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Abstract

Alzheimer’s disease (AD) is a common and debilitating late-life illness comprising
progressive brain damage and slow deterioration of cognitive and functional abili-
ties. The primary neuropathological signature of AD involves accumulation of the
β-amyloid (Aβ) and tau proteins into cortical plaques and tangles. While Aβ plaques
present diffusely throughout the brain before AD symptoms manifest, fibrillar tau
pathology is initially distributed in a very specific part of the brain. As AD symptoms
evolve, tau pathology advances through the cerebral cortex in a specific and highly
reproducible pattern, perhaps driven by the brain’s intrinsic architecture of neuronal
connectivity. Most of what we know about tau comes from post-mortem studies and
experimental animal models. However, recent advances allow the imaging of tau
pathology in the brains of living humans using positron emission tomography (PET).
The content of this thesis involves using tau-PET to validate and expand upon the
distribution and spread of tau pathology in humans, with a focus on data-driven
methodologies. Chapter 1 reviews known aspects of tau biology and pathophysiol-
ogy – particularly as it relates to the specific pattern of tau accumulation and spread
in AD – and critically reviews recent contributions to this literature by tau-PET and
other tau biomarkers. Chapter 2 presents a study using hypothesis-free cluster-
ing methods to investigate whether regional patterns of tau-PET covariance along
the AD spectrum match patterns of tau accumulation expected from postmortem
histopathology. These data-driven regions partially matched the expected patterns
of tau distribution, but also showed superior performance in tracking variation in
cognition, compared to regions derived from post-mortem studies. Chapter 3 tests
the hypothesis that the pattern of tau distribution in humans is driven by patterns
of neuronal connectivity, by simulating the spread of a pathological agent from an
epicenter through the healthy human connectome. This simulated pattern matched
well the in vivo spatial distribution of tau. Further, regional model error was associ-
ated with the magnitude of regional Aβ, suggesting Aβ influences the topography of
tau spread. Chapter 4 challenges the notion that tau spreads in a uniform pattern
across individuals, by applying a cutting-edge spatiotemporal event-based clustering
algorithm to the largest tau-PET dataset described to date. Four different progression
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patterns emerged from the data, resembling known subtypes of tau and atypical
AD variants, with no single pattern predominating. The subtypes are validated and
characterized, and the influence of regional cell-type variation and network spread
on subtype expression is explored. The results do not support the notion of a single
tau spreading pattern, and suggest atypical AD variants represent early-onset and
aggressive variants of typical AD phenotypes. Finally, Chapter 5 considers the novel
contributions produced by the original work in this thesis, and discusses how these
findings contribute to current dialogues in the field of AD research. Together, the
work in this thesis suggests that the in vivo and spatially-unbiased nature of tau-PET
can provide novel information about the spread of tau through the human brain
during AD. In conclusion, current pathological staging systems should be updated
to reflect common variation in AD patterns, and models of tau spreading are likely
incomplete without incorporating regional vulnerability information and systematic
individual variation.
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Résumé

La maladie d’Alzheimer (MA) est une maladie qui affecte une grande proportion de
personnes âgées et qui cause une dégénération progressive du cerveau ainsi qu’une
lente détérioration des capacités cognitives et fonctionnelles. La principale signature
neuropathologique de la MA implique l’accumulation des protéines β-amyloïde
(Aβ) et tau en plaques corticales et enchevêtrements. Alors que les plaques Aβ sont
présentes de manière diffuse à travers le cerveau avant que les symptômes de la
MA n’apparaissent, la pathologie tau est initialement distribuée dans une partie
très spécifique du cerveau. À mesure que les symptômes de la MA évoluent, la
pathologie tau progresse également dans le cortex cérébral de manière spécifique et
hautement reproductible, potentiellement déterminée par l’architecture intrinsèque
de la connectivité neuronale. La plupart des informations sur la pathologie tau
provient d’études post-mortem et de modèles animaux expérimentaux. Cependant,
des avancées récentes en imagerie permettent d’évaluer la pathologie tau dans
le cerveau d’êtres humains vivants en utilisant la tomographie par émission de
positrons (TEP). Le contenu de cette thèse repose sur l’utilisation de la tau-TEP pour
valider et mieux comprendre la distribution et la propagation de la pathologie tau
chez l’humain, en mettant l’accent sur des méthodologies axées sur les données. Le
chapitre 1 détaille la biologie et la physiopathologie du tau - en particulier ce qui
peut être lié au patron spécifique selon lequel le tau s’accumule et se propage dans la
MA. Il passe également en revue les contributions récentes de la tau-PET et d’autres
biomarqueurs de tau à cette littérature. Le chapitre 2 présente une étude utilisant des
méthodes de regroupement pour déterminer si la covariance de la tau-PET à travers
les régions du cerveau tout au long de la MA correspond au patron d’accumulation du
tau attendu selon les études d’histopathologie post-mortem. Ces régions déterminées
uniquement sur la base des données correspondaient en partie aux modèles attendus
une distribution de tau, mais montraient de meilleure performance pour suivre la
variation de la cognition que les régions identifiées sur la base d’études post-mortem.
Le chapitre 3 teste l’hypothèse selon laquelle le patron de distribution du tau chez
l’humain est déterminé par la connectivité neuronale en simulant la propagation
d’un agent pathologique à partir d’un épicentre à travers le connectome du cerveau
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humain sain. Ce patron simulé correspondait bien à la distribution spatiale in vivo
de tau. De plus, l’erreur du modèle par région du cerveau était associée au niveau
d’Aβ dans cette région, suggérant que Aβ influence la topographie de la propagation
du tau. Le chapitre 4 remet en question la notion selon laquelle le tau se propage de
façon uniforme d’un individu à l’autre, en appliquant un algorithme spatio-temporel
basé sur les événements pour grouper les participants du plus grand jeu de données
tau-PET décrit à ce jour. Quatre profils de progression différents ont émergé des
données en utilisant un tel algorithme. Ces profils ressemblent à des sous-types
connus de tau et de variantes atypiques de la MA, et aucun motif ne prédominait sur
les autres. Les profils ont été validés et caractérisés, et l’influence des différents types
de cellules par région du cerveau et de l’étendue de la propagation sur l’expression
des différents profils a été explorée. Les résultats ne soutiennent pas la notion d’un
modèle de propagation unique de tau et suggèrent que les variantes atypiques de la
MA représentent des variantes précoces et agressives de phénotypes typiques de la
MA. Enfin, le chapitre 5 examine les contributions nouvelles découlant des travaux
originaux de cette thèse et discute de la manière dont ces résultats contribuent aux
dialogues actuels dans le domaine de la recherche sur la MA. Les travaux de cette
thèse suggèrent que par son accumulation spatiale définie, la tau-PET in vivo peut
fournir de nouvelles informations sur la propagation du tau à travers le cerveau
humain tout au long de la MA. En conclusion, les systèmes de classification des stades
pathologiques devraient être mis à jour pour refléter différents modèles connus de
la MA. Les modèles de propagation du tau seront probablement incomplets si la
vulnérabilité par région et la variation individuelle systématique ne sont pas pris en
compte.



v

Contents

Abstract i

Résumé iii

Contents v

List of Figures vi

List of Tables vii

List of Abbreviations viii

Acknowledgements ix

Contribution of authors xv

1 Introduction and Literature Review 1
1.1 General context and rationale . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 General context . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.2 Rationale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.3 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Tau biology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.1 Physiological role of tau in the the non-demented brain . . . . 5
1.2.2 Pathological role of tau in dementia . . . . . . . . . . . . . . . 8
1.2.3 PART and preclinical AD: The genesis of tau pathology? . . . 12
1.2.4 Tau and beta-amyloid in Alzheimer’s disease . . . . . . . . . . 18

1.3 AD tau distribution, patterns of accumulation, and hypotheses to
explain them . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
1.3.1 The spatial distribution of tau . . . . . . . . . . . . . . . . . . . 24
1.3.2 Propagation of tau through the brain . . . . . . . . . . . . . . 27
1.3.3 Regional vulnerability and resistance . . . . . . . . . . . . . . 32
1.3.4 Heterogeneity of tau spreading . . . . . . . . . . . . . . . . . . 36



vi

1.4 In vivo tau biomarkers as research and clinical tools . . . . . . . . . . 45
1.4.1 Tau as a clinical or research biomarker for AD . . . . . . . . . 46
1.4.2 Tau-PET radiotracers . . . . . . . . . . . . . . . . . . . . . . . . 51

1.5 Distribution and evolution of tau in vivo: A selective review of tau-PET
studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
1.5.1 In-vivo distribution of tau in the human brain . . . . . . . . . . 56
1.5.2 Investigating the spread of tau in the human brain using In-vivo

neuroimaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
1.5.3 Systematic variation in human in vivo tau patterns . . . . . . . 65

1.6 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 68

2 Data-driven approaches for Tau-PET imaging biomarkers in Alzheimer’s
disease 71
2.1 Preamble . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
2.2 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
2.3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
2.4 Material and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

2.4.1 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
2.4.2 Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
2.4.3 Clustering of [18F]AV1451 data . . . . . . . . . . . . . . . . . . 77
2.4.4 Definition of Braak stage ROIs described in other studies . . . 79
2.4.5 Similarity between data-driven clusters, anatomical ROIs and

Braak Stage ROIs . . . . . . . . . . . . . . . . . . . . . . . . . . 79
2.4.6 Reproducibility of [18F]AV1451 clustering solution . . . . . . 80
2.4.7 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 80

2.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
2.5.1 Participant characteristics . . . . . . . . . . . . . . . . . . . . . 81
2.5.2 Data-driven Tau-PET covariance networks . . . . . . . . . . . 82
2.5.3 Similarity to Braak ROIs . . . . . . . . . . . . . . . . . . . . . . 84
2.5.4 Associations with cognition in ADNI . . . . . . . . . . . . . . 85
2.5.5 Identifying a combinatorial tau-PET biomarker for cognition . 86
2.5.6 Reproducibility of tau-PET clusters across datasets . . . . . . 87

2.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
2.7 Additional manuscript information . . . . . . . . . . . . . . . . . . . . 93

2.7.1 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . 93
2.7.2 Potential Conflicts of Interest . . . . . . . . . . . . . . . . . . . 94

2.8 Supplementary Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
2.9 Supplementary Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . 96



vii

2.10 Follow-up analysis: Heterogeneous tau-PET signal in the hippocam-
pus resolves discrepancies between imaging and pathology . . . . . 98
2.10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
2.10.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.10.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.10.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

3 Spread of pathological tau proteins through communicating neurons in
human Alzheimer’s disease 102
3.1 Preamble . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
3.2 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
3.3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

3.4.1 Sample information . . . . . . . . . . . . . . . . . . . . . . . . 106
3.4.2 Tau-positive probabilities enhance fidelity of tau-PET data . . 106
3.4.3 Neuronal connectivity explains the spatial pattern of tau . . . 106
3.4.4 Low-level tau spreading is evident in amyloid-beta negative

individuals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
3.4.5 Regional beta-Amyloid affects regional model performance . 111
3.4.6 Evidence for individual asymmetry in tau deposition . . . . . 112

3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
3.6 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

3.6.1 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
3.6.2 PET Acquisition and Pre-processing . . . . . . . . . . . . . . . 120
3.6.3 The Epidemic Spreading Model . . . . . . . . . . . . . . . . . 120
3.6.4 Regional tau-PET data pre-processing . . . . . . . . . . . . . . 122
3.6.5 Connectivity measurements . . . . . . . . . . . . . . . . . . . . 124
3.6.6 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 125

3.7 Supplementary Information . . . . . . . . . . . . . . . . . . . . . . . . 127
3.8 Additional information . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

3.8.1 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . 133
3.8.2 Competing Interests . . . . . . . . . . . . . . . . . . . . . . . . 134
3.8.3 Data Availability . . . . . . . . . . . . . . . . . . . . . . . . . . 134
3.8.4 Code Availability Statement . . . . . . . . . . . . . . . . . . . . 134

4 Characterizing the spatiotemporal variability of Alzheimer’s disease pathol-
ogy 135
4.1 Preamble . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
4.2 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136



viii

4.3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

4.4.1 Spatiotemporal subtypes of Alzheimer’s disease . . . . . . . . 140
4.4.2 Stability of AD subtypes . . . . . . . . . . . . . . . . . . . . . . 142
4.4.3 AD subtypes characterized by distinct demographic, cognitive

and genetic profiles . . . . . . . . . . . . . . . . . . . . . . . . . 144
4.4.4 Longitudinal progression of AD subtypes . . . . . . . . . . . . 148
4.4.5 Individualized prediction of tau progression . . . . . . . . . . 148
4.4.6 AD subtype patterns associated with distinct corticolimbic

networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
4.4.7 AD subtypes associated with distinct transcriptomic signatures 150
4.4.8 A new model for Alzheimer’s disease heterogeneity . . . . . . 151

4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
4.6 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

4.6.1 Sample Characteristics . . . . . . . . . . . . . . . . . . . . . . . 158
4.6.2 Image Acquisition and Preprocessing . . . . . . . . . . . . . . 159
4.6.3 Subtype and Stage Inference . . . . . . . . . . . . . . . . . . . 159
4.6.4 Post-hoc subtype correction . . . . . . . . . . . . . . . . . . . . 161
4.6.5 Visualization of subtype-specific tau-PET patterns . . . . . . . 162
4.6.6 Subtype Characterization . . . . . . . . . . . . . . . . . . . . . 162
4.6.7 Replication Analysis . . . . . . . . . . . . . . . . . . . . . . . . 164
4.6.8 Assessment of Longitudinal Stability . . . . . . . . . . . . . . 165
4.6.9 Individual-tailored regions for prediction of longitudinal pro-

gression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
4.6.10 Epidemic spreading model . . . . . . . . . . . . . . . . . . . . 167
4.6.11 Transcriptomic profiling of subtypes . . . . . . . . . . . . . . . 168

4.7 Supplementary Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
4.8 Supplementary Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

5 Discussion 180
5.1 Summary of findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

5.1.1 Review of novel contributions to the field of AD research . . . 181
5.2 Placing findings in context . . . . . . . . . . . . . . . . . . . . . . . . . 186

5.2.1 Considerations of tau-PET as a clinical biomarker . . . . . . . 186
5.2.2 Updating hypotheses of tau spread . . . . . . . . . . . . . . . 188
5.2.3 Challenging the Braak canon . . . . . . . . . . . . . . . . . . . 192

5.3 Main conclusions of thesis work . . . . . . . . . . . . . . . . . . . . . 194



ix

List of Figures

1.1 From MAPT to tau pathologly . . . . . . . . . . . . . . . . . . . . . . . 7
1.2 Evolution of tau accumulation across the lifespan . . . . . . . . . . . 14
1.3 The spatial paradox of AD pathology . . . . . . . . . . . . . . . . . . 22
1.4 Braak stages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
1.5 Possible mechanisms of tau spread . . . . . . . . . . . . . . . . . . . . 30
1.6 Two models proposed to summarize heterogeneity in AD . . . . . . . 42
1.7 The best-characterized tau-PET tracers . . . . . . . . . . . . . . . . . . 52
1.8 In vivo Braak staging . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
1.9 Flortaucipir and functional connectivity . . . . . . . . . . . . . . . . . 64
1.10 Tau-PET in atrophy subtypes . . . . . . . . . . . . . . . . . . . . . . . 67

2.1 AV1451 mean images . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
2.2 Application of BASC to tau-PET images reveals five cluster of tau

covariation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
2.3 Comparing covariance networks to Braak ROIs . . . . . . . . . . . . . 83
2.4 Comparison sensitivity of different ROIs for correlations with Global

Cognition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
2.5 Ranking ROIs in performance across multiple cognitive tests . . . . . 85
2.6 GLM comparing tau to global cognition using Lasso-based feature

selection routine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
2.7 Reproducibility of clusters across two cohorts . . . . . . . . . . . . . . 87
2.S1 Tau BASC at multiple resolutions . . . . . . . . . . . . . . . . . . . . . 95
2.S2 Partial volume cluster . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
2.S2 Hippocampus sub-analysis . . . . . . . . . . . . . . . . . . . . . . . . 100

3.1 Methodological approaches . . . . . . . . . . . . . . . . . . . . . . . . 107
3.2 Tau-positive probabilities recapitulate Braak staging. . . . . . . . . . 108
3.3 Performance of ESM in predicting spatial progression of tau. . . . . . 109
3.4 Hypothesized, observed and predicted pattern of tau spreading. . . . 110
3.5 Model performance in CN- individuals. . . . . . . . . . . . . . . . . . 111



x

3.6 Amyloid explains regional model underestimation. . . . . . . . . . . 112
3.7 Epicenter hemisphere associated with individual variation in demo-

graphics and tau-PET binding patterns. . . . . . . . . . . . . . . . . . 113
3.S1 Tau-PET data before and after conversion to tau-positive probabilities. 128
3.S2 Impact of preprocessing decisions on model performance. . . . . . . 129
3.S3 ESM fitted to two different cohorts . . . . . . . . . . . . . . . . . . . . 130
3.S4 ESM performance across disease states. . . . . . . . . . . . . . . . . . 130
3.S5 Model fit across disease progression. . . . . . . . . . . . . . . . . . . . 131
3.S6 Performance of ESM in predicting spatial progression of tau. . . . . . 132

4.1 Spatiotemporal subtypes of tau progression. . . . . . . . . . . . . . . 141
4.2 Spatial stability: AD spatiotemporal subtypes replicate in another

cohort using a different PET tracer. . . . . . . . . . . . . . . . . . . . . 142
4.3 Temporal stability: AD subtypes are stable over time. . . . . . . . . . 143
4.4 Subtypes present with differing demographic, genetic and cognitive

profiles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
4.5 Age, MMSE and SuStaIn stage . . . . . . . . . . . . . . . . . . . . . . 146
4.6 Longitudinal progression of AD subtypes. . . . . . . . . . . . . . . . . 147
4.7 Candidate determinants of phenotypic variation. . . . . . . . . . . . . 150
4.S1 Subtype S2 captures several false positive tau cases. . . . . . . . . . . 171
4.S2 Contentious regions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
4.S3 All subtypes observable across all contributing cohorts. . . . . . . . . 172
4.S4 Individual fit to stereotypical subtype progression. . . . . . . . . . . . 173
4.S5 Stability of subtypes across train-test split and replication datasets. . 174
4.S6 Asymmetry across disease progression as measured with SuStaIn stage.175

5.1 Results of different unsupervised, data-driven analyses of tau-PET . 182
5.2 A new model for AD heterogeneity . . . . . . . . . . . . . . . . . . . . 185
5.3 Hypothetical models of tau spread . . . . . . . . . . . . . . . . . . . . 190



xi

List of Tables

2.1 BOLD text indicates significant difference (p<0.05) between cohorts,
as measured by t-test, or Fisher’s Exact Tests.
ADNI = Alzheimer’s Disease Neuroimaging Initiative; BioF = BioFINDER,
MMSE = Mini-Mental State Examination; SD = Standard Deviation . 75

2.S1 Best-ranked ROIs across cognitive tests . . . . . . . . . . . . . . . . . 97
2.S2 Best-ranking AV1451 ROIs at describing episodic memory . . . . . . 97
2.S3 ROIs associated with Global Cognition also associated with individual

cognitive tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
2.S4 Variables selected by Lasso regression that optimally described global

cognition across different cognitive tests . . . . . . . . . . . . . . . . . 98
2.S5 Disparities in Braak stage regions-of-interests across studies . . . . . 98

3.1 Demographic information . . . . . . . . . . . . . . . . . . . . . . . . . 106

4.S1 Sample characteristics for individuals across cohorts. . . . . . . . . . 177
4.S2 Longitudinal stability at different thresholds . . . . . . . . . . . . . . 177
4.S3 Characterization of each subtype compared to S0 . . . . . . . . . . . . 178
4.S4 Comparison between subtypes . . . . . . . . . . . . . . . . . . . . . . 178
4.S5 Longitudinal progressors . . . . . . . . . . . . . . . . . . . . . . . . . . 179
4.S6 Cohort-specific cognitive tests composing each cognitive domain score.179



xii

List of Abbreviations

Aβ Amyloid β

AD Alzheimer’s Disease
ADAD Autosomal Dominant Alzheimer’s Disease
APOE APOlipoprotein E
BASC Bootstrap Analysis of Stable Clusters

EOAD Early Onset Alzheimer’s Disease
ESM Epidemic Spreading Model

fMRI functional Magnetic Resonance Imaging
FTLD Frontotemporal Lobar Degeneration

LC Locus Coeruleus
lvPPA logopenic variant Primary Progressive Aphasia
MAPT Microtubule-Associated Protein Tau

MCI Mild Cognitive Impairment
MRI Magnetic Resonance Imaging
MTL Medial Temporal Lobe
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Summary of novel contributions

Chapter 2

• Unsupervised partitioning of tau-PET covariance leads to Braak-like structures,
as well as clusters of non-target signal.

• Isocortical tau accumulation does not appear to be uniform, as suggested
by Braak staging – temporo-parietal regions behave differently from frontal
regions.

• ROIs from a data-driven parcellation track cognition better than ROIs based on
autopsy reports of the spread of tau.

• Tau-PET signal within the hippocampus is heterogenous, including voxels
that covary with off-target regions, and voxels that covary with known tau-
vulnerable regions.

• Tau-PET covariance clusters stored online as a persistent resource for academic
research.

Chapter 3

• A simulated pattern of epidemic spread of tau pathology from the entorhinal
cortex through the human connectome correlated strongly with the spatial
distribution of tau-PET signal

• Simulations of epidemic spread from the entorhinal cortex also correlated
strongly with tau-PET patterns in individuals without Aβ, perhaps indicating
synaptic spread in PART.

• Tau levels were underestimated in regions with high Aβ, suggesting Aβ influ-
ences the regional spread of tau.

• Modeling spread over macroscale brain connections fits the data better than
modeling spread over euclidian distance.

Chapter 4

• In a large dataset of tau-PET images across the AD clinical spectrum, four
spatiotemporal patterns fit the data better than a single pattern.

• Well-described limbic-predominant and MTL-sparing phenotypes emerged, as
did spatiotemporal patterns resembling atypical clinical variants of AD.

• Across all subtpyes, younger age of onset was associated strongly with more
advanced disease stage.
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• Including subtype information or individually-tailored information improves
sensitivity to detect longitudinal accumulation of tau-PET signal.

• Subtype-specific tau patterns resembled different corticolimbic networks, and
implied contribution of distinct cell types.
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Chapter 1

Introduction and Literature Review

1.1 General context and rationale

1.1.1 General context

The modern world is threatened by a range of existential challenges, including
climate change, overpopulation, pollution, food shortage and disease. The current
COVID pandemic is a stark example of the impact of infectious disease, but there
are other areas of public health that, while less visible, may have an even greater
long-term impact on society than transient eruptions of disease. Specifically, the
growing prevalence of dementia in aging populations around the world places a
permanent burden on the individual with dementia, the immediate carers and the
wider society. Unless direct action is taken to mitigate this burgeoning threat to global
brain health, the socioeconomic consequences could be catastrophic. Alzheimer’s
disease is already the 6th leading cause of death and, without intervention, incidence
is expected to more than double in the next thirty years (Association, 2019). The
result would of course lead to incredible economic burden. Nearly 300 billion dollars
was spent on dementia healthcare in 2019 alone, not to mention the estimated 230
billion lost value of unpaid caregiver support. However, another concern is that the
current medical infrastructure is currently not capable of supporting but a fraction
of projected dementia cases. It is not totally outrageous to imagine society forced to
transform into a caregiver-based economy, with nurses, medical practitioners and
aids becoming the generational factory workers, so to speak.

This is not to draw attention away from the enormous emotional and financial cost
of dementia to individuals. One in ten people over the age of 65 live with dementia
(Association, 2019), meaning many of us experience the direct impact of a family
member, friend or loved one losing their quality of life, function and often identity,
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to dementia. The lifetime likelihood of AD at age 45 is 10-20% (Association, 2019),
meaning anyone reading this may eventually realize one of our worst collective fears
in being diagnosed with dementia during life. As disturbing as these realities are, the
individual experience with AD will not change or may even improve, and the actual
rate of dementia actually may be reducing (Satizabal et al., 2016) . However, the
collective, social burden of dementia will continue to rise, and threatens to overcome
even our own personal concerns.

The bleak picture painted above is a scenario that assumes no interventions to
stop, delay or prepare for the oncoming wave of dementia cases. Preparation would
involve building the infrastructure and legal backdrop to accommodate a caregiver-
based society. This is a last-case scenario that is not currently underway. In a more
ideal circumstance, therapies to halt, cure, ease or delay dementia symptoms could
prevent or at least ameliorate the dystopian narrative that introduces this thesis. For
example, delaying disease onset by two years now projects to decrease the number
of cases in 2050 by over 20% (Brookmeyer et al., 2007). For these and other reasons,
funding has been steadily increasing for aging research in United States (Shugart,
2019), even when overall research funding has dipped (Ledford et al., 2019). The
hopeful goal is to identify clinical interventions to halt the progression of dementia
symptoms.

By now, the urgency of efforts to combat dementia should be clear, and the leading
cause of dementia is Alzheimer’s disease (AD) (Association, 2019). Unfortunately,
despite decades of research and a plethora of clues and valuable insights, the most
important questions relating to Alzheimer’s disease elude us: what causes it and
(how) can it be halted or reversed? Arguably the biggest clues we have are linked in
a complicated knot with the disease definition. While Alzheimer’s disease dementia
is a clinical syndrome associated with a constellation of cognitive and functional
symptoms, Alzheimer’s disease is defined by the presence of aggregated extra-cellular
plaques of β-amyloid (Aβ), and intracellular neurofibrillary tangles of hyperphos-
phorylated tau oligomers, in the brain at autopsy (Jack et al., 2018b; Jack, Holtzman,
and Sperling, 2019; Jack et al., 2019a). There is a fairly specific cascade of neuronal
degeneration, systemic degradation of multiple neural support systems, large-scale
brain volume loss, and cognitive and functional decline that is often associated with
AD pathology, which is collectively referred to as Alzheimer’s disease. However, AD
pathology is described exclusively by the abnormal conformation and aggregation of
two proteins, Aβ and tau, and the most prominent hypotheses of AD etiology and
progression posit these two proteins as central (if not causal) entities. The contents of
this thesis focus on the accumulation, spread and clinical biomarker utility of one of
these two proteins, tau, in the context of Alzheimer’s disease.
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1.1.2 Rationale

As will be described in great detail, tau aggregation is associated with progressive
clinical decline (Josephs et al., 2008), and regional tau accumulation closely mirrors
regional neurodegenerative patterns (Xia et al., 2017). Neither of these two features
is true of Aβ accumulation. However, the fact that genetic forms of AD involve
mutations to proteins in Aβ processing pathways, and the appearance of Aβ plaques
decades prior to symptom onset, lead many to postulate it as the initial catalyzing
event in the AD cascade (Hardy and Higgins, 1992; Hardy and Selkoe, 2002; Sperling,
Karlawish, and Johnson, 2013; Jack and Holtzman, 2013; Selkoe and Hardy, 2016)
While this hypothesis has not been rejected, a slew of failed clinical trials of Aβ-
modifying therapies (Schneider et al., 2015) has shifted the focus of many clinical
and research groups to other other prominent hypothetical models of AD. Foremost
among these are hypotheses relating to tau. Understanding tau physiology, pathology
and progression has therefore become a central priority in AD research.

At the time that work toward this thesis began, in-vivo measurement of tau in
humans using positron emission tomography had only recently begun, and the first
major papers on the topic had only just been published (Schöll et al., 2016a; Johnson
et al., 2016). This led to a monumental shift in human AD research; while in-vivo Aβ-
PET imaging had been around for a decade (Klunk et al., 2004), human tau research
had only been accessible through fluid measurement lacking spatial information, and
autopsy of deceased human brains (Jagust, 2014). Many basic assumptions of tau
accumulation that were inferred through autopsy and animal studies now needed to
be tested in living humans. Meanwhile, basic questions about the utility and efficacy
of tau-PET radiotracers as research or clinical tools were also in need of answers.

Perhaps the most important information afforded by the tau-PET revolution
was access to the spatial information relating to tau accumulation. This was a
particularly important development given that one of the more prominent enigmas
in the study of tau relates to its spatial distribution throughout the brain. Large,
serial autopsy studies have demonstrated AD-like neurofibrillary tau tangles are
first observed in a very specific strip of cerebral cortex, and appear to spread in a
specific and apparently stereotyped sequence throughout the brain (Braak and Braak,
1991). This phenomenon was formalized into a staging system (Braak et al., 2006),
referred throughout this document as Braak staging. This particular pattern has great
clinical utility, as it provides a pathological progression that evolves alongside clinical
progression. The sheer specificity of this pattern may also hold clues as to what makes
different neural tissue vulnerable (or resistant) to accumulating and spreading AD
pathology. The content of this thesis is specifically focused on using human tau-PET
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imaging to probe the spatial distribution of tau in Alzheimer’s disease in vivo, and its
implications for disease biology and clinical utility.

1.1.3 Objectives

The overall objective of the work in this doctoral thesis is to better characterize the in
vivo distribution of tau in Alzheimer’s disease. While large, cross-sectional autopsy
studies have provided a model of tau accumulation and spread in AD, it is important
to validate (and perhaps build on) this model in vivo. Furthermore, little is known
about how tau spreads through the cortex, why certain regions are vulnerable and
other resistant to tau pathology, how variable tau spreading truly is, or how amyloid
and tau interact in AD. Evidence for each of these aspects of tau pathophysiology
has accrued over the years from ex vivo human research (i.e. autopsy work) and in
vivo non-human (i.e. animal model) experiments. However, until tau-PET became
an available tool, hardly any tau-specific research was possible that was both in
humans and in vivo. The original work in this thesis seeks to validate and expand
upon previous autopsy- and animal-based models of tau distribution and spread
using human tau-PET data.

Chapter 1 is composed of an introduction to the topic of tau in AD, as well as
a literature review to support the original research in subsequent chapters. The
objective of this review is to cover aspects of tau biology and pathophysiology
relevant to Alzheimer’s disease, to summarize previous work using tau-PET as
a research or clinical biomarker, and to illustrate the research context and open
questions that motivates the original research contained in this thesis.

One of the first challenges presented by tau-PET was how best to summarize the
vast information available in a single tau-PET image for research and clinical pur-
poses. The objectives of (the original work in) Chapter 2 are to present data-driven
strategies for identifying regions-of-interest (ROIs) for tau-PET analysis, and to con-
trast these solutions to other solutions presented in previous literature. A secondary
objective was to explore how data-driven strategies specifically treat the hippocam-
pus, a region particularly important in AD but one that shows counterintuitive
tau-PET tracer uptake.

How tau spreads through the brain remains and open question, but the leading
hypotheses suggest a trans-neuronal spreading model. The objective of (the original
work in) Chapter 3 is to test this hypothesis in humans by modeling spread over hu-
man brain connections and validating these models using tau-PET data. A secondary
objective is to quantify how regional Aβ influences our in vivo spreading model.

The existence of several AD "subtypes" and clinical variants with abnormal tau
patterns challenges the notion that tau follows a uniform Braak-like progression
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throughout the brain in AD. The primary objective of (the original work in) Chapter
4 is to characterize spatiotemporal variation in tau spreading in a massive tau-PET
dataset, and to profile the clinical and demographic qualities associated with this
variation. A secondary objective of Chapter 4 is to apply knowledge of this variation
to individual-tailored biomarkers to capture longitudinal tau accumulation. A final
objective is to use transcriptomic and network-spread analyses to explore whether
macro- and micro-scale networks can inform variation in tau spreading patterns.

Finally, the objective of Chapter 5 is to summarize the original work contained in
this thesis and describe the contribution of the work to the overall field of AD.

1.2 Tau biology

The following section will review known physiological functions of tau and outline
the evolution of its pathological expression. This section will also describe known
interactions between tau and Aβ, and early abnormal tau processes that may or may
not be relevant to AD.

1.2.1 Physiological role of tau in the the non-demented brain

In order to understand tau-related dsyfunction in AD and other tauopathies, it is
important to understand its physiological role in the brain. Tau is fairly ubiquitously
expressed in neurons throughout the human brain (Binder, Frankfurter, and Rebhun,
1985). The tau protein is encoded by the microtubule-associated protein tau (MAPT)
gene, in accordance with its first-discovered role in microtubule assembly (Wein-
garten et al., 1975). Two haplotypes exist in humans, resulting from a 900mb inversion
polymorphism, which affects risk for different tauopathies (Baker et al., 1999). MAPT
is subject to alternative splicing involving differential numbers of amino-terminal
inserts (zero, one or two) and microtubule binding repeats (three or four), resulting
in six different tau isoforms (Goedert et al., 1989) (Fig 1.1A). The number of repeats,
discussed below as 3R (3-repeat) and 4R (4-repeat) tau, are important with respect to
tauopathy. While the 3R/4R tau ratio in the human brain is fairly even (Spillantini
and Goedert, 1998; Goedert and Jakes, 1990), this is not the case for other species
(including rodents) (Kosik et al., 1989; Janke et al., 1999), and the ratio differs by
brain region (Hara et al., 2013). 3R tau is apparently the primary isoform during fetal
development and is substantially downregulated in the adult brain (Drubin, Caput,
and Kirschner, 1984; Kosik et al., 1989; Bullmann et al., 2009), whereas, 4R tau binds
microtubules with greater affinity (Goedert and Jakes, 1990). Making matters even
more complicated, all isoforms of tau undergo postranslational modification, most
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notably through phosphorylation, but also through acetylation and cleavage, among
other mechanisms (Morris et al., 2015)(Fig 1.1A,B). With nearing 100 phosphosites
(Arendt, Stieler, and Holzer, 2016), one starts to realizes the enormous number of
possible conformations, making the task of cataloguing the various functional roles
of tau a complicated process.

As the MAPT moniker suggests, tau’s canonical role involves the assembly, sta-
bility and spacing of microtubules (Weingarten et al., 1975; Cleveland, Hwo, and
Kirschner, 1977; Drechsel et al., 1992; Chen et al., 1992). Specifically, tau co-assembles
with tubulin, promoting polymerization (Cleveland, Hwo, and Kirschner, 1977;
Drechsel et al., 1992). This tau-tubulin interaction is apparently a fairly crucial pro-
cess in morphogenesis and neuronal plasticity (Nunez, 1988; Takei, 2000; Samsonov
et al., 2004), perhaps highlighting the role of tau during development. Tau is also
involved in transportation of resources along the axon, mainly to pre-synaptic termi-
nals, which occurs through interaction with common molecular motors (Dixit et al.,
2010).

Due to its close association with microtubules, tau is most frequently found in
axons (Kempf et al., 1996). This is somewhat paradoxical to the finding that tau
pathology is most frequently localized to the cell soma and apical dendrite (Zempel
et al., 2017). More recent research has found evidence for tau being additionally
localized within the cell nucleus (Loomis et al., 1990; Sultan et al., 2011; Violet et al.,
2014), as well as in dendrites and synapses (Regan, Whitcomb, and Cho, 2017; Tai
et al., 2012), with one study finding evidence for tau in most pre- and post-synaptic
sites (Tai et al., 2012). These findings prompted exploration into other physiological
roles of tau outside of microtubule-related functions.

More recent findings have suggested involvement of tau in synaptic plasticity,
particularly as it relates to downregulation of N-methyl-D-aspartate receptors (NM-
DAR, Ittner et al., 2010; Mondragón-Rodríguez et al., 2012; Regan et al., 2015). Hy-
potheses has been proposed positing tau as an NMDAR regulatory mechanism in the
event of over-excitation (Mondragón-Rodríguez et al., 2012; Mondragón-Rodríguez
et al., 2018), or during synaptic long-term depression (Kimura et al., 2014; Regan
et al., 2015; Regan, Whitcomb, and Cho, 2017). Interestingly, similar tau-related,
NMDA-regulated processes appear to be invoked during mammalian hibernation,
which involves massive (but reversible) hyperphosphorylation akin to that seen in
AD (Arendt et al., 2003). Similar processes may be involved during anesthesia and
hypothermia, leading to the proposition that tau may be mobilized as a protection in
preparation of hypometabolic shock (Run et al., 2009; Arendt and Bullmann, 2013;
Arendt, Stieler, and Holzer, 2016). Tau’s role in the nucleus also is not very well
understood, though it is notable that tau can bind directly to DNA (Qi et al., 2015).
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Figure 1.1: Reproduced (with permission from Elsevier) from Ittner and Ittner, 2018. A) The
MAPT gene, highlighting exons relating to functional domain and genetic variation, as well as
sites of post-translation modification. B) Changes in kinase/phosphotase activity lead to tau
hyperphosphorylation, where tau dissociates from microtubules and aggregates into oligomers,
which are themselves aggregated into NFTs.

There is evidence for a protective role of tau on DNA (Granic et al., 2010; Sultan et al.,
2011; Violet et al., 2014); while knocking out MAPT in mice does not result in an
obvious phenotype (Harada et al., 1994), DNA damage in these animals has been
observed (Granic et al., 2010), among other factors.

The tau protein clearly has a multitude of functions, many of which remain
poorly understood or possibly undiscovered. What is clear, however, is that the
different localizations and roles observed in the tau protein are controlled through
post-translational events, most notably phosphorylation (Billingsley and Kincaid,
1997; Arendt, Stieler, and Holzer, 2016). Nearly all of these modifications involve a
negative regulation of microtubule-associated functions (Lindwall and Cole, 1984;
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Drechsel et al., 1992; Bramblett et al., 1993). Differential phosphorylation also controls
tau localization and its molecular interactions (Kowall and Kosik, 1987; Jenkins et al.,
2000; Arendt, Stieler, and Holzer, 2016; Iwata et al., 2019). Understanding the role of
different kinases in tau phosphorylation may hold the key to understanding tau’s
various conformational states, including those associated with pathological events.
As such, this topic is the subject of much research, though literature has not found
much consensus, outside of likely roles of GSK-3β and cdk5 (Mandelkow et al., 1992;
Baumann et al., 1993).

1.2.2 Pathological role of tau in dementia

Tau is an apparently ubiquitous neuronal protein involved in functions ranging
from synaptic development to plasticity to normal neuronal maintenance. It is no
surprise then that perturbation to the tau protein can result in an impressive array
of different neurodegenerative conditions with distinct expression of pathology,
regional vulnerability and clinical expression. Primary tauopathies represent a class
of diseases where tau is the sole primary pathology, which includes disorders such as
progressive supranuclear palsy, argylophilic grain disease, corticobasal degeneration,
Pick’s disease, and genetic forms of frontotemporal dementia (Kovacs, 2015; Götz,
Halliday, and Nisbet, 2019). Interestingly, these diseases arise sporadically, but
tauopathy also occurs as a result of familial genetic mutation to the MAPT gene
(Hutton et al., 1998; Van Swieten and Spillantini, 2007; Götz, Halliday, and Nisbet,
2019). Alzheimer’s disease is considered a secondary tauopathy (Kovacs, 2015), since
AD by definition presents with concurrent Aβ-pathology. While many of the primary
tauopathies present specifically with 4R-tau pathology, the pathological profile of
AD presents with a mix of 3R- and 4R- tau.

A survey of the pathological and clinical expression of different tauopathies is
beyond the scope of this literature review (though see any of Kovacs, 2015; Arendt,
Stieler, and Holzer, 2016; Götz, Halliday, and Nisbet, 2019 for a review). However,
there are some common feature among most tauopathies. Namely, tauopathies
commonly involve hyperphosphorylation of tau, which subsequently co-occurs with
aggregation of tau into fibrils and localization of tau into somatodendritic part of the
neuron (as opposed to it’s native spatial distribution, which is mostly in the axon)
(Arendt, Stieler, and Holzer, 2016). These features will be discussed as they relate to
AD and putatively to neurodegeneration.

Hyperphosphorylation of tau (or other post-translation modifications) leads to
dissociation of tau from microtubules and into its monomeric form (Kopke et al.,
1993; Goedert et al., 1996). The monomeric tau then undergoes a process of con-
formational alteration, leading to aggregation into soluble oligomers, which form
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"pretangles" or fibrils, which form insoluble neurofibrillary tangles (NFTs) (Kuret
et al., 2005; Grundke-Iqbal, Iqbal, and Tung, 1986)(Fig 1.1B). In AD, 95% of these
fibrils are represented by paired-helical filaments (PHF) (Goedert et al., 1992). Hyper-
phosphorylation is the initial step in this cascade (Kopke et al., 1993; Billingsley and
Kincaid, 1997; Buée et al., 2000), prior to aggregation, and dissociated oligomeric tau
can therefore be used as an indication of early tau pathology (Maeda and Takashima,
2007). As to how tau escapes the axon, this may be due to phosphorylation-induced
breakdown of microtubules composing the barrier that normally keeps tau out of the
cell soma (Li et al., 2011; Frandemiche et al., 2014; Zempel et al., 2017). However, as
noted earlier, smaller amounts of tau are present outside of the axon physiologically,
namely in the post-synaptic areas of dendritic spines (Ittner et al., 2010; Tai et al.,
2012). Similarly, others have proposed tau is simply overexpressed in the cell soma
and fails to be transported out (Braak and Del Tredici, 2015).

Many aspects of this process remain poorly understood. The cause of systemic
hyperphosphorylation is not known. AD tau demonstrates a much larger propor-
tion of phosphorylated sites compared to physiological tau, possibly suggesting
an imbalance in tau-related kinases and phosphotases (Ksiezak-Reding, Liu, and
Yen, 1992; Kopke et al., 1993). The cause of such an imbalance is still in question
(though see subsection 1.2.3 below). Another unanswered question pertains to why
disassociated monomeric tau is aggregated into fibrils. The leading hypothesis
suggests that the abnormally increased concentration of monomeric tau leads to a
programmed physiological aggregative response (Kuret et al., 2005). In addition,
caspase cleavage also appears to be an important step in tau fibrilization (Gamblin
et al., 2003; De Calignon et al., 2010). Interestingly, injecting soluble tau fractions
into the brains of human tau-expressing mice without tau pathology in sufficient to
induce aggregation (Clavaguera et al., 2009; Mirbaha et al., 2018). This is discussed
in more detail in section 1.3.2 below. A relatively more recent deluge of research
has begun to suggest that the soluble oligomeric tau takes on a neurotoxic form
(Chung et al., 2001; Fath, Eidenmüller, and Brandt, 2002; Lasagna-Reeves et al., 2010;
Flach et al., 2012), and that the process of aggregation may therefore be protective
by containing the oligomers into an inert, insoluble form (Santacruz et al., 2005;
Götz et al., 2008). However, compromised tau-positive neurons feature extensive
PHF formation throughout the somatodendritic compartment, which very likely
have a deleterious impact on cellular processes at least in later stages of neuronal
degeneration (discussed in Ballatore, Lee, and Trojanowski, 2007).

The notion of a tau gaining neurotoxic function in its oligomeric form represents
an interesting addition to the earlier loss-of-function based hypotheses. While disso-
ciation of tau from microtubules may in fact lead to disrupted axonal transportation
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(e.g. Ishihara et al., 1999), accumulating evidence suggests this may not be the pri-
mary, or at least not the only, threat to neuronal health in AD. For example, in AD
brains, PHF concentrations are uncorrelated with microtubule number or length
(Paula-Barbosa, Tavares, and Cadete-Leite, 1987; Cash et al., 2003), and axonal trans-
port rates were unaffected by deletion or over-expression of tau in a mouse model
(Yuan et al., 2008). Similarly, while MAPT knock-out mice do exhibit some subtle
deficits in transport, they do not express any severe developmental or behavioral
deficits (Harada et al., 1994; Dawson et al., 2001), suggesting tau is not necessary for
microtubule-mediated processes during development or otherwise.

Neither the dissociation of tau from microtubules nor its aggregation into PHF
appear to explain it’s primary pathogenicity in the neuron. Contemporary ideas point
to a disruption or hijcacking of tau’s role at the synapse (Spires-Jones and Hyman,
2014; Ittner and Ittner, 2018). Synaptic dysfunction is major component of AD and
has been linked to cognitive decline (DeKosky and Scheff, 1990). As noted earlier, tau
can be found (Ittner et al., 2010; Tai et al., 2012), and perhaps produced (Kobayashi
et al., 2017), in synapses of healthy brains, where it likely plays some physiological
role. Overexpression of mutated tau leads to synaptic dysfunction and synapse loss
in mice (Crimins et al., 2013; Kopeikina et al., 2013; Hoff et al., 2013; Menkes-Caspi
et al., 2015), and neurons with NFT pathology express less synapse-related genes
(Callahan, Vaules, and Coleman, 1999; Ginsberg et al., 2000). In a comparison of
tissue from unimpaired and impaired humans both expressing tau pathology, AD
tissue showed more phosphorylated tau localized to synapses, despite similar NFT
numbers to the unimpaired controls (Perez-Nievas et al., 2013).

Interestingly, tau has also been implicated in a number of synaptically-mediated
functions in the brain (e.g. Zempel et al., 2010; Decker et al., 2015. For example,
tau reduction is associated with decreased seizure risk (Roberson et al., 2007; Holth
et al., 2013; DeVos et al., 2013), and markedly decreased excitotoxic neuronal loss
after stroke (Bi et al., 2017). Additionally, a number of studies have shown tau
reduction in mice to subsequently reduce hippocampal LTD (Kimura et al., 2014;
Regan et al., 2015) and long-term potentiation (Ahmed et al., 2014a; Puzzo et al.,
2017), important processes for learning and memory. While the mechanisms are not
understood, tau has been shown to bind to fyn, a crucial protein for regulation of
NMDARs, particularly during excitotoxicity (Ittner et al., 2010; Frandemiche et al.,
2014; Miyamoto et al., 2017). Related, tau-related synaptic dysfunction has repeatedly
been associated with localized calcium imbalance (e.g. Zempel et al., 2010; Decker
et al., 2015). Recent research has also pointed to impairment of presynaptic vesicular
functions by mutated tau (Zhou et al., 2017). Finally, a great deal of research has
suggested a toxic effect of Aβ at the synapse, though this toxicity appears to be
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specifically mediated by tau (reviewed in Section 1.2.4 below). It should be noted
that some controversy exists around the effects of tau at the synapse. NFT formation
and neurodegeneration in the hippocampus has been seen in the absence of abberant
changes to spine density and morphology (Shahani et al., 2006), and the synapses of
intact entorhinal cortex neurons of AD patients have been described as undisturbed
at autopsy (Scheff and Price, 1993).

Other aspects of tau physiology cannot be ruled out in terms of contributing
to pathology. For example, tau binds to f-actin (Griffith and Pollard, 1982) and
fruitfly work has suggested a deleterious effect of tau in dendritic spines via this
mechanism (Fulga et al., 2007). In addition, their is evidence that tau can induce
cell-cycle alteration, aneuploidy and abberant gene expression through its interaction
with DNA in the nucleus, and this process can lead quickly to cell death (Nagy et al.,
1997; Andorfer et al., 2005; Mosch et al., 2007; Iourov et al., 2009; Frost et al., 2014;
Eftekharzadeh et al., 2018). Irrespective of the mechanism by which tau influences
neuronal degeneration, accumulating evidence seems to suggest oligomeric tau
represents the toxic species, and its appearance is preceded by hypophosphorylation
of axonal tau.

The tau pathophysiology literature is confounded by the fact that experiments
are conducted in multiple models, animals and settings, involving different perturba-
tions to tau, and reporting inconsistent, varying and sometimes negative results. It is
challenging therefore to deduce which mechanisms are relevant to human AD patho-
physiology. In light of certain findings (e.g. Harada et al., 1994; Santacruz et al., 2005;
Gómez-Isla et al., 1997; Kuchibhotla et al., 2014), one might even question whether
tau pathology itself is causal to neurodegeneration. However, this much at least is
proven, as mutation of the MAPT gene is sufficient to cause dementing tauopathy
and extensive neurodegeneration in humans (Hutton et al., 1998; Spillantini and
Goedert, 1998). Recreating these mutations in cell and animal models have shown
some mutations to inhibit or improve microtubule assembly, promote fibrillization,
impair axonal transport, enhance phosphorylation, impair membrane binding, shift
the balance of 3R and 4R tau, or directly affect the expression of tau mRNA (Arendt,
Stieler, and Holzer, 2016; Tacik et al., 2016). Importantly, none of these mutations
cause Alzheimer’s disease (Goedert and Jakes, 2005), and most of them cause tauopa-
thy with pathology distinct from AD. Certain mutations (V337M and R406W) do lead
to a 3R/4R mixed tau pathology similar to that seen in AD (Spillantini, Crowther,
and Goedert, 1996; Reed et al., 1997; Hutton et al., 1998; Smith et al., 2016). However,
these patients usually (but not always) present with a different clinical phenotype,
with different regions affected, compared to AD. Accordingly, the distinct expression
of AD tauopathy is likely due to interactions with other factors, the most well-studied
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being Aβ (reviewed in section, 1.2.4).

1.2.3 PART and preclinical AD: The genesis of tau pathology?

The previous two subsections addressed the physiological role of tau in the healthy
brain, and aberrant tau activity associated with AD and other tauopathies, respec-
tively. At the intersection of these concepts is a phenomenon called primary age-
related tauopathy (PART), which describes the near-ubiquitous appearance of aber-
rant tau activity in older, non-demented individuals.

This concept was first conceptualized due to observations of older individuals
with cognitive impairment that presented with AD-like 3R/4R mixed tau as the
primary pathology at autopsy, without any evidence of Aβ (Bouras et al., 1994;
Bancher and Jellinger, 1994). These cases were first referred to as tangle-predominant
senile dementia, or tangle-only dementia, and were subsumed under the umbrella
of FTLD tauopathies (Chartoire et al., 2007). However, numerous studies from
autopsy cohorts began describing at least some limited tau pathology in nearly all
autopsy cases of older individuals, including those that died in a nondemented state
(Crary et al., 2014). These cases consisted of 3R/4R filamentous NFT pathology
mostly restricted to the entorhinal cortex and hippocampus (i.e. Braak Stage I and
II), occasionally in limbic or temporal association cortex (Stage III or IV), and almost
never beyond those regions. The formalization of these cases as a distinct entity
called PART by Crary et al. was met with a great deal of controversy (Braak and
Del Tredici, 2014; Duyckaerts et al., 2015). Namely, PART individuals presented with
pathology apparently identical to that seen in AD, in the same cells and regions and
along the same patterns that NFT pathology is observed in AD (Jellinger, 2018), but
with little (probable PART) or no (definite PART) measurable Aβ pathology (Braak
and Del Tredici, 2014). To this day, controversy persists as to whether PART, as the
name suggests, is an inevitable mild tauopathy associated with normal aging, or
whether it represents the first step along the sporadic AD continuum (Crary et al.,
2014; Braak and Del Tredici, 2014; Duyckaerts et al., 2015; Jellinger, 2018).

Six years later, we know more about the clinical and pathological manifestation
of PART, but almost nothing more about its etiology. Compared to individuals with
both Aβ and tau pathology, PART individuals tend to be older at death (Crary et al.,
2014; Teylan et al., 2020), are less likely to be cognitively impaired, and undergo much
slower rate of cognitive decline prior to death (Besser et al., 2017; Bell et al., 2018;
Teylan et al., 2020). PART is sufficient to cause clinical cognitive impairment (Besser
et al., 2017; Teylan et al., 2020), independently of other co-pathologies, and more
advanced pathology (i.e. higher Braak stages) is correlated with worse cognition
and advanced age (Josephs et al., 2017; Jefferson-George et al., 2017). PART is also
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associated with measurable brain atrophy from antemortem MRI, though this may be
partially explained by other age-related copathologies (Josephs et al., 2017; Josephs
et al., 2019). Interestingly, compared to AD patients, PART individuals have a lower
proportion of carriers of the APOE4 allele, the major genetic risk factor of sporadic
AD (Crary et al., 2014; Josephs et al., 2017; Bell et al., 2018).

Despite PART leading to cognitive impairment in old age, to consider it a tauopa-
thy seems unusual given that nearly everyone older than 70 has evidence of NFT
pathology in the MTL at autopsy (Braak and Del Tredici, 2014)a. In fact, Braak stage
I/II pathology has been seen as early as the second decade of life, and reaches a
peak in incidence at the sixth decade, at which point only about 1/3 of such cases
show evidence of Aβ (Braak and Del Tredici, 2014)(Fig 1.2D). However, some would
suggest that tau pathology occurs even earlier. To understand this, it is necessary to
review how tau pathological processes are measured at autopsy.

Braak staging was originally performed using silver-iodide staining, which cap-
tures argyrophilic NFT pathology, or "mature tangles" (Uchihara et al., 2001). How-
ever, abnormally phosphorylated tau is selectively immuno-responsive to AT8, allow-
ing immunostaining of a tau state that theoretically represents an earlier step in the
pathological process (Biernat et al., 1992). These AT8-immunoresponsive inclusions
appear to precede tangle formation in AD (Braak and Del Tredici, 2015). As it turns
out, AT8-immunoresponsive inclusions are already common in teenagers, specifically
in the locus coeruleus (LC) and other specific brainstem nuclei (Simic et al., 2010;
Braak et al., 2011; Elobeid, Soininen, and Alafuzoff, 2012; Braak and Del Tredici, 2014;
Braak and Del Tredici, 2015; Satoh and Iijima, 2019).(Fig 1.2A,B)

It is tempting to dismiss this observation as either spurious, or unrelated and
irrelevant to entorhinal NFT pathology and AD tau pathology. However, there are
three rather compelling points that support the notion of AD-like tau pathology
beginning in the LC at the second decade of life. First, this subcortical pre-tangle
pathology appears to progress in a stereotyped fashion, and this progression increases
with age in phasic manner that seems to be in staggered precedence of NFT Braak
staging (Fig 1.2), Braak et al., 2011; Braak and Del Tredici, 2014; Braak and Del Tredici,
2015). Second, the early pathological events observed in the midbrain during young
adulthood mirror the pathological phases leading to NFTs in other parts of the brain.
For example, pretangles are evident in neurons that eventually show NFTs in middle
age (Braak and Del Tredici, 2015), and tau seeding similar to that seen in the LC
precedes NFT pathology in AD (Kaufman et al., 2018; DeVos et al., 2018b). Finally, not
long after NFTs are seen in the entorhinal cortex, NFT pathology appears in the LC,
and other structures displaying aberrant behavior in early life (Braak and Del Tredici,
2015; Kaufman et al., 2018) These observations together inform a hypothesis that the
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Figure 1.2: Adapted (with permission from Springer Nature) from (Braak and Del Tredici, 2014).
For A-F, red bars indicate proportion of individuals showing aberrant tau activity at different
ages, green bars indicate aberrant Aβ activity. A) Very few individuals over age 10 lack aberrant
AT8-immuno-responsive subcortical tau inclusions. B) Young adulthood is characterized by pro-
gression of subcortical aberrant tau activity. C-F) Prevalence of traditional Braak stages across the
lifespan, and the proportion of those cases showing Aβ pathology. H) Evolution of Braak stages
across the lifespan. Evolution of Thal Aβ phases across lifespan.

