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Abstract

Dementia is a leading cause of dependence and disability in older adults. Currently, there
are over 55 million people living with dementia globally and, due to increasing life
expectancy resulting in an ageing population, this is expected to triple by 2050.
Neurodegenerative pathologies, such as Alzheimer’s disease, Lewy body disease and TDP-43
inclusions, and cerebrovascular disease are frequently associated with different clinical
presentations of dementia. However, individuals often exhibit a combination of these
pathologies, resulting in heterogenous and overlapping clinical phenotypes, complicating
diagnosis, prognosis, and treatment. Examining these clinicopathological correlations may
provide useful insights into how mixed and concomitant pathology contribute to the clinical
manifestation of dementia. Longitudinal statistical methods, including latent class and
multistate models, were used to analyse clinicopathological data from the Brains for
Dementia Research programme, aiming to examine how co-existing pathologies contribute
to cognitive decline and disease trajectory in dementia in comparison to cognitively healthy
controls. A preliminary analysis indicated a high prevalence of mixed and concomitant
pathology across the entire cohort, with poor concordance between study diagnosis and
postmortem neuropathology. Mixed pathology was consistently associated with more
severe cognitive impairment and faster decline in cognitive function, and greater risk of
transition between cognitive states of dementia. Concomitant Alzheimer’s disease
neuropathology, specifically neurofibrillary tangle pathology, appears to drive cognitive
decline in other age-related neurodegenerative diseases, including Lewy body disease and
limbic-predominant age-related TDP-43 encephalopathy (LATE), frequently associated with
dementia. These findings highlight the importance of considering and accounting for mixed
and concomitant pathology in dementia research and clinical management, providing
supporting evidence for the application of comprehensive biomarker screening and
personalised treatment strategies tailored to individual pathological profiles. The consistent
association between mixed and concomitant pathology and more severe cognitive
trajectories suggests that there may be shared pathways and processes underlying cognitive

decline across the dementia spectrum.



Acknowledgements

This study is longitudinal data analysis using secondary clinicopathological data from the
Brains for Dementia Research programme. Clinicopathological dementia research would not
be possible without the altruism and commitment of brain donors and their families, and
the dedication of neuropathologists and clinical staff. The generous contributions made by
those enrolled in the Brains for Dementia Research programme were crucial for this
research. | would also like to thank Dame Margaret Barbour and the Barbour Foundation for
their generosity and interest in my research. | would like to thank my supervisors, Professor
Alan Thomas, Professor Fiona Matthews, and Dr Daniel Erskine, for their time, patience,
guidance, and support throughout this research, and my review panel, Professor lan
McKeith and Dr Lauren Walker, for their encouragement, insightful feedback, and guidance.
| would like to thank Dr Calum Hamilton, Dr Laura Gamble, Dr David Sinclair, Dr Romi
Carriere, Dr Connor Richardson, Dr Jade Hawksworth, Searlait Thom, Professor Steve
Rushton, and Ellise Alder-Chapman for their support. | would also like to thank my parents,

grandparents, and brothers, for their endless encouragement and belief in me.



COVID-19 Impact Statement

Although this was a computer-based project, the first 2 years of the PhD were remote due
to Covid. | was not able to meet my supervisors in person or work on campus for the first 18
months. This meant | did not have any opportunities to meet and collaborate with other
PhD students or post-docs and had to learn all the statistical methods remotely without any
in-person support. While my project was not altered or delayed due to lockdowns, it was

incredibly isolating and difficult to undertake most of a PhD entirely alone.



Presentations

Transitions between cognitive states in dementia with mixed pathology (Chapter 7)

Dementias Platform UK Translation 2023, London [Poster]

Clinical under recognition of Lewy body disease (Chapter 4)
Alzheimer’s Research UK Conference 2023, Aberdeen [Poster]

Alzheimer’s Disease/Parkinson’s Disease 2023, Gothenburg [Poster & Presentation]

Neuropathological correlates of neuropsychiatric symptoms of dementia (Not in thesis)

Alzheimer’s Association International Conference 2023, Amsterdam [Poster]

LATE-NC and cognitive decline. (Chapter 5)

Alzheimer’s Research UK Northern Network Meeting December 2023 [Presentation & First

Prize Abstract]



Table of Contents

Y oy 4 - [ APPSO P RO PP T PPRUPPTOPI i
ACKNOWIEAGEMENTS...cceiiii ittt e e e e e e e e e e e s et e e e e e e s e s s nsaeaeeeeeeeeeesnnnsranneeeeeeans i
COVID-19 Impact Statement ...ttt iii
PrESENTAtIONS .t e e s s e e e iv
Table Of CONTENTS...coiieiieee e sttt e e enees v
[ o 7= U T TSRS X
LIST OF TABIES .ttt et e s eeareas Xvi
[T o 2 o o 1= g Vo [ ol Y-SR XXVi
List Of ADDIreVIatioNns ......eeiiiiiiiiieie e XXviii
Thesis: The Contribution of Mixed and Concomitant Pathology to Dementia ........c.cccccvveeennee 1
Chapter 1. BaCKGIrOUNG ......cccuuiiiiiiiiie ettt et e s e e e e saae e e e e nba e e e e snbaeeeennneees 1
1.2 ClNICAl DEMENTIA..cciutieiiiieiiiee ettt st sbe e e s e e e e e 1
1.1.1 Alzheimer’s disease demMENTia........eiurieiiiiiieiiee e s 3
1.1.2 Lewy body demMeNtIAaS . ...ccuviiieieiiiie ettt ettt e e e e e e s a e e e aaaeeeeaes 7
1.1.3 Frontotemporal dementias ......cooccceiiiiiieiie e e e 12
1.1.4 Vascular demMentia....cccueeiiiiiiiiieeiiee e 15

1.2 Dementia-related NeuropathologY ... 17
1.2.1 AMyloid patholOGIES .......uuiiiieeeee e e 18
A A - [ o] o - 1 o113 RPSSPRR 22
1.2.3 SYNUCIEBINOPATNIES ..o ittt ee et e e e e e e e e barrereeeeeeeennnnns 30
1.2.4 TDP-43 ProtEOPAtNIES. .. .uvviieeiee ettt e e et e e e e e e ee s brareeeeeeeeeennnnes 34
1.2.5 Cerebrovascular pathOlOgIES .........euviiiiieiei e e 39

1.3 Mixed and concomitant PathOlOgY .....c.uveeeeiiiiiiciiiiiieeee e e 41
1.4 Clinicopathological Studies of DEMENTIA ........cccvuvvireiiieiieicreeeee e 42
1.4.1 Brain banking StUAIES ........ueeiiiiiiiiee e e e e e eannes 42
1.4.2 Population-based StUdIES ......ccceeeiiiiiiiee et 44
1.4.3 EMEIZINE TREMES c..cco ittt ettt eeee st r e e e e eeeeeaabaeeeeeeeeeeesnbsaseseeeeesesnnnnes 47
1.4.4 Implications fOr RESEAICH ....coiii i 48

1.5 RESEANCH AIMS ...ttt ettt et e et e s bt e e sabe e e s b e e e saneeesaneeeaas 50
Chapter 2. IMIETNOGS .......euiiiieiiee e ee et e e e e e s es et beaeeeeeseeesasssaeseeeeeeeennnes 51
2.1 Study Background: Brains for Dementia RESEAICh .........eeeevvviiiirereeeeeeeeiicirreeeeeeeeeeeenns 51



B O A S U= T o U 1 ¢ 1= | N 51

2.1.2 Baseline and FOlIOW-UP INTEIVIEWS ......uuiiiiiiiiiie ittt 52
2.1.3 Brain Donation and Neuropathological Assessment.........ccccoevveeeiriiieeecniieeee e 54
2.1.4 Neuropathology CONOIt..........uiiiiiieee e e e e e e e 54
2.2 CliNical Variables .........oooiiiii e 59
2.2.1 Demographic Variables..........uuui i 61
2.2.2 Cognitive State: Clinical Dementia Rating ........coovvcvviiieieii e, 62
2.2.3 Cognitive Function: Mini-Mental State Examination ..........ccccccvvveeeeiiicicciiieeeeeen, 63
2.2.4 Behavioural and Psychological Symptoms of Dementia: Neuropsychiatric
FaNVZ=T 1 (o] oY 2P P PP P P PP PP PO PPPPPPPPPPPPPPPPPRE 63
2.2.5 Study Clinical DIagNOSIS .....cccvvriiiieeeieieciiiteee e e e e e e sccrree e e e e e e s esnrrere e e e s s e eennnreneeeaeeeens 64
2.3 Neuropathology Variables......... e e e e e e 65
2.3.1 AMYI0id: Thal AP PRasE .cccceiiieeieiiie ettt e e e e e e e eaeees 68
2.3.2 Neurofibrillary Tangles: Braak NFT Stage ......ccceevvviiieiiiiiieee e eieeee e 68
2.3.3 Neuritic Plaques: CERAD SCOME ..uuiiiiiiiiiiiiiiieeee e e eccirttee e e e e e e s ecntaeneee e s e e esnnanreneaaaeens 68
2.3.4 Alzheimer’s disease Neuropathological Change: NIA-AA ABC scores.........ccceeeunuen. 69
2.3.5 Lewy body pathology: Braak LB score and McKeith Region .......cccccceeeeeurirvennnnnnnn. 70
2.3.6 Vascular pathology: VCING Rating.......ccccuviiirieeiii ettt eevnnee e e 71
2.3.7 Other Pathologies as Binary Variables ..., 72
2.3.8 Neuropathological DiagNOSiS.....uuueiieiiciciirreeeeeeeeeiecrrreeeee e e e eeerrrreeeeeeeeesarrreeeeeeeens 73
B DT = Y o =1 Y 13U EUPRE 79
2.4, 1 DAASETL...ceiiiiiiiiiiiiiiii e e e e 79
2.4.2 Data Preparation ... e e e e e e e e e e e aaaes 79
B Y Ty 1 o T D - | - [P 80
B Y oo [=Y I = T 1] o 1o ¥ =R 80
2.4.5 Statistical Methods .......coouiiiiiieeee e 80
Chapter 3. The Prevalence of Mixed and Concomitant Neuropathology in the Brains for
Dementia ReSEarch CONOIT.....couuiiiiiiiiiee s 86
I 2 - T <=4 o T U o o U UUPRE 86
3.1.1 AimMS aNd HYPOTNESES ..cceeeiiirteiiee ettt e e et e e e e e e eesbbrrereeeeeeas 87
3.2 IMEENOAS ...t 87
3.2.1 STAtISTICAl TESTS ..eeiiiiiieiiite ettt s e s e s e st e e snee e 88
3.3 Descriptive EPIdemMIOIOZY ..ccuuurireeieei ettt ettt e e e et re e e e e e e eesebbrreeeeeeeeeennnnes 88
3.3.1 NeUropatholOZY SrOUPS.....ccccvriiiieeie ettt eececrrree e e e e s eearre e e e e e e eeesaarraeeeeeeeens 90



3.3.2 MiXEd PAthOIOGY ..eeeeiieeiee e e a e 92

3.3.3 AlIZNEIMEI'S AISEASE ..eeeiueiieiiiie ettt et sttt st 96
3.3.4 LeWy DOy diSEASE ...ccuviieiiiiiiiee ettt s e e e eaaees 99
3.3.5 Cerebrovascular diSEase.........cocuiiiiiiiiiiiiiiiiicec e 104
BL3LB LATE-NC ettt ettt s e sb e san e e b e e e bt e nneeeanees 108
3.3.7 LoW PatholOgY CONLIOIS ..ccovueiiieeieiiiee ettt e s s ea e e e e 112
I YU [ ] g - Y 113
Chapter 4. Discordance Between Clinical Diagnosis and Postmortem Neuropathology ...... 116
2 ol 4= { o U T o PRSP 116
4.1.1 AIMS aNd HYPOTNESES ....veeiiiiiiie ettt e s e e e s araeeeeaes 117
B.2 IMEENOMS ..t 118
4.2.1 CaSe SEIECTION ..couiiiiitieeetee et 118
4.2.2 DiagNOSHIC ACCUIACY .eeeeeieiiiiiiiriritietttettttteteretetetererertrererererererereaerererererererererarerarernne 118
4.2.3 Linear Mixed Effects MOdelling ........oooooiiiieeoiieeeecee e 120
A N W Y= 1 u [ol 2= = T o o 1O PPPPPPPRt 121

B 3 RESUILS ..ttt ettt et s e st e e st e e e at e s bt e e e bt e e e bt e e e bt e e sbteeebeeeeneeea 122
4.3.1 Study Diagnosis and Neuropathology .........ccceeeeiiiecciiiee e, 123
4.3.2 Cognitive trajectories of clinical and pathological diagnoses ........ccccccceeeeennnnnneeen. 125
4.3.3 Concordance between study diagnosis and neuropathology .........cccccccevvennnnnenn. 127
4.3.4 Under-recognition of Lewy body diSEaSe.......ueeieeeeeiieinrreeieeeeeiiiireeeeee e, 131
4.3.5 Sensitivity Analysis: Neocortical Lewy body disease......ccccceeveecciiieeeeeeee e, 138
Y o 0 0. =1 S 141

Chapter 5. Trajectories of Cognitive Decline in Mixed and Concomitant Neuropathology..144

ST A 2 - T <=4 01U o o 1SR 144
5.1.1 Aims and HYPOTNESES c.ceeeiieeee et e e e e e 145
5.2 IMEENOAS ...t e e 146
5.2.1 CaSE SEIECTION ...t 146
5.2. 2 VArIabIES ..o 146
5.2.3 Linear Mixed Effects MOdeIiNG .......ccooveiiiiiiieiiiiieecccrreeeee e 146
5.2.4 SUD-GIrOUP ANGIYSES...ueiiiiiiiiiciiirieeieeeeeeeeiitrreeeeeeeeeeeeaaraereeeeeeeesssassseseeeeessesnsssreneees 147
5.3 RESUIES ettt e 147
5.3.1 NeuropatholOZY GrOUP.......coccivrieiiee ettt eeeectrree e e e e e e eseaabrreeeeeeeeeeeanrreaeees 150
5.3.2 Cognitive Decline in AlZheimer’'s diSEASE .......eveeieeiiciirieeieeeeeeeeceirreeee e 153

