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1 SUMMARY

Alzheimer’s disease (AD), the leading cause of dementia worldwide, is characterised by a
cascade of pathological brain changes starting with the emergence of amyloid plaques
decades before the eventual spreading of tau pathology which drives the development of
dementia symptoms. There is significant heterogeneity within AD, leading to variations in
how the condition manifests clinically and the trajectory in which it progresses. This clinical
heterogeneity can be related to heterogeneity in the pathophysiological underpinnings of AD,
specifically pertaining to tau pathology which has been identified as the main driver of
neurodegeneration, giving rise to distinct clinical phenotypes depending on the deposition
pattern and accumulation rate of tau pathology. Specifically, neuroimaging studies
demonstrate individual variations in the spreading rate and spatial pattern of tau pathology
which correspond to clinical manifestation and progression. However, our understanding of
the mechanisms responsible for these variations in tau pathology progression in AD remains
limited. Given that tau plays a pivotal role in neurodegeneration and cognitive decline,
understanding its modulators is paramount for optimising therapeutic interventions against
AD progression. The aim of this thesis was to uncover factors impacting tau spreading
through multimodal neuroimaging and genetic markers, with the primary objective of
advancing our comprehension of AD pathophysiological progression, and ultimately aiding

the development of more precise therapeutic strategies against AD.

Recent translational research combining resting-state functional magnetic resonance imaging
(rs-fMRI) and tau-positron emission tomography (PET) reveals that tau spreading is activity
dependent. Originating from focal areas typically within the medial temporal lobe, tau
progressively expands out across the cortex, traversing functionally connected brain regions.
This observation demonstrates how tau progression takes distinct routes depending on brain
network architecture. Building on this evidence, the first investigation of this dissertation
tested whether the functional organisation of the brain i.e., the functional connectome,
impacted the rate at which tau accumulation progresses through the cortex. Considering that
the functional connectome is of a modular structure made up of communicative but distinct
networks, longitudinal exploration was conducted to ascertain whether the baseline rs-fMRI
defined functional segregation of networks was associated with the rate of annual tau-PET
SUVR change. In a sample of 123 subjects either cognitively healthy or spanning the AD

spectrum, it was demonstrated that higher network segregation is associated with an



attenuated rate of tau spreading. Moreover, we further demonstrated that the functional
segregation of subject-specific tau epicentres i.e., the region where tau initially manifests,
influences the subsequent trajectory of tau spreading whereby more segregated epicentres
lead to lower tau accumulation rates in the most connected regions and slower future tau
progression overall. Together, these results indicate that the spread of tau pathology is
influenced by the brain’s functional organisation. Specifically, a more diffuse brain network
architecture facilitates inter-regional tau spreading, signifying that individual variations in

tau-trajectories may be shaped by the brain’s functional architecture.

In the light of new anti-amyloid therapies, the second investigation was conducted into
modulators of tau progression in relation to amyloid. Given that amyloid initiates AD’s
pathological cascade, triggering tau propagation, it is crucial to identify factors that moderate
this. This is essential for optimising therapeutic windows for anti-amyloid treatments to
intercept tau before it drives clinical disease progression. The Apolipoprotein E €4 (ApoE4)
allele is the strongest known genetic risk-factor for sporadic AD, whereby carriers have
increased amyloidosis and faster AD progression, however, how ApoE4 influences amyloid-
related tau spreading is unclear. Therefore, we explored connectivity mapped individualised
tau spreading trajectories corresponding to amyloid levels using PET data from 367 ApoE
genotyped subjects spanning two independent samples to determine the influence of ApoE4
carriage on amyloid’s potential to trigger tau spreading. Results demonstrated that ApoE4
carriers had increased tau accumulation mediated by stronger amyloid deposition in early
spreading stages and an accelerated tau spreading trajectory starting at lower amyloid levels.
These findings indicate an indirect effect of ApoE4 carriage on tau spreading by driving
increased amyloidosis, but also a direct effect whereby tau spreading was triggered earlier
and faster relative to amyloid levels in ApoE4 carriers. This implies a need to intervene with

anti-amyloid therapies in ApoE4 carriers earlier, to intercept tau progression promptly.

In summary, this thesis introduces novel evidence concerning modulators of tau progression
in vivo, by employing a multi-modal neuroimaging approach to reflect the connectivity
mediated spreading of tau pathology throughout the AD spectrum. Utilising longitudinal Tau-
PET, individualised patterns of tau spreading were tracked and mapped to brain connectivity
dynamics derived from rs-fMRI data, revealing that the onset and pace of tau spreading
across interconnected brain regions are influenced by the brain’s connectome and a specific

genetic risk factor for AD, i.e., ApoE4. Overall, these findings enrich our understanding of



tau's progression within the cortex and carries implications for individualised approaches in

determining the timing and target of therapeutic interventions.



2 ABBREVIATIONS OF INTRODUCTION AND DISCUSSION
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3 INTRODUCTION

3.1 The impact of Alzheimer’s disease on the societal and patient level

Alzheimer's disease (AD) is the leading cause of age-related dementia, responsible for 60 to
80% of dementia cases (Dumurgier & Sabia, 2021), which impacts an estimated 55 million
individuals globally. Standing as one of the most cost-intensive disorders worldwide, the
challenges associated with AD are expected to exacerbate with the aging population, imposing
an unprecedented strain on healthcare systems (Winblad et al., 2016). Owing to the nature of
AD progression, it not only incurs treatment related costs but notable indirect costs for both the
health-system and caregivers; The worsening of functional, behavioural and cognitive ability
result in an ultimate loss of autonomy necessitating social care or residential care. Addressing
this escalating burden of Alzheimer's disease demands an urgent focus on developing and
implementing effective strategies to alleviate its societal, economic, and healthcare impacts.
AD initiates a gradual decline in cognitive function, often marked by loss of episodic memory,
language function and/or visuospatial function (Porsteinsson et al., 2021). However, preceding
this, many subtle alterations occur in psychiatric, behavioural and functional domains (Bature et
al., 2017) before treatment is sought. One of the significant challenges posed by AD is its
accurate early detection, which is complicated owing to the subtle and heterogenous clinical
signs in the very early stages of the disease. Identifying AD well before the onset dementia
symptoms is crucial not only for lifestyle preparation for the patient (Brooker et al., 2014) but
for optimising treatment. However, the duration from the onset of initial cognitive symptoms to
the onset of dementia exhibits considerable variability among individuals making prognosis
difficult (Duara & Barker, 2023; Ye et al.,, 2018). In the current era of disease-modifying
antibody therapies for AD, such as Lecanemab (Van Dyck et al., 2022), early diagnosis and
accurate prognosis is even more critical for successful treatment and additionally, to facilitate

the enrolment of suitable early-stage AD patients in future therapeutic trials.

3.2 The amyloid cascade reflected through biomarkers

The early diagnosis of AD in clinical practice poses a challenge reliant on recognising the initial
subtle and heterogenous clinical effects of the disease (Albert et al., 2013). However, continual
advancements in the field of AD biomarkers have enabled the detection of underlying brain

changes even before symptom onset (Frisoni et al., 2017). This progress is instrumental in



achieving early and accurate diagnoses of AD. Therefore, the quest for reliable and accessible
biomarkers is increasingly important for our understanding of early disease manifestations and

better insight into disease progression.
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Figure 1. A model depicting the temporal dynamics and order in which biomarker abnormalities
progress through clinical progression, starting with cognitively normal moving to mild cognitive
impairment (MCI) and finally Dementia. Figure adapted from Zetterberg and Bendlin (2021) with permission
from Springer Nature Limited.

AD is defined by cascade of pathological events which can be recapitulated in vivo by a
combination of fluid and neuroimaging biomarkers. The first known abnormal brain change
that occurs in AD is the development of extracellular beta-amyloid (AB) plaques, which
precede the first cognitive symptoms by up to 20 years (Jack et al., 2013; Jansen et al., 2015).
The formation of AP plaques occur from the aggregation of AP, a protein cleaved from the
cell surface and released into the extracellular space. Abnormality in A metabolism is the
earliest detectable pathological process of AD, reflected by a reduction of soluble ABi.42

peptides in cerebrospinal fluid (CSF) and plasma (see CSF & plasma APB42 in figure 1)



potentially resulting from their recruitment into AP plaques (Molinuevo et al., 2018).
Insoluble AP plaque pathology become detectable with A sensitive positron emission
tomography (PET; see amyloid PET in figure 1) after AP peptides are detected (Palmqvist et
al., 2019) with high specificity (Teipel et al., 2015). Post-mortem and AP PET research
indicates that AP plaques accumulate in a relatively diffuse dispersed pattern found

exclusively through the neocortex before emerging in the allocortical regions and then the

rest of the brain (Braak & Braak, 1991; Grothe et al., 2017; Thal et al., 2002).

The onset of AP aggregation triggers the next major phase of the cascade: pathological tau
accumulation. This is initiated by the hyperphosphorylation of tau, a microtubule stabilising
protein principally expressed in neurons, which is prone to aggregation and eventually forms
insoluble neurofibrillary tau tangles (Medeiros et al., 2011). The hyperphosphorylation of tau
is the earliest detectable sign of tau pathology, which is reflected by the rise of soluble
phosphorylated tau in CSF and blood plasma (see CSF & plasma P-tau in figure 1) which
precedes the aggregation and fibrilisation of tau (Molinuevo et al., 2018). The detection of
phosphorylated tau typically occurs soon after abnormalities are detectable in fluid A
biomarker levels and well before the onset of clinical symptoms and the emergence of

insoluble neurofibrillary tau pathology (Palmgqvist et al., 2019; Zetterberg et al., 2021).

Braak-Staging of Pathological Tau Progression
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Figure 2. Braak Staging displayed on surface rendering. Braak stages rendered to cortical surface
excluding the non-surface region Braak stage II i.e. limbic structures.

The eventual formation of insoluble neurofibrillary tau tangles progress in a specific manner
throughout the cortex, typically — but not always — emerging from the medial temporal lobe

and spreading gradually out towards the allocortex (see figure 2). The extensive progression



of tau is seemingly reliant on the presence of AP} pathology, as tau is seldom found beyond
the temporal lobe in absence of AP (Crary et al., 2014). The distinct hierarchical pattern of
Ap-related tau accumulation in AD has been summarized into a disease staging model i.e.
Braak staging, derived from post-mortem assessments (Braak & Braak, 1997) which owing to
the recent advent of tau-specific PET ligands (Leuzy et al., 2019), has been confirmed in-vivo
(Wang et al., 2016). The formation of neurofibrillary tau tangle pathology is closely linked to
cognitive decline, and research integrating tau-PET and cognitive testing shows that tau
burden is predictive of future cognitive decline (Bejanin et al., 2017; Biel et al., 2021;

Ossenkoppele et al., 2021; Pontecorvo et al., 2019).

Closely following the path of tau pathology is neurodegeneration marking the culmination of
the amyloid cascade. The earliest signs of neurodegeneration are expressed in CSF and
plasma as neurofilament light (NfL; see CSF NfL in figure 1), signifying general axonal
degeneration (Khalil et al., 2018) which are detectable directly after neurofibrillary tau tangle
pathology. Tau is the main driver of neurodegeneration and research combining, tau PET and
fluorodeoxyglucose (FDG) PET (glucose hypometabolism) reveal that tau’s spatial
deposition aligns with patterns of neurodegeneration and clinical manifestation (La Joie et al.,
2020; Ossenkoppele et al., 2016). This robust body of evidence reinforces the amyloid
cascade hypothesis, elucidating tau's central role in the cascade of events bridging AP to

neurodegeneration, resulting in eventual cognitive impairment and dementia.

3.3 Preclinical evidence for trans-neuronal tau propagation

The specific hierarchical pattern of tau accumulation (Braak et al., 1997) implies the
influence of a specific mechanism determining tau’s evolution through the cortex. Preclinical
advancements have contributed to unveiling the biological mechanism driving the distinct
pattern of tau accumulation across the brain. Early evidence for tau spreading was
demonstrated by injecting brain extract from mice with mutant tau into mice with wild-type
human tau, resulting in the formation of filaments and the spread of wild-type human tau to
proximal brain regions (Clavaguera et al., 2009). Subsequent mouse-model studies expand on
this research and reveal tau’s specificity in spreading to downstream connected neurons,
indicating its propagation through neuronal systems (Ahmed et al., 2014; De Calignon et al.,

2012). Expanding on this, in vitro research exploring tau propagation in artificial neuronal
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circuits revealed that synaptic contact significantly facilitated tau spreading which occurred
through trans-synaptic propagation (Calafate et al., 2015). Collectively, this research provides
evidence that tau spreads through the cortex trans-synaptically according to connectivity.
This emphasizes the crucial importance of understanding brain connectivity in predicting the
route of tau pathologys, it is therefore essential to focus on investigating neuronal connections

and brain activity to better predict tau's advancement in AD.
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Figure 3. Propagation of phosphorylated tau seed pathology across the synaptic cleft via different release
and uptake mechanisms including extracellular and synaptic vesicles as well as translocation. Tau seeds
are taken up by the post-synaptic membrane and lead to the seeding of physiological tau.
Figure taken from Vogels et al. (2020). For rights and permissions licensing information please see
https://creativecommons.org/licenses/by-nc-nd/4.0/

34 Functional MRI

A way to non-invasively explore brain activity in vivo is through functional magnetic
resonance imaging (fMRI). Neural activation requires local cerebral blood-flow to provide
glucose and oxygen to support the increased metabolic demands of active neurons during
cognitive processes and brain function. This close relationship between neural activity and
blood-flow i.e. neurovascular coupling, is harnessed by fMRI which takes advantage of the
magnetic differences between oxygenated and deoxygenated blood, causing alterations in the
magnetic field of an MRI scanner. Oxygenated haemoglobin is diamagnetic, exhibiting weak
repulsion when exposed to a magnetic field. However, when oxygen levels decrease,

haemoglobin becomes deoxygenated resulting in a sudden shift to paramagnetism. This

11



alteration triggers variations in the blood-oxygen-level-dependent (BOLD) signal detected by
fMRI. When oxygenated blood floods the area, it elevates the BOLD signal captured by

Large-Scale Functional Network Organisation
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fMRI, serving as an indicator of underlying neuronal activity (Gauthier & Fan, 2019).

Figure 4. 7 major cortical large-scale networks estimated with a clustering approach derived from the rs-
fMRI data of 1000 subjects separated into discovery and replication samples. Cortical brain rendering made
with regions defined by Yeo et al. (2011)

Major discoveries with fMRI have revolved around the mapping of functions to regional
activations, which was previously restricted to specific autopsy cases. This has been pivotal
to expanding our previously limited knowledge of brain function localisation. Beyond
mapping regions to function, fMRI has also allowed us to understand more about the brain’s
functional architecture and interactions between distributed regions. Resting-state (rs) fMRI,
which monitors brain activity during wakeful rest i.e., in the absence of a specific cognitive
task, reveals consistent inter-regional co-fluctuations in fMRI BOLD signal. The collective
activation of specific brain regions reflects the intrinsic connectivity crucial for effective
communication and coordination between regions, which is constrained by the underlying
anatomical connections (Honey et al., 2009). The in-depth analysis of large-scale rs-fMRI has
delineated the inter-regional synchronization into specialised networks (see figure 4)
according to a number of different methods, which organise the brain's spontaneous activity
into a range of systems supporting primary functions such as visual and motor, to complex
multimodal functions such as control (Damoiseaux et al., 2006; Power et al., 2011; Yeo et al.,

2011).
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3.5 Neuroimaging evidence for connectivity-driven trans-neuronal tau spreading

Connectivity driven trans-neuronal tau propagation has now been observed in living AD
patients through neuroimaging techniques. The combination of rs-fMRI and tau-PET allows
the mapping of tau deposition patterns to connectivity patterns. Cross-sectional research
employing this multi-modal approach reveals a notable relationship between tau
accumulation and connectivity, demonstrating that tau accumulates preferentially in highly
connected regions, i.e. “hub” regions (Cope et al., 2018) and that interregional connectivity
predicts the similarity in tau SUVR levels, whereby connectivity strength between regions
correlates with tau covariance (Adams et al., 2019; Franzmeier et al., 2019; Ossenkoppele et
al., 2019). Furthermore, research combining tau-PET and a simulated diffusion model based
on anatomical and functional connections corroborate the concept of connectivity driven
trans-neuronal tau spreading by simulating tau spreading through the cortex. The simulated
results were highly comparable to tau-PET assessed cross-sectional tau deposition patterns in
AD patients affirming the concept of focal tau initiation and subsequent spread across neural

connections (Vogel et al., 2020).

Subsequent longitudinal tau-PET investigations have strengthened the understanding of tau's
progressive connectivity driven propagation by allowing within-subject tracking of tau
progression through time. Research combining functional connectivity analysis with
longitudinal tau-PET from AD spectrum subjects indicates that tau spreading starts from a
focal region, typically within the medial temporal lobe, spreading to the next most connected
regions and ultimately reaching the least connected regions (Franzmeier et al., 2020a). This
connectivity spreading pattern is supported by further research using a graph theory driven
tau spreading model to predict tau spreading acceleration patterns based on the connectivity
of a medial temporal lobe seed (i.e., entorhinal cortex). Connectivity predicted tau
acceleration regions aligned with longitudinal tau-PET dynamics in AD individuals who
exhibited faster tau accumulation in these given regions (Lee et al., 2022) demonstrating the

acceleration effects of highly connected regions on overall tau spreading rates.
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Figure S. Model of tau epicentre connectivity predicted tau accumulation in connectivity strength defined
regions, 1 being the most functionally connected region to the epicentre with the highest expected tau
accumulation rate and q4 the least functionally connected region to the epicentre with the lowest expected
tau accumulation rate. Figure adapted from Franzmeier et al. (2020a). For rights and permissions licensing
information please see https://creativecommons.org/licenses/by-nc/4.0/

Importantly, functional findings are supported by longitudinal anatomical evidence
examining major white matter tracts with diffusion weighted MRI. This research reveals that
the extent of tau deposition in downstream brain regions to those harbouring tau is seemingly
impacted by the diffusivity of connecting structural tracts. Observed results indicated that
increased diffusivity of the connecting tract corresponded to heightened tau presence in the
downstream region. These findings align with fMRI evidence, providing structurally backed

support for the mechanism of tau propagation across neural connections (Jacobs et al., 2018).