AD pathological process evolves very slowly over the lifespan, and is profoundly
accelerated by Aβ.

There are of course counter-arguments to this notion. For example, AT8-immunostained
lesions appear to negatively affect cortical neurons, and eventually evolving into
NFTs, whereas neither of these features are present in early-life LC neurons (Braak
and Del Tredici, 2015). This is unlikely to be attributable to different cell types and
molecular environments in the LC, as these neurons do show mature tangles at later
disease stages. In addition, other more extensive evidence for LC pathology appears
only once NFT pathology is already observed in the cortex (Sato et al., 2018). Thus
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far, there is no direct evidence that early-life aberrant tau activity in the LC evolves
into cortical NFT pathology, PART or AD.

There is, however, indirect evidence linking LC tau and AD. Interestingly, a recent
study found mice transgenic for APP and PSEN1 exhibit hypophosphorylated tau
in the LC before the entorhinal cortex and hippocampus (Rorabaugh et al., 2017).
A different study found that injecting synthetic tau fibrils directly into the LC of
transgenic mice overexpressing P301 mutant tau did result in spread of NFT pathology,
but in a manner that followed LC connectivity rather than a typical AD pattern (Iba
et al., 2015). A more recent study involved injection of a viral vector of human tau,
phosphorylated at specific sites seen in preclinical human LC tau, into the rat LC. In
young rats, hyperphosphorylated human tau and somatodendric misclocalization,
but not NFT pathology, was seen in the cortex and brainstem after several weeks,
whereas mild cognitive deficits and LC fiber degeneration were seen after several
months. The effects were more severe in older rats (Ghosh et al., 2019). These studies
unfortunately do not converge on any conclusive evidence. Together, they suggest
early life LC tau pathology may be different from AD tau pathology (Ghosh et al.,
2019), but that early LC tau pathology is emergent in a pathological Aβ context.

Whether or not early-life aberrant LC tau activity represents the pathogenesis
of AD, it could still be a useful model to better understand tau pathophysiology.
Relatively little is known about PART processes because there is currently no animal
model to use for experimentation (though Ghosh et al., 2019 may be on the right
track). 1 A few points of interest stem from human genetics. Along with increasing
risk for various types of FTLD syndromes (Dickson, Rademakers, and Hutton, 2007),
the H1 haplotype of the MAPT gene (Janocko et al., 2012; Santa-Maria et al., 2012) is
related to "tangle-only dementia" – i.e. the most severe instances of PART. Similarly,
a SNP near the MAPT locus was found to be associated at genome-wide significance
with AD in individuals without an APOE4 allele (Jun et al., 2016). Both of these
findings suggest, similarly to primary tauopathies, variation to the MAPT gene can
lead to tau dysrgulation in the absence of Aβ.

For the purposes of comparison, it may also be of interest to consider other factors
that appear to cause or associate with the accrual of irreversible tau hyperphosphory-
lation and/or NFT pathology. Other than a heretofore unknown age-related process
(PART), MAPT genetic mutation (FTLD), and abnormal proteolytic APP processing
(ADAD, trisomy 21, perhaps AD, see section 1.2.4 below), there are other instances
of the emergence of tau pathology. Traumatic brain injury (TBI) may cause focal

1Several domestic animal species do present with age-related tau hyperphosphorylation, but not
NFTs (Youssef et al., 2016). Studies have reported both Aβ accumulation and NFT tau pathology in
dolphins (Gunn-Moore et al., 2018) and, more conveniently, cats (Chambers et al., 2015; Fiock et al.,
2020).
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tau phosphorylation and NFT pathology after some delay (Johnson, Stewart, and
Smith, 2012; Zanier et al., 2018), and decreases the onset age of AD (Nemetz et al.,
1999; LoBue et al., 2017). Meanwhile, sustaining multiple mild or moderate head
impacts across a lifespan can lead to chronic traumatic encephalopathy (CTE), a
dementing disorder presenting with considerable 3R/4R NFT tau burden similar to
AD (McKee et al., 2015; Stern et al., 2019). The cause of tauopathy in these cases is
unknown; head impact can stress brain microstructure leading to blood vessel and
axonal damage, the latter of which may result in displaced and/or hyperphosphory-
lated tau (McKee et al., 2015). It is also worth mentioning that focal Aβ frequently
appears after TBI in sites proximal to the injury, likely as a mechanism to aid in
repairing blood vessel damage (Brothers, Gosztyla, and Robinson, 2018). While CTE
does not frequently present with Aβ burden (at least in early stages, McKee et al.,
2015), the possibility of focal Aβ-tau relations (see next section) may be sufficient to
initiate a more widespread pathological cascade. CTE tau pathology resembles AD
tau pathology – it even boasts many of the same (but some different) phosphorylated
sites (Katsumoto, Takeuchi, and Tanaka, 2019) – but it presents with a progressive
tau spread pattern distinct from AD (McKee et al., 2015). Notably, however, NFT
tau pathology is common in the LC in CTE (McKee et al., 2015), while entorhinal
and MTL pathology tend not to occur until later stages (Kelley, Perez, and Mufson,
2019). In all, impact-related neuronal injury can cause tau pathology and can some-
times lead to full-blown tauopathy, and the LC is once again highlighted as a region
vulnerable to tauopathy.

There are a few more examples of environmental-related tauopathies. On the
island of Guadalupe, exposure to annonacin – a selective mitochondrial complex I
inhibitor – through frequent consumption of fruit of a specific plant species leads to a
high incidence of a specific tauopathy with symptoms that resemble Parkinsons’s dis-
ease (Lannuzel, Ruberg, and Michel, 2008). A fascinating in vitro study showed that
annonacin leads to ATP depletion and redistribution of tau to the somatodendritic
compartment by retrograde mitochondrial transport. The same study revealed that,
in a survey of other neurotoxins, those that reduced ATP lead to a similar pathological
redistribution of tau (Escobar-Khondiker et al., 2007). Another study found chronic
exposure of mice to the juice of fruit containing annonicin causes not only tauopathy,
but also reduces proteins previously associated with tau (Rottscholl et al., 2016).

Another link to environmental exposure and tau comes from data relating to air
pollution in Mexico city. One group has published studies showing rather advanced
NFT pathology at a very early age in children and adolescents exposed to high levels
of air-pollution (Calderón-Garcidueas et al., 2012; Calderón-Garcidueñas et al., 2018).
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One study found elevated markers relating to oxidative stress in such cases (Calderón-
Garcidueas et al., 2012), though the topic remains understudied and could present
interesting information. In addition, a number of studies have reported exaggerated
tau pathology, but not other neurodegenerative proteins (Aβ,α-synuclein,TDP-43)
in young individuals with ongoing heroin addiction (Ramage et al., 2005; Anthony
et al., 2010; Kovacs et al., 2015). Interestingly, these younger individuals showed
greater age-related increases in PART regions like the LC and entorhinal cortex, but
also showed tau pathology in the frontal lobe that was uncorrelated with age (Kovacs
et al., 2015).

Each of the aforementioned environmental factors represents a different pathway
of tau hyperphosphorylation and aggregation, and each presents with some similari-
ties and some differences to AD NFT pathology. However, with better-elucidated
mechanisms, unifying patterns or pathways may emerge that are common to tau
pathology, and which may shed light on what causes ubiquitous tau pathology in
aging humans. In nearly all cases, the LC seems to be particularly vulnerable to tau
pathology, and further study of this region may provide general insight into regional
vulnerability to tau pathology. Together, the literature suggests there are multiple
avenues that lead to tau pathology, including simply aging, which may speak to
a general human vulnerability to aggregated tau pathology. Further research may
also focus on other age-related processes that could be linked with tau pathology;
an example perhaps being the finding that iron, which increasingly deposits in the
brain with age, also phosphorylates tau and colocalizes with tau-positive neurons
(Rao and Adlard, 2018). Another clue might come from genes involved in protein
aggregation and supersaturation appear to be upregulated in aging, as well as AD
(Ciryam et al., 2016). These threads might prove useful to pursue; even in mice, old
age is associated with more aggressive tau pathology and more extensive tau spread
(Wegmann et al., 2019).

However, in most cases, this age-related vulnerability appears to be relatively non-
threatening until old age, well after human reproductive peak. The threat of PART, an
otherwise relatively innocuous aspect of aging, therefore may rest with it’s potential
to interact with pathological Aβ . This sequence–tau pathology slowly accumulating
throughout lifetime and accelerating if contact occurs with Aβ pathology–represents
one of the leading hypotheses of AD pathogenesis (Braak and Del Tredici, 2014;
Duyckaerts et al., 2015). The next subsection will focus on the interaction between
Aβ and tau, and the highly neurotoxic consequences that follow.
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1.2.4 Tau and beta-amyloid in Alzheimer’s disease

The previous sections went into great detail on what (little) is known about the
pathogenic qualities of tau. However, no description of AD pathology is complete
without a discussion of Aβ and it’s putative interaction(s) with tau. Not only is Aβ

necessary for a definition of AD, a leading hypothesis of AD pathogenesis posits Aβ

as the initial catalyst in the AD pathological cascade (Hardy and Higgins, 1992; Hardy
and Selkoe, 2002; Selkoe and Hardy, 2016; Jack et al., 2010; Jack et al., 2013). This
section will discuss this so called "amyloid cascade hypothesis", and will describe in
detail known and speculative interactions between Aβ and tau.

Like tau, Aβ is a highly abundant protein in the normal human brain, and shows
remarkable conservation across vertebrate species (Tharp and Sarkar, 2013). While
it’s physiological role is not well understood, it appears to be involved in diverse
functions ranging from response to brain injury, to response to microbial pathogens,
to blood-brain barrier maintenance, to regulation of long-term potentiation at the
synapse (reviewed in Brothers, Gosztyla, and Robinson, 2018). Aβ is generated
from the amyloid-β precursor protein (APP), which undergoes a series of cleavage
events by β- and γ-secretase, resulting in fragments of 38-43 amino acids (Masters
and Selkoe, 2012; Selkoe and Hardy, 2016). Alzhiemer’s disease is characteristic of
increased levels of Aβ1-42, and in particular, increased ratio of Aβ1-42 to Aβ1-40
(Andreasen et al., 1999; Lewczuk et al., 2014). Interestingly, Aβ is produced by
neurons and astrocytes (Sato et al., 2018; Hung et al., 2015) and is released at the
synapse upon neuronal stimulation (Cirrito et al., 2005; Sato et al., 2018), after which
it is rapidly cleared from the brain and into the CSF (Abramowski et al., 2008). In
AD, soluble Aβ oligomers are aggregated into large extracellular plaques (Masters
and Selkoe, 2012), which can be imaged in vivo using PET tracers (Klunk et al., 2004;
Rabinovici and Jagust, 2009).

There is some fairly strong evidence to support the notion that Aβ is a causal,
initiating agent in AD pathogenesis, and most of that evidence stems from human
genetics. A number of rare autosomal-dominant missense mutations to the APP gene
cause an early-onset, often aggressive form of AD with full penetrance (Bateman
et al., 2011). Trisomy 21, or Down’s syndrome, involves an extra copy of chromosome
21, which contains the APP gene. Affected individuals that live to middle or old age
almost always get Alzheimer’s disease, and this has been confirmed to be caused
by triplicate expression of the APP gene (Prasher et al., 1998; Rovelet-Lecrux et al.,
2006). The presenilin 1 and 2 (PSEN1,2) genes are part of the γ-secretase enzyme
that cleaves APP into Aβ (De Strooper et al., 1998), and mutations in these genes also
cause increased Aβ42/Aβ40 ratio (Takami et al., 2009; Chávez-Gutiérrez et al., 2012)
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leading to amyloidosis and AD (Lemere et al., 1996; Bateman et al., 2011). Dementia
caused by mutations to these three genes (APP, PSEN1, PSEN2) are collectively
referred to as autosomal dominant AD (ADAD), and together account for less than
1% of all AD cases (Bateman et al., 2011). Importantly, these mutations are sufficient
to cause tauopathy, while as mentioned before, MAPT mutations do not reliably cause
amyloidosis.

Amyloidosis also occurs sporadically and, over time, can lead to extensive cortical
tauopathy and AD. To be clear, as discussed in the previous section, nearly all elderly
individuals eventually develop tau NFT pathology in the medial temporal lobes
(Crary et al., 2014; Braak and Del Tredici, 2014; Braak and Del Tredici, 2015). However,
while amyloidosis is frequently observed with concurrent cortical NFT pathology,
NFT pathology is rarely seen in isocortex, and almost never seen in primary unimodal
cortex, in the absence of amyloidosis (Braak et al., 2011). Notably, amyloid plaques
are the first (measurable) pathology to develop in genetic forms of AD (Bateman
et al., 2012), and precede extra-MTL tau in most cases of sporadic AD (Ossenkoppele
et al., 2018). Further evidence comes from cell and animal models. Exposing human
tau transgenic (but not wild-type) mice to Aβ (Götz et al., 2001), or crossing such
mice with human APP transgenic mice (Lewis et al., 2001), leads to neurofibrillary
tau pathology. Meanwhile, in an in vitro model using human neuron precursor cells
that express mutated APP and PS1, the Aβ 42/40 ratio was tightly correlated with tau
accumulation and aggregation (Kwak et al., 2020). This is interesting given that APP
processing is upstream of Aβ plaques and pathology, and is dysregulated in most all
animal models. Taken together, amyloidosis appears sufficient to cause tauopathy, or
otherwise exacerbate existing tau pathology, or perhaps both.

However, there are number of research findings that are somewhat at odds with
the amyloid cascade hypothesis, and which add a great deal of complexity to the
pathogenesis of AD. A vast number of studies in animal models of AD have reported
that removal of amyloid is sufficient to restore cognitive function and halt AD-
like processing. However, well over 200 clinical trials in humans with AD, MCI
and ADAD have attempted to reduce brain Aβ without achieving clear slowing of
cognitive decline or gray matter atrophy (Schneider et al., 2015). 2 Proponents of the
amyloid-cascade hypothesis have argued that these interventions have come too far
along in the disease progression to be effective, suggesting the Aβ-initiated cascade

2A recent Phase III trial of the drug aducanemab failed to meet its pre-specified endpoints relating
to slowing of cognitive decline. However, a "re-analysis" of the data suggested one of the two arms of
the trial did in fact achieve its endpoint, and that there was a dosage issue in the other arm. At the
time of writing, BioGen (the company sponsoring the trial) has made an appeal to the United States
Food and Drug Administation to approve of the aducanumab based on this "reanalysis"(Schneider,
2020). Another recent trial in non-demented ADAD mutation carriers also failed to meet its endpoint,
but noted a reduction in tau levels (Strobel, 2020)
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had already begun. Additional arguments suggest that the drugs may eliminate
inert Aβ plaques, but fail to reduce the soluble oligomeric species of Aβ that is
thought to be neurotoxic (see below). These and several other counterarguments are
discussed at length in Selkoe and Hardy, 2016. However, such hypotheses can only
be rejected with further research and additional clinical trials, many of which are
currently active or under development (e.g. Sperling et al., 2014), though general
enthusiasm for the amyloid-cascade hypothesis wanes further with each failed trial.
Interestingly, however, an autopsy follow-up study of deceased AD patients who had
participated in Aβ-targeted intervention, found some evidence that regions where
Aβ was successfully removed also showed reduced NFT pathology (Nicoll et al.,
2019).

Another confound to the amyloid-cascade hypothesis is the question of amyloid
toxicity. A voluminous collection of studies in animal models of AD have shown
Aβ to be highly neurotoxic, particularly at the synapse (e.g. Lambert et al., 1998;
Walsh et al., 2002; Shankar et al., 2008). However, roughly 1/3 of cognitively intact
elderly individuals express substantial amyloidosis without obvious signs of cogni-
tive impairment (Jansen et al., 2015). Some studies have suggested such individuals
demonstrate subtle cognitive decline (Hedden et al., 2013; Donohue et al., 2017;
Vogel et al., 2017), or anomalous neuroimaging signatures (Ch??telat et al., 2010;
Sheline et al., 2010; Damoiseaux et al., 2012; Johnson et al., 2014; Mormino et al.,
2012a), but these effects do not always reproduce (e.g. Whitwell et al., 2013), and
may actually be driven by amyloid-associated tau pathology (Bennett et al., 2004;
Fletcher et al., 2018; Gordon et al., 2018). One explanation for this phenomenon
is that, like tau, soluble Aβ oligomers represent the toxic species, and Aβ plaques
may even represent a neuroprotective sequestration of these oligomers into an inert,
insoluble and otherwise innocuous form (Shankar et al., 2008; Esparza et al., 2013;
Hong et al., 2014). While this prospect now seems very likely, it should be noted that
plaques are often reported to be surrounded by a "halo" of toxic oligomers (Koffie
et al., 2009). However, less oligomeric Aβ was visible in human tissue of Aβ-positive
non-demented individuals compared to demented individuals (Esparza et al., 2013).
Another possibility, which will be discussed in more detail below, is that the toxic
effects of Aβ are somehow mediated by tau.

Yet another puzzling aspect of Aβ in AD, which may be related, is described in
the so-called "spatial paradox" (Kant, Goldstein, and Ossenkoppele, 2020) (Fig 1.3B.
Aβ plaques first emerges fairly uniformly (but see Villeneuve et al., 2015a; Palmqvist
et al., 2017; Grothe et al., 2017) and diffusely in the cerebral isocortex, before eventu-
ally spreading to the limbic and allocortex, subcortex, certain brainstem nuclei, and
to the cerebellum and pons only in very late stages (Thal phases,Thal et al., 2002).
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Figure 1.3: Reproduced (with permission from Springer Nature) from (Kant, Goldstein, and Os-
senkoppele, 2020). A) Schematic illustrating Braak Stages I, II, IV and V (top) and the evolution of
Aβ pathology (bottom), the latter of which extends into the entire isocortex early in the progres-
sion of AD. B) These two pathologies start in distinct locations. C) Tau is rarely seen past Braak
stage IV unless accompanied by cortical Aβ. D) Aβ may therefore facilitate the rapid progression
of tau into isocortical regions.

Meanwhile, in AD, tau NFT pathology shows almost an opposite pattern, germinat-
ing in the limbic regions (or possibly the brain stem), before spreading to allocortex
and eventually to isocortex (Braak and Braak, 1991; Braak et al., 2006)(Fig 1.3A). How
then, if the two pathologies start in different parts of the brain, can one cause the
other?

Contemporary hypotheses of AD state that, at least in sporadic AD, Aβ and
tau pathology arise independently from one another, and the AD cascade occurs
only when these separate pathologies interact (Bloom, 2014; Ittner and Götz, 2011;
Braak and Del Tredici, 2014). Notably, extralimbic tau tends not to be observed until
Aβ reaches limbic regions at Thal stage 2 (Lockhart et al., 2017a; Kant, Goldstein,
and Ossenkoppele, 2020), suggesting this synchrony may initiate due to a spatial
interaction. Also of note, neither sporadic amyloidosis absent tau pathology, nor
age-related limbic tau pathology absent Aβ, are frequently associated with cognitive
impairment (Betthauser et al., 2020). This Aβ/tau synergistic hypothesis of AD
suggests either tau somehow mediates the toxic effects of Aβ, or Aβ facilitates tau
neurotoxicity, or perhaps both.

No site has been discovered on the tau protein that allows for direct binding
with Aβ (Arendt, Stieler, and Holzer, 2016). In vitro studies have found Aβ to
associate with synapses, which induces translocation of tau into the somatodendritic
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compartment (Zempel and Mandelkow, 2012), and microtubule degeneration (Jin
et al., 2011). However, while a number of studies have found Aβ to be toxic to
synapses (Lambert et al., 1998; Walsh et al., 2002; Shankar et al., 2008), this toxicity
appears to require tau. For example, Aβ toxicity is not observed in MAPT knockout
mice (Rapoport et al., 2002; Roberson et al., 2007; Ittner et al., 2010; Jin et al., 2011),
and is reduced in tau-deficient mice (Vossel et al., 2010; Roberson et al., 2011).

Administration of Aβ leads to tau phosphorylation via GSK3β, in a process de-
pendent on NMDARs (Tackenberg and Brandt, 2009; Shipton et al., 2011; Tackenberg
et al., 2013). Other studies have also linked Aβ to neuronal hyperexcitability via
NMDARs (Shankar et al., 2008; Roberson et al., 2007). A fair amount of research
has pointed to the Fyn protein, a kinase that forms part of a complex that facilitates
NMDAR activity. Tau transports Fyn to the NMDAR, and tau phosphorylation not
only dissociates Fyn from this complex, but also leads to AMPAR endocytosis . Mice
lacking tau cannot recruit this Fyn-mediated functionality of the NMDAR, and this
has been theorized to halt Aβ-related excitotoxicity. (Ittner et al., 2010; Roberson
et al., 2007; Roberson et al., 2011; Regan et al., 2015). Supporting this idea, a more
recent study found that tau-related neural silencing far overshadowed Aβ-related
hyperexcitability (Busche et al., 2019). Other interesting work has found Aβ induces
neuronal spine loss specifically in regions of the cell where tau had been translocated,
also noting microtubule, mitochondrial and calcium dysregulation in these regions
(Zempel et al., 2010; Zempel et al., 2013).

On the other side of things, there is some evidence that tau itself can stimulate
Aβ production (Leroy et al., 2012; Bright et al., 2015), opening up the possibility that
these two proteins engage in a positive feedback loop. One recent study found that
reducing tau levels in a mixed APP- and tau-transgenic mouse was less effective
at ameliorating AD like pathology, compared to reducing tau in mice that are only
tau-transgenic (DeVos et al., 2018b).

So which is the driving pathological force of AD, Aβ or tau? 3 Given the state
of the field up to this point, evidence points more to tau. A caveat to the above
work is that it is mostly performed in vitro, or using mouse models with non-AD tau
mutations, and almost always focusing on hippocampal slices only. However, while
the mechanisms may still be elusive, the fact that several groups have shown Aβ

neurotoxicity to be muted in the absence of tau is quite compelling. Further evidence
of tau being the driving force comes from human literature. A simple explanation
would be that neurodegeneration closely follows (Ossenkoppele et al., 2015a; Xia
et al., 2017), and may even be preceded by (La Joie et al., 2020), tau pathology.

3It is of course possible that neither pathology is truly the driving force of AD. Alternative hy-
potheses of AD are not discussed in the thesis due to space and relevance, though vascular, glial and
many other hypotheses have been proposed.



CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 23

However, Aβ is usually quite widespread by the time tau exits the limbic regions,
so atrophying regions actually tend to be regions that demonstrate both pathologies.
A stronger argument comes from the fact that tau pathology by itself is sufficient to
cause neurodegeneration and dementia, including scenarios such as R406W MAPT
mutations that present with filamentous, mixed 3R/4R pathology nearly identical
to AD tau (Smith et al., 2016). The same cannot be said for amyloidosis, which does
not appear sufficient to reliably cause cognitive impairment absent of co-pathologies.
4 Even in ADAD, which is clearly initiated through dysfunctional Aβ processing,
measurable neurodegeneration and cognitive impairment occur only in the presence
of tau, despite years of measurable Aβ pathology observable beforehand (Bateman et
al., 2012; Quiroz et al., 2018). However, it cannot be taken for granted that amyloidosis
reliably causes tauopathy in ADAD. Taken together, evidence therefore suggests Aβ

almost certainly drives tau pathology (i.e. hyperphosphorylation, fibrillization), and
may additionally drive tau toxicity (synaptic silencing, nuclear dysregulation, etc).
Tau in turn might promote Aβ toxicity as well. However, the accumulating evidence
suggests AD is an "amyloid-induced tauopathy".

In addition to driving tau pathology and toxicity, there is a third way Aβ may
facilitate tau in AD: by facilitating it’s spread throughout the cortex. This will be one
of the foci of the next major section of this thesis.

1.3 AD tau distribution, patterns of accumulation, and

hypotheses to explain them

The previous section focused mostly on the function and dysfunction of tau at the
molecular and cellular level. In order to appreciate one of the most salient features
of tau accumulation in AD, one must integrate a more macroscopic view. Tau has a
very specific spatial distribution across the brain, along with stereotyped pattern of
progression. In a global sense, the focus of this thesis, and the original work therein,
is tau pathology in the context of AD. However, more specifically, the focus is on
investigating the spatial distribution of tau. This section will describe the spatial
features of tau accumulation, and will discuss theories relating to regional specificity
and mechanisms of pathological spread.

4An exception would be cerebral amyloid angiopathy, an age-related disease where amyloid builds
up around and within the brain’s microvascular system. CAA can lead to cognitive impairment
through cerebral hemorrhage and other neurovascular damage.(Vinters, 1987; Vonsattel et al., 1991;
Knudsen et al., 2001)
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1.3.1 The spatial distribution of tau

Unlike Aβ, which in early stages appears diffusely throughout the cerebral cortex
(Thal et al., 2002), tau NFT pathology in AD first appears quite focally in the transen-
torhinal cortex (Braak and Braak, 1991; Braak et al., 2006). In an unselected autopsy
case series of over 1000 individuals, agnostic to antemortem clinical status, Braak
and Braak described (Braak and Braak, 1991) and eventually formalized (Braak et al.,
2006) a progressive pattern of tau accumulation (Fig 1.4). The appearance of NFT
pathology in the transentorhinal cortex is Braak Stage I. In Stage II, the superficial
pre-α layer (or layer 2) of the entorhinal cortex expresses considerable NFT pathology.
Early pathology is also visible in the deep pri-α layer of the entorhinal cortex during
Stage II, as well as in the anterior portion of the CA1 and (to a lesser extent) CA2
sections of the hippocampus. Stage III involves advancement of pathology in Stage
I and II regions, with encroachment into the parahippocampal, lingual, fusiform
and inferior temporal gyri. In Stage IV, the CA3 and 4 regions of the hippocampus
become involved, along with deeper layers of the middle temporal neocortex, insula,
ventral neocortical regions, and occasionally in peristriate occipital cortex. Stage
V is characterized by pathology extending widely into most regions of association
cortex, sparing primary somatomotor, visual and auditory cortex. Finally, in Stage
VI, extensive pathology is seen throughout the cortex, including primary sensory
regions (Braak et al., 2006).

There are further details that are less well described, yet potentially relevant.
Braak’s 2006 staging formulation (Braak et al., 2006) is conspicuously sparse in
its description of associative neocortical (particularly frontal lobe) or subcortical
structures. This is most likely due to sufficient information for diagnostic staging
present in the temporal lobes. However, Braak’s initial work (Braak and Braak, 1991)
described the amgydala, basal forebrain and, in particular, anterolateral nucleus
of the thalamus, becoming involved early and showing considerable pathology in
late stages. The striatum, nucleus reuniens of the thalamus and tuberomamillary
nucleus of the hypothalamus become involved later, while the claustrum, reticular
thalamic nucleus, lateral tuberal hypothalamic nucleus and substantia nigra are
spared of NFT pathology until late disease stages (Braak and Braak, 1991). The earlier
description also implicated rather early involvement of the medial orbital frontal
lobe, anterior cingulate and retrosplenial cortex, and at later stages, more dorsal
and lateral frontoparietal regions becoming more involved. (Braak and Braak, 1991)
The cerebellum is spared of NFT pathology (Braak and Braak, 1991; Wegiel et al.,
2010). Specific laminar distributions have also been described. The progression of
pathology from superficial to deep layers of the entorhinal cortex, and from CA1/2
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Figure 1.4: The Braak pathological staging scheme using silver-iodide staining of NFT pathology,
reproduced from (Braak et al., 2006).

to CA3/4 to the dentate gyrus in the hippocampus, is described in great detail (Braak
and Braak, 1991; Braak et al., 2006; Hyman et al., 1984). Meanwhile, layers III and V
of the neocortex seem to be preferentially affected early on (Braak and Braak, 1991).

While initial Braak staging was performed with silver staining, addition of AT8
immunolabeling allowed for further labeling of pre-tangle tau pathology, and exten-
sion of the Braak staging. Specifically, AT8 immuno-stained tau precedes NFTs in the
transentorhinal cortex (Braak Stage 1a and 1b), as well as throughout the rest of the
cortex (Braak and Del Tredici, 2015). This technique also allowed a specific staging
of early life subcortical phospho-tau activity described as Braak stages a-c (Braak
and Del Tredici, 2015). However, these earlier stages are not widely considered to
be part of the AD pathologic process and, as described earlier (Section 1.2.3), con-
siderable debate exists as to whether these changes are related in any way to AD or
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PART. Finally, a technique has been introduced more recently to label tau "seeds" or
phosphorylated oligomers, and this seeding activity has been shown to progress in
a Braak-like manner and to precede tangle pathology (Holmes et al., 2014; Furman
et al., 2017; Kaufman et al., 2018; DeVos et al., 2018b).

The specificity of tau accumulation may provide clues aiding the pursuit of under-
standing tau pathology. What is it about that specific sliver of transentorhinal cortex
that makes it singularly vulnerable to NFT pathology? Why does tau pathology sub-
sequently advance in such a specific pattern across subjects, targeting certain regions
very early while sparing others until much later? There are many unanswered ques-
tions pertaining to this topic, but answering them may reveal fundamental insights
not only into the genesis of tau pathology, but perhaps also into neurobiology at
large. The last decade, in particular, has featured ample exciting research investigat-
ing how tau spreads through the brain, what makes certain tissue more vulnerable
to its pathological aggregation, and how consistent tau accumulation is across the
general population. The remainder of this section will review this literature in order
to provide a neurobiological background to the original work in this thesis.

1.3.2 Propagation of tau through the brain

The mechanism by which pathology spreads from one cell or brain region to the next
has not been fully elucidated. Theories abound, and include concepts of prion-like
propagation of pathology from cell to cell, extracellular or glial spread, spontaneous
failure of vulnerable regions, and cascading propagation of pathological states. A
scan of Figure 1.4 might suggest tau diffuses non-specifically along the cortical ribbon,
moving basally from the MTL to the inferior temporal lobe, then laterally and dorsally
along the temporal lobes. Such an observation might suggest tau pathology simply
spreads from one neuron to adjacent neurons. However, early observations of tau
accumulation quickly noted that i) cells showing minimal pathology could be situated
adjacent to those with severe pathology even in late disease stages, and ii) neurons
expressing tau pathology shared anatomical, axonal (i.e. synaptic) connections (Braak
and Del Tredici, 2015).

Early on, studies noted that the affected regions of the entorhinal cortex projected
to the hippocampus, and vulnerable MTL regions themselves projected to cortical
and subcortical sites affected in later disease stages (Hyman et al., 1984; Braak and
Braak, 1991; Pearson, 1996). These observations are supported by seminal human
imaging work showing that sets of vulnerable regions across different dementias
resemble macroscale networks of functional connectivity in healthy individuals (See-
ley et al., 2009; Lehmann et al., 2013b). Indeed, models allowing neurodegenerative
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signal to propagate from a disease epicenter across macroscale human brain connec-
tions can recapitulate patterns of neurodegeneration fairly well (Zhou et al., 2012;
Raj, Kuceyeski, and Weiner, 2012; Zheng et al., 2019). However, there is clearly
some selectivity, as not all regions sharing anatomical connections with tau-positive
tissue show NFT pathology themselves in close proximity. Even within the MTL,
the propagation of pathology does not perfectly mirror the very well-characterized
connectome (Mrdjen et al., 2019). These observations also provide little information
about mechanism of spread, nor do they help to differentiate the different hypothe-
ses enumerated to begin this paragraph. However, these observations formed the
groundwork for hypotheses of cell-to-cell prion-like propagation of tau, leading to a
number of important experiments.

A seminal study showed that taking tau fibrils from a mutated human tau trans-
genic mouse and injecting it into the brain of a wild-type human tau transgenic
mouse induces aggregation and spread of tau pathology (Clavaguera et al., 2009).
The same lab found similar results when injecting tau extracted from the brains of
patients with various tauopathies, which resulted in expression of disease-specific
tau patterns (Clavaguera et al., 2013). These findings have been replicated numer-
ous times by numerous labs, using different types and sources of fibrils (including
synthetic varieties) and various flavors of transgenic mice (De Calignon et al., 2012;
Liu et al., 2012; Iba et al., 2013; Sanders et al., 2014; Dujardin et al., 2014; Ahmed
et al., 2014b; Takeda et al., 2015; Boluda et al., 2015; Guo et al., 2016b; Narasimhan
et al., 2017; Dujardin et al., 2018). In many studies, different strains lead to different
expression of pathology (Clavaguera et al., 2013; Sanders et al., 2014; Guo et al.,
2016a; Dujardin et al., 2018), though one study suggested region of injection (and
its connections) were more important for dictating pattern of spread (Narasimhan
et al., 2017). Certain studies involved expression of tau specifically in the entorhinal
cortex, which lead to an AD-like pattern of regional progression (De Calignon et al.,
2012; Liu et al., 2012). There is also evidence that Aβ faciliates the spreading process
in these in vivo models. Studies have shown the presence of Aβ plaques accelerates
propagation, fibrillarization and seeding of tau, along with amplifying tau-induced
neuronal loss (Pooler et al., 2015; He et al., 2018). A recent study suggested that Aβ

causes neuronal excitability, which in turn facilitates tau production (Rodriguez et al.,
2019; more on this below).

Together, these various studies demonstrate two crucial concepts. The first is that
tau injected into a single site could propagate to additional sites that were both distal
and synaptically connected. Second, many of these studies demonstrate that a patho-
logical tau "seed" can induce a conformational change in native tau species leading to
pathologic behavior and subsequent epidemic-like spread. An important prototype
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of this concept was demonstrate in vitro, showing phosphorylated oligomeric tau was
taken up by neurons leading to intracellular tau phosphorylation and subsequent
intercellular spread (Frost, Jacks, and Diamond, 2009). The aforementioned studies
demonstrated this concept could be applied in vivo. Interestingly, even an infusion of
exogenous tissue containing NFT pathology could induce the spread of pathology
into the native tissue (Ahmed et al., 2014b). These studies lead to the theory that tau
spreads through templated misfolding much like a prion. In other words, rather than
hyperphosphorylated tau inducing a cascade of events that result in downstream
tau phosphorylation, the theory proposes that aberrant tau molecules can directly
induce conformational change in other tau molecules.

While the above studies demonstrate rather convincingly that pathological tau
states can be induced and spread via synaptic connections, it is important to demon-
strate mechanisms of transportation, release and uptake (Fig 1.5). Tau exists in both
pre- and post-synaptic sites (Tai et al., 2012), and both anterograde and retrograde ax-
onal transport of tau have been demonstrated (Wu et al., 2013). One interesting study
suggested a tau trimer was the largest possible molecule that could be transported in
such a manner (Mirbaha et al., 2015). However, the same group showed that even
monomers can achieve and induce aberrant conformational states (Mirbaha et al.,
2018).

As to how pathological tau can be transported to the post-synapse, a number of
studies have shown tau can be released through exosomes, and that exosomal tau
is detectable in human CSF (Saman et al., 2012). However, one study showed a tau
antibody, which should not have been able to affect exosomal tau, was sufficient to
suppress tau spreading (Kfoury et al., 2012). Other studies have shown tau can be
secreted "unconventionally", or directly through the cell membrane (Chai, Dage, and
Citron, 2012; Katsinelos et al., 2018). Several of the aforementioned studies have also
demonstrated the ability of cells to take up exosomal or free tau from media, and at
the soma or axon as well as the synapse (Wu et al., 2013). A very recent and elegant
study showed the low density lipoprotein receptor-related protein 1 (LRP1) receptor
is crucial for the uptake of tau into cells, and that knocking out this receptor blocks
tau uptake in vitro and halts in vivo tau spreading in the rodent brain (Rauch et al.,
2020).

Several in vitro and in vivo studies have now shown that stimulated neurons
will release tau into the synapse, and that activation can accelerate spread (Yamada
et al., 2014; Wu et al., 2016; Wang et al., 2017; Schultz et al., 2017). These studies are
interesting considering findings that Aβ at the synapse leads to neuronal excitability
(Roberson et al., 2007; Shankar et al., 2008; Ittner et al., 2010; Busche et al., 2019). Other
mechanisms of synaptic exchange of tau have been proposed as well. Microglia,
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Figure 1.5: Reproduced (with permission from Springer Nature) from (Peng, Trojanowski, and
Lee, 2020). In a process possibly initiated through neuronal stimulation or glial cell interaction,
pathological seeds (tau molecules or oligomers) from presynaptic NFT pathology are excreted
unconventionally into the synapse. These molecules can enter the postsynaptic site through di-
rect penetration or different forms of endocytosis (a-c). Tau can also cross the synaptic cleft via
exosomal transportation (d) or tunneling nanotubes (e). Once inside the postsynaptic site, the
oligomers can phosphorylate other tau molecules, influencing their conformation and leading to
NFT aggregation. This process can be moderated by other co-pathologies and indiviual genetic
factors.

but not astroctytes, can take up exosomal tau from medium (Wang et al., 2017), and
depleting microglia greatly attenuates tau spreading (Asai et al., 2015). Interestingly,
one recent study showed that glia eventually undergo a natural "cellular senescence"
that exacerbates the phosphorylation and spread of tau, and that clearance of such
cells hinders the spread of tau pathology in MAPT mutant mice (Bussian et al., 2018).
In addition, tau appears to be involved in the structure of tunneling nanotubes, and
exogenous pathological tau may increase the incidence of these structures at the
synapse, providing yet another potential mechanism of synaptic spread (Tardivel
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et al., 2016).
This seed-based templated misfolding theory has a great deal of momentum

due to strong experimental evidence in animals. The above studies provide enough
evidence to prove that tau seeds can be transmitted synaptically. Animal and in vitro
models have shown multiple mechanisms by which tau can be transported down
axons, excreted extracellularly and taken up by other cells. To put all of this together
might suggest the following descriptions of cellular propagation of tau: Hyperphos-
phorylated and aberrantly conformed low molecular weight (e.g. monomeric) tau
undergoes antero- or retrograde transport down an axon, where at arrival to the
synapse, it can phosphorylate presynaptic tau, which can be exosomally or uncon-
ventially released into the synapse through depolarization, where it can be taken up
at the postsynaptic sites, leading to further tau phosphorylation, causing a cascade
within the postsynaptic neuron. This process is further facilitated by Aβ-induced
neuronal excitability and tau seeding, and perhaps by microglial spread. Many things
are still unclear, such as the mechanism by which tau exerts conformational change,
how (or if) phosphorylated tau reaches and interacts with axonal tau, or why it is
then translocated to the somatodendritic compartment.

Whether this process explains the spread of tau in human AD is difficult to prove.
If, as the prion hypothesis states, templated tau seeds were sufficient to cause tauopa-
thy, one would surmise tau could be transmitted from human to human similarly to
what occurs in iatrogenic Creutzfeldt-Jakob disease. Cadaver-derived human growth
hormone has been shown to contain tau, and three of 24 cases of individuals that died
of iatrogenic Creutzfeldt-Jakob disease also showed tau accumulation (Duyckaerts
et al., 2018). However, given the somewhat low occurrence of tau pathology in
this group, and the fact that prion protein itself can interact with tau (Gomes et al.,
2019), it is far from conclusive that the tau observed in these cases was iatrogenic in
nature. Seeding-competent phosphorylated tau has however been observed in axons
of deceased human brains, and appears to precede mature NFT pathology in manner
predicted by Braak staging (Holmes et al., 2014; DeVos et al., 2018a). This suggests
the presence of hyperphosphorylated tau precedes and predicts the presence of NFTs
at later stages. Perhaps the best human evidence of synaptic spread of tau comes
from a single case study, in which an individual had a small part of the frontal lobe
almost completely disconnected from the rest of the brain during surgery, and died of
AD nearly 30 years later. Despite widespread AD pathology in the brain, and consid-
erable Aβ pathology in the disconnected region, the disconnected region nonetheless
lacked tau NFT pathology (Duyckaerts et al., 1997). This study provides evidence
that tau pathology, but not Aβ, spreads through axonal connections in humans.

Together, these studies suggest synaptic connections are likely necessary (but not
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sufficient, see below) for induction of tau into a new region, and that tau itself may
be sufficient as an agent of spread. It is still possible that, in humans, other factors
that can be synaptically transmitted, and can also influence tau phosphorylation,
could be responsible for the spread of tau pathology. For example, tau-related cellular
dysfunction might lead to a cellular response that involves transportation or excretion
of factors upstream of tau phosphorylation or toxicity, which are transmitted to
synaptic partners.

A major unanswered question relating to the prion-like spread hypothesis is why
some regions or cells resist tau pathology till later disease stages, despite sharing
synaptic connections with infected cells. If tau truly started in the LC, which has
afferent connections to nearly the entire isocortex and numerous subcortical locations,
why does the entorhinal cortex selectively demonstrate tau pathology in PART and
AD? If tau itself can induce tau pathology, why doesn’t it do so in all cells? Is it a
matter of resistance to conformational change, resistance to aggregation, successful
cellular response to aberrant tau, or something else entirely? The next subsection
will address cellular and regional resistance and vulnerability to tau pathology.

1.3.3 Regional vulnerability and resistance

Patterns of synaptic connectivity alone cannot perfectly describe the proliferation of
tau pathology throughout the brain, indicating that certain regions or cell types may
be resistant to tau pathology. Meanwhile, other regions and cells experience very
early and rapid tau pathology, indicating a selective vulnerability. Closer inspection
of, and quantitative comparisons between, these contrasting cells and regions may
reveal clues about tau pathogenesis, as well as potential treatments to ameliorate
the spread and toxicity of tau. This subsection will interrogate the regional, cellular
and molecular qualities that are associated with resistance and vulnerability to tau
pathology in AD.

Many aspects of gross regional vulnerability and resistance have been known for
some time based on autopsy studies. The Braak staging framework outlines selective
vulnerability of specific entorhinal cell sub-populations and medial temporal lobe
structures, and the relative resistance of brain sensory macrostructures (Braak and
Braak, 1991). The cerebellum, meanwhile, does not express any tau pathology, though
it does express Aβ deposition and atrophy in later disease stages (Wegiel et al., 1999).
In general, many hindbrain structures such as the medulla and pons also appear to
be mostly resistant to NFTs, and AD pathology does not appear to affect the spine or
depart the central nervous system (Braak and Braak, 1991).

Observing this pattern, some have noted an inverse relationship with phyloge-
netic conservation, where more conserved brain structures are more resistant to AD,
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whereas structures that developed more recently are more vulnerable (Rapoport,
1989; Rapoport, 1990; Rapoport and Nelson, 2011). In particular, it was noted that AD
vulnerable regions feature long axonal connections, a trait that accelerated during
primate and, particularly, hominid evolution (Rapoport, 1990). Along similar lines, it
was proposed that the pattern of cortical myelination during human brain develop-
ment recapitulates the sequence of tau spread, but in reverse order (Braak and Braak,
1996), such that late myelenating structures are vulnerable to early tau pathology.
Braak & Del Tredici also noted that the transentorhinal cortex, the first site of NFT
tau pathology, is unique to primates and is not present in other mammals (Braak and
Del Tredici, 2015). These are all rather compelling points, given that full-on plaque
and tangle AD pathology is not seen in other animals (Youssef et al., 2016). The
impact of delayed myelination on tau pathology may be worth exploring further.

Autopsy reports also have gone into detail about specific cell populations that
appear to be involved early in AD, or which appear to be resistant to tau pathology.
Most well characterized are large pyramidal neurons in the hippocampus (CA1 and
subiculum specifically), layers III and V of the isocortex (Braak and Braak, 1991),
and layer II of the entorhinal cortex (Hyman et al., 1984). Noradrenergic neurons
in the LC have also been implicated (Bondareff, Mountjoy, and Roth, 1982), along
with cholinergic basal forebrain neurons (Whitehouse et al., 1982; Mesulam et al.,
2004), while cerebellar Purkinje cells appear to be immune to NFT pathology (Braak
and Braak, 1991; Wegiel et al., 1999). There is also an interesting trend in AD where
excitatory (particularly glutamatergic, see Mishizen-Eberz et al., 2004; Lee et al., 2004)
neurons tend to be more vulnerable than inhibitory interneurons (Fu et al., 2019).
More specifically, excitatory neurons expressing reelin and neurofilament appear
to be at increased risk of NFT pathology, whereas inhibitory neurons expressing
calcium-binding proteins (e.g. calretinin, somatostatin, parvalbumin) show more
resistance (Morrison, Hof, and Morrison, 1998; Fu et al., 2019; Mrdjen et al., 2019).
This latter feature might explain why the hippocampal CA2 region, which features
a higher densisty of interneurons enriched for calcium binding, is more resistant to
NFT pathology compared to CA1 (Mrdjen et al., 2019). An important distinction
must be made here: both CA2 interneurons (Solodkin, Veldhuizen, and Van Hoesen,
1996; Wegiel et al., 1999) and Purkinje cells are lost in AD, however this cell loss is
likely indirect and almost certainly not due to NFT pathology. Many of these trends
match earlier reviewed pathologic processes of tau. For example, calcium regulation
appears to be a (perhaps upstream) factor in synaptic tau pathology, and particularly
in NDMAR-bearing glutamatergic receptors vulnerable to AD and tau pathology
(discussed in Section 1.2.2).

Several more recent studies have investigated systematic molecular qualities of
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brain regions that are vulnerable or resistant to AD pathology. One study sampled
several brain regions along the AD vulnerability spectrum from healthy rats, and
measured relative levels of tau and tau-related genes. The study replicated the finding
of absent phosphorylated tau in the rat cerebellum, and also found the cerebellum to
feature less tau in general, but increased expression of other microtubule proteins
less common in other brain regions. The study did not find any proteins that were
expressed in a gradient mirroring Braak stages or AD vulnerability patterns, but
did find regions typically resistant to AD had increased 3R/4R tau ratios, and lower
expression of tau-modifying enzymes CamK2, cdk5 and PP1 (Hu et al., 2017). A
different study using human control and AD tissue found a fairly consistent set
of brain changes occurring in a staggered fashion in regions along the Braak stage
spectrum, except for the cerebellum, which expressed a completely different pattern
of molecular changes (Xu et al., 2019). Together, these studies suggest cerebellar
AD resistance might be due to a substantially different molecular environment to
AD-affected cortex, and that its resistance to AD may occur by mechanisms distinct to
resistant cortical regions. Along the same lines, induced pluropotent stem cells from
APP-mutation carrying patients directed to a caudal neuronal fate (as are hindbrain
and spinal neurons) have been found to be more resistant to tau pathology compared
to those directed to a rostral neuronal fate (as are forebrain neurons) (Muratore et al.,
2017).

Similar studies have recently been published examining qualities of AD vulner-
able regions using tissue from humans who did not die from neurological causes.
One study found that tau- and Aβ-related genes, as well as genes promoting their
aggregation, were expressed in higher concentration in early Braak regions compared
to late Braak regions, while genes protecting against aggregation were present in
lower concentrations in early Braak regions (Freer et al., 2016). Similarly, two differ-
ent studies in cognitively normal human tissue found tau-associated proteins more
highly expressed in regions showing tau-deposition or neurodegeneration in AD
(Grothe et al., 2018; Sepulcre et al., 2018).

The advent of single-cell proteomics has resulted in some very interesting studies
investigating differences between cell-types specifically vulnerable or resistant to AD.
One recent study replicated the finding of excitatory neurons being far more vulnera-
ble to inhibitory neurons in mice, and proceeded to use healthy human single-cell
data to compare these two types of neurons. The study found that, compared to
healthy inhibitory neurons, healthy excitatory neurons expressed more proteins that
promote the aggregation and co-aggregation of tau, and less proteins that protect
against tau aggregation. Examining these "protector" proteins, the study isolated
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BAG3 as a hub in the aggregation protector network. BAG3 was found to be upregu-
lated in inhibitory neurons and tau-resistant glia, and knocking out this gene in vitro
lead to tau accumulation in normally resistant cells (Fu et al., 2019).

In another very recent and fascinating study, authors examined various cell
subtypes in regions affected early, later and very late in AD. The authors found
a specific pair of excitatory neuron subtypes expressed in EC layer II that were
especially vulnerable to AD, and which also expressed neuronal differentiation
protein RORB. Perhaps most interestingly, they found that the specific vulnerable
subpopulations of neurons in more advanced Braak regions were more similar to the
vulnerable EC neurons than other neurons, and also expressed RORB (though other
RORB-expressing neurons were less vulnerable) (Leng et al., 2020). This intriguing
finding suggests that AD pathology may be propagating from region to region
primarily in a specific set of regionally homologous neuronal types. Future studies
could isolate these neuronal subtypes, along with resistant subtypes, in order to
further probe qualities relevant to tau accumulation in vitro.

A number of other high-impact, human protemomic studies have recently been
published, detailing molecular networks associated with AD vulnerability, often
within specific cell subtypes (Mostafavi et al., 2018; Mathys et al., 2019; Grubman
et al., 2019; Bai et al., 2020). For example, Mathys et al., 2019 found a number of
cell-type specific molecular changes early in the disease process, associated with
inflammation, neuronal survival and, in particular, myelination.

There are several convergent themes across these and other studies (Mrdjen et al.,
2019; Fu, Hardy, and Duff, 2018), which may themselves be interrelated. For example,
many AD-resistant interneurons, for example, feature heavily myelinated axons
projecting over short distance, and abundantly express calcium-binding proteins.
AD-vulnerable excitatory neurons, on the other hand, often feature long, poorly
myelinated axons, and express more proteins associated with synaptic plasticity
(like neurofilament) and protein aggregation. Some of these latter features may be
better suited to facilitating the specific functions of vulnerable neurons, such as long-
range projection and involvement in learning and memory processes, potentially
at the expense of longevity. This would be an example of antagonistic pleiotropy
(Austad and Hoffman, 2018), and is an interesting complement to the theory that
these vulnerable neurons are also phylogenetically less-conserved across mammals.

It is not yet known whether, for example, inducing altered calcium homeostasis
in AD-vulnerable neurons would stave off tau pathology, nor whether it would
negatively impact wild-type neuronal function. It also remains unclear exactly how
these different features might interrelate, or how they facilitate cell-specific functions.
The existence of aggregation promoters in AD vulnerable neurons (Freer et al., 2016;
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Fu et al., 2019) is a particularly enigmatic observation. These proteins appear to
represent an enormous liability to the brain at large, as they are associated not only
with aging and AD (Ciryam et al., 2016), but with neurodegenerative diseases at
large (Ciryam et al., 2015). Therefore, it is unclear why certain neuronal subtypes
might express both supersaturated proteins and aggregation promoters, though a
recent study proposed amyloids as a possible substrate for memory (Hervas et al.,
2020), perhaps providing a link. However, the last few years have seen enormous
advances in understanding selective regional and cellular vulnerability to AD, and
this line of research represents a promising avenue for development of tau-based
therapies.

Two other more obvious features relating to regional vulnerability to NFT pathol-
ogy, which have already been discussed but should be mentioned again here, are
presence of Aβ and connectivity to tangle-bearing cells. NFT pathology is mostly
restricted to the temporal lobes in PART, but in the presence of Aβ, rapidly spreads
to isocortical regions. Incidentally, these regions that become inundated with tau in
Braak stage V are the very regions that first express Aβ. Therefore, regions prone to
Aβ deposition are at increased secondary risk of expressing NFT pathology (though
this is not categorically true, since the cerebellum expresses Aβ at late stages, but
not tau pathology, Wegiel et al., 1999). A discussion of selective vulnerability to Aβ

is beyond the scope of this review, though different groups have pointed out Aβ-
vulnerable regions tend to be those under heavy metabolic demands (Buckner et al.,
2005; Vlassenko et al., 2010; Arnemann et al., 2018). Further single-cell protemomics
work should help ascertain whether or not neuronal subtypes associated with tau
are also associated with Aβ.

As indicated earlier, tau can be transmitted from cell to cell through synaptic
connections, and so direct connection to NFT-bearing or AD vulnerable cells also puts
a cell at risk for developing pathology. Efforts to consolidate regional vulnerability
to tau pathology would be quite useful, as it is possible that the combination of
synaptic connectivity and regional vulnerability would be sufficient to describe the
spatiotemporal evolution of tau pathology in AD – at least on average. Indeed,
systematic deviations from the traditional Braak staging of tau pathology are not
uncommon. Further investigating such deviations may provide further information
about both drivers of synaptic spreading, as well as drivers of regional vulnerability.
This will be the focus of the next subsection.

1.3.4 Heterogeneity of tau spreading

Throughout this section, the patterned progression of tau accumulation has been
presented as a stereotyped phenomenon that can be described consistently with a



CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 36

single regime (i.e. Braak staging). In reality, violations of the Braak staging sequence
are not uncommon. Some individuals express regional pathology out of sequence, or
in far greater regional severity than the Braak staging would anticipate, and these
variations seem to occur in a systematic way. This subsection will describe these
systematic variations in tau accumulation, and what little is known about them.
However, this subsection will differ from the previous section in two ways. First, the
research characterizing variations in tau pathology comes almost exclusively from
human autopsy and imaging. Second, compared to the other topics covered above,
research into variation in tau pathology is fairly sparse and still in its early stages.