Vii



5.3.3 Cognitive Decline in Lewy body diSEaSe.......cueveviieiicciiiiiieeeee e, 157

5.3.4 Cognitive Decling in LATE-NC ...ccciuiiiiiiiiiee it ssireee e ssitee e s sieee s s ssiaeee s ssneaeeesnes 163
D UM I e s 169
Chapter 6. Mixed and Concomitant Neuropathology as Predictors of Trajectory of Cognitive
DECIINE e e st 171
(ST = 7= Tol = o TV T FO PP 171
6.1.1 AiMS aNd HYPOTNESES ...eeeiiiiiiiieieieie ettt st e s s eaaeeeeeaes 171
6.2 MELNOAS ... e 172
6.2.1 CaSE SEIECTION ...t s 172
6.2.2 VArIADIES ..ottt s 172
6.2.3 Latent Class Mixed MoOdelliNg .......coeeerieoiiiiiiieiee e e 173
6.2.4 StatistiCal ANAIYSES .vvvieeieee e a e e e 174
5.3 RESUIES ettt ettt ettt st e st e e st e s bt e s bt e e sanee e eans 174
5.3, 1 All CASES ..ttt ettt e et et e et e e e be e e s bt e e e ne e e nanee s 175
6.3.2 AlZheimer’s diSEASE ....cocuuiiiiiiiiiiiieeiee e 180
6.3.3 LEWY DOy diSEASE ...ccuviiiiieiiiee ettt e e e arae e e eae 184
B.3.4 LATE-NC ..ttt ettt ettt ettt e sbe e st e e bt e et e e saeesabeesateebeesaeeenneas 187
6.3.5 MiXed PathOlOgY ....uuviiiieiiie e e e e e e 191
6.4 SUNMIMIAIY eititiiiieeitetitiitiieie e e e et etttatueaeseseeeteattaasseeeesteasrsaaseseeerenssssassssseseaessssnnnnseseeeens 193
Chapter 7. Transitions Between Cognitive States in Dementia with Mixed and Concomitant
N I=TU] do] oF: 1 o To] o T=4Y A PUUPRRRPP 195
2 2 - T <= o1 U o o PSP 195
7.1.1 AiMS aNd HYPOTNESES .ceeeeeeiireeeeee ettt e e e e e e e nrrenee s 196
7.2 METNOMS ... e 196
7.2.1 CaSE SEIECHION ....eiiiiiieiee e 196
7.2.2VArIADIES ..o 197
7.2.3 MUltistate MOIIING ...ccceeiiiiiiiieeiee e e e e e e 198
7.2.4 MOAEl STrUCTUI ...ttt s 198
7.2.5 Estimation and Model FithiNg ......coeeeeee i 200
7.2.6 StAtiSTICAl ANAIYSIS..uurreriiiiiiiiiiitieeee et e e e e e e e b e e e e e e e e e anrreaees 200
7.3 RESUILS -ttt enees 201
2 T B B 1T g VoY= - o] oY (ol PP 202
7.3.2 DEMOZIAPNICS ..ottt e e e e e e e e e e e e e e s bbb b e e e e e e e e e anrraaees 205
7.3.3 Transitions in Individual Neuropathologies.........ccoeecvrveeieiiiiieiicirreeeee e, 207

viii



7.3.4 Transitions in Neurodegenerative DiSEASES ......cccovecuviviiieeeee e 212

7.3.5 Transitions in Alzheimer’s diSEase........c.uueviiiiiiiiiiiiieeee e 215
7.3.6 Transitions in Lewy body diSEASE ......ccvcuviiiiriiiieiiiiiiee et 218
7.3.7 Transitions in LATE-NC......ooooiiiiiiiiiiiiiiiriiii e 221
7.3.8 Transitions in cerebrovascular diSEase.........ccovvveeiiiieiiiieiiiicceee e 224

T4 SUMMAIY it e e e e e e e e e e e e e e e e e e e e e e e e e aaaeaaaeens 227
Chapter 8. DiSCUSSION ... ..uueiiiieeieeeeeccctitrer e e e e e e e e e e e e s e s et re e e e eeesessnsntaeeeeeeeesesnnssannneeeeeens 229
8.1 KEY RESUIES .eeeeeeiie et e e e e e e e e e e e st re e e e e e e e s e s snnreaeneaeeeens 229
8.1.1 Prevalence of Mixed and Concomitant Neuropathology in the Brains for Dementia
RESEANCH CONOIT ..ottt ettt s e e s e e sabe e e s areeeas 229
8.1.2 Discordance between clinical diagnosis and post-mortem neuropathology........ 230

8.1.3 Trajectories of Cognitive Decline in Mixed and Concomitant Neuropathology ...230

8.1.4 Mixed and Concomitant Neuropathology as Predictors of Trajectory of Cognitive

DBCIINE .ttt ettt e e e st e e e bt e e e bt e e sbte e sabe e e sbeeesareeeas 231
8.1.5 Transitions Between Cognitive States in Dementia with Mixed and Concomitant

N =TUT oY o T a o] [o =4V SRR 231

8.2 Cross-Chapter DiSCUSSION ....ccuvueieieiieieeeiiteeeescitee e seiteee s ssrae e e e saae e e e esstaeesssnnseeessnseeaeas 232

8.2.1 Mixed and concomitant pathology is COMMON.........ccceveiiiiiiniiie e 232

8.2.2 The impact of mixed pathology on diagnostic accuracy. .......cccccvviveveeeeeicccnninnen, 235

8.2.3 Mixed pathology and decline in cognitive function ........cccceeeecciiiieeee e, 239

8.2.4 LATE-NC not independently associated with cognitive decline.............cccuuun...... 243

8.3 Strengths and IMpPlicatioNS..........uviiiiiii e 247

S T Y =Y oY =4 o o 1SR 247

e I [ oY o] L Tor=Y n (o] o F-J T RPTPRRRRR 249

8.4 LIMITAtiONS ...eeeiiii ittt 251

8.4.1 Cohort CoOmMPOSITION....ciiiii it e e e e r e e e e e e e nraeaeeas 251

8.4.2 ClINICAl DA c.ueeeeiiieieeeeeee et s 252

8.4.3 NeUropatholOgY Data .......coovecirrieiiieieececirreee et e e rer e e e e e e e e eanrreaeees 253

8.5 Future Research Dir€CHONS ......cciuiiiiiiieiiiee e 256

8.6 CONCIUSIONS. ...ttt ettt e bt e e b e e s be e e s bt e e sabeeeeanis 258

REFEIENCES ...ttt e be e s r e e s se e e n e sneeearees 259

Y] 01T o Lo L USSR 288



List of Figures

Figure 1.1. Diagnostic Criteria for Clinical Alzheimer’s Disease: Clinical criteria for the
diagnosis of Alzheimer's disease, including both classical and atypical phenotypes, are
outlined along with in-vivo evidence and exclusion criteria. The figure highlights the
distinguishing features of Alzheimer's disease, including cognitive and neuroimaging
markers, and the specific criteria used for diagnosis. Adapted from Dubois et al. (2014). ...... 6
Figure 1.2. Clinical Presentation of Lewy Body Dementias: Comparison of the clinical
features of Parkinson’s disease dementia (PDD) and dementia with Lewy bodies (DLB),
highlighting both their similarities and key differences. While both disorders are
characterised by Lewy body pathology, the timing and nature of cognitive decline relative to
motor symptoms distinguish PDD from DLB. Adapted from Jellinger , and Korczyn (2018). ...9
Figure 1.3. Clinical Criteria for Diagnosing Lewy Body Dementia: Overview of the clinical
criteria used for diagnosing Lewy body dementia (LBD), including key features such as
cognitive fluctuations, visual hallucinations, parkinsonism, and REM sleep behaviour
disorder, based on the guidelines outlined by McKeith et al. (2017). ..ccooevveeeeriiieeeiiiieeeens 11
Figure 1.4. Diagnostic Criteria for Frontotemporal Dementia Subtypes: Clinical criteria for
diagnosing subtypes of frontotemporal dementia, as defined by Tartaglia , and Mackenzie
(2023). The figure outlines the key diagnostic features distinguishing each subtype, including
behavioural, language, and motor symptoms, along with their respective neuroimaging and
neuropathological CharaCteriStiCS. ....ciiiiiiiiiiiieee e e 14
Figure 1.5. Subtypes of Vascular Dementia: Imaging and pathological features associated
with the different subtypes of vascular dementia. The diagram highlights the distinct
neuroimaging patterns and underlying neuropathological changes characteristic of each
subtype, as outlined by O'Brien , and Thomas (2015)........cceeeiiiireeiiiiiee e e e eeireee e 15
Figure 1.6. Clinical Diagnosis of Vascular Dementia: Diagnostic criteria for vascular
dementia as defined by the NINDS-AIREN criteria. This figure outlines the key clinical
features, including cognitive impairment, evidence of cerebrovascular disease, and the
temporal relationship between vascular changes and cognitive decline. .........cccccccvvveeeeeennn. 16
Figure 1.7. Neuropathologies of Age-Related Dementia: Overview of clinical dementia
subtypes, their associated neuropathologies, and relevant genetic variants. Causative genes
are listed without brackets, while genetic risk factors are indicated in square brackets. ...... 18
Figure 1.8. Amyloid-f Histology: Histological images of B-amyloid, diffuse amyloid deposits,
neuritic plaques, and cerebral amyloid angiopathy (CAA), across different brain regions. Own
images produced on a Nikon Eclipse 90i using immunohistochemistry from postmortem
brain tissue from the Brains for Dementia Research programme stored in the Newcastle
Brain TiSSUE RESOUICE. ..uuuuuuiuiuiiiiiiii s as 21
Figure 1.9 Thal Phases of B-amyloid Deposition: Representation of the Thal staging system
for amyloid deposition, which classifies the progression of amyloid plaques in the brain
across distinct phases. These phases reflect the regional spread of amyloid pathology,
starting in the neocortex and advancing to subcortical structures. Adapted from Hampel et
al. (2021) and Thal €t @l. (2002). c....uvureeeiieiiiieiiiiieeeeeee et e e e e e e e s e ssbbbaereeeeeessenanes 21
Figure 1.10. Tau Pathology: Normal Function, Accumulation, and Pathological Forms.
Illustration depicting the normal function of tau in microtubule stabilization, its pathological

X



accumulation, and the different types of tau aggregates that lead to tauopathies. The figure
also distinguishes between various tau species, including those associated with
neurofibrillary tangles, paired helical filaments, and other tau inclusions. Adapted from
Zhang et al. (2022) and Chung et al. (2021).....ueeeiiieciiee et 24
Figure 1.11. Classification of Tauopathies: Primary and Secondary Tauopathies and Tau
Isoforms. Tauopathies are divided into primary tauopathies where tau aggregation is the
central feature, and secondary tauopathies which result from external factors. The figure
also illustrates the two main tau isoforms: those with 3 microtubule-binding repeats (3R)
and those with 4 repeats (4R), whose distribution and aggregation patterns are linked to
specific tauopathies. Abbreviations: PiD, Pick’s disease; PSP, progressive supranuclear palsy;
CBD, corticobasal degeneration; AGD, argyrophilic grain disease; ARTAG, age-related tau
astrogliopathy; PART, primary age-related tauopathy; AD, Alzheimer’s disease; CTE, chronic
traumatic encephalopPatiy. ... ..o 25
Figure 1.12. Topographical Distribution of Neurofibrillary Tangles: lllustration of the
topographical distribution of neurofibrillary tangles (NFTs) across Braak stages, with
emphasis on the brain regions typically affected at each stage of the disease. Adapted from
Oostveen , and Lange (2021). ..ccc ettt e e e ettt e e e e et e e e e eare e e e e eaae e e e e abaaeeeenraeaeeann 26
Figure 1.13. Distinguishing Features of Primary and Secondary Tauopathies: Key
pathological features distinguishing primary and secondary tauopathies, including PSP
(progressive supranuclear palsy), CBD (corticobasal degeneration), AGD (argyrophilic grain
disease), ARTAG (age-related tau astrogliopathy), PiD (Pick’s disease), AD (Alzheimer’s
disease), and CTE (chronic traumatic encephalopathy). Adapted from Chung et al. (2021)
and Forrest , and KOVAcs (2022). .....uuveeeiiiiiiiiiiiiieieeie e eceittere e e e sesatreeee e s e e e sssesabraereeeeesssennnes 27
Figure 1.14. Lewy Body Histology: Lewy bodies (classical, cortical) and Lewy neurites. Own
images produced on a Nikon Eclipse 90i using immunohistochemistry from postmortem
brain tissue from the Brains for Dementia Research programme stored in the Newcastle
Brain TiSSUE RESOUICE. ...uuuuuiiiiiiii s 32
Figure 1.15. Topographical Spread of Lewy Body Pathology: Braak staging of Lewy body
disease, illustrating the progressive spread of Lewy body pathology across different brain
regions. The stages reflect the anatomical progression of Lewy body involvement, as
outlined by Petersen (2017), from early involvement in the brainstem to later cortical

=T =4 T o1 33
Figure 1.16. LATE-NC Histology: Histological images showing TDP-43 inclusions in limbic-
predominant age-related TDP-43 encephalopathy neuropathological change (LATE-NC). The
presence of TDP-43-positive inclusions in specific brain regions is a hallmark of LATE
pathology. Images from Nag €t al. (2007). ..uueeeeiieiieiieiireeiee et eeeesrrrrereee e e e s eenrreeeees 37
Figure 1.17. Vascular Histology: Histological images illustrating the three key pathologies as
outlined in the VCING guidelines for vascular cognitive impairment: large subcortical
infarcts, occipital leptomeningeal cerebral amyloid angiopathy (CAA), and occipital white
matter arteriosclerosis. These pathologies are frequently implicated in vascular dementia
and contribute to cognitive decline. Images from Skrobot et al. (2016). .......ccccvvveveeeeerenennns 40
Figure 2.1. Frequency of, and intersections between, neuropathology groups: Alzheimer’s
disease (AD), low pathology controls (LPC), limbic-predominant age-related TDP-43

Xi



encephalopathy (LATE), Lewy body disease (LBD); cerebrovascular disease (CVD),
frontotemporal lobar degeneration (FTLD). ......ceeiiiiiiieeeiiiiie ettt e e 77
Figure 2.2. Frequency of intersection between eleven different pathology types:
Pathologies included: A, Thal AB phase 3-5; B, Braak NFT stage 4-6; C, CERAD stage 2-3; LB,
Braak LB stage 4-6; |, presence of large subcortical infarcts (>10mm); CAA, presence of
cerebral amyloid angiopathy; ART, arteriolosclerosis; TDP, presence of limbic TDP-43
pathology; G, presence of ARTAG pathology; TA, primary tauopathy present; FT, FTLD-TDP-
43 present. There were 159 different combinations of the 11 pathologies (including cases
with absence of all included pathologies). Note: not all possible combination are shown in

18 0 3R 11 ={ U <SPPSR 78
Figure 2.3. Sample Selection: Flow diagram illustrating the number of participants included
in each analysis from the original neuropathology cohort (N = 813). Groups with an asterisk
include a comparison group of low pathology controls. Further details are provided in each
(ol T T 1 =1 P PRPPPRR 85
Figure 3.1. Frequency of, and intersections between, neuropathology groups: Alzheimer’s
disease (AD), low pathology controls (LPC), limbic-predominant age-related TDP-43
encephalopathy (LATE), Lewy body disease (LBD); cerebrovascular disease (CVD),
frontotemporal lobar degeneration (FTLD). ....cueviiiciiieeiiiiiee et e e e e e 94
Figure 3.2. Frequency of intersection between eleven different pathology types:
Pathologies included: A, Thal AB phase 3-5; B, Braak NFT stage 4-6; C, CERAD stage 2-3; LB,
Braak LB stage 4-6; |, presence of large subcortical infarcts (>10mm); CAA, presence of
cerebral amyloid angiopathy; ART, arteriolosclerosis; TDP, presence of limbic TDP-43
pathology; G, presence of ARTAG pathology; TA, primary tauopathy present; FT, FTLD-TDP-
43 present. There were 159 different combinations of the 11 pathologies (including cases
with absence of all included pathologies). Note: not all possible combination are shown in

10 o 1IN =4V ] o <TUUURUSRPP 95
Figure 3.3. Clinical Profile of Alzheimer’s disease (AD): Comparison of (A) Mini-Mental State
Examination (MMSE) scores (0-30), (B) total Neuropsychiatric Inventory (NPI) scores (0-144),
and (C) presence of neuropsychiatric symptoms across the twelve subdomains at final
clinical assessment in mixed and non-mixed Alzheimer’s disease........cccccceeeeeicciiieeeeeeeeeeccnns 98
Figure 3.4. Clinical Profile of Lewy Body Disease (LBD): Comparison of (A) Mini-Mental
State Examination (MMSE) scores (0-30), (B) total Neuropsychiatric Inventory (NPI) scores
(0—144), and (C) presence of neuropsychiatric symptoms across the twelve subdomains at
final clinical assessment in mixed and non-mixed Lewy body disease. ......cc..cccceeerrrverrreennn. 102
Figure 3.5. Clinical profile of cerebrovascular disease (CVD): Comparison of (A) Mini-Mental
State Examination (MMSE) scores (0—30), (B) total Neuropsychiatric Inventory (NPI) scores
(0—-144), and (C) presence of neuropsychiatric symptoms across the twelve subdomains at
final clinical assessment in mixed and non-mixed cerebrovascular disease.............ccceec...... 106
Figure 3.6. Clinical profile of LATE-NC: Comparison of (A) Mini-Mental State Examination
(MMSE) scores (0-30), (B) total Neuropsychiatric Inventory (NPI) scores (0—144), and (C)
presence of neuropsychiatric symptoms across the twelve subdomains at final clinical
assessment in mixed and NON-MiIXed LATE-NC.........coeeiiiiieeeiiiieee e csveeeeeseee e s enreee e e 110
Figure 4.1. Comparison of Clinical Study Diagnosis and Predominant Neuropathology:
Chord diagram illustrating the distribution and correspondence between clinical study