Overall, in vivo evidence elucidates the importance of the functional connectome for trans-
neuronal tau spreading and contributes greatly to our understanding of the temporal and

spatial trajectory of tau spreading.

3.6  Variability in Alzheimer’s disease progression

3.6.1 Progression rate variability

Sporadic AD has highly variable clinical trajectories, whereby individuals exhibit different
onset ages and rates of cognitive decline. A reason for heterogenous clinical progression is
variation in neuropathological progression. Subtypes of AD have emerged from tau-PET
evidence delineating the different routes and rates which tau takes through the cortex,

resulting in deficiencies in different cognitive domains and varying rates of clinical
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progression (Ossenkoppele et al., 2016; Risacher et al., 2017; Vogel et al., 2021). This body
of research reveals a strong link between faster more aggressive cognitive decline and a
fronto-parietal focused tau deposition route compared to a slower route through medial-

temporal limbic regions, which typically starts at a later age.

Nevertheless, the factors influencing the diverse routes and speed of tau spreading remain
unclear. A recent study utilising fMRI-derived connectivity offers the functional
characteristics of the tau epicentre as a potential explanation for the variability observed in
tau progression. Findings reveal that individuals with stronger tau load in hub regions had
faster subsequent tau spreading suggesting that the global connectivity of initial tau
harbouring regions predicts the speed of subsequent tau accumulation (Frontzkowski et al.,
2022). Consistent with earlier investigations, this study reveals an association between
younger age of onset and a heightened tau load particularly in fronto-parietal regions, known
to be rich in crucial globally connected hubs that are crucial for cognitive function (Van den
Heuvel & Sporns, 2013). This suggests that the connectivity of high tau-burden regions
drives the rate of tau spreading and thus cognitive decline. These findings strongly support
the concept that not only does functional architecture determine the spatial route of trans-

neuronal tau spreading but also the temporal dynamics.

3.6.2 Known tau modulators

There is a growing body of literature identifying specific tau modulating factors. Firstly, sex
differences have been suggested to influence pathophysiological progression of AD whereby
women with abnormal AP deposition have been identified at higher risk for early tau
deposition in the entorhinal cortex and outside of the temporal lobe compared to men
(Buckley et al., 2019; Buckley et al., 2022). Sex differences in AD are speculated to be due to
hormonal changes related to the menopause (Buckley et al., 2022) however, the mechanisms
are elusive. Furthermore, vascular risk has also been linked to increased tau pathology in A}
positive individuals in which patients with an elevated risk of developing coronary heart
disease, estimated with a sex-specific algorithm, had more tau-PET uptake in the temporal
lobe (Rabin et al., 2019). Moreover, research examining self-reported levels of physical
activity and tau-PET found that individuals that exercised frequently had lower levels of

neocortical tau burden compared to individuals that exercised infrequently, which was
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independent of cardiovascular health (Brown et al., 2018). Together, this research provides
compelling evidence that tau dynamics are susceptible to specific factors, emphasizing the
importance of recognising and understanding modulating factors to mitigate the risk of

accelerated tau progression.

3.6.3 Genetic landscape and ApoE4

Sporadic AD has been estimated to have substantial heritability, with comprehensive
European population-based twin studies attributing roughly 60-80% of the variance for
developing AD to genetic factors (Gatz et al., 2006; Karlsson et al., 2022). Genome wide
association studies (GWAS) have enabled a broader exploration of the genetic AD landscape;
however, genome research has not come close to identifying all contributable variants
implied by twin studies. As GWAS are progressively becoming larger, more and more
previously unidentified gene loci are being uncovered (Bellenguez et al., 2022; Wightman et
al., 2021). Many common genetic variants have been linked to AD risk, most having an
individually small impact on AD vulnerability however, the complexity lies in the cumulative
effect of these common genetic variants. It is predicted that there could be as many as 10,000
different variants responsible for sporadic AD, with intricate polygenic interactions (Holland
et al., 2021). Analysis of identified AD risk variants points towards a predominant
involvement in amyloid and tau pathways (Bellenguez et al., 2022), but the direct association
of genes to AD pathophysiological processes remains an evolving field. Nevertheless, it is
evident that implicated genes extend beyond direct involvement in tau and amyloid pathways

and contribute to a number of different processes.

In the past few decades several standout genetic variants with a substantial individual effect
on AD risk have been identified, including Myc box-dependent-interacting protein 1 (BIN1),
implicated in endocytic processes (Prokic et al., 2014), triggering receptor expressed on
myeloid cells 2 (TREM2), expressed by microglia and implicated in neuroinflammation
(Gratuze et al., 2018) and sortilin related receptor 1 (SORL1) implicated in the metabolism of
amyloid precursor protein (Rogaeva et al., 2007). Most notably is the €4 allele on the
apolipoprotein E (ApoE4) which is responsible for controlling cholesterol and lipid transport
(Mahley, 2016). ApoE4 is the most significant risk factor across populations (Reitz et al.,
2013) contributing to 9% of total AD risk (Karlsson et al., 2022). ApoE4 carriers typically
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exhibit an earlier age of disease onset (van der Flier et al., 2011) with homozygotic carriers
succeeding non-carriers up to 10 years (Blacker et al., 1997). Research has demonstrated that
ApoE4 is robustly linked to increased and earlier amyloidosis (Liu et al., 2017) and emerging
research is increasingly linking ApoE4 to elevated tau accumulation, both dependently and
independently of AP (Benson et al., 2022; Therriault et al., 2020; Young et al., 2023).
Nevertheless, the precise mechanisms through which ApoE4 accelerates AP and tau
progression remain unclear, yet highly pertinent owing to the prevalence AD patients who

carry an ApoE4 allele (Ward et al., 2012).

3.7 Thesis aims

Overall, uncovering more about the functional and genetic architecture of AD is pertinent to
understanding the major processes of AD pathophysiology therefore, the major aims of this
thesis are 1) to explore differences in functional connectivity and its impact on tau
progression and 2) to understand how certain genes, in particular ApoE4, link to the onset
and progression rate of tau. These investigations would enable the identification of functional
and genetic risk factors with the potential to guide more effective treatment targets capable of

intercepting tau progression in a timelier manner.
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4 STUDIES

4.1 Functional network segregation is associated with attenuated tau spreading in

Alzheimer’s disease

The following section presents the original research article “Functional network segregation
is associated with attenuated tau spreading in Alzheimer’s disease” which was published in

Alzheimer’s & Dementia (Steward et al., 2022)
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Abstract

Introduction: Lower network segregation is associated with accelerated cognitive
decline in Alzheimer’s disease (AD), yet it is unclear whether less segregated brain
networks facilitate connectivity-mediated tau spreading.

Methods: We combined resting state functional magnetic resonance imaging (fMRI)
with longitudinal tau positron emission tomography (PET) in 42 betamyloid-negative
controls and 81 amyloid beta positive individuals across the AD spectrum. Network
segregation was determined using resting-state fMRI-assessed connectivity among
400 cortical regions belonging to seven networks.

Results: AD subjects with higher network segregation exhibited slower brain-wide tau
accumulation relative to their baseline entorhinal tau PET burden (typical onset site
of tau pathology). Second, by identifying patient-specific tau epicenters with highest
baseline tau PET we found that stronger epicenter segregation was associated with a
slower rate of tau accumulation in the rest of the brain in relation to baseline epicenter
tau burden.

Discussion: Our results indicate that tau spreading is facilitated by a more dif-
fusely organized connectome, suggesting that brain network topology modulates tau

spreading in AD.

KEYWORDS
Alzheimer’s disease, functional magnetic resonance imaging, network segregation, tau spreading,
tau positron emission tomography

Highlights

» Higher brain network segregation is associated with attenuated tau pathology
accumulation in Alzheimer’s disease (AD).

* A patient-tailored approach allows for the more precise localization of tau epicen-
ters.

* The functional segregation of subject-specific tau epicenters predicts the rate of
future tau accumulation.
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1 | INTRODUCTION

Alzheimer’s disease (AD) is characterized by cerebral amyloid beta
(AB) plaques and tau tangles. A accumulates decades before symptom
manifestation whereas tau pathology develops closely before symp-
tom onset.>2 The severity of tau pathology, assessed via tau positron
emission tomography (PET) and fluid biomarkers, has been shown to
predict subsequent cognitive decline®~> suggesting that tau is a key
driver of clinical disease progression; hence, it is clinically important
to understand the mechanisms that drive the development of tau
pathology.

Tau pathology spreads in a characteristic pattern from the
medial temporal lobe toward the neocortex,® closely followed by
neurodegeneration.” Preclinical studies have shown that tau spreads
via synapses in an activity-dependent manner via anatomical con-
nections rather than seeping into proximal brain regions.8~10 These
findings have recently been translated to biomarker data from AD
patients by combining resting state functional magnetic resonance
imaging (rs-fMRI) for assessing functional brain connectivity and
tau PET imaging for mapping tau pathology spread. Specifically, we
and others found that (1) tau pathology distributes preferentially

11-13 (2) connected

across functionally connected brain regions,
brain regions show correlated tau accumulation rates, and (3) tau
pathology emerges in circumscribed epicenters, from where it spreads
across functionally connected brain regions.}*~1¢ Together, these
findings provide evidence that the brain’s connectome plays an impor-
tant role in routing tau spread in AD, thereby determining disease
progression.

Numerous rs-fMRI studies have revealed that the functional con-
nectome is modular and comprised of functionally specialized net-
works integral to cognitive functioning.!”:18 Previous studies found
that modularity of brain networks diffuses with age resulting in deseg-

19-22 jng

regated networks with stronger inter-network connections
a general deterioration of functional ability.232* We have shown
recently that reduced rs-fMRI-assessed network segregation is linked
to stronger cognitive deficits relative to the level of AD pathology in
sporadic and inherited AD.2> Furthermore, modulating effects of net-
work segregation on cognition are supported by longitudinal work,
suggesting decreased segregation to be a risk factor for increased
severity of dementia symptoms.2® These studies propose that brain
network segregation modulates AD symptom severity by offering
resilience toward primary AD pathology, whereby individuals with
higher network segregation maintain better cognition despite higher
disease burden. However, it is unclear whether higher network segre-
gation only provides resilience against the impact of AD pathology on
cognition, or whether higher segregation also attenuates the progres-
sion of primary AD pathology, therefore providing resistance against
AD pathology. Because tau pathology spreads across connected brain
regions,1#~1¢ it is possible that stronger network segregation restricts
inter-regional tau spreading thereby attenuating cognitive decline.
Thus, our major aim was to investigate whether stronger network seg-
regation is associated with reduced tau progression and whether a
more diffuse network topology is linked to faster tau expansion.
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RESEARCH IN CONTEXT

1. Systematic Review: Heterogeneity in Alzheimer’s dis-
ease (AD) progression is problematic for clinical prog-
nosis; therefore, understanding its modulators is highly
important. The brain’s functional connectome, identified
as a critical route for the spreading of connectivity-
mediated tau pathology, could be crucial in understanding
AD progression.

2. Interpretation: Analysis of tau positron emission tomog-
raphy and resting state functional magnetic resonance
imaging data revealed that higher network segregation
and higher segregation of patient-specific tau epicen-
ters (onset site of tau pathology) were associated with a
slower rate of pathological tau accumulation in the rest of
the brain. Findings suggest that a more diffuse network
topology facilitates connectivity-mediated inter-regional
tau spreading indicating that inter-individual differences
in global and tau epicenter connectivity impact the speed
of pathological tau progression in AD.

3. Future Directions: Using the patient-tailored approach to
understand more about the functional heterogeneity of
tau epicenters and their specific impact on tau dynamics.

To investigate this, we assessed rs-fMRI and longitudinal flortau-
cipir tau PET in 81 biomarker-defined AD and 42 control subjects from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database. Our
major aim was to assess whether higher network segregation is asso-
ciated with attenuated tau spreading from brain regions in which tau
emerges first (i.e.,, tau epicenters) to the rest of the brain. Therefore,
adhering to the Braak-like stereotypical pattern of tau spreading, we
explored first if higher network segregation attenuated the relation-
ship between baseline entorhinal tau burden (i.e., Braak I, the typical
site of tau onset), and the rate of tau accumulation in the rest of
the brain. Second, we adopted a patient-tailored approach, in which
subject-specific tau epicenters were identified as sites with the high-
est baseline tau PET standardized uptake value ratio (SUVR). We then
assessed whether higher segregation of subject-specific tau epicenters
was associated with attenuated tau accumulation in the rest of the
brain.

2 | METHODS
2.1 | Participants

We included 123 participants from the ADNI database based on avail-
ability of longitudinal 8 F-flortaucipir tau PET (>1 visit), 3T rs-fMRI and
18F-florbetapir/florbetaben amyloid PET obtained within 6 months of

the initial tau PET scan. All subjects were classified as AS positive or
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negative (AB+/—) based on established global 18F-florbetapir (global
SUVR > 1.11) and global 8F-florbetaben amyloid PET thresholds
(global SUVR > 1.08)27 applied to amyloid PET SUVR data provided by
the ADNI PET core. ADNI investigators diagnosed subjects as either
cognitively normal (CN; Mini-Mental State Examination [MMSE] > 24,
Clinical Dementia Rating [CDR] = 0, non-depressed), mildly cognitively
impaired (MCl; MMSE > 24, CDR = 0.5, objective memory impair-
ment on education-adjusted Wechsler Memory Scale Il, preserved
activities of daily living) or demented (MMSE = 20-26, CDR > 0.5,
National Institute of Neurological and Communicative Disorders and
Stroke/Alzheimer’s Disease and Related Disorders Association crite-
ria for probable AD). The sample included 42 AB— CN subjects and
81 AB+ covering the AD spectrum: (CN/MCl/dementia n = 38/25/18);
AB— subjects with a diagnosis other than CN were excluded owing to
suspected non-AD pathology. Ethical approval was obtained by ADNI

sites and written informed consent was collected from all participants.

2.2 | MRI and PET acquisition

Structural and functional MRI were acquired using 3T Siemens
(SIEMENS Healthineers) and 3T GE scanners. T1-weighted structural
scans were collected using a magnetization-prepared rapid gradient
echo sequence (repetition time [TR] = 2300 ms; voxel size = 1 x 1 x
1 mm; for parameter details see: https://adni.loni.usc.edu/wp-content/
uploads/2017/07/ADNI3-MRI-protocols.pdf). rs-fMRI was obtained
using a 3D echo-planar imaging (EPI) sequence with 200 fMRI volumes
per subject (TR/echo time [TE] = 3000/30 ms; flip angle = 90°; voxel
size = 3.4 x 3.4 x 3.4 mm).

PET data were assessed post-intravenous injection of 18F-labeled
tracers (flortaucipir: 6 x 5 minute time frames, 75-105 minutes
post-injection; florbetapir: 4 x 5 minute time frames, 50-70 minutes
post-injection; florbetaben: 4 x 5 minute time frames, 90-110 min-
utes post-injection; for more information see http://adni.loni.usc.edu/
methods/pet-analysis-method/pet-analysis/).

2.3 | MRI and PET preprocessing

All images were screened for artifacts before preprocessing. T1 scans
were skull stripped, bias corrected, segmented, and non-linearly nor-
malized to Montreal Neurological Institute (MNI) space using the
advanced normalization tools (ANTs) software package. EPI images
were slice-time and motion corrected and co-registered to the
native T1-weighted images. Using rigid-transformation parameters,
T1-derived gray matter, white matter, and cerebrospinal fluid (CSF)
segments were transformed to EPI space. To denoise EPI images, we
regressed out nuisance covariates (i.e., white matter and CSF time
series plus six motion parameters and their derivatives) and applied
detrending and band-pass filtering (0.01-0.08 Hz) in EPI native space.
To further reduce movement artifacts that may compromise connec-
tivity assessment?® we performed motion scrubbing, in which volumes

exceeding a 0.5 mm frame-wise displacement threshold were removed,

as well as one prior and two subsequent volumes. Subjects for which
>30% of volumes had to be removed were not included in the study.??
Spatial smoothing was not performed to avoid artificially enhanc-
ing functional connectivity caused by signal spilling between adjacent
brain regions. Preprocessed rs-fMRI images were subsequently nor-
malized to MNI space via T1-derived spatial normalization parameters.
To assess the effect of different rs-fMRI processing protocols on
our findings, we repeated all analyses further including global signal
regression and applying a more restrictive frame-wise displacement
threshold of 0.3 mm.

Dynamically acquired tau PET images were realigned and aver-
aged to obtain single flortaucipir images. Using brain-extracted T1-
weighted images and ANTs-derived non-linear spatial normalization
parameters,3° tau PET images were affine registered to T1-weighted
images, spatially normalized to MNI space, and subsequently inten-
sity normalized using an inferior cerebellar gray reference.3! Spatially
normalized tau PET images were parceled into 400 cortical regions of
interest (ROIs) of the Schaefer atlas by averaging ROI-specific voxels
(Figure 1A).32 The atlas was additionally masked using a group-specific

gray matter mask binarized at 0.3 probability.