Heterogeneity in AD clinical and neurodegenerative presentation has been noted
for quite some time (Ritchie and Touchon, 1992). The most extreme cases are repre-
sented by the "clinical variants" of AD which, along with non-amnestic cognitive pro-
files, present with atypical neurodegenerative patterns (Warren, Fletcher, and Golden,
2012). Posterior cortical atrophy (PCA), or the "visual variant" of AD, presents with
marked atrophy in occipital, parietal and posterior temporal portions of the cortex,
and perhaps with a right-sided lateralization (Crutch et al., 2012). Meanwhile, the
logopenic variant of primary progressive aphasia (lvPPA), or "language variant" or
AD, features severe lateral temporal atrophy, and a general strong left-sided asym-
metry (Mesulam et al., 2008). The behavioral variant of AD (sometimes called frontal
variant AD or dysexecutive variant), may or may not feature increased frontal at-
rophy (Ossenkoppele et al., 2015b). Finally, corticobasal syndrome, which involves
deficits in motor function, sometimes presents with AD as the primary underlying
pathology and therefore represents yet another atypical clinical variant of AD. In
such cases, degeneration and pathology are more frequent in peri-rolandic regions
than they are in typical AD (Hassan, Whitwell, and Josephs, 2011; Lam et al., 2017;
Sakae et al., 2019).

Recent histological and PET-imaging work has confirmed that, along with distinct
atrophy patterns, these clinical variants exhibit matching atypical patterns of NFT
pathology (Ossenkoppele et al., 2016a; Petersen et al., 2019). Particularly in the case
of PCA and lvPPA, the clinical variants present with marked neurodegeneration in
specific regions that defy the Braak staging sequence. The spatiotemporal progression
of tau accumulation in these subtypes is unclear; it remains unknown whether
pathology begins in AD-typical areas and moves disproportionately to vulnerable
regions, or whether pathology spontaneously generates outside of the MTL in such
cases (Chan et al., 2015; Ossenkoppele et al., 2015b; Day et al., 2017). In addition,
the AD clinical variants all have a much earlier age of onset compared to the more
typical amnestic variant of AD (Mendez, 2019), which will be discussed in greater
detail below.
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Observation of large clinicopathological cohorts has revealed some variation
in tau accumulation in typical AD as well. Based on growing recognition of such
variability, a seminal study used a semi-quantitative algorithm to define two sub-
types of tau accumulation from histological tau staining data. The study defined a
limbic-predominant subtype that featured substantial NFT pathology, but restricted
mostly to the temporal lobes, and particularly to the medial temporal region. The
study also described a hippocampal-sparing subtype (sometimes known has cortical-
predominant subtype), which featured marked cortical NFT burden, but relatively
sparse pathology in the hippocampus in particular. Individuals demonstrating sim-
ilar atrophy in both regions were declared as "typical AD" (Murray et al., 2011b).
These subtypes have been reproduced by a number of other groups, and the Murray
et al. algorithm has been used as the basis of several autopsy and imaging studies
exploring characteristics of these subtypes (reviewed in Ferreira, Nordberg, and
Westman, 2020).

There have also been a number of MRI imaging studies that have used unsu-
pervised algorithms to uncover natural variations of neurodegenerative patterns
among large samples of individuals with MCI or AD (Noh et al., 2014; Dong et al.,
2017; Young et al., 2018; Tam et al., 2019; see Habes et al., 2020 for review). While
tau pathology and neurodegeneration are spatially associated (Xia et al., 2017), they
measure different phenomena and are staggered in time (La Joie et al., 2020). How-
ever, unsupervised MRI-based AD subtyping studies mostly converge in describing
limbic-predominant and cortical-predominant phenotypes that match those in the
pathology literature, and/or posterior or temporal subtypes matching the clinical
variants (Badhwar et al., 2019; Habes et al., 2020) . Occasionally, these studies would
describe "diffuse atrophy" or "low atrophy" subtypes, but these are hard to inter-
pret without pathological validation. In general, limbic-predominant phenotypes
are more likely to present with an amnestic phenotype and a slower disease pro-
gression. In contrast, cortical-predominant phenotpyes are more likely to express
a non-amnestic clinical phenotype and a faster progression (Murray et al., 2011b;
Whitwell et al., 2012; Byun et al., 2015; Risacher et al., 2017; Ferreira, Nordberg, and
Westman, 2020).

Little is known about why systematic variation in tau accumulation occurs. How-
ever, some salient associations have emerged in association with variation in tau
pathology, and perhaps the most well-established is age of symptom onset. Earlier
onset AD (EOAD) is generally (and somewhat arbitrarily) characterized as an onset
of dementia before age 65. EOAD is associated with atypical clinical presentations,
which include the clinical variants described above, but also may involve dysex-
ecutive, non-amnestic or abnormal psychiatric presentation. In addition, EOAD is
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generally associated with a more aggressive AD phenotype with a shorter disease du-
ration, faster clinical decline and more extensive pathology (Mendez, 2019). Several
studies have associated the hippocampal-sparing (or cortical predominant) subtype
of tau pathology with a significantly younger age of onset (Murray et al., 2011b;
Ferreira, Nordberg, and Westman, 2020). The observation of EOAD cases frequently
defying the expected pathological progression, as well as often presenting with an
aggressive and cortical-predominant phenotype, has lead to speculation whether
EOAD may be in some way pathologically distinct from typical AD (Tellechea et al.,
2018). However, there has thus far been little evidence to distinguish the pathology of
EOAD from more late-onset varieties (though see some more recent work discussed
below). On the other end of the spectrum, the limbic-predominant subtype of AD
has been associated with older age of onset and slower disease progression (Murray
et al., 2011b; Ferreira, Nordberg, and Westman, 2020).

In all, age appears to be one of the strongest and most consistent factors in
discriminating the various presentations of AD pathology. Further research is needed
to determine whether age is directly related to expression of the pathology, or simply a
proxy for how aggressive the pathological process is. In other words, are the distinct
presentations of early- and late-onset AD due to the same pathology expressing
at different biological periods (ages), or are they a result of distinct pathological
process producing similar pathology at different ages. For example, it is possible that
younger individuals have a healthier brain that is more efficient at accumulating or
spreading pathology. Another hypothesis is that processes that differ consistently
between middle and old age (for example sex hormone levels) could contribute to the
aggressiveness or spatial deposition of NFT pathology. However, evidence against
these hypotheses comes from rodent studies showing tau pathology spreads faster
in old mice compared to young mice (Wegmann et al., 2019; Ghosh et al., 2019).
More likely hypotheses suggest that, either some intrinsic property of the pathology
dictates its presentation, or individual deficiencies in protection against aggregative
proteins are responsible for an increased vulnerability to pathology. How age relates
to the relative vulnerability of certain regions to tau pathology is still quite unclear.

There is also ample evidence to suggest genetic variation can contribute to spa-
tial variation in the expression of tau pathology. The carriage of the E4 allele of
the APOE gene engenders a two-four fold increased risk of getting AD (Liu 2013),
but it also appears to have some influence on tau patterning. Individuals with a
limbic-predominant tau pattern are more likely to carry an APOE4 allele, whereas
individuals with a cortical predominant pattern are less likely (Tellechea et al., 2018;
Mattsson et al., 2018b; Ferreira, Nordberg, and Westman, 2020). There is there-
fore an interesting collinearity between ApoE and age, where limbic-predominant
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phenotypes are more likely to be older ApoE4 carriers, while cortical-predominant
phenotypes are often younger non-carriers. This may appear at odds with the well
documented observation that APOE4 allele carriage is associated with an earlier age
of AD onset (Blacker et al., 1997; Sando et al., 2008). However, EOAD is relatively
uncommon in the population (Mendez, 2019), and younger onset of E4 non-carriers
in this groups is overwhelmed by APOE causing earlier age of onset in the much
more common late-onset varieties of AD (Flier et al., 2011). With APOE implicated
in the pathogenesis of AD, there may be an important link between APOE and the
expression of limbic pathology, which has not yet been well characterized.

As for other genetic mutations, there is not enough research to make strong con-
clusions. The ADAD genetic mutations also cause an aggressive form of ADAD and
uniquely feature early Aβ deposition in the striatum (Klunk et al., 2007), but it is not
yet known if these individuals feature different patterns of tau accumulation. MAPT
haplotype appears to be related in some form to tau patterns; while results have been
inconsistent across studies, the H1H1 haplotypes tends to be less common in cortical-
predominant phenotypes (Murray et al., 2011a; Janocko et al., 2012; Risacher et al.,
2017). One study performed subtyping based on genetic data and found variation
was mostly due to presence or absence of APOE4, but also involved CD2AP, SPON1,
LOC390956 and PPIAP59. These subtypes exhibited different neurodegenerative
patterns, but, perhaps unsurprisingly, mostly differed in limbic and isocortical areas
(Varol, Sotiras, and Davatzikos, 2017).

Other contributions to variation in tau pathological progression have been pro-
posed. Limbic-predominant AD has been occasionally associated with female sex,
and cortical-predominant AD with male sex (Ferreira, Nordberg, and Westman, 2020).
It is certainly possible that biological sex could influence AD pathology given that,
for example, the risk of AD afforded by APOE4 is considerably higher in women
(Corder, 1995). In addition, a recent study found that cell type-specific transcriptional
response to AD pathology differs systematically by sex (Mathys et al., 2019). An-
other proposed modifier of tau patterning is comorbid pathologies, such as TDP-43,
α-synuclein, and neurovascular pathology. In general, cortical-predominant tau
profiles are less associated with most copathologies (Josephs et al., 2017; Ferreira
et al., 2018; Ferreira, Nordberg, and Westman, 2020), with the possible exceptions
of CAA (Ferreira et al., 2018) and Lewy-body pathology (Murray et al., 2011a), the
latter being inconsistently reported (Whitwell et al., 2012). However, age-related
co-pathology in AD is quite common (e.g. Nelson et al., 2019, and it is unclear if these
co-pathologies actually contribute to tau pattern, or whether they are simply both
independently age-related. A final consideration is whether Aβ might dictate tau
or neurodegenerative patterns, given that tau pathology is exacerbated by Aβ and
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colocalizes with it at later disease stages. Aβ is thought to exhibit a diffuse and largely
unpatterned presentation that does not differ even in atypical variants (Rabinovici
et al., 2010; Lehmann et al., 2013a). Some work has suggested otherwise (Murray
et al., 2011b; Whitwell et al., 2018; Firth et al., 2019), but if Aβ pattern contributes to
variation in tau patterning, its contribution is subtle. However, while Aβ pattern may
not have a strong influence on tau patterning, one study found a distinct structure of
Aβ fibrils in "rapidly-progressing AD", as compared to typical AD and PCA (Qiang
et al., 2017).

The above observations have lead to a series of models presented to summarize
axes of heterogeneity in AD (Fig 1.6). Ritchie & Touchon rejected contemporary
notions that heterogeneity in AD is caused by either measurement of individuals
at different stages of disease, or idiosyncratic compensatory processes, and instead
suggested the existence of AD subtypes (Ritchie and Touchon, 1992). More recent
models have considered AD to vary spectrally along quantifiable dimensions. One
model emerged recently suggesting heterogeneity in AD can be characterized along
three axes: age, APOE4 allele, and comorbitity (Lam et al., 2013)(Fig 1.6A). This
model places each of the AD variants within one of the octants in this parameter
space. For example, typical AD is characterized as late-onset, APOE4-positive with
concurrent vascular pathology, while PCA is characterized as early-onset, APOE4-
negative and with concurrent Lewy-body pathology. This model summarizes well
the major known sources of variation among AD subtypes, but is perhaps too simple
and far from comprehensive. Another model emerged in 2020 based on a compre-
hensive review of AD subtype literature and position AD heterogeneity along only
two orthogonal axes: severity and typicality (Ferreira, Nordberg, and Westman,
2020)(Fig 1.6B). In this model, the typicality axes spanned limbic-predominance on
one extreme and cortical-predominance on the other, with "typical AD" situated at the
origin. The severity axis describes variation in the aggressiveness of the pathological
presentation. This model is better suited at describing the main axes of variation in
AD presentation, and does not concern itself with covariates such as age or APOE.
However, this two-dimensional model appears not to account for more atypical vari-
ants (e.g. PCA, lvPPA), and does not appear to address the fact that the typicality and
severity may be somewhat related (e.g. limbic-predominant may be a less aggressive
phenotype).

Defining models for heterogeneity in AD may be somewhat premature given
what little is known, and this is something acknowledged by Ferreira and colleagues
(Ferreira, Nordberg, and Westman, 2020). The above models suffer from oversim-
plification, though the Ferreira model is perhaps more helpful by attempting to
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Figure 1.6: Reproduced from (Lam et al., 2013) (with permission from Springer Nature) and (Fer-
reira, Nordberg, and Westman, 2020) (without permission from Wolters Kluwer, come get me).
A) A three-dimensional model summarizing variation along the three best-known factors influ-
encing AD heterogeneity: age (x-axis), co-pathology (y-axis) and APOE genotype (z-axis). B) A
two-dimensional model focusing less on factors associated with heterogeneity, and more on char-
acteristics of this heterogeneity. The x-axis represents "typicality", with typical-AD at the origin
and limbic- and cortical-predominant AD at the extremes. The y-axis represents "severity", rang-
ing from minimal atrophy subtypes to severely and widespread pathology.

systematize specific qualities with which to compare and quantify pathological varia-
tion in AD. However, systematic efforts to truly quantify variation in AD are lacking.
The original systematization of limbic-predominant and hippocampal-sparing phe-
notypes were achieved through a semi-quantitative approach based off of a series of
mostly qualitative observations (Murray et al., 2011b). In this case, the quantification
was based on only two regions: hippocampus and cortex. This is not unusual as,
due to the difficulty in obtaining and processing large quantities of deceased human
tissue, few regions are usually sampled, and rarely if ever, from more than one
hemisphere. This means that, while histopathological staining is considered the gold
standard in AD pathology, it is hardly ground truth. Bihemispheric and whole-brain
regional pathological sampling are simply not systematically characterized for AD
pathology.

Many of the studies that followed were based directly on the Murray et al. method
of subtype definition, even in imaging studies that feature whole-cortex sampling.
Those imaging studies that did attempt unbiased and spatially unconstrained char-
acterization of AD neurodegenerative variability have, up to this point, done so
using non-specific markers of macroscale brain atrophy. Interestingly, one recent
histopathology study attempted an unbiased characterization of regional tau vari-
ability, and found that the resulting partition was better at explaining variation in
clinical and demographic variation then the Murray et al. model (Petersen et al.,
2019). The study, however, only sampled seven regions and featured a highly diverse
cohort of different atypical AD variants, very different from the Murray et al. sample.
Furthermore, the final partition featured a cortical predominant phenotype, and two
"phenotypes" with simply less or more pathology. These latter two phenotypes may
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simply be individuals at different stages of tau pathology, as the actual spatial extent
of pathology did not differ (this issue is discussed in greater detail in Chapter 4). At
this point, variability in tau spread is still not well understood, and further study will
be significantly hindered without more extensive efforts to systematically character-
ize this variability. That being said, at least some things are clear: tau pathology does
not always follow the Braak staging schema, and one of the greatest meaningful axes
of variation appears to be whether or not tau pathology is specifically concentrated
inside of, or outside of, the medial temporal lobe.

The impact of heterogeneity in tau spatiotemporal patterning in AD is perhaps
underappreciated. Subtypes might prove meaningful in the clinic as well as clinical
trials, as they may prove to be important in determining prognoses and/or treatment
response. However, due to being poorly understood or characterized, there is a
dearth of studies probing the etiology of AD subtypes, or their biological expression.
One interesting lead is the specific contribution of the basal forebrain to cortical
predominant and/or early-onset AD. One fascinating study noted increased NFT
pathology and neuronal loss in the basal forebrain of deceased patients with a
hippocampal-sparing phenotype, and the opposite pattern in limbic-predominant
patients. The same study found earlier disease onset was associated with more NFT
pathology, but not in limbic-predominant patients (Hanna Al-Shaikh et al., 2020). This
is interesting given that cholinergic treatments for AD are less effective in individuals
with extensive limbic pathology (Connelly, Prentice, and Fowler, 2005). According to
data from Hanna Al Shaikh and colleagues, limbic predominant individuals might
be burdened less by cholinergic issues compared to other individuals, and might
be burdened more by co-pathologies and other age-related issues. Unfortunately,
two other studies using unsupervised imaging-based subtyping approaches found
decreased basal forebrain volume in limbic predominant subtypes instead (i.e. the
opposite pattern to Hanna Al Shaikh et al.) (Dong et al., 2017; Machado et al., 2020).
However, in one of those studies, a targeted basal forebrain treatment appeared more
effective for patients with a hippocampal-sparing phenotype (Machado et al., 2020).

A quite young but promising line of evidence with respect to biological qualities
of AD pathological subtypes comes from the study of different cell-type specific
expression. One study found white matter thorn-shaped astroctyes (argyrophylic
thorny astrocytes) clusters, a subtype of aging-related astrogliopathy, was specifically
assiciated with lvPPA (Munoz, Woulfe, and Kertesz, 2007). A follow up study in a
larger sample did not find this pathology to be specific to atypical AD presentations.
However, it did find especially high burden to be associated with language deficits,
and that pathology in visual and language regions was associated with visual and
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language deficits, respectively. Interestingly, correlation between this astrogliopa-
thy and NFT burden was weak (Resende et al., 2020). Another study investigated
the proteomic content of amyloid plaques in late-onset AD (perhaps akin to limbic-
predominant) and "rapidly-progressive" AD (perhaps akin to cortical-predominant).
The study found plaques from the rapidly-progressive variant to contain more neu-
ron associated proteins, particularly those related to synapse and synaptic vesicles,
whereas late-onset AD had more astrocyte-related protein. Importantly, all plaques
were taken from the hippocampus. In general, the proteomic content of the plaques
was highly distinct, promting the authors to suggest these AD variants represent
distinct entities rather than simply differentiated by disease progression (Drummond
et al., 2017). None of these studies have strong implications for variation in tau
spreading, but larger samples featuring transcriptomic and single-cell data will likely
further elucidate biological differences between tau subtypes.

A number of other avenues have been proposed to potentially impact heteroge-
nous tau spread. Particularly suggestive are the rodent studies finding that injecting
different strains of tau, and/or injecting tau into different regions, lead to distinct
regional patterns of tau accumulation (Clavaguera et al., 2013; Sanders et al., 2014;
Iba et al., 2015; Guo et al., 2016a; Dujardin et al., 2018). While different tauopathies
feature quite different pathological progressions (Young et al., 2018), a recent study
found that tau conformation, rather than tau species, dictated differential regional de-
position patterns (He et al., 2020). It is therefore possible that subtypes of tau spread
may simply be dictated by distinct tau conformations, perhaps in turn generated
by differential kinase or phosphotase expression. This hypothesis can be tested by
repeating the Sanders et al. experiment but extracting tau fibrils from the brains
of different AD subtypes. However, Sanders et al. found that tau extracted from
AD brains results in fairly consistent pathological expression, compared to other
tauopathies (Sanders et al., 2014).

Meanwhile, a different study suggested the region of injection dictated the pattern
of spread more than the conformational strain of tau injected (Narasimhan et al., 2017).
It is therefore possible that different AD subtypes could be due to systematic variation
in the human connectome, or perhaps at key synaptic junctures. Perhaps related,
some have hypothesized that AD subtypes might stem from premorbid conditions.
Perhaps the most well described example comes from the observation of a greater
incidence of developmental learning disability in patients with primary progressive
aphasia, particularly lvPPA (Rogalski et al., 2008; Miller et al., 2013). Similarly,
another study found PCA patients were more likely to have developmental disability
in mathematical or visuospatial learning (Miller et al., 2018). The same group recently
described developmental abnormalities in three case studies of individuals with
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both lvPPA and dyslexia (Miller et al., 2019). These fascinating results suggest
developmental factors might predispose individuals to patterns of tau accumulation
later in life. Similar developmental factors might contribute to the distribution of tau
inside or outside of the medial temporal lobe.

In all, evidence suggests individual deviation from traditional Braak staging is not
uncommon, and may be systematically related to factors such as age and genotype.
This data presents an interesting compliment to work highlighted earlier in this
thesis relating to regional vulnerability and synaptic spreading. Altogether, the work
reviewed in this subsection suggests a complete model of tau spatiotemporal accu-
mulation must incorporate additional individual-level information. The mechanisms
leading to this variation are still very poorly understood. Therefore we do not yet
know whether subtypes of tau spread involve modified regional or cellular vulnera-
bility, modifications in tau spreading dynamics, or as yet characterized factors such
as distinct pathological species, genetic variation or developmental differences. How-
ever, study of variability in tau spread may lead to important conclusions about AD
in general. For example, while AD is so often associated with hippocampal atrophy, it
is completely unclear why earlier-onset variants of AD involve relative hippocampal
sparing. Further study could lead to advances in personalized treatment, such as
the position that cholinergic drugs might be more effective in cortical-predominant
phenotypes.

1.4 In vivo tau biomarkers as research and clinical

tools

Nearly all of the research reviewed up to this point has taken place using either
experimental animal models of AD, in vitro cell cultures, or ex vivo tissue samples.
While such approaches have been bountiful in elucidating the functional roles of tau
and how they are altered in AD, they come with many caveats. Animal models are
mostly performed in animals that do not naturally get AD. While it is possible to
recreate AD pathology in these models using genetic mutations, we do not know the
degree to which this recapitulates the process that occur in human AD. Differences
in the mouse and human transcriptome are enriched for AD-related genes (Miller,
Horvath, and Geschwind, 2010), and recent work suggests the transcriptional changes
occurring in response to AD pathology differs substantially between humans and
mice (Bai et al., 2020). In vitro work contains similar caveats related to the fact that
an isolated cell culture cannot recreate the complex biological environment of a
living human brain. Finally, ex vivo work allows only a snapshot of pathological
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processes, and one that may be greatly impacted by process related to death. By
stitching together results from many sources, it is possible to form conclusions that
are relevant to human AD. However, the degree to which our knowledge of AD stems
from sources other than human AD is grossly underappreciated. The most obvious
indication of this dissonance can be seen by the fact that AD has been multiply cured
in animal models, but none of these therapeutics have successfully translated to
humans.

There is therefore an imminent need to not only validate previous research in hu-
mans, but also to continue to expand the possibilities of directly investigating human
AD. Obviously, in vivo human work comes with many caveats of its own, the most
salient being the relative inaccessibility of cellular and molecular information, and sa-
cred ethical constraints on causal experimentation. However, human tau biomarkers
have evolved substantially over the last two decades, and have substantially widened
the lens of human AD research. As the original research contained in this thesis is
conducted exclusively on human participants, the focus of this section will be to
review current tau biomarkers, with a specific focus on tau-PET. PET biomarkers
will be discussed with regard to their utility in both clinical and research settings.
Tau-PET methods will be critically reviewed and compared to other tau biomarkers.

1.4.1 Tau as a clinical or research biomarker for AD

The original (and for many years, only) method of measuring tau pathology in vivo
was by detecting it in CSF. This can be achieved by extracting CSF through the spine
in a relatively inexpensive procedure known as a lumbar puncture. Total tau (t-tau)
can be measured, as well as tau phosphorylated at specific sites (p-tau). Total tau
is thought to be a measure of general neuronal or axonal damage, while p-tau is
thought to measure tau specifically hyperphosphorylated during the AD process
(Blennow et al., 2010). Traditionally, tau phosphorylated at threonine sites 181 and 231
have been associated with AD-specific NFT pathology (Buerger et al., 2006; Blennow
et al., 2010). A recent study, however, has described tau phosphorylated at threonine
205 and 217 to be detectable in the CSF and highly related to the progression of
AD pathology (Barthélemy et al., 2020a). In addition, a new study finds that tau
fragments are present in the CSF, and certain fragments may be more specifically
linked to tangle pathology in AD (Blennow et al., 2020).

CSF tau measures have consistently been shown to be elevated in AD (Olsson
et al., 2016). In addition, elevated CSF t-tau and p-tau (along with decreased CSF Aβ)
can discriminate individuals with MCI that will go on to develop AD (Hansson et al.,
2006; Visser et al., 2009; Shaw et al., 2009). Studies in ADAD mutation carriers also
indicate elevated CSF tau measures to precede measurable neurodegeneration and
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cognitive decline (Bateman et al., 2012; Barthélemy et al., 2020a), and this is generally
assumed to be the case in sporadic AD as well (Jack and Holtzman, 2013). There is
some work to suggest elevation of CSF p-tau in particular can be used to discriminate
AD from other neurodegenerative disorders (Hampel et al., 2004; Koopman et al.,
2009; Barthélemy et al., 2020b), but the discrimination is imperfect.

CSF markers of tau have proved to be useful tools to aid clinical and differential
diagnosis of AD, and have also been helpful in quantifying the temporal sequencing
of different pathological processes. However, there are a number of issues with CSF
tau measures that limit their utility in studying tau biology. First, CSF measures can
vary by up to an order of magnitude from batch to batch, and from center to center,
making standardization tricky and comparison challenging (Mattsson et al., 2011). In
addition, tau in the CSF appears to degrade over time, which may contribute to the
observation that CSF tau exhibits unusual dynamics when measured longitudinally
(Fagan et al., 2014; McDade et al., 2018; Schindler et al., 2019; Lleó et al., 2019). Some
studies have concluded that CSF tau levels off around the time of symptom onset,
though one recent large study saw no change in CSF p-tau over time, and a decrease
in total tau (Lleó et al., 2019). However, another recent study in ADAD mutation
carriers found rate of change in various CSF tau measures to correlate quite strongly
with change in cognition over time (Barthélemy et al., 2020a).

While nearly every biomarker comes with measurement error, CSF tau exhibits
two major limitations that are not measurement related. First, it is still unknown
exactly how CSF tau relates to tau-related processes in the brain. For example, it is not
known at what stage of pathology (e.g. initial phosphorylation, pretangle stage, cell
death) tau is concentrated into the CSF, nor whether this occurs uniformly throughout
the brain. The lack of substantially elevated t-tau in other neurodegenerative disease
calls to question whether it is actually measuring axonal damage. These issues make
interpretation rather challenging outside of the general context of clinical use. The
other obvious caveat to CSF measures is that they provide absolutely no spatial
information. The spatial presentation of tau appears to be incredibly relevant to its
pathophysiology, as well the differentiation and progression of different diseases.
From a clinical standpoint, one cannot perform Braak staging with CSF measures,
and while they appear to be helpful in predicting conversion to dementia, they do
not allow for very high resolution tracking along the full disease spectrum. However,
the lack of spatial information additionally precludes CSF measures from being used
to study the in vivo interplay of various neurobiological properties and pathological
factors in the pathophysiology of AD.

Given that PET tracers measuring Aβ had been around since 2004 (Klunk et al.,
2004), the expectation was that a tau-PET ligand would eventually emerge and
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revolutionize the field in a similar fashion. Flortaucipir, the most frequently used
and well-characterized tau-PET tracer, was first described in 2013 (Xia et al., 2013),
and the first human studies using it emerged in 2016 (Johnson et al., 2016; Schöll
et al., 2016b; Ossenkoppele et al., 2016a). 5 The emergence of a viable tau-PET tracer
immediately surmounted the spatial limitations that had plagued tau biomarkers up
to that point. Early on, tau-PET uptake was seen in patterns highly similar to those
described at autopsy, and the pattern varied systematically with advancing disease
progression (Johnson et al., 2016; Schöll et al., 2016b; Chiotis et al., 2016; Schwarz
et al., 2016; Brier et al., 2016). Furthermore, atypical AD variants exhibited tau-PET
patterns that were distinct from one another, and from typical AD (Ossenkoppele
et al., 2015b; Ossenkoppele et al., 2016a). Importantly, and unlike Aβ, tau-PET signal
co-localized with brain atrophy (Ossenkoppele et al., 2016a; Xia et al., 2017; Iaccarino
et al., 2018), advanced with advancing disease stage (Schwarz et al., 2016; Schöll
et al., 2016b), correlated well with global cognition (Cho et al., 2016b; Schöll et al.,
2016b), and exhibited region-specific effects on various cognitive domains (Bejanin
et al., 2017a). Finally, increase in tau-PET signal in the temporal lobes were observed
with increasing age, suggesting the possibility that tau-PET could be used to quantify
PART (Schöll et al., 2016b; Maass et al., 2018a).

Within two years, tau-PET had proved to be a massive upgrade over CSF. While
it has many of its own limitations (outlined below), these limitations do not overlap
much with those presented by CSF. Tau-PET, for example, exhibits fairly consistent
longitudinal accumulation (Harrison et al., 2018; Pontecorvo et al., 2019; Jack et al.,
2018a). This relative longitudinal stability has allowed for more reliable testing of the
progression of biomarker sequences in AD (Hanseeuw et al., 2019; La Joie et al., 2020).
In addition, partially due to the unintended feature of binding only to mixed 3R/4R
(AD-like) tau pathology, tau-PET has proven to be an excellent tool for discriminating
AD not only from other dementias, but also from other tauopathies (Ossenkoppele
et al., 2018). The most important advantage comes of course from its ability to impart
information about spatial location and evolution of tau pathology. This has allowed
for a multitude of interesting studies examining spatial interactions between tau
and Aβ (Lockhart et al., 2017a; Sepulcre et al., 2017a), glucose metablism (Hanseeuw
et al., 2017), functional MRI indices (Sepulcre et al., 2017b; Hansson et al., 2017; Cope
et al., 2018) and spatial transcriptomic information (Grothe et al., 2018; Sepulcre et al.,
2018).

Perhaps some of the most interesting studies have involved examinations of
tau and brain functional changes. For example, a number of studies have shown

5The following subsection will describe tau-PET tracers in detail, but they will be discussed here in
relation to other in vivo tau measures.
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dynamic changes in functional networks in response to tau accumulation, perhaps
reflecting excitotoxic response (Huijbers et al., 2017; Marks et al., 2017; Harrison
et al., 2019) or compensatory reorganization (Schultz et al., 2017; Neitzel et al., 2019).
Additional studies have examined fine-grained analyses of medial temporal tau and
its association with specific memory and cognitive processes (Marks et al., 2017;
Maass et al., 2019). Studies like these can support and extend rodent and in vitro
findings in ways that were not possible with CSF measures of tau.

Several studies investigated relationships between CSF tau measures and tau-PET
measures (Gordon et al., 2016; Chhatwal et al., 2016; Mattsson et al., 2017; La Joie
et al., 2018; Meyer et al., 2019; Blennow et al., 2020; Wolters et al., 2020b). Most of
these studies found correlations to be rather modest (Gordon et al., 2016; Chhatwal
et al., 2016; Mattsson et al., 2017; Meyer et al., 2019; Wolters et al., 2020b), and found
correlations between PET and t-tau to be highly similar, or even stronger (Mattsson
et al., 2017), than correlations with p-tau. An outlier study, however, found strong
correlations between PET and both p-tau and t-tau, found the correlation with p-tau
to be stronger, and found the two CSF measures to associate with PET signal in
different regions (La Joie et al., 2018). The strenth of the correlation may depend on
the sample, as the La Joie et al., sample was composed of many EOAD and atypical
AD variants. Another study found a fairly strong correlation between CSF and
PET tau measures, but did so using different CSF and PET measures from the other
studies mentioned (Blennow et al., 2020). In general, the modest correlation between
PET and CSF measures of tau pathology calls to question exactly what processes
these tools are measuring.

While tau-PET holds a number of obvious advantages over CSF, there are some
alternative perspectives worth considering. While CSF measures may not be as
effective as tau-PET in tracking the evolution of AD symptomology, there is some
evidence to suggest they may be more sensitive to early changes. Mattsson et al.
found that a single tau-PET measure could differentiate AD patients from controls
with near perfect accuracy, but that CSF p-tau was slightly better at distinguishing
Aβ-positive MCI from controls (Mattsson et al., 2018a). Two recent studies in ADAD
participants found several CSF tau measures to become abnormal before tau-PET
measures (Barthélemy et al., 2020a; Mattsson-Carlgren et al., 2020). In addition, both
CSF and PET measurement are rather invasive. CSF requires lumbar punctures
that can cause discomfort and often lead to headaches. PET meanwhile involves
intravenous injection of a radioactive tracer, and lying stationary for a period of
time. However, lumbar punctures are relatively inexpensive procedures, while a
single PET scan can cost a few thousand dollars, making serial PET scanning often
prohibitively expensive. In addition, while PET scans provide invaluable spatial



CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 49

information, this has resulted somewhat in an embarrassment of riches. Tau-PET
studies often require the distillation of an image into one or a few measurements,
which involves arbitrary decisions that may result in loss of information (reviewed
below in section 1.5.1). Finally, tau tracers unfortunately bind to sources other than
tangle pathology, making interpretation challenging (review below in section 1.4.2).

One more tau biomarker has recently emerged and represents a major advance.
Two independent groups published impressive results showing tau phosphorylated
at threonine site 181 is detectable in plasma (Janelidze et al., 2020; Thijssen et al., 2020).
The studies together showed plasma p-tau181 could discriminate AD from other neu-
rodegenerative diseases, correlated strongly with tau-PET, advanced with advancing
disease stages and with advancing pathology, and distinguished individuals with
and without Aβ pathology, using in vivo and pathology-confirmed data. Another
group also published results showing plasma measures of Aβ and tau could together
discriminate AD from controls with high accuracy (Kim et al., 2020). Altogether,
plasma tau equals CSF and PET tau in its diagnostic performance, and may exceed
CSF in its ability to track disease progression, all while being far less expensive and
less invasive than either of the other measures. While further work must be done
to characterize this measure, its inexpensive nature should allow fast and easy data
collection. If other groups can replicate and extend these results, plasma tau may
very well revolutionize clinical AD diagnosis.

Altogether, there is no perfect tool to measure tau in vivo. Plasma p-tau may be
sufficient in a clinical context, although this may depend on the reliability of plasma
Aβ. Longitudinal studies will be necessary to characterize the stability of plasma
tau measurements and whether they reliably increase over time. Of course, like
CSF, plasma tau does not provide any information pertaining to spatial extent of tau
pathology, and so is very limited in a research context. For example, plasma and CSF
tau could not identify distinct AD pathological subtypes, nor could they indicate
whether tau is spatially advancing. Plasma and CSF tau may still prove useful as
complementary research tools to describe the phosphorylation state of brain tau or
very early abnormal tau activity, but the ability of PET to localize regional pathology
greatly enhances the field of scientific inquiry into tau biology. For example, all of the
original research contained in this thesis relies on the spatial properties of tau-PET,
and none of it would be possible using fluid markers. The next subsection will go
into greater detail regarding the possibilities and limitations of tau-PET.

1.4.2 Tau-PET radiotracers

As with all radiotracers, tau-PET tracers are injected into the bloodstream, where
they are transported to the brain, cross the blood-brain barrier, and bind selectively
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to a target. The ligand carries elemental isotopes that degrade and emit positrons,
which produce gamma rays that are detected and used to approximately localize
the source (i.e. the ligand). After an initial wash-in period, the ratio between bound
and free tracer increases and concentrates in regions of interest. In order to account
for non-specific binding, tracer uptake can be normalized to a reference tissue that
should be similar to target tissue, but which is not expected to itself contain the target.
In the case of tau and AD, the cerebellum is typically used as a reference region due
to the fact that it is neural tissue that does not express tau NFT pathology (Baker,
Maass, and Jagust, 2017). All PET tracers suffer from certain measurement limitations,
probably the most relevant of which are partial volume effects and off-target binding.
Partial volume effects refer to the poor spatial resolution of PET resulting in signal
bleeding across regions that are spatially adjacent but functionally distinct. Off-target
binding refers to ligand binding to sites other than the target.

Tau-PET tracers have technically been around for decades. [18F]FDDNP was
developed to image AD pathology in vivo, but demonstrated poor selectivity, speci-
ficity and research utility (Thompson et al., 2008; Ossenkoppele et al., 2012). The
first set of ostensibly viable tau-PET tracers emerged less than a decade ago, with
[11C]PBB3 (Maruyama et al., 2013), [18F]flortaucipir (also known as [18F]T-807 and
[18F]AV1451, Chien et al., 2013; Xia et al., 2013), and the [18F]THK tracers (Harada
et al., 2015; Harada et al., 2016). Each tracer was shown to bind to PHF tau in NFT
inlcusions, ghost tangles and neuritic plaques through post-mortem analysis and
autoradiography studies, and have reproduced expected temporo-parietal binding
patterns in human AD studies (Leuzy et al., 2019) (Fig 1.7). However, while all of
these tracers are still in use today, the vast majority of in-vivo human studies to date
have been conducted using flortaucipir.

The prominence of flortaucipir is not necessarily because it was initially deter-
mined a better tracer. For example, PBB3 (Ono et al., 2017) and the THK tracers
(Kikuchi et al., 2016; Ishiki et al., 2018; Jang et al., 2018) bind to 4R tauopathies
better than flortaucipir. In addition, flortaucipir shows poor binding kinetics in vivo,
never quite reaching a steady state in AD patients (Baker et al., 2017). There are four
likely reasons that flortaucipir rose to prominence. First, synthesis of PBB3 must be
conducted in near total darkness, making it rather inconvenient (Maruyama et al.,
2013). Adding to the inconvenience is that the carbon-11 isotope has a short half-life,
requiring a cyclotron on-site for synthesis and rapid administration. Second, the
first large in vivo tau-PET cohort studies, published by some of the most influential
laboratories in AD neuroimaging, quantified tau with flortaucipir (Johnson et al.,
2016; Schöll et al., 2016b; Ossenkoppele et al., 2016a; Brier et al., 2016), which is likely
attributable to successful marketing on the part of AVID Radiopharmaceuticals. In
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Figure 1.7: Reproduced from (Leuzy et al., 2019). The molecular composition of each tracer is
shown, along with the in vivo binding pattern in an exemplar subject (different for each tracer).
(Top) The first generation tracers, including flortaucipir on the far right. (Bottom) Three "second
generation" tracers, which appear to have improved signal-to-noise ratio.

contrast, no large cohort studies using PBB3 exist, whereas studies using THK trailed
slightly behind (Chiotis et al., 2016) and were initially less numerous. Third, a highly
influential study showed that 60-85% of THK-5351 binding in the human brain was
to MAO-B, rather than to tau (Ng et al., 2017). This study was effectively a death
sentence for the THK tracers in AD imaging; meanwhile flortaucipir appears not
to suffer from the same issue (Hansen, Brooks, and Borghammer, 2018; Baker et al.,
2019; Aguero et al., 2019) (though some unpublished studies suggest it may be non-
selective MAO inhibitor: Drake et al., 2018; Drake et al., 2019). Finally, a few years
separated the first flortaucipir studies from the emergence of the "second-generation"
tracers, and during this time, flortaucipir became by far the most well characterized
tau-PET radiotracer.

For better or worse, flortaucipir has become the de facto tau-PET tracer, at least
during the early years of tau-PET. For this reason, and given that it is the tracer used
in the original work of this thesis, some of its features will be reviewed. Autora-
diography studies show flortaucipir binds with strong affinity to AD-like PHF tau
pathology (Marquié et al., 2015; Lowe et al., 2016). This has been confirmed by strong
in vivo binding not only in AD, but also in patients with other disorders exhibiting
AD-like tau pathology, such as R406W MAPT mutation carriers (Smith et al., 2016;
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Jones et al., 2018; Tsai et al., 2019) and CTE (Stern et al., 2019; Lesman-Segev et al.,
2019). 6

However, the same autoradiography studies have confirmed flortaucipir does
not bind to straight or twist filament 4R tau associated with primary tauopathies
(Marquié et al., 2015; Lowe et al., 2016; Marquié et al., 2017). These findings were
somewhat distressing, given that weak but significantly elevated in vivo binding
has been seen in multiple 4R tauopathies, including progressive supranuclear palsy
(Smith et al., 2017; Schonhaut et al., 2017), corticobasal degeneration (McMillan et al.,
2016; Cho et al., 2017; Niccolini et al., 2018) and frontotemporal dementia (Bevan-
Jones et al., 2017; Josephs et al., 2018; Tsai et al., 2019; Smith et al., 2019a). While
this may indicate binding to incidental AD-like tau pathology in certain cases (e.g.
Tsai et al., 2019), or low-affinity binding to non-AD-like tau pathology, this cannot
explain all associations. For example, multiple groups showed semantic variant
of primary progressive aphasia, a variant of frontotemporal dementia driven by
TDP-43 pathology, expresses elevated flortaucipir-PET binding specifically in regions
affected by TDP-43 pathology (Bevan-Jones et al., 2017; Makaretz et al., 2018; Smith
et al., 2019a). It is still quite unclear what flortaucipir is binding to in such cases.
Autoradiography studies suggest flortaucipir does not bind to TDP-43 pathology
(Marquié et al., 2015; Lowe et al., 2016), and this has been confirmed using tissue from
cases showing elevated flortaucipir binding (Smith et al., 2019a). The same studies
showed flortaucipir also does not bind to Aβ or α-synuclein, though it is possible
that binding to these pathologies may occur in vivo. A recent study in frontotemporal
dementia patients showed strong regional binding correlations between flortaucipir
and a PET tracer imaging inflammation, and proceeded to show co-localization
between microglia and both TDP-43 and tau pathology at autopsy (Bevan-Jones et al.,
2020).

Flortaucipir has also been shown to potentially bind to neuromelanin and iron
deposits (particularly in substantia nigra), reactive astrocytes, choroid plexus calcifi-
cation, and hemorrhagic lesions. Many of these, as well as other binding sites, have
been validated in vivo. Lockhart et al. described flortaucipir binding to a number
of incidental neural insults such as infarctions and meningiomas (Lockhart et al.,
2017b). Baker and colleagues performed data-driven analysis of off-target flortaucipir
binding using Aβ-negative cognitively normal individuals spanning young to old
adulthood. Strong flortaucipir binding was seen in the substantia nigra, striatum, and
choroid plexus, even in these healthy, cognitively normal individuals. Furthermore,
three separate and orthogonal binding components emerged characterized by striatal

6It should be noted that binding to CTE appears quite weak (Lesman-Segev et al., 2019). In addition,
a case study with pathologically confirmed CTE and antemortem PET showed that the correlation
between regional tau pathology and regional flortaucipir was not significant. (Mantyh et al., 2019)
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signal, white matter and thalamic signal, and choroid plexus signal, indicating these
off-target binding sites to be independent from one another (Baker et al., 2019). The
striatal signal is age-related and correlated with striatal iron accumulation, which
is also age-related (Choi et al., 2018; Baker et al., 2019). This may also partially
explain elevated binding in tauopathies with striatal pathology, such as progressive
supranuclear palsy and corticobasal degeneration. Not much is known about the
white matter signal, though using white-matter in a reference region appears to
stabilize longitudinal flortaucipir measurement (Southekal et al., 2018; Harrison
et al., 2018), inidicating it may be non-specific binding and/or related to poor tracer
kinetics (Baker et al., 2017).

The choroid plexus signal is highly problematic, as it may interfere with flor-
taucipir binding in the adjacent hippocampus (Schöll et al., 2016b; Lee et al., 2018;
Wolters et al., 2020a), one of the earliest regions to show tau pathology (Braak and
Braak, 1991). Some results suggest regression of choroid plexus signal from the image
may at least partially remedy this issue (Lee et al., 2018). However, this ties generally
into one of the most enigmatic features of flortaucipir, which is that binding in the
hippocampus is much lower that expected. Many studies have abated this issue by
combining the hippocampus with other MTL structures (e.g. Schöll et al., 2016b), or
removing it from analyses altogether (e.g. Cho et al., 2016a). This is curious given
the importance of the hippocampus to the pathogenesis of AD. The unexpected
hippocampus signal may actually provide novel insight leading to the nature or
specific location of hippocampal pathology, or may simply reflect as yet unknown
properties of flortaucipir binding. Finally, isolated age-related flortaucipir binding
has been described throughout the cortex even in cognitively normal and unimpaired
individuals. While this has been interpreted by some as true signal (Lowe et al., 2018),
this must be confirmed by autopsy studies, and more likely reflects some unknown
off-target binding source.

The numerous off-target binding sources, sub-optimal properties and false-positives
described above combine for a fairly damning report of flortaucipir. Arguments have
been made that tau-PET ligands were rushed to research studies without sufficient
validation (Klunk, 2018). However, it should not be understated how transformative
the first generation of tau-PET tracers have been to the AD field. While interpretation
can be challenging at times due to off-target binding, there is no doubt that flortau-
cipir is binding to tau NFT pathology in vivo, which makes it enormously useful to
the AD research community.

Nonetheless, the imperfections of the first generation of tau tracers motivated the
discovery of "second-generation" tau-tracers (Fig 1.7). These include [18F]MK-6240
(Walji et al., 2016), [18F]RO-948 (Gobbi et al., 2017), [18F]JNJ311 (Declercq et al., 2017),
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[18F]PI-2620 (Kroth et al., 2019) and [18F]GTP-1 (Sanabria Bohórquez et al., 2019). At
present, very few studies have been published characterizing these tracers in vivo,
and no studies with large samples have been published. However, early in vivo
works suggests common features across many of these tracers include ostensibly
diminished off-target binding in the striatum and choroid plexus, higher affinity to
tau pathology, and improved tracer kinetics (Betthauser et al., 2019; Pascoal et al.,
2018; Mueller et al., 2019; Teng et al., 2019; Leuzy et al., 2019). Unfortunately, several
of the second-generation tracers feature strong meningeal binding in a large subset
of individuals. This has been characterized best in RO948, where the meningeal
signal was consistent across time and did not interfere with diagnostic distinction
between AD and controls (Smith et al., 2020). Further study will be needed to better
characterize meningeal binding and its effects, but the binding patterns will likely
interfere with analyses involving cortical ROIs.

In all, the second generation tracers were advertised as upgrades over flortaucipir,
and this appears to be true in many respects. However, whether the new tracers truly
improve upon flortaucipir in practice remains unproven. The second generation
tracers may be better suited for study of the medial temporal lobe and for differential
diagnosis, whereas flortaucipir may remain the best option for more fine-grained and
sophistocated regional analyses involving isocortex. 7 In the end, none of the tau-PET
radiotracers are perfect, but most of them are sufficient to measure tau pathology in
vivo, and therefore represent indispensable tools for the AD research community.

1.5 Distribution and evolution of tau in vivo: A

selective review of tau-PET studies

Many interesting insights into the pathobiology of AD have emerged from tau-
PET studies over the last five years. While such insights are limited by the spatial
resolution of PET, and the caveats described at length in the previous subsection,
tau-PET has greatly expanded the scope of human AD research. A complete review
of the tau-PET literature is beyond the scope of this chapter, but certain topics will be
covered in detail. Namely, this section will review literature directly related to the
original research presented in this thesis, in order to review the context motivating
the goals of each study. The central themes revolve around the spatiotemporal
distribution and progression of tau pathology.

7While there is not substantial published work to support this statement, these views are a result
of the author’s own personal experience, personal communications and regular attendance of the
Human Amyloid Imaging conference
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Figure 1.8: ROIs capturing a Braak-like progression of flortaucipir signal in-vivo, reproduced from
Schwarz et al., 2016 (with permission from Oxford University Press). Each cell represents a Braak
stage. Each cell contains (left) a flortaucipir image of an exemplar subject assigned to that Braak
stage based on showing abnormal signal in (right) the stage-specific ROI.

1.5.1 In-vivo distribution of tau in the human brain

The Braak staging regime was invoked quite early on in the tau-PET era. The first
major tau-PET cohort study described a progression from cognitively unimpaired, to
MCI to AD to be accompanied by a Braak-like progression of tau-PET signal (Johnson
et al., 2016). Not long after, two additional tau-PET studies demonstrated this
phenomenon even more directly by creating regions of interest (ROI) mimicking the
Braak stages (Fig 1.8). The studies each showed the evolution of cognitive symptoms
to associate with progressive advancement of abnormal tau signal into regions from
later stages (Schöll et al., 2016b; Schwarz et al., 2016). The general consensus was
that the distribution of flortaucipir signal recapitulated the patterns of evolving tau
pathology described by Braak and Braak 25 years earlier (Braak and Braak, 1991).

The association was not perfect of course, as unexpected binding in the striatum
and choroid plexus, along with unexpectedly low binding in the hippocampus, were
described early on (Schöll et al., 2016b). Little by little, additional studies were
published further qualifying differences between flortaucipir signal and the expected
pattern of tau pathology. One study ranked regions by their rate of abnormally
elevated signal in a sample spanning the disease spectrum, and noted regions that
became abnormal out of sequence with the expected Braak progression. The study
found the insula, lingual gyrus and hippocampus to appear out of sync with the
expected Braak-like progression (Cho et al., 2016a). Meanwhile, one of the groups
that had originally published data using "Braak stage ROIs" later published a study
finding large lobar ROIs to provide a better fit to the flortaucipir data (Schwarz et al.,
2018).
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Some of these discrepancies be may be attributable to off-target binding or atypical
AD variants, though the notion that unbiased and spatially unconstrained quantifi-
cation of tau pathology could provide new insights into tau spread could not be
ruled out. Perhaps one of the most puzzling findings came from one of the first large
longitudinal tau-PET studies, which found similar rates of flortaucipir accumulation
across most brain regions in Aβ-positive individuals (Jack et al., 2018a). This finding
was in stark contrast to the expectation that tau accumulation occurs selectively
in certain regions depending on disease stage. However, subsequent longitudinal
studies suggested a more progressive longitudinal pattern, with abnormal signal at
follow-up extending into regions were not abnormal at baseline (Sepulcre et al., 2018;
Harrison et al., 2018; Pontecorvo et al., 2019).

Many of these early studies proceeded under the hypothesis that tau-PET patterns
should follow the Braak staging pattern identified through histopathological studies.
This was certainly a defensible approach at the time, and most studies to this day
support the notion that the Braak stages fit the tau-PET data well – just not perfectly.
Indeed, few studies had endeavored to identify discrepancies between tau-PET and
tau pathology, or better yet, approach tau-PET data in a hypothesis-free manner. Not
only are such analyses important for understanding the structure of tau-PET data,
but they may also reveal insights into tau progression that may have eluded autopsy
studies.

At the time that the analyses in Chapter 2 had begun (late 2016), no studies
invoking data-driven methods to analyze tau-PET had been published. By the
time the work was published (Vogel et al., 2019a) and shortly thereafter, quite a
few such studies did emerge applying either unsupervised clustering (Sepulcre et
al., 2017a; Mishra et al., 2017), factor analysis (Maass et al., 2017) or independent-
components analysis (Jones et al., 2017; Hoenig et al., 2018; Pereira et al., 2019; Pereira
et al., 2020) to tau-PET data. In summary, the studies found that the tau-PET data
naturally partitioned into some structures that resembled Braak stages, but otherwise
found a different hierarchical structure to the data. Namely, several studies noted
resemblance of tau distribution to functional networks (Jones et al., 2017; Hoenig
et al., 2018; Pereira et al., 2019). In addition, while temporal structures tended to
frequently covary across the population, other isocortical structures tended to behave
fairly independently, particularly frontal lobe structures. This latter finding is worth
note given most of the isocortex is uniformly ascribed to Braak stage V, and the details
are given little attention in the original descriptions of tau pathology (Braak and
Braak, 1991). Some of these findings may be dependent on arbitrary methodological
decisions such as the resolution of the partition, or other features idiosyncratic to the
methodological approach. However, the results also suggest the advancement of tau
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pathology at later stages may be somewhat more nuanced than originally described.
A decade of working with Aβ-PET data (and even longer with FDG-PET) pre-

pared the AD imaging community for tau-PET in many ways, particularly with
respect to data pre-processing. However, the spatially dynamic aggregation of tau
provided a new challenge, particularly for clinical research. Aβ, for the most part,
initially appears diffusely across the extended isocortex (Thal et al., 2002), and in-
vivo work suggests the pattern of accumulation varies very little across individuals
(Grothe et al., 2017). The resulting high covariance of cortical Aβ-PET means that
a single measure (i.e. average of several large cortical regions) can be used to sum-
marize the relevant Aβ-PET signal quite effectively. Subsequently, the process of
identifying what is an "abnormal" Aβ-PET scan can be reduced to identifying a natu-
ral "threshold" separating (effectively sampled) abnormal and normal distributions
(Mormino et al., 2012b; Villeneuve et al., 2015b; Jack et al., 2017), perhaps with an
estimate of uncertainty. This can be interpreted as a massive oversimplification of
data, paired with the potential loss of important information contained in the image.
However, such distillations are not only clinician-friendly, but additionally help
complex multi-modal analyses by reducing the dimensions of Aβ-PET images, which
individually contain hundreds of thousands of data points. In the case of Aβ-PET,
even more sophisticated and data-driven distillations suggest the information con-
tained within the cortex is highly homogeneous (Whittington, Sharp, and Gunn, 2018;
Whittington and Gunn, 2019).

With tau-PET, spatial information is much more relevant, and constructing a
summary measure is not nearly as simple. As AD progresses, abnormal tau-PET
signal emerges in more and more cortical areas. While flortaucipir binds to "ghost
tangles" – NFT pathology that persists even after neuronal death, longitudinal studies
have been mixed as to whether or not tau continues to accumulate in early regions
during later disease stages (Jack et al., 2018a; Sepulcre et al., 2018; Harrison et al.,
2018; Pontecorvo et al., 2019; Sintini et al., 2019). Therefore, it is unclear whether a
single measure can or should be used to summarize tau-PET data. Even if one region
or a few regions are chosen, another challenge presents itself, relating to whether
and how such a region can be classified as abnormal. Tau accumulates in the medial
temporal lobe even in healthy elderly (Crary et al., 2014), obscuring the definition of
"abnormal" in this case. In addition, normalizing to a young healthy population is
not recommended due to age-related increases in tau-signal (Baker et al., 2019), and
may lead to elevated signal that may be spurious (Lowe et al., 2018).

