we repeated this analysis
examining the interaction between baseline connectivity, pathology, and ApoE genotype and
including a main effect of Centiloids in the linear regression model, but did not find a significant
3-way interaction (3 = -0.10, p = 0.66). Finally, we again carried out these analyses using HC-IT
connectivity in place of HC-PrC, but did not observe any significant pathology-connectivity
interactions associated with decline in verbal memory performance.

Discussion

This study utilized rsfMRI, longitudinal PET imaging, and longitudinal cognitive
performance data to investigate the factors involved in the earliest tau accumulation in
cognitively unimpaired older adults. We found that the interaction of AP pathology and/or ApoE
genotype, baseline tau pathology, and functional connectivity between hippocampus and key
regions of downstream tau accumulation was associated with the fastest increases in tau
pathology in these regions. These pathology-connectivity interactions were further associated
with domain-specific decline in cognitive function in these unimpaired individuals. Taken
together, these results suggest that the strength of connectivity between hippocampus and
downstream regions is modulated by the degree of baseline AD pathology to predict tau
accumulation, and the interactions between these factors have the potential to explain differences
in rates and distribution of tau accumulation at the earliest stages of cognitive impairment.

A particularly intriguing finding motivating the joint study of network connectivity and
neurodegenerative disease is that patterns of regional brain atrophy tend to match the topography
of functional and structural networks in healthy individuals'2. This insight has led to the
investigation of functional connectivity in aging and Alzheimer’s disease as a potential
mechanism that drives the spread of pathology throughout the brain, with corresponding
consequences for regional brain atrophy and domain-specific cognitive decline. From the cortical
origin of tau in the transentorhinal region, tau may spread along pathways of strong functional
connectivity first to hippocampus'*? and subsequently to other areas of cortex!® known to
accumulate pathology and leading to neurodegeneration later in disease progression®®. Our
results support this view, showing that the association between tau accumulation and functional
connectivity between hippocampus and both precuneus and inferior temporal cortex in part
depends on the degree of baseline AD pathology. We found this relationship to be somewhat
more robust for the precuneus than for inferior temporal cortex, which may reflect differences in
fMRI signal in these regions, as inferior temporal areas tend to have a relatively high degree of
signal disruption'#!. Still, strength of hippocampal-medial parietal lobe connectivity has
previously been shown to relate to tau pathology burden in the medial parietal lobe cross-
sectionally**!13°, and disruption of hippocampal network connectivity has been proposed as the
basis of cognitive deficits in AD!'#2.

We further showed that the relationship between functional connectivity and tau
accumulation was modulated by both baseline tau and global Ap burden. A} has been associated
with changes in network connectivity early in disease progression!*?, and modeling of tau
spreading in individuals along the AD continuum has suggested that there are both local and
remote tau/Ap interactions that influence the propagation of tau pathology'?*. Thus, greater
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cortical AP pathology in individuals in our study may reflect changes in connectivity between
hippocampus and downstream cortical areas that facilitate the fastest accumulation of tau. We
also found that ApoE genotype modulated this relationship, as carriers of the ApoE4 gene
exhibited greater rate tau accumulation in precuneus with greater HC-PrC functional
connectivity and baseline tau pathology. This finding may be related to the underlying influence
of ApoE4 genotype on AD pathology, as patterns of tau spread in cortex are spatially linked with
ApoE messenger RNA expression!®. Further, AB burden has been proposed as a mediating factor
in the relationship between ApoE4 risk and change in tau pathology over time in nondemented
individuals'. It may therefore be that for unimpaired individuals at the earliest stages of tau
pathology spread, ApoE4 positivity modulates the relationship between connectivity and tau
accumulation via its influence on cortical AB burden. Furthermore, given our finding that
ApoeE4 status modulated this relationship independently of A, ApoE4 genotype may have
additional influence on cellular hyperactivity!*313%144 further driving downstream tau pathology
spread!'®®. However, this framework is complicated by our finding that the strongest relationship
between functional connectivity and tau accumulation in IT was in fact found in ApoE4
noncarriers. One possible explanation is that because IT is an area of very early neocortical tau
accumulation, ApoE4 carriers already demonstrate alterations in network connectivity!3>:13¢ such
that greater connectivity is no longer associated with the greatest degree of tau accumulation.
This finding also underscores that there are likely multiple interacting factors that influence the
extent and distribution of downstream pathology accumulation, and it may be that excitatory
changes associated with ApoE genotype!3#!3 outweigh those associated with intrinsic
connectivity strength in some pathways. This possibly should be further investigated in larger
samples with more ApoE genotypic diversity.