2.4 | Functional connectivity assessment

Functional connectivity was assessed among the 400 ROIs32 which
are grouped into seven major functional networks (Figure 1A), includ-
ing the default mode network (DMN); ventral attention network
(VAN); dorsal attention network (DAN); frontoparietal control net-
work (FPCN); as well as visual, limbic, and motor networks.33 This atlas
was chosen for its suitability for the combination of tau PET and fMRI,
owing to the atlas’ exclusion of areas outside of the neocortex, which
are susceptible to off-target binding of the flortaucipir tracer.343
Fisher z-transformed Pearson-moment correlations of preprocessed
ROI-specific rs-fMRI time series were assessed between all possible
ROI pairs, and negative values and autocorrelations were set to O,

following our pre-established approach.?

2.5 | Network segregation

For the first major analysis, network segregation was calculated
according to each ROlIs connectivity and its respective network
affiliation®3 using a pre-established system segregation (SyS) equation
(Equation 1)17:

ZW — Z

(el

SyS = (1)

whereby zw is the mean within network connectivity and zb is the
mean between network connectivity.!? To ensure that our measure of
SyS was not associated with in-scanner motion, we tested the asso-
ciation between SyS and mean framewise displacement during the
rs-fMRI scan. Here, no association was found (P = 0.735) using linear

regression.
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FIGURE 1 The Schaefer 400 region of interest (ROI) brain parcellation grouped into seven major networks was used to determine functional
connectivity and network segregation between brain networks (A). Force-directed plots illustrating brain network topology, stratified by amyloid
beta positivity (AB+: B,C; pooled: D,E) and network segregation level (median split), whereby shorter node distance is representative of higher
connectivity strength. Plots were generated using the Fruchtermann-Reingold algorithm applied to group-average functional connectivity data.
DAN, dorsal attention network; DMN, default mode network; FPN, frontoparietal control network; VAN, ventral attention network

2.6 | Definition of tau epicenters and epicenter
segregation

To assess whether higher segregation of those epicenter regions in
which tau is assumed to develop first attenuates the subsequent
spreading of tau to the rest of the brain, we determined both the loca-
tion of tau epicenters as well as the segregation of epicenters for each
patient. Epicenters, that is, the potential sites of tau onset in a given
individual, were determined for each AB+ subject by systematically
applying pre-defined tau PET SUVR thresholds to the Schaefer atlas
(baseline tau PET SUVRs of 1.3, 1.2, and 1.1).12141¢ Sybsequently,
ROI-wise segregation was defined for each subject, whereby zw is the
connectivity of a given ROI to all ROIs in its own network and zb is
the given ROI’s connectivity to all other network ROls as shown in
Equation (1). Epicenter segregation was subsequently estimated by
averaging the segregation scores of all ROIs belonging to a subject-

specific epicenter. Further, we obtained an alternative global measure

of network segregation by averaging segregation measures across all
400 ROIs to compare the ROI-wise segregation approach to the whole-
brain method used to determine global segregation.'? Both SyS scores
were highly correlated (r = 0.95, R2 = 0.90, P < 0.001) indicating high
consistency between the two methods.

2.7 | Statistical analysis

Differences in demographic, cognitive, and PET measures between
diagnostic groups were tested using analyses of variance (ANOVAs)
for continuous variables and chi-squared (y2) tests for categorical vari-
ables (Table 1). Annual tau PET change rates were calculated for each
ROI by fitting linear mixed models with tau PET SUVR as the dependent
variable and time from baseline in years as the independent variable,
including random slope and intercept.3¢

To test the main hypothesis of whether higher network segrega-

tion attenuates tau spreading, we investigated the interaction effect
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TABLE 1 Demographics and sample characteristics

CN Ag— CNAB+ MCI A+ Dementia AB+

(n=42) (n=38) (n=25) (n=18) P-value
Sex (F/M) 26/16 22/16 11/14 6/12 0.151
Age 71.7 (7.24) 74.1(5.72) 73.4(6.60) 76.0(8.26) 0.149
Years of education 16.5(2.50) 16.5(2.36) 16.5(2.76) 15.5(2.50) 0.511
ADAS13 7.67 (5.01)¢ 9.70(5.43)¢ 15.4 (5.06)*¢ 26.8(10.8)>b¢ <0.001
Global tau PET SUVR 1.07 (0.090)°¢ 1.12(0.092)¢ 1.22(0.246)>¢ 1.40(0.375)>b< <0.001
Annual change in global tau PET SUVR 0.00271(0.00755)°¢  0.00927 (0.0103)¢  0.0183(0.0163)>" 0.0196 (0.0219)2> <0.001
Tau PET follow-up in years 1.84(0.955) 1.84(0.723) 1.45(0.499) 1.52(0.521) 0.098
Centiloid —4.57 (12.7)P<4 71.5(32.9)2 82.2(30.1)2 92.0(37.0) <0.001
Amyloid PET tracer (florbetapir/florbetaben) 34/8 24/14 15/10 10/8 0.133
SyS 0.507 (0.100) 0.523(0.083) 0.540 (0.064) 0.514(0.072) 0.458
rs-fMRI—mean framewise displacement 0.11(0.06) 0.12 (0.06) 0.08 (0.05)4 0.14 (0.06)° 0.023

Note: P-values were derived from ANOVA for continuous measures and from chi-squared tests for categorical measures. Mean values significantly (P < 0.05,

Tukey post hoc tests) different from—
aCN AB-—.

PCN AB+.

<MCI AB+.

dDementia AB+.

between baseline entorhinal tau (i.e., Braak |, the stereotypical site of
tau onset of the Braak staging scheme) and global segregation on the
rate of longitudinal tau accumulation outside of the entorhinal cortex.
To this end, linear models were fit with each subject’s baseline entorhi-
nal tau PET SUVR and their global segregation value as well as their
interaction as independent variables, and the rate of longitudinal tau
change outside of the entorhinal cortex as the dependent variable con-
trolling for age, sex, diagnosis, scanner manufacturer, and mean frame-
wise displacement during the rs-fMRI scan. All interaction effects were
computed using continuous measures of tau PET in Braak | and SyS. To
understand the influence of network segregation on distinct stages of
tau expansion, further exploratory linear models using the same covari-
ates as described above were fitted to isolate the effect of higher net-
work segregation and entorhinal tau (i.e., Braak I) on tau change rates
in earlier affected areas, Braak stages Il and IV, and in the last affected
areas, Braak stages V and VI. To assess the robustness of the interac-
tion effects and to ensure that our results were not biased by influential
cases, we recomputed all above-described models using 1000 boot-
strapped samples (i.e., a random sample with replacement is drawn
from the overall sample for each bootstrapping iteration) and deter-
mined 95% confidence intervals of the interaction effect beta values.
Our second aim was to explore whether higher segregation of
patient-specific tau epicenters, not necessarily confined to the entorhi-
nal cortex, limited the rate of tau accumulation outside of the epicenter,
using baseline tau PET SUVRs of individualized tau epicenters at dif-
ferent thresholds and average annual tau PET accumulation across
ROIs outside of the epicenter. To define epicenters, we selected brain
regions that surpassed a pathological threshold of a tau PET SUVR >

1.3 at baseline, to ensure that epicenters are confined to regions with

actual tau pathology. We further repeated this analysis using more lib-
eral epicenter thresholds (i.e., SUVRs > 1.2 or 1.1), to assess whether
the interaction effect becomes weaker if also regions with less tau
pathology are included, which should be less influential for tau accu-
mulation in the rest of the brain. A linear model was fitted taking each
subject’s epicenter tau PET SUVR value, epicenter segregation value,
and their interaction as the independent variables and the rate of lon-
gitudinal tau change outside of the epicenter as the dependent variable
controlling for age, sex, diagnosis, scanner manufacturer, and mean
framewise displacement during the rs-fMRI scan. To further explore
the effect of epicenter size on the interaction between epicenter seg-
regation and tau PET SUVR on the rate of tau spreading, linear models
with the same variables were repeated at different epicenter thresh-
olds systematically varied between tau PET SUVRs of 1.0to 1.3 in steps
of 0.01. The standardized beta value of the interaction effect (epicen-
ter segregation x epicenter tau PET SUVR) was extracted from each
linear model and correlated with epicenter SUVR threshold to assess
whether interaction effects weakened at more liberal epicenter defi-
nitions. All statistical analyses were conducted in R. All analyses were
repeated across different rs-fMRI preprocessing protocols, including
or excluding global signal regression and applying different framewise

displacement thresholds of 0.5 mm and 0.3 mm.

2.8 | Data availability
ADNI data are publicly available (adni.loni.usc.edu) upon registration
and compliance with the data use agreement. The data that support

the findings of this study are available on reasonable request from the
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(A) Baseline Tau-PET Uptake (B)  Annual Tau-PET
AD Spectrum Change
CN AB- CN AR+ MCI AB+ Dementia AR+

Annual Tau-PET SUVR Change

FIGURE 2 Group-average tau PET SUVRs at baseline stratified by amyloid status and diagnostic group. Tau PET SUVRs are shown as
continuous values, white outlines define areas which surpass a pre-established pathological tau SUVR threshold of 1.3°8 (A). Group average tau
SUVR annual change rates defined by linear mixed models, stratified by amyloid positivity (B). AD, Alzheimer’s disease; CN, cognitively normal;
MCI, mild cognitive impairment; PET, positron emission tomography; SUVR, standardized uptake volume ratio

corresponding author. The analysis R code can be found in the support-

ing information.

3 | RESULTS
3.1 | Sample characteristics

A total of 123 subjects were included in the study, of which 81 were
classified as AB+ and diagnosed within the AD spectrum, versus 42
AB— CN controls. ANOVAs and x2 tests revealed no significant differ-
ences in baseline demographics (i.e., age, sex, education) or tau- PET
follow-up times, but the expected group differences in baseline tau
PET SUVRs (F[3,119] = 13.64, P < 0.001), annual tau PET change rates
(F[3,119]=10.78,P < 0.001), amyloid PET levels (F[3,119] = 86.69,P <
0.001), and global cognition (i.e., Alzheimer’s Disease Assessment Scale
13-item cognitive subscale, F[3,119] = 11.71, P < 0.001). All group
characteristics and the directionality of group differences are summa-
rized in Table 1. When mapping the spatial pattern of tau PET uptake
and annual tau PET change rates across groups, increasing AD severity
was associated with stronger temporoparietal and frontal tau depo-
sition (Figure 2A) and AD groups showed faster temporoparietal tau
accumulation than controls (Figure 2B). No significant difference was
found for global network segregation (i.e., SyS) across groups (F[3,119]
= 0.871, P = 0.458). Force-directed plots for illustrating brain net-
work topologies in the pooled and AD spectrum sample are shown in
Figure 1B,E.

3.2 | Higher network segregation attenuates the
association between entorhinal tau PET and tau
accumulation in the rest of the brain

To test our main hypothesis of whether a more segregated brain net-
work topology is associated with attenuated tau spreading from Braak
| (i.e,, entorhinal cortex) to Braak Ill to VI regions (Figure 3A), we tested
whether higher global network segregation (i.e., SyS) attenuated the
rate of tau spreading from the entorhinal cortex to the rest of the brain
in AB+. Supporting this, results revealed an interaction between SyS
and baseline entorhinal tau PET SUVRs on the subsequent tau accumu-
lation rate in Braak Ill through VI regions in AB+ (8= —2.11, P = 0.023;
Figure 3B). Specifically, at a given level of entorhinal tau PET, subjects
with higher network segregation had slower rates of tau accumulation
in Braak Ill through VI regions. Congruent effects were found when
exploratorily investigating this association in separate Braak-stage
ROls. Specifically, we found significant interaction effects between SyS
and entorhinal tau PET SUVRs on the rate of tau accumulation in Braak
Illand IV (3= -2.17 P=0.027; Figure 3C) and Braak V and VI ROls (8 =
—2.01, P =0.024; Figure 3D). All findings were consistent but less pro-
nounced when the same analysis was repeated in the pooled A— and
AB+ sample in Braak Il through VI (8 = —1.44, P = 0.033; Figure 3E),
Braakllland IV (8 =—1.33,p =.056; Figure 3F) and Braak V and VI ROls
(B =—1.44, P = 0.028; Figure 3G). All results were non-parametrically
confirmed by bootstrapping. Detailed statistics including boot-
strapped confidence intervals and R? values are summarized in

Table 2. Further, all results remained consistent when repeated across
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FIGURE 3 Surface rendering of the Braak-staging regions of interest (ROls) that were applied to tau positron emission tomography (PET) data
to determine baseline tau PET levels and longitudinal tau PET changes (A). Scatterplots illustrating the interaction effect between global network
segregation (SyS) and entorhinal tau PET levels at baseline on tau PET increase in the remaining brain for amyloid beta positivity (Ag+), showing
that higher network segregation is associated with an attenuated association between entorhinal tau PET and tau accumulation in the rest of the
brain (B). Exploratory analyses were performed in A3+ subjects, testing the same regression models for earlier Braak regions I11/1V (C) and late
Braak regions V/VI (D). Analyses were repeated also including the AB— control group (E-G). All statistical tests were fitted with continuous data,
the use of median split to divide subjects is solely for visual purposes. 95% confidence intervals of interaction effects determined on 1000
bootstrapped iterations are displayed next to each scatterplot. SUVR, standardized uptake value ratio

different rs-fMRI preprocessing protocols (Table S1 in supporting

information).

3.3 | Epicenter segregation attenuates tau
spreading in AD

Next, we investigated whether the segregation of patient-specific tau
epicenters affects subsequent tau accumulation in the rest of the brain
in AD. This aim was motivated by evidence for heterogeneous tau spa-
tial distribution patterns that deviate from the stereotypical Braak

staging pattern.1#37:38 To illustrate heterogeneity in tau epicenters, we

rendered tau epicenter probabilities across different epicenter thresh-
olds (i.e., tau PET SUVRs > 1.3/1.2/1.1; Figure 4A,C,E) in AB+. Linear
models for epicenters across varying epicenter thresholds revealed
that the interaction of epicenter segregation and the level of baseline
epicenter tau SUVR significantly predicted the rate of tau accumula-
tion outside of the epicenter. Specifically, AG+ subjects with higher
epicenter segregation had slower annual tau accumulation rates in
non-epicenter regions at an epicenter tau PET SUVR threshold > 1.3
(B = —4.283, P = 0.003, Figure 4B); however, the effects became sta-
tistically weaker at more liberal epicenter thresholds (tau PET SUVR >
1.2: 8=—-2.754,P =0.014, Figure 4D; tau PET SUVR > 1.1: § = —2.460,
P = 0.024, Figure 4F). Detailed statistics including bootstrapped
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TABLE 2 Interaction effects of baseline tau PET in Braak | times SyS on tau PET rate of change in downstream Braak ROls (i.e., Braak I11-VI)
Bootstrapped beta
Group Tau PET ROC in B-value t-value P-value Partial R2 (mean[95% Cl])
AB+ Braak I11-VI -2.11 —2.330 0.023 0.070 —2.434[-2.493; -2.375]
Braak Il1-1V -2.17 —-2.267 0.027 0.067 —2.391[-2.451;-2.331]
Braak V-VI -201 -2.311 0.024 0.069 —2.433[-2.493; -2.375]
AB+/AB— pooled Braak I11-VI -144 —2.164 0.033 0.039 —-1.769[-1.809; —1.729]
Braak I11-1V -1.33 -1.927 0.056 0.032 —1.636[-1.677;—1.596]
Braak V-VI —-144 —2.225 0.028 0.042 —1.783[-1.825; -1.742]

Note: All statistics are based on linear models that were controlled for age, sex, diagnosis, scanner manufacturer, and mean framewise displacement during the
resting-state fMRI scan. Regression weights are displayed as standardized beta values. Interaction effects have been computed using continuous measures
of SyS and tau PET SUVRs in Braak |. Bootstrapping of interaction effects was performed using 1000 iterations to determine 95% confidence intervals.
Confidence intervals not including zero provide non-parametric evidence for the significance of effects.

Abbreviations: Ag, amyloid beta; Cl, confidence interval; PET, positive emission tomography; fMRI, functional magnetic resonance imaging; ROC, receiver
operating characteristic; ROls, regions of interest; SUVR, standardized uptake value ratio; SyS, system segregation.

confidence intervals and R? values are summarized in Table 3. Further,
all analyses remained consistent across different fMRI preprocessing
protocols (Table S2 in supporting information). In addition, we per-
formed null-model analyses, to test the specificity of epicenter tau PET
and segregation as a predictor of tau PET change in remaining brain
regions. To this end, we assessed the interaction between baseline tau
PET in the non-epicenter and segregation of the non-epicenter on sub-
sequent tau PET change rates in the tau epicenter. As expected, we
did not find significant interaction effects across different thresholds
(tau PET SUVR 1.3/1.2/1.1, P = 0.23/0.47/0.63), supporting the view
that specifically epicenter regions with high tau pathology at baseline
are informative for tau accumulation in remaining brain regions with
low tau, and that higher segregation of the epicenter attenuates this
association. To systematically investigate whether the effect of epi-
center thresholds on the interaction effect between epicenter tau PET
and epicenter segregation on tau accumulation in the rest of the brain
weakened if epicenters were defined more liberally, we repeated this
analysis while systematically reducing epicenter thresholds from tau
PET SUVRs of 1.3to 1.0 in steps of 0.01. In line with the previous analy-
ses, interaction effects became weaker at more liberal epicenter defini-
tions; that is, moving from higher to lower epicenter tau PET thresholds
(Figure 5). This result pattern was mirrored in a negative associa-
tion between epicenter thresholds and the strength of the interaction
effect (i.e., beta value) between epicenter segregation and epicenter
tau PET on the tau PET rate of change outside of the epicenter (8 =
—0.81, P < 0.001). Again, this result was consistent across different

fMRI preprocessing protocols (Table S3 in supporting information).