Xii



diagnoses and the predominant neuropathological findings at autopsy across all dementia
cases. This figure highlights concordance and discrepancies between ante-mortem clinical
assessments and post-mortem pathological confirmation. .......cccccoeveciiieieiiiccccieeeee, 130
Figure 4.2. Neuropathological Predictors of Missed Diagnosis: Results from a multivariable
logistic regression model assessing the association between neuropathological variables and
the likelihood of a missed clinical diagnosis. The model adjusts for potential confounders
including age at death, sex, and education level. To address issues of small sample size and
separation, Firth’s penalized likelihood correction was applied. Odds ratios with 95%
confidence intervals are presented for each neuropathological predictor. ..........cccueee.. 136
Figure 4.3. Neuropsychiatric Predictors of Missed diagnosis: Multivariable logistic
regression analysis evaluating neuropsychiatric symptoms as predictors of missed clinical
diagnosis. The model adjusts for age at death, sex, and education level, and incorporates
Firth’s penalized likelihood correction to account for small sample bias and potential data
separation. Odds ratios with 95% confidence intervals are shown for each neuropsychiatric
(oYY I Tox o S SURER 137
Figure 5.1. Frequency of, and intersections between, neuropathology groups: Alzheimer’s
disease (AD), low pathology controls (LPC), limbic-predominant age-related TDP-43
encephalopathy (LATE), Lewy body disease (LBD); cerebrovascular disease (CVD),
frontotemporal lobar degeneration (FTLD). ....cc.ueeiiiiieeiiiiiiiee ettt 149
Figure 5.2. Neuropathology Groups: Predicted (A) MMSE and (B) CDR Sum of Boxes for each
pathology group in the final eight years preceding death, adjusting for age and education.
Pathology groups include low pathology controls (LPC), Alzheimer’s disease, argyrophilic
grain disease (AGD), cerebrovascular disease (CVD), Lewy body disease (LBD),
frontotemporal lobar degeneration (FTLD), limbic-predominant age-related TDP-43
encephalopathy (LATE-NC), and mixed pathology. .......cccoeeieiiiiiiciiiee e 152
Figure 5.3. Alzheimer's Disease: Predicted (A) MMSE and (B) CDR Sum of Boxes for each
pathology group in the final eight years preceding death, adjusting for age and education.
Pathology groups include low pathology controls, Alzheimer’s disease, intermediate
Alzheimer’s disease, intermediate Alzheimer’s disease in other neurodegenerative diseases
(iAD in ND), and mixed Alzheimer’s disease (i.e., multiple neuropathological diagnoses, of
Which one is AlZNEIMEr'S dISEASE). «oovcurrreiiiiiiiiiiiiee et ee e 156
Figure 5.4. Lewy body disease: Predicted (A) MMSE and (B) CDR Sum of Boxes for each
pathology group in the years preceding death, adjusting for age and education. Pathology
groups include low pathology controls, incidental Lewy body disease (iLB), Lewy body
disease (LBD), and mixed Lewy body disease (i.e., multiple neuropathological diagnoses, of
Which one is LeWY body diSEASE). .....ccuurieiiiiiiiiiiiiieeeeee ettt e e e sbarae e e e e e 159
Figure 5.5. Alzheimer's disease pathology in Lewy body disease: Predicted (A) MMSE and
(B) CDR Sum of Boxes for each pathology group in the years preceding death, adjusting for
age and education. Pathology groups include low pathology controls, incidental Lewy body
disease (iLB), Lewy body disease (LBD), Lewy body disease with intermediate Alzheimer’s
disease pathology (LBD +iAD), and mixed Alzheimer’s disease/Lewy body disease............ 162
Figure 5.6. LATE-NC in Alzheimer's disease and Lewy body disease: Predicted MMSE for
each pathology group in the years preceding death, adjusting for age and education.
Pathology groups include low pathology controls, Alzheimer’s disease (AD), limbic-

Xiii



predominant age-related TDP-43 encephalopathy (LATE), Lewy body disease (LBD), and
combinations of mixed pathology. Intersections between (A) AD and LATE; (B) LBD and LATE;
and (C) AD, LBD @Nd LATE. ...ceciiieiiieeeiee e cteeesteeesiieeesite e s stteeeate e s aee e eaaeeensaeesnsaeesnseeesnseeesnneeas 167
Figure 5.7 LATE-NC in Alzheimer's disease and Lewy body disease: Predicted CDR sum of
boxes for each pathology group in the years preceding death, adjusting for age and
education. Pathology groups include low pathology controls, Alzheimer’s disease (AD),
limbic-predominant age-related TDP-43 encephalopathy (LATE), Lewy body disease (LBD),
and combinations of mixed pathology. Intersections between (A) AD and LATE; (B) LBD and
LATE; and (C) AD, LBD and LATE. ...cccueieeeeeiieee ettt ettt e et e e et e e e et e e e enae e e e e nnaea e e eannes 168
Figure 6.1. Cognitive Trajectories in the Neuropathology Cohort: Four distinct classes of
cognitive decline identified through latent class mixture modelling in the full cohort (N =
538). Model adjusts for age at death, sex, years in education, and deprivation index. Class 1
represents a stable or minimal trajectory of decline with preserved cognitive function. Class
2 reflects a pattern of rapid decline from an intermediate baseline. Class 3 is characterised
by moderate decline, and Class 4 by fast and severe cognitive deterioration over time. ....177
Figure 6.2. Cognitive Trajectories in Alzheimer’s Sub-Cohort: Three classes of cognitive
trajectory identified by latent class mixture modelling of cases in the Alzheimer's disease
sub-cohort, adjusting for age, sex, education and deprivation..........ccccovveeeeeieeieicciineeeeeeenn, 183
Figure 6.3. Cognitive Trajectories in Lewy Body Disease Sub-Cohort: Two classes of
cognitive trajectory identified by latent class mixture modelling of cases in the
limbic/neocortical Lewy body disease sub-cohort, adjusting for age, sex, education and

(o 1T o ¢ 1Y 1[0 o VAU PURR 186
Figure 6.4. Cognitive Trajectories in the LATE-NC Sub-Cohort: Two distinct classes of
cognitive decline identified through latent class mixture modelling in individuals with LATE-
NC pathology. Models adjust for age at death, sex, years in education, and deprivation
index. Class 1 represents a slower trajectory of decline; Class 2 reflects a faster, more severe
decling in MIMISE SCOrES OVEI tIMB...ciiciuiieeeciiieeeceiieee e estee e e eeire e e e eare e e e e saeeeaeesssaeeessnnnneeeennes 190
Figure 7.1. Six-State Conceptual Diagram: Bidirectional illness-death model illustrating
transitions between five transient cognitive ‘disease’ states (normal cognition, mild
cognitive impairment, and mild, moderate, and severe dementia), and one absorbing state
(death). The model allows for both progression and potential reversion between cognitive
states Prior to death. ... e e 199
Figure 7.2. Four-State Conceptual Diagram: Bidirectional illness-death model illustrating
transitions between three transient cognitive ‘disease’ states (normal cognition, mild
cognitive impairment, and dementia), and one absorbing state (death). Individuals may
progress or regress between cognitive states before ultimately transitioning to death...... 199
Figure 7.3 Risk of Cognitive Transition by Primary Neuropathology: Hazard ratios with 95%
confidence intervals for transitions from normal cognition to mild cognitive impairment
(MCl), and from MCI to dementia, derived from a multistate model including
neuropathological diagnosis as a categorical variable. The model is adjusted for age and
years of education. The reference group is individuals with low neuropathological burden.
Note: The estimate for frontotemporal lobar degeneration (FTLD) did not converge due to
small sample size and instability in the model. ..., 214

Xiv



Figure 7.4. Transitions in Alzheimer’s disease: Hazard ratios (95% Cl) for transitions from
normal cognition to mild cognitive impairment (MCl), and MCIl to dementia in: (A1-2)
Intermediate AD (iAD), Alzheimer’s disease (AD), and mixed Alzheimer’s disease (Mixed AD);
(B1-2) Alzheimer’s disease (AD), Alzheimer’s disease with one additional pathology (AD + 1),
Alzheimer’s disease with more than one additional pathology (AD + >1); (C1-2) Alzheimer’s
disease (AD), Alzheimer’s disease with concomitant low-level pathology (AD +), mixed
Alzheimer’s disease (Mixed AD). All models are adjusted for age and years of education,
with low pathology controls serving as the reference group. “Pure AD” refers to Alzheimer’s
disease in the absence of other major co-pathologies.........ccccouvviveiiiiiecciiieeccee e, 217
Figure 7.5. Transitions in Lewy body disease: Hazard ratios (95% Cl) for transitions from
normal cognition to mild cognitive impairment (MCl), and MCI to dementia in (A1-2)
Intermediate LBD (iLB), Lewy body disease (LBD), and mixed Lewy body disease (Mixed LBD);
(B1-2) Lewy body disease (LBD), Lewy body disease with one additional pathology (LBD + 1),
Lewy body disease with more than one additional pathology (LBD + >1); (C1-2) Lewy body
disease with concomitant low-level pathology (LBD +), mixed Lewy body disease (Mixed
LBD). All models are adjusted for age and years of education, with low pathology controls
SErving as the referenCe groUpP. ... e e e e 220
Figure 7.6. Transitions in LATE-NC: Hazard ratios (95% Cl) for transitions from normal
cognition to mild cognitive impairment (MCl), and MCI to dementia in (A1-2) Limbic-
predominant age-related TDP-43 encephalopathy (LATE), and mixed LATE; (B1-2) LATE, LATE
with one additional pathology (LATE + 1), LATE with more than one additional pathology
(LATE + >1); (C1-2) LATE with concomitant low-level pathology (LATE +), mixed LATE. All
models are adjusted for age and years of education, with low pathology controls serving as
18 (R =Y (= =T o (ol = o U T o TSR 223
Figure 7.7. Transitions in cerebrovascular disease: Hazard ratios (95% Cl) for transitions
from normal cognition to mild cognitive impairment (MCl), and MCI to dementia in (A1-2)
Moderate CVD, cerebrovascular disease (CVD), and mixed cerebrovascular disease (Mixed
CVD); (B1-2) Cerebrovascular disease (CVD), cerebrovascular disease with one additional
pathology (CVD + 1), cerebrovascular disease with more than one additional pathology (CVD
+>1); (C1-2) Cerebrovascular disease with concomitant low-level pathology (CVD +), mixed
cerebrovascular disease (Mixed CVD). All models are adjusted for age and years of
education, with low pathology controls serving as the reference group........cccccccvvvveeeeennnn. 226

XV



List of Tables

Table 2.1. Cohort Characteristics by Centre at Final Assessment: Summary of demographic,
clinical, and neuropathological features across six BDR centres. Continuous variables are
shown as mean (SD) and median [range]; categorical variables as counts (%). Education
indicates years of full-time education. Index of Multiple Deprivation (IMD) is in quintiles (Q1
= least deprived, Q5 = most deprived). Time refers to years of clinical follow-up. Clinical
scores include CDR (Clinical Dementia Rating), MMSE (Mini-Mental State Examination), and
NPI (Neuropsychiatric Inventory) at final assessment. Primary pathology reflects the main
diagnosis at autopsy. Mixed pathology includes cases with multiple primary diagnoses. Low
to moderate pathology only refers to cases lacking a defined primary pathology but with
limited pathological BUIdEN..........oieeeeeee e e 56
Table 2.2. Clinical Variables at Final Assessment: Sex-stratified summary of clinical
measures at final assessment. Continuous variables are presented as mean (SD) and median
[range]. Missing data are reported as counts (%). BADLS refers to the Bristol Activities of
Daily Living Scale. CDR (Clinical Dementia Rating) global and domain-specific scores assess
cognitive and functional impairment across multiple areas. CDR-SUM is the sum of domain
scores. MMSE (Mini-Mental State Examination) and MoCA (Montreal Cognitive Assessment)
are global cognitive screening tools. NPI total reflects the total score on the
NeuropsyChiatric INVENTOIY. ......ueiieeee e e e e e e e e e e nereeees 60
Table 2.3. Study diagnosis: Distribution of clinical dementia diagnoses reported within the
cohort, stratified by sex. Values represent absolute counts and corresponding percentages.
Diagnoses include specific dementia subtypes, mild cognitive impairment, unspecified
dementia, and cases with no clinical diagnosis recorded. ..........ccceeeerrrreeeieiieiiciiiieeeeee e 65
Table 2.4. Neuropathological Variables: Summary of neuropathological characteristics,
stratified by sex. Continuous variables are presented as mean (SD) and median [range];
categorical data are presented as counts and percentages. Group differences were assessed
using the Kruskal-Wallis test for continuous variables and the Chi-squared test for

(o 1T {o] g or: | RV Y H T | o1 [T TP RUPUIR 67
Table 2.5. Thal phases of AB deposition: Brain regions affected at each Thal phase of B-
amyloid (AB) deposition, reflecting the progressive anatomical spread of A pathology......68
Table 2.6. Braak Neurofibrillary Tangle (NFT) Stages: Anatomical progression of tau
pathology as defined by Braak staging. Higher stages indicate more widespread

(10 )VZe ] 1V7=T 0 41T o | FA U URURRN 68
Table 2.7. CERAD score: Semi-quantitative assessment of neuritic plaque burden used to
estimate the likelihood of Alzheimer’s disease pathology. The CERAD scoring system
categorizes neuritic plaque density based on standardized histopathological criteria,
informing the probability of AD diagnosis in postmortem brain tissue. ........ccccevvvveeeeeeeennennns 69
Table 2.8.NIA-AA ABC score: Composite neuropathological assessment integrating Thal AB
phase (A), Braak neurofibrillary tangle stage (B), and CERAD neuritic plaque score (C) to
estimate the likelihood of Alzheimer’s disease pathology. This scoring system reflects the
combined burden of amyloid-B deposition (Thal phase), neurofibrillary tangles (Braak NFT
stage), and neuritic plaques (CERAD SCOTE)......uuiiiiiuiieeeeiiieeeeeiiieeeeeeireeeeeeieeeesesanaeeeeesasaeeeenns 70

XVi



Table 2.9. Lewy Body Staging: Anatomical progression of Lewy body pathology classified by
Braak Lewy body (LB) stages, detailing affected brain regions at each stage. Corresponding
McKeith classifications are provided, distinguishing brainstem, limbic (amygdala), and
neocortical involvement. Increasing Braak LB stage reflects more widespread Lewy body
deposition aCross Brain FEGIONS. .. ...uiii it ssare e e s s abae e s s sataeeesans 71
Table 2.10. VCING Rating: Vascular Cognitive Impairment Neuropathology Guidelines
(VCING) rating system used to assess the likelihood that vascular pathology contributed to
cognitive impairment. Columns indicate combinations of vascular pathology and their
corresponding VCING rating categories (Low, Moderate, High), based on the extent and
YAV g 18V o) il o F- 14 0 To ] Lo =4V 2SRRI 72
Table 2.11. Operationalisation of Neuropathology: Classification framework for
neuropathological diagnoses and subclinical pathology applied in this study, adapted from
McAleese et al. (2021). Diagnostic categories are defined by specific pathological features,
established staging criteria, and additional pathology markers where applicable.