A number of strategies have been imparted in order to optimally summarize
tau-PET data. As noted earlier, Braak stage ROIs have been proposed that can
track advancing disease progression in a manner resting on a strong hypothesis of
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progressive tau spread (Schöll et al., 2016b; Schwarz et al., 2016). Other groups have
suggested, mostly on the strength of anecdotal experience, that the bilateral inferior
temporal lobe alone can suffice as a summary region for tau-PET (Johnson et al., 2016).
The logic behind this selection is that the inferior temporal lobe becomes involved
fairly early on (Braak Stage III, Braak et al., 2006), and yet theoretically continues
to accumulate more tau in later stages. Still others have elected to use summary
measures involving temporal lobe structures implicated in early and/or later Braak
stages (Villemagne et al., 2016; Jack et al., 2017), regions previously shown to exhibit
neurodegeneration in AD (Wang et al., 2016), or large lobar structures (Schwarz et al.,
2018).

Maass et al. performed a comprehensive systematic evaluation of various tau-PET
ROIs, including many discussed here, as well as new data-driven approaches, and
validated the results in a separate sample. The authors found that the optimal choices
of ROI depended on the task: large whole-brain ROIs were best for distinguishing
AD from controls, but regional (particular temporal) ROIs had stronger associations
with memory, Aβ and other indices. A data-driven approach suggested a large
temporoparietal ROI to be the most optimal ROI (Maass et al., 2017). Another study
compared several different ROIs in their capacity to discriminate AD from other
neurodegenerative disease using tau-PET, also using out-of-sample validation. The
results showed similar results across ROIs, with a slight advantage of temporopari-
etal or temporal aggregate ROIs over large cortical ROIs or specific early Braak
regions. In line with Maass et al., the study also found temporal regions to result in
better sensitivity, while the larger temporoparietal ROIs provided better specificity.
(Ossenkoppele et al., 2018). A pair of longitudinal studies comparing different ROIs
produced highly convergent results: larger regions performed better comparing AD
to controls, smaller temporal regions for distinguishing early disease progression,
and temporal and tempoparietal ROIs performing best overall (Harrison et al., 2018;
Jack et al., 2018a). However, neither study included any form of cross-validation.
Finally, three different studies found unsupervised data-driven ROIs to outperform
more traditional ROIs, and included cross-validation (Maass et al., 2017; Mishra et al.,
2017; Vogel et al., 2019a).

The general consensus of these studies recommends against representing tau-PET
data using a single ROI. The studies above do suggest temporoparietal areas carry the
majority of information relevant to clinical status, though data-driven investigations
have noted that there are other sources of covariance in the tau-PET data (Jones et al.,
2017; Sepulcre et al., 2017a; Vogel et al., 2019a). More specific research questions
might entail use of other types of regions; for example, Bejanin and colleagues
showed different cognitive domains to be associated with tau accumulations within
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different brain regions (Bejanin et al., 2017a). The field will likely benefit from more
sophisticated approaches involving multiple ROIs, though these measures will need
to be simplified and/or automated in order to be translated to a clinical setting.

Finally, as mentioned above, even if an ROI has been chosen, identifying whether
signal in that region is abnormal presents a challenge. Several approaches have
been proposed, but the most common one involves identifying a control sample
and finding 2 SDs above the mean of that sample (Jack et al., 2017). This approach
assumes non-specific binding in a region with no tau to be normally distributed,
which is a reasonable assumption as it turns out (see Chapter 3 below). Across the AD
spectrum from unimpaired to dementia, the distribution of tau-PET shows a bivariate
distribution (Jack et al., 2019b), and certain studies have taken advantage of this
property and have employed data-driven approaches for threshold discovery. Some
studies have, for example, used decision-tree methods (Schöll et al., 2016b; Weigand
et al., 2020) or mixture models (see Chapter 3 and Chapter 4 below). Another study
found that applying a method leveraging sensitivity and specificity between two
groups, the Youden index, provides better out-of-sample discrimination accuracy
compared to the mean+2SD method (Ossenkoppele et al., 2018).

The issue with all of these approaches here is defining an appropriate "control
group" when even Aβ-negative unimpaired elderly still exhibit tau, and young
individuals have systematically lower non-specific binding throughout the brain.
Jack and co-authors describe the influence of different control groups on different
"cut-points", noting they differ widely (Jack et al., 2017). In addition, all of these
approaches may err on the side of conservatism in that they may preclude discovery
of age-related tau pathology (PART), except using young controls, which may greatly
overestimates tau elevation (Lowe et al., 2018). At the very least, using data-driven
approaches allow a less biased definition of the control group, even if that group may
not be truly "normal".

In all, the studies reviewed above offer a number of practical insights regarding
the distribution of tau-PET data. The Braak staging system does seem to generalize
well to tau-PET data, but the fit is imperfect, and so far has not emerged as the
optimal way of representing tau-PET signal for clinical purposes. Early Braak regions
do appear to be elevated near the beginning stages of AD, suggesting tau pathology
in the MTL is elevated in the presence of Aβ above and beyond PART. Following with
the Braak model, more severe cognitive impairment is marked by pathology moving
out of the temporal lobes. However, in particular, tau pathology seems to appear
in the medial and lateral parietal lobes far more prominently than frontal regions,
suggesting a spatiotemporal dissociation of those structures. Finally, the richness of
a tau-PET image cannot be fully exploited using a single summary measure, though
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a summary measure may suffice for certain clinical purposes.

1.5.2 Investigating the spread of tau in the human brain using

In-vivo neuroimaging

The preceding sections have hopefully made a compelling case that the spatiotem-
poral progression of tau pathology in AD is defined by the intersection of synaptic
spreading, cellular vulnerability and individual variability. However, until recently,
much of the evidence supporting these three pillars has come from in vitro, animal
and ex vivo studies. Animal studies have proven that tau can spread synaptically, and
have provided strong evidence that tau molecules themselves can act as templating
mechanisms to induce pathologic conformation in other tau molecules (De Calignon
et al., 2012; Liu et al., 2012; Iba et al., 2013; Sanders et al., 2014; Dujardin et al.,
2014; Ahmed et al., 2014b; Takeda et al., 2015; Boluda et al., 2015; Guo et al., 2016b;
Narasimhan et al., 2017; Dujardin et al., 2018). However, even if this is likely a mech-
anism of tau propagation in humans, it is quite challenging to actually demonstrate
this. The progressive occurrence of tau pathological "seeds" and pretangles in regions
of human tissue that typically express NFT pathology in later stages provides one
clue (Holmes et al., 2014; Furman et al., 2017; Kaufman et al., 2018; DeVos et al.,
2018a). In vivo human imaging has the potential to provide another.

If tau is propagated via axonal transport of pathologically conformed tau molecules,
this process occurs on a scale far too small to be captured by the current resolution
of human neuroimaging. However, if the process of pathological propagation oc-
curs systematically along major neuronal communication pathways, such a process
may be detectable. A seminal study has shown that the neurodegenerative patterns
of several dementing diseases occur most prominently within specific macroscale
brain networks (Seeley et al., 2009), and this finding as been replicated, echoed and
advanced extensively (Zhou et al., 2012; Raj, Kuceyeski, and Weiner, 2012; Lehmann
et al., 2013b; Iturria-Medina et al., 2014; Crossley et al., 2014; LaJoie et al., 2014;
Zeighami et al., 2015; Yau et al., 2018; Acosta et al., 2018; Zheng et al., 2019; Brown
et al., 2019). A number of studies have demonstrated this phenomenon in AD, but
it is important to note that while neurodegeneration and tau-PET signal correlate
strongly, they are not measuring the same thing. Neurodegeneration in AD can be
caused by other pathologies (Schneider et al., 2009; Josephs et al., 2017), non-AD
age-related degeneration (Bakkour et al., 2013; Pichet Binette et al., 2020), or indirect
downstream neurodegeneration. In addition, even in tau-positive regions, measur-
able neuronal degeneration may not occur immediately (Kuchibhotla et al., 2014;
La Joie et al., 2020). Therefore, MRI-measured neurodegeneration is a sub-optimal
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proxy for tau pathology, despite occasional statements to the contrary (Torok et al.,
2018). The emergence of tau-PET creates an opportunity to more directly investigate
whether tau patterns in AD coalesce with the human connectome architecture, which
can provide further evidence of synaptic spread of tau.

Several studies have begun to undertake this line of investigation. A number of
studies demonstrated that "natural" patterns of tau-PET covariance resemble (Jones
et al., 2017) or overlap with (Hoenig et al., 2018; Pereira et al., 2019) resting-state
functional networks. Ossenkoppele and colleagues showed tau covariance patterns
seeded from certain regions overlapped substantially with functional connectivity
patterns seeded from the same region (Ossenkoppele et al., 2019). Similarly, Adams et
al. showed a strong spatial overlap between entorhinal cortex functional connectivity
and tau-PET signal in cognitively unimpaired elderly, even in those without measur-
able brain Aβ (Adams et al., 2019). One study further showed that regions with a high
degree of connectivity to the rest of the brain show higher tau-PET signal, perhaps
implicating these regions as hubs for propagating tau pathology (Cope et al., 2018)
(Fig 1.9). Along similar lines, Franzmeier and colleagues found that whole-brain
functional connectivity patterns correlate with whole-brain tau-covariance pattern,
perhaps suggesting tau distribution is constrained by connectivity (Franzmeier et al.,
2019). The same lab went on to show similar results using longitudinal tau-PET data,
suggesting regions that accumulate tau at similar rates also tend to be regions that
coactivate at rest (Franzmeier et al., 2020).

All of the above studies suggest a strong relationship between macroscale func-
tional connectivity patterns and the spatial distribution of tau-PET signal. On the
surface, this certainly provides additional evidence to the notion of tau spreading
through synaptic connections even in humans. However, the work of Franzmeier
and colleagues in particular highlights another point worth consideration. The au-
thors found that tau-PET distribution and accumulation resembles global patterns
of functional connectivity (Franzmeier et al., 2019; Franzmeier et al., 2020). In other
words, regions more globally connected tend to express more tau pathology, and
those regions more isolated tend to express less. Along with findings from Cope et
al. (Cope et al., 2018)(Fig 1.9), these results may instead (or in addition) indicate a
specific vulnerability of highly connected regions. This is a sentiment echoed by other
groups using other imaging modalities and across various brain disorders (Buckner
et al., 2009; Crossley et al., 2014). Additionally, distributed association cortex that
expresses tau pathology in late stages also shares many other features, including
greater variability in individual connectivity, more long-distance connections, and
greater evolutionary expansion (Mueller et al., 2013). Therefore, it is difficult to disen-
tangle whether these results reflect tau depositing in synaptically connected regions,
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Figure 1.9: Association between flortaucipir signal and whole-brain functional connectivity, re-
produced from Cope et al., 2018. Each dot is a reach of interest, and the colors indicate assign-
ment to one of the canonical resting state fMRI networks. The x-axis represents flortaucipir signal,
whereas the y-axis represents degree of whole-brain connectivity. Regions with greater connec-
tivity to the rest of the brain (hubs) tend to accumulate more tau-PET tracer binding.

regions that share features (including high connectivity) making them vulnerable to
tau, or both.

However, improvements to these approaches can be made in order to further
investigate the link between connectivity and tau accumulation. Regions that are
functionally connected do not necessarily exhibit direct anatomical connections
(Jbabdi et al., 2015; Suárez et al., 2020), and supplementing these results with similar
approaches using diffusion imaging tractography would be informative. In addition,
these above studies mostly describe correlations or overlap between tau covariance
and connectivity, but do not model tau spread. Previous studies have utilized
diffusion models to simulate the propagation of signal from an "epicenter" through
the human connectome, comparing the results to atrophy patterns in various disease
(Raj, Kuceyeski, and Weiner, 2012; Iturria-Medina et al., 2014; Torok et al., 2018;
Acosta et al., 2018; Zheng et al., 2019). This approach simulates an epidemic-like
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spreading that includes secondary and tertiary seeding events, and therefore may
be an excellent model for the hypothetical spread of tau. No studies have thus far
extended these models to tau-PET data (but see Chapter 3 below), though Franzmeier
et al. applied a simplistic model that explained a considerable amount of tau-PET
spatial variance (Franzmeier et al., 2020). Finally, a recent paper showcased prediction
of individual-level atrophy patterns in frontotemporal dementia using connectivity
information (Brown et al., 2019). This landmark study highlights an eventual goal
for tau-PET neuroimaging analyses; ideally, individual-tailored information can be
used to sensitively predict and/or track disease progression. The only tau-PET study
to examine connectivity and tau-PET correlations at the individual level achieved
fairly modest results (Franzmeier et al., 2020).

The study of in vivo spread of tau in human AD is still quite young. Future
studies should focus on modeling dynamic spread of tau pathology, and ideally
should incorporate information relating to other pathologies (namely Aβ, e.g. Iturria-
Medina et al., 2017) or a priori indices of regional vulnerability (e.g. Zheng et al., 2019).
Further effort could also be put toward understanding the individual contributions
of connectivity, vulnerability and variability to the progression of tau pathology.
Finally, the application of such models to individual-level tau progression would
be a welcome complement to the more simplistic and group-average clinical tools
currently receiving more attention.

1.5.3 Systematic variation in human in vivo tau patterns

As noted earlier, tau progressions distinct from the Braak staging paradigm have
been consistently observed, but remain poorly characterized. There are a number
of reasons this is the case. Animals used in AD experiments are highly inbred
and near genetic clones, making them poor vessels for the study of heterogeneity.
Most of the pioneering work to this point has been performed in autopsy studies.
The characterization of systematic variation generally requires rather large samples,
which are difficult to accumulate. Furthermore atypical and early onset variants
of AD are far less common compared to typical cases. Such patients also tend to
die in later stages of disease progression, by which time tau can have accumulated
throughout the cortex, potentially obliterating signs of distinct progression. In
addition, regional tissue sampling tends to be relatively sparse and coarse, and may
miss out on important spatial information. This includes the fact that such samples
come from only one hemisphere, making the study of asymmetric hemispheric
spread challenging.

MRI studies can circumvent some of the aforementioned limitations. Serial MRI
can be performed, and amassing larger samples is less challenging. Patients can be
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scanned in earlier disease stages with greater frequency, and whole-brain sampling is
far easier to achieve. Of course, as noted above, MRI is measuring neurodegeneration,
which is a poor proxy for tau pathology. MRI and tau patterns seem to match fairly
well in atypical variants (Ossenkoppele et al., 2015c; Ossenkoppele et al., 2016a;
Bejanin et al., 2017a), and unbiased clustering using MRI has repeatedly identified
cortical- and limbic-predominant phenotypes (Habes et al., 2020) that resemble those
described in the autopsy literature (Murray et al., 2011b). However, such studies also
frequently described "diffuse", "minimal-atrophy" or subcortical subtypes (Habes et
al., 2020), which likely are not reflective of variation in tau pathology. Application of
tau-PET to the study of AD heterogeneity is a natural and obvious next-step. Unlike
some of the other topics discussed in this literature review, in this case, tau-PET
may add more than just in vivo validation, but may lead to new discoveries entirely.
The challenge, then, is amassing samples large and diverse enough to effectively
represent population variation in AD expression, and choosing the right tools to do
so.

At the time of writing, very few studies probing individual variability in tau-PET
patterns have emerged. As noted earlier, atypical, early onset variants of AD also
express atypical tau-PET patterns (Ossenkoppele et al., 2016a; Tetzloff et al., 2018).
Early tau-PET work noted individuals that did not fit expected Braak staging patterns,
though the numbers were quite low, perhaps due to rather loose staging procedures
or choices on abnormality thresholds (Cho et al., 2016a; Schwarz et al., 2018). One
of these groups followed up this observation and studied the atypical individuals
more formally, but the sample size consisted of only 12 atypical individuals (1/4 of
the total sample) (Charil et al., 2019).

Two separate recent studies incorporated semi-supervised approaches to assess
tau-PET subtypes, by clustering patients on a highly constrained set of regions.
Whitwell et al. clustered individuals based on tau-PET signal in the entorhinal cortex
and a cortical composite ROI. This study described a cortical predominant group,
a general high tau group and a general low tau group. The study was generally
underpowered, but the cortical-predominant group matched other descriptions of
this phenotype (younger, less APOE4 carriers, more atypical presentation) (Whitwell
et al., 2018). These results did replicate findings from a recent unsupervised pathology
study with a similar sample (Petersen et al., 2019), which bodes well for the tracer, but
perhaps less well for the choice of methodology and sample sizes used by both studies.
Ossenkoppele and colleagues used a large multi-center cohort to cluster based on
MRI atrophy in the hippocampus, parietoccipital cortex and frontal cortex, and
examined tau-PET patterns of the resulting MRI-derived patient clusters (Fig 1.10).
This study replicated commonly observed atrophy-based subtypes and associations,
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Figure 1.10: Tau-PET patterns in semi-supervised atrophy-based AD subtypes, adapted from (Os-
senkoppele et al., 2019). (LEFT) Individuals were clustered based on MRI-derived atrophy in
three ROIs, resulting in four subtypes consistent with previous literature. (RIGHT) Flortaucipir
signal binding patterns for each subtype.

and found tau-PET patterns to vary in these groups. Limbic-predominant subjects
had less tau overall but had the most signal in the MTL, cortical predominant groups
had spared MTL binding, and minimal-atrophy subtypes also showed minimal tau
(Ossenkoppele et al., 2020).

The studies above represented important steps in validating the existence of
pathologiclly-defined subtypes in-vivo using tau-PET imaging. However, the studies
provide little in the way of novel or exploratory analyses. Two additional studies
attempted unsupervised, multi-modal partitioning that incorporated tau-PET data.
Jeon et al. clustered vertex-wise tau-PET, Aβ-PET and cortical thickness data from
83 AD patients. The study once again discovered limbic-predominant, cortical-
predominant and diffuse atrophy subtypes, and described oft-reported demographic
and genetic differences between them. However, this study used the THK-5351
tau tracer, and given the multimodal nature of the results, it is difficult to ascertain
the individual contribution of tau (or MAO-B?) to the phenotype(Jeon et al., 2019).
Another multi-modal study applied a Bayesian cross-decomposition algorithm to
discover canonical associations between neurodegeneration (measured with both
tau-PET and atrophy) and cognition. This approach did not involve the clustering of
individuals per se, but the latent factors it produced were relevant. Along with an
MTL memory factor, the analysis revealed a posterior cortical executive factor and a
left temporal language factor, reminiscent of PCA and lvPPA, respectively (Sun et al.,
2019) This analysis hints that atypical pathological profiles of AD may be extreme
instances of typically occurring latent pathological expression. This notion converges
with earlier descriptions (section 1.5.1) of partial independence of tau covariance in
various cortical structures, again suggesting the behavior of tau in the association
cortex is not well characterized.

In all, these studies continue to affirm the existence of heterogeneous expression of
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tau pathology in AD. However, each study has many caveats, and the general sense is
that investigation into the details of AD subtypes is just beginning. The most obvious
missing piece is a large systematic and unbiased characterization of variability of tau-
PET images, somewhat akin to the original Murray et al. study (Murray et al., 2011b).
The salient features are known – there is little doubt that limbic-predominant and
cortical-predominant subtypes will emerge. However, the spatiotemporal evolution
of these subtypes has not been characterized, and it is unclear whether other subtypes
may emerge with more unbiased spatial representation. The link between clinical
variants in AD and typical AD subtypes is also not understood, and the fact that
posterior and highly lateralized subtypes have not emerged in unsupervised studies
is puzzling. Once the heterogeneity of tau progression is more firmly established,
more concentrated efforts can be undertaken to better understand why this systematic
variation occurs. Such analyses might include focused transcriptomic studies, studies
of cell-type variation, connectomic variation, and genetic association. As of now,
almost nothing is known about the etiology of AD subtypes.

1.6 Summary and conclusions

Tau is a highly conserved protein involved in synaptic plasticity and axonal transport.
It’s functions appear to be important, if not redundant, in both brain development,
maintenance and plasticity. However, tau is also a primary pathology in AD, as
well as numerous other dementing syndromes, including various forms of FTLD.
Given the prevalence of these disorders, particularly AD, this suggests that tau
dysfunction is among the leading causes of death in older humans. Tau dysfunction
is also ubiquitously associated with insidious degeneration of noradregenergic and
cholinergic nuclei over the lifespan, making it a suspect in age-related cognitive
decline. Taken together, tau dysregulation represents one of the biggest threats to
cognition known to humans.

The study of tau is obfuscated by the complexity of its post-translational modifica-
tions, and the radically disparate behavior apparently encoded by its conformational
state. The fact that several different conformations can lead to a multitude of different
pathological cascades and diverse dementing syndromes begs the question of what
benefits can possibly outweigh tau’s risks to the human brain. The fairly unique
appearance of NFT pathology among mammals suggests recent phylogenetic shifts
may be somewhat incompatible with tau biology. We do not know whether patho-
logical tau results from malfunctioning of an endemic mammalian response system
(e.g. hypothermia or hibernation), or from an age-related saturation unfit for human
post-reproductive longevity, an example of antagonistic pleiotropy, or something
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else entirely. There are also likely many features of tau physiology and function
that remain undiscovered. For instance, the potential role of tau in memory-related
processes at the synapse of hippocampal neurons remains poorly understood.

After nearly 40 years of steady research, we still do not know by what mech-
anisms tau confers neurotoxicity, though considerable progress has been made in
understanding how tau spreads through the brain. Elucidation of certain aspects
of tau biology and spread point to candidates for therapeutic development. How-
ever, there are major discrepancies between the expression of murine models of AD
and the actual manifestation of AD in humans. For example, many insights have
come from mice expressing MAPT mutations, which cause a completely different
tauopathy phenotype in humans. In addition, a great deal of work has taken place
examining tau at the synapse of hippocampal neurons, when "hippocampal-sparing"
phenotypes of AD are not uncommon. There is also no current animal model for
PART, which may or may not be a precipitating phase of the AD process. However,
there are many avenues for studying the catalysts to tauopathy in AD and other
dementia in humans. Traditionally, such approaches were restricted to examination
of post-mortem tissue, but recent developments in fluid markers of tau, in vivo tau
neuroimaging and single-cell transcriptomics will certainly lead to important ad-
vances. Over the last five years, these new techniques have been helpful in validating
findings from experimental models in living humans. Hopefully, these findings will
instigate "human-first" discoveries, that can be further mechanistically probed in
experimental models.

In AD, tau pathology advances along a specific spatiotemporal progression. The
work reviewed in this chapter suggests this pattern of accumulation is constrained by
an interaction between synaptic connectivity and molecular vulnerability, and that
systematic individual differences can moderate one or both of these factors. Most
of the evidence supporting these claims comes from ex vivo tissue and experimental
models, but tau-PET now allows tau progression to be tracked in living humans.
We are still in the early years of tau-PET imaging, and almost all studies to date
have validated and reinforced earlier findings, albeit with an unprecedented field
of view, so to speak. As more data is collected for longer periods of time, further
opportunity may arise for tau-PET to lead to novel advances in our understanding
of AD. Longitudinal imaging will allow tracking of tau spread in real time for the
first time, while large datasets and whole-brain spatial sampling may allow for a less
biased "cartography" of tau pathology. In addition, tau-PET will be instrumental for
studying aspects of tau pathology that are challenging to reproduce with experimen-
tal models, such as PART and AD subtypes. Finally, the clinical utility of tau-PET will
be challenged by the ascendance of sensitive assays for plasma-derived phospho-tau.
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While the spatial component of tau spread makes it indispensable for basic research
into AD, only time will tell if spatial information proves relevant enough to disease
diagnosis and progress to be utilized in a clinical setting.

The original work in this thesis began in late 2016, shortly after the first large hu-
man tau-PET studies were published, and the last project was finished only recently.
Therefore, the work described here spans the early, exploratory phases of tau-PET
imaging, through to the current period where tau-PET work is edging toward novel
discoveries in AD. These studies herein seek to use tau-PET to validate, extend and
challenge what we know about tau distribution and progression in AD.
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Chapter 2

Data-driven approaches for Tau-PET
imaging biomarkers in Alzheimer’s
disease

1

Jacob W. Vogel, Niklas Mattsson, Yasser Iturria-Medina, Olof T. Strandberg,
Michael Schöll, Christian Dansereau, Sylvia Villeneuve, Wiesje M. van der Flier,
Philip Scheltens, Pierre Bellec, Alan C. Evans, Oskar Hansson, Rik Ossenkoppele

2.1 Preamble

The work contained in this Chapter began in late 2016, less than a year after the first
large tau-PET studies had been published. Those early studies quickly showed by
various means that Braak stages fit the tau-PET data well (Johnson et al., 2016; Schöll
et al., 2016b; Schwarz et al., 2016; Cho et al., 2016a). However, no study at the time
had used unsupervised methods to explore the hierarchical structure intrinsic to
the tau-PET images. This was a necessary step for two reasons. First, early tau-PET
data suggested the presence of considerable off-target binding issues (Marquié et al.,
2015; Schöll et al., 2016b). Therefore, an unbiased investigation of the influence
of this signal on tau-PET images was needed. Second, to simply fit tau-PET data
to a scheme based on neuropathology data undermines the advantages in spatial
sampling and in vivo nature offered by tau-PET. If tau progresses in a uniform pattern
across individuals, an unsupervised analysis on a large enough sample should reveal

1This article was reproduced from Human Brain Mapping with permissions from John Wiley & Sons
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various stages along this progression. 2 The objective of the present analyses was to
approach the tau-PET data in a hypothesis-free manner, and try to make sense out of
what the data revealed.

Another controversy that was popular around the time this work began was
how to effectively summarize the tau-PET data into ROIs without losing important
information. As an indication, a few studies were published in 2017 explicitly
addressing this concept (Maass et al., 2017; Mishra et al., 2017). A secondary objective
of the present study was to test whether data-driven ROIs could prove superior to
ROIs from previous studies, which were mostly derived based on findings from the
neuropathology literature.

A number of studies with similar objectives were published before the work from
this Chapter was officially published (discussed in Sections 1.5.1, 5.1.1). However, the
first version of this paper was not far behind, published on BioRxiv in January 2018.
The final version of the manuscript was published online in Human Brain Mapping
October 2018, and in print in early 2019 (Vogel et al., 2019a).

2.2 Abstract

Previous positron emission tomography (PET) studies have quantified filamentous
tau pathology using regions-of-interest (ROIs) based on observations of the topo-
graphical distribution of neurofibrillary tangles in post-mortem tissue. However,
such approaches may not take full advantage of information contained in neuroimag-
ing data. The present study employs an unsupervised data-driven method to identify
spatial patterns of tau-PET distribution, and to compare these patterns to previously
published “pathology-driven” ROIs. Tau-PET patterns were identified from a dis-
covery sample comprised of 123 normal controls and patients with mild cognitive
impairment or Alzheimer’s disease (AD) dementia from the Swedish BioFINDER co-
hort, who underwent [18F]AV1451 PET scanning. Associations with cognition were
tested in a separate sample of 90 individuals from ADNI. BioFINDER [18F]AV1451
images were entered into a robust voxelwise stable clustering algorithm, which re-
sulted in five clusters. Mean [18F]AV1451 uptake in the data-driven clusters, and in 35
previously published pathology-driven ROIs, was extracted from ADNI [18F]AV1451
scans. We performed linear models comparing [18F]AV1451 signal across all 40 ROIs
to tests of global cognition and episodic memory, adjusting for age, sex and educa-
tion. Two data-driven ROIs consistently demonstrated the strongest or near-strongest
effect sizes across all cognitive tests. Inputting all regions plus demographics into

2The samples used in this Chapter would probably not qualify as "large enough", but they rival or
exceed sample sizes of most papers preceding it.
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a feature selection routine resulted in selection of two ROIs (one data-driven, one
pathology-driven) and education, which together explained 28% of the variance of a
global cognitive composite score. Our findings suggest that [18F]AV1451-PET data
naturally clusters into spatial patterns that are biologically meaningful and that may
offer advantages as clinical tools.

2.3 Introduction

Alzheimer’s disease (AD) is neuropathologically defined by the presence of widespread
extracellular plaques containing amyloid-β and intracellular neurofibrillary tangles
consisting of aggregated tau proteins (Braak and Braak, 1991; Masters et al., 1985).
While amyloid-β may be present decades prior to symptom onset (Jansen et al., 2015),
the presence of neocortical tau is temporally more closely related to current cognitive
status and degree of neurodegeneration, as convincingly demonstrated by studies
utilizing post-mortem tissue, animal models, cerebrospinal fluid and, more recently,
the positron emission tomography (PET) tracer [18F]AV1451 (Arriagada et al., 1992;
Van Rossum et al., 2012; Nelson et al., 2012; Ossenkoppele et al., 2016a; Bejanin et al.,
2017a; Cho et al., 2017). [18F]AV1451 binds paired helical filaments of tau with high
affinity and selectivity (Xia et al., 2013; Chien et al., 2013; Marquié et al., 2015; Lowe
et al., 2016; Marquié et al., 2017), and can be used to investigate the distribution of
tau pathology in the living human brain. Several studies have shown strong spatial
resemblance between in vivo tau PET patterns and neuropathological staging of neu-
rofibrillary tangles as proposed by Braak and Braak (Schöll et al., 2016b; Schwarz et
al., 2016; Cho et al., 2016a), reflecting prototypical progression from (trans)entorhinal
(stage I/II) to limbic (stage III/IV) to isocortical (stage V/VI) regions (Braak and
Braak, 1991). Furthermore, regional [18F]AV1451 retention co-localizes with sites of
brain atrophy or hypometabolism (Ossenkoppele et al., 2016a; Xia et al., 2017) and
has been associated with impairments in specific cognitive domains (Ossenkoppele
et al., 2016a; Bejanin et al., 2017a; Cho et al., 2017).

Given this strong regional specificity of tau pathology, it is important to consider
how regions-of-interest (ROIs) are defined, as they could potentially impact study
outcomes. To date, most studies employing tau-PET tracers involved ROIs con-
structed based on neuropathological studies. For example, some studies mimicked
the Braak stages in vivo (Schöll et al., 2016b; Schwarz et al., 2016; Cho et al., 2016a),
while others selected specific regions reflecting early (e.g. entorhinal cortex) or more
advanced (e.g. inferior temporal cortex) disease stages (Johnson et al., 2016). These
approaches have several advantages as they are supported by fundamental research
and enhance generalizability across studies. However, compared to neuroimaging,
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neuropathological data typically include only a few slices in a constrained number of
brain regions, and brain tissue is affected by death (Scheltens and Rockwood, 2011).
Additionally, tau PET signal does not equal presence of tau pathology. There are
several sources of [18F]AV1451 signal and noise, including target binding, off-target
binding (e.g. Monamine oxidase, neuromelanin, vascular lesions, iron), non-specific
binding and imaging related noise (e.g. partial volume effects) (Marquié et al., 2015;
Schöll et al., 2016b; Lowe et al., 2016; Lockhart et al., 2017b; Ng et al., 2017; Choi et al.,
2018). An alternative approach could therefore be to select ROIs based on data-driven
approaches (Dickerson et al., 2011; Landau et al., 2011; Pankov et al., 2016; Grothe
et al., 2017), thereby taking full advantage of the abundance of information contained
in neuroimaging data, but also accounting for the idiosyncrasies of PET imaging
data.

In light of ongoing efforts to define appropriate ROIs and determine tau PET-
positivity, it is important to compare data-driven approaches (agnostic, “where is
the tau?”) with theory-derived ROIs based on post-mortem studies (directed, “is
the tau here?”). In the present study, we applied an unsupervised algorithm to
identify clusters of [18F]AV1451 signal and compared the spatial patterns of these
clusters with neuropathologically derived ROIs described in previous publications.
As a secondary analysis, we tested which ROIs best correlated with global cognition
in an independent cohort of cognitively normal, mild cognitive impairment and
AD dementia subjects. We hypothesized that our data-driven approach would
corroborate neuropathological findings, but would also present novel information
leading to enhanced associations with cognition.

2.4 Material and Methods

2.4.1 Participants

Two separate cohorts were included in this study. Participants from the Swedish
BioFINDER study were used to perform clustering analysis on [18F]AV1451 data,
whereas participants from the Alzheimer’s Disease Neuroimaging Initiative (ADNI)
were used to test associations between the clustering-derived ROIs and cognition.
This design allowed us to not only probe the patterns of spatial covariance of
[18F]AV1451, but also to assess these utility of these patterns as a general [18F]AV1451
biomarker without concern of overfitting or “double-dipping” (c.f. Kriegeskorte
et al., 2009). Demographic, clinical and biomarker information for both cohorts are
presented in Table 2.1.
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Controls MCI AD Total
BioF ADNI BioF ADNI BioF ADNI BioF ADNI

n 55 43 21 37 47 10 123 90
Age (SD) 75 (6.2) 70.3 (5.9) 70.8 (10.9) 72 (6.8) 70.1 (8.6) 73.3 (4.3) 72.4 (8.4) 71.3 (6.1)
% Male 50.90% 46.50% 57.10% 67.60% 55.30% 60.00% 53.70% 56.70%

Education 12 (3.7) 16.1 (2.4) 11.7 (3.7) 16.9 (2.7) 12.2 (3.2) 15.0 (3.0) 12.0 (3.5) 16.3 (2.6)
% Amyloid+ 43.60% 33.30% 100% 44% 100% 100% 73.30% 44.80%

MMSE 29.1 (1.1) 29.0 (1.3) 25.7 (2.8) 28.4 (2.0) 21.2 (5.1) 25.5 (5.1) 25.5 (4.9) 28.3 (2.5)

Table 2.1: BOLD text indicates significant difference (p<0.05) between cohorts, as measured by
t-test, or Fisher’s Exact Tests.
ADNI = Alzheimer’s Disease Neuroimaging Initiative; BioF = BioFINDER, MMSE = Mini-Mental
State Examination; SD = Standard Deviation

The BioFINDER cohort is a multi-site study designed for the purpose of develop-
ing biomarkers for neurodegenerative diseases. More information can be found at
http://biofinder.se. Study participants included 55 subjects with normal cogni-
tion, 21 with mild cognitive impairment (MCI), and 47 with Alzheimer’s dementia,
who had complete MRI and [18F]AV1451 PET data (Table 2.1). Patients with MCI
were referred to a memory clinic and demonstrated objective cognitive impairment
that could not be explained by another condition. AD dementia patients met crite-
ria for the DSM-V (American Psychiatric Association, 2013) and NINCDS-ADRDA
(McKhann et al., 2011) for probable AD, established by clinicians blinded to PET
data. To optimize overlap with the ADNI cohort, dementia patients were only in-
cluded if they presented with an amnestic-predominant phenotype. Both dementia
and MCI patients were only included in this study if they demonstrated abnormal
Aβ1-42 levels in the CSF (INNOTEST, cut-off: 650 ng/l; Palmqvist et al., 2015). The
sample of controls selected for [18F]AV1451 scanning was intentionally enriched for
β-amyloid positivity to include people in the preclinical stage of AD (see Table 2.1).
This enrichment was achieved by ensuring that 50% of the cognitively normal partic-
ipants invited for [18F]AV1451 imaging had shown positive PET or CSF β-amyloid
measurements at previous visits. PET imaging for the study was approved by the
Swedish Medicines and Products Agency and the local Radiation Safety Committee
at Skåne University Hospital, Sweden. All participants provided written informed
consent according to the Declaration of Helsinki, and ethical approval was given by
the Ethics Committee of Lund University, Lund, Sweden.

ADNI is a multi-site open access dataset designed to accelerate the discovery of
biomarkers to identify and track AD pathology (adni.loni.usc.edu/). The current
study included all ADNI individuals with complete [18F]AV1451 scans that were
available in November, 2016. This included 43 cognitively normal elderly controls, 37
patients with MCI, and 10 patients with a recent diagnosis of Alzheimer’s dementia
(Table 2.1). In addition to imaging data, age, sex, education, diagnosis, amyloid-
β status on [18F]florbetapir PET (Landau et al., 2013), and scores from six tests
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measuring global cognition or activities of daily living were downloaded from the
ADNI-LONI website (adni.loni.usc.edu). The cognitive tests were as follows: Mini-
Mental State Examination (MMSE) (Folstein, Folstein, and McHugh, 1975); Clinical
Dementia Rating Sum of Boxes (CDRSB) (Hughes et al., 1982); Alzheimer’s disease
Assessment Scale 11 (ADAS11) (Rosen, Mohs, and Davis, 1984) and 13 (ADAS13)
(Mohs et al., 1997); Everyday Cognition (ECog) (Farias et al., 2008); Functional
Activities Questionnaire (FAQ) (Pfeffer et al., 1982). We also downloaded the ADNI-
MEM score, an episodic memory composite score provided by ADNI (Crane et al.,
2012).

2.4.2 Imaging

[18F]AV1451 images were processed using separate but nearly identical pipelines
across the two cohorts. Acquisition and processing procedures for [18F]AV1451 pro-
cessing in the BioFINDER cohort has been described elsewhere (Hansson et al., 2017).
Scans were reconstructed into 5-min frames and motion corrected using AFNI’s 3dvol-
reg (https://afni.nimh.nih.gov/). Mean [18F]AV1451 images were created over a
time-window of 80-100 minutes post-injection, and these images were coregistered to
each subject’s T1 image in native space. Mean images were then intensity normalized
using a complete cerebellar gray reference region to create standard uptake value ra-
tio (SUVR) images. Coregistered MRI images were normalized to the MNI-ICBM152
template using Advanced Normalization Tools (https://stnava.github.io/ANTs/)
and the transformation parameters were applied to the SUVR images. Finally, SUVR
images were smoothed with an 8mm FWHM Gaussian filter.

For the ADNI cohort, mean 80-100 min [18F]AV1451 images, as well as MPRAGE
images closest to [18F]AV1451 scans, were downloaded from the ADNI-LONI web-
site. Details on acquisition procedures for these [18F]AV1451 and MRI images can be
found elsewhere (http://adni.loni.usc.edu/methods/documents/). [18F]AV1451
images were processed in accordance to procedures described in (Schöll et al.,
2016b). Briefly, T1 images were processed using Freesurfer v5.3 and [18F]AV1451
images were coregistered to native T1s using Statistical Parametric Mapping 12
(www.fil.ion.ucl.ac.uk/spm/). SUVR images were created using a cerebellar gray
reference region and images were normalized to MNI space using the parameters
from the coregistered T1. Figure 2.1 shows mean [18F]AV1451 SUVR images stratified
by diagnosis and amyloid status for each cohort.
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Figure 2.1: Mean [18F]AV1451 SUVR images stratified by amyloid status and disease stage, across
both the ADNI (top) and BioFINDER (bottom) cohorts.

2.4.3 Clustering of [18F]AV1451 data

Our primary analysis involved the derivation of data-driven ROIs by using unsuper-
vised machine learning to elucidate stable patterns of [18F]AV1451 signal covariance
across a cognitively diverse dataset. Cross-subject [18F]AV1451-PET covariance
networks were derived from all 123 BioFINDER [18F]AV1451 images using an open-
source unsupervised consensus-clustering algorithm called Bootstrap Analysis of
Stable Clusters (BASC; Figure 2.2) (Bellec et al., 2010). BASC is a two-step consensus-
clustering algorithm that enhances the stability of the clustering process by repeatedly
clustering bootstrapped samples of the input data, and deriving the final partition
from this stability matrix, rather than the original data (c.f. Fred and Jain, 2005). This
approach offers two advantages in the context of this study. First, the stochastic
nature of many clustering algorithms tends to lead to different solutions depending
on their initialization state, whereas BASC performs clustering on a stability matrix
generated from many solutions (and thus many initializations). This leads to greater
reproducibility in the clustering solutions generated by BASC. Second, because the
initial set of clustering analyses is performed on bootstrap samples of the input data,
the final solution is less dependent on the clinical composition of the input data.

BASC was adapted to 3D [18F]AV1451 data by stacking all 123 BioFINDER
[18F]AV1451 images along a fourth (subject) dimension, creating a single 4D image
to be submitted as input. BASC first reduces the dimensions of the data with a
previously described region-growing algorithm (Bellec et al., 2006), which was set to
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extract spatially constrained atoms (small regions of redundant signal) with a size
threshold of 1000mm3. In order to reduce computational demands, the Desikan-
Killiany atlas (Desikan et al., 2006) was used as a prior for region constraint, and the
data was masked with a liberal gray matter mask, which included the subcortex but
had the cerebellum manually removed (since this was used as the reference region for
[18F]AV1451 images). The region-growing algorithm resulted in a total of 730 atoms,
which were included in the BASC algorithm. BASC next performs recursive k-means
clustering on bootstrapped samples of the input data. After each clustering iteration,
information about cluster membership is stored as a binarized adjacency matrix. The
adjacency matrices are averaged resulting in a stability matrix representing proba-
bilities of each pair of atoms clustering together (Figure 2.2). Finally, hierarchical
agglomerative clustering with Ward criterion is applied to the stability matrix, result-
ing in the final clustering solution. The process is repeated over several clustering
solutions (k=1 - 50), and the MSTEPs method (Bellec, 2013) was implemented to find
the most stable clustering solutions at different resolutions. In the interest of multiple
comparisons, and similarity to Braak neuropathological staging (i.e. six ROIs), we
chose the lowest resolution solution for subsequent analysis (though the other two
solutions are visualized). Note that no size constraints were imposed on clustering
solutions (except at the level of atom-size in the region-growing – see above). Cluster-
cores were determined as voxels where cluster probability membership exceeded
0.5 (BASC default setting), eliminating unstable voxels from analysis (Bellec et al.,
2010; Garcia-Garcia et al., 2017). After determining cluster-cores in the BIOFINDER
cohort, we extracted the average [18F]AV1451 SUVR for each cluster core from all
ADNI subjects, and these values were used for subsequent analysis investigating
associations with cognition.

The choice of the k-means algorithm for the initial clustering and hierarchical
clustering with ward criterion for partitioning the stability matrix are somewhat
arbitrary. K-means is a particularly fast algorithm and therefore lends itself well
to bootstrapping. Meanwhile, the hierarchical clustering routine used in BASC
is an appropriate algorithm for the stability matrix, which is a similarity matrix,
and it provides solutions at multiple resolutions making it amenable to the BASC
framework (Bellec et al., 2010). Both algorithms are standard, well validated, simple
and involve few free parameters. This latter point is important, as BASC itself only
has a few principle parameters: namely the number of clusters to extract (in this case,
determined by MSTEPS), the number of bootstrap samples (in this case, 500), and
the size of the bootstrap sample (in this case, the length of the input data – 123 cases)
(Bellec et al., 2010; Orban et al., 2015). Other parameters are associated with some
of the steps peripheral to the central BASC algorithm, namely the region growing
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preprocessing step and MSTEPS algorithm to determine the number of clusters,
and these parameters were left to their default settings. Briefly, the region growing
includes a threshold parameter limiting the maximum size of “atoms”, which is
mostly related to computational demand. Meanwhile, MSTEPS works on a sparse
grid and includes a parameter specifying the percentage of variance maintained
(similar to PCA). In addition, MSTEPS allows the definition of the size of the window
within which stable clusters are sought (Bellec, 2013).

2.4.4 Definition of Braak stage ROIs described in other studies

A number of studies have created ROIs mirroring the Braak stages described from
pathological studies. To test the utility of our data-driven ROIs vis-à-vis those
defined in correspondence to the pathological literature, we recreated the Braak ROIs
described in three different studies (Schöll et al., 2016b; Schwarz et al., 2016; Cho et al.,
2016a). Schöll, Lockhart et al. and Cho et al. were constructed using regions from
the Desikan-Killiany atlas, and we recreated these ROIs in direct correspondence to
what has been reported in these two studies. Schwarz et al. instead generated small
ROIs designed to mirror the slabs of cerebral cortex extracted during autopsy for
Braak staging. These regions were constructed with a script generously provided by
the authors. For all analyses, Braak ROIs were included both individually (“single”)
and cumulatively (“stage”). For example, for Braak Stage III, one ROI was created
containing all regions from Braak I, II, and III included (“stage”), as well as a ROI
created including only regions in Braak III (“single”). Finally, some studies have
chosen to use only the bilateral inferior temporal lobe from the Desikan-Killiany
atlas to summarize global tau burden (Johnson et al., 2016), so we included this
region in subsequent analysis as well. Studies also frequently used the bilateral
entorhinal cortex from this atlas, and it should be noted that this region is also
included, namely as Stage I from Cho et al. and Schöll, Lockhart et al. Size-weighted
average [18F]AV1451 SUVR was extracted for each ROI (35 in total) for each subject.

2.4.5 Similarity between data-driven clusters, anatomical ROIs

and Braak Stage ROIs

We compiled descriptive information about the similarity between our cluster-
derived ROIs and the Braak ROIs from the literature. For comparisons to regions
from Schöll, Lockhart et al. and Cho et al., we used normalized mutual information.
Due to the small size of the Schwarz et al. regions, comparisons involved measuring
the percentage of each Schwarz ROI falling inside of each cluster-derived ROI.
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2.4.6 Reproducibility of [18F]AV1451 clustering solution

After clustering [18F]AV1451 data using BASC (section 2.4.3), we assessed whether
we could reproduce these clusters in a separate dataset. BASC was therefore run
on 90 [18F]AV1451 scans from ADNI with the exact same parameters used for the
BioFINDER dataset. MSTEPS was again used to define the number of clusters. In
order to compare the clustering solution to the solution found in the BioFINDER
sample, we matched clusters from the ADNI sample to the most spatially similar
clusters from the BioFINDER sample, and harmonized the numeric labels between
the two solutions. As a qualitative analysis, we extracted voxels that were part of
the same cluster in both clustering solutions. The resulting voxels can be thought
to represent regions that demonstrated consistent clustering behavior ([18F]AV1451
signal covariance) across the two samples. For each cluster, we calculated the Dice co-
efficient representing within-cluster agreement between the two clustering solutions.
We also performed the same analyses constrained within the cluster-cores from the
BioFINDER solution, assuming the agreement should be higher within the cores. We
also calculated both the adjusted Rand index and adjusted mutual information score
(passing the BioFINDER solution as the “true labels”) as a measurement of overall
consistency between the two clustering solutions. To put these measurements into
context, we performed five 50% splits of the ADNI data and compared clustering
solutions between each split. The purpose of this analysis was to identify whether
clustering within the ADNI dataset showed greater or less stability compared to the
stability between the ADNI and BioFINDER datasets.

2.4.7 Statistical Analysis

Our secondary analyses were aimed to assess the utility and generalizability of our
data-driven covariance networks. We performed linear models between these covari-
ance networks and the scores from six different available test scores assessing global
cognition and function (see Table 2.S1). In addition, the scores were summarized
using Principal Components Analysis (PCA) using Singular Value Decomposition.
The PCA was fit to data from the six cognitive test scores, which were scaled to a
0 mean with unit variance. The first component explained 72% of the total model
variance, and was used to transform the cognitive data into a single Global Cog-
nition composite score. For each of the cognitive tests, as well as the composite
score, separate general linear models for each ROI (40 in total; our five data-driven
clusters and 35 ROIs from the literature) were constructed with cognitive test score
as the dependent variable and age, sex and education as covariates. We repeated this
analysis for the ADNI-MEM score to test the relationship between [18F]AV1451 and
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episodic memory in all 40 ROIs. Tests surviving Bonferroni correction for multiple
comparisons are reported.

In order to identify a sparse set of non-redundant covariates that best describe the
global cognitive data in ADNI, we submitted all 40 tau ROIs plus age, sex and educa-
tion to a Least Absolute Shrinkage and Selection Operator (Lasso) regression-based
feature selection routine. The Lasso uses L1 regularization (coordinate descent) to
penalize regression coefficients based on their maximum likelihood estimates, and
is therefore an optimal approach to select a small number of variables from a large
number of collinear covariates. In the current implementation, the degree of penal-
ization is optimized using 10-fold cross-validation. All tau ROIs and demographics
were scaled to be mean-centered with unit variance, and entered into the Lasso re-
gression model with the Global Cognition composite score as the dependent variable.
Features selected by the Lasso (absolute beta > 0.25) were entered together into a
general linear model (GLM) with MMSE as the dependent variable. Additionally,
to ensure our results were representative of global cognition and not specific to the
composite score, the fitted values from this GLM were used to predict scores of each
of the six cognitive tests. Finally, the Lasso was repeated separately for each of the
individual test as well.

With the exception of BASC, all statistics were implemented using the pandas,
numpy, scipy and scikit-learn (Pedregosa et al., 2012) packages in Python 3.5.2
(https://www.python.org/).

2.5 Results

2.5.1 Participant characteristics

Table 2.1 contains demographic information, MMSE scores and amyloid positivity
rates for both the ADNI and BioFINDER sample. The sample used for clustering
(BioFINDER) demonstrated important differences compared to the sample used for
testing (ADNI). BioFINDER subjects were less highly educated across the whole
sample, and BioFINDER controls were on average older than ADNI controls. Addi-
tionally, the BioFINDER sample demonstrated lower MMSE scores across the whole
sample compared to ADNI, including within MCI and dementia groups. Finally, 45%
of ADNI subjects were amyloid-positive vs. 73% of BioFINDER subjects, which was
primarily related to the fact that only amyloid positive MCI patients were included
in the BioFINDER sample.
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Figure 2.2: [18F]AV1451 scans were entered into a voxelwise clustering algorithm. The optimal
solutions were determined using the MSTEPS approach. This resulted in five [18F]AV1451 covari-
ance networks. These networks were masked with a stability threshold of 0.5, and are displayed
in the lower half of the figure.

2.5.2 Data-driven Tau-PET covariance networks

123 BioFINDER [18F]AV1451 scans were entered into an advanced clustering algo-
rithm in order to identify networks of regional [18F]AV1451 signal covariance across
subjects. The MSTEPS algorithm identified five-, nine- and 32-cluster solutions as
optimal solutions. The parcellations generated from the three stable clustering solu-
tions are visualized in Supplementary Figure 2.S1. For the purposes of comparing
with Braak stage ROIs, we chose the lowest-resolution solution (k=5) for subsequent
analyses, visualized in Figure 2.2. The clusters were interpreted and named as fol-
lows: “1: Subcortical”, “2: Frontal”, “3: Medial/Anterior/Inferior Temporal”, “4:
Temporo-parietal” and “5: Unimodal Sensory”. Cluster 3 bore resemblance to regions
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Figure 2.3: [18F]AV1451 covariance networks were compared to previously existing Braak Stage
ROIs from the literature using descriptive statistics. The clusters were compared to ROIs from
Schöll, Lockhart et al. and Cho et al using Normalized Mutual Information (top left), and were
compared to regions from Schwarz et al. using the percentage of Schwarz ROI voxels within each
data-driven cluster.

often involved in early tau aggregation and atrophy (Braak and Braak, 1991), while
Cluster 4 also appeared similar to regions commonly associated with neurodegenera-
tion in AD (Dickerson et al., 2011; Landau et al., 2011). Of note, the hippocampus
was largely unrepresented in any of the cluster-cores, though some voxels in the
head of the hippocampus were included in Cluster 3, and a few distributed voxels
were included in Cluster 1 (Subcortex). However, using a winner-takes-all clustering
approach, the voxels in the hippocampus were almost equally distributed between
Cluster 1 and Cluster 3.

2.5.3 Similarity to Braak ROIs

Descriptive metrics were used to quantify the spatial similarity between the data-
driven covariance networks and the Braak Stage ROIs introduced in the literature
(Figure 2.3). Cluster 5 (“Unimodal Sensory”) demonstrated a high degree of overlap
with Braak Stage VI across all region sets. Spatial similarity was also evident between
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Figure 2.4: General linear models comparing [18F]AV1451 signal to Global Cognition composite
scores were run, adjusting for age, sex and education. For each model, a different [18F]AV1451
ROI was used. ROIs included the five clusters identified in our analysis, as well as Braak stage
regions taken from three different papers: Schöll et al., 2016b; Schwarz et al., 2016; Cho et al.,
2016a. Two versions of each Braak ROI were created, one using regions from that stage only (e.g.
Stage 3), and one combining all regions from that stage with all regions from previous stages
(e.g. Stage 1+2+3). The effect size (t-value) of each tau ROI is shown. [18F]AV1451 binding in
several ROIs demonstrated strong relationships with Global Cognition, though only the data-
driven Temporo-parietal region survived multiple comparisons.

Cluster 3 (“Medial/Anterior/Inferior Temporal”) and Stage I-IV from Cho et al., and
this cluster almost completely circumscribed Stages I-III from Schwarz et al. Cluster
1 (“Subcortex”) was most similar to Schöll, Lockhart et al. Stage II, due in part to its
inclusion of the hippocampus. Little spatial similarity was evident between Cluster 2
(“Frontal”) and any of the Braak Stage ROIs, though some similarity was seen with
the Stage V region from Schöll, Lockhart et al. and Cho et al. due to their inclusion
of many frontal lobe structures. Similarly, Cluster 4 (“Temporo-parietal”) did not
demonstrate strong spatial similarity to any of the Braak ROIs, though it did partially
overlap with the Braak single IV and V regions from Schwarz et al.