4 | DISCUSSION

Our major finding was that higher segregation of functional brain net-
works is associated with attenuated tau accumulation in AD. Using
rs-fMRI, we determined network segregation among seven major brain
networks and found that individuals with higher network segrega-
tion exhibited a weaker association between baseline tau PET in the

entorhinal cortex and the rate of tau accumulation in the rest of the
brain. This finding, in line with the concept of connectivity-mediated
tau spreading, conveys that inter-regional tau spreading is restricted
by the sparser inter-network connections associated with stronger
network segregation. Second, by identifying individualized tau epi-
centers as sites of patient-specific tau onset, we demonstrated that
epicenter segregation similarly impacts heterogeneous tau spread-
ing patterns, whereby individuals with higher epicenter segregation
exhibited attenuated tau accumulation in the rest of the brain.

Our major finding that higher global network segregation is associ-
ated with an attenuated rate of pathological tau spreading in AD fur-
ther reinforces preclinical evidence and extends translational research
by supporting activity-dependent trans-neuronal tau spreading. Trans-
lational research revealed that the more connected a brain region is,

11.12.38 3nd regions function-

the more vulnerable it is to tau pathology
ally connected to areas harboring tau are more likely to also harbor
tau, regardless of spatial proximity.1* We substantiate the concept of
functional connectivity-related tau vulnerability introduced by these
previous studies by demonstrating that the abundance and dispersion
of functional connections are related to the ease of tau spreading.
Second, we demonstrate that tau accumulation can be determined
by the segregation of subject-specific tau epicenters. In accordance
with our first finding, we show that higher epicenter segregation is
similarly related to curbed tau vulnerability, whereby high epicenter
segregation may act as a barrier keeping tau more restricted to the epi-
center. Additionally, we identify that defining an epicenter as a region
with an abnormally high baseline tau load (i.e., SUVR > 1.3) holds the
most predictive power about an individual’s impending AD progression
by illustrating a deterioration of the epicenter’s predictive power as
it is defined more liberally. These findings illustrate how regions that
harbor less tau at baseline explain little about future tau progression,
thereby emphasizing the importance of defining epicenters precisely
as regions harboring significant tau pathology to maximize the model’s
strength for predicting patient-level future tau accumulation. Further,
it is clear from previous studies that regional variability in tau deposi-
tion exists in AD; 1437 therefore, assuming stereotypical tau deposition
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FIGURE 4 lllustration of the association between baseline tau positron emission tomography (PET) in patient-specific tau epicenters and

resting state functional magnetic resonance imaging-assessed epicenter segregation on the longitudinal tau PET increase in the remaining
non-epicenter regions of interest (ROls) in amyloid beta positive (AB+) subjects. When retaining ROls above 1.3 tau PET standardized uptake
value ratios (SUVRs) as tau epicenters (i.e., 10 ROls), the highest epicenter probability is found in the inferior temporal lobe, as illustrated by the
epicenter probability mapping (A). Regression analyses revealed that higher segregation of the epicenter was associated with slower longitudinal
tau PET increase outside of the tau epicenter (B). Analyses were repeated for epicenter tau PET SUVR thresholds of 1.2 (C,D) and 1.1 (E,F),
showing that the effect of epicenter segregation decreases statistically if tau epicenters are defined more liberally. All statistical tests were fitted
with continuous data, the use of median split to divide subjects is solely for visual purposes. 95% confidence intervals of interaction effects
determined on 1000 bootstrapped iterations are displayed next to each scatterplot
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TABLE 3 Interaction effects of baseline tau PET in the tau epicenter on tau PET rate of change in non-epicenter ROls across different

epicenter thresholds in AB+ subjects

B t-value

Tau PET ROC in epicenter SUVR> 1.3 —4.283 -3.041

defined as ROIs above a SUVR> 1.2 _2745 _2532
tau-PET SUVR threshold of

SUVR> 1.1 —2.460 -2.313

Bootstrapped beta
P-value Partial R? (mean [95% Cl])
0.003 0.126 —4.218[-4.305; —4.131]
0.014 0.091 —2.779[-2.858; -2.7]
0.024 0.077 —2.502[-2.597; —2.408]

Note: All statistics are based on linear models that were controlled for age, sex, diagnosis, scanner manufacturer, and mean framewise displacement during the
resting-state fMRI scan. Regression weights are displayed as standardized beta values. Interaction effects have been computed using continuous measures of
epicenter segregation and epicenter tau PET SUVRs. Bootstrapping of interaction effects was performed using 1000 iterations to determine 95% confidence

intervals. Confidence intervals not including zero provide non-parametric eviden
Abbreviations: Cl, confidence interval; PET, positive emission tomography; fMR
standardized uptake value ratio.
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FIGURE 5 Standardized beta values reflecting the interaction
between epicenter tau positron emission tomography (PET)
standardized uptake value ratios (SUVRs) and resting state functional
magnetic resonance imaging-assessed epicenter segregation on the
rate of tau accumulation in non-epicenter regions of interest (ROIs)
were extracted from linear models fitted with epicenter SUVR
thresholds ranging between 1.0 to 1.3 in steps of 0.01. The scatterplot
maps out the interaction effect strengths according to epicenter
threshold to illustrate the weakening interaction effect as epicenters
are defined more liberally, that is, epicenter segregation better
predicts tau accumulation when the epicenter is defined more
restrictively. All beta values were determined using linear regression

patterns may bias predictions about impending tau progression for
individuals with heterogeneous onset sites. Based on our findings, we
reason that an individualized approach could be essential in paving the
way toward patient-tailored models for predicting tau progression in
AD.

Empirical work preceding ours provides support for an association
between network segregation and cognitive functioning in AD.252¢
Specifically, these studies suggest that network segregation provides
resilience against the impact of AD primary pathology on cognition

ce for the significance of effects.
I, functional magnetic resonance imaging; ROls, regions of interest; SUVR,

whereby individuals are able to maintain higher functional and cog-
nitive ability regardless of pathological burden. Our findings, on the
other hand, demonstrate that network segregation also provides resis-
tance against AD pathology by impeding tau spreading.%? In line with
evidence that tau is the key driver of cognitive decline in AD,%~> our
findings provide a mechanistic intermediary process by which network
segregation could modulate prospective tau spreading and thus cog-
nitive outcomes in AD. It is important to mention that our results
do not mitigate the protective role of network segregation against
cognitive decline in terms of cognitive resilience; indeed, we believe
there are inarguable protective effects of network segregation that are
determined long before the onset of tau pathology (e.g., Chan et al.2%)
which offer alternative clinical utility for attenuating AD progression
and attractive motivation for future research. A key open question
for future research will be to assess whether inter-individual differ-
ences in brain network segregation persist throughout the lifespan
and which factors may have caused such differences. Here, previous
studies have related higher education to higher segregation in older
adults*® while stronger vascular brain changes have been linked to
lower brain network segregation,*! which may explain why patients
with vascular co-pathology are more prone to tau accumulation in
AD.*2 Here, life span studies will be needed to address potential

4044 and age-specific factors*® that influence seg-

genetic,*? lifestyle,
regation, which will be important to assess whether brain network
segregation can in fact be modulated to potentially attenuate tau
accumulation and spreading in AD.

Various caveats should be taken into account when interpreting
our results. First, unspecific flortaucipir off-target binding is common
place*® and we have therefore compensated for it by excluding partic-
ularly problematic regions such as the hippocampus and basal ganglia.
Although the exclusion of known off-target binding sites may reduce
confound considerably, off-target binding can still occur elsewhere in
the brain and it is therefore impossible to completely eliminate its con-
found from our analyses. In addition, owing to the exclusion of certain
brain regions we cannot confirm that critical stages of tau spreading
were not missed; a particular ROI, the hippocampus, an early site of tau
pathology,*”*¢ unfortunately cannot be explored with first-generation
tau PET tracers. Second, functional connectivity reflects direct but also

indirect neuronal connections, whereby multiple intermediary neu-
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rons are involved.*?°% The assumptions made in this study rely on the
accurate mapping of tau PET to functional connectivity, which unfortu-
nately cannot be fully backed by structural data owing to present-day
methodological drawbacks.>? Therefore, any complex multi-synaptic
connections captured by our functional connectivity analysis antici-
pates confirmation from modern structural techniques that are able to
pick up distanced cortico-cortical connections.

Third, our longitudinal AV1451 tau PET analysis was carried out
without partial volume correction (PVC) owing to insufficient tempo-
rally corresponding MR images. Previous research demonstrates that
longitudinal changes in AV1451 tau PET can be accurately measured
without PVC;>253 therefore, we believe that our longitudinal find-
ings accurately reflect tau accumulation patterns. Finally, although our
results follow on from previous preclinical and translational research,
we of course recommend validation using another sample from the AD
population before generalization, once sufficient data become publicly
available.

Together, the current study revealed that higher network segrega-
tion is associated with attenuated tau spreading and demonstrates the
impact of inter-individual differences in the tau epicenter’s and the
functional connectome’s organization on AD progression. These find-
ings add to the growing literature on factors that may modulate tau
spreading, including sex, physical activity, and genetic factors.*254->7
Here, it will be important for future studies to systematically assess
the individual and potentially synergistic effects of modulators of tau
pathology to develop patient-tailored approaches to attenuate the
development of tau pathology on the individual level, which may hold
promise for attenuating neurodegeneration and cognitive decline in
AD. In addition, our findings hold value for clinical research as they
promote the brain’s complex network topology as a therapeutic target
and bring the functional properties of the tau epicenter into focus for
future investigations, and not exclusively in AD, but potentially in other
tauopathies.
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vSupplementary table 1:

Interaction effects of baseline tau-PET in Braak I times SyS on tau-PET rate of change in
downstream Braak ROIs (i.e. Braak III-VI) across different resting-state fMRI preprocessing

strategies

Preprocessing pipeline: 24HMP8Phys, 0.5Smm FD threshold

Group Tau-PETROCin B t-value p-value Partial R? Bootstrapped beta
(mean [95%CI])

Braak III-VI -2.11 -2.330 0.023 0.070 -2.434 [-2.493;-2.375]

Ap+ Braak III-IV -2.17 -2.267 0.027 0.067 -2.391 [-2.451;-2.331]

Braak V-VI -2.01 -2.311 0.024 0.069 -2.433 [-2.493;-2.375]

Braak III-VI -1.44 -2.164 0.033 0.039 -1.769 [-1.809;-1.729]

AB+/AB- pooled  Braak III-IV -1.33 -1.927 0.056 0.032 -1.636 [-1.677;-1.596]
Braak V-VI -1.44 -2.225 0.028 0.042 -1.783 [-1.825;-1.742]

Preprocessing pipeline: 24HMP8Phys, 0.3mm FD threshold

Group Tau-PETROCin B t-value p-value Partial R? Bootstrapped beta
(mean [95%CI])

Braak III-VI -1.992 22.09 0.040 0.058 -2.413 [-2.468;-2.358]

Ap+ Braak III-IV -1.962 -1.97 0.053 0.052 -2.297 [-2.354;-2.239]

Braak V-VI -1.827 -2.006 0.049 0.054 -2.319 [-2.376;-2.263]

Braak I1I-VI -1.347 -1.967 0.052 0.033 -1.712 [-1.753;-1.671]

AB+/AB- pooled Braak III-IV 1274 -1.795 0.075 0.028 -1.584 [-1.625;-1.543]
Braak V-VI -1.318 -1.976 0.051 0.033 -1.725 [-1.768;-1.682]

Preprocessing pipeline:

24HMPS8Phys + GSR, 0.5mm FD threshold

Group Tau-PETROCin B t-value p-value Partial R? Bootstrapped beta
(mean [95%CI])

Braak ITI-VI -3.887 2261 0.027 0.067 -4.019 [-4.128;-3.91]
Ap+ Braak III-IV -3.163 -1.736 0.087 0.041 -3.251 [-3.365;-3.137]

Braak V-VI 4065 2.642 0.010 0.089 -4.449 [-4.55;-4.348)]
Braak II-VI 2.627 2.132 0.035 0.039 -2.898 [-2.992;-2.804]
AB+/AB- pooled  Braak III-IV -1.80 -1.396 0.165 0.017 -2.076 [-2.171;-1.982]

Braak V-VI -3.323 _2.808 0.006 0.065 -3.568 [-3.66;-3.477]

Preprocessing pipeline:

24HMP8Phys + GSR, 0.3mm FD threshold

Group Tau-PETROCin B t-value p-value Partial R? Bootstrapped beta
(mean [95%CI])

Braak I11-VI -3.487 2.018 0.047 0.054 -3.618 [-3.729;-3.508]
Ap+ Braak II-IV 2779 -1.522 0.132 0.032 -2.872 [-2.987;-2.757]

Braak V-VI _3.888 2392 0.019 0.075 -4.064 [-4.168;-3.96]
Braak I1I-VI -2.320 -1.88 0.063 0.03 -2.561 [-2.654;-2.469]

AB+/AB- pooled  Braak III-IV -1.528 -1.187 0.238 0.012 -1.77 [-1.862;-1.677]
Braak V-VI -3.001 _2.528 0.013 0.054 -3.226 [-3.318;-3.133]

All statistics are based on linear models that were controlled for age, sex, diagnosis, scanner
manufacturer and mean framewise displacement during the resting-state fMRI scan.

Bootstrapping was performed using 1000 iterations.



Supplementary table 2:

Interaction effects of baseline tau-PET in the tau epicentre on tau-PET rate of change in non
epicentre ROIs across different epicenter thresholds and resting-state fMRI preprocessing

strategies. The analysis was restricted to AR+ subjects

Preprocessing pipeline: 24HMP8Phys, 0.5Smm FD threshold

Threshold B t-value p-value Partial R? Bootstrapped beta
(mean [95%CI])
Tau-PET ROC in epicentre SUVR > 1.3 -4.283 -3.041 0.003 0.126 -4.218 [-4.305;-4.131]
defined as ROIs above a tau-  SUVR > 1.2 -2.745 -2.532 0.014 0.091 -2.779 [-2.858;-2.7]
PET SUVR threshold of SUVR > 1.1 _ _ -2.502 [-2.597;-2.408
2.460 2.313 0.024 0.077
Preprocessing pipeline: 24HMP8Phys, 0.3mm FD threshold
Threshold B t-value p-value Partial R? Bootstrapped beta
(mean [95%CI])
Tau-PET ROC in epicentre SUVR > 1.3 -4.189 -3.036 0.003 0.126 -4.151 [-4.238;-4.064]
defined as ROIs above a tau- SUVR > 1.2 _ _ -2.902 [-2.983;-2.82
2.813 2.646 0.01 0.099
PET SUVR threshold of SUVR > 1.1 2582 -2.469 0.016 0.087 -2.693 [-2.792;-2.594]
Preprocessing pipeline: 24HMP8Phys + GSR, 0.Smm FD threshold
Threshold B t-value p-value Partial R? Bootstrapped beta
(mean [95%CI])
Tau-PET ROC in epicentre SUVR > 1.3 -3.804 -2.982 0.004 0.122 -3.857 [-3.949;-3.765]
defined as ROIs above a tau-  SUVR > 1.2 2.675 2592 0.012 0.095 -2.816 [-2.906;-2.726]
PET SUVR threshold of SUVR > 1.1 .
: -2.646 -2.659 0.01 0.1 -2.9 [-3.005;-2.796]
Preprocessing pipeline: 24HMP8Phys + GSR, 0.Smm FD threshold
Threshold B t-value p-value Partial R? Bootstrapped beta
(mean [95%CI])
Tau-PET ROC in epicentre SUVR > 1.3 -3.597 .2.886 0.005 0.115 -3.659 [-3.75;-3.569]
g%f}ng%ilsé{gs ‘”ﬁ"ﬁ" Gfaw SUVR>12 2627 263 0.011 0.098 -2.792 [-2.88;-2.704]
e SUVR > 1.1 2646 2731 0.008 0.104 -2.927[-3.035;-2.82]

All statistics are based on linear models that were controlled for age, sex, diagnosis, scanner
manufacturer and mean framewise displacement during the resting-state fMRI scan.

Bootstrapping was performed using 1000 iterations.



Supplementary table 3:
Association between tau epicentre thresholds and the strength of the interaction effect (i.e.
beta-value) epicentre segregation and baseline tau-PET SUVRs in the epicentre on tau-PET

rate of change outside of the epicentre. The analysis was restricted to AB+ subjects

Preprocessing pipeline: 24HMP8Phys,
0.5mm FD threshold

B p-value R?

-0.81 <0.001 0.65
Preprocessing pipeline: 24HMP8Phys,
0.3mm FD threshold

B p-value R?

-0.74 <0.001 0.55
Preprocessing pipeline: 24HMP8Phys
+ GSR, 0.5mm FD threshold

B p-value R?
-0.60 <0.001 0.36
Preprocessing pipeline: 24HMP8Phys
+ GSR, 0.5mm FD threshold

B p-value R?

-0.52 0.002 0.27




4.2  ApoE4 and connectivity-mediated spreading of tau pathology at lower amyloid levels

The following section presents the original research article “Apoe4 and Connectivity-
Mediated Spreading of Tau Pathology at Lower Amyloid Levels” which was published in
Jama Neurology (Steward et al., 2023)
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ApoE4 and Connectivity-Mediated Spreading
of Tau Pathology at Lower Amyloid Levels

Anna Steward, MSc; Davina Biel, PhD; Anna Dewenter, PhD; Sebastian Roemer, MD; Fabian Wagner, MD;
Amir Dehsarvi, PhD; Saima Rathore, PhD; Diana Otero Svaldi, PhD; Ixavier Higgins, PhD; Matthias Brendel, MD;
Martin Dichgans, MD; Sergey Shcherbinin, PhD; Michael Ewers, PhD; Nicolai Franzmeier, PhD

Editorial
IMPORTANCE For the Alzheimer disease (AD) therapies to effectively attenuate clinical Supplemental content
progression, it may be critical to intervene before the onset of amyloid-associated tau
spreading, which drives neurodegeneration and cognitive decline. Time points at which
amyloid-associated tau spreading accelerates may depend on individual risk factors, such as
apolipoprotein E €4 (ApoE4) carriership, which is linked to faster disease progression;

however, the association of ApoE4 with amyloid-related tau spreading is unclear.