Our finding that HC-PrC pathology-connectivity interactions was related to rate of
visuospatial memory decline, more so than verbal memory decline, represents a compelling
neuropsychological consequence of the modulation of functional connectivity by AD pathology.
Both in individuals with lower levels of baseline AP and in ApoE4- individuals, we observed that
greater functional connectivity strength was associated with slower rates of visuospatial memory
decline even with greater high baseline hippocampal tau pathology. This relationship was
markedly different at high levels of cortical AP and in ApoE4+ individuals, however, where
greater hippocampal tau and HC-PrC was associated with the steepest rates of visuospatial
memory decline (Figure 5). This finding comports with the observed relationships between HC-
PrC pathology-connectivity interaction and tau accumulation, in that the 3-way interaction
between functional connectivity, baseline tau, and baseline AB/ApoE4 genotype is associated not
only with faster tau pathology accumulation but also faster cognitive decline. Furthermore, It is
also notable that we observed this relationship to be particularly strong for visuospatial memory
decline and HC-PrC connectivity given the proposed role of medial parietal structures in both
episodic memory and visuospatial processing®*-%®. Because we did not observe strong
associations between HC-IT connectivity and tau accumulation in the BACS sample, future work
is needed to assess if this connectivity is also related to cognitive decline in domains that rely on
temporal structures such as object/face recognition®®!46, Taken together, the present findings
suggest that greater functional connectivity between medial temporal lobe and neocortical
regions in the absence of AD pathology is in fact beneficial for cognitive function, but the
presence of AP and/or ApoE4 genotype may alter the excitatory/inhibitory balance of neural
circuits along robust functional connections®>!#7, leading to the spread of pathological tau protein
and subsequent cognitive decline.
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Conclusion

The present study provides evidence that longitudinal tau accumulation can be predicted
by the interaction of baseline AD pathology and resting state functional connectivity between
vulnerable regions of the brain. Within the framework of networks as both conduits and drivers
of neurodegenerative pathology in the aging brain?, functional connections may be viewed as
the pathways along which tau pathology spreads, and factors such as upstream tau pathology,
global A burden, and ApoE genotype represent modulating factors that influence the
spatiotemporal pattern of future tau spreading. By focusing on cognitively unimpaired
individuals i.e. those in the earliest stages of tau propagation, this study points to characteristics
that could help identify which individuals are at greatest risk of progression to AD and could
therefore benefit the most from pathology-lowering interventions. Future work should focus on
the integrity of structural connections measured with diffusion MRI to provide further insight
into how the structural and functional pathways in the brain provide a roadmap for
neuropathologies to propagate, and what other modulating factors have the potential to
exacerbate or slow the spread of pathology along these pathways.
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Supplementary Materials

BACS CU ADNI CU BACS vs. ADNI
(n=67) (n=43)
Mean (SD) or n (%)
Age (years) 77.1 (5.8) 75.4 (7.3) p=0.22
Centiloids 23.7 (32.6) 34.6 (45.9) p=0.18
Meta-ROI tau slope (SUVR/year) 0.02 (0.01) 0.02 (0.01) p=0.20
rsfMRI-tau interval (days) 54.2 (54.3) 30.7 (45) p=0.02
Sex (female) 38 (57%) 29 (67%) p=0.36
AP+ 33 (49%) 19 (44%) p=0.75
APOe&4+ 22 (34%) 13 (31%) p=0.88

Table S1. Demographics of separated BACS and ADNI cohorts of cognitively unimpaired
(CU) older adults.
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Figure S1. Pathology- connectivity interaction is associated with precuneus tau accumulation
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Conclusion

Here, we outline the contributions of functional networks of the aging brain in facilitating
the spread and accumulation of AD-related tau pathology, as well as the corresponding
consequences for cognitive function that this pathology may illicit. In Chapter 1, we show that
resting state functional connectivity strength between medial temporal love and medial parietal
cortex is associated with the degree of downstream medial parietal tau burden, and that the
interaction of pathology and connectivity is associated with worse memory performance. In
Chapter 2, we show that functional networks specific to performance in a given cognitive
domain, in particular episodic memory, have lower overall strength in the presence of tau
pathology before the onset of widespread neurodegeneration. Finally in Chapter 3, we show that
the rate and distribution of tau accumulation over time is influenced by baseline functional
connectivity and AD pathology, along with corresponding declines in memory performance.
Taken together, this work furthers our understanding of the reciprocal relationships between
pathology accumulation and function networks in the aging brain, underscoring the importance
of this relationship for cognitive function and identifying neural connectivity as a potential target
for interventions aimed at reducing the spread and accumulation of tau pathology in individuals
at risk for disease-related cognitive decline.

From the early observation that networks of functional connectivity overlap with patterns
of neurodegeneration in distinct AD subtypes'?, a robust body of literature has outlined how
functional networks facilitate the stereotyped spread of tau pathology throughout the brain in
aging and AD. The work described here adds to this body of research by pointing to factors that
can be used to understand connectivity-mediated tau spread in cognitively unimpaired older
adults who are at the earliest stages of pathology accumulation. By uncovering how functional
networks contribute to neurodegenerative disease and what consequences these pathologies have
for networks supporting cognitive function, this work may be used to better understand the aging
human brain and the cognitive consequences of Alzheimer’s disease dementia that are so
devastating for so many.

Despite all this evidence, there are many unanswered questions surrounding the role of
functional networks in aging and AD. Future work should seek to incorporate measures of
structural connectivity between brain regions to increase the validity and reproducibility of
functional neuroimaging measures in predicting pathology spread. In addition, it remains to be
seen if connectivity can be used to explain why some individuals develop Alzheimer’s disease
and others do not, as well as why different variants and subtypes of AD present in different
individuals. Ultimately, it may be that pathways of strong network connectivity that are critical
for brain function throughout life are hijacked in neurodegenerative disease, initiating a
syndrome of cognitive decline specific to individual profiles of brain connectivity.
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