2.5.4 Associations with cognition in ADNI

General linear models were run in the ADNI dataset assessing associations sepa-
rately between each of 40 tau ROIs (our five data-driven clusters established in the
BioFINDER study, and 35 ROIs from the literature) and a Global Cognitive com-
posite score, controlling for age, sex and education (Figure 2.4). [18F]AV1451 signal
in several ROIs demonstrated strong associations with global cognition, though
only the data-driven Cluster 4 (“Temporo-parietal”; β = -3.24 [SE=0.91], t = -3.43,
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Figure 2.5: For each measure of global cognition, [18F]AV1451 ROIs were ranked from worst
to best (such that the worst region would have rank of 1) with respect to the effect size of the
association between [18F]AV1451 in that region and the cognitive score. The ranks were then
summed across all cognitive measurements and are displayed here. The data-driven Cluster 4
(“Temporo-parietal”) ranked the best cumulatively across cognitive tests, with the data-driven
Cluster 3 (“Medial/Inferior/Anterior temporal”) ranking second best.

p<0.001) survived multiple comparisons. To ensure our results were not specific
to the Global Cognition composite score, we repeated this analysis using the six
individual measures of global cognition and function that composed the composite
score (Table 2.S1). The data-driven Cluster 4 (“Temporo-parietal”) described global
cognition better than all other ROIs using four of the six cognitive measures, and
was in the top five for all of them. Across all cognitive measures, Clusters 4 and 3
(“Medial/anterior/inferior temporal”) ranked best and second best, respectively, at
describing global cognitive data (Figure 2.5). Notably, the Schwarz Stage I ROI also
performed well across cognitive measures, except for the MMSE.

Finally, since many ADNI subjects had either MCI or were at early stages of
dementia and may not show great variation in tests of global cognition scores, we
repeated the above analysis substituting global cognition with a composite measure
of episodic memory. (Table 2.S2) shows the top five ROIs with the strongest associa-
tions with episodic memory. Although none of the associations survived correction
for multiple comparisons, the strongest associations were found with early stage
pathological ROIs (resembling (trans)enthorinal cortex), followed by the data-driven
temporo-parietal ROI.
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Figure 2.6: [18F]AV1451 ROIs plus age, sex and education were entered into a L1-penalized Lasso
regression feature selection routine with the Global Cognitive composite score as the dependent
variable. The Lasso selected education and two ROIs: the data-driven Temporo-parietal region,
and the Schwarz Single VI region. Together in a general linear model, these features explained
28% of the variance in the Global Cognition score.

2.5.5 Identifying a combinatorial tau-PET biomarker for cognition

Next, all tau ROIs were entered into a Lasso regression model in order to identify
a sparse set of covariates that best describe global cognitive data (Figure 2.6). The
optimal penalization value was defined through cross-validation as 0.019. The Lasso
reduced all coefficients except Cluster 4 (“Temporo-parietal”), Braak Stage VI from
Schwarz et al., and education. These three variables were entered together into a
general linear model, and together explained a much greater proportion of vari-
ance in global cognitive data (r2[4:81] = 0.28, p<0.0001; Figure 2.6) compared to the
individual effect sizes of each covariate (highest r2 = 0.12). The earlier negative asso-
ciation between Cluster 4 and Global Cognition was strengthened (t=-4.98, p<0.001),
although positive associations were seen for the other two covariates (Schwarz Single
6: t = 3.61, p = 0.001; Education: t = 2.53, p = 0.013). In addition, the fitted values of
this GLM explained 18.7 – 26.2% of the variance in the six individual cognitive tests
composing the composite score (all p <0.001), indicating the model generalizes well
to individual cognitive tests (Table 2.S3). Finally, the Lasso feature selection analysis
was repeated for the six individual tests of global cognition. The data-driven Cluster
4 was selected across all six analyses, and was the only ROI selected for two analyses
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Figure 2.7: BASC clustering was performed on ADNI [18F]AV1451 data and was compared to
the original clustering solution from BioFINDER data. Panel A. represents the surface rendering
of voxels that shared the same cluster in both BioFINDER and ADNI solutions. Each cluster is
represented as a different color. Panel B. shows the dice coefficients representing the correspon-
dence between similar clusters in the BioFINDER and ADNI samples. The left graph represents
correspondence across the whole brain, while the right graph represents correspondence between
clusters within BioFINDER cluster-core masks. RI = adjusted Rand index; AMI = adjusted mutual
information score

(Table 2.S4).

2.5.6 Reproducibility of tau-PET clusters across datasets

BASC analysis was run a second time on the 90 ADNI [18F]AV1451 scans to establish
whether patterns of tau-PET covariance are reproducible across different datasets.
MSTEPS identified a six-cluster solution as the lowest resolution solution in the
ADNI dataset. Five of these clusters demonstrated similar spatial patterns to the five
clusters identified in the BioFINDER sample, while a sixth cluster emerged which
uniformly encircled the entire cerebral cortex (Figure 2.S2). This sixth cluster labeled
18% of brain voxels, and the average within-cluster [18F]AV1451 SUVR was 0.88 (SD
= 0.16). The cluster most likely represents a partial volume or non tau-related atrophy
effect, possibly driven by the high proportion of amyloid-negative MCI subjects or
the low number of subjects with extensive isocortical tau in the ADNI cohort.

Despite the existence of this sixth cluster and the distinct clinical composition
of the two datasets, some agreement between the two clustering solutions could be
observed (Figure 2.7). Overall, 35% of brain voxels showed similar clustering patterns
between the two datasets (adjusted Rand index = 0.112; adjusted mutual information
score = 0.189). Figure 2.7A shows a cortical projection of voxels demonstrating similar
clustering behavior across both datasets. Across datasets, [18F]AV1451 spatial covari-
ance was consistent in the medial and inferior temporal lobes, the primary visual
cortex, the temporo-parietal cortex, the medial frontal lobe, and most acutely in the
subcortex. The subcortex formed its own cluster in both datasets, both including the
hippocampus, and overall showed excellent agreement (Dice coefficient = 0.87). The
Dice coefficients in the other clusters ranged from 0.33 – 0.46 (Figure 2.7B), indicating
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that around one third to one half of voxels within clusters showed agreement be-
tween the two datasets. Notable regions of disagreement included the precuneus and
posterior cingulate (clustered with the temporal lobes in ADNI), the insula (clustered
with the medial frontal lobe in ADNI), the sensorimotor cortex and the lateral frontal
lobes (distributed across multiple clusters in ADNI). When restricting the analysis
only to voxels contained within the BioFINDER cluster-cores, the agreement between
the two datasets improved (Figure 2.7B). This observation was consistent across all
clusters except the temporo-parietal cluster, and provides evidence supporting the
notion that voxels that covary stably within datasets may also show more stable
covariance across datasets.

For the purposes of comparison, BASC was performed on five random 50% splits
of the ADNI sample, and the resulting partitions were compared to one another. The
average adjusted Rand index across these five within-ADNI train/test splits was
0.166 (SD = 0.031) and the average adjusted mutual information score was 0.225
(SD = 0.021). These within-dataset scores were equivalent to the between-dataset
scores when restricted to cluster-cores (adjusted Rand index = 0.164; adjusted mutual
information score = 0.233).

2.6 Discussion

In the present study, we applied an advanced unsupervised algorithm to identify
clusters of [18F]AV1451 signal in 123 subjects ranging from cognitively normal to
AD dementia in the Swedish BioFINDER study. Our approach yielded clusters
in the temporoparietal, medial/inferior/anterior temporal, unimodal sensory and
frontal cortex, as well as the subcortex. In an independent sample of 90 subjects
(ADNI), we performed general linear models between tests of global cognition
and each [18F]AV1451 cluster, adjusting for age, sex and education. In addition,
we ran similar models using 35 neuropathologically derived ROIs from previous
publications (Johnson et al., 2016; Schöll et al., 2016b; Schwarz et al., 2016; Cho
et al., 2016a). Several ROIs exhibited strong relationships with cognition, though
certain data-driven clusters (temporoparietal and medial/inferior/anterior temporal
cortex) appeared to perform slightly but consistently better than other ROIs in ADNI.
Supporting this notion, the temporoparietal data-driven cluster was among the three
most important features (identified by a Lasso regression model) for predicting global
cognition scores. Unsupervised clustering of [18F]AV1451 PET data thus revealed
the data to self-assemble into stable ROIs resembling well described vulnerable
regions in AD, some of which actually enhanced description of cognitive data in an
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independent dataset. This suggests that data-driven approaches to delineate ROIs
may improve clinical utility of [18F]AV1451 PET data.

The tau-PET covariance networks derived from our clustering approach exhib-
ited a fair degree of overlap with Braak ROIs derived from autopsy studies, thereby
demonstrating biological relevance. Particularly, Cluster 3 (“Medial/Anterior/Inferior
Temporal”) was reminiscent of regions involved in early tau accumulation, whereas
Cluster 5 (“Unimodal Sensory”) demonstrated a high degree of similarity to regions
involved only in the latest stages of AD. In contrast, Cluster 4 (“Temporo-parietal”)
did not strongly resemble any of the Braak regions, while its pattern, together with
the pattern of Cluster 3, spatially overlapped with cortical regions most vulnerable to
neurodegeneration in AD (Dickerson et al., 2011; Landau et al., 2011). Furthermore,
signal in the hippocampus was heterogeneous, adding additional evidence that
[18F]AV1451 signal in this structure should be interpreted with caution (Cho et al.,
2016a; Choi et al., 2018). Similarly, our data-driven approach suggested that most (but
not all) frontal lobe structures exhibited [18F]AV1451 signal patterns unique to the
rest of the cortex. This is notable considering the original Braak Stage V aggregates
frontal lobe structures with many of the temporo-parietal structures captured in our
Cluster 4. Part of the successful description of cognitive data by the data-driven ROI
may be due to its isolation from many of these frontal lobe structures, which may be
contributing signal less informative to AD progression, particularly in early disease
stages. Finally, our data-driven ROIs provide information that may reconcile some
differences between existing Braak ROIs. For example, in our study, [18F]AV1451
signal in the putamen and insula covaried with other regions involved in early tau
accumulation, which was similar to the ROIs described by Schöll, Lockhart et al.,
but not Cho et al (see Table 2.S5 for a summary). However, this pattern was not
fully reproduced within the ADNI sample, and so the staging of different ROIs may
require further study with larger samples.

Despite the clusters being derived from a sample with several important and
disease-relevant differences compared to the testing sample, these data-driven ROIs
described global cognitive data slightly better than regions derived from autopsy
studies. While the improvement over the other regions was subtle, the increasing
movement toward the development of biomarkers demands optimization of ROIs to
summarize [18F]AV1451 signal (Frisoni et al., 2017; Maass et al., 2017; Mishra et al.,
2017). As such, even small improvements are important for studies assessing more
subtle effects of cortical tau accumulation and studies seeking optimal biomarkers for
multimodal classification or disease progression (Ota et al., 2015). The improvement
observed is likely due to the data-driven nature of the method used for derivation
of the clusters. [18F]AV1451 may be binding to several off-target agents, such as
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(neuro)melanin, iron, vascular pathology and MAO-A/B (Marquié et al., 2015; Lowe
et al., 2016; Ng et al., 2017; Choi et al., 2018), and as such, [18F]AV1451 signal is likely
a mix of true tau pathology and other off-target and non-specific signals. Deriving the
clusters from a sample representing a wide breadth of disease stages and additionally
including subjects unlikely to have significant cortical tau pathology enhances the
likelihood of isolating true tau signal, which covaries strongly and in a regionally
specific pattern across disease stages. Additionally, deriving the clusters voxelwise
allows freedom from anatomical borders, which may impose unnecessary constraints
irrelevant to the spread of tau. Finally, despite its many limitations, multi-subject
automatic whole-brain sampling is a distinct advantage of [18F]AV1451-PET over
pathological studies. This advantage may further enhance the efficacy of data-driven
approaches to ROI generation, which evaluate regions equally that may otherwise be
overlooked.

Still, ROIs based on pathology remain important in understanding relationships
between tau burden and cognition. In our study, ROIs representing the earliest
stages of tau pathology, especially the entorhinal cortex, showed the strongest as-
sociation with episodic memory in a cohort of individuals with normal cognition,
mild cognitive impairment and early AD dementia. This finding supports previous
literature highlighting relationships between medial temporal lobe tau pathology
and decline in episodic memory (Maass et al., 2017). However, it is noteworthy that
the data-driven temporo-parietal ROI was again among the top performing ROIs in
describing episodic memory, despite the absence of medial temporal lobe structures
within this ROI.

The results of this study thus suggest a possible advantage of data-driven ap-
proaches in evaluating [18F]AV1451 PET data as a biomarker for AD. This study adds
to a rapidly growing body of data-driven [18F]AV1451-PET studies that have helped
to characterize features of this tracer in the context of AD. Sepulcre and colleagues
employed a similar unsupervised clustering approach on a set of cognitively intact
elderly individuals, which, similar to our study, revealed [18F]AV1451-PET covari-
ance between regions of early- and later- stage tau accumulation (Sepulcre et al.,
2017a). This suggests these patterns of signal covariance are stable even in the earliest
disease stages, lending credence to the use of data-driven biomarkers in multiple
contexts. Meanwhile, Jones et al. used a data-driven Independent Components
Analysis approach to summarize [18F]AV1451 data (Jones et al., 2017). While the
authors concluded the resulting ROIs represented functional brain networks, three
of the ROIs bore a striking similarity to those generated by our clustering approach.
Our approach builds on these previous studies by assessing relationships between
data-driven ROIs and cognition, and by comparing them with other existing ROIs.
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Maass et al. employed a series of a priori and supervised data-driven methods to
generate [18F]AV1451 ROIs and found a relative equivalence between these ROIs in
their association with cognition and a number of other disease markers (Maass et al.,
2017). However, consistent with our study, Maass et al. found [18F]AV1451 signal to
covary most strongly within a specific set of AD vulnerable-regions, and conclude
that these regional measures may perform better than whole-brain ROIs, particularly
regarding associations with cognition.

The consistencies across these studies are also underscored by the consistent
patterns of cross-subject [18F]AV1451 spatial covariance found across the two datasets
in the current study. Despite the fact that the ADNI cohort had many fewer subjects
with extensive tau burden, and despite differences in the demographic and clinical
characteristics between the ADNI and BioFINDER cohorts, unsupervised clustering
of [18F]AV1451 data revealed a level of consistency between these two datasets that
rivaled the consistency of clustering within the ADNI dataset alone. Certain patterns
of tau-PET accumulation emerged in key regions across both cohorts. However,
the patterns of tau-PET covariance were not entirely consistent between the two
datasets, which could reflect true heterogeneity across samples, or could be a matter
of instability due to the relatively small sample sizes (particularly in ADNI). However,
better consistency between datasets was found within the cluster-cores – regions of
greatest clustering stability within the BioFINDER dataset. This finding, alongside
the performance of these cluster-cores as biomarkers in ADNI, suggests some degree
of cluster stability may be achieved with the BASC approach, even with smaller
sample sizes.

We employed a widely used feature selection routine to identify those regions
most informative in describing association between [18F]AV1451 signal and cog-
nitive data. The feature most strongly associated with global cognition was the
data-driven temporo-parietal cluster, which harbored a strong negative relationship
when included with the other selected features (p<0.001). The feature selection also
resulted in the selection of Schwarz et al. Stage VI and education, both of which
associated positively with MMSE in a general linear model. The finding of an as-
sociation between education and MMSE controlling for tau pathology is consistent
with the concept of cognitive reserve (Stern, 2012), and suggests that more highly
educated subjects may experience preserved cognition in the face of tau pathology
(Hoenig et al., 2017). While the selection of Schwarz Stage VI is less obvious, possible
explanations include partial volume effects and age-related off-target or non-specific
signal. Because very few ADNI subjects demonstrate strong [18F]AV1451 signal in
this ROI, higher [18F]AV1451 signal may be related to the presence of more cortex
(and thus more off-target or non-specific binding) rather than increased tau pathology.
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Similarly, off-target [18F]AV1451 signal in the cortex and subcortex has been shown
to increase with age (Schöll et al., 2016b; Smith et al., 2016; Choi et al., 2018), possibly
representing binding to reactive astrocytes (Marquié et al., 2015) or iron deposits
(Choi et al., 2018). Since age was not selected by the Lasso and therefore was not
included in the multivariate model, this may explain the positive association between
these regions and global cognition when accounting for [18F]AV1451 signal in the
temporoparietal region. However, the fact that these ROIs were selected instead of
age suggests they may carry additional cognition-relevant information, which may
demand further exploration. Regardless, the negative relationship between Cluster 4
(“Temporo-parietal”) and global cognition was substantially increased after regress-
ing out these other variables. This suggests that [18F]AV1451-cognition relationships
may be enhanced by regressing out off-target or non-specific signal sources.

Our study comes with a number of limitations. First, there were several differ-
ences in characteristics between the two samples. We decided to use the BioFINDER
cohort for clustering given the broad range of both [18F]AV1451 uptake (Figure 2.1)
and cognitive scores (Table 2.1). As a consequence, our secondary (cognitive) analysis
was performed in subjects from the ADNI cohort with more restricted [18F]AV1451
uptake and cognitive scores. On a related note, our cluster and results could be
influenced by the composition of our samples. However, voxels are only included in
the clusters derived for our analysis if the clustering occurs across >50% of bootstrap
samples, so it is unlikely that the clustering solution would be strongly driven by,
for example, the high proportion of late-stage (i.e. AD) subjects in the BioFINDER
sample. Third, contrary to other studies, we did not make an attempt to classify
individuals according to stages of tau pathology. Finally, we chose not to apply
partial volume correction on our data. Investigating the impact of such corrections is
certainly important, but we were interested in the natural behavior of tau-PET signal
before any corrections.

In order to aid future studies, we have made the [18F]AV1451 clusters from this
study available on FigShare (doi = 10.6084/m9.figshare.5758374).

2.7 Additional manuscript information

3

3This may seem superfluous, but the thesis requirements state that manuscripts should be repro-
duced here exactly as they are published or were last submitted, except author contributions, which
are moved to the front for whatever reason.
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Supplementary Fig. 2.S1: BASC was run on 123 [18F]AV1451 images from the BioFINDER cohort.
MSTEPS suggested three different resolutions (k=5, k=9 and k=32) to capture the stable patterns
of covariance across multiple resolutions. Cluster-core maps were created by setting voxels with
cluster stability <0.5 to 0. The cluster-cores from these three solutions are projected onto a cortical
surface.

Supplementary Fig. 2.S2: When running BASC in ADNI, a cluster emerged that uniformly sur-
rounded the cerebral cortex, likely representing partial volume effects that could be driven by
cortical atrophy in older, amyloid-negative subjects.
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2.9 Supplementary Tables
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MMSE CDRSB
Rank Study ROI t Study ROI t

1 Data-driven Temporo-parietal -2.45* Schwarz Stage I 3.60**
2 Data-driven Temporal -2.00* Data-driven Temporo-parietal 3.49**
3 Cho Single IV -1.97 Cho/Scholl Stage I 3.49**
4 Cho Stage IV -1.83 Data-driven Temporal 3.33**
5 Other Inferior Temporal -1.8 Cho Stage IV 3.18*

ADAS11 ADAS13
Rank Study ROI t Study ROI t

1 Data-driven Temporo-parietal 4.10** Data-driven Temporo-parietal 3.02*
2 Schwarz Stage I 3.50** Schwarz Stage I 2.57*
3 Cho Single IV 3.43** Data-Driven Temporal 2.35*
4 Data-driven Temporal 3.39** Cho/Scholl Stage I 2.34*
5 Cho Stage IV 3.33** Cho Single IV 2.34*

ECOG FAQ
Rank Study ROI t Study ROI t
1 Data-driven Temporo-parietal 3.68** Schwarz Stage I 2.91*
2 Cho Stage IV 3.48** Data-driven Temporal 2.69*
3 Schwarz Stage I 3.40** Cho/Scholl Stage I 2.68*
4 Cho Single IV 3.40** Data-driven Temporo-parietal 2.67*
5 Data-Driven Temporal 3.40** Cho Stage III 2.63*

Supplementary Table 2.S1: * p<0.05 ** p[Bonf.]<0.05
ROI = Region of Interest; MMSE = Mini-Mental State Examination; CDRSB = Clinical Dementia
Rating Sum of Boxes; ADAS = Alzheimer’s disease Assessment Scale; ECog = Everyday Cogni-
tion; FAQ = Functional Activities Questionnaire

ADNI_MEM
Rank Study ROI t

1 Schwarz Stage I -3.27*
2 Cho/Scholl Stage I -2.99*
3 Data-driven Temporo-parietal -2.85*
4 Schwarz Stage II -2.58*
5 Cho Stage III -2.54*

Supplementary Table 2.S2: Best-ranking [18F]AV1451 ROIs at describing episodic memory
* p<0.05

Test R2
CDRSB 0.214
ADAS11 0.261
ADAS13 0.215
FAQ 0.221
ECog 0.196
MMSE 0.219

Supplementary Table 2.S3: Fitted values from the General Linear Model comparing selected
[18F]AV1451 ROIs to Global Cognition composite also explains variance in individual cognitive
tests.
MMSE = Mini-Mental State Examination; CDRSB = Clinical Dementia Rating Sum of Boxes;
ADAS = Alzheimer’s disease Assessment Scale; ECog = Everyday Cognition; FAQ = Functional
Activities Questionnaire
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MMSE CDRSB ADAS11
Study ROI Study ROI Study ROI

Data-driven Temporo-parietal Data-driven Temporo-parietal Data-driven Temporo-parietal
Data-driven Subcortical Schwarz Single VI

Schwarz Stage VI Schwarz Stage I
Demographic Education Demographic Education

ADAS13 ECOG FAQ
Study ROI Study ROI Study ROI

Data-driven Temporo-parietal Data-driven Temporo-parietal Data-driven Temporo-parietal
Schwarz Single VI Schwarz Single VI
Schwarz Stage I Schwarz Stage I

Scholl Single II Demographic Education
Demographic Education
Demographic Age

Supplementary Table 2.S4: Variables selected by Lasso regression that optimally described global
cognition across different cognitive tests
MMSE = Mini-Mental State Examination; CDRSB = Clinical Dementia Rating Sum of Boxes;
ADAS = Alzheimer’s disease Assessment Scale; ECog = Everyday Cognition; FAQ = Functional
Activities Questionnaire

Brain Region Scholl, Lockhart et al. Cho et al. Schwarz et al. Data-driven
Hippocampus Included Not included Head only Head only
Lingual Gyrus Stage 3 Stage 5 Stage 6 TP/US

Thalamus Stage 4 Not included Not Included SCN
Putamen Stage 5 Not included Not Included MAIT

Lateral Occipital Stage 5 Stage 5 Stage 4 TP/US
PCC Stage 4 Stage 5 Not Included TP

Insula Stage 4 Stage 5 Not Included MAIT
Frontal Lobe All stage 5 All stage 5 Not Included F/TP

Supplementary Table 2.S5: Disparities in Braak stage regions-of-interests across studies
TP = Temporo-parietal; US = Unimodal Sensory; SCN = Subcortical/Noise; MAIT = Me-
dial/Anterior/Inferior Temporal; F = Frontal

2.10 Follow-up analysis: Heterogeneous tau-PET

signal in the hippocampus resolves discrepancies

between imaging and pathology

2.10.1 Introduction

Neurofibrillary tangles (NFTs) composed of the misfolded tau protein are one of the
two pathological hallmarks of Alzheimer’s disease (AD), along with amyloid-β (Aβ).
Pathology studies suggest that NFTs are first found in the entorhinal cortex (ERC),
and next spread into the hippocampus, likely through trans-synaptic mechanisms
(Braak and Del Tredici, 2015). The hippocampus is therefore one of the earliest sites of
NFT aggregation in AD, and hippocampal NFTs have been associated with increased
likelihood of dementia, presence of Aβ and impairment in episodic memory (Reitz
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et al., 2009; Robinson et al., 2011). NFTs can now be measured in living humans using
positron emission tomography (PET) with the tracer AV14514. However, AV1451
signal in the hippocampus has not corroborated findings from pathology studies
(Schöll et al., 2016b; Cho et al., 2016a). While explanations for this discrepancy are
often attributed to partial volume effects, it is noteworthy that previous PET studies
have often averaged signal across the entire hippocampus. This approach would
prove problematic if NFT signal is heterogeneous within the hippocampal formation.
In the current study, we examine data-driven patterns of AV1451 signal heterogene-
ity in the hippocampus to establish whether this may explain the aforementioned
discrepancies in this region.

2.10.2 Methods

In a previous study, we used an advanced clustering algorithm in the Swedish
BioFINDER cohort (Hansson et al., 2017) to segregate different spatial distribution
patterns of AV1451 across the AD spectrum (Figure 2.S2A) (Vogel et al., 2019a). These
analyses resulted in an atlas of covariance networks largely reflecting known NFT
biology. Here, we created a hippocampal AV1451 atlas by isolating cluster labels in
the hippocampus from the rest of the brain. AV1451 images were downloaded from
the Alzheimer’s Disease Neuroimaging Initiative website (143 older controls, 88 mild
cognitive impairment, 27 AD dementia). Average AV1451 signal was extracted across
the whole hippocampus, as well as separately across hippocampal voxels belonging
to each AV1451 cluster identified in the previous analysis. We then tested whether
different AV1451 signal patterns were differentially related to clinical diagnosis,
presence of Aβ pathology and episodic memory, using regression models adjusting
for age, sex and education. Finally, we used diffusion tractography to measure
the number of connections between the ERC and the different hippocampal signal
clusters. Diffusion-weighted images for 114 young controls from the BNU1 dataset of
the 1000-Functional Connectomes Project study were preprocessed using the ndmg
pipeline (Kiar et al., 2017). Data were converted to graphs by fitting streamlines
through regions of interest, and all graphs were averaged to create an average healthy
connectome.

2.10.3 Results

AV1451 signal in the hippocampus was heterogenous. Signal in the head covaried
specifically with other regions involved in early NFT aggregation (“Early NFT”),
while signal in the rest of the hippocampus covaried with regions known to be
pathology-free but susceptible to off-target AV1451 binding (“Off-Target”; Figure 2.S2B).
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Supplementary Fig. 2.S2: A) Clustering across AV1451 images revealed five spatial covariance
networks. B) Two of these networks, were represented inside the hippocampus, indicating signal
heterogeneity in this structure. Membership of each hippocampal voxel in the two clusters pro-
jected onto a hippocampal surface C) Across both hemispheres, there were significantly more con-
nections from the transentorhinal cortex (tERC) to the Off-Target hippocampal cluster. D) Mean
AV1451 signal was extracted from the whole hippocampus (gray), hippocampal voxels falling
into the “Early NFT” cluster (teal), and hippocampal voxels falling into the “Off-Target” cluster
(Purple). AV1451 signal in the “Early NFT” cluster showed greater effect sizes with relation to
Diagnosis (left), frequency of amyloid positivity (middle) and episodic memory (right).

Individuals with higher AV1451 signal in the Early NFT cluster exhibited worse
episodic memory (p < 0.0001), were more likely to exhibit AB pathology (p < 0.0001)
and were slightly more likely to have a diagnosis of AD dementia than being cog-
nitively normal (p < 0.0001). Relationships were much less pronounced or absent
when using the voxels falling into the Off-Target cluster, or when averaging across
all hippocampal voxels (Figure 2.S2D). Tractography analysis revealed a greater
number of anatomical connections between the ERC and the Early NFT cluster of the
hippocampus compared to the Off-Target cluster (p<0.001) (Figure 2.S2C).

2.10.4 Discussion

Using data-driven methods, we were able to enhance the associations expected from
pathology studies between hippocampal AV1451 signal and other pathological and
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cognitive markers. These findings partially resolve discrepancies between previous
PET and pathology studies and provide a template for future AV1451 studies
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Chapter 3

Spread of pathological tau proteins
through communicating neurons in
human Alzheimer’s disease

Jacob W. Vogel, Yasser Iturria-Medina, Olof T. Strandberg, Ruben Smith, Elizabeth
Levitis, Alan C. Evans, Oskar Hansson

3.1 Preamble

The previous chapter utilized tau-PET to provide an unbiased and spatially-unrestricted
view of the in vivo distribution of tau in the brain. The findings of this study found
even more nuance to an already nuanced progressive pattern, particularly in later
stages. However, why tau accumulates in such a specific pattern is still an enigma.
Numerous animal experiments have proved tau can spread synaptically from neuron
to neuron, suggesting the possibility that tau patterns emerge from brain network
organization (reviewed in Section 1.3.2). In vivo MRI imaging studies have found
links between neurodegenerative patterns and macroscale brain networks, and a few
papers using tau-PET have begun to show similar results (reviewed in Section 1.5.2).

However, certain studies found the overall pattern of tau covariance to be corre-
lated with the whole-brain functional connectome, which may indicate a preferential
accumulation of tau in brain network hubs and less so in distal nodes (Cope et
al., 2018; Franzmeier et al., 2019; Franzmeier et al., 2020). While this could reflect a
zoomed-out, gestalt view of synaptic spread, it may also reflect non-causal association
between tau accumulation and network "hubness" driven by a shared upstream (e.g.
molecular, evolutionary or developmental) cause (discussed in Sections 1.3.3, 5.2.2).
Teasing apart these two possibilities is challenging, since the seminal tau-spreading
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animal experiments cannot be performed in humans. However, hypotheses of tau
spread assume certain properties of tau propagation that resemble constrained diffu-
sion and epidemic spread, lending it to modeling through simulation. While such
simulations have been performed in the context of AD neuroimaging (Raj, Kuceyeski,
and Weiner, 2012; Iturria-Medina et al., 2014), no such models have thus far been
used to simulate tau spread. This type of analysis is superior for testing tau spread,
as it tests a specific sequences of events over time, rather than a correlation between
two topological patterns.

The work in this chapter involve the application of an Epidemic Spreading Model
to simulate the pattern of tau-PET data accumulation. The work also addresses
the role of Aβ in influencing tau spread, as well as evidence for synaptic spread in
PART, two understudied topics of major interest. Many of the findings in this paper
had been conventionally assumed, but not adequately demonstrated in humans.
The findings in this chapter are not causal evidence, but they do provide in vivo
and in-human evidence for concepts that have been conventonally assumed but not
convincingly demonstrated in humans. The first version of this data appeared online
on BioRxiv in February 2019. The current version was recently accepted to Nature
Communications on March 6th, and should be published online shortly.

3.2 Abstract

Tau is a hallmark pathology of Alzheimer’s disease, and animal models have sug-
gested that tau spreads from cell to cell through neuronal connections, facilitated by
β-amyloid (Aβ). We test this hypothesis in humans using an epidemic spreading
model (ESM) to simulate tau spread, and compare these simulations to observed
patterns measured using tau-PET in 312 individuals along Alzheimer’s disease
continuum. Up to 70% of the variance in the overall spatial pattern of tau can be
explained by our model. Surprisingly, the ESM predicts the spatial patterns of tau
irrespective of whether brain Aβ is present, but regions with greater Aβ burden
show greater tau than predicted by connectivity patterns, suggesting a role of Aβ in
accelerating tau spread. Altogether, our results provide evidence in humans that tau
spreads through neuronal communication pathways even in normal aging, and that
this process is accelerated by the presence of brain Aβ.
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3.3 Introduction

Alzheimer’s disease is characterized by the presence of β-amyloid plaques and
neurofibrillary tangles of hyper-phospohrylated tau at autopsy. Both of these patho-
logical phenomena can now be quantified spatially in the brains of living humans
using positron emission tomography (PET), allowing for the study of disease pro-
gression before death and, indeed, before symptoms manifest Villemagne et al., 2018.
β-amyloid plaques are detectable in the brain many years or even decades before
dementia onset Villemagne et al., 2013, but appear to have only subtle effects on
cognition and brain health in humans Hedden et al., 2013; Donohue et al., 2017;
Palmqvist et al., 2017; Gordon et al., 2018. In contrast, tau neurofibrillary tangles are
strongly correlated with local neurodegeneration and, in turn, cognitive impairment
Xia et al., 2017; Bejanin et al., 2017b. However, tau tangle aggregation specifically
in the medial temporal lobes is a common feature of normative aging Crary et al.,
2014; Braak and Del Tredici, 2015; Harrison et al., 2018, itself associated with subtle
cognitive effects Maass et al., 2018b; Lowe et al., 2019. Frank cognitive impairment
often coincides with the spreading of tau tangles out of the medial temporal lobes
and into the surrounding isocortex, a process that animal models have suggested
may be potentiated or accelerated by the presence of β-amyloid plaques He et al.,
2018; Bennett et al., 2017.

Due to its close link with neurodegeneration and cognitive impairment, tau has
received special attention as a potential therapeutic target for Alzheimer’s disease
Congdon and Sigurdsson, 2018. Perhaps the most compelling features of tau patho-
physiology are its rather focal distribution of aggregation and its highly stereotyped
pattern of progression through the brain. Specifically, neurofibrillary tangles first
appear in the transentorhinal cortex, before spreading to the anterior hippocam-
pus, followed by adjacent limbic and temporal cortex, association isocortex, and
finally to primary sensory cortex Braak and Braak, 1991; Braak and Del Tredici,
2015; Cho et al., 2016a; Cho et al., 2018. This very particular pattern has led many
to speculate that pathological tau itself, or a pathological process that incurs tau
hyper-phosphorylation and toxicity, may spread directly from cell to cell through
anatomical connections Goedert, Eisenberg, and Crowther, 2017; Frost and Diamond,
2010. Strong evidence in support of this hypothesis has come from animal models,
which have repeatedly demonstrated that human tau injected into the brains of
β-amyloid expressing transgenic rodents leads to the aggregation of tau in brain
regions anatomically connected to the injection site De Calignon et al., 2012; Liu et al.,
2012; Iba et al., 2013; Clavaguera et al., 2013; He et al., 2018. An important caveat
to the aforementioned studies is that they involve injection of tau aggregates that
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greatly exceed the amount of tau produced naturally in the human brain. In addition,
the studies were performed in animals that do not get Alzheimer’s disease naturally.

Unfortunately, there are many obstacles to studying the tau-spreading hypothesis
in humans. While autopsy studies have provided evidence for tau spreading DeVos
et al., 2018a; Brettschneider et al., 2015, this evidence comes in the form of limited
snapshots in deceased individuals. Tau-PET allows for the quantification of tau in
vivo, but the PET signal is contaminated by off-target binding that limit interpre-
tations Choi et al., 2018; Lemoine et al., 2018; Marquié et al., 2017; Lockhart et al.,
2017b; Baker et al., 2019. Despite this limitation, circumstantial evidence has emerged
supporting the hypothesis that tau spreads through connected neurons in humans.
Studies decomposing the spatial distribution of tau-PET signal in the human brain
have revealed spatial patterns highly reminiscent of brain functional networks Jones
et al., 2017; Vogel et al., 2019a; Hoenig et al., 2018. In addition, brain regions with
greater functional connections to the rest of the brain tend to have greater tau ac-
cumulation Cope et al., 2018, regional connectivity is associated with longitudinal
changes in tau burden Jacobs et al., 2018, and correlations have been found between
functional connectivity patterns and tau covariance patterns Franzmeier et al., 2019;
Ossenkoppele et al., 2019.

Despite mounting evidence linking brain connectivity and tau expression, the
aforementioned studies mostly involve either comparisons between coarse whole-
brain measures of tau and brain connectivity, or are limited to only a fraction of brain
connections. The initial seeding of tau in the cortex is thought to lead subsequently
to secondary seeding events that cascade systematically through the cerebral cortex.
Therefore, it is paramount that studies assessing the spread of tau through the brain
can effectively model the complex spatio-temporal dynamics of this process. There-
fore, we test the tau-spreading hypothesis by placing a "tau seed" in the entorhinal
cortex, simulating its diffusion through measured functional and anatomical con-
nections, and comparing the simulated pattern of global tau spread with the actual
pattern derived from tau-PET scans of 312 individuals. This method allows for a
cascade of secondary tau seeding events to occur along a network over time, more
closely simulating proposed models of tau spread in the brain. We then examine
how the behavior of our model interacts with brain β-amyloid and what it can tell us
about asymmetric tau distribution.



CHAPTER 3. SPREAD OF PATHOLOGICAL TAU PROTEINS THROUGH

COMMUNICATING NEURONS IN HUMAN ALZHEIMER’S DISEASE
110

Table 3.1: Demographic information

CN MCI AD Total
n 162 89 61 312
Age (SD) 72.0 (6.4) 70.84 (7.8) 72.0 (7.9) 71.7 (7.1)
% Women 45.1% 64.0% 58.6% 53.1%
Education (SD) 14.8 (3.6) 15.3 (3.7) 12.8 (3.9) 14.6 (3.8)
% APOE4 41.9% 58.4% 68.5% 51.7%
% Amyloid Positive 42.6% 64.0% 100.0% 66.2%

CN =

cognitively normal; MCI = mild cognitive impairment; AD = Alzheimer’s disease
dementia, SD = Standard Deviation

3.4 Results

3.4.1 Sample information

Flortaucipir (AV1451)-PET scans measuring tau neurofibrillary tangles in vivo were
available for 312 individuals spanning the Alzheimer’s disease spectrum. Demo-
graphic information for this sample can be found in Table 3.1.

3.4.2 Tau-positive probabilities enhance fidelity of tau-PET data

We executed a procedure to mitigate off-target binding of Flortaucipir-PET data using
mixture modeling. Regional Gaussian mixture modeling of Flortaucipir SUVR data
across all subjects suggested a two-component (bimodal) model as a superior fit
for all 66 cortical regions-of-interest, including the left and right hippocampi and
amygdalae. These 66 regions were converted to tau-positive probabilities (Fig 3.1C)
using the Gaussian mixture models. This threshold-free, data-driven transformation
yielded a sparse data matrix with a clear pattern suggesting a gradual progression
of tau across regions of the brain (Supplementary Figure 1). When sorted from least
to most tau (e.g. Cho et al., 2016a), the regional ordering greatly resembled the
previously described progression of tau pathology Braak and Braak, 1991 (Fig 3.2).

3.4.3 Neuronal connectivity explains the spatial pattern of tau

An epidemic spreading model (ESM) was fit to the data, simulating the spread of tau
from a single epicenter through macro-scale brain connections over time (Fig 3.1). The
ESM was fit over several regional tau-PET datasets resulting from combinations of
arbitrary data pre-processing decisions (see Methods). All models were fit using the
left and right entorhinal cortex as the model epicenter. Models performed best when
SUVR data for the 66 cortical regions were converted to tau-positive probabilities
as described above, with regression of age, sex, and non-specific choroid-plexus
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Figure 3.1: A) An artificial system based on a pairwise relationship (e.g. functional connectivity)
matrix is created, where the relationship between regions i and j is represented by weight ij. For
each subject, a seed is placed at the model epicenter, and the diffusion of this signal over time
is simulated through the system, where the inter-regional relationships determine the pattern of
spread, and subject-level free parameters determine the velocity of diffusion, until an optimal fit
is reached. The simulated tau signal is then compared to the observed tau-PET signal to eval-
uate the model. B) Advantages of the ESM over traditional approaches includes the initiation
of secondary seeding events as the diffusion process reaches new regions (top), and the fitting
of subject-level production (β) and clearance (δ) parameters. A balance in these parameters will
lead to little to no spreading over time, while increasing imbalance leads to accelerated spread.
C) The distribution of all SUVR values in the left inferior temporal ROI are shown. Two Gaussian
mixture models are fit to the data. When a one-component model fits the data better, the ROI is
discarded. When a two-component model fits better, the probability that each values falls upon
the second distribution is calculated.

binding from the data occurring beforehand (Supplementary Figure 2A,B,F). Partial
volume correction (PVC) (Supplementary Figure 2C) and exclusion of Aβ- MCI
individuals (Supplementary Figure 2E) did not appear to impact model performance,
though the best-fitting model did not use PVC and excluded Aβ- MCI individuals
(Supplementary Figure 2A).

The best-fitting model was fit over a system of anatomical connections created
from a separate sample of young, healthy individuals using DTI tractography. This
model explained 70.2% (null model mean r2 [95% CI] = 0.056 [0.016, 0.135], p<0.01)
of the overall spatial pattern of tau (Fig 3.3A), and on average, explained 50.9%
(SD=21.8%; null model mean r2 [95% CI] = 0.104 [0.077, 0.147], p<0.01) of the spa-
tial pattern within individual subjects (Fig 3.3A). Importantly, across all possible
regions of interest, the entorhinal cortex proved to be the epicenter providing the
best model fit, corroborating autopsy studies finding neurofibrillary tangles to start
in the entorhinal cortex (Fig 3.3B). Model performance was better in ADNI (global
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Figure 3.2: Each brain region was divided into one of six "Braak stage" ROIs, based on which
Braak stage abnormal tau is first observed in the region (as described in Schöll et al., 2016b). (Left)
Each row is a subject sorted top-bottom by least to most overall tau. Each column is an Braak
stage ROI, sorted left to right by most to least overall tau. Warmer colors represent higher SUVR
values (top), observed tau-positive probabilities (middle) or predicted tau-positive probabilites
from the best-fitting ESM (bottom). (Right) The same relationship shown in a barchart format.
Error bars represent standard error of the mean. Conversion to tau-positive probabilities creates
a sparse distribution of values demonstrating a progression reminiscent of the staging described
in the autopsy literature.

pattern r2 = 0.78) compared to BioFINDER (r2 = 0.6), though this difference was par-
tially mitigated by subsampling BioFINDER to match ADNI based on demographic
variables, and the difference disappeared entirely when subsampling BioFINDER to
match ADNI based on mean cortical tau signal (Supplementary Figure 3). Model fit
was good across cognitively normal, MCI and AD subjects, and expected increases
in mean tau signal were observed as disease severity increased (Supplementary
Figure 4). The epidemic spreading model was particularly effective in predicting the
early progression of tau, but diverged more from the observed tau pattern over time
(Supplementary Figure 5, Fig 3.4).

As a validation, the ESM was fit over a second set of anatomical connections
from another non-overlapping dataset consisting of healthy and cognitively impaired
older adults. Once again, the ESM demonstrated good model fit, explaining 65.6%
(null model mean r2 [95% CI] = 0.107 [0.052, 0.217], p<0.01) of the overall spatial
pattern of tau, and explained 44.8% (SD=21.7%; null model mean r2 [95% CI] = 0.104
[0.077, 0.147], p<0.01) of the spatial pattern within individual subjects on average
(Supplementary Figure 6).

The ESM was fit once again instead using connectivity matrices composed of
functional connections measured in separate samples of young healthy adults, and
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Figure 3.3: A) For each plot, each dot represents a region. The x-axis represents the mean sim-
ulated tau-positive probabilities across the population, while the y-axis represents the mean ob-
served tau-positive probability. A value of (say) 0.3 for a given ROI would suggest that an average
of 30% of all subjects included were predicted (X) or observed (Y) to have positive abnormal tau
signal in that region. The average performance of the four different models are shown separately
for (left) all subjects, (center) Aβ- individuals and (right) Aβ+ individuals. B) The ESM was rerun
using each left-right pair of ROIs as the model epicenter. The model fit (r2) is depicted on the
y-axis, and each bar represents the fit of model using a given region as model epicenter. Blue bars
represents global model fit across all subjects, and red bars represent the mean within-subject
model fit. An entorhinal cortex epicenter provided the best model fit.

old healthy and impaired adults, respectively, using resting state functional MRI
connectivity (Supplementary Figure 6, Fig 3.4). These analyses test whether the ESM
is robust to different measures of macroscale connectivity, but also can be thought
to test an alternative hypothesis of tau spread through communication of patholog-
ical states, rather than through physical spread of tau oligomers. Models fit over
functional connectomes performed quite well, though slightly worse than models
using structural connectomes (YOUNG: Global r2=0.565; null r2 [95% CI] = 0.089
[0.031 - 0.187]; Individual mean r2=0.384, SD=0.168, null r2 [95% CI] = 0.103 [0.069 -
0.156]; OLD: Global r2=0.586; null r2 [95% CI] = 0.031 [0.000 - 0.087]; Individual mean
r2=0.451, SD=0.209, null r2 [95% CI] = 0.063 [0.037 - 0.109]), a trend that was consistent
across preprocessing strategies (Supplementary Figure 2D). Additional alternative
hypotheses have been proposed suggesting tau may simply spread extracellularly
across neighboring regions, rather than through anatomical connections. To test this
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Figure 3.4: (left) Hypothetical spread patterns represented by Braak stages I, II, VI, V and VI as
described in Schöll et al., 2016b. (right) Spreading patterns of (from left to right) the observed
tau-PET data, the ESM simulated data using a young structural connectome, and using a young
functional connectome. Warmer colors represent higher proportion of regional tau-positivity pre-
dicted or observed across the population. Each "stage" was achieved by arbitrarily thresholding
the population-mean tau-positive probability image at the following thresholds: 0.35, 0.25, 0.15,
0.05

hypothesis, a model was fit over a Euclidean distance matrix instead of a functional
or structural connectome (Supplementary Figure 6). As with models using functional
connectomes, the euclidan distance matrix performed far greater than chance, but
not as well as models using anatomical connectivity.

3.4.4 Low-level tau spreading is evident in amyloid-beta negative

individuals

We divided our study sample into groups based on Aβ status and examined model
accuracy separately within these groups. Model accuracy remained high even among
Aβ- individuals, despite a low overall tau burden (Fig 3.3A). These effects were
additionally present when including Aβ- MCI subjects, when summarizing within
MCI- subjects alone, and when summarizing results over only cognitively normal
Aβ- individuals without marginally elevated CSF Aβ and without any APOE4 allele
copies (Fig 3.5B). This was validated by examining model fit against the tau pattern
of individual Aβ- subjects (Fig 3.5). Model performance was high across most CN-
subjects (Fig 3.5A), including those with low or even very low regional tau burden
(Fig 3.5C). In many cases, tau levels that would otherwise be considered sub-threshold
nonetheless demonstrated a systematic pattern resembling Braak staging, which was
also predicted by brain connectivity.
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Figure 3.5: All plots are based on the best-fitting ESM model described in the text. (A) The distri-
bution of r2 values representing the range in individual-level model fit across all CN- subjects. (B)
For each plot, each dot represents a region. The x-axis represents the mean simulated tau-positive
probabilities across the population, while the y-axis represents the mean observed tau-positive
probability. Predicted and observed patterns are plotted for (left) all Aβ- individuals (n=104),
(middle) only Aβ- MCI subjects (n=22), and (right) individuals without elevated Aβ-PET or Aβ-
CSF, and who carry no APOE4 alleles (n=62). (C) Four exemplary subjects spanning both cohorts
are plotted. All four subjects are cognitively normal with MMSE 29-30 and do not carry and
APOE4 allele. Their respective ages are 73, 63, 71 and 78. Even at very low (subthreshold) lev-
els, the distribution of tau follows a pattern similar to Braak staging, and which is predicted by
anatomical connectivity patterns.

Figure 3.6: A) Regions were classified as overestimated or underestimated based on the sign of
the residual in a comparison of predicted vs. observed values. B) A cortical surface render show-
ing the spatial distribution of over- and underestimated regions. C) A surface render showing
the spatial distribution of regional amyloid-positive probabilities averaged over all subjects. D)
Underestimated regions tended to have significantly greater amyloid burden, suggesting these re-
gions had more tau than would be predicted given their connectivity to the model epicenter. For
boxplots, the center line = median, box = inner quartiles, whiskers = extent of data-distribution
except * = outliers. E) Correlation between regional model residuals and regional amyloid. Each
point is a brain region, and the y-axis summarizes the degree to which a region was underesti-
mated (positive) or overestimated (negative) by the model.
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3.4.5 Regional beta-Amyloid affects regional model performance

For each model, regions-of-interest were classified as either overestimated or underes-
timated by the model based on the sign of the residual (Fig 3.6A,B). Underestimated
regions are those demonstrating greater tau burden than would be expected given
connectivity to the model epicenter (i.e. observed > predicted), while overestimated
regions demonstrate less tau than would be expected given their connectivity profile
(i.e. predicted > observed). We compared regional model performance to regional
Aβ accumulation as measured from a large dataset of Aβ-PET (18F-florbetapir, or
AV45) scans (Fig 3.6C). Compared to overestimated regions, underestimated regions
had greater global β-amyloid burden (t = 2.9, p = 0.004; Fig 3.6D), suggesting the re-
gional presence of Aβ may accelerate the spread or expression of tau tangles. Indeed,
we observed a significant correlation (p<0.001) between regional model residuals
and regional Aβ levels (Fig 3.6E), and this relationship remained significant when
adjusting for regional tau.

3.4.6 Evidence for individual asymmetry in tau deposition

Asymmetric lateralization of tau pathology and tau-PET signal is a prominent feature
of rare AD variants Ossenkoppele et al., 2016a, and pathology studies have high-
lighted examples of hemispheric asymmetry in tau spreading Braak and Del Tredici,
2015. We used the ESM to investigate whether a general lateralization of tau depo-
sition could be observed across the population, or whether asymmetric patterns in
tau deposition were observable at the individual level. We did not observe a trend
of better model performance when using either the left or right entorhinal cortex as
the sole epicenter, suggesting tau does not start preferentially in one hemisphere or
the other across a population (Fig 3.7A). This effect was only observable when using
models fit over DTI connectomes, since rsfMRI connectomes exhibited strong hetero-
topic (and likely indirect) connectivity in the entorhinal cortex. We next determined
the best-fitting epicenter for each individual subject in the study, and categorized
subjects accordingly as best described by a left-limbic, right-limbic, or non-limbic
epicenter. Epicenter hemisphere was associated with asymmetry in tau deposition
(p<0.001), and this effect became more prominent (ps < 0.01) as disease severity
progressed (Fig 3.7D). Specifically, individuals with a left-limbic epicenter exhibited
greater left temporoparietal binding, but less right frontal binding, after adjusting for
disease status, age and sex. This may point to a differing cortical expression of tau
depending on the hemisphere of origin. Right-limbic epicenters were more common,
but decreased with disease progression (Fig 3.7B,C). Individuals with a right-limbic
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Figure 3.7: (A) Using only left or right entorhinal cortex alone as model epicenter did not result in
improvement in model fit. Error bars represent standard error of the mean in variation in model
fit depending on PVC strategy, confound-regression strategy, and MCI- inclusion/exclusion. (B)
Proportion of individuals for whom a left-limbic, right-limbic or cortical epicenter best fit their
individual tau-PET pattern. (C) The same, across disease progression categories. (D) Subjects for
whom left-limbic epicenter best fit their data were older, using a two-tailed GLM adjusting for
disease status. (E) Epicenter hemisphere was associated with increasing hemispheric asymmetry
in tau-PET signal across disease progression, using a two-tailed GLM adjusting for disease status.
(F) Regions of higher average tau-PET signal in subjects for whom left-limbic (blue) or right-
limbic (orange) epicenters best fit their data; adjusted for age, sex, disease status and multiple
comparisons. For boxplots in panels D,E: the center line = median, box = inner quartiles, whiskers
= extent of data-distribution except * = outliers.

epicenter tended to be older (p=0.01; (Fig 3.7D)), but did not differ in sex, education,
amyloid status, APOE4 status, or total tau.

3.5 Discussion

Observations in post-mortem human brains Brettschneider et al., 2015; DeVos et al.,
2018a and experiments in animal models De Calignon et al., 2012; Liu et al., 2012; Iba
et al., 2013; Clavaguera et al., 2013; He et al., 2018 have together provided evidence
that tau can be transmitted from cell to cell through neuronal projections. However,
post-mortem studies cannot provide direct evidence of cell-to-cell spread, and while
animal models have proven tau can spread through neuronal connections under cer-
tain unnatural conditions, they cannot prove that this phenomenon occurs naturally
in humans. Studies searching for evidence of cell-to-cell transmission of tau in living
humans have been limited by small datasets, simplistic models and issues relating to
the quantitative measurement of tau. Here, we used a mixture-modeling approach
on a large sample of humans on the Alzheimer’s disease spectrum to enhance the
quantification of tau signal, and we applied to this data a diffusion model based on
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theoretical principles of an agent propagating through a network. These simulations
explained a majority of the variance in the global spatial distribution of tau-PET
signal in the brain, and performed nearly as well in predicting the distribution of
tau-PET signal in individual subjects. A similar model testing the hypothesis that
tau spreads across neighboring brain regions was less successful at explaining the
overall pattern. The models performed well in both Aβ-negative and Aβ-positive
individuals, and also systematically underestimated the magnitude of tau in regions
classically shown to harbor β-amyloid. Together, these results provides evidence that
tau spreads through the limbic network in normal aging, and that the presence of
β-amyloid is associated with acceleration of tau tangle expression into isocortical
regions.

Brain networks may be key to the evolution of neurodegenerative disease Iturria-
Medina and Evans, 2015. The atrophy patterns of many neurodegenerative dementias
have been shown to resemble resting-state functional brain networks Seeley et al.,
2009; Zhou et al., 2012; Brown et al., 2019, and network "hubs" are especially vul-
nerable to neurodegeneration across brain disorders Crossley et al., 2014. Studies
modeling the diffusion of gray matter degeneration across brain networks have
recreated such patterns with impressive accuracy Zhou et al., 2012; Raj, Kuceyeski,
and Weiner, 2012; Zheng et al., 2019. However, in many neurodegenerative disorders,
brain atrophy is preceded and perhaps caused by the aggregation of pathological
agents. In Alzheimer’s disease, the presence of tau is closely linked to Xia et al., 2017;
Bejanin et al., 2017b, and likely precedes La Joie et al., 2020, gray matter atrophy.
However, because gray matter degeneration observed in Alzheimer’s dementia may
be caused by many sources other than Alzheimer’s pathology, gray matter degen-
eration itself cannot be used as proxy for tau (e.g. Torok et al., 2018). PET studies
therefore provide a unique advantage by measuring pathological proteins more
directly, and applying network diffusion models to PET data has, for example, led
to the successful description of the spatial progression of β-amyloid in Alzheimer’s
disease Iturria-Medina et al., 2014. Our model uses a similar framework to simu-
late the spread of tau through the brain and reaches a similar level of success, both
within-subject as well as globally across all subjects. The application of network
models to other forms of dementia will be needed to conclude whether the spread of
pathological proteins through connected neurons is a common thread linking many
diseases.