OBJECTIVE To assess if ApoE4 carriers show accelerated amyloid-related tau spreading and
propose amyloid positron emission tomography (PET) thresholds at which tau spreading
accelerates in ApoE4 carriers vs noncarriers.

DESIGN, SETTING, AND PARTICIPANTS This cohort study including combined ApoE genotyping,
amyloid PET, and longitudinal tau PET from 2 independent samples: the Alzheimer's Disease
Neuroimaging Initiative (ADNI; n = 237; collected from April 2015 to August 2022) and
Avid-A05 (n = 130; collected from December 2013 to July 2017) with a mean (SD) tau PET
follow-up time of 1.9 (0.96) years in ADNI and 1.4 (0.23) years in Avid-AO5. ADNI is an
observational multicenter Alzheimer disease neuroimaging initiative and Avid-AO5 an
observational clinical trial. Participants classified as cognitively normal (152 in ADNI

and 77 in Avid-AO5) or mildly cognitively impaired (107 in ADNI and 53 in Avid-AO5) were
selected based on ApoE genotyping, amyloid-PET, and longitudinal tau PET data availability.
Participants with ApoE £2/€4 genotype or classified as having dementia were excluded.
Resting-state functional magnetic resonance imaging connectivity templates were based on
42 healthy participants in ADNI.

MAIN OUTCOMES AND MEASURES Mediation of amyloid PET on the association between
ApoE4 status and subsequent tau PET increase through Braak stage regions and interaction
between ApoE4 status and amyloid PET with annual tau PET increase through Braak stage
regions and connectivity-based spreading stages (tau epicenter connectivity ranked regions).

RESULTS The mean (SD) age was 73.9 (7.35) years among the 237 ADNI participants and 70.2
(9.7) years among the 130 Avid-AO5 participants. A total of 107 individuals in ADNI (45.1%)
and 45 in Avid-AO5 (34.6%) were ApoE4 carriers. Across both samples, we found that higher
amyloid PET-mediated ApoE4-related tau PET increased globally (ADNI b, 0.15; 95% Cl,
0.05-0.28; P = .001 and Avid-AQ5 b, 0.33; 95% Cl, 0.14-0.54; P < .001) and in earlier Braak
regions. Further, we found a significant association between ApoE4 status by amyloid PET
interaction and annual tau PET increases consistently through early Braak- and
connectivity-based stages where amyloid-related tau accumulation was accelerated in
ApoE4carriers vs noncarriers at lower centiloid thresholds, corrected for age and sex.

CONCLUSIONS AND RELEVANCE The findings in this study indicate that amyloid-related tau
accumulation was accelerated in ApoE4 carriers at lower amyloid levels, suggesting that

ApoE4 may facilitate earlier amyloid-driven tau spreading across connected brain regions.
Possible therapeutic implications might be further investigated to determine when best to
prevent tau spreading and thus cognitive decline depending on ApoE4 status.

JAMA Neurol. doi:10.1001/jamaneurol.2023.4038
Published online November 6, 2023.
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n Alzheimer disease (AD), amyloid-f3 (AB) is thought to ini-

tiate the spreading of neurofibrillary tau pathology' from

temporal-lobe epicenters to connected cortical regions,?®
driving neurodegeneration and cognitive decline.”'® Accord-
ingly, AB-targeting therapies should ideally be applied at low
tau levels to efficiently attenuate the AD cascade and slow
tau-related neurodegeneration' and clinical progression.®-*2
Itis therefore crucial to determine A3 thresholds at which tau
spreading is triggered to potentially inform treatment
decisions.®

However, tau spreading from the medial temporal lobe to
the cortex is modulated by patient-specific factors, including
sex,!>!* vascular comorbidities,'® brain network architecture,'®
and genetic predispositions. Af thresholds marking tau spread-
ing may vary individually.!”"'° Carriage of the apolipoprotein
E g4 (ApoE4) allele,2° the strongest known risk factor for spo-
radic AD, has been linked to abnormal Af-independent tau bio-
marker levels'®-?1-22 and cortical tau spreading patterns that
closely align with cerebral APOE messenger RNA expression.?*
Yet, ApoE4 carriage is neither linked to higher risk of devel-
oping primary tauopathies nor to spreading of age-related me-
dial temporal lobe tau to the cortex in the absence of Ap%*-2>;
therefore, tau spreading in ApoE4 carriers is seemingly asso-
ciated with AB. However, it is unclear whether ApoE4 carriage
lowers the AP threshold for tau spreading, leading to earlier
symptom onset and faster clinical progression.!®-2® Given that
clinical AD progression is thought to be largely driven by tau
rather than AB,%'° anti-AB interventions may require earlier
intervention within disease progression in ApoE4 carriers to
effectively intercept tau spreading and consequent cognitive
deterioration.?” Addressing this is critical since 40% to 60%
of patients with sporadic AD carry at least 1 ApoE4 allele?® and
will likely seek antiamyloid treatment at some point.

The major goal of this study was to investigate whether
ApoE4 carriage is associated with earlier and faster Af3-
related tau spreading throughout the cortex. We assessed
ApoE4 status, baseline ['®F]florbetaben/florbetapir amyloid-
positron emission tomography (PET), and longitudinal [*¥F]flo-
rtaucipir tau PET in individuals without dementia across the
spectrum of aging and AD, including patients at the earliest
stages of amyloidosis—a potentially promising target group for
anti-Af treatments owing to less progressed pathology than
that typically found in patients with dementia in which tau
accumulation is more likely driven by local replication rather
than AB-related transneuronal spread.?°-3! Samples were taken
from the Alzheimer’s Disease Neuroimaging Initiative (ADNI;
n = 237)and Avid-AO5 (n = 130) to independently validate find-
ings. To capture AD-related tau aggregation and spread via
tau PET, we used Braak stage-specific readouts, temporal-
lobe tau meta regions of interest (ROIs),>2 and individualized
connectivity-based tau stages (Q1-Q4), which specifically
capture the gradual spread of tau across connected brain
regions.>2° Using these data, we first assessed whether faster
tau accumulation in ApoE4 carriers was associated with higher
AB and second, whether tau accumulation was accelerated at
lower Af3levelsin ApoE4 carriers vs noncarriers. Based on this
analysis, we determined PET-based A cut points at which tau
accumulation rates diverged between ApoE4 carriers vs non-
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Key Points

Question Do apolipoprotein E €4 (ApoE4) carriers show
accelerated amyloid-related tau spreading?

Findings In this cohort study of 2 longitudinal tau positron
emission tomography samples (N = 367), ApoE4 carriers showed
an acceleration of amyloid-mediated tau spreading at a lower
amyloid threshold compared to ApoE4 noncarriers, controlling
for age and sex.

Meaning ApoE4 carriage was associated with earlier
amyloid-induced tau spreading, indicating that the timing of
therapeutic windows in antiamyloid therapies may need special
consideration in ApoE4 carriers compared to noncarriers to
successfully attenuate tau spreading.

carriers. Third, we ran simulated trials to determine whether
therapeutic effects on tau accumulation can be detected at
lower A levels in ApoE4 carriers vs noncarriers.

Methods

ADNI Participants

We included 237 ADNI participants without dementia with at
least 2 ['®F]flortaucipir tau PET scans and baseline [*®F]flor-
betapir (n = 175) or [*®F]florbetaben (n = 62) amyloid PET within
6 months of the baseline tau PET. Centiloids were estimated
from global [*®F]florbetapir and [*®F]florbetaben standardized
uptake value ratios (SUVRs) according to ADNI guidelines.®®
ADNI investigators diagnosed patients as cognitively normal
(Mini-Mental State Examination [MMSE] score >24, Clinical De-
mentia Rating [CDR] score of 0, and not depressed), mild cog-
nitive impairment (MMSE score >24, CDR score of 0.5, objec-
tive memory impairment on education-adjusted Wechsler
Memory Scale II, and preserved activities of daily living). Par-
ticipants with the ApoE €2/€4 genotype were excluded to avoid
confounding effects of the potentially protective €2 allele.>*
ADNI investigators obtained ethical approval from their re-
spective local institutional ethical review board; all partici-
pants provided written informed consent. Supplementary
analyses included an additional 34 patients diagnosed with de-
mentia (MMSE score of 20-26, CDR score >0.5, National Insti-
tute of Neurological and Communicative Diseases and Stroke/
Alzheimer’s Disease and Related Disorders Association criteria
for probable AD) fulfilling the same PET data availability cri-
teria (21 with ['*®F]florbetapir and 13 with [*®F]florbetaben).

Avid-AOQ5 Participants

A total of 130 patients without dementia were selected from
the Avid-1451-A05 phase 2/3 trial,®%-7° with at least 2 [*®F]flo-
rtaucipir tau PET scans and 1 ['®F]florbetapir amyloid PET
scan within 30 days of the initial tau PET scan. All tau PET
follow-up scans were taken at fixed intervals (9 and 18 months).
Centiloid values were estimated from global [*®F]florbetapir
SUVRs according to Avid guidelines.>* Participants were clas-
sified as cognitively normal (MMSE score =29, no history of cog-
nitive impairment) or mildly cognitively impaired (MMSE score
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24 toless than 29, showing mild cognitive impairment accord-
ing to the National Institute on Aging and the Alzheimer's As-
sociation working group’s diagnostic guidelines®?). Individu-
als with the ApoE €2/e4 genotype were excluded. The study
was approved by each clinical investigator’s local institutional
review board; all participants provided written informed con-
sent. Supplementary analyses included an additional 35 pa-
tients diagnosed with dementia (MMSE score 10-24, showing
possible or probable AD based on the National Institute on Ag-
ingand the Alzheimer's Association working group’s diagnos-
tic guidelines) fulfilling the same PET data availability crite-
ria. For transparency and generalizability, we have reported
self-reported racial and ethnic distributions using predefined
categories to depict the demographic composition of both
groups.

Connectivity Assessment

Functional connectivity of 42 cognitively normal partici-
pants who were AP negative from the same ADNI sample was
assessed using the 200 ROI Schaefer atlas®® as Fisher z-trans-
formed Pearson moment correlations between ROI pairs.
Participant-specific connectivity matrices were averaged to de-
termine a connectivity template, and negative values and au-
tocorrelations were set to O, following our preestablished
approach.” All neuroimaging acquisition and processing is de-
scribed in the eAppendix in Supplement 1. Participant-
specific tau-spreading ROIs were generated by grouping
95% of regions into quartiles according to their template-
based connectivity to 5% of brain regions with highest base-
line tau PET (ie, the participant-specific tau epicenter, where
Qlindicates the strongest connectivity to the epicenter and Q4
indicates the weakest connectivity to the epicenter).16:2°

Statistical Analysis
Group demographic characteristics were compared using
analyses of variance for continuous and x? tests for categori-
cal variables. ROI-specific annual tau PET change rates were
estimated using linear mixed models with longitudinal tau
PET SUVR values as the dependent variable and time from
baseline as the independent variable, including random
slope and intercept.>16:2°

To confirm previous evidence that ApoE4 carriers have
elevated AP and faster tau accumulation, we assessed differ-
ences in baseline centiloids and global tau PET change rates
between ApoE4 carriers and noncarriers using analyses of co-
variance controlling for age and sex.'®

To test our main hypothesis that ApoE4 carriers show ac-
celerated AB-related tau accumulation and spread, we first in-
vestigated whether faster ApoE4-related tau accumulation was
associated with higher AB. Bootstrapped mediation models
with 1000 iterations conducted in R version 4.2.2 (R Founda-
tion) were fitted for both samples separately with ApoE4 sta-
tus as theindependent variable, centiloids as the mediator, and
the annual rate of global tau PET change as the dependent vari-
able (ie, the average tau PET change across all 200 cortical
Schaefer ROIs). These models were additionally stratified by
Braak stage to determine whether ApoE4 associations with
tau accumulation were most present in early tau-susceptible
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regions. All mediation models were controlled for age and sex,
and a significance threshold was set at P < .05.

To further assess whether ApoE4 was associated with an
acceleration of tau spreading at lower Af levels, we tested the
centiloids by ApoE4 interaction on annual tau PET SUVR
change rates through Braak and connectivity stage ROIs (Ql-
Q4). In line with evidence for nonlinear progression of tau ac-
cording to amyloid,>® quadratic interaction models fit the data
better than linear interactions (according to Akaike informa-
tion criterion and analyses of variance); therefore, we report
quadratic regression models controlled for age and sex (eTable 2
in Supplement 1). Centiloid thresholds in which ApoE4 car-
rier and noncarrier tau accumulation trajectories diverged were
defined in all regression models according to a nonparamet-
ric resampling technique, which involved identifying where
95% CIs of the regression lines diverged or reconverged on
the y-axis averaged across 1000 bootstrapped regressions to
ensure thresholds were robust and not influenced by specific
observations. To explore whether ApoE4 was associated with
an acceleration of tau spreading at lower A levels across an
extended AB spectrum, linear models with CI thresholds were
repeated with additional participants diagnosed with demen-
tia. All analyses were carried out in both ADNI and Avid-AO5
participants.

Lastly, we tested in the larger ADNI sample with good
coverage of patients with early-stage and preclinical AD
whether the sensitivity for detecting potential treatment
effects on tau accumulation was higher among ApoE4 carri-
ers at lower AP levels. To this end, simulated interventions
with attenuated tau PET change rates of 30% (ie, simulated
effect of interest) were carried out for global tau PET
increase or tau PET change rates in the temporal meta>?
Q1 ROL.3-?° Simulated interventions were performed using 2
approaches, by defining a 70-centiloid-wide window with
an upper and lower boundary that was shifted from -20 cen-
tiloids to 140 centiloids using a sliding window approach vs
defining a lower centiloid boundary for defining the sample
of interest, which was systematically increased from -20
centiloids to 70 centiloids in increments of 10. The required
sample sizes were estimated using the R package pwr (set-
tings: 2-sample ¢ test, comparing actual vs attenuated cogni-
tive changes; 2-tailed a = .05, power = 0.8). Statistical analy-
ses were computed using R statistical software version 4.0.2
(R Foundation). Our primary hypothesis-driven analyses
were not controlled for multiple comparisons due to our
independent validation approach across 2 samples, yet false
discovery rate-corrected P values are also reported in
Tables 1 and 2.3° The study followed the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
reporting guideline.

.|
Results

Sample Characteristics

A total of 237 ADNI participants (mean [SD] age, 73.9 [7.35]
years; 1 American Indian [0.4%], 1 Asian [0.4%], 13 Black
[5.4%], 5 of more than 1 race or ethnicity [2.1%], and 217
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Table 1. Mediation Results®

b (95% CI)® P value
ADNI
Global 0.15 (0.05 to 0.28) .01¢
Braak | 0.03 (-0.09t00.14) .68
Braak 11 0.19(0.07 t0 0.32) <.001¢
Braak IV 0.17 (0.06 to 0.30) .01¢
Braak V 0.12(0.01t00.24) .03¢
Braak VI 0.09(-0.02t0 0.21) 11¢
Avid-A05
Global 0.33(0.14 t0 0.54) <.001¢
Braak | -0.02 (-0.17t00.13) .78
Braak 111 0.33(0.14t0 0.54) <.001¢
Braak IV 0.28(0.11 t0 0.48) <.001¢
Braak V 0.34(0.15 t0 0.55) <.001¢
Braak VI 0.27 (0.10 to 0.46) <.001¢

Abbreviation: ADNI, Alzheimer's Disease Neuroimaging Initiative.

2 The mediation models are controlled for age and sex. Additional mediation
models correcting for diagnosis are shown in eTable 3 in Supplement 1.

®Values are average causal mediation effect values derived from mediation
analyses with apolipoprotein E €4 risk as predictor, centiloid as mediator, and
the annual tau standardized uptake value ratio rate of change in the respective
Braak stage as the dependent variable.

< Significant at false discovery rate-corrected P < .05.

White [91.6%]), including 107 ApoE4 carriers, were included.
Analysis of variance and x? tests revealed no significant
differences between sex, clinical status (cognitively normal
vs mildly cognitively impaired), or years of education, but
ApoE4 carriers had significantly lower MMSE scores, were
significantly younger with a higher proportion meeting amy-
loid PET positivity thresholds,**! and had shorter tau PET
follow-up. Of the 130 Avid-AO5 participants (mean [SD] age,
70.2 [9.7] years; 2 Asian [1.5%], 12 Black [9.2%], 114 White
[87.7%], and 2 other [unspecified] [1.5%]), 45 ApoE4 carriers
were included. Sample characteristics were congruent with
ADNI except for clinical status; there were significantly
fewer cognitively normal ApoE4 carriers than cognitively
normal noncarriers or moderately cognitively impaired
ApoE4 carriers. Results are summarized in eTable 1 in
Supplement 1. As expected, ApoE4 carriers had significantly
higher centiloids (ADNI F, ,3, = 45.12; P < .001; Avid-AO5
F, 125 = 20.73; P < .001) and a faster annual rate of global tau
PET SUVR accumulation (ADNI F, ,3, = 15.47; P < .001; Avid-
AO5 F, 1,5 = 11.38; P < .001), controlling for age and sex. The
demographic and clinical characteristics of additional par-
ticipants with dementia added to supplementary analyses
are displayed in eTable 5 in Supplement 1. Tau PET uptake
and accumulation rates stratified by diagnostic group and
ApoE4 status are shown in Figure 1 (for further stratification
by AB-status, see eFigure 1in Supplement 1).

Faster Tau Accumulation in ApoE4 Carriers

Mediated by Higher AB

We first assessed whether higher ApoE4-conferred A bur-
den was associated with faster tau accumulation. Supporting
this, bootstrapped mediation analyses revealed that the asso-
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ciation between ApoE4 status and faster annual rate of tau PET
SUVR accumulation was mediated by higher centiloids (ADNI
average causal mediation effect: b, 0.15; 95% CI, 0.05-0.28;
P =.001 and Avid-AO5 ACME average causal mediation ef-
fect: b, 0.33; 95% CI, 0.14-0.54; P < .001) (Figure 2).