Abbreviations for staging systems and pathological features are provided for clarity. ......... 75
Table 2.12. Data Analysis Overview: Summary of statistical models used, including their
objectives, data structure, and R packages applied. .......cccvvvreeeiie e 80

Table 3.1. Cohort Demographics and Clinical Characteristics: Summary statistics for age,
sex, education, index of multiple deprivation (IMD), and APOE €4 status in participants with
and without clinical dementia at final assessment. Continuous variables are presented as
mean (standard deviation) and median [range]; categorical variables as counts
(percentages). IMD is categorized into quintiles (Q1 = least deprived, Q5 = most deprived).
APOE €4 presence indicates at least one €4 allele. P-values correspond to group
comparisons using Kruskal-Wallis or x? tests. Missing data are reported where applicable..89
Table 3.2 Prevalence of Primary Neuropathology Groups: Counts and percentages of
individuals classified by primary neuropathological diagnosis, stratified by clinical dementia
status at final assessment. Diagnoses were assigned according to established criteria. Mixed
pathology indicates the presence of two or more primary pathologies meeting diagnostic
thresholds. Low pathology comparison group comprises individuals with minimal or no
neuropathological findings below the threshold for diagnosis. P-values represent group
comparisons using x2 or Fisher’s exact tests as appPropriate. .......cccveeveevreeeeeecreeeieeenreesveenens 91
Table 3.3. Mixed Pathology Combinations: Frequencies and percentages of participants
with two or more co-occurring neuropathological diagnoses at autopsy, stratified by
dementia status. Diagnoses include Alzheimer’s disease (AD), Lewy body disease (DLB),
limbic-predominant age-related TDP-43 encephalopathy (LATE), cerebrovascular disease
(CVD), frontotemporal lobar degeneration (FTLD), and argyrophilic grain disease (AGD).
Hyphens indicate no observed cases in the respective group. .....ccccceveeeeeecciiiieeeee e, 93
Table 3.4. Demographic and Clinical Characteristics of Individuals with Alzheimer's Disease
Pathology: Summary statistics for participants with non-mixed Alzheimer’s disease (AD) and
mixed Alzheimer’s disease (mixed AD) in the Brains for Dementia Research cohort.
Continuous variables are presented as mean (SD) and median [range]. Categorical variables
are reported as counts (%). Index of Multiple Deprivation (IMD) is presented in quintiles (Q1
= least deprived, Q5 = most deprived). APOE4 presence indicated at least one €4 allele.
Group comparisons were conducted using Kruskal-Wallis tests for continuous variables and

XVii



X tests for categorical variables. Significant p-values (< 0.05) indicate differences between
non-mixed and MiIXed AD SrOUPS. ...cciiiiiccieiieeeee e e e ceccirtrree e e e e e e esrrarr e e e e s e s e ssnsereeeeeesessennnsnnneees 96
Table 3.5. Mixed and concomitant pathology in Alzheimer’s disease (AD): Frequencies and
percentages of additional neuropathological and concomitant pathologies in individuals
with pure AD and mixed AD. Mixed AD cases exhibit multiple primary neuropathological
diagnoses, whereas pure AD cases have AD as the sole primary pathology. Additional
neuropathological diagnoses include Lewy body disease, cerebrovascular disease, and LATE-
NC. Concomitant pathologies comprise incidental Lewy body disease, moderate
cerebrovascular disease, hippocampal sclerosis, and ARTAG. “Any concomitant pathology”
denotes the presence of one or more of these pathologies. Percentages are calculated
Within @aCh SUDBIOUP. ..eeiiiiiiee e e e e e st e e e s s aaaeeeeaes 99
Table 3.6 Demographic and Clinical Characteristics of Individuals with Lewy Body Disease
Pathology: Summary statistics for participants with non-mixed Lewy body disease (LBD) and
mixed Lewy body disease (mixed LBD). Continuous variables are presented as mean (SD) and
median [range]. Categorical variables are reported as counts (%). Index of Multiple
Deprivation (IMD) is presented in quintiles (Q1 = least deprived, Q5 = most deprived).
APOE4 presence indicates at least one €4 allele. Group comparisons were conducted using
Kruskal-Wallis tests for continuous variables and x? tests for categorical variables. Significant
p-values (< 0.05) indicate differences between non-mixed and mixed LBD groups............. 100
Table 3.7. Mixed and Concomitant Pathology in Lewy Body Disease (LBD): Frequencies and
percentages of additional neuropathological and concomitant pathologies in individuals
with pure LBD and mixed LBD. Mixed LBD cases have multiple primary neuropathological
diagnoses, while pure LBD cases present LBD as the sole primary pathology. Additional
neuropathological diagnoses include Alzheimer’s disease, cerebrovascular disease, and
LATE-NC. Concomitant pathologies comprise incidental Lewy body disease, moderate
cerebrovascular disease, hippocampal sclerosis, and ARTAG. “Any concomitant pathology”
indicates the presence of one or more of these additional pathologies. Percentages are
calculated Within €ach SUDBIOUP. ......uuviiiiiiiee e e e 103
Table 3.8. Demographic and Clinical Characteristics of Individuals with Cerebrovascular
Disease (CVD): Summary statistics for participants with non-mixed cerebrovascular disease
(CVD) and mixed cerebrovascular disease (mixed CVD). Continuous variables are presented
as mean (SD) and median [range]. Categorical variables are reported as counts (%). Index of
Multiple Deprivation (IMD) is presented in quintiles (Q1 = least deprived, Q5 = most
deprived). APOE4 presence indicates at least one €4 allele. Group comparisons were
conducted using Kruskal-Wallis tests for continuous variables and 2 tests for categorical
variables. Significant p-values (< 0.05) indicate differences between non-mixed and mixed
(LY D = {10 o 1 PSP PP PR 104
Table 3.9. Mixed and Concomitant Pathology in Cerebrovascular Disease (CVD):
Frequencies and percentages of additional neuropathological and concomitant pathologies
in individuals with pure CVD and mixed CVD. Mixed CVD cases have multiple primary
neuropathological diagnoses, while pure CVD cases present CVD as the sole primary
pathology. Additional neuropathological diagnoses include Alzheimer’s disease, Lewy body
disease, and LATE-NC. Concomitant pathologies comprise intermediate Alzheimer’s disease,
incidental Lewy body disease, hippocampal sclerosis, and ARTAG. “Any concomitant

xviii



pathology” indicates the presence of one or more of these additional pathologies.
Percentages are calculated within each sUbgroup. .......cccccii e, 107
Table 3.10. Demographic and Clinical Characteristics of Individuals with LATE-NC:
Summary statistics for participants with non-mixed LATE-NC and mixed LATE-NC.
Continuous variables are presented as mean (SD) and median [range]. Categorical variables
are reported as counts (%). Index of Multiple Deprivation (IMD) is presented in quintiles (Q1
= |east deprived, Q5 = most deprived). APOE4 presence indicates at least one €4 allele.
Group comparisons were conducted using Kruskal-Wallis tests for continuous variables and
X tests for categorical variables. Significant p-values (< 0.05) indicate differences between
non-mixed and MiXed LATE-NC SrOUPS. ....uuuireieeeiiieiiiiieeeeeeesesienvereesesesesssnnnneeseeeesesessnsneseees 108
Table 3.11 Mixed and Concomitant Pathology in LATE-NC: Frequencies and percentages of
additional neuropathological and concomitant pathologies in individuals with pure LATE-NC
and mixed LATE-NC. Mixed LATE-NC cases have multiple primary neuropathological
diagnoses, while pure LATE-NC cases present LATE-NC as the sole primary pathology.
Additional neuropathological diagnoses include Alzheimer’s disease, Lewy body disease, and
cerebrovascular disease. Concomitant pathologies comprise intermediate Alzheimer’s
disease, incidental Lewy body disease, moderate cerebrovascular disease, hippocampal
sclerosis, and ARTAG. “Any concomitant pathology” indicates the presence of one or more
of these additional pathologies. Percentages are calculated within each subgroup............ 111
Table 3.12. Demographic and Clinical Characteristics of Low Pathology Controls: Low
pathology controls stratified by dementia status at final assessment. Continuous variables
are presented as mean (SD) and median [range]. Categorical variables are reported as
counts (%). Index of Multiple Deprivation (IMD) is shown in quintiles (Q1 = least deprived,
Q5 = most deprived). APOE4 presence indicates individuals with at least one €4 allele. Group
comparisons between participants with and without dementia were performed using
Kruskal-Wallis tests for continuous variables and x? tests for categorical variables. Significant
p-values (< 0.05) indicate differences between groups. ......ccccccevvvveeeeeeeecccciireeeee e, 112
Table 4.1. Clinical Diagnosis and Associated Neuropathology: Classification of clinical study
diagnoses alongside corresponding neuropathological groups. Neuropathological criteria
serve as the reference standard for evaluating the accuracy of clinical diagnoses.............. 119
Table 4.2. Diagnostic Groups: Categorisation of cases based on fulfilment of clinical and
pathological criteria. True positives (a) represent cases where both clinical and pathological
criteria for diagnosis are met; false positives (b) have clinical but not pathological diagnosis;
false negatives (c) lack clinical diagnosis but meet pathological criteria; and true negatives

(o ) (=S A g T=T1 4 o [T TP PPRRRRRROt 120
Table 4.3. Characteristics of the Study Cohort (N = 467): Summary of demographic, clinical,
and diagnostic variables for participants included in the current analysis. ........ccccovveeeeeennn. 122

Table 4.4. Clinical Study Diagnosis: Prevalence of clinical diagnoses recorded at final
assessment, stratified by sex and dementia status. Values are presented as counts and
percentages within each subgroup. Clinical diagnoses include Alzheimer’s disease (AD),
dementia with Lewy bodies (DLB), vascular dementia (VaD), frontotemporal dementia (FTD),
mixed dementia (diagnoses involving features of more than one syndrome), mild cognitive
impairment (MCI), unspecified dementia, and cases with no formal clinical diagnosis. ...... 124

XiX



Table 4.5. Neuropathology Groups: Prevalence of primary neuropathological diagnoses
stratified by sex and dementia status at final assessment. Values are presented as counts
and percentages within each subgroup. Mixed pathology refers to the presence of more
than one primary neuropathological diagnosis. Low pathology controls are defined as
individuals without a major neurodegenerative or cerebrovascular pathology................... 125
Table 4.6. Clinicopathological concordance: Concordance between clinical study diagnosis
and primary neuropathological findings, presented from a clinical perspective. A full match
indicates that the clinical diagnosis was supported by corresponding neuropathological
criteria. A partial match indicates partial pathological support for the clinical diagnosis (e.g.,
presence of one but not all expected pathologies). No match indicates absence of expected
pathological findings for the given clinical diagnosis. Mixed dementia and control groups
were not evaluated for partial matches due to heterogeneity and absence of a defined
pathological target, respectively. Values are presented as counts and percentages within
€ach clinical diagNOSIS BrOUP. .uiiiiiiiieieiiiiee ettt eeetee e sree e e e e e s s sate e e e e s areeeeesaaeeessnsraeeeennns 128
Table 4.7. Clinicopathological concordance: Concordance between primary
neuropathological diagnoses and clinical study diagnoses, presented from a
neuropathological perspective. A full match indicates that the neuropathological diagnosis
was correctly identified clinically. A partial match indicates that the clinical diagnosis
captured one component of the neuropathology (e.g., one pathology in a mixed case). No
match indicates the absence of a corresponding clinical diagnosis. Mixed pathology and low
pathology controls were not assessed for partial matches due to heterogeneity and the
absence of specific expected clinical correlates. Values are presented as counts and
percentages within each pathology group. ..., 129
Table 4.8. Diagnostic Accuracy: Sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) of clinical study diagnoses compared to neuropathological
confirmation for Alzheimer’s disease, Lewy body dementia, vascular dementia, and
frontotemporal dementia. Note that some cases are classified in multiple diagnostic groups
(e.g., AD/DLB), which may affect COUNTS. ....ccuviieivieieiee e 131
Table 4.9. Diagnostic Accuracy of Clinical Diagnosis for Lewy Body Disease: Sensitivity,
specificity, positive predictive value (PPV), and negative predictive value (NPV) of clinical
diagnosis for Lewy body disease (LBD) stratified by sex, study location, presence of co-
pathology (mixed vs. non-mixed), Alzheimer’s disease neuropathological change (ADNC)
level, vascular pathology (VCING rating), and presence of limbic-predominant age-related
TDP-43 encephalopathy neuropathological change (LATE-NC). True positive, false negative,
false positive, and true negative counts are reported for each subgroup. Performance
metrics indicate the diagnostic accuracy of clinical assessments compared to
neuropathological fINAINGS. ........ueeiiiiiiie e e e 133
Table 4.10. Diagnostic Accuracy of Clinical Diagnosis for Neocortical Lewy Body Disease:
Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of
clinical diagnosis for neocortical Lewy body disease (LBD) stratified by sex, study location,
presence of co-pathology (mixed vs. non-mixed), Alzheimer’s disease neuropathological
change (ADNC) level, vascular pathology (VCING rating), and presence of limbic-
predominant age-related TDP-43 encephalopathy neuropathological change (LATE-NC). True
positive, false negative, false positive, and true negative counts are reported for each

XX



subgroup. Performance metrics indicate the diagnostic accuracy of clinical assessments

compared to neuropathological findings. ........ceeeeiiiiiieiiee e 139
Table 5.1. Characteristics of the Study Cohort (N = 538): Summary of demographic, clinical,
and diagnostic variables for participants included in the current analysis. ........ccccovveeeeeenn. 148

Table 5.2. Linear Mixed Effects Model Examining Cognitive Trajectories by Neuropathology
Groups: Fixed effect estimates for final cognitive scores (intercepts) and rates of decline
(slopes) in MMSE and CDR-Sum of Boxes are reported for each neuropathological group.
Models include random intercepts and slopes to account for individual variability over time,
and are adjusted for age, education, and time to death (TTD). Low pathology controls serve
as the reference group. Estimates are presented with 95% confidence intervals and
COrrESPONAING P-VAIUEBS...ciiiiiiiie ittt e s ere e e e e e e e s e e e e s saseeeeesstaeeesnnes 151
Table 5.3. Linear Mixed Effects Model Examining Cognitive Trajectories in Alzheimer’s
Disease Groups: Fixed effect estimates for final cognitive scores (intercepts) and rates of
decline (slopes) in MMSE and CDR-Sum of Boxes are reported for participants with
Alzheimer’s disease pathology. Models include random intercepts and slopes to account for
individual variability over time, and are adjusted for age, education, and time to death

(TTD). Low pathology controls serve as the reference group. .....cccoceeeeviieeeecciiee e 155
Table 5.4. Linear Mixed Effects Model Examining Cognitive Trajectories in Lewy Body
Disease: Fixed effect estimates for final cognitive scores (intercepts) and rates of decline
(slopes) in MMSE and CDR-Sum of Boxes are reported for participants with Lewy body
pathology. Models include random intercepts and slopes to account for individual variability
over time, and are adjusted for age, education, and time to death (TTD). Low pathology
controls serve as the reference group. Estimates are presented with 95% confidence
intervals and corresponding P-ValUES...........uuuiiiiiiiie e e e e e e e e e eanes 158
Table 5.5. Linear Mixed Effects Modelling of Cognitive Trajectories in Lewy Body Disease
with Concomitant Alzheimer’s Disease Pathology: Fixed effect estimates for final cognitive
scores (intercepts) and rates of decline (slopes) in MMSE and CDR-Sum of Boxes are
reported for participants with Lewy body disease with concomitant Alzheimer’s disease
neuropathology. Models include random intercepts and slopes to account for individual
variability over time, and are adjusted for age, education, and time to death (TTD). Low
pathology controls serve as the reference group. Estimates are presented with 95%
confidence intervals and corresponding P-Values. ........ccoccciiiiieieeeicccciireee e 161
Table 5.6: Linear Mixed Effects Model Examining Cognitive Trajectories in LATE-NC in
Alzheimer's disease: Fixed effect estimates for final cognitive scores (intercepts) and rates
of decline (slopes) in MMSE are reported for participants with LATE-NC in Alzheimer’s
disease. Models include random intercepts and slopes to account for individual variability
over time, and are adjusted for age, education, and time to death (TTD). Low pathology
controls serve as the reference group. Estimates are presented with 95% confidence
intervals and corresponding P-ValUES...........uuuiiiiiiiie it rrrree e e e e e e eanes 164
Table 5.7. Linear Mixed Effects Model Examining Cognitive Trajectories in LATE-NC in Lewy
body disease: Fixed effect estimates for final cognitive scores (intercepts) and rates of
decline (slopes) in MMSE are reported for participants with LATE-NC in Lewy body disease.
Models include random intercepts and slopes to account for individual variability over time,
and are adjusted for age, education, and time to death (TTD). Low pathology controls serve