While our model recapitulated the early stages of tau spreading accurately (Braak
I-III), later stages (IV-VI) were modeled less accurately, with a systematic underes-
timation of tau in regions prone to early and high-volume β-amyloid aggregation.
While tau, not β-amyloid, is closely associated with atrophy in Alzheimer’s disease,
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the commonly-observed concurrence of extra-limbic tau and cortical amyloid burden
has led to speculation that β-amyloid may accelerate or otherwise facilitate the spread
of tau outside the medial temporal lobe. Recent studies in mice have shown that
β-amyloid creates an environment facilitating the rapid fibrilization of tau He et al.,
2018; Bennett et al., 2017. Our data support this notion, as brain regions harboring
more β-amyloid, such as the precuneus and temporoparietal regions, had a higher
incidence of abnormal tau than would be predicted simply by their regional connec-
tivity to the medial temporal lobe. A conclusive model of tau spreading may not be
complete without incorporating dynamic interaction with Aβ.

Tau tangles are a pathological hallmark of AD, but they are neither specific to
AD, nor to neurodegenerative disease in general. The process of aging appears to
lead inevitably to the accumulation of tau tangles in the medial temporal lobe and
occasionally beyond, a phenomenon known as primary age-related tauopathy (PART)
Crary et al., 2014. In vivo evidence for the longitudinal accumulation of tangles in
healthy elderly has been observed Harrison et al., 2018. While PART may result
in subtle insults to cognition and brain health Jefferson-George et al., 2017; Lowe
et al., 2019; Maass et al., 2018b, there is still debate as to whether PART and AD are
distinct processes Braak and Del Tredici, 2014. We show that even in individuals
without significant Aβ burden and low (subthreshold) tau-PET signal, the spatial
pattern of tau resembles early Braak staging, and can be predicted by connectivity
to the entorhinal cortex. This corroborates a recent study finding tau-PET patterns
overlap greater than chance with entorhinal cortex connectivity even in Aβ-negative
subjects Adams et al., 2019. The inability of Aβ-PET to identify sparse Aβ burden,
especially in cases with predominant diffuse plaques, may lead to the possibility
that undetectable levels of Aβ pathology may be driving the observed relationships.
However, we demonstrated an early Braak-like pattern of tau in individuals at very
low likelihood of having Aβ pathology (cognitively normal, APOE4-negative, CSF Aβ

negative). These findings suggest that, even in normal aging, tau may spread through
communicating neurons. The results also suggest closer scrutiny of subthreshold
tau-PET signal in cognitively unimpaired, Aβ-negative individuals. Elevated SUVR
values occurring in a consistent pattern in specific limbic regions may be indicative
of very low tau pathology, rather than non-specific or off-target ligand binding.

Tau can be directly secreted into extracellular space, and mechanisms have been
described for subsequent cellular uptake (c.f. Fuster-Matanzo, Hernández, and Ávila,
2018), leading to the hypothesis that tau may be propagated to neighboring neurons.
This idea is not supported by our data, where neuronal connectivity patterns pro-
vided a better description of the in vivo spatial distribution of tau. Another hypothesis
stems from the observation that tau has an excitatory effect on neurons DeVos et al.,
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2013, but is also secreted by activated neurons DeVos et al., 2013; Pooler et al., 2013.
These two observations have lead to the idea of an excitotoxic cascade, where the
presence of tau excites neurons, leading to over-stimulation of connected neurons,
which in turn leads to secretion of tau, and so forth. This latter hypothesis cannot be
ruled out based on our data, as it is still predicated on the spreading of pathological
events across communicating neurons. In our study, we fit the ESM over two dif-
ferent measures of macroscale connectivity, and the choice of modality comes with
different sets of assumptions and limitations. DTI tractography endeavors to directly
measure white matter connections between brain regions, and may therefore be the
most appropriate choice, but also suffers from important methodological limitations
such as the gyral bias Jbabdi et al., 2015. On the other hand, rsfMRI connectomes are
conflated by indirect connectivity Jbabdi et al., 2015 (e.g. Fig 3.7A), which does not fit
with the hypothesis of direct axonal spread. Additionally, one can imagine a scenario
where a region may act as way station for tau propagation without itself expressing
pathological tau due to (say) its genomic environment. Additionally, alternative
hypotheses of tau propagation involving network propagation of a pathological (e.g.
excitotoxic or tau overproduction) state would not necessarily require direct connec-
tions. fMRI connectivity may be thought of a proxy of some of these hypotheses. In
our data, DTI tractography-based connectomes consistently showed superior model
fit compared to models fit over other connectomes (Supplementary Figure 6, Sup-
plementary Figure 2D), once again lending support to the cell-to-cell transmission
hypothesis, though model fit was ultimately high and reproducible across both con-
nectivity modalities. Next-generation tractography may provide improved models
in the future Maier-Hein et al., 2017, but both measures of connectivity appear to be
sufficient for fairly high-performing simulations of tau spread.

While our findings lend support to the hypothesis of tau spreading through
communicating neurons, connectivity patterns and regional Aβ burden together
could not fully explain the observed pattern of tau-PET across the brain. While a
portion of this discrepancy may be explained by measurement error, there are likely
other factors at play. Recent work has outlined a consistent genomic profile across
regions that express tau Grothe et al., 2018, implicating that regional variation in
intrinsic molecular environment may mediate the presence and rate of tau tangle
formation. This may explain why, for example, many subcortical regions do not show
substantial tau burden despite connections to regions expressing neurofibrillary tau
tangles. In addition, it is also possible that only certain neuron types can facilitate
the transmission of tau, which may be challenging to model using macroscopic
neuroimaging-based measures of brain connectivity (though recent advances in
single-cell transcriptomic changes in AD may help guide such analyses Mathys et
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al., 2019). Heterogeneity in tau patterns Murray et al., 2011b; Ferreira et al., 2019
present yet another difficulty in tau spread modeling. Finally, some studies have
suggested the directional flow of neuronal activity may influence the spread of
brain pathology Scherr et al., 2019. Future studies incorporating this information,
along with dynamics related to regional amyloid burden and regional vulnerability,
may achieve a more complete model of tau spreading. However, at present, we
show that the spread of tau is predicted by connectivity patterns to a degree that
greatly exceeds both chance and other hypotheses of tau spread, and does so in
a parsimonious fashion, supporting the notion that connectivity is in some way
involved in the spread of tau through the human brain.

The results of the ESM represent an advance on previous human studies testing
the spreading hypothesis of tau. Many previous studies addressing this hypothesis
have elected to examine covariance between tau patterns and brain networks, usually
measured with rsfMRI. Jones et al., Adams et al. and Hoenig et al., described over-
lap between data-driven tau-PET covariance networks and resting-state functional
networks Jones et al., 2017; Hoenig et al., 2018; Adams et al., 2019. Franzemeier et
al. and Ossenkoppele et al. each went further to show correlations between rsfMRI
connectivity and cross-subject covariance in tau-PET signal, within networks or
across the whole brain Franzmeier et al., 2019; Ossenkoppele et al., 2019. Sepulcre et
al. instead used longitudinal tau covariance across spatially distributed regions to
infer connectivity between those regions Sepulcre et al., 2018. Each of these studies
represent clues that tau spreading and connectivity are related in humans. However,
they do not construct, test or simulate models of tau spreading. The ESM simulates
the spread of tau from the entorhinal cortex through a cascade of secondary seeding
events informed by macroscale functional or structural connections, a process that
is designed to mimic the hypothetical spreading of tau. This model can explain
upwards of 70% of the spatial variation of tau in the human brain, representing a
substantial improvement over the aforementioned associational studies, as well as
over studies using similar diffusion models on structural MRI measures (e.g. Torok
et al., 2018; Acosta et al., 2018). Importantly, our model is unique in finding the
entorhinal cortex as the best epicenter, which corroborates autopsy findings. While
our simulation explains the tau-PET data to an unprecedented degree, it is imperfect
and remains indirect evidence of tau spreading. However, it also provides a first step
toward a tau spreading simulation model, which can be improved, perturbed and
applied in numerous contexts. In addition, the ESM has potential as a clinical tool by
estimating where tau will spread based on individual regional patterns. Knowledge
of the expected pattern of tau spread will be helpful in designing regional outcome
measures in future treatment trials directed against tau aggregation.
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We used the ESM to conduct a preliminary analysis concerning individual vari-
ation in asymmetric hemispheric distribution of tau. We observed considerable
variation in laterality of tau-PET signal across individuals, particularly in later dis-
ease states, and the dominant hemipshere was predicted by the hemisphere of the
best-fitting epicenter determined by the ESM. While asymmetric tau deposition is
commonly described in rare AD variants Ossenkoppele et al., 2016a, our findings
suggest some lateralization even in typical AD, and may be associated with differen-
tial cortical patterning of tau accumulation. Subjects with right-side dominant tau
patterns tended to be older, but a more thorough analysis is necessary to uncover
whether differential hemispheric lateralization of tau deposition leads to distinct
phenotypes of clinical expression.

Our study comes with a number of limitations. The premise of testing the hy-
pothesis of tau spread through communicating neurons requires that both neuronal
connections and tau burden are accurately measured. We attempt to partially sur-
mount these issues by introducing a data-driven approach for overcoming off-target
and non-specific binding in Flortaucipir-PET data, and by validating our findings
over different connectomes across different samples and modalities. Our mixture-
modeling strategy is sensitive to sample size and composition. While it is unlikely
that this phenomenon strongly affected the present findings, it is an important point
worth consideration for future studies utilizing this approach to transform tau-PET
data. Another limitation is raised by our choice to remove regions that do not demon-
strate measurable tau burden, namely subcortical regions, from the model altogether.
Certain subnuclei of subcortical structures such as the thalamus do accumulate tau
pathology in Alzheimer’s disease Aggleton et al., 2016, though we were unable to
detect such pathology, perhaps due to the resolution of our measurements. While it is
possible that subcortical structures participate in neuronal transmission of pathology
without expressing the pathology itself, the current implementation of our model
does not support this type of dynamic. However, while incidental measurement of
indirect functional connectivity is a common critique of functional MRI, here it may
pose an advantage, as functional connectivity mediated by subcortical connections
may still be present in functional connectomes used for this study. Finally, we tested
the ESM over a number of different pre-processing decisions, and mostly describe
results of best-fitting models. It is important to note that a model that best fits our
data does not necessarily equate to a model that best fits biology. However, many
different pre-processing combinations produced high-performing models (Supple-
mentary Figure 2A), so we are confident that our results are not dependent on our
pre-processing decisions.
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In conclusion, our data supports the notion that tau pathology itself, or infor-
mation leading to the the expression of pathology, is transmitted from cell to cell in
humans, principally through neuronal connections, and not extracellular space. Our
findings further suggest that this phenomenon proceeds fairly ubiquitously in normal
aging, and that the process is accelerated in specific brain regions demonstrating
β-amyloid burden. While our cross-sectional, in vivo results cannot prove that tau
spreads through neuronal connections, we show that more highly connected regions
have a higher tendency to be affected sooner by tau along a specific network path
cascading from the medial temporal lobe. Future models may be able to improve
results by incorporating region-specific vulnerability factors, directional flow and Aβ

dynamics, though contributing such information in a parsimonious way presents a
difficult challenge.

3.6 Methods

3.6.1 Participants

Participants of this study represented a selection of individuals from two large
multi-center studies: the Swedish BioFinder Study (BioF; http://biofinder.se/)
and the Alzheimer’s Disease Neuroimaging Initiative (ADNI;adni.loni.usc.edu).
Both studies were designed to accelerate the discovery of biomarkers indicating
progression of Alzheimer’s disease pathology. Participants were selected based
on the following inclusion criteria: participants must i) have a Flortaucipir-PET
scan, ii) have either a β-amyloid-PET scan (for ADNI: [18F]-Florbetapir, for BioF:
[18F]-Flutemetamol) or lumbar puncture measuring CSF Aβ1-42. In addition, partici-
pants were required to be cognitively unimpaired, have a clinical diagnosis of mild
cognitive impairment, or have a clinical diagnosis of Alzheimer’s dementia with
biomarker evidence of β-amyloid positivity. For both cohorts separately, PET-based
Aβ1-42 positivity was defined using mixture modeling, as previously described
Palmqvist et al., 2017. For BioFINDER, β-amyloid1-42 positivity was defined as an
(INNOTEST) level below 650 ng/L All participants fitting the inclusion criteria with
Flortaucipir scans acquired (BioFINDER) or that were available for public download
(ADNI) in May 2018 were included in this study. In total across both studies, 162
cognitively unimparied individuals, 89 individuals with mild cognitive impairment
and 61 amyloid-positive individuals with suspected Alzheimer’s dementia were
included. Demographic information can be found in Table 1, whereas a detailed
comparison of BioFINDER and ADNI cohorts can be found in Table S1. BioFINDER
subjects were on average less educated than ADNI subjects, and included a higher
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proportion of amyloid-positive individuals. All BioFINDER subjects provided writ-
ten informed consent to participate in the study according to the Declaration of
Helsinki; ethical approval was given by the Ethics Committee of Lund University,
Lund, Sweden, and all methods were carried out in accordance with the approved
guidelines. Approval for PET imaging was obtained from the Swedish Medicines
and Products Agency and the local Radiation Safety Committee at Skåne University
Hospital, Sweden. Information related to participant consent in ADNI can be found
at (ADNI;adni.loni.usc.edu).

3.6.2 PET Acquisition and Pre-processing

MRI and PET acquisition procedures for ADNI (http://adni.loni.usc.edu/methods/)
and BioF Hansson et al., 2017 have both been previously described at length. All
Flortaucipir-PET scans across studies were processed using the same pipeline, which
has also been previously described Hansson et al., 2017; Vogel et al., 2019a. Briefly,
5-min frames were reconstructed from 80-100 minutes post-injection. These frames
were re-aligned using AFNI’s 3dvolreg (https://afni.nimh.nih.gov/) and aver-
aged, and the mean image was coregistered to each subject’s native space T1 image.
The coregistered image was intensity normalized using an inferior cerebellar gray
reference region, creating standard uptake value ratios (SUVR). In order to get
an independent map of β-amyloid (Aβ) deposition, regional Aβ-PET images were
downloaded from a larger cohort of subjects. Baseline ROI-level information for
18F-Florbetapir scans were downloaded from available ADNI subjects (n=974), which
had been processed using the whole cerebellum as a reference region.

3.6.3 The Epidemic Spreading Model

The spread of tau through connected brain regions was simulated using the Epi-
demic Spreading Model (ESM), a previously described diffusion model that has been
applied to explain the spread of β-amyloid through the brain Iturria-Medina et al.,
2014. The ESM simulates the diffusion of a signal from an epicenter through a set of
connected regions over time (Fig 3.1A,B). The dynamics of the spreading pattern are
controlled by the weighted connectivity between regions, and by a set of parameters
fit within-subject, the latter of which are solved through simulation. Specifically,
the parameters represent subject-specific i) global tau production rate, ii) global tau
clearance rate and iii) age of onset, which interact with regional-connectivity patterns
to determine the velocity of spread. The ESM is simulated over time for each subject
across several parameter sets, and the set that produces the closest approximation
to observed tau burden for a given subject is selected. Note that these parameters
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themselves do not control regional patterning, which is the metric by which the accu-
racy of the model is evaluated (see below). Instead, the free parameters moderate
the overall tau burden (i.e. the stopping point), which allows the ESM to be fit to
individuals across the Alzheimer’s disease spectrum. For example, an individual
with little-to-no tau burden would likely be fit with a balance of production and
clearance rates that would preclude the overproduction and spread of tau signal
(Fig 3.1C). A detailed and formalized description of the ESM can be found elsewhere
Iturria-Medina et al., 2014.

The ESM takes as input a Region x Subject matrix of values ranging from 0 to
1, representing the probability of a pathological burden (in this case, of tau) in a
given region for a given subject. The model is fit within-subject and, for each subject,
produces an estimate of tau probability for every region-of-interest. In previous
applications of the ESM, the model is fit over every possible epicenter as well as
combinations of epicenters, and the epicenter providing the best overall fit to the
data is selected. In our case, autopsy work provides strong evidence for a consistent
"epicenter" of tau neurofibrillary tangles in humans. Tangles first emerge in the
trans-entorhinal cortex, before emerging in other parts of the entorhinal cortex as
well as the anterior hippocampus Braak and Braak, 1991; Braak and Del Tredici,
2015. We therefore ran models with the left and right entorhinal cortex selected as
the model epicenters. In order to validate this choice, we ran the model using the
left-right pair of every region of interest (33 pairs in all) and compared the model fit
using each regional epicenter. To examine asymmetric spreading, we later fit models
using just the left and right entorhinal cortex as separate epicenters. We also found a
best-fitting model-derived epicenter for each subject, by fitting the ESM across all
possible regions and finding the best within-subject fit.

There are many data pre-processing and model fitting decisions that may affect the
performance of the ESM. Some of these decisions include i) what kind of connectivity
data to fit the model over, ii) which brain regions to include, iii) what kind of
tau measurement to use as input, iv) whether regional tau-PET data should be
partial volume corrected, v) whether and how to correct the regional tau-PET data
for confounding signals, and vi) whether or not to include amyloid-negative MCI
subjects. Rather than arbitrarily choosing these parameters, we fit the ESM over a
range of different parameter sets (see subsequent sections) and investigate how these
pre-processing decisions affect model performance. We then select the best-fitting
models for subsequent analysis. Choices for ii - v are discussed in Section 3.6.4,
whereas choices for i are discussed in Section 3.6.5. Across all combinations of
methodological choices, a total of 432 models were fit.



CHAPTER 3. SPREAD OF PATHOLOGICAL TAU PROTEINS THROUGH

COMMUNICATING NEURONS IN HUMAN ALZHEIMER’S DISEASE
126

3.6.4 Regional tau-PET data pre-processing

Pre-processing of PET data resulted in mean regional tau-PET SUVR values from
the FreeSurfer-derived Desikan-Killiany-Tourville (DKT) atlas Desikan et al., 2006,
extracted from each individual’s native space PET image. Only cortical and sub-
cortical regions overlapping with the MindBoggle DKT atlas were used Klein and
Tourville, 2012, leaving 78 regions in total. Previous Flortaucipir-PET studies have
noted considerable off-target binding of the Flortaucipir signal, leading to signal in
regions without pathological tau burden, and likely to pollution of signal in regions
accumulating tau Baker et al., 2019; Choi et al., 2018; Lemoine et al., 2018; Lockhart
et al., 2017b; Vogel et al., 2019a. While many previous studies have ignored these
issues, accounting for off-target binding is essential to the current study, as our model
cannot distinguish off-target from target signal, and we are not interested in the
propagation of off-target signal. To address this issue, we utilized regional Gaussian
mixture modeling under the assumption that the target and off-target signal across
the population are distinct and separable Gaussian distributions (Fig 3.1C).

As most individuals do not have tau in most regions, pathological signal should
show a skewed distribution across the population, whereas off-target and non-specific
signal should be reasonably normally distributed. Such a bimodal distribution
has been observed for β-amyloid, and mixture modeling has been used in this
context to define global β-amyloid positivity Grothe et al., 2017; Palmqvist et al.,
2014. Our approach differs from these previous studies as we do not assume the
distribution of target and off-target binding to be homogeneous across cortical areas –
we apply Gaussian mixture modeling separately to each region-of-interest (Fig 3.1C).
Specifically, for each region, we fit a one-component and a two-component Gaussian
mixture model across the entire population. We compare the fit of the two models
using Aikake’s information criterion. If a two-component model fits the data better,
this likely indicates the presence of pathological tau in a proportion of the population,
and the Gaussians fit to the data provide a rough estimate of an SUVR threshold,
above which Flortaucipir signal has a high probability of being abnormal. If a
one-component model fits better, this indicates the Flortaucipir-PET signal within
the region is roughly normally distributed across the population, which we do not
expect for tau in a population including many cognitively impaired individuals.
The ESM receives regional (tau) probabilities as input, and so we calculate the
probability that a given subject’s ROI SUVR value falls onto the second (i.e. right-
most) Gaussian distribution using repeated five-fold cross-validation. Assuming this
second distribution represents the subjects with abnormal Flortaucipir signal, this
value estimates the proximity of a subject to the pathological distribution. Effectively,
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this converts regional SUVRs to regional tau-positive probabilities. This approach
defines a fairly conservative, data-driven threshold for SUVR values, above which,
one can assume the presence of abnormal signal (perhaps indicating pathological tau
accumulation) with a high degree of confidence.

For purposes of comparison, we also use two other preprocessing strategies for
regional tau-PET data. First, we apply a regional normalization of SUVR values
along a 0-1 scale, which is equivalent to simply using SUVR values as input (the
ESM expects values to be between 0 and 1). Second, we reproduce the reference
strategy described in the original ESM paper. This approach involves creating a null
distribution by obtaining the maximum value of 40,000 bootstrapped samples of the
5-95% largest SUVR values within the reference region. The distribution is used to
create an empirical cumulative distribution function, which is applied to each voxel
of the PET image, effectively finding the probability that this voxel is greater than
values in the reference region (see Iturria-Medina et al., 2014 for details). We also fit
the model using different region-sets: i) all cortical and subcortical regions (n=78), ii)
cortical regions only (including hippocampus and amygdala, n=66), iii) only regions
demonstrating a bimodal distribution (n varies depending on other pre-processing
decisions).

As mentioned above, tau-PET signal is confounded by a number of off-target
binding sources, some of which are age-related Baker et al., 2019; Choi et al., 2018.
Some studies have found that regressing out certain signal sources, such as choroid-
plexus binding or age-related subcortical signal, can improve expected relationships
between Flortaucipir and other measures (e.g. Lee et al., 2018). In addition, recent
studies have found a putative impact of sex on Flortaucipir binding Hohman et al.,
2018; Liu et al., 2019. Therefore, we explored the impact of removing confounding
signals from tau-PET data on model performance. We tried three different strategies:
i) no preprocessing, ii) regressing out age, sex and mean choroid plexus binding from
each region separately across all subjects, iii) using a W-score approach La Joie et al.,
2012, where regional SUVR values are normalized by Aβ-negative cognitively normal
elderly adjusting for age, sex and choroid plexus binding. Native space choroid
plexus regions were available for each subject from the Freesurfer parcellation, and
the mean Flortaucipir signal was taken between left and right hemispheres. In
addition to these processing steps, we experimented with the choice of partial volume
correcting (PVC) data before running the model. The geometric transfer matrix
Rousset, Ma, and Evans, 1998 method was used for PVC, and models were run with
and without PVC.
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3.6.5 Connectivity measurements

The overall pattern of spread simulated by the ESM is determined by the relationship
matrix, which represents pairwise relationships between each region-of-interest.
Indeed, this is the system through which the simulated signal will diffuse. Varying
the relationship matrix can, for example, allow for tests of different hypotheses
of spread. In addition, replicating model effects over different connectomes can
improve confidence that results are robust to different samples or modalities. We fit
the ESM over four different connectivity datasets, none of which overlap with one
another or with subjects from the tau-PET dataset. We use anatomical connectivity
measurements generated using diffusion tensor imaging (DTI) tractography from i)
healthy and impaired older adults and ii) young healthy adults. We further validate
this procedure using functional connectivity matrix generated from iii) healthy and
impaired older adults and iv) young healthy controls to test the hypothesis that tau
spreads through communicating neurons. Finally, we additionally test the hypothesis
of tau spreading through extra-cellular space by using a Euclidian distance matrix as
input.

We created two template structural connectivity matrices using DTI tractography
data from two different samples. The first was a dataset of 60 young healthy subjects
from the CMU-60 DSI Template Yeh and Tseng, 2011 (http://www.psy.cmu.edu/
~coaxlab/data.html). The second was a sample of healthy older and cognitively
impaired older adults from ADNI. Demographic information and comparisons to
other datasets can be found in Table S1. In total, 204 individuals had one or more DTI
scans available, for a total of 540 scans. The two datasets were preprocessed separately
with a previously described diffusion tractography pipeline Iturria-Medina et al.,
2007, and acquisition and processing information has been described in detail Iturria-
Medina et al., 2017. Briefly, orientation distribution functions (ODF) were calculated
and in turn used to generate deterministic connections between pairs of brain regions
from the Desikan atlas. Specifically, an ACD measure was used, representing the total
proportion of regional surface area (across both regions) that contain connecting fibers
between the two regions. All images were assessed for quality. Connectomes were
averaged across all subjects within each template, resulting in a template structural
connectome in aging and in health, respectively.

Functional connectivity measurements were generated separately from two dif-
ferent datasets. The first was a subsample of young healthy controls from the COBRE
dataset Bellec, 2016, a publicly available sample which we accessed through the
Nilearn python library. All subjects listed as healthy controls under the age of 40 were
selected, totaling 74 individuals. The images were already preprocessed using the
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NIAK resting-state pipeline (http://niak.simexp-lab.org/pipe$_$preprocessing.
html), and additional details can be found elsewhere Bellec, 2016. The second dataset
consisted of a subsample of 189 healthy and cognitively impaired older adults from
ADNI who passed quality control procedures. Demographic data and comparison
to the other datasets can be found in Table S1. These data were processed in-house
using NIAK in a manner described previously

Separately for each dataset, correlation matrices were generated by finding the
correlation between timeseries’ of each pair of regions-of-interest from the Desikan-
Killiany atlas, and all available confounds were regressed from the correlation ma-
trices. We took the mean of all correlation matrices to create an average healthy
connectome template, and an average older/impaired connectome template. These
connectomes were then thresholded so as to only retain the top 10% of connections,
and transformed so all values fell between 0 and 1.

To create a Euclidian distance matrix, we calculated the coordinate representing
the center of mass for each region of interest, and found the Euclidian distance
between it and the center of mass of every other ROI. By using this distance matrix
in the epidemic spreading model, we test the hypothesis that tau diffuses radially
across adjacent cortex, rather than through connected regions.

3.6.6 Statistical Analysis

The ESM was fit using different relationship matrices and across several different pre-
processing choices (see above). Each model was evaluated by mean within-individual
fit, as well as global population fit. Individual model fit is calculated as the r2 between
predicted regional tau probabilities and actual regional tau probabilities measured
with Flortaucipir-PET, for each individual. The mean r2 across all individuals was
used to represent overall model fit. To evaluate the accuracy of the global pattern,
the regional predicted and observed tau probabilities, respectively, were averaged
across all subjects, and the r2 between these group-averaged patterns were calcu-
lated. Together, these two accuracy measures represent the degree to which regional
connectivity predicts the spatial pattern of tau-PET measured within and across
subjects, respectively. To ensure the magnitude of our results were greater than
chance given a matrix of similar properties, for select models, we fit the ESM using
100 null matrices with preserved degree and strength distributions using the Brain
Connectivity toolbox (https://sites.google.com/site/bctnet/). We use the null
distribution to calculate the mean and 95% confidence intervals of the relationship
occurring by chance. Since we run only 100 null models per test, the lowest possible
p-value is 0.01, which would suggest the observed test value was higher than all
values observed by chance.
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To examine the global accuracy of the ESM stratified by amyloid status, we
first divided all subjects into one of two diagnostic groups: amyloid-negative and
amyloid-positive. We then calculated the mean of predicted and observed values
across all subjects within each amyloid group, respectively. We performed similar
analyses across different diagnoses (CN, MCI, AD). In the same manner, we also
examined ESM accuracy stratified by cohort to ensure the model fit was consistent
between the ADNI and BioFINDER cohorts. As a follow-up, we implemented a
neighborhood search using the ball tree method and Minkowski distance (p=2) to
created a subsample of BioFINDER subjects matched to ADNI subjects on either
demographics (Age, Sex, Education, APOE4 status) or tau load (average cortical
tau-PET signal). We then once again compared model fit within this BioFINDER-
matched-to-ADNI sample to model fit in ADNI subjects.

Studies in rodents have suggested a role of amyloid in facilitating the rapid
fibrillarization of tau oligomers He et al., 2018. This would suggest that amyloid
may play a role in explaining tau patterns that is at least partially independent of
connectivity patterns. To explore this, we tested the relationship between regional
modeling error and regional amyloid depositon. We converted regional amyloid
SUVR values to amyloid-positive probabilities using the same regional mixture-
modeling approach as described above. Next, we used the sign of the residual to
divide regions into those that were overestimated by the ESM, and those that were
underestimated by the ESM. An underestimated region, for example, would show
more tau than the model predicted given that region’s connectivity to the model
epicenter. We explored the relationship between model estimation and amyloid
by comparing the degree of (group-mean) amyloid between overestimated and
underestimated regions using t-tests. We also calculate the correlation between
regional model residuals and regional amyloid values. To ensure this relationship is
independent of local tau, we fit a model assessing the independent relationship of
regional amyloid and tau, respectively, on regional model residuals.

To investigate global asymmetry in tau spreading, we compared the performance
of ESM fit with a left entorhinal cortext epicenter to performance of models fit with
a right entorhinal cortex epicenter. To explore asymmetry in individual patterning,
we fit the ESM over every possible epicenter and stored information pertaining to
the best-fitting epicenter for each subject. Epicenters were broadly characterized
into left and right hemisphere and limbic or non-limbic. Limbic epicenters included
entorhinal cortex, hippocampus, amygdala or parahippocampal gyrus. We strati-
fied subjects by their epicenter hemisphere (Limbic-Left, Limbic-Right, Other) and
used ordinary least squares general linear models (GLMs) to examine associations
between epicenter hemisphere and other covariates (age, sex, education, APOE4
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status) covarying for disease status (CN-, CN+, MCI+, AD+). We also compared sub-
jects by their total tau asymmetry (mean of left minus right across all cortical ROIs).
Finally, we ran separate GLMs assessing relationships between epicenter hemisphere
and tau signal in each region of interest, covarying for disease status, age and sex.
These relationships were subsequently FDR corrected using the Benjamini-Hochberg
approach.

3.7 Supplementary Information
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t
Supplementary Fig. 3.S1: Each row is a subject sorted top-bottom by least to most overall tau.
Each column is an ROI, sorted left to right by most to least overall tau. Warmer colors represent
higher SUVR values (top) or tau-positive probabilities (bottom). Conversion to tau-positive prob-
abilities creates a sparse distribution of values demonstrating a progression. The order of ROIs
resembles those described in the autopsy literature.
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Supplementary Fig. 3.S2: (A) Parameters for the top 25 models. Blue bars represent global model
fit, whereas red bars represent average within-subject fit. Models to the right of the black line
explain more than half of the total variance in tau spatial pattern. (B) Influence of tau-PET input
measure (i.e. tau probability; x-axis) and confound regression strategy (colors) on global model
performance (y-axis) across all subjects (top) and Aβ- subjects only (bottom). Error bars repre-
sent variation in model fit depending on connectome, PVC strategy, and inclusion/exclusion of
MCI- subjects. (C) Impact of PVC on model performance for all models (left) and models using
tau-positive probabilities (right). Lines show change in model fit depending on PVC strategy. For
boxplots, the center line = median, box = inner quartiles, whiskers = extent of data-distribution.
(D) Impact of connectome choice (color) on variation in model performance (y-axis) across differ-
ent tau input measures (x-axis). Error bars represent variation in model fit depending on PVC
strategy, regression strategy and inclusion/exclusion of MCI- subjects. (E) Variation in model
performance based on whether MCI- subjects were included or not, across different connectomes.
Data are visualized only for models using the mixture modeling approach for tau probabilities.
Error bars represent variation in model fit depending on PVC strategy and regression strategy.
(F) Model fit variation related to which regions were included. Only models using the mixture-
modeling approach for tau probabilities are visualized, and error bars represent variation in
model fit depending on PVC strategy, regression strategy, connectome and inclusion/exclusion
of MCI- subjects. For all panels, error bars represent standard error of the mean.
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Supplementary Fig. 3.S3: Global model fit for the best-fitting model averaged across (from left
to right) ADNI subjects only, BioFINDER subjects only, a subselection of BioFINDER subjects
matched to ADNI based on demographics, and a subselection of BioFINDER subjects matched to
ADNI based on average cortical tau.

Supplementary Fig. 3.S4: (Top) The ESM predicted the global tau pattern across disease states.
(Bottom) Observed tau patterns increased with increased disease severity. By design, the pre-
dicted pattern also increases with disease progression, as each model is fit to the individual in
terms of magnitude of tau (but not spatial pattern, which is determined by connectivity)
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Supplementary Fig. 3.S5: Regions were sorted into Braak Stage as in Main Text Fig 2. The average
within-region model fit was calculated as the absolute difference (i.e. residual) between predicted
and observed tau-probability in that region. This relationship is depicted across stages for the
best-fitting model, across (left) all subjects, (middle) amyloid-negative subjects only and (right)
amyloid-positive subjects only. In general, model fit became worse across as in regions belong
to later Braak stages, and the hippocamus (Braak Stage II) was generally poorly fit. Error bars
represent standard error of the mean.
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Supplementary Fig. 3.S6: For each plot, each dot represents a region. The x-axis represents the
mean simulated tau-positive probabilities across the population, while the y-axis represents the
mean observed tau-positive probability. A value of (say) 0.3 for a given ROI would suggest that
an average of 30% of all subjects included were predicted (X) or observed (Y) to have positive
abnormal tau signal in that region. The results are shown for ESM fit over (from top to bottom)
healthy young structural connectome (also selected as best-fitting); aging structural connectome;
healthy young functional connectome; aging functional connectome; and a Eucidian distance
matrix. B) Breakdown of ESM performance by amyloid status. The average performance of the
four different models are shown separately for (left) all subjects, (center) Aβ- individuals and
(right) Aβ+ individuals
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3.8.3 Data Availability

Analyses in this manuscript were conducted principally using subjects from the
ADNI and BioFINDER cohort. ADNI is a publicly available dataset and can be
accessed at http://adni.loni.usc.edu/. BioFINDER data are not publicly available
for download, but access requests can be made to the study Principal Investigator,
Oskar Hansson. Additionally, data used to create template connectomes are also
publicly available. ADNI rsfMRI and DTI data can be downloaded at http://

adni.loni.usc.edu/. The COBRE dataset can be accessed at Bellec, 2016, or can
be downloaded using the Nilearn python package https://nilearn.github.io/.
CMU60 DTI data can be accessed at http://www.psy.cmu.edu/~coaxlab/data.html.

3.8.4 Code Availability Statement

Matlab scripts for the Epidemic Spreading Model will be made available in a forth-
coming public software release. Inquiries into acquiring the scripts beforehand can be
sent to Yasser Iturria-Medina. Python functions used in part to analyze and plot ESM
data can be found at https://github.com/illdopejake/data_driven_pathology/
blob/master/esm/ESM_utils.py.
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4.1 Preamble

The previous chapter showed that diffusion of a pathological signal from the en-
torhinal cortex through the brain connectome produces a pattern resembling tau
accumulation, particularly in early disease stages. However, this model did not fit
the data perfectly, especially in individuals with AD dementia (Figure 3.S4). Anal-
yses from Chapter 3 suggested regional Aβ contributed to the modeling error, as
likely does measurement error and spatial resolution. However, the analyses from
Chapter 3 also assumes a homogenous spreading pattern across individuals, which
is unlikely given that within-individual model fitting was not as good as fit across
individuals (Fig 3.S6). This is also unlikely considering autopsy studies have shown
strong evidence for systematic variation in tau spread (reviewed in Section 1.3.4).
The latter, however, has not been demonstrated extensively in humans (reviewed in
Section 1.5.3).

The existence of atypical variants of tau spreading, and of variation in typical
spreading patterns, is a topic that has received relatively little attention compared
to other topics in AD research. As medical science slowly inches in the direction
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of individualized medicine, understanding individual variation is becoming more
of a priority. Investigation of tau spreading variation is not only important for
individualized monitoring of disease progression, but may also reflect differing
disease biology relevant to the development of therapeutic interventions. Variation
in tau spread has been characterized to some degree in large samples of post-mortem
data (Murray et al., 2011b), and in imaging data using proxies for tau pathology (Noh
et al., 2014; Young et al., 2018; Tam et al., 2019). However, a large-scale investigation
of systematic variation in tau distribution in vivo, using tau-specific markers, has not
been performed.

There are several methodological issues that make examining heterogeneity in
AD challenging. One challenge is that enormous sample sizes are necessary for
reliable reports. A second challenge is that the spatial pattern of tau varies over
time, and therefore time is a confound in any effort to study time-orthogonal spatial
variability. An elegant solution to this latter issue was proposed in a recent study,
which introduced an algorithm to model both the spatial and temporal aspects of
disease progression simultaneously (Young et al., 2018). In this chapter, we apply
that algorithm to the largest sample of tau-PET data assembled to date, composed of
data from five different centers around the world. This study therefore represents a
critical step toward understanding variation in tau spreading patterns in AD. Once
again, the spatially unconstrained, tau-specific and in vivo features of tau-PET create
an opportunity for novel insights.

4.2 Abstract

There has not been a systematic whole-brain characterization of spatiotemporal
variation in tau deposition in Alzheimer’s disease (AD), despite evidence for hetero-
geneity across the population. We leverage data-driven disease-progression models
to describe four image-based phenotypes of AD with distinct cognitive, genetic and
demographic profiles, which remain stable over time, site and methodology. We
describe an age-related axis of severity that is orthogonal to phenotype, the extremes
of which align with AD clinical variants. Our model allows for individual-tailored
prediction of future tau accumulation, and we examine how cortico-limbic networks
and neuronal cell-type variation may partially explain AD phenotypes. Our results
suggest re-examining the notion of ’typical AD’.
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4.3 Introduction

Alzheimer’s disease (AD) is the leading cause of dementia worldwide (Prince et al.,
2013) and prevalence is expected to double in the next twenty years, which will
likely lead to enormous social and economic burden (Hurd et al., 2013). Despite
the looming urgency of AD, the cause of of the disease remains unknown. At au-
topsy, AD presents with diffuse extracellular and neuritic β-amyloid (Aβ) plaques,
and intracellular neurofibrillary tangles of hyperphosphorylated tau, along with
extensive neurodegeneration (Braak and Braak, 1991). Leading hypotheses have
postulated these two hallmark proteins, Aβ and tau, either alone or in combination,
are causative agents in disease etiology and progression (Hardy and Selkoe, 2002;
Jack and Holtzman, 2013; Sperling, Mormino, and Johnson, 2014). Both proteins have
particular preclinical qualities. Around a third of healthy older adults present with
cortical Aβ plaques (Jansen et al., 2015) increasing risk for incipient cognitive impair-
ment (Morris et al., 2009; Teipel et al., 2020), which may occur up to two decades later
(Villemagne et al., 2013). However, the extent of Aβ burden is poorly correlated with
cognitive status (Nelson et al., 2012; Hedden et al., 2013) or local neurodegeneration
(Gordon et al., 2018; La Joie et al., 2020), and numerous clinical trials have failed
to clearly slow cognitive decline despite successfully reducing brain Aβ (Schneider
et al., 2015). Meanwhile, tau tangles in the medial temporal lobe (MTL) is a very
common age-related phenomenon (Crary et al., 2014), possibly associated with lim-
ited neurodegeneration and/or decrements in episodic memory (Maass et al., 2018b;
Jefferson-George et al., 2017). Remarkably, the presence of Aβ is associated with the
appearance of tau tangles outside of the MTL, which is itself highly associated with
cognitive impairment (Ossenkoppele et al., 2018). Furthermore, cortical tau colocal-
izes with cortical atrophy and predicts future neurodegeneration (La Joie et al., 2020),
while the appearance of tau in specific cognitive networks leads to domain-specific
cognitive impairments (Bejanin et al., 2017b). For these reasons and others, the focus
of treatment discovery has shifted recently to tau, and numerous therapeutic inter-
ventions are currently undergoing research and development (Jadhav et al., 2019). A
better understanding of tau pathophysiology is therefore of imminent need in order
to aid development of these interventions.

Tau tangles are thought to exhibit a somewhat specific pattern of cortical spread,
which has been formalized into the Braak staging system (Braak and Braak, 1991;
Braak et al., 2006). The six Braak stages describe the first appearance of cortical
tau tangles in the entorhinal cortex, where they spread throughout the medial and
basal temporal lobes, then into nearby allocortex, next into isocortical associative
regions, and finally into the unimodal sensory cortex (Braak et al., 2006). While this
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stereotyped progression was derived from histopathological staining at autopsy, tau
can now be measured in vivo in the human brain using positron emission tomography
(PET), and early tau-PET imaging studies described spatial patterns that have mostly
converged with the Braak staging system (Schöll et al., 2016b; Schwarz et al., 2016;
Cho et al., 2016a; Vogel et al., 2019a). However, many examples have emerged of
individual tau patterns that violate the sequence of events purported in the Braak
staging system. Murray and colleagues described, in a large autopsy sample, a
number of individuals showing an MTL-sparing phenotype with extensive cortical
tau burden but limited MTL burden, as well as a limbic phenotype with high volume
tau pathology that was nonetheless relegated to limbic and temporal cortex (Murray
et al., 2011b). The existence of these phenotypes have been routinely replicated
(Whitwell et al., 2012; Ossenkoppele et al., 2018; Jeon et al., 2019), and associated with
specific patient profiles (see (Ferreira, Nordberg, and Westman, 2020) for a systematic
review). Based on these findings, Ferreira and colleagues described a model of AD
pathological heterogeneity where individuals vary along an axis of “typicality”, but
also noted a great deal of variation in AD severity, with patients presenting with more
or less aggressive phenotypes (Ferreira, Nordberg, and Westman, 2020). In addition,
clinical variants of AD have been described that exhibit specific patterns of pathology
that deviate from the Braak stages (Warren et al., 2017). Posterior cortical atrophy
(PCA, the “visual variant” of AD) involves marked pathology in the occipitoparietal
areas (Crutch et al., 2012), logopenic variant primary progressive aphasia (lvPPA,
“language variant”) presents with asymmetric left temporal pathology (Mesulam
et al., 2008), and frontal/dysecutive and early-onset varieties of AD tend also to have
aggressive phenotypes involving frontoparietal regions (Ossenkoppele et al., 2016a).

Taken together, the examples above suggest that, while the Braak staging system
appears to be a good description of tau spreading at the population level, it does not
account for systematic variability at the individual level. Variation in the pathological
spread of AD may have numerous practical repercussions that warrant consideration
for both basic research and clinical trials investigating tau. The differing patterns
may result from distinct etiological events or vulnerabilities of specific molecular
pathways, such as the high proportion of APOE4 carriers with a limbic phenotype
(Ferreira, Nordberg, and Westman, 2020), or the vulnerability of specific cell types
in certain variants of AD (e.g. (Drummond et al., 2017; Petersen et al., 2019)). Such
biological differences could be associated with systematic difference in treatment
response. In addition, different AD subtypes may have distinct rates and profiles of
cognitive decline (Risacher et al., 2017; Ossenkoppele et al., 2019). Finally, research
or clinical samples are likely composed of different mixes of AD phenotypes, which
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could result in discrepant findings across studies. The latter issue might be particu-
larly problematic if pathological variants of AD are related to demographic factors
such as age, education or research setting, which tend to vary widely across studies.

For the reasons listed above, and many others, a systematic description of vari-
ation in AD pathological spread is imminently necessary. Previous studies have
provided invaluable information toward this effort (Young et al., 2018; Dong et al.,
2017; Zhang et al., 2016; Noh et al., 2014; Murray et al., 2011b; Ferreira, Nordberg,
and Westman, 2020; Tam et al., 2019), but suffer from specific limitations. While
pathology studies represent an important standard and were responsible for the
initial characterization of tau spreading, such studies are typically semi-quantitative
in nature, involve limited spatial sampling, and have issues related to inter-rater
reliability and working with posthumous human tissue at late stages of the disease
(Scheltens and Rockwood, 2011). Application of unsupervised statistical learning
methods to neuroimaging data circumvent many of these limitations, but come with
limitations of their own. First, nearly all such studies to date have used non-specific
measurements of tau pathology—usually structural MRI—meaning pathological
information is confounded by non-specific, unrelated or up/downstream sources.
In addition, perhaps the most challenging issue relates to the confounding effect of
spatiotemporal disease progression: in a set of images sampled from a population
along the AD spectrum, the greatest source of variation across images is disease pro-
gression, or the variation in space of a pathological entity over time. As such, most
unsupervised algorithms will partition images along this “temporal” axis (i.e. less
pathology, intermediate pathology, more pathology), which is both uninformative
and orthogonal to the axis of interest: spatial variation. Many studies have presented
clever solutions to this conundrum, including limiting analyses to a certain window
of disease progression (e.g. only in individuals with dementia, (Noh et al., 2014)) or
removing or accounting for global tau signal (e.g. (Dong et al., 2017; Tam et al., 2019).
These approaches achieve varying levels of success, but often come at the additional
cost of reduced sample sizes and/or abstraction to a point of reduced interpretability.

We present a systematic characterization of heterogeneity in tau patterning in
AD, which attempts to overcome each of the aforementioned limitations. To accom-
plish this goal, we have amassed the largest and most diverse sample of tau-PET
data to date (n=2324), allowing unprecedented power to detect and characterize AD
subtypes. We apply to this data the Subtype and Stage Inference (SuStaIn) model,
a paradigm-shifting algorithm that combines disease progression modeling with
traditional clustering to achieve probabilistic spatiotemporal partitioning and classifi-
cation (Young et al., 2018). SuStaIn has previously been used to successfully partition
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genetic variants of frontotemporal dementia using imaging data without supervi-
sion (Young et al., 2018), and has identified novel variations in chronic obstructive
pulmonary disorder biomarkers that demonstrated distinct longitudinal outcomes
(Young et al., 2020). We apply SuStaIn to our multi-cohort sample of tau-PET data
to discover systematic spatiotemporal variation in tau spreading, and validate our
findings over time and across different PET radiotracers. We identify four subtypes
that demonstrate impressive stability over time and across cohorts and different PET
radiotracers. The subtypes are associated with distinct genetic, cognitive and demo-
graphic profiles along with differing cognitive prognoses, and we present certain
biological phenomena that may contribute to diversity in tau-PET spreading patterns.
Finally, we show we use our model to create individual-tailored predictive tools for
tracking disease progression with increased power.

4.4 Results

We compiled a discovery sample of 1143 individuals along the AD spectrum with
flortaucipir-PET tau images, spanning five separate cohorts. Demographic informa-
tion and cross-cohort comparisons can be found in Table 4.S1. Significant cross-cohort
differences were observed for all variables assessed.

4.4.1 Spatiotemporal subtypes of Alzheimer’s disease

We applied the Subtype and Stage Inference (SuStaIn) algorithm to our large sample
of flortaucipir-PET images in order to extract distinct spatiotemporal trajectories of
tau spreading. 646 (56.5%) individuals did not demonstrate any abnormal tau-PET
signal, and were therefore assigned by SuStaIn to a tau-negative group (S0). Using
cross-validation, we determined a four-subtype solution to best represent the data.
The four-subtype model was applied to our discovery dataset. These individuals
were probabilistically assigned to one of 30 progressive stages along one of the four
subtype trajectories (Fig 4.1). Flortaucipir-PET scans are confounded by various
sources of off-target tracer retention (Lemoine et al., 2018) that can elevate tau-PET
signal in the absence of tau pathology. After post-hoc visual inspection and analysis,
we determined one subtype (S2, see below) to contain several individuals with a
high-probability of off-target binding (i.e. false-positives). Data-driven approaches
were used to identify these individuals and re-label them into the S0 group (see
Methods Section 4.6.4,Supplementary Fig 4.S1). After this correction, the S0 class
included 78.5% of all cognitively normal individuals, 36.3% of individuals with MCI,
and 4.7% of individuals with AD.
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Figure 4.1: A) Tau-PET pattern of tau-positive (subtyped) individuals. B) Quarternary plot show-
ing probability each individual is classified as each subtype. Dots are labeled by final subtype
classification: S1 (red), S2 (green), S3 (blue) or S4 (black). Inset box shows individuals that had a
probability < 0.5 to be classified as any of the four subtypes (i.e. showing poor fit). C) Average
tau-PET pattern for each subtype. The colorbar is the same as Panel A. D) Regions showing signif-
icant difference between one subtype and all other subtypes after FDR correction. E) Progression
of each subtype through SuStaIn stages. Each image is a mean of individuals classified at the
listed stage and up to four stages lower. Only the left hemisphere is shown to conserve space.

The remaining 443 individuals were categorized into one of four tau progression
subtypes (Fig 4.1). 145 (32.7%) exhibited a limbic-predominant phenotype, with
a highly Braak-like spatial progression across SuStaIn stage (S1: Limbic). These
individuals demonstrated higher tau-PET binding in the MTL and right frontotem-
poral and insular cortex, and relatively lower tau-PET signal in other parts of the
cortex, compared to other subtyped (i.e. tau-positive) individuals. An additional
79 individuals (17.8%) expressed a parietal-dominant and MTL-sparing phenotype,
where early precuneus binding spread across temporoparietal and frontal cortex, but
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Figure 4.2: A) For both the discovery (Orig) and replication (Repl) cohorts, maps showing regions
significantly different between one subtype and all others within the cohort (after FDR correction).
Similar spatial patterns were observed, except for a reversed pattern in S4. B) Confusion matrix
comparing subtypes identified in the original (discovery) sample (y-axis), and subtypes sepa-
rately identified in the replication sample (x-axis). Values represent spatial correlation between
average regional tau for each subtype. Values along the diagonal indicates similarity between the
same subtype across both cohorts.

with relative sparing of the MTL (S2: MTL-Sparing). These individuals expressed
significantly higher tau burden in the parietal, dorsal frontal and somatomotor cortex,
but exhibited relative sparing in visual, medial frontal, insular, temporal cortex and
particularly the MTL (especially the hippocampus). The third subtype composed 135
(30.5%) individuals with a predominant posterior occipitotemporal tau phenotype, in-
volving early occipital lobe binding and gradual anterior progression across SuStaIn
stage (S3: Posterior). These individuals demonstrated greater occipital, lingual and
dorsal parietal binding compared to other subtypes, but also relatively less binding
in frontal, temporal and insular cortex. The remaining 84 (19.0%) individuals showed
a temporoparietal phenotype with distinct left-sided asymmetry, characterized by
early left-temporal tau eventually spreading to parietal and frontal cortex across
disease stage (S4: Lateral [L] Temporal). This subtype was characterized by greater
tau signal in left temporal, frontal and parietal cortex compared to other subtypes,
but relative sparing of right parietal and occipital cortex. The different subtypes shed
light on inconsistencies of tau-PET binding and pathological sequencing of specific
brain regions across previous studies (Schöll et al., 2016b; Cho et al., 2016a; Vogel
et al., 2019a) (Supplementary Fig 4.S2). Hippocampal binding was high in S1 (limbic
individuals) but low in other subtypes, and a similar trend was seen for the lingual
gyrus in S3 (Posterior), while the insula showed varied binding across subtypes.

4.4.2 Stability of AD subtypes

While variation in subtype proportion was observed (and expected) across cohorts,
all subtypes were represented across all cohorts (Supplementary Fig 4.S3). Most
individuals fell neatly into the stereotypical progression of each subtype (Fig 4.1B),
allowing a clean stepwise progression across tau abnormality events to be observed
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Figure 4.3: A) Confusion matrix showing longitudinal stability of subtypes. Each row shows the
number of subjects from a given subtype at Visit 1 that were classified as each subtype at Visit 2.
The diagonal represents the number of subjects that were classified as the same subtype at Visit 1
and Visit 2. Overall stability was 84%. B) Individuals with a higher probability of being classified
into their subtype were more likely to show a stable subtype over time (p<0.0001).

across each subtype population (Supplementary Fig 4.S4). However, 12% of individ-
uals did not fall cleanly into any subtype, demonstrating subtype probabilites below
50% for all subtypes (Fig 4.1B).

We next wished to assess whether the same subtypes could be derived within
a separate replication sample of 469 individuals scanned with the RO948 tau-PET
tracer. The replication cohort, BioFINDER-II, differed from the discovery sample in
all variables assessed, except sex, proportion of AD patients, proportion of homozy-
gous APOE4 carriers and magnitude of inferior temporal lobe tau (Supplementary
Table 4.S1). SuStaIn was run separately on these individuals, constraining the anal-
ysis to produce four subtypes to match the discovery sample. The four resulting
subtypes greatly resembled those derived in the discovery sample (Fig 4.2). The only
exception involved the S4: L Temporal subtype, which had a similar overall tau-PET
pattern but involved right-sided rather than left-sided asymmetry.

Two possible differences between the discovery and replication datasets that
could lead to this discrepancy are tau-PET radiotracer and sample size. To rule out
the latter, we split the discovery sample in half (n=571, 572) and reran SuStaIn on
each half, constraining the model to four subtypes. While the first three subtypes
were once again very similar, a discrepancy was observed once again in the L Tem-
poral phenotype. One half demonstrated a left-lateralized phenotype, while the
other half resulted in a right-lateralized phenotype similar to the replication sample
(Supplementary Fig 4.S5). These results suggest a consistent overall pattern for the
S4: L Temporal phenotype, but that this phenotype has a high propensity for marked
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lateralization. The emergence of a more left-predominant or right-predominant
phenotype in data-driven analyses such as this one may vary due sample size and
composition. The variation in lateralization affected the overall stability of S4 and,
to a lesser degree, S1, but S2 and S3 were remarkably stable over the four datasets
(original, split 1, split 2, replication; Supplementary Fig 4.S5)

We next evaluated the stability of AD subtypes over time. 519 individuals from
the discovery sample also had follow-up flortaucipir-PET scans at least 1 year later.
We used the SuStaIn model learnt on the cross-sectional data to subtype and stage
follow-up visits from the same subjects. Overall 84% of individuals exhibited the
same subtype at both baseline and follow-up (Fig 4.3). Stability remained virtually the
same when excluding individuals classified as S0 at baseline and follow-up (83.9%).
Stable individuals had a higher subtype probability (i.e. classified with a higher
degree of confidence) compared to individuals whose subtype changed at follow-up
(stable mean = 0.91, sd = 0.17; change mean = 0.74, sd = 0.27; t = 5.26, p < 0.0001;
Fig 4.3). Supplementary Table 4.S2 shows longitudinal stability when excluding
individuals using various subtype probability thresholds. Using a threshold of 0.5,
stability increases to 86.8%, and a threshold of 0.9 increases stability to 88.3%.