When repeating the mediation analysis stratified by Braak
ROIs, we found no mediation of amyloid on ApoE4 risk on tau
accumulation in Braak I, but found a mediation in Braak III
followed by a weakening in subsequent Braak ROIs in both
samples (Figure 2; Table 1). This suggests that ApoE4 carriage
was not associated with an acceleration in the initial emer-
gence of tau pathology in the earliest tau-vulnerable region,
Braak I, but may propel amyloid-related tau accumulation par-
ticularly in cortical regions."° For exploratory purposes, we also
found no main effect of ApoE4 on tau accumulation in Braak
I(ADNL: F = 2.95; P = .09; Avid-AO5: F = 2.31; P = .13), suggest-
ing the initial dynamics of tau are not driven by Af or ApoE.
Sensitivity analyses also controlling for clinical diagnosis are
shown in eTable 3 in Supplement 1.

ApoE4 Carriage Associated With a Lower Threshold

for Amyloid-Related Tau Spreading

Second, we tested whether ApoE4 not only accelerates tau ac-
cumulation via increased amyloid (ie, mediation effect), but
whether ApoE4 and amyloid have synergistic effects on accel-
erating tau accumulation as suggested by previous cross-sectional
studies.*?*3 Supporting this, we found significant centiloid-by-
ApoE4 status interactions on annual tau accumulation rates for
Braak ROIs III-V in ADNI and for Braak III and V in Avid-AO5
(Figure 3). On average, tau trajectories diverged at approximately
15 centiloids for ADNI and at approximately 12 centiloids for Avid-
AO05, as determined by nonparametric resampling. This result
pattern was consistent for connectivity-based tau stages, which
better captureindividualized tau spread. Here, significant ApoE4-
by-centiloids interactions were found for Q1 AND Q2 in ADNIand
avid-AO5 (Figure 3), where ApoE4-related tau accumulation ac-
celerated at approximately 13 centiloids for ADNI and approxi-
mately 12 centiloids for Avid-AO5. The strength of the interac-
tion effect became weaker across Q1 throughQ4, suggesting that
ApoE4 carriage was specifically associated with accelerated tau
spreading from patient-specific epicenters to closely connected
regions (Table 2). Sensitivity analyses also controlling for clini-
cal diagnosis are shown in eTable 4 in Supplement 1. Exploratory
analyses also including participants with dementia (271in ADNI
and 165 in Avid-AO5) yielded consistent results (eFigure 3 and
eTable 6 in Supplement 1). Together, these results suggest that
ApoFA4 carriage facilitates tau spreading at lower amyloid thresh-
olds. Linear regression models revealed further that higher an-
nual rate of tau SUVR accumulation was associated with faster
MMSE decline in ADNI (b, -0.32; P <.001) and Avid-AO5
(b,-0.28; P = .002) (eTable 7in Supplement 1). This suggests that
earlier ApoE4-related tau accumulation in the presence of AR may
translate into faster cognitive decline.

ApoE4 Associated With Higher Sensitivity to Detect
Treatment-Related Tau Attenuation at Lower Amyloid Levels
Lastly, we assessed whether the sensitivity to detect thera-
peutic effects on tau accumulation at lower AB levels was higher
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Table 2. Interaction Effects Estimated by Linear Regression®

Mean (95% CI)

Lower cut point

Upper cut point

16.10 (15.43 to 16.76)
12.44 (11.74 t0 13.15)
12.43 (11.43 t0 13.42)
NA

15.42 (14.14t0 16.70)
NA
11.03(9.89t012.17)
NA

75.90 (75.05 t0 76.75)
74.20(73.33 t0 75.06)
79.80 (78.76 to 80.84)
NA

60.47 (58.32t062.61)
NA
63.96 (61.82 t0 66.10)
NA

b tvalue P value® Partial R?
Braak stage
ADNI
Braak Ill -0.34 -3.35 <.001* 0.05
Braak IV -0.36 -3.51 <.001* 0.05
Braak V -0.28 -2.64 .009° 0.03
Braak VI -0.18 -1.63 .104 0.01
AO5
Braak 11 -0.27 -2.19 .030 0.04
Braak IV -0.16 -1.28 .204 0.02
Braak V -0.26 -2.23 .028 0.05
Braak VI -0.09 -0.71 .480 0.03
Connectivity stage
ADNI
Q1 -0.39 -3.78 <.001° 0.06
Q2 -0.27 -2.66 .008° 0.03
Q3 -0.20 -1.94 .053 0.02
Q4 -0.14 -1.26 .208 0.01
AO05
Q1 -0.23 -2.02 .046 0.03
Q2 -0.31 -2.67 .008* 0.07
Q3 -0.20 -1.67 .098 0.04
Q4 -0.02 -0.15 .884 0.02

11.20 (10.61 to 11.80)
13.29(12.39t0 14.19)
NA
NA

13.31(12.25t0 14.37)
11.93(10.86 to 12.99)
NA
NA

83.60 (82.74 to 84.45)
80.77 (79.72 t0 81.83)
NA
NA

69.70 (67.67 to 71.74)
56.48 (54.38 t0 58.57)
NA
NA

jamanetwork/2023/neu/11.06_2023/n0i230081pap

Abbreviations: ADNI, Alzheimer's Disease Neuroimaging Initiative; NA, not applicable.

2 Values derived from regressions fitted with the interaction effect of
apolipoprotein E €4 risk and centiloid on the rate of annual tau accumulation in
respective Braak stages and connectivity stages in ADNI and Avid-AO5. Lower
and upper cut point means and Cls were estimated through selecting the point

of no overlap and reoverlap of 95% confidence intervals derived from
bootstrapped regressions. The regression models are controlled for age
and sex. Additional regression models correcting for diagnosis are shown
in eTable 4 in Supplement 1.

bSignificance at false discovery rate-corrected P < .05.

in ApoE4 carriers. We computed required sample sizes to de-
tect simulated intervention effects with 30% attenuation of tau
PET change as an end point through global, temporal-meta,
and Q1 ROIs in ADNI. When using a sliding window approach
spanning 70 centiloids, we found that detecting tau attenua-
tion as a treatment effect would require overall lower sample
sizes in ApoE4 carriers compared to ApoE4 noncarriers (eFig-
ure 2in Supplement 1). For global and Q1 tau PET readouts, the
sensitivity to detect treatment effects diverged particularly at
approximately 10 centiloids, consistent with the previous
analysis in which we showed ApoE4-related tau accumulation
acceleration at this centiloid threshold (Figure 3). Congruent
results were obtained when using a lower centiloid boundary
approach (eFigure 2in Supplement 1), indicating that ApoE4
carrier inclusion in trials using tau PET as a surrogate end point
can reduce sample sizes required to detect treatment effects,
especially at lower A levels. This exploratory analysis could
not be reliably repeated in Avid-AO5 owing to skewed sample
sizes across the centiloid spectrum leading to biased power
estimations.

|
Discussion

In this cohort study, we demonstrate an association between
ApoE4 carriage and enhanced A pathology that mediated
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faster tau accumulation across early Braak stage regions and
an acceleration of cortical tau spreading in ApoE4 carriers at
lower A levels. This suggests a potential indirect and direct
effect of ApoE4 on tau, first by driving A accumulation (which
triggers tau accumulation) and second by lowering the A
threshold at which tau spreading accelerates from local epi-
centers across connected regions. We found that AB-related tau
trajectories diverged around 12 to 15 centiloids between ApoE4
carriers and noncarriers, at which neuritic plaque pathology
is already observed postmortem,** but below the typical 26-
centiloid cutoff for amyloid PET positivity.*® This indicates that
tau spreading may be triggered earlier in ApoE4 carriers and
therefore may be beneficial to explore disease-modifying
anti-AB treatments at lower A( levels. Supporting this, our
simulated trials show that tau accumulation attenuation can
be detected at lower A3 levels in ApoE4 carriers, therefore en-
couraging earlier disease-modifying intervention in carriers
of the strongest risk factor for developing sporadic AD.

Our first major finding that AB mediated faster tau-PET in-
crease in ApoE4 carriers vs noncarriers provides evidence that
accelerated tau progression in ApoE4 carriers may be partly
driven by stronger AP deposition. Mediating effects of AB on
the association between ApoE4 and accelerated tau accumu-
lation were specifically found for cortical Braak stage regions
but not for the entorhinal cortex (ie, Braak I), where age-
related tau PET increase is also found in the absence of AB.4®
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Figure 1. Group Average Tau Positron Emission Tomography (PET) Standardized Uptake Value Ratios (SUVRs)
at Baseline Stratified by Apolipoprotein E €4 (ApoE4) Status and Diagnostic Group

@ Baseline tau PET SUVR in patients in ADNI Annual tau PET SUVR change in patients in ADNI

€4 Carriers Noncarriers €4 Carriers Noncarriers
Mcl Mcl

0
Tau PET SUVR value Tau PET SUVR annual change
Baseline tau PET SUVR in patients in Avid-A05 [D ] Annual tau PET SUVR change in patients in Avid-A05
€4 Carriers Noncarriers €4 Carriers Noncarriers

Mcl

Tau PET SUVRs are shown as
Tau PET SUVR value Tau PET SUVR annual change continuous values, white outlines
define areas that surpass a

E Difference in baseline tau PET SUVR between E Difference in annual tau PET SUVR change preestablished patholggfcal tau
€4 carriers and noncarriers between €4 carriers and noncarriers SUVR threshold of 1.3**in
participants in the Alzheimer’s
ADNI A05 ADNI AO5 Disease Neuroimaging Initiative

(ADNI) (A) and in the Avid-AO5 study
(C). Number of patients displayed
under each group rendering; group
average tau SUVR annual change
rates defined by linear mixed models,
stratified by ApoE4 carriership and
diagnostic group in patients in ADNI
(B) and those in the Avid-AO5 study
(D). Tukey honestly significant
difference (95% Cl) post hoc tests on
region of interest-wise analysis of
covariance reveal mean differences

; between tau PET SUVR values of

n=237 n=130 . .
ApoE4 carriers minus those of

[ FoRecorrected P<OS I © Forecorrected P <O noncariers (E) and their annual tau

@
&

Y
&)
>
2

0 0.2 0 0.02 PET SUVR change (F) stratified by
Mean tau PET SUVR difference Mean tau PET SUVR annual change difference sample. FDR indicates false discovery
rate.

This is in line with past research demonstrating that tau ac-  ciated with AB-related cortical tau accumulation, but not to the
cumulation in the entorhinal cortex is not mediated by ABin initial entorhinal emergence of tau. This result pattern also pro-
ApoE4 carriers,*” suggesting that ApoE4 is specifically asso-  vides an explanation for why ApoE4 carriers without AB pa-
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Figure 2. Global Mediation Analyses
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E Surface rendering of the Braak staging regions of interest
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The average causal mediation effect (ACME) and the average direct effect (ADE) are displayed under each mediation triangle as estimated from bootstrapped
mediation models. The models are controlled for age and sex and tested in the Alzheimer’s Disease Neuroimaging Initiative (ADNI) (A) and Avid-AQ5 (B). Surface
rendering of the Braak staging regions of interest by which longitudinal tau positron emission tomography changes were determined (C). Bar charts present ACME
b values of mediation analyses (apolipoprotein E €4 [ApoE4] risk as predictor, amyloid standardized uptake value ratio (SUVR) as mediator, and the annual tau SUVR
rate of change across Braak stages as the dependent variable). Error bars represent 95% Cls of mediation bootstrapping in ADNI (D) and Avid-AO5 (E).

thology exhibit tau in the medial temporal lobe but seldom be-
yond this region and do not develop pure tauopathies.?4:2>
Our second main finding revealed that ApoE4 was not
only associated with accelerated tau accumulation through
higher A levels, but also had possible synergistic effects
with AB on tau spreading, congruent with cross-sectional
evidence of higher tau PET at given level of AB in ApoE4
carriers.*? Specifically, we demonstrated that the rate of
AB-related tau accumulation was moderated by ApoE4
across regions vulnerable to early-stage tau aggregation and
spread (ie, in regions strongly connected to tau epicenters
Q1-Q2).316:2° These results are congruent with a biphasic AD
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pathophysiological framework, which proposes an
AB-dependent then a later AB-independent tau accumula-
tion phase,3° supported by mouse model evidence demon-
strating that AB-targeting antibodies reduced early but not
later tau changes.*® ApoE4-related tau trajectories diverged
at relatively low levels of around 12 to 15 centiloids consis-
tently across both samples, suggesting that ApoE4 may
influence tau accumulation before patients are AB-PET posi-
tive using commonly applied thresholds.**4° This finding
highlights the need for earlier centiloid-gauged therapeu-
tic windows for ApoE4 carriers to effectively intervene in
AB-related tau spreading.?”
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Figure 3. Interaction Effect Between Apolipoprotein E €4 (ApoE4) Status and Centiloid on the Annual Rate of Tau Standardized Uptake Value Ratio

(SUVR) Change Through Braak Stages Ill to VI
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A key question is how A facilitates tau spreading despite
spatial incongruity and how ApoE4 modulates this process. Re-
cent network connectivity research suggests that the onset of
transneuronal tau spreading is subject to remote connectiv-
ity changes induced by the emergence of AP in regions con-
nected to the entorhinal cortex*® (where tau typically emerges
first). This process may be accelerated in Apoe4 carriers who,
according to electrophysiological®® and functional magnetic
resonance imaging (fMRI)*! evidence, exhibit hyperconnec-
tivity in primary AB-harboring regions compared to noncar-
riers. Remote AB-induced hyperconnectivity to tau epicenters
may facilitate its spread to the rest of the cortex in ApoE4 car-
riers. It is unclear why ApoE4 carriers exhibit increased neu-
ronal hyperconnectivity, but recent neuroinflammation re-
search reveals that ApoE4-related AB plaques are structurally
less compact®? and trigger a greater inflammatory response,>*
which may amplify its pathological effects. Further, recent
work in transgenic mouse models has found that ApoE4 is as-
sociated with earlier AB seeding and a stronger Af3-induced
astrogliosis,”* and recent work in humans has shown that mark-
ers of astrocyte abnormality (ie, glial fibrillary acidic protein)
are linked to a stronger association between AP and tau
biomarkers.>> Therefore, ApoE4 may be associated with an
earlier AB-induced astrogliosis, triggering earlier-onset tau
spreading; however, this remains to be specifically tested.

Our exploratory analysis, in which we used simulated in-
terventions across several AB-defined therapeutic windows and
boundaries, illustrated that, compared to noncarriers, fewer
ApoE4 carriers were required to detect intervention-related tau
attenuation at lower Af levels. This analysis translates this
study’s major findings into an interventional context by con-
veying how the rate and timing of AB-related tau accumula-
tion and chosen readout region may impact clinical trial de-
sign and, consequently, meeting surrogate end points. Q1
exhibited the largest intergroup differences, possibly reflecting
its sensitivity to capturing individualized tau PET ac-
cumulation.® Importantly, this analysis is calculated accord-
ing to observed tau accumulation rates and not specific to
anti-Af intervention and thus does not consider when anti-Af3
treatment can no longer attenuate tau accumulation, which
we predict would occur in line with the centiloid thresholds
established in the previous analysis.>

We argue, as others have, that the current rigid approach
of dichotomizing participants according to preestablished A
PET thresholds without considering patient-specific risk fac-
tors begs reconsideration.>? There are reports of AB-PET nega-
tive individuals with AD-like tau pathology®®->” who may ex-
emplify patients who enter the AD spectrum while formally
defined as AB-negative owing to accelerated tau spreading at
lower AP levels. This concept may clarify why empirical re-
search has identified increased medial temporal lobe tau in
AB-negative ApoE4 carriers compared to noncarriers>#>® by
proposing this increased tau to be A related but at subthresh-
old levels. A novel aspect of the present study is including
moderately cognitively impaired AB-negative patients, a group
that inevitably includes patients without AD; however, this is
statistically and conceptually necessary to detect the sub-
threshold AB-related tau spreading in individuals with AD.
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Strengths and Limitations

A strength of the present study is the independent validation
in the Avid-AO5 sample, which conveyed overall congruent re-
sults. Nevertheless, cognitively normal ApoE4 carriers are un-
derrepresented in Avid-AO5, leading to slightly more ad-
vanced tau levels (Figure 1), which may explain why mediation
and interaction effects tended to be skewed slightly toward
later Braak stages. Furthermore, the use of individualized
connectivity-based tau spreading stages can more sensitively
capture spatial heterogeneity in tau accumulation, therefore
better gauging the extent of tau spreading compared to Braak
stage-specific readouts.>® Nevertheless, several caveats should
be considered when interpreting our results. First, unspecific
flortaucipir off target is commonplace,®® particularly in the hip-
pocampus and basal ganglia—hence their exclusion from our
analysis. However, we cannot confirm that confounding was
not introduced from off-target binding elsewhere. Excluded
regions, such as the hippocampus, may be particularly infor-
mative about early-stage tau spreading,®!-°2 which
unfortunately we cannot explore until larger data with second-
generation tau PET tracers become available to us. Second, tau
accumulation modeling across connected regions relies on the
accurate mapping of tau PET to resting state functional mag-
netic resonance imaging-assessed functional connectivity,
which, owing to distant multisynaptic connections,®*®* can-
not be structurally confirmed owing to current methodologi-
cal shortcomings.®® Third, this project’s focusis purely patho-
physiological and has exclusively drawn conclusions from a
surrogate end point (ie, tau accumulation) but, as future clini-
cal progression is associated with tau severity, we believe our
findings are likely to translate into clinical outcomes. Accord-
ingly, we demonstrate that longitudinal MMSE scores, con-
verted to annual MMSE change rates, align with tau PET in-
creases and predict tau PET changes (eTable 4 in Supplement 1).
It should be mentioned that ADNI and Avid-AO5 have slightly
different clinical diagnostic criteria for mild cognitive impair-
ment and cognitively normal designations; however, we be-
lieve this did not lead to incongruous clinical classifications
between the 2 cohorts owing to the rigorous expert clinical
judgment in both protocols. Moreover, we emphasize the ex-
ploratory nature of the sample size estimation analysis, which
was not replicated in Avid-A05 due to insufficient data through-
out the centiloid spectrum and overly dispersed tau PET SUVR
change rates influencing power predictions. Additionally, this
project has reported P values uncorrected for multiple com-
parisons to reduce type Il error, which we believe to be statis-
tically appropriate given the hypothesis-driven and cross-
validation approach.39-¢® Additionally, this study would
generally benefit from longer tau PET follow-up times, par-
ticularly at early and potentially slower tau spreading stages,
and the inclusion of more diverse cohorts, since ApoE4
may have different effects across races.®”

. |
Conclusions

In conclusion, we demonstrate independently validated evidence
that ApoE4 was associated with accelerated and earlier AB-related
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tau spreading, which may drive faster clinical AD progression in
ApoE4 carriers. Our findings have implications for trial design
by illustrating that ApoE4 carriers may require earlier interven-
tion to effectively attenuate tau spreading and associated clini-
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Supplementary Material

MRI and PET Acquisition

For ADNI, structural MRI was acquired on 3T Siemens (SIEMENS Healthineers, Erlangen, Germany)
and 3T GE scanners. T1-weighted structural scans were collected using an MPRAGE sequence
(TR=2300ms; Voxel size=IxIxImm; for parameter details see: https://adni.loni.usc.edu/wp-
content/uploads/2017/07/ADNI3-MRI-protocols.pdf). PET data was assessed post intravenous
injection of '®F-labeled tracers (Flortaucipir: 6x5min time-frames, 75-105min post-injection;
Florbetapir: 4x5min time-frames, 50-70min post-injection; Florbetaben: 4x5min time-frames, 90-
110min post-injection; for more information see http://adni.loni.usc.edu/methods/pet-analysis-

method/pet-analysis/).