XXi



as the reference group. Estimates are presented with 95% confidence intervals and
COIrESPONING P-VAIUBS....ueiiiieeiee e e e e s e e e e e s e s s e e e e e e e e e e eennnnanneeeeeeens 165
Table 5.8. LATE-NC in Alzheimer's disease and Lewy body disease: Fixed effects coefficients
for linear mixed effects models. Predicted intercept and rate of decline in MMSE scores of
mixed LATE-NC in Alzheimer’s disease and Lewy body disease, adjusting for age and

education, compared to low pathology CONtrols. .......cccccuviiiiiiiiiiiniieeecreee e 166
Table 6.1. Characteristics of the Study Cohorts: Summary of demographic and clinical
variables for participants included in the current analyses. ........ccccoeeviiievciiee e, 174

Table 6.2. Model Fit Statistics for Full Cohort Latent Class Models: Model fit indices for
latent class models ranging from one to six classes are presented, including number of
classes (N), log-likelihood (loglik), number of parameters (npm), Bayesian Information
Criterion (BIC), and the percentage distribution of cases across each latent class. Model
selection was guided by BIC and class interpretability.......cccocoeiiiiiieiiiniiiecee e 175
Table 6.3. Latent Class Model of the Neuropathology Cohort: Fixed effects estimates for
final MMSE (intercept) and rate of decline (slope) in the 10 years preceding death from the
latent class model. The model adjusts for age, sex, years of education, and deprivation
index. P-values indicate significance of parameter estimates. Covariates were included in the
model but are Not €lass SPECITIC....ciiiuiiii i 176
Table 6.4. Class Allocation for Neuropathology Groups: Distribution of latent cognitive
trajectory classes by pathology group, and results from multinomial logistic regression
examining neuropathology group as a predictor of trajectory class. Low pathology controls
and non-decliners serve as the respective reference groups in the logistic model. Values
indicate case count and percentage within each subgroup. Logistic regression results are
presented as odds ratio (95% Cl), P-ValUE ......cocuieriiiiriiiiriieesiee et 179
Table 6.5. Model Fit Statistics for Alzheimer’s Disease Latent Class Models: Model fit
indices for latent class models ranging from one to six classes are presented, including
number of classes (N), log-likelihood (loglik), number of parameters (npm), Bayesian
Information Criterion (BIC), and the percentage distribution of cases across each latent class.
Model selection was guided by BIC and class interpretability. ......ccccccoeveeiiivieeeeeieieennee, 180
Table 6.6. Latent Class Model of the Alzheimer’s Disease Sub-Cohort: Fixed effects
estimates for final MMSE (intercept) and rate of decline (slope) in the 10 years preceding
death. The model adjusts for age, sex, years of education, and deprivation index. P-values
indicate significance of parameter estimates. Covariates were included in the model but are
NOT ClaSS SPECITIC. uurririeiieeiiiiiiieeee e e e e e e e e e e e e sesssbrraeeeeeeeeessssrrereeeeeesennnssreneees 181
Table 6.7 Class Allocation for Alzheimer’s Disease Pathology Subgroups: Distribution of
latent cognitive trajectory classes by Alzheimer’s disease pathology subgroup, and results
from multinomial logistic regression examining neuropathology group as a predictor of
trajectory class. Class 1 represents minimal decline, Class 2 moderate decline, and Class 3
faster decline. Intermediate Alzheimer’s disease (iAD) and the moderate trajectory class
(Class 2) serve as the respective reference groups in the logistic model. Values indicate case
count and percentage within each subgroup. Logistic regression results are presented as
0ddS ratio (95% Cl), P-ValUE...cciiiiiiiiciirieeiee ettt et e e e e e e e s etaraeeeeeeeeeeeantraaeeeeeeeens 182
Table 6.8. Model Fit Statistics for Lewy Body Disease Latent Class Models: Model fit indices
for latent class models ranging from one to six classes are presented, including number of

XXii



classes (N), log-likelihood (loglik), number of parameters (npm), Bayesian Information
Criterion (BIC), and the percentage distribution of cases across each latent class. Model
selection was guided by BIC and class interpretability.......cccocoeviiriiieiiinieeee e 184
Table 6.9. Latent Class Model of the Lewy Body Disease Sub-Cohort: Fixed effects
estimates for final MMSE (intercept) and rate of decline (slope) in the 10 years preceding
death. The model adjusts for age, sex, years of education, and deprivation index. P-values
indicate significance of parameter estimates. Covariates were included in the model but are
(g Lo Y lel - T o 1T ol 1 1 [ol PSR 185
Table 6.10. Class Allocation for Lewy Body Disease Sub-Groups: Distribution of latent
classes by neuropathology, and results from multinomial logistic regression examining
neuropathology as a predictor of latent class. Lewy body disease and the class 1 serve as the
respective reference groups in the logistic model. Values indicate count (%) within each
subgroup. Logistic regression results are presented as odds ratio (95% Cl), p-value........... 185
Table 6.11. Model Fit Statistics for LATE-NC Models: Model fit indices for latent class
models ranging from one to six classes are presented, including number of classes (G), log-
likelihood (loglik), number of parameters (npm), Bayesian Information Criterion (BIC), and
the percentage distribution of cases across each latent class. Model selection was guided by
BIC and class interpretability. ..o 187
Table 6.12. Latent Class Model of the LATE-NC Sub-Cohort: Fixed effects estimates for final
MMSE (intercept) and rate of decline (slope) in the 10 years preceding death. The model
adjusts for age, sex, years of education, and deprivation index. P-values indicate significance
of parameter estimates. Covariates were included in the model but are not class specific.188
Table 6.13. Class Allocation for LATE-NC Subgroups: Distribution of latent cognitive
trajectory classes by LATE-NC subgroup, and results from multinomial logistic regression
examining neuropathology group as a predictor of trajectory class. Class 1 represents slower
decline; Class 2 represents faster decline. Isolated LATE-NC and the slow trajectory class
serve as the respective reference groups in the logistic model. Values indicate case count
and percentage within each subgroup. Logistic regression results are presented as odds ratio
(95% Cl), P-VaAlUE. ettt ettt e e e e ee s e e e e e e e e e s sbrbeeeeeeeesessstsraaeeeeseeesnnnnes 188
Table 6.14. Model Fit Statistics for Mixed Pathology Models: Model fit indices for latent
class models ranging from one to six classes are presented, including number of classes (N),
log-likelihood (loglik), number of parameters (npm), Bayesian Information Criterion (BIC),
and the percentage distribution of cases across each latent class. Model selection was
guided by BIC and class interpretability. .......ccccocviiieeeiieieeiireeeee e 191
Table 6.15. Latent Class Model of the Mixed Pathology Sub-Cohort: Fixed effects estimates
for final MMSE (intercept) and rate of decline (slope) in the 10 years preceding death. The
model adjusts for age, sex, years of education, and deprivation index. P-values indicate
significance of parameter estimates. Covariates were included in the model but are not class
] o 1= o 7 oS PURT 192
Table 6.16. Class Allocation for Mixed Pathology: Distribution of latent cognitive trajectory
classes by neuropathology component within the mixed pathology subgroup. Class 1
represents slower cognitive decline; Class 2 represents faster cognitive decline. Values
indicate case count and percentage within each neuropathology group.......cccccevvveeeeinennns 192

XXiii



Table 7.1. State Transitions in the Unadjusted Four-State Model: Observed transitions
between cognitive states across the follow-up period. Values indicate the number of
individual transitions from each cognitive state (rows) to subsequent states (columns),
including transitions to death. Transitions reflect observed movement between states based
on longitudinal assessments, unadjusted for covariates. Multiple transitions per individual
are possible across different time PoiNts. ....c.ueviiiiiiiici e 201
Table 7.2. Overview of Demographics by Cognitive Classification at Death: Demographic
and clinical characteristics of participants grouped by final cognitive status at death: normal
cognition (N = 164), mild cognitive impairment (MCI; N = 81), and dementia (N = 354).
Values are reported as mean (standard deviation) for continuous variables, or median
[range] for categorical Variables. ... 202
Table 7.3. Overview of Neuropathology by Final Cognitive State: Summary of
neuropathological findings across participants stratified by cognitive status at the final
clinical assessment prior to death. Semi-quantitative staging scores for Alzheimer’s disease—
related pathology (Thal AB phase, Braak neurofibrillary tangle [NFT] stage, and CERAD score)
and Lewy body pathology (Braak LB stage) are presented as medians [range]. Binary
variables reflect the presence of specific pathologies and are reported as counts (%)........ 204
Table 7.4. Effect of Demographic Covariates on Cognitive Transitions in the Four-State
Model: Hazard ratios (HRs) and 95% confidence intervals (Cls) for transitions from normal
cognition to mild cognitive impairment (MCl), and from MCI to dementia, based on a four-
state multistate model. Models are adjusted for age, sex (reference: female), years in full-
time education, and Index of Multiple Deprivation. A hazard ratio >1 indicates increased risk
of transition per unit increase in the covariate. ......cccccev e, 205
Table 7.5. Effect of Demographic Covariates on Transitions Between Cognitive States in
the Six-State Model: Hazard ratios (HRs) and 95% confidence intervals (Cls) derived from a
six-state multistate model. Model adjusted for age, sex (reference: female), years in full-
time education, and Index of Multiple Deprivation. A hazard ratio >1 indicates increased risk
of transition per unit increase in the covariate. ......cccccccvveeeviiieeeii e 206
Table 7.6. Association Between Neuropathological Variables and Clinical Transitions:
Hazard ratios (95% confidence interval) derived from four-state multistate models
examining the effect of individual neuropathologies on the risk of clinical transition from
normal cognition to mild cognitive impairment (MCl), and from MCI to all-cause dementia.
Models are adjusted for age and years of education. HR > 1 indicates increased risk of
transition per unit increase or presence of Pathology. .....ccccvvveeiiiiiiiiciiiieeeiee e, 210
Table 7.7. Association Between Neuropathological Variables and Clinical Transitions: Six-
state multistate model results examining the impact of individual neuropathologies on
transitions between cognitive states. Hazard ratios (HRs) and 95% confidence intervals (Cls)
are presented for transitions from normal cognition to MCI, MCI to mild dementia, mild to
moderate dementia, and moderate to severe dementia. All models are adjusted for age and
years in full-time education. HR > 1 indicates increased risk of transition per unit increase in
pathology stage or presence of PatholOogY. .......cooovviiiiiiiiiiii e, 211
Table 7.8 Association Between Primary Neuropathology and Risk of Transition to MCIl and
Dementia: Hazard ratios (95% confidence interval) from a four-state model evaluating the
risk of clinical transition from normal cognition to mild cognitive impairment (MCI), and

XXiv



from MCI to all-cause dementia. Primary neuropathology was included as a categorical
variable, with a low pathology control group serving as the reference category. The model
was adjusted for age and years in full-time education. An HR > 1 indicates increased risk of
transition compared to low pathology CONtrols. .......cccceoviiiiiiniiiie e 213
Table 7.9. Risk of Cognitive Transition in Alzheimer’s Disease and Co-Pathologies: Hazard
ratios with 95% confidence intervals for transitions from normal cognition to mild cognitive
impairment (MCIl), and from MCI to dementia. Estimates are derived from three multistate
models evaluating the effect of Alzheimer’s disease (AD) pathology with varying levels of
severity, co-occurring neuropathologies, and concomitant neuropathologies. Analyses are
adjusted for age and years in full-time education. The reference group is low pathology

(oo Yo} o - PSPPI 216
Table 7.10. Risk of Cognitive Transition in Lewy Body Disease and Co-Pathologies: Hazard
ratios with 95% confidence intervals for transitions from normal cognition to mild cognitive
impairment (MCIl), and from MCI to dementia. Estimates are derived from three multistate
models evaluating the effect of Lewy body pathology with varying levels of severity, co-
occurring neuropathologies, and concomitant neuropathologies. Analyses are adjusted for
age and years in full-time education. The reference group is low pathology controls......... 219
Table 7.11. Risk of Cognitive Transition in LATE-NC and Co-Pathologies: Hazard ratios with
95% confidence intervals for transitions from normal cognition to mild cognitive impairment
(MCI), and from MCI to dementia. Estimates are derived from three multistate models
evaluating the effect of LATE pathology with varying levels of severity, co-occurring
neuropathologies, and concomitant neuropathologies. Analyses are adjusted for age and
years in full-time education. The reference group is low pathology controls. ..................... 222
Table 7.12. Risk of Cognitive Transition in Cerebrovascular Disease and Co-Pathologies:
Hazard ratios with 95% confidence intervals for transitions from normal cognition to mild
cognitive impairment (MCI), and from MCI to dementia. Estimates are derived from three
multistate models evaluating the effect of cerebrovascular pathology with varying levels of
severity, co-occurring neuropathologies, and concomitant neuropathologies. Analyses are
adjusted for age and years in full-time education. The reference group is low pathology
[ol0T a1 {0 - PP PP PPPPRRRPPPPPRRN 225

XXV



List of Appendices

Appendix I. Linear Mixed Effects Model Examining Cognitive Trajectories by Clinical
Diagnosis: Fixed effect estimates for final cognitive scores (intercepts) and rates of decline
(slopes) in MMSE and CDR-Sum of Boxes are reported for each neuropathological group.
Models include random intercepts and slopes to account for individual variability over time,
and are adjusted for age, education, and time to death (TTD). Low pathology controls serve
as the reference group. Estimates are presented with 95% confidence intervals and
COrrESPONAING P-VAIUEBS...ciiiiiiiee ittt e e eee e e s s b e e e s sareeeessabaeeessstneeesnnns 288
Appendix Il. Clinical Diagnosis: Predicted MMSE for each clinical group in the final eight
years preceding death, adjusting for age and education. Clinical diagnoses include
cognitively healthy controls, Alzheimer’s disease (AD), Lewy body dementia (DLB), mild
cognitive impairment (MCI), unspecified dementia, frontotemporal dementia (FTD), mixed
dementia (Mixed), and vascular dementia (VaD). .....cccovcuiieiiiiieei e veee e 289
Appendix lll. Individuals Longitudinal Trajectories of All Cases (N = 538): Longitudinal
cognitive data of all cases included in the model with four latent classes. Individual
participant cognitive scores are displayed over time to illustrate within-class variability and
oYL = IR 4 =T o [PPSR 289
Appendix IV. Individuals Longitudinal Trajectories of Alzheimer’s disease (N = 262):
Longitudinal cognitive data of all cases included in the Alzheimer’s disease model with three
latent classes. Individual participant cognitive scores are displayed over time to illustrate
within-class variability and overall trends. .........oooveviieiiccie e 290
Appendix V. Individuals Longitudinal Trajectories of LATE-NC (N = 131): Longitudinal
cognitive data of all cases included in the LATE-NC model with three latent classes.
Individual participant cognitive scores are displayed over time to illustrate within-class
variability and overall trends. ... 290
Appendix VI. Individuals Longitudinal Trajectories of Mixed Pathology (N = 121):
Longitudinal cognitive data of all cases included in the mixed pathology model with three
latent classes. Individual participant cognitive scores are displayed over time to illustrate
within-class variability and overall trends. ........ccvvveeiiiiie e 291
Appendix VII. Demographic and Neuropathological Characteristics of Alzheimer’s Disease
Cases, Stratified by Assigned Latent Class. Demographic variables, including age at death,
sex, years in full time education, and index of multiple deprivation for each latent class and
overall. Neuropathological diagnoses are detailed by pathology group prevalence and
common pathology combinations across classes. Additional neuropathology variables are
also reported. Mean (SD) or median [range] for continuous variables, and count (%) for
CaAtEZONICAl VAriabIEs. ... e e e e eeas 292
Appendix VIII. Four-State Model Survival Plot: Survival probabilities for each cognitive state
(State 1, Normal Cognition; State 2, Mild Cognitive Impairment; State 3, Dementia) over

1110 01Tt 294
Appendix IX. Movement Between Cognitive States Over Follow-Up in the Four-State
Model. Transitions across the transient and absorbing states tracked from baseline
assessment to death. Participants entering the death state are excluded from subsequent
LT V=N o T o R 294



Appendix X. Four-State Model without Covariates: Probabilities of transitions between
cognitive states (Normal Cognition, Mild Cognitive Impairment, Dementia) at 1, 2, 5, and 8
years, derived from a four-state model without adjustment for covariates to characterise
the natural progression of cognitive decline over time. .......cccccceeeiiieciiieeee e, 295
Appendix XI. Six-State Model Survival Plot: Survival probabilities for each cognitive state
(State 1, Normal Cognition; State 2, Mild Cognitive Impairment; State 3, Mild Dementia;
State 4, Moderate Dementia; State 5, Severe Dementia) over time. .....cccccceeeevvvvcvrevennneeenn. 295
Appendix Xll. Movement Between Cognitive States Over Follow-Up in the Six-State Model.
Transitions across the transient and absorbing states tracked from baseline assessment to
death. Participants entering the death state are excluded from subsequent time point. ...296
Appendix Xlll. Alternative Analysis: Neuropathological Diagnosis Count. Hazard ratios [95%
confidence interval] for transitions between cognitive states, adjusting for age and
neuropathological diagnosis count [0-4], in the four- and six-state models...........cc........... 297
Appendix XIV. Alternative Analysis: Mixed Pathology Combinations in Alzheimer’s

Disease. Hazard ratios [95% confidence interval] for transitions between cognitive states in
individuals with Alzheimer’s disease, stratified by the presence or absence of co-occurring
Lewy body disease, cerebrovascular disease, and LATE-NC in the six- and four-state models.