4.4.3 AD subtypes characterized by distinct demographic,

cognitive and genetic profiles

Various demographic, cognitive and genetic variables were available for all or most
of the individuals across all cohorts. We used linear models to assess whether sub-
types demonstrated distinct profiles compared to one another, and to S0 individuals.
Statistics for these comparisons can be found in Supplementary Tables 4.S3 and 4.S4.
All results are reported after multiple-comparisons correction.

Individuals across all four subtypes expressed worse MMSE and cognition across
all domains compared to S0 individuals. In addition, individuals across all subtypes
except S2 (MTL-Sparing) were more likely to be APOE4 carriers. Compared to S0
individuals, individuals with the S1 (Limbic) subtype were less educated, more
likely to be women, and trended at being older. S2 (MTL-Sparing) individuals were
younger than S0 individuals, and showed a trend at being more highly educated.
S3 (Posterior) individuals showed a trend for being older than S0 individuals, and
S4 (L Temporal) individuals showed a trend for being more highly educated (Sup-
plementary Table 4.S3). Some of these relationships were altered after correcting
for cohort, clinical diagnosis and various demographics measures (Supplementary
Table 4.S3), notably the cognitive domain scores. After corrections, all subtypes
still showed memory impairment, and S4 individuals showed impairment in all
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Figure 4.4: For all plots in panels A-C, horizontal lines indicate significant differences between
two subtypes. A * below a box indicates the subtype is significantly different (p<0.05) from all
other subtypes combined, while a χ represents a trend (p<0.1). All statistics are adjusted for SuS-
taIn stage and multiple comparisons. A) Comparisons between subtypes across (from top to bot-
tom) Age, Education, Sex and APOE4 status. b) Comparisons between subtypes across the four
cognitive domains: (from top to bottom) Memory, Executive Function, Language and Visuopa-
tial Cognition. c) Comparisons between subtypes on (from top to bottom) MMSE, mean cortical
(w-scored) tau-PET signal, and mean cortical tau-PET hemispheric asymmetry (left / right).

domains. However, S1 individuals did not show impairment in the visual domain, S2
individuals did not in the language domain, and S3 did not in the Executive domain,
compared to S0 individuals.

Compared to other subtypes (i.e. other tau-positive individuals), individuals with
the S1 (Limbic) subtype were older, less educated, were more likely to carry an APOE4
allele, had less overall tau with more right-sided asymmetry, and trended at having
spared visuopatial cognition. These relationships did not change after controlling
for SuStaIn stage, except relative memory impairment became a trend, and age
and visuospatial cognition were no longer significantly different. After additionally
controlling for diagnosis, demographics and cohort, only the relationships with
APOE4, total tau and asymmetry remained significant. S2 (MTL-Sparing) individuals
were younger, less likely to carry an APOE4 allele, had more overall tau burden,
worse executive function, and trended at having worse MMSE and more right-sided
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Figure 4.5: Increasing SuStaIn stage is associated with lower age and worse cognition across all
subtypes.

tau asymmetry compared to other subtypes. After controlling for SuStaIn stage,
the S2 individuals were still younger, less likely to carry an APOE4 allele, and had
slightly more right-sided asymmetry, however a trend-level sparing of language
function emerged. After controlling for cohort, demographics and clinical diagnosis
as well, only the relationships with age and APOE4 and the trend-level asymmetry
remained significant. Individuals with the S3 (Posterior) subtype were older, more
highly educated, had more right-sided asymmetry, had spared MMSE and executive
function scores, and had less overall tau. Controlling for SuStaIn stage abolished most
of these relationships, except higher education, more right-sided asymmetry and a
trend for spared MMSE scores. Additionally controlling for demographics, clinical
disease stage and cohort resulted in no remaining significant relationships. Finally,
S4 (L Temporal) individuals had more tau with more left-sided asymmetry, and had
worse MMSE, language and executive function. All of these relationships remained
after controlling for SuStaIn stage, except executive function. Adjusting for cohort,
demographics and clinical diagnosis did not change these relationships, except the
relationship with MMSE. These relationships (after adjustment for SuStaIn stage) are
visualized in Fig 4.4, and statistics can be found in Supplementary Table 4.S4.

As expected, increasing SuStaIn stage was associated with worse global cognition
as measured with MMSE (r=-0.54, p<0.0001; Fig 4.5). This relationship was consistent
across all subtypes (S1: r = -0.51, S2: r = -0.53, S3: r = -0.64, S4: r = -0.40, all ps<0.001).
A strong negative relationship between SuStaIn stage and age was observed, such
that individuals at later SuStaIn stages tended to be younger (r = -0.59, p<0.0001). This
relationship was once again consistent across all subtypes, though less prominent
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Figure 4.6: A) Rate of longitudinal decline in MMSE for each subtype. The x-axis was jittered for
visualization purposes only. The y-axis show MMSE across all observations as predicted by linear
mixed models adjusted for age, sex, education and clinical status (CN, MCI, AD). The posterior
subtype exhibited significantly slower decline than the other subtypes, while the L Temporal
subtype declined faster than the Limbic subtype. B) Annual change in (absolute) SuStaIn stage
for each subtype, in individuals with stable subtypes over time. C) Change in SuStaIn stage
across two visits independent of time between visit. Individuals above the diagonal advanced
in SuStaIn stage. D) Effect-size comparison for annual tau change of different ROIs. The y-axis
represents the t-value in a one-sample t-test against 0. The dashed line shows significant (p<0.05)
difference from 0. The red line indicates the t-value of the highest performing ROI. Lines on
top indicate whether the ROI was SUVR based or tau w-score based, and whether the ROI used
SuStaIn information and/or was individually tailored based on a longitudinal prediction model.
These results are restricted to individuals with a stable subtype over time. E) The same thing
but in all individuals (including those who changed subtype over time). F) Annual change in
tau W-score in individually-tailored "ch2" ROI for (top) stable individuals only and (bottom) all
individuals.

for S1 (S1: r = -0.20, S2: r = -0.68, S3: r = -0.64, S4: r = -0.73, all ps<0.05; Fig 4.5). This
negative relationship was also present among individuals younger than 65 (r = -0.17,
p = 0.010) and individuals older than 80 (r = -0.14, p = 0.034), but not individuals in
between. Asymmetry also increased with increasing SuStaIn stage (Supplementary
Fig 4.S6). However, despite trends in asymmetry at higher SuStaIn stage, many
individuals were observed with asymmetric tau patterns in the "non-predominant"
hemisphere for their subtype (Supplementary Fig 4.S6), suggesting asymmetry to be
at least partially orthogonal with subtype.
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4.4.4 Longitudinal progression of AD subtypes

Longitudinal MMSE data was available for a subset of 697 individuals. We used
linear mixed effects models to test differences between subtypes in the rate of global
cognitive decline, adjusting for age, sex, education and disease status (Fig 4.6A).
Individuals with the S3 (Posterior) subtype had significantly slower decline compared
to all other subtypes. Individuals with the S4 (L Temporal) subtype additionally
showed steeper cognitive decline compared to S1 (Limbic) subtype individuals.
These relationships were unaltered after additionally controlling for cohort.

We next examined how SuStaIn stage changed over time for each subtype, using
the 519 individuals with longitudinal flortaucipir-PET data. For this analysis, we
excluded subtype 0 individuals (n=330), and also excluded individuals that were
not classified as the same subtype across all measurements (n=36), for a final sample
of n=153. Mean change in SuStaIn stage per year was calculated. Across the whole
sample, we observed significant yearly increase in SuStaIn stage (mean Δ/year = 0.8,
t[148]=6.54, p<0.0001). This relationship was consistent across subtype, though only
a trend for S2 (MTL-Sparing) (Fig 4.6B,C; S1: mean = 0.78, t[57]=4.09, p=0.0001; S2:
mean = 0.45, t[39]=1.81, p=0.079; S3: mean = 0.64, t[31]=2.61, p=0.014, S4: mean = 1.73,
t[21]=5.85, p<0.0001). A significant difference in mean annual rate of SuStaIn stage
change was seen across subtypes (F=3.80, p=0.012), and posthoc tests revealed annual
SuStaIn stage increased faster in S4 (L Temporal) compared to S2 (MTL-Sparing)
and S3 (Posterior) subtypes. Supplementary Table 4.S5 shows the proportion of
individuals who progressed, remained stable, or regressed in SuStaIn stage at their
second visit, before and after accounting for model uncertainty. Notably, no S4
individuals regressed. No relationship was seen between SuStaIn stage at visit 1
and annual change in stage per year across the whole sample (r = 0.12, p=0.15), nor
within any subtype (all ps>0.20).

4.4.5 Individualized prediction of tau progression

We used information from SuStaIn to develop ROIs that are tailored to an individuals
baseline tau-PET scan, and we compared these regions to more simpler ROIs using
both SUVRs and tau w-scores. The object was to predict which regions would
show longitudinal change on an individual basis. The individual-tailored ROIs
included: SuStaIn stage ("stage"), selecting a specific lobar ROI depending on subtype
("SubSpecific"), all lobar ROIs with significant within-individual abnormal tau-PET
signal ("tauisthere"), all lobar ROIs in regions with abnormal tau and predicted to get
tau based on (and weighted by) two types of predictive models ("pred1","pred2"), and
all lobar ROIs predicted to increase in tau at next timepoint based on (and weighted
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by) a predictive model ("ch2"). The methods by which these ROIs were devised can
be found in the Methods. To test the predictive utility of each ROI, we calculate a
one-sample t-test against 0 to determine a) if tau is significantly increasing annually
with each ROI, and b) the effect size, where higher t-values might indicate increased
power to detect tau-PET change.

The results are visualized in Fig 4.6D,E for individuals with a stable subtype over
time, and all individuals, respectively. All ROIs showed significant annual increase
over time (uncorrected p<0.05). SUVR-based ROIs tended to perform worse than W-
score-based ROIs, which were themselves improved when incorporating information
from SuStaIn and/or individual-specific information. Traditional temporal lobe
ROIs had excellent performance, indicating consistent tau accumulation in this
region across individuals. Individual-tailored ROIs gave the highest effect sizes, and
were particularly helpful when including unstable cases (Fig 4.6E). This is likely
due to these measures incorporating probabilistic, rather than absolute, subtype
information. Remarkably, the best overall ROI was a weighted composite of regions
expected to show tau accumulation at next visit, as predicted by a model combining
SuStaIn-based information and individual baseline scans ("ch2"). The individual
annualized accumulation rates of tau in this ROI is shown for stable individuals, and
all individuals, in Fig 4.6F.

4.4.6 AD subtype patterns associated with distinct corticolimbic

networks

The underlying causes of differences in tau spreading patterns are unknown. Leading
theories on tau spreading involve network propagation, hypothesizing that tau
oligomers spread transneuronally through axonal connections, or that pathological
states are propagated through macroscale brain networks (Mudher et al., 2017). We
use network diffusion models to examine the possibility that the observed subtype-
specific tau spreading patterns may be driven by spread through distinct networks.
We previously showed that an epidemic spreading model (ESM) simulating spread
of an agent from an epicenter (the entorhinal cortex) through the human connectome
predicted the spatial distribution of tau-PET signal in the human brain (Chapter 3).
We applied this same simulation separately to tau subtypes defined by SuStaIn,
cycling through different possible cortical epicenters. We found that an entorhinal
cortex epicenter fit the S1 (Limbic) subtype tau pattern very well (r2=0.70), but did
not fit other subtype patterns nearly as well (S2: r2=0.04; S3: r2=0.41; S4: r2=0.37).
However, models using different epicenters substantially improved fit (Fig 4.7A).
Best fitting models used the inferior temporal lobe (r2=0.27) for S2 (MTL-Sparing),
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Figure 4.7: A) An epidemic spreading model (Iturria-Medina et al., 2014) was fit separately for
each subtype; once using an entorhinal cortex epicenter, and once with a subtype-specific best-
fitting epicenter. For each plot, each dot represents a region. The x-axis represents the mean
simulated tau-positive probabilities across the population, while the y-axis represents the mean
observed tau-positive probability. Each column represents a subtype. The top row shows ESM
results when using an entorhinal cortex epicenter. The bottom row shows ESM results when
using an epicenter that best fits the subtype pattern. B) The Allen Human Brain Atlas was used
to determine genes with expression patterns mirroring subtype-specific tau patterns (top 1%).
These gene lists were queried for enrichment of different cell classes using (Lake et al., 2018) as
reference data. P-value were determined using permutation tests with 1000 iterations, followed
by FDR correction.

the fusiform gyrus (r2=0.59) for S3 (Posterior) and the amygdala (r2=0.50) for S4 (L
Temporal) (Fig 4.7A; Supp Figure), suggesting a possible predominance of these
regions in secondary tau seeding for different subtypes.

4.4.7 AD subtypes associated with distinct transcriptomic

signatures

Another possible explanation for heterogeneity in tau spreading patterns may in-
volve vulnerability of region-specific molecular networks. Such vulnerability may
be conferred by genetic susceptibility, and may manifest as variability in the ex-
pression of different neural cell subtypes, or molecular networks activated in re-
sponse to AD pathology. We leverage high-resolution transcriptomic data to compare
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subtype-specific tau patterns to spatial pattern of gene expression for different cell-
subtypes and AD vulnerable networks. We use machine learning to identify sets
of genes whose expression patterns match the subtype-specific spatial tau patterns
(Supplementary Data), and then test whether these lists are enriched for genes
known to be expressed in certain cell subtypes (Lake et al., 2018). We found each
subtype-specific gene expression pattern to exhibit a unique pattern of cell-type
enrichment (Fig 4.7B). For example, the specific pattern of tau associated with the S1
(Limbic) subtype overlapped with a molecular profile enriched for astrocytes and
specific inhibitory interneuron markers, among others. The finding of astrocytes
is particularly interesting for this subtype, given the high prevalence of APOE4
carriers among S1 individuals, and the fact that APOE is among the top markers
for astrocytes. In addition, we found the S4 (L Temporal) pattern to be enriched for
excitatory neurons, again interesting given the rapid progression of this subtype
compared to other subtypes. We next apply the same approach, except this time to
examine enrichment of genes involved in cell-type specific pathological processes
in AD (Mathys et al., 2019). Under this framework, we found similar results: The
S1 (Limbic) subtype pattern was enriched for genes upgregulated in astrocytes in
response to AD pathology, while the S4 (L Temporal) subtype pattern was enriched
for genes upregulated in neurons in AD.

4.4.8 A new model for Alzheimer’s disease heterogeneity

Ferreira and colleagues presented a working model describing two orthogonal axes
explaining heterogeneity in AD presentation: severity and typicality (Ferreira, Nord-
berg, and Westman, 2020). Based on our findings, we suggest an updated model.
Our data support the notion of an axis of disease severity that is orthogonal to the
pattern of neurodegeneration, and we find this axis is strongly and inversely related
to age (Fig 4.5). However, our data disputes the notion of "typicality" in AD. Rather,
the spatial pattern of tau spreading appears to vary along at least four archetypes
(Fig 4.1), depending on factors such as age and genotype (Fig 4.4), and without one
pattern emerging as "dominant" or "typical". Therefore, we propose heterogeneity in
AD is best represented as a plane rather than an axis.

4.5 Discussion

For thirty years, the progression of tau pathology in AD has principally been de-
scribed by a single model of spatiotemporal evolution (Braak and Braak, 1991; Braak
et al., 2006), despite frequent examples of nonconforming cases (Murray et al., 2011b).
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We show that the cortical cascade of tau pathology, in a sample of nearly 450 tau-PET-
positive individuals, is better described by a model including multiple spatiotempo-
ral patterns. Importantly, this model reconciles atypical AD variants with common
variations of typical AD into a single unified model of pathological progression.
First, the model reaffirms the existence of oft-observed cortical-predominant and
limbic-predominant pathological patterns as distinct subtypes of tau progression,
rather than phases along a continuum. In addition, the model also accounts for the
most frequently occurring atypical variants of AD, PCA and lvPPA, as the extremes
of regularly occurring posterior and lateral-temporal AD subtypes. Together, our
data align with a recent model (Ferreira, Nordberg, and Westman, 2020) to suggest
variation in the pathological expression of AD along two orthogonal axes: subtype
and severity, the latter of which is strongly and inversely correlated with age. Given
that no dominant pattern emerged, our data suggest the existence of multiple AD
subtypes, confounding the notion that there is such an entity that can be described as
"typical" AD.

We found individuals representing each of four subtype patterns in each of the
five contributing cohorts, and we reproduced a very similar set of subtypes in a
totally separate sample using a different radiotracer. In contrast to the notion of a
typical pattern from which all others deviate, no subtype predominated, and most
individuals were confidently assigned into one subtype pattern and were consistent
over time. The limbic subtype was the most frequent, and presented with many
qualities typically associated with AD: older, less educated, greater proportion of
APOE4 carriers, strongly amnestic phenotype, and medial temporal pathology with a
Braak-like progression of tau spread. However, this subtype represented only a third
of all tau-positive cases in our dataset. We suggest instead that, at older onset ages,
the subtypes may present with subtle differences that may be difficult to detect in the
clinic, while at younger onset ages, the more aggressive phenotype can amplify the
distinct subtype expressions. The existence of these phenotypes, if further validated,
may necessitate a reform in pathological tau staging where key regions are surveyed
to increase sensitivity to detect subtype-specific patterns.

Many pioneering studies have noted variation in AD as deviation from a typical
expression pattern. For example, limbic-predominant and MTL-sparing phenotypes
are contrasted against "typical" variants that express tau pathology in both the
MTL and isocortex (Murray et al., 2011b; Whitwell et al., 2012). In contrast to this
notion, we found individuals expressing both cortical and MTL tau to express a more
aggressive phenotype with marked asymmetry, the latter feature something that
has not been well characterized in histopathological studies of AD. In addition, our
model allows the concurrence of MTL and cortical pathology at later stages of several
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distinct progressions, perhaps suggesting that solely contrasting cortical and MTL
tau (i.e. (Byun et al., 2015; Risacher et al., 2017; Whitwell et al., 2018; Ossenkoppele
et al., 2019) may not be sufficient to describe AD heterogeneity. Indeed, while some
spatial convergence could be observed in our AD subtypes, particularly at early or
late stages, subtle regional variation consistently distinguishes individuals of one
subtype from another (Shiino et al., 2006).

Our findings converge with many other supervised and unsupervised AD sub-
typing studies from the imaging and pathology literature. We characterized limbic-
predominant and MTL-sparing phenotypes that demonstrated associations with age,
APOE genotype and cognition, converging with previous studies (Murray et al.,
2011b; Janocko et al., 2012; Whitwell et al., 2012; Byun et al., 2015; Risacher et al.,
2017; Ossenkoppele et al., 2019; Jeon et al., 2019; Ferreira, Nordberg, and Westman,
2020). Notably, these associations were reduced when accounting for disease stage
and other covariates, suggesting previously-noted associations may be somewhat
confounded. We also characterized two additional subtypes that have been described
less frequently. The lateral temporal phenotype resemble "rapid-progressive" AD
(Drummond et al., 2017; Qiang et al., 2017) with its steep cognitive decline and rapid
tau accumulation, but also lvPPA with its left-lateralized tau pattern and language
deficits. The posterior phenotype bore some resemplance to PCA, but generally
expressed a more mild phenotype with slower cognitive decline. However, the lack
of detection of these subtypes in other studies may be a methodological issue. The
occipital lobe is not typically considered to be an AD-vulnerable region and is not
frequently sampled in autopsy studies, nor is hemispheric asymmetry consistently
assessed in such studies. Several other studies have performed subtyping using a
constrained set of regions, usually bilateral cortical and MTL ROIs, which would pre-
clude discovery of posterior or lateralized phenotypes (Murray et al., 2011b; Whitwell
et al., 2012; Byun et al., 2015; Risacher et al., 2017; Whitwell et al., 2018; Ossenkoppele
et al., 2019). Meanwhile, spatially unbiased studies have described posterior or
lateralized phenotypes (Badhwar et al., 2019). Furthermore, a recent study applied a
Bayesian cross-decomposition algorithm to discover canonical associations between
neurodegeneration (measured with both tau-PET and atrophy) and cognition. Along
with an MTL memory factor, the analysis revealed a posterior cortical executive
factor and a left temporal language factor, reminiscent of the subtypes described
here (Sun et al., 2019). This analysis hints that such subtypes could be exaggerated
expressions of latent pathological patterns endemic to AD, and perhaps driven by
cognitive networks. The emergence of these phenotypes may also results from our
larger samples, or from assessing spatiotemporal dynamics rather than only spatial
dynamics.
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We show a strong negative correlation between age and tau progression, repro-
ducing previous reports (Marshall et al., 2007; Whitwell et al., 2019). Importantly,
this is not to suggest tau is reducing with increased age – in contrast, we show
significant advancement of tau pathology is detectable even after a year. Instead,
our results suggest a younger age of onset is associated with a more rapid progres-
sion of tau pathology. Interestingly, this phenomenon was observable across all
subtypes. Previous work has noted that early-onset AD (EOAD) is more likely to
present with an atypical phenotype (Koedam et al., 2010). This may be a specific
characteristic of EOAD. However, our data suggest that posterior or left-lateralized
temporal binding are not uncommon across the age spectrum, but that they are more
pronounced at earlier ages. Therefore, atypical variants of AD may represent an
accelerated and intensified manifestation of common AD phenotypes, though this
will require further validation. Explanations as to why early onset ages result in
more aggressive phenotypes are scarce. It is possible that younger individuals have a
healthier brain that is more efficient at accumulating or spreading pathology, though
it should be noted that older mice exhibit a more aggressive spread of tau pathology
than younger mice (Wegmann et al., 2019). Instead, the onset of pathology may be
linked to the age-related deterioration of intrinsic properties that protect against
pathological protein aggregation (Ciryam et al., 2015; Freer et al., 2016; Kundra et al.,
2017). Reducing the efficiency of these (e.g. endosomal/lysosomal) systems through
genetic susceptibility, for example, could lead to an earlier and accelerated phenotype
as is observed in EOAD.

Other possible subtypes of AD pathology have been described, which we did
not reproduce in our study. We did not find any evidence for "diffuse" or "minimal-
atrophy" subtypes that have been reported in previous unsupervised subtyping
studies (Ferreira, Nordberg, and Westman, 2020). Recent work suggests minimal-
atrophy subtypes also display minimal tau pathology (Ossenkoppele et al., 2019),
and such individuals would have been labeled S0 in our study. Meanwhile, diffuse
subtypes likely represent either catch-all partitions, and/or MRI-specific phenotypes.
In addition, variants of AD with prominent dysexecutive and/or behavioral impair-
ments have been described (Dickerson and Wolk, 2011; Ossenkoppele et al., 2015d),
sometimes referred to as "frontal AD". A supervised MRI analysis did not find strong
evidence for increased frontal atrophy (Ossenkoppele et al., 2015d), nor did a semi-
supervised MRI analysis reveal a frontal subtype (Ossenkoppele et al., 2019), though
limited evidence may suggest elevated frontal tau-PET binding in such individuals
(Ossenkoppele et al., 2016a; Dronse et al., 2017; Li et al., 2020). We did not find
evidence for a frontal-predominant phenotype in our study. The MTL-sparing and
lateral temporal phenotypes did exhibit elevated frontal binding compared to other
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phenotypes. In addition, the lateral temporal subtype showed impaired executive
function compared to other subtypes. However, our analysis was based solely on the
spatiotemporal characteristics of tau-PET signal, independently of clinical measures.
Cognitive subtypes of AD continue to be studied (Crane et al., 2017; Scheltens et al.,
2017), though the link between pathological and cognitive subtypes may not be
direct.

Our analysis of spatiotemporal variation of tau patterns in AD also produced
some unexpected findings worth investigating. Despite the extreme of the posterior
subtype being represented by PCA, an aggressive disease variant, the posterior sub-
type overall demonstrated spared cognition and slower cognitive decline compared
to all other subtypes. These individuals exhibited considerable tau pathology in
posterior (including occipital) brain regions, but also relatively less MTL and frontal
binding. The relatively spared cognition could be due to a chance resistance to tau
accumulation in regions important to cognitive maintenance, or perhaps the sub-
type exhibits a compensatory AD phenotype. Interestingly, the posterior subgroup
was more highly educated, perhaps indicating a form of cognitive reserve (Stern,
2012). Future studies will be necessary to validate the existence and qualities of
this posterior subtype. We also found that, while certain subtypes exhibited greater
overall hemispheric asymmetry of tau-PET binding, aymmetry was common, and
the degree of asymmetry increased in all subtypes with disease progression. This
corroborates previous findings from both MRI (Derflinger et al., 2011; Sarica et al.,
2018) and tau-PET (Chapter 3) studies. A full exploration of the clinical relevance
of hemispheric asymmetry is out of scope for this study, though our preliminary
findings suggest asymmetry may represent another, possibly orthogonal dimension
of tau-PET heterogeneity. This is likely why we found inconsistent lateralization
depending on sample composition.

Relatively little is known about subtypes of AD, including why they occur and
how much they influence AD research. Different manifestations of AD may represent
subtle variations in the spread of pathology, or could signal the influence of highly
distinct processes. For example, a recent pathology study found increased NFT
pathology and neuronal loss in the basal forebrain specifically in patients with
a hippocampal-sparing phenotype, and that earlier disease onset was associated
with more NFT pathology in these subjects (Hanna Al-Shaikh et al., 2020). This is
interesting given that cholinergic treatments for AD are less effective in individuals
with extensive limbic pathology (Connelly, Prentice, and Fowler, 2005). Furthermore,
a recent study showed that a targeted basal forebrain treatment appeared most
effective for patients with a hippocampal-sparing phenotype (Machado et al., 2020).
This research may suggest a unique role of the basal forebrain in certain subtypes of
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AD. Meanwhile, APOE has been consistently associated with limbic manifestations of
AD (Flier et al., 2011; Murray et al., 2011b; Mattsson et al., 2018b; Therriault et al., 2019;
Ferreira, Nordberg, and Westman, 2020), including the present study, and APOE-
or hippocampus-based therapies could prove more effective for these individuals.
Along similar lines, the proteomic content of hippocampal Aβ plaques differed
substantially between rapidly progressive and typical variants of AD. The former
expressed more neuron-related genes while the latter more astrocyte-related genes
(Drummond et al., 2017), echoing results from our cell-type enrichment analysis.
Together, these results point to the possibility that different AD subtypes may be
characterized by distinct underlying physiology. Clinical trials may benefit from
stratification or enrichment based on AD subtype, or at the very least post-hoc
identification of within-subtype effects.

Subtypes can also be very useful in tracking disease progression. The formaliza-
tion of tau accumulation into distinct stages (Braak et al., 2006) has great utility for
tracking the evolution of underlying pathology, independent of clinical manifestation.
However, we show that quite some variability in spatiotemporal accumulation exists,
and previous tau-PET studies have noted larger lobar ROIs may capture disease
progression better than Braak-stage ROIs (Schwarz et al., 2018). In our study, we
find that subtype-specific ROIs are more sensitive to capturing longitudinal tau
accumulation, and individual-specific ROIs are better still. Individuals appear to
reliably accumulate tau along one of several specific subtype trajectories, allowing us
to form individual-specific predictions of regions of future tau accumulation. These
individual-tailored regions allow for a dynamic tracking based on the subtype and
disease stage of an individual, and their superiority over other ROIs further validates
the SuStaIn model. However, in terms of "stationary" ROIs, we found temporal lobe
ROIs to perform well as sensitive biomarkers for tau accumulation, corroborating
other studies (Jack et al., 2018a; Harrison et al., 2018). This may indicate prominence
of dynamic tau accumulation in the temporal lobe in many variations and stages of
AD. Finally, we found w-scoring to improve sensitivity over traditional SUVR mea-
sures, likely due to its region-specific adjustment for non-specific signal (Chapter 3).
In all, using individual-tailored ROIs based on disease progression and subtype will
likely improve power for clinical trials.

There are currently very few explanations as to why subtypes of AD manifest.
Fascinating work has found PCA and lvPPA patients are more likely to exhibit
learning disabilities in childhood (Rogalski et al., 2008; Miller et al., 2013; Miller
et al., 2018), perhaps mediated by abnormalities during brain development (Miller
et al., 2019). While lvPPA and PCA represent extremes along the AD continua, this
points to the possibility that distinct subtypes may be influenced by regular variation
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in cognitive development or other premorbid factors. Supporting this idea is the
finding that the limbic-predominant phenotype in our study was less educated on
average. While highly speculative, underdeveloped hippocampal function may be
related to both lower likelihood of continuing education and a greater vulnerability
to hippocampal dysfunction in late life. AD polygenic risk has been shown to influ-
ence hippocampal volume (Mormino et al., 2016; Foley et al., 2017), and individual
differences in hippocampal vascular anatomy influence risk for cognitive impair-
ment (Perosa et al., 2020). Another possible explanation for subtypes is interactions
between post-translational tau modification and synaptic tau spreading. Several
labs have shown that the regional pattern of pathological tau expression in mice is
dependent on conformation and injection site of tau seeds (Clavaguera et al., 2013;
Sanders et al., 2014; Guo et al., 2016a; Dujardin et al., 2018; He et al., 2020), though
one study found the synaptic partners of the injection site to be most important
(Narasimhan et al., 2017). It is therefore possible that subtypes of tau spread may
simply be dictated by distinct tau conformations and/or systematic variation in the
human connectome, perhaps at key synaptic junctures. Supporting the latter hypoth-
esis, we found the tau-PET pattern of AD subtypes resembled macroscale neuronal
networks seeded from different brain regions. These findings do not presuppose tau
pathology necessarily starts in different regions, but instead that different regions
may play a more prominent role in tau propagation across subtypes. This could
be mediated by involvement of different neuronal cell subtypes. Recent work has
begun to identify specific excitatory neuronal subtypes generally vulnerable to tau
pathology (Fu et al., 2019; Peng, Trojanowski, and Lee, 2020), and our results suggest
certain neuronal types may also be specifically implicated in different AD subtypes.

This study has a number of limitations that must be addressed. First, while the
use of tau-PET imaging is a great improvement over using MRI to measure AD
pathology, there is still discrepancy between tau-PET signal and true tau pathology
(Lemoine et al., 2018; Leuzy et al., 2019). Other than binding to mature neurfibrillary
tangles (Marquié et al., 2015; Lowe et al., 2016), off-target binding is an issue with
flortaucipir, particularly in the striatum, white matter and choroid plexus (Baker et al.,
2019). We did our best to mitigate this issue by regression of choroid plexus signal,
exclusion of subcortical ROIs and non-AD dementia patients, and region-specific
normalization against non-specific binding, but it is possible that our results could
be influenced by off-target binding. By the same token, while the unbiased spatial
sampling of tau-PET data across the brain aided our discovery of these subtype
patterns, these subtypes must be validated using histopathology studies. Sample size
was an obvious strength of our study, but comes with the caveat of mixing data from
multiple cohorts and scanners. We addressed this issue somewhat by examining
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subtypes in each cohort separately, replicating our results in a separate sample, and
adjusting for cohort in some comparisons. In addition, despite our study boasting the
largest tau-PET sample to date, even larger samples would be preferable in order to
elucidate the spatiotemporal progression of each subtype in more detail. The unique
spatiotemporal modeling approach of SuStaIn is one of the study’s greatest strengths.
However, there is still a great deal of uncertainty in our model, and large samples
will be necessary to reduce that uncertainty.

In conclusion, we describe four distinct but internally stable spatiotemporal phe-
notypes of AD. These subtypes exhibit different clinical profiles and longitudinal
outcomes, and leveraging subtype information improves prediction of future re-
gional tau accumulation at the individual level. Our results call to question whether
"typical" and "atypical" AD are quantifiable entities, rather suggesting that several
AD subtypes exists, and that their individual differences are exacerbated by more ag-
gressive phenotypes with younger onset ages. Future studies should seek to validate
the existence and temporal evolution of these subtypes, as well as identify genetic,
cellular and developmental factors that may influence their expression.

4.6 Methods

4.6.1 Sample Characteristics

The total sample for the following analyses comprised of flortaucipir tau-PET scans
from 1667 individuals from five different cohorts (BioFINDER I, Seoul, AVID, UCSF,
ADNI), and RO948 PET scans from 657 individuals from a sixth cohort (BioFINDER
II). Information pertaining to recruitment, diagnostic criteria and β-amyloid positivity
assessment for the BioFINDER I (BioF) (Ossenkoppele et al., 2018), ADNI (Vogel
et al., 2019a), AVID (Pontecorvo et al., 2019), Seoul (Cho et al., 2018), UCSF (La
Joie et al., 2020) and BioFINDER II (BF2) (Berron et al., 2020) cohorts have been
previously reported. Informed written consent was provided for all participants
or their designated caregiver, and all protocols were approved by each cohort’s
respective institutional ethical review board.

From this total sample of 1667, a subsample was derived including i) all cogni-
tively unimpaired individuals older than 40 years; and ii) individuals who had both
a diagnosis of MCI or AD, AND imaging or fluid evidence of brain β-amyloid pathol-
ogy. All subjects with a primary diagnosis other than cognitively unimpaired, MCI
or AD were excluded. This subsample, used for all subsequent analysis, comprised
1143 individuals. The same screening procedures were used to filter individuals
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from BioFINDER II, reducing the samples size from 657 to 469. Characteristics of all
samples, including inter-cohort differences, are detailed in Table 4.S1.

4.6.2 Image Acquisition and Preprocessing

Tau-PET data acquisition procedures for each cohort have been previously described
(Ossenkoppele et al., 2018; Pontecorvo et al., 2019; Cho et al., 2018; La Joie et al.,
2020; Vogel et al., 2019a). All tau-PET data were processed centrally in Lund by
analysts blinded to demographic and clinical data, in a manner previously described
(Ossenkoppele et al., 2018). Briefly, resampling procedures were used to harmonize
image size and voxel dimension across sites. Each image underwent motion cor-
rection using AFNI’s 3dvolreg (https://afni.nimh.nih.gov/), and individual PET
volumes were averaged within-subject. Each subject’s mean PET image next under-
went rigid coregistration to it’s respective skull-stripped native T1 image, and images
were intensity normalized using an inferior cerebellar gray reference region, result-
ing in standardized update value ratio (SUVR) images. T1 images were processed
using Freesurfer v6.0 (https://surfer.nmr.mgh.harvard.edu/), resulting in native
space parcellations of each subject’s brain using the Desikan-Killiany atlas (Desikan
et al., 2006). These parcellations were used to extract mean SUVR values within
different regions of interest (ROIs) for each subject in native space. For visualization
purposes only, each image was spatially normalized to the MNI-ICBM152 template
using Advanced Normalization Tools (ANTs; (https://stnava.github.io/ANTs/)
and smoothed with an 8 mm FWHM Gaussian filter.

4.6.3 Subtype and Stage Inference

Typical efforts to perform data-driven subtyping of neuroimages in AD are limited by
the confound of disease stage. In a sample spanning the AD spectrum from healthy
to demented such as ours, disease progression represents the main source of variation
in MR and PET images. Therefore, unless disease stage is somehow accounted for,
most clustering algorithms will partition individuals based on their disease stage.
This is not useful for parsing heterogenous patterns related to progression subtypes,
which are theoretically orthogonal to disease progression itslf. The Subtype and
Stage Inference (SuStaIn) (Young et al., 2018) algorithm surmounts this limitation
by combining clustering with disease progression modeling. SuStaIn uses large
cross-sectional imaging datasets to elucidate and model multiple spatiotemporal
progression phenotypes. This model can then be used to infer not only the probability
a given individual belongs to each spatiotemporal progression, but also where along
that progression (i.e. at which stage) that individual is. The given disease "stage"
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effectively represents an individual’s progression through the unique sequence of
abnormal events associated with their given subtype. SuStaIn has been previously
used to parse different progression patterns among genetic variants of frontotemporal
dementia (Young et al., 2018), as well as distinct longitudinal clinical patterns chronic
obstructive pulmonary disorder (Young et al., 2020). Detailed formalization of
SuStaIn has been published previously (Young et al., 2018).

SuStaIn models linear transition across discrete points along a progression of
indices of severity (typically z-scores), separately across different ROIs. Input requires
a subject x feature matrix where, in this case, features represent mean tau-PET signal
within different ROIs. In addition, "severity scores", indicating different points along
the natural progression of ROI severity, must be provided. Whereas the choice of ROI
constrains the spatial dimensions along which individuals may vary, the severity
scores instead constrain the temporal dimension of variation. The total number of
features is therefore represented by the product of N ROIs by N ROI-specific severity
scores. A balance must thus be struck between resolution in the spatial and temporal
dimensions, with respect to overall sample size.

Our discovery sample boasts 1143 scans, but even given our inclusion criteria,
we expect from previous work (Chapter 3) that the majority of individuals (50-60%)
will have minimal tau binding (note that SuStaIn will automatically detect these
individuals and exclude them from progression modeling). We therefore expect the
modeling to be performed on a sample of closer to N 450-550. We therefore decided
on ten different ROIs (spatial features), each with three severity scores (temporal
dimension), totalling 30 features. Given an arbitrary rule of 10-20 observations per
feature, 300-600 observations should provide sufficient power, and our sample size
should therefore be sufficient.

For the ten spatial features, we opted for left and right lobar regions of interest:
parietal, frontal, occipital, temporal and medial temporal lobe (MTL). This choice
is justified as follows: i) previous imaging and pathology subtyping studies have
revealed variation in AD pathology to often occur within specific lobes, e.g. limbic-
predominant (MTL), MTL-sparing (parietal) (Murray et al., 2011b; Ferreira, Nordberg,
and Westman, 2020), posterior cortical atrophy (occipital), logopenic aphasia (tem-
poral) (Ossenkoppele et al., 2016a) and behavioral variant AD (perhaps frontal)
(Ossenkoppele et al., 2015d); ii) hemispheric laterality in AD is understudied, per-
haps due to pathological staining often occurring on single hemispheres. However,
some laterality has been observed in AD clinical variants (i.e. logopenic aphasia (Os-
senkoppele et al., 2016a)) and may point to differing phenotypes in typical AD (e.g.
(Vogel et al., 2019b; Braak and Del Tredici, 2015); iii) These lobar regions maintain
some orthogonality to disease progression, as multiple lobes are involved in Braak
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stages IV - VI (Braak and Braak, 1991).
To define severity score cutoffs, we first sought to normalize SUVR values to

account for regional differences in PET signal (due to nonuniformity of off-target
binding, perfusion, etc. across the brain) (Chapter 3). Two-component Gaussian
mixture models were used to define, for each ROI, a normal (Gaussian-shaped noise)
and abnormal distribution. We then created tau W-scores (La Joie et al., 2012) by
normalizing all values using the mean of the normal distribution. This procedure
centered the w-score values on the normal distribution to allow for more interpretable
values (i.e. 2=2 SDs from normal), and also accounted for region-specific differences
in normal and abnormal SUVR distributions. Uniform values of w = 2, 5, 10 were
arbitrarily chosen as severity score control points for all ROIs.

The number of subtypes (i.e. distinct spatiotemporal progressions) was deter-
mined through cross-validation. Separately for each k=1-5 subtypes, 10-fold cross-
validation was performed where SuStaIn was fit to 90% of the data, and this model
was used to evaluate sample likelihood for the 10% left-out subjects. k was chosen
based on the metric of sample likelihood. Finally, SuStaIn was run on the whole
sample with the selected k, and all individuals were assigned a subtype and stage.
The proportion of individuals classified into each subtype was quantified, stratified
by cohort. We additionally quantified the proportion of subjects that did not fall well
into any subtype (no subtype probability >50%).

4.6.4 Post-hoc subtype correction

Manual inspection of subtype progressions suggested that the early stages of one
subtype (S2: MTL-Sparing; see Results) were composed mostly of cognitively normal
individuals with abnormally high off-target binding in the cortex, but little-to-no
tau in AD regions, i.e. false (tau) positives. Specifically, these individuals showed
binding solely in sensorimotor and frontal regions (regions where tau typically
accumulates only in the latest stages of AD (Braak et al., 2006)). We used Gaussian
mixture modeling across all individuals as described in (Chapter 3) to define the
probability of abnormal tau-positivity in each of the left and right entorhinal cortex
and precuneus, respectively. We then marked individuals who had <90% probability
of tau in all four regions as low-probability tau individuals (T-). Next, we identified T-
individuals in the MTL-Sparing subtype, finding 40.6% of this subtype was composed
of this group, and all were classified as stage 5 (of 31) or below. Furthermore these
individuals showed many other indications of being false (tau) positives: they had
normal MMSE scores, were older, were less likely to be Aβ+ and less likely to be
MCI or AD (Supplementary Fig 4.S1). We assume SuStaIn appended this specific
group of T- individuals to the MTL-Sparing subtype because the individuals i) had
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abnormally high tau in at least one ROI as per our calculations (even if that abnormal
signal was not driven by pathology); ii) the abnormal tau was located in the isocortex
inclusive of the parietal lobe; iii) these individuals had little-to-no binding in the MTL.
As SuStaIn is an unsupervised algorithm, the pathological MTL-sparing phenotype
became conflated with this specific profile of T- individuals. To correct this issue, we
converted all T- individuals classified as MTL-sparing to Subtype 0 for all further
analysis.

4.6.5 Visualization of subtype-specific tau-PET patterns

To visualize tau-PET patterns for each subtype, we calculated the mean tau w-
score for each Desikan-Killiany (DKT) atlas ROI. To visualize the progression of the
subtype pattern across SuStaIn stages, for each subtype, we created mean images for
all individuals falling into the following SuStaIn stage bins: 2-7, 7-11, 12-16, 17-21,
22-26. To deduce regions with relatively greater or less tau signal for each subtype, we
created region-wise one-vs-all ordinary least squares (OLS) linear models comparing
regional tau in one subtype to all others. This analysis was performed to visualize
subtype models inferred by SuStaIn using individual data, and to explore differences
between subtypes. Each model included ROI tau w-scores as the dependent variable,
a one-hot dummy variable representing membership in the reference subtype, and
SuStaIn stage as a covariate. These models were FDR-corrected for the number of
comparisons (i.e. number of ROIs).

4.6.6 Subtype Characterization

Several demographic, cognitive and genetic variables were available for nearly all
individuals across the five cohorts in our main (discovery) cohort. These variables
included clinical diagnosis (100%), age (99.8%), sex (100%), years of education (97.1%),
mini-mental state examination (MMSE) score (Folstein, Folstein, and McHugh, 1975)
(97.7%) and APOE4 allele carriage (89.5%). In addition, most individuals underwent
extensive cohort-specific cognitive batteries assessing multiple domains of cognition.
In order to utilize this rich cognitive data, we created cognitive domains scores
separately within each cohort by taking the mean of several z-scored tests within the
following cognitive domains: memory, executive function, language and visuospatial
function. Supplemental Table 4.S6 indicates which cognitive tests were used in each
cognitive domain score across each cohort. These z-scored domain scores were then
aggregated across all cohorts to maximize the sample size available for cognitive
tests: memory (86.6%), language (81.3%), executive function (85.5%), visuospatial
function (82.0%). While aggregating scores of different composition across cohorts of
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different composition presents a suboptimal solution, we rest on sample sizes and
statistical correction helping to overcome these limitations.

Subtypes were statistically compared to one another, and to tau-negative individ-
uals, in order to determine subtype-specific characteristics. These analyses compared
age, sex, education, APOE4 carriage, MMSE, the four cognitive domain scores, total
tau, and total tau asymmetry. This process involved three steps: 1) Comparison
to tau-negative individuals: Tau-negative individuals were those characterized as
"Subtype 0" by SuStaIn, i.e. those individuals that did not demonstrate any abnormal
tau events. An OLS linear model was fit with each variable described above as the
dependent variable, and with dummy-coded subtype entered as the independent
variable (with S0 as the reference subtype). Model t and p-values were stored for each
model and the latter were FDR-corrected. This process was then repeated covarying
for age, sex, education, clinical status (CN, MCI, AD) and cohort. 2) Comparison
between subtypes. A one-vs-all approach was applied to subtyped individuals only
to assess how different tau-progression subtypes differed from one another. Sep-
arately for each subtype, models were fit for each variable with a single dummy
variable entered indicating membership to that subtype. T and p values were stored,
and the latter was corrected for the number of variables assessed. This process was
then repeated, adjusting for SuStaIn stage, and was repeated once again additionally
controlling for age, sex, education and clinical status. 3) Finally, each subtype was
compared directly to each other subtype (i.e. one-vs-one comparison). OLS models
were fit with dummy coded subtype variables as the dependent variable, cycling
each subtype as the reference subtype. T and p values for each of these models were
stored, and the latter was FDR-corrected for number of comparisons (i.e. number of
dependent variables). This process was repeated controlling for SuStaIn stage, and
again for demographics, clinical status and cohort. Note that these processes were
repeated using different covariates due to the profound differences between cohorts.
Controlling for SuStaIn stage effectively corrects for total tau burden. Meanwhile,
cohort cannot be used as a covariate without additionally controlling for other vari-
ables that differ across cohort, but these models add nine additional parameters to
the model, affecting degrees of freedom. We therefore report results form all three
models to understand how results change with different covariates.

We also assessed the relationship between SuStaIn stage and two variables: age
and global cognition (MMSE). For these analyses, stage was correlated with age and
global cognition, and the results were visualized across the whole sample and also
stratified by subtype. As a posthoc analysis, we separated individuals into different
age groups: 65 or younger, 66-79 and 80 or older. We then reassessed age by SuStaIn
stage correlations within each of these age groups.
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Longitudinal MMSE data was also available for individuals from all cohorts
except UCSF, totalling 697 individuals with at least two timepoints. 188 individuals
had an additional third timepoint, 28 had a fourth, and 3 had a fifth. Linear mixed
effect models were used to assess difference in longitudinal MMSE change between
subtypes. All models were fit using the lme4 library in R, using type-III sum of
squares, unstructured covariance matrices, and Satterthwaite’s approximation to
calculate the demonimator degrees of freedom for p-values. Models featured MMSE
measurements as the dependent variable, interactions between time from baseline
and dummy coded subtype variables as the independent variables of interest (cycling
the reference subtype), subject ID as a random effect (allowing for random intercepts
and slopes), and age, sex, education and dummy coded variables for MCI and AD as
covariates of no interest. Results were repeated additionally controlling for (dummy
coded) cohort.

4.6.7 Replication Analysis

While the five cohorts from the main discovery sample all use flortaucipir as the
tau-PET tracer, a sixth cohort (BioFINDER II; BF2) was available that instead used
the RO948 radiotracer. While the two tracers have highly similar results, RO948
tends to have less off-target binding in the basal ganglia and better MTL signal, but
frequently boasts high meningeal signal that can affect cortical SUVR measurement
(Smith et al., 2020). Because of these differences, we opted to leave BF2 out of the
discovery sample, and instead use it as a replication cohort. This strategy allowed us
to not only evaluate the stability of the subtypes in a new cohort, but also allowed us
to evaluate whether the subtypes are robust to tau-PET radiotracer.

We reran SuStaIn de novo in the BF2 sample, using identical prodecures to those
described above (Section 4.6.3), although using the discovery sample to inform the
number of subtypes. The resulting subtypes were compared visually, but quantitative
comparisons involved spatial correlations. Specifically, mean within-subtype w-
scores were computed for each ROI, and each discovery subtype ROI-vector was
correlated to each replication (BF2) subtype ROI-vector. To account for whether
different sample sizes contribute to differing results between the discovery and
replication datasets, we performed a split-half analysis with the discovery sample.
Specifically, we split the discovery sample in half and ran SuStaIn separately on
each half, once again using the original discovery sample to inform the number of
subtypes. We then compared each half, which had a sample size comparable to that
of BF2, to the BF2 samples using spatial correlations.
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4.6.8 Assessment of Longitudinal Stability

The SuStaIn framework lends itself to forecasting of future regional tau deposition.
Longitudinal PET data was available for individuals across all cohorts except for
UCSF, totaling 519 individuals with at least two time points. These longitudinal
scans were used to validate the stability of subtypes over time, under the hypothesis
that individuals should remain the same subtype, but should advance (or remain
stable) in SuStaIn stage over time. ROIs for the longitudinal datasets were w-scored
as described above (Section 4.6.3, but using the cross-sectional cohort as the cohort
for normalization. The SuStaIn model fitted to the cross-sectional dataset was used to
infer subtype and stage of longitudinal data (all timepoints). Confusion matrices were
built to assess subtype stability between baseline and first follow-up. Stability was
calculated as proportion of individuals classified as the same subtype at follow-up,
compared to the total number of individuals. Stability was also calculated excluding
individuals at Stage 0 at baseline or follow-up. We also assessed the influence of
subtype probability (i.e. the probability a subject falls into their given subtype) on
individual subtype stability. Specifically, we compared the subtype probability of
stable individuals to unstable individuals. We additionally calculated overall model
stability after excluding individuals using various subtype probability thresholds.

Subtype progression was assessed by observing change in SuStaIn stage over time
in stable individuals. We calculated the proportion of individuals who advanced,
were stable, or regressed in disease stage over time, before and after accounting
for model uncertainty. Specifically, while stages are generally characterized by
advancing abnormality in a given region, uncertainty leads to certain stages being
characterized by probabilities of progressing abnormalities in more than one region.
Therefore, individuals who advanced or regressed to a stage with event probabilities
overlapping with their previous stage were considered to be stable. We also calculated
annual change in SuStaIn stage by dividing total change in SuStaIn stage by number
of years between baseline and final available timepoint. We used one-sample t-test
against 0 to assess whether significant change over time was observed across the
whole sample, and within each subtype. We use ANOVAs and Tukey’s posthoc tests
to assess differences in annual change in stage across the different subtypes. We also
correlate SuStaIn stage with change in stage over time, across the whole sample and
within subtypes.
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4.6.9 Individual-tailored regions for prediction of longitudinal

progression

We tested whether the subtyping and staging information provided by SuStaIn could
be used to predict the regions in which tau deposition will increase at follow-up. To
do this we sought to generate a composite ROI for each individual that weights each
region by the likelihood tau will increase in that area (i.e. each composite ROI is a
vector of weights for each region). Four different methods of building this composite
ROI were tested:

i) "tauishere": a control ROI that is created by aggregating all lobar regions with
substantial tau accumulation (W>2) for a given individual (i.e. an individually
tailored ROI that does not use SuStaIn information).

ii) "pred1": an ROI computed by evaluating the SuStaIn-predicted pattern of
regional tau deposition at follow-up.

iii) "pred2": an ROI computed by adding the SuStaIn-predicted difference in tau
deposition between baseline and follow-up to the pattern of regional tau deposi-
tion at baseline, where the SuStaIn-predicted difference is computed by calculating
the difference between the SuStaIn-predicted pattern of regional tau deposition at
baseline and the SuStaIn-predicted pattern of regional tau deposition at follow-up.

iv) "ch2": an ROI computed by calculating the difference between the SuStaIn-
predicted pattern of regional tau deposition at baseline and the SuStaIn-predicted
pattern of regional tau deposition at follow-up, i.e. the SuStaIn-predicted difference.

Specifically, we sought to predict an ROI, R, where each entry ri,j gives the weight
of biomarker j in subject i, i.e. the likelihood that tau deposition will occur in that
region at follow-up for a given individual. To do this we first sought to predict the
rate of change of stage for each subtype c and stage k combination, δc,k. We computed
δc,k by simply staging each individual at baseline and follow-up and computing
the average change in stage per year over each subtype and stage combination at
baseline.

Using this average rate of change in SuStaIn stage δc,k we were then able to
predict an individuals stage at follow-up ki,new given any stage at baseline k, as
ki,new = k + δc,kti, where ti is the time between follow-up visits in years.

We can then evaluate the SuStaIn-predicted pattern of regional tau deposition at
baseline Yi,j as

Yi,j =
C

∑
c=1

K

∑
k=0

Aj,c,kPi,c,k,
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or at follow-up Zi,j as

Zi,j =
C

∑
c=1

K

∑
k=0

Aj,c,ki,new
Pi,c,k,

where Aj,c,k is an ’archetype’ indicating the expected amount of tau deposition for
biomarker j at stage k of subtype c and Pi,c,k is the probability subject i is at stage k of
subtype c. The archetype Aj,c,k is estimated probabilistically from the MCMC samples
of uncertainty provided by the SuStaIn algorithm, giving an average archetypal
pattern accounting for the uncertainty in the progression pattern of each subtype.
This means that each SuStaIn-predicted pattern Yi,j accounts for both uncertainty in
the progression pattern of each subtype as well as uncertainty in the subtype and
stage of each individual.

The weighted vector for each ROI, R, is then computed as
i) "tauishere": ri,j = (Xi,j > 2)
ii) "pred1": ri,j = Zi,j

iii) "pred2": ri,j = Xi,j + (Zi,j − Yi,j)

iv) "ch2": ri,j = Zi,j − Yi,j

where Xi,j is the w-score for each region in each subject at baseline.
We compare change over time in these individually tailored, weighted composite

ROIs compare to change over time some more traditionally used brain regions in
tau assessment: entorhinal cortex SUVR, inferior temporal lobe SUVR, whole-cortex
SUVR, MTL w-score, temporal lobe w-score, parietal lobe w-score, whole-brain w-
score, and SuStaIn stage. Annual change was calculated by finding the difference
between first and last timepoint, and dividing by the time between scans. For each
ROI, we then used a one-sample t-test to assess a) whether annual accumulation in
each ROI was significantly different from 0, and b) the effect size. Higher effect sizes
were considered to indicate increased power in detecting change in tau accumulation.