In A05, PET data was assessed post intravenous injection of 'SF-labeled tracers ('®F-
flortaucipir: 4x5min time-frames, approx. 80min post-injection; '8F-florbetapir: 2x5min time-

frames, approx. 50min post-injection)

PET preprocessing

For ADNI, dynamically acquired tau-PET images were realigned and averaged to obtain single
Flortaucipir images. Using brain extracted T1-weighted images and ANTs-derived non-linear
spatial normalization parameters (Avants et al., 2011), tau-PET images were affine registered
to T1-weighted images, spatially normalized to MNI space and intensity normalized using an
inferior cerebellar grey reference (Baker et al., 2017). For A0S, Tau-PET images were
preprocessed by Avid investigators. Specifically, native-space tau-PET images were rigidly
co-registered to T1-weighted structural MRI and spatially normalized to MNI standard MNI
space using FSL ‘fnirt’ (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT). SUVRs were obtained

by intensity normalization to the inferior cerebellum.

All tau-PET images were then parcelled into 200 Schaefer atlas cortical regions of interest
(ROIs) by averaging voxels falling within a given ROI (Schaefer et al., 2018). We specifically
chose this atlas because of its exclusion of areas susceptible to Flortaucipir tracer off-target
binding (Leuzy et al., 2019; Marquié et al., 2015). The atlas was masked using a group-specific
grey matter mask binarized at 0.3 probability.

Resting-state fMRI acquisition and preprocessing
rs-fMRI was obtained using a 3D echo-planar imaging (EPI) sequence with a total of 200 fMRI
volumes per subject (TR=3000ms; TE=30ms; flip angle=90°; Voxel size=3.4mm isotropic).



To determine a connectivity template for modelling connectivity-based tau spreading, ten
minutes of 3T resting-state fMRI data recorded on Siemens scanners (TR=3s) of 42 CN
subjects (age: 72+7.24 years; 26 females) without evidence of AD pathology (i.e. global '3F-
Florbetapir SUVR<1.11) were included. The images were slice-time and motion corrected
and co-registered to native T1-weighted images. To denoise EPI images, we regressed out
nuisance covariates of eroded white matter and cerebrospinal fluid segments plus six motion
parameters and their time and dispersion derivatives, followed by detrending and band-pass
filtering (0.01-0.08Hz). To further reduce movement artifacts which may compromise
connectivity assessment (Power et al., 2014) we performed motion scrubbing, removing
volumes exceeding a 0.3mm frame-wise displacement threshold, plus one prior and two
subsequent volumes. Pre-processed fMRI images were subsequently normalized to MNI

space using ANTs.



Supplementary Table 1. Demographic and Clinical data stratified by group

e4— g4+ p-value
ADNI
N 130 107
Sex (F/M) 64/66 61/46 0.29
Age 74.8 (7.03) 72.8 (7.61) 0.04
Clinical Diagnosis (CN/MCI) 87/43 65/42 0.39
AP Positivity (-/+) 90°¢/40*4 374770 <0.001
Education (years) 16.6 (2.52) 16.3 (2.44) 0.37
Mean tau-PET follow-up (years) 2.07 (1.09) 1.78 (0.738) 0.02
Mean BL A & tau-PET difference (years) -0.05 (0.20) -0.01 (0.25) 0.145
MMSE 29.0 (1.39) 28.1(1.83) 0.002
A05
N 85 45
Sex 35/50 25/20 0.17
Age 71.6 (9.89) 67.6(9.02) 0.03
Clinical Diagnosis (CN/MCI) 42°0/43° 1035 0.004
AP Positivity (-/1) 63922 2184 24¢ 0.003
Education 15.4 (2.45) 15.8 (2.02) 0.32
Mean tau-PET follow-up (years) 1.45(0.193) 1.37 (0.290) 0.06
MMSE 28.8 (1.46) 28.0 (1.83) 0.01

M male, F female, CN cognitively normal, MCI mildly cognitively impaired, MMSE Mini Mental State Examination, BL

Baseline

different from— a CN g4—, b MCI g4—, ¢ CN g4+
different from— a AB- e4—, c AB- g4+, d AB- e4+

Mean BL amyloid & tau-PET difference (years) not included for A05. All BL amyloid scans within 30 days of BL tau-
PET scans. Values are presented as mean (SD), Amyloid positivity according to threshold of 1.1 amyloid-PET SUVR. p-
values were derived from ANOVA for continuous measures and from Chi squared tests for categorical measures. A0S
Follow up times were not assessed as all scans were carried out at 9 months (+/-2) and 18 months (+/-2) after the initial

scan. 12 A0S subjects did not have available education data.



Supplementary Table 2. Regression model ANOVA & Akaike information criterion

AIC
F p-value
Quadratic Linear
Braak Stages
ADNI
Braak III 6.83 0.001 -1270.3 -1260.5
Braak IV 6.58 0.002 -1223.2 -1213.9
Braak V 3.43 0.034 -1157.6 -1154.6
Braak VI 1.43 0.242 -1301.7 -1302.74
A05
Braak IIT 2.58 0.080 -847.1 -845.7
Braak IV 0.86 0.427 -839.3 -841.5
Braak V 2.44 0.091 -710.1 -708.9
Braak VI 0.37 0.690 -743.7 -746.9
Connectivity Stages
ADNI
Q1 8.14 0.000 -1200.7 -1188.3
Q2 3.37 0.036 -1381.1 -1378.1
Q3 3.37 0.036 -1454.4 -1454.8
Q4 0.96 0.383 -1505.5 -1507.5
A05
Q1 1.95 0.147 -703.8 -703.7
Q2 3.74 0.027 -719.9 -716.1
Q3 1.49 0.229 -738.5 -739.3
Q4 0.02 0.981 -819.7 -823.6

AIC Akaike information criterion
The table displays F, and p-values derived from ANOVAs fitted quadratic and linear regression models fitted with interaction effect of
ApoE4 risk and Centiloid or Centiloid? on the rate of annual tau accumulation in respective Braak stages and connectivity stages in

ADNI and A05. The table also displays AICs for the respective quadratic and linear models.



Supplementary Table 3. Mediation Results controlled for clinical diagnosis

B CIL CIU p-value
ADNI
Global 0.14 0.03 0.27 0.006
Braak I 0.05 0.17 -0.06 0.38
Braak IIT 0.19 0.31 0.06 <0.001
Braak IV 0.169 0.29 0.06 0.002
Braak V 0.119 0.24 0.01 0.04
Braak VI 0.10 0.21 -0.02 0.10
A05

Global 0.25 0.1 0.44 <0.001
Braak I -0.01 -0.14 0.12 0.918
Braak IIT 0.24 0.09 0.43 <0.001
Braak IV 0.20 0.07 0.38 <0.001
Braak V 0.26 0.11 0.45 <0.001
Braak VI 0.21 0.07 0.39 <0.001

CI L 95% Confidence interval lower, CI U 95% Confidence interval upper.
Values are ACME values derived from mediation analyses with ApoE4 risk as predictor, centiloid as
mediator, and the annual tau SUVR rate of change (ROC) in the respective Braak stage as the dependent
variable. The table displays beta-estimates and p-values. The mediation models are controlled for age, sex

and clinical diagnosis.



Supplementary table 4. Interaction effects estimated by linear regression controlled for clinical diagnosis

Lower cut-point Upper cut-point
b t-value p-value Par. R?
mean CIL CIU mean CIL CIU
Braak Stages
ADNI
Braak IIT -0.34 -3.34 <0.001 0.05 16.10 15.43 16.76 75.90 75.05 76.75
Braak IV -0.36 -3.45 <0.001 0.05 12.44 11.74 13.15 74.20 73.33 75.06
Braak V -0.27 -2.58 0.010 0.03 12.43 11.43 13.42 79.80 78.76 80.84
Braak VI -0.18 -1.63 0.105 0.014 - - - - - -
A05
Braak IIT -0.26 -2.14 0.035 0.04 15.42 14.14 16.70 60.47 58.32 62.61
Braak IV -0.15 -1.24 0.219 0.02 - - - - - -
Braak V -0.26 -2.19 0.030 0.04 11.03 9.89 12.17 63.96 61.82 66.0
Braak VI -0.09 -0.71 0.482 0.03 - - - - - -

Connectivity Stages

ADNI
Ql -0.38 -3.72 <0.001 0.06 11.20 10.61 11.80 83.60 82.74 84.45
Q2 -0.26 -2.56 0.011 0.03 13.29 12.39 14.19 80.77 79.72 81.83
Q3 -0.20 -1.86 0.064 0.02 - - - - _ —
Q4 -0.13 -1.19 0.234 0.01 - - - - _ —
A05
Ql -0.23 -1.95 0.053 0.03 13.31 12.25 14.37 69.70 67.67 71.74
Q2 -0.31 -2.62 0.010 0.07 11.93 10.86 13 56.48 54.38 58.57
Q3 -0.20 -1.65 0.102 0.04 - - - - _ —
Q4 -0.02 -0.19 0.846 0.02 - - - - _ —

CI L 95% Confidence interval lower, CI U 95% Confidence interval upper

Values derived from regressions fitted with the interaction effect of ApoE4 risk and Centiloid? on the rate of annual tau accumulation in respective
Braak stages and connectivity stages in ADNI and A05. Lower and upper cut-points means and CI values estimated through selecting the point of
no overlap of 95% and re-overlap of confidence intervals of bootstrapped regressions. The table displays standardized b-estimates, T-values, and

p-values. The regression models are controlled for age, sex and clinical diagnosis.
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Supplementary Figure 1. Group-average tau-PET SUVRs in ADNI at baseline stratified by ApoE4 carriership,
diagnostic group and A positivity. Tau-PET SUVRs are showed as continuous values, white outlines define areas
which surpass a pre-established pathological tau-PET SUVR threshold of 1.3 (Maass et al., 2017) in AB+ subjects
(A) and AB- subjects (C). Number of subjects displayed under each group rendering, Group average tau-SUVR
annual change rates defined by linear mixed models, stratified by ApoE4 carriership and diagnostic group in AP+
subjects (B) and AB— subjects (D).
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Supplementary Figure 2. Required sample sizes to detect simulated intervention effects with tau change as an
endpoint estimated through sliding windows of centiloid starting at [-20;50] moving up in steps of 1 to [100;140]
estimated at 30 (A, C, E) and through centiloid boundaries capturing all subjects with a centiloid the same or
higher as the boundary starting at -20 increasing in steps of 10 (B, D, F). Sample sizes were estimated according
to 3 different tau-PET readout regions: Global (A, B) i.e. average across all 200 cortical Schaefer ROIs, Temporal
Meta (C, D) and Q1 (E, F). Results demonstrate that non-e4 carriers may require higher sample sizes to detect
intervention effects throughout the centiloid scale, but particularly at earlier centiloid levels.



5

GENERAL DISCUSSION

5.1 Modulators of tau spreading in AD

The major findings of this thesis suggest that the rate of tau spreading in AD can be
modulated by two major factors, functional network organisation and the genetic risk factor
ApoE4. The first study of this thesis demonstrates that stronger brain network segregation i.e.
stronger within than between-network connectivity, is associated with slower subsequent tau
progression particularly in early tau susceptible regions. Furthermore, it suggests that the
global connectivity of the tau epicentre, the supposed region which tau emerges, plays an
important role in future tau dynamics, whereby higher epicentre segregation predicts slower
subsequent tau progression in the rest of the brain. Overall, this study indicates that sparser
inter-network connections attenuate connectivity-driven trans-neuronal tau spreading and
emphasises the functional connectome as a route for tau spreading. The second study of this
thesis focused on the impact of a major genetic risk factor, ApoE4, on the rate of tau
spreading in relation to AP levels. This research reveals that ApoE4 carriers not only had
increased tau pathology owing to stronger AP deposition but also increased tau spreading at
lower AP levels in early tau susceptible regions compared to non-carriers. These results
indicate that ApoE4 drives increased and earlier tau spreading directly and indirectly through
Ab, indicating the need to reconsider anti-amyloid therapeutic windows for ApoE4 carriers

for the timely interception of AP triggered tau.

5.2 Functional architecture and Tau spreading heterogeneity

Numerous preclinical and clinical studies propose that connectivity plays a pivotal role in
shaping the dynamics of tau spreading through the cortex (Cope et al., 2018; Franzmeier et
al., 2020b; Ossenkoppele et al., 2019; Wu et al., 2016) thus placing connectivity as a major
mediator in the process of tau propagation. The findings of the first study in this thesis
elaborate on this concept and illustrate how connectivity patterns, at the level of large-scale
brain organization, influence the rate at which tau spreads across the brain. Here it is
demonstrated that individuals exhibiting stronger between-network connectivity compared to
within-network connectivity experience faster tau accumulation across the cortex. This

specifically posits that more diffuse inter-network connections support the inter-regional
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spreading of tau, while more constrained inter-network connections slow its widespread
propagation through the rest of the brain. These findings consolidate the growing body of
research that identifies the functional connectome as a major route for trans-neuronal tau
spreading (Cope et al., 2018; Franzmeier et al., 2020b; Lee et al., 2022; Vogel et al., 2021)
and highlights the significance of individual variability in connectivity patterns for AD
prognosis. Individualised connectome characteristics thus become crucial for tailoring
therapeutic interventions, offering valuable insights into patient-specific rates of subsequent

tau progression.

This study significantly advances our understanding of connectivity and tau spreading at the
individual level through its highly subject-specific methodology, marking the first instance of
mapping longitudinal tau progression rates to individual rs-fMRI-derived functional
connectome dynamics. Recent prior investigations have elucidated how connectivity
characteristics contribute to the pace of tau propagation by merging group-averaged
connectivity patterns and longitudinal tau-PET, specifically identifying that hub regions
accelerate tau spreading (Frontzkowski et al., 2022; Lee et al., 2022). This previous research
utilises connectivity data averaged across individuals which provides a robust overview of
global connectivity patterns, thereby offering general insight into the influence of global
functional connectivity on tau progression. However, despite overall similarity in functional
connectome patterns across individuals, notable inter-individual differences exist, particularly
in regions like the parietal and frontal cortices (Finn et al., 2015; Horien et al., 2019; Li et al.,
2017) which are commonly affected by tau in early disease stages (Braak et al., 1991) and
therefore potentially highly influential to tau dynamics. Hence, the personalised mapping of
tau to connectivity undertaken in this study enhances the comprehension of the intricate
relationship between individualised functional connectome features and their role in shaping

distinct inter-individual tau dynamics in AD.

Exploring factors that influence network segregation become especially important
considering its association with the rate of tau spreading identified in this thesis.
Understanding these factors could offer insights into preserving segregation in older age,
potentially mitigating cognitive decline and neurodegenerative processes. The extent of brain
network segregation varies among individuals resulting in variations in cognition, for
example stronger segregation is linked to enhanced cognitive functions such as intelligence

and memory (Chan et al., 2014; Wang et al., 2021), as well as cognitive resilience in AD
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(Ewers et al., 2021). However, what shapes network segregation is unclear, but
environmental factors seemingly impact the level of brain network segregation, such as
education and socioeconomic status. University educated older adults exhibited slower brain
network degradation, a process that inevitably happens with aging (Betzel et al., 2014; Chan
et al., 2014), compared to non-university educated older adults, irrespective of underlying
pathology (Chan et al., 2021). Additionally, middle-aged adults with lower socioeconomic
status exhibited less segregated networks compared to those with higher socioeconomic
status (Chan et al., 2018). These findings underscore the importance of considering external
influences in understanding brain network segregation which may provide valuable insights
into the adaptability of segregation potentially having implications for cognitive aging and

vulnerability to tau spreading in AD.