Appendix XV. Alternative Analysis: Mixed Pathology Combinations in Lewy Body Disease.
Hazard ratios [95% confidence interval] for transitions between cognitive states in
individuals with Lewy body disease, stratified by the presence or absence of co-occurring
Alzheimer’s disease, cerebrovascular disease, and LATE-NC in the six- and four-state models.

Appendix XVI. Alternative Analysis: Mixed Pathology Combinations in LATE-NC. Hazard
ratios [95% confidence interval] for transitions between cognitive states in individuals with
LATE-NC, stratified by the presence or absence of co-occurring Alzheimer’s disease (AD),
Lewy body disease (LBD), and cerebrovascular disease (CVD) in the six- and four-state

XXVii



ACE
AD
ADNC
AGD
ALS
APOE
ARTAG
AB
BDR
CBD
CDR
CERAD
CR
CTE
CVvD
DLB
FTD
FTLD
IMD
LATE
LB
LBD
LBP
LCA
LCMM
LME

LN

List of Abbreviations

Addenbrookes cognitive examination
Alzheimer’s disease

Alzheimer’s disease neuropathological change
Argyrophilic grain disease

Amyotrophic lateral sclerosis

Apolipoprotein E

Age-related tau astrogliopathy

Amyloid beta

Brains for Dementia Research

Corticobasal degeneration

Clinical dementia rating

Consortium to Establish a Registry for Alzheimer’s Disease
Cognitive reserve

Chronic traumatic encephalopathy
Cerebrovascular disease

Dementia with Lewy bodies

Frontotemporal dementia

Frontotemporal lobar degeneration

Index of multiple deprivation
Limbic-predominant age-related TDP-43 encephalopathy
Lewy body

Lewy body disease

Lewy body pathology

Latent class analysis

Latent class mixture modelling

Linear mixed effects models

Lewy neurite

XXViii



logLik
LPC
McCI
MMSE
MoCA
MSM
NFT
NIA-AA
NPI
NT
PART
PCA
PD
PDD
PiD
PSP
TDP-43
TTD
VaD
vcal
VCING

asSyn

Log-likelihood

Low pathology controls

Mild cognitive impairment

Mini mental state examination

Montreal cognitive assessment

Multistate modelling

Neurofibrillary tangles

National Institute on Ageing — Alzheimer’s Association
Neuropsychiatric inventory

Neuropil threads

Primary age-related tauopathy

Posterior cortical atrophy

Parkinson’s disease

Parkinson’s disease dementia

Pick’s disease

Progressive supranuclear palsy

Transactive response DNA binding protein 43 kDa
Time to death

Vascular dementia

Vascular cognitive impairment

Vascular cognitive impairment neuropathology guidelines

alpha-synuclein

XXiX






Thesis: The Contribution of Mixed and Concomitant Pathology to Dementia

Chapter 1. Background

Over 55 million individuals are currently living with dementia. This is expected to triple by 2050 to
approximately 150 million (Patterson, 2018, Nichols et al., 2022). Despite the increasing
prevalence of dementia and magnitude of the global burden associated with dementia-related
costs, the precise underlying mechanisms and pathways that lead to clinical dementia lack
conclusive explanation (Zhang et al., 2024). For disease-modifying therapies to be successful, the
specific mechanisms leading to neurodegeneration and cognitive impairment need to be clearly
defined first (Cummings and Fox, 2017, Gadhave et al., 2024). Numerous distinct pathologies are
reported postmortem in dementia and the ageing brain, and the correlations between these
hallmark pathologies and the biological processes responsible for cognitive decline remain unclear
(Qiu et al., 2018, Nelson et al., 2012). A deeper understanding of the changes in the ageing brain,
in both cognitively impaired and healthy individuals, is needed to effectively assess potential

causes of age-related dementia (Nichols et al., 2023).

Dementia itself is not a disease; it is an umbrella term that refers to a range of debilitating clinical
conditions characterised by a decline in cognitive function across multiple domains severe enough
to interfere with daily life that can develop as a symptom of a number of underlying causes,
including neurodegeneration (Peng, 2003, Gale, Acar and Daffner, 2018, Cipriani et al., 2020).
Dementia most commonly affects the elderly population but is not a normal part of ageing
(Graham et al., 1997, Savva et al., 2009, Lisko et al., 2021). A number of modifiable risk factors that
occur during midlife are associated with increased risk of dementia during later life (Livingston et
al., 2020). These include alcohol misuse, traumatic brain injury, hearing loss and metabolic factors,
such as diabetes, hypertension, obesity and low levels of high-density lipoprotein cholesterol
(Livingston et al., 2020). Factors in later life that are associated with increased risk of dementia
include air pollution, diabetes, social isolation, depression, smoking and physical inactivity
(Knopman et al., 2021). Several of these factors may be part of the prodromal phase of or have a

bi-directional link with dementia (Knopman et al., 2021, Teipel et al., 2025).

1.1 Clinical Dementia
All-cause dementia, or major neurocognitive disorder (DSM-5), is defined as sufficient cognitive or

neuropsychiatric symptoms that interfere with the ability to perform normal activities and



represent a decline from previous levels of functioning that cannot be explained by delirium or
major psychiatric disorders (McKhann et al., 2011). Cognitive impairment is usually detected and
diagnosed from patient histories through the patient and a reliable informant, and an independent
mental status examination, such as the MMSE or MoCA (McKhann et al., 2011).
Neuropsychological testing is used if the combined history and mental status examination cannot

provide a confident diagnosis (McKhann et al., 2011).

A symptomatic, transitional stage between normal cognition and dementia is referred to as mild
cognitive impairment (MCI), or mild neurocognitive disorder (Sachs-Ericsson and and Blazer, 2015,
Langa and Levine, 2014, Bermejo-Pareja et al., 2021). MCl is characterised by greater cognitive
impairment than expected relative to age and education that is not significant enough to interfere
with activities of daily living (Knopman and Petersen, 2014, Eshkoor et al., 2015). Diagnostic
criteria for mild cognitive impairment are outlined in the NIA-AA consensus published in 2011
(Albert et al., 2011, McKhann et al., 2011). Briefly, criteria for diagnosis of MCl include concern
regarding a change in cognition, impairment in one or more cognitive domain, preservation of

independence in functional abilities, and absence of dementia (Albert et al., 2011).

There are a number of neurodegenerative diseases commonly associated with clinical dementia in
the over 65s, including Alzheimer’s disease, Lewy body disease, cerebrovascular disease, and
frontotemporal lobar degeneration (Matej, Tesar and Rusina, 2019, Das, Zhang and Ang, 2020).
Dementia can also occur after repetitive traumatic brain injury (Nordstrom and Nordstrom, 2018),
exposure to prion diseases or infections, alcoholism, epilepsy, and metabolic diseases (Almeida
and Lautenschlager, 2005). Although there are many causes of dementia, most age-related
dementias are grouped into four major categories: Alzheimer’s disease, Lewy body, vascular and
frontotemporal dementias (Salardini, 2019, Matej, Tesar and Rusina, 2019). Although underlying
neurodegenerative diseases can be broadly classified by their clinical symptoms, it is often not
possible to reliably distinguish between subtypes of dementia clinically due to heterogenous and

overlapping clinical profiles (Dugger and Dickson, 2017).

Cognitive trajectories in dementia encompass the patterns of cognitive change over time, which
can vary significantly between individuals (Payton et al., 2023). Several distinct trajectories have
been identified including stable, slow decline, fast decline, and improvement (Cohen, Reisberg and
Yaffee, 2024, Li et al., 2022). One study found three primary cognitive trajectory classes: rapid

cognitive decline, moderate progression, and optimal cognitive ageing (Walsh et al., 2022, Wu et



al., 2022). Each of these trajectories were associated with varying risks of dementia and mortality,
highlighting the heterogeneity of cognitive ageing (Walsh et al., 2022). An additional study
observed that individuals exhibiting fast decline across multiple cognitive domains had a
significantly higher risk of developing dementia in the subsequent years. A study utilising data
from the UK Biobank found that participants approaching dementia diagnosis exhibited worsening
functional assessments and an increased prevalence of health conditions, highlighting the gradual
nature of cognitive decline leading up to dementia (You et al., 2024). These findings underscore
the importance of identifying and monitoring cognitive trajectories in older adults as early
indicators for dementia risk. Understanding these patterns of cognitive decline and considering the
individual variability in cognitive ageing allows for more nuanced approaches to dementia

prevention and management.

1.1.1 Alzheimer’s disease dementia

Alzheimer’s disease is the most common cause of age-related dementia, accounting for 50-80% of
cases, and is characterised by an insidious onset of progressive amnestic dysfunction, followed by
a significant and gradual increase in disability throughout the course of disease (Long and
Holtzman, 2019, Arvanitakis, Shah and Bennett, 2019). Alzheimer’s disease typically presents with
pronounced amnestic cognitive impairment but in some cases as non-amnestic impairments may
be more prominent, affecting language, visuospatial processing, and executive function (Liampas
et al., 2023, Vos et al., 2013). Typical symptoms of early Alzheimer’s disease include apathy,
anxiety, and depression (Johansson et al., 2020, Leung et al., 2021). Middle stages are defined by
impaired communication, disorientation, confusion, and poor judgement (Arvanitakis, Shah and
Bennett, 2019). Late-stage Alzheimer’s disease is defined by difficulty speaking, swallowing, and
walking. The progressive deterioration to immobility and eventual death lasts between 5-12 years

(Vermunt et al., 2019).

The prevalence of dementia due to Alzheimer’s disease in 60-74 year olds is estimated to be 5.3%,
increasing to 13.8% in 75-84 year olds and 34.6% in over 85s (Rajan et al., 2021). Recent large
autopsy studies have shown that, although Alzheimer’s disease is the most common cause of
dementia, more than 50% of cases have more than one underlying neuropathology (Nichols et al.,
2023). Advancing age remains the biggest risk factor for Alzheimer’s disease. In addition to the ten

modifiable risk factors outlined by Livingston et al. (2020), risk factors for Alzheimer’s disease



include the presence of specific variants of the APOE4 gene, and less common pathogenic variants

(e.g.in APP, PSEN1, PSEN2) that cause familial AD (Knopman et al., 2021).

In terms of neuropathology, Alzheimer’s disease is a neurodegenerative disease associated with
the accumulation of misfolded B-amyloid and tau aggregates in the brain (Deture and Dickson,
2019). The accumulation of pathological protein aggregates and neurodegeneration begins many
years before symptoms occur clinically (Kovacs, 2019b, Golde, 2022). Macroscopically, AD
characterised by gross atrophy of gyri in the frontal, parietal, and temporal lobes, particularly the
entorhinal cortex and hippocampus, and ventricular enlargement (Schneider, 2022, Serrano-Pozo
et al., 2011). Brain weight and volume are usually significantly reduced (Serrano-Pozo et al., 2011,
Deture and Dickson, 2019). Microscopically, the main pathological hallmarks of Alzheimer’s
disease are the accumulation of extracellular AB plaques and intracellular neurofibrillary tangles
(Schneider, 2022, Serrano-Pozo et al., 2011). AB plaques can be classified into diffuse plaques,
which lack significant neuritic components and are often found in cognitively normal individuals,
and neuritic plaques, which are composed of a dense core of aggregated amyloid-p protein
surrounded by tau-positive dystrophic neurites (Nelson et al., 2011, Deture and Dickson, 2019).
Neuritic plaques are distributed throughout cortical and limbic regions as well as the basal
forebrain (Serrano-Pozo et al., 2011). Neurofibrillary tangles (NFT) are intracellular accumulations
composed of hyperphosphorylated microtubule associated protein tau and ubiquitin and are
distributed throughout cortical and limbic regions, particularly the hippocampus (Deture and
Dickson, 2019). These pathologies are accompanied by widespread cortical and hippocampal
neuronal loss, in addition to degeneration of subcortical structures, such as the cholinergic basal

forebrain (Deture and Dickson, 2019).

The presence and distribution of AB plaques and neurofibrillary tangles are used to stage disease
severity (Deture and Dickson, 2019). Thal phasing is used to describe the topographical
progression of AP deposition from the neocortex to the cerebellum (Thal et al., 2002), while Braak
NFT staging characterises the spread of tau pathology, beginning in the transentorhinal cortex and
progressing to the neocortex (Braak et al., 2006). An additional CERAD score is used to categorise
cases based on the abundance of amyloid pathology (Mirra et al., 1991). The NIA-AA classification
system uses a combination of Thal phase, Braak NFT stage, and CERAD score to assign a likelihood
that Alzheimer’s disease neuropathology is responsible for cognitive impairment (Montine et al.,

2012). The ATN classification extends this model for in vivo diagnosis by using biomarkers to



define Alzheimer’s disease pathophysiological changes: amyloid PET or CSF ABay, tau PET or CSF
phosphorylated-tau, and markers of neurodegeneration (e.g. MRI atrophy or FDG-PET) (Jack et al.,
2018). This model facilitates earlier and more accurate diagnosis of Alzheimer’s disease, including

in preclinical stages (Jack et al., 2018).

Clinically, the original criteria for Alzheimer’s disease, NINCDS-ADRDA, was established by a
working group from the National Institute of Neurological and Communicative Disorders and
Stroke (NINCDS) and the Alzheimer’s Disease and Related Disorders Association (ADRDA) in 1984
(McKhann et al., 1984). The NINCDS-ADRDA defined one state of dementia and focused on
memory loss as the central feature of Alzheimer’s disease. The National Institute on Aging —
Alzheimer Association (NIA-AA) criteria updated clinical criteria for dementia and AD in 2011
(Albert et al., 2011, McKhann et al., 2011, Montine et al., 2012), and revised these again in 2018
(Jack et al., 2018). Major changes included dividing the Alzheimer’s disease spectrum into three
major stages reflecting disease progression: preclinical, mild cognitive impairment and Alzheimer’s
disease (Tahami Monfared et al., 2022). The update expanded the criteria to include other aspects
of cognition, such as language or judgement, that may become impaired first and included
information on the distinctions and associations between Alzheimer’s disease and other non-
Alzheimer’s dementias (McKhann et al., 2011). The 2018 updated NIA-AA framework defines a
numerical clinical staging system for individuals on the Alzheimer’s continuum using biomarker for
AB, pathologic tau, and neurodegeneration or neuronal injury (Jack et al., 2018). Clinical diagnostic

criteria for Alzheimer’s disease is outlined in Figure 1.1.