4.6.10 Epidemic spreading model

Perhaps the most prominent hypothesis of tau spread suggests tau oligomers spread
directly from neuron to neuron through axonal connections (Mudher et al., 2017).
Under this hypothesis, diverse but systematic variations in tau spreading may be
driven by variability in macroscale connectivity or network organization. We test
this idea by investigating whether a network diffusion model simulating tau spread
through the human connectome can recapitulate the various subtype patterns discov-
ered by SuStaIn. We have previously applied the epidemic spreading model (ESM)
(Iturria-Medina et al., 2014) to tau-PET data, showing diffusion of an agent through
human connectivity data (measured with diffusion imaging-based tractography) can
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explain a majority of the variance of spatial tau patterns across a population of indi-
viduals along the AD spectrum (Chapter 3). We here conduct the exact same analysis
separately for each subtype identified through SuStaIn. We further allow the ESM to
identify regional epicenters separately for each subtype, under the hypothesis that
different subtype patterns may be driven by prominence of different corticolimbic
networks.

As described in (Chapter 3), each tau-PET ROI was converted to tau-positive
probabilities using mixture modeling with five-fold cross-validation. These measures
represent the probability that a given ROI exhibits tau in the abnormal range. Connec-
tivity was measured from a dataset of 60 young healthy subjects from the CMU-60 DSI
Template (Yeh and Tseng, 2011) (http://www.psy.cmu.edu/~coaxlab/data.html).
Deterministic tractography was calculated for each individual by finding connec-
tions between ROIs using oritentation distribution functions, and connectivity was
measured using the ACD metric (Iturria-Medina et al., 2007; Iturria-Medina et al.,
2017). Images were assessed for quality and connectomes were averaged across all
60 individuals. For each subtype separately, the ESM was fitted across all individ-
uals, cycling through the average of each left-right pair of cortical ROIs (including
hippocampus and amygdala, 33 pairs in total) as the model epicenter. The best
fitting epicenter was selected by finding the model with the minimum mean distance
between model predicted and observed tau spatial pattern across subjects. Model
accuracy was represented as the r2 between the mean observed ROI-level tau-PET
probabilities and mean predicted probabilities across subjects. For each subtype, we
compared the r2 of the model using the best-fitting epicenter to the r2 of models using
an entorhinal epicenter.

4.6.11 Transcriptomic profiling of subtypes

Another possible explanation for variable tau spreading patterns may be explained
by variation in genetic vulnerability, expressed as susceptibility of distinct cell-types
or gene expression networks. To test this hypothesis, we use transcriptomic data
from the Allen Human Brain Atlas (Hawrylycz et al., 2012) to explore whether brain
tissue preferentially vulnerable to certain subtypes are enriched for gene expression
signals associated with certain cell-types and AD-vulnerable gene networks.

We first create subtype-specific maps representing voxelwise differences in tau-
PET signal between each subtype and the average (tau-positive, i.e. subtyped) indi-
vidual. First, all flortaucipir-PET images were spatially normalized to MNI-ICBM152
template space. Specifically, Advanced Normalization Tools (https://stnava.github.io/ANTs/)
was used to normalize matched T1 images to template space, and the transformation
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parameters were applied to the SUVR images, and an 8mm isotropic smoothing ker-
nel was applied to all individuals. Next, the same w-scoring procedure as described
above (Section 4.6.3) was applied voxelwise across all individuals, within a conser-
vative cortical mask. A mean image was created across all subtyped individuals,
and separate mean image were created for each subtype. Subtype-specific maps
were created by subtracting each subtype-specific mean image from the global mean
image.

The Allen Human Brain Atlas contains 3702 tissue samples extracted from the
brains of six adult human donors. Each underwent microarray gene expression
analysis using over 58,000 probes, encoding for over 20,000 genes. Acquisition and
processing of this data are described in (Hawrylycz et al., 2012), while post-processing
specific to these analyses has also been described in (Vogel2020ASystems), and us-
ing scripts that have been provided online (Vogel, 2019). Corrected MNI-space
coordinates for each sample were downloaded from (Devenyi, 2018). Specifically,
donor-specific signals were extracted from each probe separately, and tissue samples
from all donors were used together. Tissue samples were excluded if falling outside
of the conservative cortical mask applied to the subtype-specific tau, resulting in a
total of 414 tissue samples. A 7x7x7 window was created around the MNI coordinate
of each sample, and mean values within this window were extracted from each
subtype-specific image (as in (Vogel2020ASystems)). This process resulted in, for
each subtype, a vector of values representing subtype-unique tau signal around
each tissue sample. Next, we compile ranked gene lists for each subtype by cor-
relating sample-wise expression of each of the 58,692 probes with subtype-specific
tau expression around that sample. We then isolated, for each subtype, the top
1% of whole-brain correlations between gene expression and subtype-specific tau
expression. These lists were further reduced to only include unique genes (some
genes are assessed with multiple probes).

We tested each subtype-specific gene list to see if these lists were enriched for
genes associated with specific cell-types or cell-type specific, AD-vulnerable gene
networks. For cell-type specific genes, we refer to the lists described in (Lake et al.,
2018). The authors performed single-cell RNAseq analysis and identified genes
enriched with 35 excitatory and inhibitory neuronal and neural support cell subtypes.
For AD-associated gene networks, we refer to the ten genomic modules described in
(Mathys et al., 2019). These modules represent gene sets showing altered expression
in specific cell types in association with increasing AD pathology and cognitive
decline. We assessed whether genes in these various sets (G) were enriched within our
subtype-specific gene lists (S) using enrichment analysis. Enrichment was calculated
as (b/n) / (B/N), where b is the number of genes in both G and S, n is the number
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of genes in S, B is the number of genes in G, and N is the total number of possible
genes in the Allen Brain Atlas dataset. Each enrichment analysis was supplemented
with permutation testing, where b was represented as a set of random genes of size
S. 1000 permutations were used to create a null distribution, which was used to
create p-values. Note that, due to the number of permutations, p=0.001 represents
the minimum possible p-value. Separately for each category and subtype, p-values
were FDR-corrected for multiple comparisons (e.g. for number of cells or modules).

4.7 Supplementary Figures
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Supplementary Fig. 4.S1: Using methods described in section 4.6.4, several individuals classified
as S2 (MTL-Sparing) were found to be tau-negative (i.e. no significant tau in the entorhinal cortex
or precuneus). These individuals were classified as S2: False, and compared to other S2 individu-
als (S2: True) and tau-negative individuals (S0). A) Cortical rendering showing the overall mean
tau-PET pattern (using w-scores, see section 4.6.3) of S2: False individuals. Tau-PET signal was
observed in regions where pathological tau is not observed until late AD, namely somatomotor
cortex, primary visual area, and various frontal lobe regions. Tau-PET signal was conspicuously
absent in regions often associated with pathological tau burden, namely the MTL, precuneus,
and temporo-parietal regions. B) Comparing the proportion of Aβ+ (top) and cognitively im-
paired (bottom) individuals in S2: False to S2: True and S0. Using, χ2-tests with Tukey’s posthoc
multiple-comparisons correction, a higher proportion of S2: False and S0 individuals were Aβ-
and cognitively impaired (ps < 0.0001) than S2: True individuals, but did not differ significantly
from one another (ps > 0.05). C) Comparing age and MMSE across S0, S2: False and S2: True
groups. Using ANOVAs with Tukey’s posthoc correction, S0 and S2: False individuals were older
and had higher MMSE scores than S2: True individuals, but did not differ from one another (ps
> 0.05)

Supplementary Fig. 4.S2: Comparison of the mean tau-PET signal in three regions of contention,
after adjustment for total cortical tau.
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Supplementary Fig. 4.S3: The top Figure shows the proportions of each subtype (plus S0) within
each of the five cohorts. All cohorts included individuals from each subtype. The bottom shows
the mean tau W image of each subtypes in a given cohort. Variation can be observed across
cohorts, particularly regarding phenotypic severity, but patterns are fairly consistent across sub-
types.
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Supplementary Fig. 4.S4: A stepwise progression plot is shown for each subtype. Each row repre-
sents an individual, and each column represents a SuStaIn stage. A SuStaIn stage represents tau
reaching a given severity (w) score (temporal) at a given region (spatial). Filled boxes indicate an
individual fulfills the criteria for that SuStaIn stage. An empty box indicates an individual does
not. A perfect fit would be represented by an individual (row) having every box filled before a
given stage, and no boxes filled after it. The y-axis (subjects) are sorted from the least (top) to
most (bottom) stages fulfilled. Across the population, this would be represented as a stepwise
progression. Each subtype demonstrates a stepwise progression indicating good general fit. The
average subject fit imperfection was 2.1 boxes.
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Supplementary Fig. 4.S5: (Top) Cortical renders showing, for each subtype across each dataset,
regions with significantly different tau-PET signal compared to other within-dataset subtypes
after FDR correction. Hot regions show greater tau-PET whereas cooler regions show lower signal.
Remarkable similarity can be observed across subtypes, except S4, where lateralization switches
from left to right. (Bottom) A heatmap showing similarity (spatial correlation) between subtypes
across all four datasets. The diagonal represents the identity, whereas outlined boxes represent
comparisons of the same subtype across cohorts.
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Supplementary Fig. 4.S6: A) Tau asymmetry was measured as the mean left to right ratio of in
tau W scores for all ten tau features. Higher positive numbers represent greater left hemisphere
tau asymmetry, whereas lower negative numbers represent greater right hemisphere asymmetry.
The progression of asymmetry over SuStaIn stage was visualized for each subtype. Asymmetry
generally increased with increasing SuStaIn stage. In some subtypes (particularly S2 and S3),
strong asymmetry was seen in both hemispheres at later stages. B) The absolute (i.e. agnostic
to hemisphere) asymmetry was visualized against SuStaIn stage, indicating a general increase
in asymmetry with more severe tau spreading. C) A three-way relationship between Age, SuS-
taIn stage and absolute asymmetry is visualized, indicating these relationships covary but are
independent of one another.
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4.8 Supplementary Tables
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Discovery Validation
ADNI BioF UCSF Seoul AVID Total* BF2

N 486 144 84 188 241 1143 467
Age 74.4 (7.4) c,d 72.4 (8.1) c,d 63.4 (8.7) f 69.2 (9.8) f 72.7 (9.1) c,d 72.1 (8.9) 69.0 (10.1) g

% Female 0.56 0.47 d 0.52 0.66 b,e 0.49 d 0.55 0.5
Education 16.6 (2.5) b,d,e 12.2 (3.6) a,c,e 17.0 (2.9) b,d,e 11.5 (4.9) a,c,e 15.4 (2.7) f 14.9 (3.8) 12.4 (3.9) g

% CN 0.84 f 0.46 a,c,e 0.05 f 0.48 a,c,e 0.58 f 0.62 0.4 g

% MCI 0.16 e 0.19 0.18 0.23 0.25 0.2 0.25 g

% AD 0.01 f 0.35 a,c,e 0.77 f 0.29 a,c,e 0.17 f 0.19 0.16
% Aβ+ 0.58 b,c 0.8 f 0.96 f 0.57 b,c 0.6 b,c 0.65 0.56 g

% APOE4 0.35 b,e 0.59 a,c,d 0.42 b 0.35 b,e 0.48 a,d 0.41 0.51 g

% APOE4/4 0.05 b 0.18 a,d,e 0.12 0.08 b 0.08 b 0.08 0.06
MMSE 28.63 (2.21) f 25.67 (4.77) a,c,e 22.18 (5.65) f 24.75 (5.31) a,c,e 27.0 (3.7) f 26.85 (4.28) 26.32 (4.29) g

Total Tau 1.12 (0.1) f 1.27 (0.31) a,c 1.68 (0.38) f 1.28 (0.26) a,c,e 1.22 (0.25) a,c,d 1.23 (0.27) 1.16 (0.27) g

IT Tau 1.26 (0.2) f 1.62 (0.55) f 2.11 (0.6) f 1.43 (0.48) a,b,c 1.42 (0.43) a,b,c 1.43 (0.46) 1.44 (0.56)

Supplementary Table 4.S1: Significance testing assessing inter-cohort difference performed with
one-way ANOVAs for scalar variables and χ2 tests for categorical variables. P-values assessed
with Tukey’s posthoc tests.
* All variables exhibited significant inter-cohort differences.
a p<0.05 different from ADNI
b p<0.05 different from BioF
c p<0.05 different from UCSF
d p<0.05 different from Seoul
e p<0.05 different from AVID
f p<0.05 different from all other cohorts
g p<0.05 different from Discovery sample
CN = Cognitively Normal; MCI = Mild Cognitive Impairment; AD = Alzheimer’s Disease; MMSE
= Mini-mental State Examination; Aβ+ = β-amyloid positive; IT = Inferior temporal lobe

Cutoff
N Perc. Total Stability

None 191 100% 83.9
0.5 167 87% 86.8
0.6 163 85% 86.5
0.7 156 82% 86.8
0.8 149 75% 86.6
0.9 137 72% 88.3

Supplementary Table 4.S2: Longitudinal stability at different thresholds

Longitudinal stability of subtypes when only including individuals above different
threholds of subtype probability (excluding individuals classified as S0.
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Limbic MTL-Sparing Posterior L Temporal Limbic MTL-Sparing Posterior L Temporal
Age 0.06+ 4.79E-06− 0.036+ 0.81 2.04E-05+ 0.39 0.00054+ 0.1

Education 8.20E-07− 0.072+ 0.65 0.049− 0.67 0.8 0.33 0.2
MMSE 9.60E-35− 9.02E-36− 4.59E-20− 2.54E-45− 0.026− 0.00084− 0.0015− 2.34E-07−

Total Tau 1.02E-47+ 8.23E-89+ 4.79E-55+ 1.01E-68+ 5.40E-21+ 1.70E-40+ 1.79E-35+ 1.59E-34+

Memory 3.96E-37− 6.70E-15− 1.82E-23− 5.14E-24− 2.39E-08− 0.00011− 2.54E-08− 0.0004−
Language 7.40E-14− 6.61E-06− 1.49E-10− 1.82E-25− 0.083− 0.31 0.021− 9.61E-08−

Exec 1.20E-12− 4.87E-17− 1.14E-06− 1.11E-18− 0.13 3.09E-06− 0.139 0.00032−
Vis 2.41E-06− 2.36E-12− 7.16E-10− 4.65E-11− 0.36 6.13E-05− 0.00013− 0.0043−

asymmetry 0.00035R 0.1 0.3 8.80E-61L 0.0003R 0.081R 0.36 6.96E-46L

Sex 0.004F 0.1 0.17 0.84 4.63E-05F 0.042F 0.0043F 0.156
APOE4 1.72E-13+ 0.077+ 1.26E-05+ 8.58E-06+ 8.03E-09+ 0.43 0.00094+ 0.0063+

Supplementary Table 4.S3: P-values representing significant differences between a subtype and
S0 individuals for a given variable, after correction for multiple comparisons. The left table in-
cludes the original models, and the right table is adjusted for age (except in the case of age), sex
(except in the case of sex), education (except in the case of education), cohort, and clinical diagno-
sis (i.e. CN, MCI, AD).
MMSE = Mini-Mental State Examination; Exec = Executive Function; Vis = Visuospatial Function;
APOE4 = APOE4 carrier status
+ Significantly higher in this subtype compared to S0
− Significantly lower in this subtype compared to S0
R Significant right-sided asymmetry in this subtype compared to others
L Significant left-sides asymmetry in this subtype compared to S0.
F Significantly more women compared to S0

Age Edu MMSE Tot. Tau Mem Lang Exec Vis Asym Sex APOE4
S1 (Limbic) 0.05+ 0.0071− 0.47 0.0011− 0.17 0.49 0.36 0.059+ 5.76E-05R 0.17 0.019+

S2 (MTL-Sparing) 8.41E-07− 0.96 0.071− 3.95E-06+ 0.43 0.28 0.044− 0.11 0.053R 0.75 0.034−
S3 (Posterior) 0.034+ 0.0041+ 0.003+ 0.045− 0.15 0.13 0.019+ 0.88 0.04R 0.77 0.43

S4 (L Temporal) 0.72 0.9 0.0071− 0.044+ 0.43 5.33E-05− 0.044− 0.36 3.29E-27L 0.11 0.87

S1 (Limbic) 0.59 0.0065− 0.65 5.90E-05− 0.072− 0.75 0.75 0.18 5.90E-05R 0.19 0.025+

S2 (MTL-Sparing) 0.0065− 0.92 0.59 0.43 0.11 0.085+ 0.65 0.75 0.084− 0.81 0.039−
S3 (Posterior) 0.37 0.0065+ 0.072+ 0.54 0.43 0.37 0.22 0.39 0.04R 0.81 0.5

S4 (L Temporal) 0.75 0.92 0.039− 0.0065+ 0.75 0.0002− 0.19 0.81 1.39E-27L 0.13 0.83

S1 (Limbic) 0.58 0.82 0.58 0.00063− 0.46 0.39 0.6 0.148 1.23E-06R 0.39 0.014+

S2 (MTL-Sparing) 0.016− 0.78 0.88 0.88 0.82 0.6 0.32 0.54 0.0641R 0.82 0.034−
S3 (Posterior) 0.39 0.83 0.78 0.95 0.88 0.54 0.39 0.5 0.26 0.9 0.76

S4 (L Temporal) 0.93 0.78 0.15 7.99E-06+ 0.46 0.00087− 0.54 0.88 1.06E-27L 0.39 0.88

Supplementary Table 4.S4: P-values representing significant differences between one subtype and
all other subtypes for a given variable, after correction for multiple comparisons. The top table
includes the original models, the middle table is corrected for SuStaIn stage, and the bottom table
is additionally corrected for age (except in the case of age), sex (except in the case of sex), educa-
tion (except in the case of education), cohort and clinical diagnosis (i.e. CN, MCI, AD).
Edu = Education; MMSE = Mini-Mental State Examination; Tot. Tau = Total Tau; Mem = Memory;
Lang = Language; Exec = Executive Function; Vis = Visuospatial Function; Asym = Tau Asymme-
try; APOE4 = APOE4 carrier status
+ Significantly higher in this subtype compared to other subtypes
− Significantly lower in this subtype compared to other subtypes
R Significant right-sided asymmetry in this subtype compared to others
L Significant left-sides asymmetry in this subtype compared to other subtypes.
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Subtype N Progressed Stable Regressed
All 153 53.8% 27.6% 18.6

S1 (Limbic) 58 50.0% 36.7% 13.3%
S2 (MTL-Sparing) 42 47.6% 19.0% 33.3%

S3 (Posterior) 32 57.6% 21.2% 21.2%
S4 (L Temporal) 21 71.4% 28.6% 0.0%

Subtype N Progressed Stable Regressed
All 153 37.9% 51.0% 11.1%

S1 (Limbic) 58 36.2% 53.4% 10.3%
S2 (MTL-Sparing) 42 33.3% 47.6% 19.0%

S3 (Posterior) 32 46.9% 43.8% 9.4%
S4 (L Temporal) 21 38.1% 61.9% 0.0%

Supplementary Table 4.S5: Proportion of individuals progressing, regressing and remaining sta-
ble in SuStaIn stage, before (top) and after (bottom) accounting for model uncertainty

Memory Executive Language Visuospatial

ADNI

Logical Memory Total DigitSpan Backward BNT Total Clock Draw
Logical Memory Delayed Recall DigitSpan Forward Category Fluency: Animals Figure Drawing

RAVLT Immediate Recall Digit Symbol Category Fluency: Vegetables
RAVLT Delayed Recall Trails A Multilingual Naming Test

Trails B

BioF

ADAS Delayed Recall AQT Cognitive Speed ADAS Naming Objects Clock Drawing
Letter Fluency: S Category Fluency: Animals Cube

Trails A
Stroop Correct

AVID

Clock Draw Recall DigitSpan Backward ANART Benton JoLO
WMS Immediate Recall DigitSpan Forward BNT Total Clock Draw Copy

WMS Delayed Recall Digit Symbol Category Fluency: Animals
Trails A
Trails B

Seoul Modified RFC Delayed Recall Digit Symbol BNT Total Modified RFC
SVLT Delay Letter Fluency

UCSF

CVLT Correct Total Abstract Reasoning Test BNT Total Dot Counting
CVLT Delayed Recall DigitSpan Backward Category Fluency: Animals Fragmented Letters

Modified RFC Delayed Recall DigitSpan Forward Repetition test Modified RFC
Letter Fluency Syntax test Number Location
Modified Trails Verbal Agility test Object Decision
Stroop Correct

Supplementary Table 4.S6: ADAS = Alzheimer’s Disease Assessment Scale; ANART = Ameri-
can National Adult Reading Test; AQT = A Quick Test (of); BNT = Boston Naming Test; CVLT
= California Verbal Learning Test; JoLO = Judgement of Line Orientation; RAVLT = Rey Audi-
tory Verbal Learning Test; RFC = Rey Figure Copy; SVLT = Seoul Verbal Learning Test; WMS =
Wechsler Memory Scale;
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Chapter 5

Discussion

5.1 Summary of findings

The main content of this thesis consisted of three studies aimed at better under-
standing the in vivo spatial distribution and accumulation of tau in the human brain.
Chapter 2 conducted an unbiased assessment of patterns of tau deposition across
the AD spectrum, and investigated whether these patterns were useful as biomark-
ers. Chapter 3 tested whether the observed distribution of tau-PET signal could be
explained by the propagation of pathology from one epicienter through the brain
via major neural communication pathways. Finally, Chapter 4 utilized a large and
diverse sample to probe whether tau-PET data patterns could be better described
by multiple spatiotemporal sequences, rather than a single sequence. Each of these
studies used data-driven approaches to explore, explain or dissect the observed pat-
tern of tau NFT pathology in the brain, without imposing assumptions or constraints
based on previous literature.

Each of these studies validated previous findings, but each also added novel
details and nuances to the overall knowledge-base. The first study found tau-PET
data to naturally parse into some Braak-like structures, but noted marked distinc-
tions particularly in isocortical (i.e. Stage V) regions. Specifically, tau-PET signal in
temporoparietal regions exhibited distinct patterns from frontal regions across the
AD spectrum. These data-driven regions of tau-PET covariance proved superior to
regions derived based on Braak staging in tracking global cognition in a separate
sample. The second study found that the global pattern of tau-PET distribution could
be explained well by the propagation of a pathological agent from the entorhinal
cortex through the macroscale brain connectome. The study further found that nei-
ther a high degree of tau pathology, nor the presence of Aβ, was necessary for the
propagation model to explain the tau patterns. However, when present, regional Aβ
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seemed to impact the pattern of spread beyond the constraints of the connectome.
Finally, the third study suggested that, rather than a single sequence of regional tau
accumulation explaining the observed patterns of tau expression, a model incorpo-
rating four spatiotemporal patterns fit the data better. These patterns were robust,
and consistent with known variants of tau accumulation, but their expression was
most distinct, severe and clinically relevant at younger ages.

5.1.1 Review of novel contributions to the field of AD research

The original work in this thesis began during an explosion of tau-PET literature,
where similar analyses were being conducted contemporaneously by different lab-
oratories. As a result, studies with similar aims and designs to the work described
here have been published slightly before, alongside, or slightly after. This is ben-
eficial in general to the AD research community, as it can help sort out common
and reproducible findings from more idiosyncratic results that may require more
scrutiny. The consequences of such a literature boom is that novelty and primacy
are somewhat hard to come by, though the relevance of such qualities to scientific
progress is debatable. However, in accordance with the regulations dictating the
composition of this thesis, novel and original findings will be highlighted.

Analyses in Chapter 2 involved clustering the covariance of tau-PET data across
a sample. The publication of this work (Figure 5.1A, Vogel et al., 2019a) was pre-
empted by a study that executed a similar clustering analysis, though in a sample of
cognitively unimpaired individuals (Sepulcre et al., 2017a). This study had a smaller
sample to begin with (n=88) and, due to a split-half design, only used half of those
participants in the clustering. The resulting partition was similar to the one described
in Chapter 2, in that it produced, temporal, temporoparietal and primary sensory
covariance networks (Figure 5.1B). However, the sensory structures formed separate
clusters, and the boundaries of all clusters were fuzzier, less regionally-constrained
and less Braak-like. Comparably, the analyses in Chapter 2 incorporated a more
sophisticated approach into a dataset composing normal, MCI and AD subjects with
considerably more tau-specific binding within the images. However, both studies
to different degrees produced hypothesis-free tau covariance clusters that could be
said to "look like Braak stages if you squint". The Sepulcre et al. paper also did not
examine cognition, though two other studies using different data-driven approaches
did, and produced results highly convergent with our own (Mishra et al., 2017; Maass
et al., 2017) (Figure 5.1D,E). A number of other papers also examined the structure
of tau-PET data in a data-driven fashion using independent-components analysis
(e.g. Figure 5.1C), though each of these studies interestingly noted a resemblance
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Figure 5.1: A) Parcellation (cluster-cores) of regional tau-PET covariance from Chapter 2 using
voxelwise clustering (Vogel et al., 2019a) (with permission from John Wiley and Sons). B) Voxel-
wise clustering partition of tau-PET data from Sepulcre et al., 2017a (without permission, come
and get me). C) Centroids resulting from independent components analysis on tau-PET images
from Jones et al., 2017. D) Regional loadings for the first factor of a factor analysis on tau-PET
data ROI data (explaining 81% of variance) from Maass et al., 2017 (with permission from El-
sevier). E) Regional contribution to cluster that segregated likely tau-positive individuals from
likely tau-negative individuals, from (Mishra et al., 2017) (with permission from Elsevier)

between tau-covariance networks and resting-state functional networks (Jones et al.,
2017; Hoenig et al., 2018; Pereira et al., 2019).

As related above, few of the findings from Chapter 2 could be considered novel
by the time they were published. However, our study was alone in publishing
the tau covariance networks we created, to share with other researchers for fu-
ture use (https://figshare.com/articles/TauRUS_Tau-PET_Atlas_MNI_space_1_
mm_/5758374). Additionally, results from Chapter 2 have uniquely suggested that
tau-PET signal varies spatially within the hippocampus. Very little work has been
done to even acknowledge the discrepant hippocampal flortaucipir signal, much less
address it. One study found regressing out choroid plexus signal is beneficial (Lee
et al., 2018), while another study tried multiple methods and did not find any method
improved associations with clinical measures (Wolters et al., 2020a). Our findings
suggest that masking can help to retrieve the hippocampus signal relevant to tau
pathology, while eliminating the signal more consistent with off-target binding.

The results from Chapter 3 represent a logical and novel extension to the work
that preceded it. Several studies published in the last two years found links between
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functional connectivity patterns and tau-PET patterns (Hoenig et al., 2018; Cope
et al., 2018; Franzmeier et al., 2019; Adams et al., 2019; Ossenkoppele et al., 2019;
Pereira et al., 2019). However, only one of these studies attempted to model or
simulate the spread of tau using human connectivity data (Franzmeier et al., 2020),
and this model was fairly unsophisticated. Similarly, only the Franzmeier et al. study
attempted fitting such a model within-subject, and this attempt did not attain much
success. Finally, none of the above studies use white matter tractography to model
human synaptic connectivity. In contrast, the original work from Chapter 3 applies
a spatial diffusion model across both functional and diffusion-based tractographic
human connectivity data to model tau-PET data, both across and within subjects.
This distinction is quite important, as it involves modeling of pathology from a single
epicenter, through a specific set of paths and secondary seeding events, much like the
proposed spread of tau in AD. Other studies have used such diffusion models in the
context of AD using MRI (Raj, Kuceyeski, and Weiner, 2012; Acosta et al., 2018; Torok
et al., 2018) or Aβ-PET (Iturria-Medina et al., 2014), though no study to date has
applied a diffusion model to tau-PET data. The success of the model in explaining
variance in tau-PET spatial distribution, especially as compared to previous studies,
supports the notion of tau spreading synaptically from the entorhinal cortex, rather
than tau simply depositing preferentially in highly connected regions. Of course,
these results only add support to ideas that have been previously proposed in
humans (Seeley et al., 2009) and demonstrated quite convincingly in rodents (Peng,
Trojanowski, and Lee, 2020). The findings from Chapter 3 provide strong evidence
for tau spreading in humans, but they are not sufficient to prove this phenomenon
occurs, and therefore represent only an incremental advance.

Other results from Chapter 3 may be considered somewhat more novel. The
analyses indicated that the pattern of tau spread in PART also occurs through synaptic
connections. This provides further evidence that PART and AD tauopathy are similar
processes, or different phases of the same process (Braak and Del Tredici, 2014;
Duyckaerts et al., 2015). This notion is further supported by the fact that the model
underestimated the spread of tau in Aβ-prone regions. One interpretation of this
result is that connectivity patterns drive PART-like spread of tau (i.e. in Braak stages I-
IV), whereas Aβ somehow potentiates the expression of tau into isocortical (i.e. Braak
stage V) regions. This is consistent with recent mouse studies showing an accelerating
effect of Aβ on tau spreading (Pooler et al., 2015; He et al., 2018; Rodriguez et al.,
2019), and may partially explain the "spatial paradox" of AD (Kant, Goldstein, and
Ossenkoppele, 2020) (Figure 1.3).

Another fairly novel contribution of Chapter 3 came from the approach of using
region-specific mixture modeling to normalize tau-PET data. The approach was an
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invention of necessity, as the ESM would have great difficulty with off-target signal
contamination. The strength of the mixture-modeling approach, however, may stem
from its region-specific application, which helps account for regional differences in
non-specific binding and potential floor and ceiling effects. The approach allows for
a data-driven derivation of thresholds for "tau-positivity", which remains a point
of contention in the tau-PET literature (Jack et al., 2017; Maass et al., 2017) (see
Section 1.3.1 for review).

Chapter 4 provided numerous highly original results, likely because the subject
of AD subtypes is difficult to study experimentally. While the findings need further
validation, Chapter 4 highlights "typical AD" to be an ill-defined concept. 1 Results
from Chapter 4 suggest that the presence of "typical" or "atypical" presentations
of tau pathology may be more a factor of aggressive, early onset manifestations
exaggerating distinctions between various AD subtypes (Figure 5.2,discussed below).
The results in Chapter 4 reproduced subtypes previously described in numerous
autopsy and imaging studies (Murray et al., 2011b; Whitwell et al., 2012; Risacher et
al., 2017; Ossenkoppele et al., 2020; Ferreira, Nordberg, and Westman, 2020), but did
so using fully unsupervised methods, and contrary to previous findings, found no
predominant pattern. The approach also revealed estimates of progressive patterns
for several different subtypes of AD, something that had only been documented for
"typical AD" (Braak and Braak, 1991; Braak et al., 2006) and PCA (Firth et al., 2019).
Interestingly, one of the subtypes patterns was a near perfect recapitulation of the
Braak stages, though the other patterns appeared quite divergent.

Other findings from Chapter 4 were not themselves novel, but lead to novel
interpretations of AD pathological expression. Other studies have reported earlier-
onset cases to express greater tau pathology (Marshall et al., 2007; Whitwell et al.,
2019), though we show this to be a common feature across AD subtypes. We interpret
these results to signify that PCA, lvPPA and perhaps dysexecutive clinical variants are
extreme manifestations of typical AD subtypes. This idea suggests, then, that "typical"
late-onset varieties of AD include milder posterior and lateralized pathological
presentations of AD. This is not inconsistent with the notion that non-amnestic clinical
presentations are not uncommon in late-onset AD cohorts (Dickerson and Wolk, 2011;
Scheltens et al., 2017; Crane et al., 2017). However, these phenotypes are not well-
described, since we may be among the first to describe them. The posterior subtype,
for example, exhibited a milder phenotype, whereas the lateralized phenotype was
more aggressive.

1Here, it may be necessary to once again invoke the distinction between clinical AD dementia, and
the pathological phenomenon of AD (Jack, Holtzman, and Sperling, 2019). The definition of "typical"
vs. "atypical" clinical presentation of AD is a related but separate debate from "typical" vs "atypical"
pathological progression.
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Figure 5.2: Our data support the notion that at least four pathological subtypes of AD exist, with
different characteristics. The distinctions between these subtypes is more pronounced in more
severe cases, where case severity is proportional to disease onset age.

Finally, while highly preliminary, results from Chapter 4 indicate that different
subtypes of AD may arise through individual differences in connectivity patterns,
and/or involvement of distinct subtypes. Very little is understood about what make
certain regions and cells vulnerable to AD (reviewed in Section 1.3.3), though practi-
cally nothing is known about how or whether AD subtypes influences regional or
cellular vulnerability (discussed in Section 1.3.4). Our results suggest that the vari-
ous patterns of tau distribution endemic to each subtype resemble specific network
spreading patterns seeded from different limbic or para-limbic regions. This does not
necessarily nominate these regions as subtype-specific NFT epicenters, but it may
implicate them as central nodes in the subtype-specific spreading of tau pathology.
Further, our results found that regions more vulnerable in different subtypes were
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enriched for certain neuronal cell-types. While this works needs to be expanded upon
and verified, our early results suggest a particular role for astrocytes in the limbic AD
subtypes, and several excitatory neurons to be implicated in the rapidly-progressing
lateral temporal subtype.

5.2 Placing findings in context

The remainder of this Chapter will cover open questions and controversies in AD
research, and how findings presented in this Thesis contribute to the scientific dia-
logue. In this section, the topics most proximate to the studies in this thesis will be
discussed. These topics included the use of tau-PET as a clinical biomarker, updating
hypotheses of tau spread, and a challenge to the Braak staging regime.

5.2.1 Considerations of tau-PET as a clinical biomarker

There is a wealth of discussion about what makes a useful biomarker (Humpel, 2011;
Califf, 2018). The subsection will not discuss considerations such as invasiveness,
reproducibility, safety, cost and so forth, nor will it cover comparison to other tau
biomarkers (this is covered in Section 1.4.1). Instead, efforts to utilize tau-PET as a
means of diagnosis and prognosis will be covered.

The most frequently mentioned potential uses for a tau-PET biomarker include dif-
ferential diagnosis, negative/positive tau reads, and monitoring of tau accumulation.
Many labs have proposed and evaluated methods for distilling tau-PET images into
summary biomarkers, using either a priori hypotheses (Schöll et al., 2016b; Schwarz
et al., 2016; Cho et al., 2016a; Jack et al., 2017; Ossenkoppele et al., 2018; Schwarz et al.,
2018) or data-driven approaches (Jones et al., 2017; Maass et al., 2017; Mishra et al.,
2017; Vogel et al., 2019a) (Figure 5.1). These various studies arrived at remarkably
similar conclusions: composite temporal or temporo-parietal ROIs perform best for
differential diagnosis and separating controls from patients, while limbic ROIs are
better for distinguishing early stages of AD from controls. Longitudinal studies
found highly similar results (Jack et al., 2018a; Harrison et al., 2018), and the work
from Chapter 2 and Chapter 4 are also in agreement. This suggests that different
regions of interest can be used depending on the clinical question. For example,
a clinical trial in AD patients, or a clinic attempting to differentiate AD from FTD,
might prefer to use a larger temporoparietal ROI. Ossenkoppele et al. found accuracy
rates consistently around 90% for differential diagnosis of AD from other disorders
(Ossenkoppele et al., 2018), which is considerably higher than the 75-85% correct
diagnosis in neuropathologically validated AD cases (Fischer et al., 2017; Liesinger
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et al., 2018). Notably, the performance of tau-PET in this study was much better
than MRI derived biomarkers, indicating tau-PET is a considerable upgrade as a
discriminative tool. Meanwhile, a study in cognitively normal individuals such as
the A4 trials (Sperling et al., 2014) might do better with an early Braak or inferior
temporal ROI. However, this is assuming a static ROI is required. Our work in
Chapter 4 utilizes ROIs tailored not only to an individual’s tau subtype, but also to
their state along the AD spectrum. This appears to be an optimal solution in clinical
trials and other situations involving tracking of tau accumulation.

The utility of positive-negative tau reads outside the context of differential diag-
nosis is not clear. The clinical expression of PART, if any, is not yet known. Given that
abnormal tau appears in closer proximity to cognitive impairment (Hanseeuw et al.,
2019; Barthélemy et al., 2020a), tau scans may have prognostic value in unimpaired
individuals with a positive Aβ read. More longitudinal data is necessary to support
more accurate assessments of time from abnormal tau scans to clinical impairment,
and the rate of tau accumulation is still debated. However, in such cases, a negative
tau read may indicate a patient is not yet proximal to a state of impairment. In such
cases, a threshold for abnormality must be attained. Much like the tau ROI debate,
the tau threshold work suggests different cutoffs are useful in different contexts (Jack
et al., 2017). The mixture modeling approaches described in Chapter 3 and Chapter 4
may be good solutions in this case, as they allow a data-driven decision as to what
is "normal". However, applying such an approach requires a large sample to derive
the threshold, and all scans to be assessed would have to be processed with the
same processing pipeline as the derivation sample. This latter point would be true
with any threshold – quantitative values vary quite a bit across different labs and
radiotracers. A similar issue with Aβ-PET lead to efforts to harmonize values with
a central processing pipeline, though results have been imperfect thus far (La Joie
et al., 2019).

Given a standardization in radiotracers and processing pipelines, tau-PET may
be useful as a clinical biomarker. However, there is still important work to be done
in order to verify this claim. First, very little data has been published as to how
well post-mortem tau pathology correlates with tau-PET scans. One study showed
high correlations in a single PSEN1 carrier with rapidly progressing AD (Smith
et al., 2019b). However, a large and thus far unpublished clinical trial suggested that
positive flortaucipir reads, as read manually and raw by a trained clinician, were only
reliable for individuals with Braak stage V or VI pathology (Fagan, 2018). Second,
there is no data showing how sensitive tau-PET data might be to pharmacological
intervention. In addition, tau-PET tracers would be sensitive only to therapies
halting the spread of NFT pathology, as current tracers cannot detect oligomeric
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tau. This is important, as there is data showing NFTs continue to accumulate even
after the suppression of oligomeric tau (Santacruz et al., 2005). Finally, many of
the positive features of tau-PET as a biomarker appear to be matched by newly
developed phospho-tau plasma assays (Thijssen et al., 2020; Janelidze et al., 2020),
which would represent a much cheaper and widely available alternative. Further
work needs to be performed on both of these biomarkers to assess whether the spatial
component of tau offers any advantage. However, most tau-PET work so far has not
made full use of the spatial component of tau-PET. Our work in Chapter 4 suggests
incorporating such information can result in performance optimization that may
reach a higher ceiling than fluid biomarkers. This may not be enough to offset the
cost differential to plasma tau biomarkers for regular clinical use, but it might be
sufficient to sway pharmaceutical companies in search of highly sensitive markers
for a clinical trial.

5.2.2 Updating hypotheses of tau spread

There is now ample evidence supporting the notion that tau pathology spreads from
neuron to neuron through synaptic connections. Numerous animal experiments
have demonstrated each stage of this mechanism can occur in vivo (reviewed in sec-
tion 1.3.2). This does not prove tau pathology does spread in humans, but both in vivo
and post-mortem studies have provided a great deal of support for the hypothesis
(Sections 1.3.2, 5.2.2, Chapter 3). Some previous work in humans was perhaps more
suggestive of tau preferentially depositing in highly connected regions (Cope et al.,
2018; Franzmeier et al., 2019; Franzmeier et al., 2020), though the work in Chapter 3
points more to spread, given that the pattern of tau is best explained by synaptic
diffusion from the entorhinal cortex. However, macroscale connectivity patterns fail
to fully explain tau-PET patterns in humans. Part of this is likely due to measurement
error of the various imaging modalities, and resolution being far too low to image ac-
tivity at the cellular level. Rodent studies rarely provide results quantitative enough
to truly assess the degree to which synaptic connectivity governs spread, and those
that do also suggest excellent but imperfect fit (Henderson et al., 2019). However,
we know that certain neurons are highly resistant to tau pathology, including those
that are adjacent or synaptically connected to NFT-expressing neurons (reviewed in
section 1.3.3). Synaptic connectivity cannot explain the entire picture.

Consider three models (Figure 5.3A). In the first model, NFT pathology spreads
among all synaptically connected neurons, and no neurons that are not connected. In
the second model, NFT pathology spreads exclusively among vulnerable neurons,
irrespective of their connectivity patterns. In the third model, NFT pathology spreads
only among neurons that are both synaptically connected and vulnerable. While



CHAPTER 5. DISCUSSION 214

the first model is the most frequently discussed, it is essentially the only model that
has already been falsified. There is ample evidence for neurons that share synaptic
connections with NFT-bearing neurons that do not themselves express tau pathology
(Mrdjen et al., 2019). In the second model, pathology could be propagated through
extracellular means (Yamada et al., 2014; Wu et al., 2016; Wang et al., 2017), or through
glial networks (Asai et al., 2015; Wang et al., 2017; Bussian et al., 2018). A singular
agent of spread is not even necessary for model 2; a cascading shift in molecular
environment (e.g. Aβ) could be sufficient to trigger tau phosphorylation and aggre-
gation specifically in vulnerable neurons (Figure 5.3B). Of course, plenty of evidence
supports the notion that tau molecules themselves can instigate conformational
change in other molecules (Mirbaha et al., 2018), and that introduction of tau fibrils
alone can stimulate the spread of tau pathology (Clavaguera et al., 2009; De Calignon
et al., 2012; Ahmed et al., 2014b). However, some have noted that the degree of tau
pathology present in the somatodendritic compartment seems excessive in relation to
the amount in the axon, suggesting tau-positive neurons accelerate production of tau
in the nucleus (Braak and Del Tredici, 2015). Such a process would not require tau
seeds to travel from presynaptic sites to the axon, nor would it necessarily require
tau seeds at all – another process entirely could stimulate tau production. There is
little work to support some of the more radical assertions above, but there is also
little work to falsify them.

Model 3 may be the most parsimonious description of tau spread. In such a
model, synaptic connectivity could be a binary and relatively stable factor, whereas
vulnerability might be both scalar and dynamic. In other words, cells could ex-
press different degrees of resistance to oligomeric aggregation, which could itself be
modified by external factors (Figure 5.3C), but connectivity does not change (until
later stages when the axon is destroyed). Some cells may be entirely invulnerable
to formation of NFTs, while others may merely be resistant. A cell’s time to NFT
expression would then be a function of it’s intrinsic vulnerability and connectivity
to the disease epicenter. Such a model could even be explored in a single structure
such as the hippocampus, where CA1 excitatory neurons are highly vulnerable to
NFT aggregation, CA2 interneurons may be entirely or mostly resistant, and dentate
gyrus neurons only show pathology at late stages (Braak and Braak, 1991; Braak
et al., 2006; Lace et al., 2009; Mrdjen et al., 2019). This would be an interesting
structure to study since the instrinsic connectivity of the hippocampus is extremely
well documented, and the transcriptomic composition is now undergoing thorough
study (Vogel2020ASystems; Bienkowski et al., 2018).
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Figure 5.3: A) Three hypothetical models of tau-spread. Red neuron = Tau-
positive/compromised, orange neuron = neuronal cell type with increased vulnerability
to tau, blue neuron = neuronal cell type with decreased vulnerability to tau. In model 1, tau
spreads primarily through synaptically connected neurons, irrespective of neuronal cell type.
In model 2, tau spreads primarily to intrinsically vulnerable neurons irrespective of synaptic
connection, perhaps through extracellular or glial means, or through agent-absent propagation
(i.e. propagation of a pathological state). In model 3, tau spreads primarily to neurons that
are both synaptically connected and intrinsically vulnerable to tau. B) In models 1 and 3, an
agent is implied that is capable of transynaptic spread. This agent may be tau monomers or
oligomers, or could be non-tau agents secreted by the presynaptic neurons. C) Many factors
might contribute dynamically to neuronal vulnerability. This includes i. axonal properties such
as thin, less-meylinated and later-developing axons; ii. co-pathologies such as Aβ plaques,
Lewy bodies, TDP-43 or vascular pathology; iii. intrinsic cell properties such as differing
endosomal/lysosomal and calcium homeostatic processes, or distinct synaptic or intracellular
proteomes; vi. genetic differences affecting protein expression relevant to tau aggregation; v.
degree of trophic, vascular and glial support afforded to an individual neuron. Figure made with
BioRender (https://biorender.com/)

As mentioned in previously in Section 1.3.4, even a model incorporating synap-
tic connectivity and cellular vulnerability would have to somehow reconcile inter-
individual differences. Plenty of previous research has demonstrated systematic
variability in tau spreading, and the work presented in Chapter 4 elucidated this
phenomenon in a large sample using human in vivo data. Individual variation in AD
could be mitigated by different regions acting as the primary nucleus of spread. For
example, the basal forebrain appears to be particularly vulnerable in hippocampal-
sparing AD (Hanna Al-Shaikh et al., 2019), and also projects to numerous cortical
regions (Bigl, Woolf, and Butcher, 1982; Mesulam et al., 1983). Perhaps basal forebrain
projections are responsible for diffuse spreading of pathology above and beyond
projections from the entorhinal cortex. Data from Chapter 4 support this concept
as a possibility, as do studies showing regional tau injection lead to differential
distributions of pathology (Sanders et al., 2014; Narasimhan et al., 2017).
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As an alternative, genetic factors could influence cellular vulnerability in a way
that modifies which cell types are vulnerable in different subtypes. However, results
from Chapter 4 suggests subtypes of AD are not uncommon, and it is unlikely that
genetic variation would result in a neat partition of only a few different pathological
expressions. Instead, another factor that could influence subtype expression, and
which could still fit with Model 3 above, is the existence of distinct conformations
of tau. In such a model, certain neuronal subtypes might be resistant to one confor-
mation of tau, but not to another. This is not an unreasonable proposition, given
that different tau conformations of various tauopathies lead to distinct regional tau
distribution patterns (Kovacs, 2015). Furthermore, numerous studies show distinct
tau fibrils lead to different in vivo spreading patterns in mice, and a recent study
showed this is a product of conformation (Clavaguera et al., 2013; Sanders et al.,
2014; Guo et al., 2016a; Dujardin et al., 2018), rather than tau species (He et al., 2020).
Conformation could also influence mechanisms of spread. For example, some confor-
mations could lead to exaggerated extracellular or glial spread, further complicating
attempts to model pathological spread.

In conclusion, a comprehensive model of tau spread would likely need to in-
corporate many parameters. This would include synaptic connectivity, as well as
regional vulnerability, and numerous factors that can influence vulnerability, such as
co-pathologies, internal state and most likely individual genetic information. Further-
more, the model may need to incorporate separate vulnerability states for distinct
conformational states of tau pathology. Finally, the model might also need to accom-
modate the possibility of spread through other mechanisms, such as extracellular or
glial spread. Such a model would have numerous parameters, many of which would
be very challenging to measure, and likely still would not account for as yet unknown
features of tau. However, at the very least, synaptic connectivity alone cannot by
itself explain the spread of tau. Further characterization of regional vulnerability can
be established through rigorous single-cell transcriptomic analyses, and this may be
applicable to macroscale neuroimaging based models (Zheng et al., 2019; Henderson
et al., 2019). However, testing a model as comprehensive as the one described above
would probably require in vivo or in vitro experimentation.

5.2.3 Challenging the Braak canon

In the beginning there was darkness. Then, Braak came down and He casteth a light upon six
stages, and He doth decreed all who follow these six stages, thou shalt know AD. O Braak,
have I walked thine stages, and whilst I seeketh the hippocampus thou promised, I behold
only cortex in my wake. – "Relent of the hippocampal-sparing phenotype", author
unknown.
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No single work influenced this Thesis more than Braak and Braak’s seminal
1991 paper, which provided a qualitative description of the spread of tau pathology
(Braak and Braak, 1991). The value of this study and long line of studies that
followed cannot be overstated. While still incredibly relevant to the study of tau in
AD, work in this Thesis suggests the need for amendments to the original staging
model. Many of the findings from the original work in this thesis, particularly the
work in Chapter 2 and Chapter 4, suggest the Braak staging system is insufficient
to describe the pattern of tau NFT spread in AD on an individual basis. While
the Braak stages laid the groundwork for modeling tau spread in a way that was
extremely beneficial to the AD field, whole-brain sampling of tau in vivo has provided
novel information. First, results from Chapter 2 suggest regions subsumed under
Braak stage V have fairly independent trajectories of tau accumulation, and this
appears quite obviously when visualizing a sequence of tau-PET scans. As shown in
Figure 1.7, irrespective of radiotracer, tau accumulates in the precuneus and lateral
parietal lobes well before pathology is measurable in most frontal areas. Results
from Chapter 3 further support his notion, showing some parietal lobe structures
to become abnormal shortly after the temporal lobe structures, preceding even the
superior temporal lobes that characterize Braak stage V (Braak et al., 2006; Schwarz
et al., 2016) Furthermore, certain frontal areas (namely premotor association cortex)
appear to express pathology earlier than other frontal areas. If properly validated
post-mortem, these findings would suggest a reform to the traditional Braak staging
regime. Such a reform would either move the precuneus and angular/supramarginal
areas (i.e. the posterior DMN) into Braak stage IV, or would require addition of an
intermediary stage including these regions, but preceding other (namely frontal)
association cortex.

However, the changes suggested above assume the application of a singular
sequence as sufficient to stage all AD cases. Results from Chapter 4 and many other
studies (Murray et al., 2011b; Ossenkoppele et al., 2016b; Ossenkoppele et al., 2019;
Firth et al., 2019; Ferreira, Nordberg, and Westman, 2020) recommend otherwise.
The Braak staging regime may be a perfect fit for certain subtypes of AD, and our
results in Chapter 4 suggest as much for the limbic AD subtype. However, cortical-
predominant, posterior and lateralized subtypes appear to deviate from the Braak
paradigm, fairly radically in some cases. It is possible that tau seeding patterns are
indistinguishable across the tau subtypes, and it is the aggregation into NFTs that
differs. Similarly, it is possible that tau pathology does proceed in a Braak-like fashion
in all cases, but the degree of expression in some subtypes become highly exaggerated
in specific parts of the cortex. In either of these two scenarios, discrepancy between
tau-PET and histopathology studies may arise, especially given that the latter usually
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uses a semi-quantitative approach for measuring the magnitude of NFT expression.
However, the subtypes are characterized not only by differential patterns of NFT
accumulation, but also matching patterns of neuronal degeneration (Ossenkoppele
et al., 2016a; Ossenkoppele et al., 2019). Therefore, the evolution of the disease
process appears to follow those regions exhibiting extensive tau pathology, and so an
effective staging regime would ultimately aim at capturing this process.

If the findings from Chapter 4 are validated, a new staging procedure might be
necessary. The first step would be to more thoroughly define the progression of
each subtype. This would require extensive autopsy samples, and/or tau-PET data
(and could be assisted using MRI). Our work proposes prototypes for some of these
progressions, as do other recent studies, for example Firth et al. who characterized
spatiotemporal spread of neurodegeneration in PCA (Firth et al., 2019), but further
validation is necessary. Once validated, one possibility would be to derive entirely
separate staging paradigms for each subtype. Therefore, an individual patient at
autopsy could be assessed based on whichever staging pattern best explained the
progression of tau. A second, similar but perhaps more challenging option would be
to have a single staging system, which included alternatives within each stage. This
is not totally unprecedented; Braak described that occipital NFTs are "occasionally"
observed at stage IV (Braak et al., 2006). However, this second option could quickly
get out of hand, particularly with subtypes like limbic and hippocampal-sparing,
which seem to have progressions nearly reversed from one another. Irrespective
of the nature of a reformed staging system, an optimization would be necessary, at
least for pathological staging. The smallest number of regions that still offers both
subtyping and staging information would need to be identified, and this would be
an interesting direction for future work. The original Braak staging cannot reconcile
atypical variants of AD, and this was the case even before results from Chapter 4
emerged. However, the results from Chapter 4 calling to question the notion of
"typical AD", only make the impetus for reforming Braak staging that much more
imperative.

5.3 Main conclusions of thesis work

A few consistent themes emerged across the three studies. Chapter 2 and Chapter 4
both pointed to a reform or extension of the Braak staging regime. Chapter 2 revealed
diverse tau behavior among regions subsumed under Braak Stage V, showing that
there was more variation within Stage V regions then there was between regions in
Stages I-IV. Meanwhile, Chapter 4 suggested that a single staging regime cannot be
used to track the progression of tau pathology in all individuals. These two points
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were discussed further in Section 5.2.3, but the consensus across these studies is
that the Braak stages, while groundbreaking and useful, may need to be revised.
Chapter 2 and Chapter 4 also both pointed to the superiority of unbiased, data-driven
models over convention in creating effective biomarkers for tau-PET. Chapter 2 found
that data-driven covariance networks were better correlated than other regions with
global cognition in a left-out dataset, while Chapter 4 found that a data-driven
prediction model was more sensitive to detecting longitudinal tau-PET change than
other approaches. This was discussed further in Section 5.2.1. Finally, both Chapter 3
and Chapter 4 provided additional evidence for the spreading of tau through major
synaptic pathways, but that macroscale connectivity alone could not fully explain
the observed patterns of tau-distribution. This was discussed further in Section 5.2.2.

In all, the original work presented in this thesis composes a thorough investigation
of the in vivo spatial distribution of tau in the human brain. While most of the tau-
PET literature to date has focused on how tau-PET patterns meet the expectations
anticipated by post-mortem studies, the work herein rather challenges previous
literature, and suggests a more nuanced description of the spread of tau pathology.
To distill this work down to just a few points, one can make the following assertions.
First, in vivo and unbiased spatial sampling of tau in the human brain can provide
useful biomarkers and novel information about tau progression in AD, but this is
accomplished most effectively using unbiased models and unsupervised models."
A more contentions statement might be that Braak staging alone does not capture
the full range of individual variability in Braak stage patterns, nor does synaptic
connectivity alone appear to fully explain the patterns of tau distribution in human
AD. In all, we are only beginning to scratch the surface of tau-PET’s utility not just as
a tool for clinical use and scientific validation, but as a tool for discovery.
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