The longitudinal modelling of tau spreading conducted in both studies of this thesis suggests
that connectivity-based modelling outperforms Braak staging in capturing the progression of
tau accumulation. Both studies uncovered a clear hierarchical tau spreading pattern,
concordant with previous literature, wherein tau initially propagates to regions most closely
connected to its site of onset, with less functionally connected regions being affected later in
its progression (Cope et al., 2018; Franzmeier et al., 2020b; Vogel et al., 2020). Through
connectivity stages, tau’s hierarchical progression aligned with the overall advancement of
AD, as gauged by tau burden in the epicentre (first study), or global AP burden (second
study). This hierarchical pattern was also evident in conventional Braak staging, validating
the reliability of connectivity-ranked staging. However, Braak staging showed less distinct
differences between the initial and final tau deposition stages. This discrepancy suggests that
connectivity stages may offer a more precise understanding of tau deposition patterns by
accommodating any variations in tau distribution. While Braak staging remains reliable for
predicting AD progression at a population level, this study indicates that it may overlook
individual differences in tau deposition which are increasingly recognized in tau-PET
research (Biel et al., 2022; Ossenkoppele et al., 2016; Singleton et al., 2021; Vogel et al.,
2021) and has implications for the accurate staging of tau, which is vital for the prognosis and

management of individual patients.
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53 Implications of ApoE4 on targeting tau pathology

The second study of this thesis presents novel evidence, from two independent cohorts,
indicating that ApoE4 carriers exhibit tau spreading at lower AP levels. This suggests that
special consideration may be necessary regarding the timing of therapeutic interventions
targeting AP in these individuals. This study is the first to define centiloid thresholds at which
ApoE4 carrier tau accumulation trajectories accelerate significantly compared to that of non-
carriers, which were consistently estimated at 12 to 15 centiloids in early connectivity and
Braak stages. At these defined centiloid levels ApoE4 carriers exhibit a sharp increase in tau
accumulation in early tau susceptible regions, conveying a rapid increase in Af-related tau
spreading at a considerably lower centiloid level than that used to distinguish inclusion in
clinical trials, i.e. the AP positivity threshold (Amadoru et al., 2020; Fleisher et al., 2011;
Klein et al., 2019). These findings are particularly relevant for anti-Af trial design as it
conveys the need for earlier centiloid-gauged therapeutic windows for ApoE4 carriers to
effectively intervene Af-accelerated downstream tau spreading. These findings align with the
Lecanemab phase III trial results, an anti-Af3 monoclonal antibody therapy, which although
reached its primary endpoint, showed less efficacy in ApoE4 carriers, with homozygotes

seeing no attenuation in MMSE decline (van Dyck et al., 2022).

Inter-individual variations in the progression of AB-related tau spreading, as implicated by
this thesis, oppose determining trial inclusion based on a rigid global AB-threshold. This
threshold is pivotal for categorizing individuals into AD spectrum or non-AD groups based
on AB-PET uptake levels, aiding the precise selection of AD spectrum participants for
clinical trials, typically set at around 24 centiloids (Clark et al., 2011; La Joie et al., 2019;
Navitsky et al., 2018). The findings of this study suggest two critical implications of using a
rigid AB-threshold. Firstly, there's a risk of overlooking potential AD spectrum subjects who
fall below the AP threshold, despite having AP pathology and facing imminent progression.
Secondly, subjects who already exhibit extensive AP-related tau spreading are likely to be
included. These scenarios could result in trials missing out on a potentially promising target
group and being enriched with individuals who are too advanced, reducing the chance of
intercepting amyloid-triggered tau early enough. This idea aligns with the generally
underwhelming outcomes so far observed in the numerous anti-Af therapy trials conducted
in the last decade (Perneczky et al., 2023) all of which exclude subjects below the AP
threshold [e.g. (Klein et al., 2019; van Dyck et al., 2022)]. Hence, a strong rationale emerges

59



for trials to intervene at an earlier disease stage which could be facilitated by adapting the A3
threshold to encompass heterogeneity in AP's capacity to trigger tau spreading, which
certainly extends beyond ApoE4 to other common factors. This highlights the necessity to
identify modifying factors which is crucial for tailoring trial inclusion criteria to each
individual’s optimal AP level, aiming to enrich trials with subjects whose emerging tau

pathology can be effectively impeded by anti-A therapies.

A pertinent question is the underlying biological mechanism to how ApoE4 facilitates AP’s
capacity to trigger tau spreading. The tau accumulation trajectory of ApoE4 carriers increased
at a considerably lower centiloid level than that of non-carriers indicating that AP has an
amplified ability to trigger tau spreading in ApoE4 carriers. To approach this question, it's
important to first address the longstanding problem of how AP triggers tau spreading despite
the spatial incongruity between the deposition patterns of these two hallmark proteinopathies.
A possible explanation is that AP impacts tau spreading distally by provoking
hyperconnectivity in tau-affected regions. A provoked neuronal hyperexcitability has been
indicated by both preclinical and clinical research (Ben-Nejma et al., 2019; Palmqvist et al.,
2017; Shah et al., 2016) which when accumulated in regions connected to entorhinal tau
harbouring regions, is demonstrated to accelerate tau spreading (Lee et al., 2022).
Nevertheless, the question remains as to why this process would be exacerbated in ApoE4
carriers. It has been reported that ApoE4 carriers have increased neuronal activity in regions
which typically hold initial AP plaque pathology i.e., prefrontal, temporal and parietal
cortices, compared to non-carriers (Koelewijn et al., 2019; Pihlajamdki & Sperling, 2009;
Wishart et al., 2006) which may exacerbate the remote effects on tau spreading. However, the
mechanistic basis of Ap-induced hyperexcitability in ApoE4 carriers remains poorly
understood, yet insights from neuroinflammation research may offer some explanation.
Preclinical evidence suggests that ApoE4 is linked to supressed beneficial microglial actions
on AP plaques, resulting in less compact plaques compared to that in ApoE3 carrying mice
(Rodriguez et al., 2014; Stephen et al., 2019) thus leading to an exacerbated pathological
effect. However, human studies focusing on the interplay between ApoE4 related
inflammatory responses and AD pathology are limited (Parhizkar & Holtzman, 2022) but
necessary to shed more light into AD physiology in ApoE4 carriers.
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5.4  Clinical relevance and implications for therapy

The studies in this thesis collectively advocate the use of personalised tau staging
measurements derived from tau epicentre connectivity. This aligns with the need for a
transition towards precision medicine in AD, addressing the variability in tau trajectories
observed at the individual level, which can diverge from group-average patterns. The
exploratory analysis of the first study reveals the significance of precisely defining the
epicentre as ROIs housing pathological levels of tau. This analysis determined the optimal
SUVR threshold for delineating the epicentre to achieve better insights into future tau
progression. It was observed that defining the epicentre as a region with a notably high
baseline tau load in which all ROIs exhibit an SUVR greater than 1.3 [i.e. an established
pathological threshold (Maass et al., 2017)], offers the most robust prediction of a patient's
future tau progression rate based on epicentre segregation. Conversely, as the epicentre
definition becomes less stringent, there is a notable decrease in predictive accuracy. This
implies that including ROIs without a pathological level of tau at baseline does not enhance
the prediction of the rate of connectivity-driven tau spreading, rather, it worsens it. Overall,
these results favour the use of personalised tau-spreading models over conventional staging
methods so that epicentres can be defined according to patient-specific tau deposition thus
permitting the inclusion of any potential atypical epicentre regions, thus restricting the
epicentre to regions which hold pathological tau early in disease pathophysiological
progression. Furthermore, increasing the accuracy of the epicentre further improves the
identification of connectivity regions which are formulated on ranked connectivity to the
epicentre, basing this on non-epicentre ROIs would lead to misguided connectivity based-tau

spreading model.

Furthermore, the exploratory analysis of the second study, which focuses on sensitivity to
detecting tau attenuation in ApoE4 carriers vs. non-carriers in a simulated intervention,
indicated that use of a personalised connectivity derived tau readout region, i.e. QI, is more
sensitive to detecting tau dynamics than stereotypical readout regions. This investigation
estimated the sample sizes needed to detect a 30% reduction in tau accumulation due to
simulated intervention effects (see section 3 supplementary). This was conducted through
different centiloid levels through three different tau readout regions: Global, temporal-meta
and Q1. Out of the three readout regions, Q1 demonstrated the largest inter-group differences,

i.e., between ApoE4 carriers and non-carriers, indicating its increased sensitivity for detecting
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tau reduction in subjects with normal cognition and MCI. Sample sizes derived from the Q1
readout region followed a similar pattern across centiloid levels as observed in the Global
readout region, but with amplified results, indicating its accuracy to detecting tau
accumulation levels with heightened sensitivity. In contrast, the temporal-meta region did not
exhibit the same pattern as the global readout, suggesting an inaccurate reflection of tau
accumulation. This has important implications for therapeutic intervention as it suggests that
the sensitivity to detecting treatment effects can be altered by the tau readout region. Using
stereotypical readout regions, such as the commonly used temporal-meta region which
encompasses initial Braak stages (Jack Jr et al., 2017), may less accurately capture the initial
dynamics of tau pathology. These results support the use of patient-specific connectivity
derived tau readout regions in clinical trials to increase the accuracy and sensitivity of

gauging tau accumulation attenuation in response to therapeutic intervention.

Furthermore, the results of the second study’s exploratory analysis indicate potential benefit
of considering ApoE4 carriers separately in clinical trials. The large differences in estimated
sample sizes between ApoE4 carriers and non-carriers to detect intervention effects illustrates
the advantage of tailoring trials based on genetic background. Specifically, fewer ApoE4
carriers were needed to detect a significant reduction in tau accumulation which, as discussed
above, was particularly evident in the Q1 tau readout region. Given that 40 to 60% of AD
patients carry an ApoE4 allele (Ward et al., 2012), treating ApoE4 carriers separately could
lead to more targeted and efficient interventions for this large population of AD patients.
Accordingly, stratifying these genetic populations in trials could enable the optimization of
therapy timing, by treating at the centiloid window linked to highest sensitivity for detecting
treatments effects as depicted in this analysis, thereby streamlining sample sizes. Besides
improving sensitivity, there are further potential benefits associated with stratifying by
ApoE4 carriage in trials such as optimising the biological target and preventing dangerous
side effects. Firstly, the differing efficacy of past anti-amyloid therapies in ApoE4 carriers
indicate potential variations in ideal AP aggregation state targets. For example, Lecanemab
(Van Dyck et al., 2022), primarily targeting AP protofibrils, showed minimal to no efficacy
in ApoE4 carriers who saw better efficacy in response to Aducanumab (Budd Haeberlein et
al., 2022), which predominantly targeted AB-plaques, thus ApoE4 carriers may benefit from a
different biological target to non-carriers. Additionally, ApoE4 carriers experienced a higher
prevalence of side effects, specifically amyloid-related imaging abnormalities with oedema

(ARIA-E) and/or haemorrhage (ARIA-H) (Honig et al., 2023; Mintun et al., 2021; Salloway
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et al., 2022) indicating that a more focused selection criteria is needed for ApoE4 carriers that
may differ to that of non-carriers. Overall, considering ApoE4 carriers separately could
potentially improve the overall effectiveness of clinical trials and accelerate the development

of treatments for Alzheimer's disease.

5.5 Limitations

The graph theoretical measure of brain network segregation, utilised to gauge the balance of
connectivity within and between networks in the first study of this thesis, relies on a standard
seven-network parcellation (Schaefer et al., 2018). However, defining how the functional
brain should be parcellated lacks a definitive solution. While this method is stable at the
group level, it may not fully capture individual variability. Brain organization varies notably
among individuals, especially in association networks, with fronto-parietal regions showing
particular inter-individual heterogeneity in older age (Li et al., 2017) and generally disrupted
activity in association networks but heightened activity in primary networks (Andrews-Hanna
et al., 2007; Li et al., 2015; Tomasi & Volkow, 2012). These differences may challenge the
applicability of standard parcellations derived from young adults to the subjects of this study.
Relying on such a parcellation may overlook critical nuances in network organization,
compromising segregation accuracy. It would be invaluable to evaluate this parcellation in an
older adult cohort, which remains unexplored. Nonetheless, despite these limitations, this
study’s core finding identifying the role of dispersed connections versus segregated

connections in facilitating tau spreading, remain robust to parcellation limitations.

In both studies within this thesis, tau spreading is modelled on functional connections, which
hinges on the assumption that functional connectivity aligns with structural connectivity.
Functional connectivity, which assesses correlations in spontaneous neural activity across
different brain regions assumes that regions exhibiting synchronized activity are functionally
connected. It is important to recognise that, although there is a large overlap between
functional and structural connectivity (Jacobs et al., 2018), structural connectivity does not
wholly account for all the functional connections within the brain. Comparisons between
diffusion weighted MRI (DWI) and rs-fMRI derived connectivity indicate that strong
functional connections can exist between non-structurally connected regions (Honey et al.,
2009) which raises some doubt for trans-neuronal tau spreading mapped by functional

connectivity. However, mapping the structural connectome, which is so far exclusively
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addressed with DWI, presents methodological limitations (Figley et al., 2022) and although a
large proportion of white matter tracts are consistently identified, there exists large
incongruences between studies (Maier-Hein et al., 2017). Importantly, DWI cannot detect
indirect multi-synaptic connections (Abhinav et al., 2014) which explains a large part of the

variance between structural and functional connectomes (Honey et al., 2009).

One conceptual limitation worth considering is the potential for error in estimating tau
propagation trajectories, stemming from the degeneration of connections. Both studies model
tau spreading according to patient specific tau-epicentre connectivity, whereby the regions to
which subsequent tau will accumulate are estimated according to baseline connectivity (first
study) or template connectivity (second study). However, a conceptual challenge arises from
the fact that neural connections both shape and are shaped by tau progression. Tau leads to
the collapse of neural connections, thus potentially disrupting the accuracy of tau propagation
trajectories estimated from earlier or template connectivity patterns. A specific problem that
emerges is the possible reconfiguration of the functional connectome due to the disrupted
connections. It is well documented that focal lesions can induce considerable widespread
perturbations in functional connectivity (Carrera & Tononi, 2014), a phenomenon that may
parallel the consequences of tau-related axonal degeneration. Damage to a long-range
connection or a hub region, which connects otherwise disconnected regions (Harriger et al.,
2012), could exert widespread changes on functional connectivity, resulting in the rerouting
of tau spreading. Connectome changes could occur at early stages of tau spreading, before the
onset of cognitive decline. A potential approach to address connectome rerouting could
involve reformulating tau routing with updated connectivity patterns as tau progresses.
However, this necessitates access to large datasets containing coinciding longitudinal tau-
PET and rsfMRI scans, which are not available to us. This would also enable investigations
into how tau pathology impacts connectivity dynamics throughout its progression, thus
possibly providing strategies to control for prominent rerouting characteristics when

calculating connectivity derived tau stages.

Another conceptual limitation to consider is the overgeneralisation of brain network
dynamics construed by network segregation. Graph theory has significantly advanced the
understanding of the functional connectome by dissecting spontaneous distributed brain
activity into an organized large-scale network consisting of various specialized systems

(Bullmore & Sporns, 2009). Network segregation defines the delicate equilibrium of inter-
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and intra-network communication, a crucial aspect for efficient information transfer between
specialised regions, in one simple measure. It necessitates that regions within a network,
contributing to a common function, exhibit robust connections, while connections between
network regions, contributing to disparate functions, are minimized (Power et al., 2011;
Sporns & Betzel, 2016). While network segregation acts a highly valuable tool leveraged in
functional brain research to quantify and explore differences in the functional organization of
the brain, it may oversimplify the intricate relationship between networks. Research suggests
the functional connectome comprises of a complex balance of segregation and integration
influencing cognitive outcomes differentially (Cohen & D'Esposito, 2016; Wang et al., 2021).
However, when examining the facilitation of tau spreading, network segregation serves
effectively for identifying the balance of dispersed or constrained connections, aiding in
identifying individuals at risk of accelerated tau propagation. While it offers a practical
means to estimate the rate of connectivity-mediated tau spreading, careful consideration
should be taken when extrapolating these findings to cognitive outcomes, as there may be

complex interplay of factors to consider.

A methodological limitation to consider when interpreting the results of both studies is the
impact of AD pathology on the hemodynamic response function, which is critical for
neurovascular coupling in fMRI. Cerebral blood flow has been found to be affected in AD,
with literature reporting hypoperfusion and disrupted vascular regulation even in the early
stage of the disease before neurodegeneration (Iturria-Medina et al., 2016; Mattsson et al.,
2014; Rabin et al., 2019; Ruitenberg et al., 2005; Yew et al., 2017). Particularly strong
vascular dysregulation has been found in ApoE4 carriers (Trachtenberg et al., 2012b). Such
dysregulation may lead to impaired coordination between neurons and the vascular system
leading to inadequate or delayed blood supply to active brain regions and thus a lack of or
delayed BOLD signal to be picked up by fMRI. Although many fMRI abnormalities have
been reported in AD, it is unclear whether these are due to neuronal changes or vascular
uncoupling (Trachtenberg et al., 2012a), thus more mechanistic investigation is needed to
judge the extent that vascular dysregulation impacts the interpretability of fMRI findings in
AD cohorts.
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5.6 Conclusion

The findings of this thesis shed light on the dynamic nature of tau propagation within the
brain and reinforce the notion that the rate of tau’s progression from its, typically, temporal
lobe starting location to the rest of the cortex can be modulated by specific factors. By
adopting a highly individualised approach, this research introduces novel evidence to the
existing literature, delineating nuanced differences in tau spreading attributable to common
characteristics. These findings have significant implications for understanding AD
progression, implying a complex interplay of various factors that influence the timing of tau’s
onset and speed of progression from its epicentre to other cortical regions. Recognising the
effect of these factors is crucial for developing targeted interventions and personalised
treatment strategies tailored to the unique needs of each AD patient. Such insights may pave
the way for more effective management and intervention approaches aimed at slowing

pathological tau accumulation in the brain.
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