Alzheimer’s disease Atypical Alzheimer’s disease

Specmc clinical phenotype Specific clinical phenotype

Presence of an early and significant episodicmemory =« Posterlor variant of AD

impairment (isolated or associated with other cognitive An occipitotemporal variant defined by the presence of an early,

or behavioural changes that are suggestive of mild predominant, and progressive impairment of visuoperceptive functions

cognitive impairment or of a dementia syndrome)that or of visual identification of objects, symbols, words, or faces

|nc|udesthe following features: « A biparietal variant defined by the presence of early, predominant, and
Gradual and progressive change in memory progressive difficulty with visuospatial function, features of Gerstmann
function reported by patient or informant over syndrome, of Balint syndrome, limb apraxia, or neglect
more than 6 months « Lopogenic variant of AD defined by the presence of an early,
Objective evidence of an amnestic syndrome of predominant, and progressive impairment of single word retrieval and
the hippocampal type, based on significantly in repetition of sentences, in the context of spared semantic, syntactic,
impaired performance on an episodic memory and motor speech abilities
test with established specificity for AD «  Frontal variant of AD defined by the presence of early, predominant,

and progressive behavioural changes including association of primary
apathy or behavioural disinhibition, or predominant executive
dysfunctionon cognitive testing

Down’s syndrome variant of AD defined by the occurrence of a
dementia characterised by early behavioural changes and executive
dysfunctionin people with Down’s syndrome

In-vivo evidence of Alzheimer’s pathology In-vivo evidence of Alzheimer’s pathology
Decreased AB,_4, together with increased T-tau or P- . Decreased AB,_4, together with increased T-tau or P-tau in CSF
tau in CSF . Increased tracer retention on amyloid PET
Increased tracer retention on amyloid PET . AD autosomal dominant mutation present (in PSEN1, PSEN2, or APP

AD autosomal dominant mutation present (in PSEN1,
PSEN2, or APP

Exclusion criteria for AD Exclusion criteria for atypical AD
Sudden onset +  Sudden onset

+ Early occurrence of gait disturbances, seizures, major ~ +  Early and prevalent episodic memory disorders
and prevalent behavioural changes +  Other medical conditions severe enough to account for related symptoms
Focal neurological features, early extrapyramidal signs, (e.g. major depression, cerebrovascular disease, toxic, inflammatory, or
early hallucinations or cognitive fluctuations metabolic disorders)

Other medical conditions severe enough to account for
memory and related symptoms (e.g. non-AD dementia,
major depression, cerebrovascular disease, or toxic,
inflammatory, and metabolic disorders)

Figure 1.1. Diagnostic Criteria for Clinical Alzheimer’s Disease: Clinical criteria for the diagnosis of
Alzheimer's disease, including both classical and atypical phenotypes, are outlined along with in-
vivo evidence and exclusion criteria. The figure highlights the distinguishing features of Alzheimer's
disease, including cognitive and neuroimaging markers, and the specific criteria used for diagnosis.
Adapted from Dubois et al. (2014).

The NIA-AA criteria is commonly used in research settings, while other clinical criteria, such the
DSM-V or ICD-11, are used in regular clinical settings (Sachdev et al., 2014). A diagnosis of
probable Alzheimer’s disease dementia depends on an insidious onset of symptoms with distinct
decline in cognition (McKhann et al., 2011). The amnesic presentation of Alzheimer’s disease
dementia is most common but non-amnesic presentations, including language, visuospatial and
executive dysfunction are also included in the diagnostic criteria (McKhann et al., 2011). Evidence

of substantial cerebrovascular disease, core features of dementia with Lewy bodies or prominent

features of frontotemporal dementias exclude probable AD from diagnosis (McKhann et al., 2011).

The use of biomarkers as indicators of underlying brain pathology is almost exclusive to research

and is not yet regularly implemented in clinical settings (Hayes-Larson et al., 2024, Andersen et al.,



2021, Weinhofer, Rommer and Berger, 2025). Current biomarkers for Alzheimer’s disease are
imaging and fluid based, and include cerebral amyloid markers, such as positron emission
tomography (PET) and cerebrospinal fluid (Breijyeh and Karaman, 2020), markers of neuronal
injury (e.g. cerebrospinal fluid tau), fluorodeoxyglucose (FDG) for metabolic injury, and magnetic

resonance imaging (MRI) of cortical atrophy (Breijyeh and Karaman, 2020).

Symptomatic treatment of Alzheimer’s disease is generally palliative and mainly consists of
cholinesterase inhibitors, such as donepezil, rivastigmine, galantamine and memantine, to
increase cholinergic levels and improve cognitive and neural cell function (Breijyeh and Karaman,
2020). In addition to cholinesterase inhibitors, other medications such as anti-psychotics and
selective serotonin reuptake inhibitors, may also be used to treat neuropsychiatric symptoms
(Masterman, 2004). Research has primarily focused on interventions to inhibit the onset and
progression of cognitive impairment, modifiable risk factors, and improving quality-of-life
(Kamatham et al., 2024, Logsdon, McCurry and Teri, 2007, Rosenberg et al., 2020, Ornish et al.,
2024).

Recently, significant advancements in disease modifying therapies (DMT) that aim to alter disease
progression by targeting the underlying pathological mechanisms of the disease has led to the
approval of several therapies for use in Alzheimer’s disease. The majority of these are monoclonal
antibodies targeting B-amyloid, including aducanumab (Rahman et al., 2023), lecanemab (van
Dyck et al., 2023), and donanemab (Sims et al., 2023), and have shown modest clinical benefits in
slowing cognitive decline in early-stage AD (Breijyeh and Karaman, 2020). However, concerns
remain about associated adverse effects, particularly amyloid-related imaging abnormalities
(ARIA), including vasogenic oedema and microhaemorrhages. Beyond anti-amyloid approaches,
tau-targeting therapies (Congdon et al., 2023) and BACE1 inhibitors (Bazzari and Bazzari, 2022),
which block AB production, have been investigated. Most of these have failed due to safety
concerns or lack of efficacy in late-phase trials. Accurate diagnosis at an early stage of disease
progression and combination therapies will be crucial in improving the efficacy of these new

treatments (Khan, Barve and Kumar, 2020).

1.1.2 Lewy body dementias
Lewy body disease is the second most common cause of neurodegenerative dementia and is
characterised by fluctuating cognition, visual hallucinations, parkinsonism and REM sleep

behaviour disorder (Walker et al., 2015). Lewy body dementia is characterised by a fast onset and



progression of disease, with fluctuations in alertness and cognition (Arvanitakis, Shah and Bennett,
2019, McKeith et al., 2017). The three core symptoms associated with DLB include fluctuating
cognition, recurrent visual hallucinations, and parkinsonism (Morra and Donovick, 2014, Matar et
al., 2020a). Cognitive fluctuations are sudden changes in attention or cognition and characteristic
of Lewy body dementias (Matar et al., 2020b). Recurrent visual hallucinations are estimated to be
present in 70 to 85% of patients with DLB (Prasad et al., 2023), while spontaneous parkinsonism is
estimated to occur in between 60 and 92% of cases (Walker, Stefanis and Attems, 2019). In Lewy
body dementia, REM sleep behaviour disorder typically precedes cognitive impairment occurring
as an initial or early symptom (Chan et al., 2018). Well-formed visual hallucinations and
visuospatial impairment also occur early (Hamilton et al., 2012). Problems with motor functions,

similar to those seen in Parkinson’s disease, are also common (Prasad et al., 2023).

Lewy body dementia is an umbrella term that includes both dementia with Lewy bodies (DLB) and
Parkinson’s disease dementia (PDD) (Walker et al., 2015). This spectrum of dementia syndromes
are thought to share the same underlying pathobiological mechanism of neurodegeneration
resulting from Lewy body disease, but clinical syndrome is determined by the order of and time
between specific symptom onset (Walker et al., 2015, Walker, Stefanis and Attems, 2019). DLB and
PDD differ in the sequence of onset of dementia and parkinsonism but as progression of disease
and underlying pathological changes are similar, the two syndromes can be viewed as a continuum
rather than separate entities (Lippa et al., 2007, Jellinger, 2018, Borghammer, Okkels and
Weintraub, 2024). In dementia with Lewy bodies, dementia occurs prior to or concurrently with
parkinsonism (McKeith et al., 2017, Walker, Stefanis and Attems, 2019). In Parkinson’s disease
dementia, parkinsonism precedes the onset of dementia by at least one year (Walker, Stefanis and
Attems, 2019). Up to 80% of patients with Parkinson’s disease eventually develop dementia
(Jellinger and Korczyn, 2018, Walker, Stefanis and Attems, 2019). The similarities and subtle

difference between PDD and DLB are outlined in Figure 1.2.



Dementia with Lewy bodies Overlap Parkinson’s disease dementia

Some cognitive dysfunctions: deficiencies of attention greater, «  Rigidity «  Onset of dementia earlier in PDD
episodic verbal memaory tasks lower in DLB +  Akinesia *  Visual hallucinations after L-dopa
Tremor less frequent in DLB = Cognitive impairments therapy in PDD, but also in drug-naive
Motor performance: slower walk and poorer balance in DLB «  Frontal executive dysfunction cases

Hallucinations (visual) more frequent in DLB = Visual-constructive impairment

Relative timing of dementia and parkinsonism (one year rule) = Mild language impairment

Orthostatic hypertension more frequent in DLB «  Mood disturbances (depression, anxiety)

Frontal/temporal-associated cognitive subsets more severe in DLB, «  REM sleep behaviour disorder (RBD)

cognitive decline is faster in DLB/DLB+AD = Neuroleptic sensitivity

Delusions, visual hallucinations, and attentional fluctuation more

frequent in DLB

Spontaneous visual hallucinations in DLB

Figure 1.2. Clinical Presentation of Lewy Body Dementias: Comparison of the clinical features of
Parkinson’s disease dementia (PDD) and dementia with Lewy bodies (DLB), highlighting both their
similarities and key differences. While both disorders are characterised by Lewy body pathology,
the timing and nature of cognitive decline relative to motor symptoms distinguish PDD from DLB.
Adapted from Jellinger , and Korczyn (2018).

Dementia with Lewy bodies is the second most common neurodegenerative dementia but is often
under-represented in clinical settings (Kane et al., 2018). Although many consider vascular
dementia to be the second most common cause of clinical dementia (O'Brien and Thomas, 2015),
Lewy body disease is the second most common neuropathology in dementia, suggesting there is
discordance between clinical and neuropathological prevalences (Prasad et al., 2023, Heidebrink,
2002). Current estimates of prevalence vary widely, ranging from 0 to 30% of all dementia cases
(Lebouvier et al., 2013, Zaccai, McCracken and Brayne, 2005). Lewy body disease affects 1-2% of
the population over the age of 65 (Kane et al., 2018). In clinical studies, DLB accounts for around
4% of dementia cases in the community, increasing to around 7.5% in secondary care (Vann Jones
and O'Brien, 2014). This is likely to be an underestimate as DLB diagnoses are often missed, with
the prevalence of Lewy body disease being significantly higher in autopsy series (Jellinger and
Attems, 2011). The majority of DLB cases also have brain changes associated with one or more
other causes of dementia, including Alzheimer’s disease and TDP-43 inclusions (Toledo et al.,
2023). Advancing age remains the biggest risk factor for Lewy body dementia. In addition to the
ten modifiable risk factors outlined by Livingston et al. (2020), risk factors for Lewy body dementia
include maleness, the APOE €4 variant, and mutations in GBA and SNCA genes (Rongve et al.,

2019).

Lewy body dementia is thought to be caused by Lewy body disease, part of the synucleinopathy
spectrum of neurodegenerative disorders (Irwin and Hurtig, 2018, Jellinger, 2003, Outeiro et al.,
2019). Macroscopically, Lewy body dementia is characterised by generalised bilaterally

symmetrical atrophy of frontal, parietal, temporal and occipital lobes, usually accompanied by



decreased gross brain weight (Arvanitakis, Shah and Bennett, 2019). Microscopically, the hallmark
pathological features of Lewy body dementia is the presence of abnormal intracellular aggregates
of a-synuclein, such as Lewy bodies or Lewy neurites, accompanied by neuronal loss (Walker et al.,
2015). Lewy bodies are most often found in the brainstem, specifically in the substantia nigra and
the locus coeruleus, in individuals with DLB and PDD (McKeith et al., 2005, Arvanitakis, Shah and
Bennett, 2019). In DLB, Lewy bodies can also be found in the limbic system, neocortical regions
and occasionally in the peripheral nervous system (Outeiro et al., 2019). The majority of DLB cases
also show loss of pigmented, dopaminergic neurons in the substantia nigra, similar to the loss seen
in PD (Outeiro et al., 2019). The presence of cortical Lewy bodies is necessary at autopsy to
confirm a diagnosis of Lewy body dementia (McKeith et al., 2017). It is unclear whether Lewy
bodies and neurites have a neuroprotective or neurotoxic role and to what extent they contribute
to the clinical picture because some individuals with severe a-synuclein pathology do not have

clinical symptoms of Lewy body dementia (Walker et al., 2015).
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Dementia with Lewy bodies

Essential

+ Progressive cognitive decline of sufficient magnitude to interfere with normal social or occupational functions, or with usual daily activities.
« Prominent or persistent memory impairment may not necessarily occurin the early stages but is usually evident with progression.

+ Deficits on tests of attention, executive function, and visuoperceptual ability may be especially prominent and occur early.

Core clinical features
+ Fluctuating cognition with pronounced variations in attention and alterness.
+ Recurrent visual hallucinations that are typically well formed and detailed
« REM sleep behaviour disorder, which may precede cognitive decline.
+ One or more spontaneous cardinal features of parkinsonism (bradykinesia, rest tremor, or rigidity)

Supportlve clinical features
Severe sensitivity to antipsychotic agents
+ Postural instability or repeated falls
+ Syncope or other transient episodes of unresponsiveness
+ Severe autonomic dysfunction (e.g., constipation, orthostatic hypotension, urinary incontinence)
+ Hypersomnia or hyposmia
+ Other neuropsychiatric symptoms, including delusions, hallucinations in other modalities, apathy, anxiety, and depression

Indicative biomarkers

+ Reduced dopamine transporter uptake in basal ganglia demonstrated by SPECT or PET
+ Abnormal (low uptake)'®jodine-MIBG myocardial scintigraphy

+ Polysomnographic confirmation of REM sleep without atonia.

Supportive biomarkers

+ Relative preservation of medial temporal lobe structures on CT/MRI scan

« Generalized low uptake on SPECT/PET perfusion/metabolism scan with reduced occipital activity + the cingulate island sign on FDG-PET imaging
+ Prominent posterior slow-wave activity on EEG with periodic fluctuations in the pre-alpha/theta range.

Probable DLB can be diagnosed if:

a. Two or more core clinical features of DLB are present, with or without the presence of indicative biomarkers, or
b. Only one core clinical feature is present, but with one or more indicative biomarkers

Probable DLB should not be diagnosed on the basis of biomarkers alone.

Possible DLB can be diagnosedif:
a. Only one core clinical feature of DLB is present, with no indicative biomarker evidence, or
b. One or more indicative biomarker is present but there are no core clinical features.

DLB is less likely:

a. In the presence of any other physicalillness or brain disorder including cerebrovascular disease, sufficientto accountin part or in total for the
clinical picture, although these do not exclude a DLB diagnosis and may serve to indicate mixed or multiple pathologies contributing to the clinical
presentation, or

b. If parkinsonian features are the only core clinicalfeature and appear for the first time at a stage of severe dementia

DLB should be diagnosed when dementia occurs before or concurrently with parkinsonism. Parkinson’s disease dementia (PDD) should be used to
describe dementia that occurs in the context of well-established Parkinson’s disease. In a practice setting, the term that is most appropriate to the
clinical situation should be used and generic terms such as Lewy body disease are often helpful. In research studies in which distinction needs to be
made between DLB and PDD, the existing 1-year rule between the onset of dementia and parkinsonism continues to be recommended.

Figure 1.3. Clinical Criteria for Diagnosing Lewy Body Dementia: Overview of the clinical criteria
used for diagnosing Lewy body dementia (LBD), including key features such as cognitive
fluctuations, visual hallucinations, parkinsonism, and REM sleep behaviour disorder, based on the
guidelines outlined by McKeith et al. (2017).

Diagnostic criteria for DLB (Figure 1.3) was originally outlined by the Dementia with Lewy bodies
Consortium and most recently updated in 2017 (McKeith et al., 2017). Clinical signs and symptoms
are weighted as core or supportive and biomarkers as indicative or supportive, based on their
diagnostic specificity (Cousins et al., 2022, del Campo et al., 2018). Neuropsychological assessment
includes tests covering the full range of cognitive domains (McKeith et al., 2017). A diagnosis of
probable DLB can be made when at least two core features or one core feature and one indicative
biomarker, are present (McKeith et al., 2005). The core clinical features of Lewy body dementia
include fluctuating cognition with pronounced variation in attention and alertness, recurrent visual
hallucinations that are typically well formed and detailed, REM sleep behaviour disorder which

may occur in the prodromal phase prior to cognitive decline, and at least one spontaneous
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cardinal feature of parkinsonism (bradykinesia, rest tremor or rigidity) (McKeith et al., 2017).
Further core and supportive clinical features, such as REM sleep behaviour disorder and
autonomic dysfunction, are outlined in Figure 1.3. Typically DLB is characterised by marked
visuospatial problems with relative preservation of memory, occurring alongside parkinsonism

(Arvanitakis, Shah and Bennett, 2019).

Diagnosis of DLB can be difficult due to the heterogenous and overlapping clinical presentations of
dementia syndromes (Huang and Halliday, 2013). Accurate diagnosis of dementia with Lewy
bodies is necessary in order to more accurately predict the progression of the disease and
negative side effects from pharmacological treatment (Morra and Donovick, 2014, Jellinger and
Korczyn, 2018). The development of effective biomarkers to be used in combination with existing
diagnostic criteria has improved the accuracy of diagnosis, particularly in specialist centres
(Bousiges and Blanc, 2022, Armstrong et al., 2021). Indicative biomarkers for DLB are reduced
dopamine transporter uptake in basal ganglia demonstrated by SPECT or PET, abnormal 1?3I-MIBG
myocardial scintigraphy and polysomnographic confirmation of REM sleep without atonia

(McKeith et al., 2020). Supportive biomarkers are outlined in Figure 1.3.

1.1.3 Frontotemporal dementias

Frontotemporal dementia (FTD) is an umbrella term that encompasses a group of clinically
heterogenous subtypes of dementia broadly characterised by progressive changes in behaviour,
executive function, or language (Boeve et al., 2022, Rabinovici and Miller, 2010, Onyike and Diehl-
Schmid, 2013). Frontotemporal dementias typically have an insidious onset with gradual
progression (Arvanitakis, Shah and Bennett, 2019, Boeve et al., 2022, Rabinovici and Miller, 2010,
Onyike and Diehl-Schmid, 2013). The median survival time of FTD is estimated to be 6-11 years
from symptom onset and 3-4 years from diagnosis (Rabinovici and Miller, 2010). The most
predominant clinical features of FTDs tend to be marked changes in behaviour and personality,

such as disinhibition (Arvanitakis, Shah and Bennett, 2019).

Major clinical subtypes of frontotemporal dementia include the behavioural variant (bvFTD) and
two forms of primary progressive aphasia (PPA); the non-fluent (nfvPPA) and semantic (svPPA)
variants (Boeve et al., 2022). Symptoms of frontotemporal dementias may mimic primary
psychiatric disorders such as schizophrenia or bipolar disorder (Onyike, Shinagawa and Ellajosyula,
2021). Behavioural variant frontotemporal dementia (bvFTD) is the most common frontotemporal

dementia and is characterised by dissocial and compulsive behaviour with either impulsive and

12



disinhibited, or an apathetic demeanour (Lanata and Miller, 2016, Pachalska et al., 2011). The
semantic variant of primary progressive aphasia (svPPA) is characterised by the loss of semantic
understanding with anomia and agnosia, resulting in fluent speech lacking in substance (Onyike,
Shinagawa and Ellajosyula, 2021). In contrast, the non-fluent variant of PPA is characterised by
progressive difficulties in speech production, resulting in effortful, non-grammatical speech and

difficulty understanding sentences (Onyike, Shinagawa and Ellajosyula, 2021).

Frontotemporal dementia accounts for 2.6% of all-cause dementia compared to 3 to 16% in
studies of the under 65s (Hogan et al., 2016, Rabinovici and Miller, 2010, Zhang et al., 2022).
Although FTD is often regarded as an early onset form of dementia, 20-25% of all FTD cases occur
in the over 65s (Rabinovici and Miller, 2010). The incidence of FTD increases with age, peaking
between ages 75-79, with the majority of all FTD cases are diagnosed after the age of 65 years
(Nilsson et al., 2014). The primary risk factor for frontotemporal dementias is pathogenic variants
of genes such as GRN or C9orf72 (Steele et al., 2018). As a result, the condition is often hereditary,

with onset occurring during midlife (Onyike and Diehl-Schmid, 2013).

FTD tends to be associated with underlying neurodegenerative disease defined by the progressive
deterioration of cortical grey matter in the frontal and temporal lobes and, at the pathological
level, the accumulation of protein aggregates (Boeve et al., 2022, Zetterberg et al., 2019).
Frontotemporal lobar degeneration (FTLD) is characterised by neuronal loss, gliosis and
microvacuolar changes in frontal lobes, anterior temporal lobes, anterior cingulate and insular
cortex (Bang, Spina and Miller, 2015). Atrophy can be either bilateral or asymmetric (Snowden,
Neary and Mann, 2002). The features of the behavioural and language phenotypes of FTD reflect
the pattern of frontal and temporal cortical degeneration (Onyike, Shinagawa and Ellajosyula,
2021). Two prevalent proteins observed in FTLD at the pathological level include
hyperphosphorylated tau protein, as described previously, and TDP-43 inclusions (Zhang et al.,
2020).

Subtypes of FTLD are associated with characteristic patterns of abnormal protein deposition (Bang,
Spina and Miller, 2015). There are three main molecular subgroups of frontotemporal lobar
degeneration: FTLD-tau, FTLD-TDP and FTLD-FUS (Zhang et al., 2020, Mackenzie and Neumann,
2016). FTLD-tau accounts for 36-50% of cases and is typically associated with specific pathological
phenotypes including Pick’s disease (PiD), corticobasal degeneration (CBD) and progressive

supranuclear palsy (PSP) (De Boer et al., 2021). FTLD-TDP accounts for approximately 50% of FTD
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cases and is subdivided into groups based on the patterns of cytoplasmic or intranuclear
pathological and cortical association (Burrell et al., 2016). FTLD-FUS represents approximately
10% of FTD cases and typically manifests as bvFTD with severe disinhibition and other psychiatric
features (Burrell et al., 2016). Rare cases of FTLD have ubiquitin only or p62-positive inclusions, or

no inclusions at all (Bang, Spina and Miller, 2015).

Subtype  Criteria

bvFTD Progressive deterioration of behaviour and/or cognition that is not better accounted for by another neurological,
psychiatric, or medical disorder.
Possible
At least three of the following:
- Early behavioural disinhibition
- Early apathy or inertia
- Early loss of sympathy or empathy
- Hyperorality or dietary change
- Neuropsychological profile showing executive deficits with relative sparing of memory and visuospatial function
Probable.
All of the following:
- Meets criteria for possible bvFTD
- Significant functional decline
- Neuroimaging showing frontal and/or temporal atrophy, hypoperfusion or hypometabolism

Non-fluent At least one of:
variant PPA - Agrammatism in language production
- Effortful, halting speech +/- speech apraxia
And, at least two of:
- Impaired comprehension of complex sentences
- Spared single word comprehension
- Spared object naming
Supportive imaging: left posterior, frontoinsular atrophy, hypoperfusion or hypometabolism

Semantic Both:
variant PPA - Impaired naming
- Impaired single word comprehension
And, at least three of:
- Impaired object knowledge
- Surface dyslexia or dysgraphia
- Spared repetition
- Spared speech production
Supportive imaging: predominant anterior temporal atrophy, hypoperfusion, or hypometabolism

Figure 1.4. Diagnostic Criteria for Frontotemporal Dementia Subtypes: Clinical criteria for
diagnosing subtypes of frontotemporal dementia, as defined by Tartaglia , and Mackenzie (2023).
The figure outlines the key diagnostic features distinguishing each subtype, including behavioural,
language, and motor symptoms, along with their respective neuroimaging and neuropathological
characteristics.

Clinical criteria for FTD subtypes are outlined in Figure 1.4. Typically diagnosis involves an
assessment of significant changes in behaviour, e.g. disinhibition, or language, with relative
preservation of memory (Arvanitakis, Shah and Bennett, 2019). Briefly, a clinical diagnosis of
bvFTD is based on the presence of at least three of five behavioural and one cognitive criterion.
Diagnostic criteria for variants of primary progressive aphasia (PPA) are outlined in Figure 1.4. As

FTD phenotypes often converge over the course of disease progression, diagnostic criteria tend to

focus on symptoms that present early in the disease course to allow clear delineation between the
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variants (Bang, Spina and Miller, 2015, Mackenzie and Neumann, 2016). Structural MRI, PET scans
and biomarkers are used to confirm frontal and temporal atrophy to support diagnosis (Swift et
al., 2021). Due to the overlapping nature of clinical phenotypes in FTDs, classifying cases by
underlying molecular pathology during life can be difficult, making the development of accurate

biomarkers in FTD particularly important (Zetterberg et al., 2019).

1.1.4 Vascular dementia

Vascular dementia is also a common form of dementia in older individuals and is characterised by
cognitive decline due to reduced blood flow to the brain, often resulting in deficits in executive
dysfunction, attention, and memory (Kapasi and Schneider, 2016, Gorelick, Counts and Nyenhuis,
2016). Vascular dementia is generally not considered a neurodegenerative dementia as there is no
specific underlying protein accumulation involved (Vinters et al., 2018, Korczyn, Vakhapova and
Grinberg, 2012). Vascular dementia is considered the second most common subtype of clinical
dementia, accounting for approximately 15-20% of dementia cases in Europe (Rizzi, Rosset and
Roriz-Cruz, 2014). The incidence of dementia ranges from 5% at 1-year post-transient ischaemic
attack to 34% at 1-year post-stroke (Pendlebury and Rothwell, 2019). There are several subtypes
of vascular dementia, including multi-infarct dementia, small vessel disease, strategic infarct
dementia, hypoperfusion, haemorrhagic dementia, and hereditary vascular dementia (O'Brien and
Thomas, 2015). All subtypes are defined by different pathological changes as outlined in Figure
1.5.

Subtype Imaging and pathological changes

Multi-infarct dementia (cortical vascular dementia)  Multiple cortical infarcts

Small vessel disease (subcortical vascular Lacunes, extensive white matter lesions;
dementia) Pathologically, infarcts, demyelination, and gliosis
Strategic infarct dementia Infarct in strategic location (e.g. thalamus)
Hypoperfusion Watershed infarcts, white matter lesions;
Pathologically, incomplete infarcts in white matter
Haemorrhagic dementia Haemorrhagic changes, may be association with amyloid angiopathy
Hereditary vascular dementia (CADASIL) Multiple lacunes and white matter lesions, temporal lobe white matter affected

Alzheimer’s disease with cardiovascular disease Combination of vascular changes and atrophy, especially medial temporal lobe;
pathologically, mixture of vascular and degenerative (plaque and tangle) pathology

Figure 1.5. Subtypes of Vascular Dementia: Imaging and pathological features associated with the
different subtypes of vascular dementia. The diagram highlights the distinct neuroimaging patterns
and underlying neuropathological changes characteristic of each subtype, as outlined by O'Brien,
and Thomas (2015)

15



Cognitive changes in vascular dementia are more variable than in Alzheimer’s disease and are
highly dependent on the location and form of vascular pathology (Agrawal and Schneider, 2022).
As subcortical vascular pathology is frequently present, vascular dementia is often associated with
deficits in attention, information processing and executive function (Kalaria and Erkinjuntti, 2006,
O'Brien and Thomas, 2015). Cognitive decline in vascular dementia is typically characterised by a
fluctuating, stepwise progression. Risk factors for vascular dementia include age, diabetes,
hypertension, metabolic disorders, stroke and genetic factors (Ronnemaa et al., 2011). Lifestyle
factors increasing risk of vascular dementia include smoking, diet, and obesity (Livingston et al.,

2020).

The National Institute of Neurological Disorders and Stroke and the Association Internationale
pour la Recherche et I'Enseignement en Neurosciences (NINDS-AIREN) criteria is the most
frequently used diagnostic criteria for vascular dementia (Roman, 2002). The NINDS-AIREN criteria
for probable vascular dementia requires a combination of dementia, cerebrovascular disease, and
a temporal relationship between the two (Roman, 2002). As outlined in Figure 1.6, evidence of
cerebrovascular disease includes a history of cerebrovascular disease, focal signs on examination,
or CT/MRI scans showing lesions that confirm vascular pathology. The temporal relationship
between dementia and cerebrovascular disease could be demonstrated by the onset of dementia
within 3 months following stroke, abrupt deterioration in cognitive functions, or fluctuating,

stepwise progression of cognitive deficits (McVeigh and Passmore, 2006, Kling et al., 2013).

Clinical Diagnosis of Vascular Dementia

1. Dementia
2. Cerebrovascular disease, defined by one of:

a. History of cerebrovascular disease

b. Focal signhs on examination (with or without history)

c. CT/MRI showing lesions that confirm cerebrovascular disease
3. Temporal relationship between 1 and 2, demonstrated by one of:

a. Onset of dementia within 3 months following stroke

b. Abrupt deterioration in cognitive functions

c. Fluctuating, stepwise progression of cognitive deficits

Figure 1.6. Clinical Diagnosis of Vascular Dementia: Diagnostic criteria for vascular dementia as
defined by the NINDS-AIREN criteria. This figure outlines the key clinical features, including
cognitive impairment, evidence of cerebrovascular disease, and the temporal relationship between
vascular changes and cognitive decline.
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Large vessel atherosclerosis, small vessel arteriosclerosis, and other vascular diseases, such as
cerebral amyloid angiopathy, can lead to subcortical infarcts, microinfarcts in the grey matter,
white matter lesions and cerebral haemorrhages (O'Brien and Thomas, 2015) and contribute to
vascular dementia. Abnormalities in vascular brain pathologies are almost universal in people aged
over 75 years (Wolters and lkram, 2019). A large burden of vascular disease pathology is needed
to produce dementia in the absence of Alzheimer’s disease or other neurodegenerative
pathologies (Vinters et al., 2018). As a result, the prevalence of pure vascular dementia is
significantly lower than previously accepted, accounting for approximately 10% of cases (Silva et
al., 2022). The majority of which have large subcortical infarcts. The burden of cerebrovascular
disease increases with age (Bir et al., 2021). As cerebral amyloid angiopathy exists at the interface
between cerebrovascular pathology and Alzheimer’s disease, the two conditions often co-occur,

particularly in the ageing brain (Greenberg and Charidimou, 2018, Greenberg et al., 2020).

1.2 Dementia-related neuropathology

Neuropathology is considered the gold standard of determining neurodegenerative disease
presence and severity (Jack et al., 2018). As a result, the disease that is responsible for the
neurodegeneration that causes clinical dementia cannot be confirmed without postmortem
neuropathological assessment (Jellinger, 2020). Neurodegenerative diseases are generally
characterised by progressive loss of selectively vulnerable populations of neurons and often the
accumulation of abnormal protein inclusions in the brain (Dugger and Dickson, 2017, Hyman et al.,
2012). Subclinical pathology may be present decades before the onset of cognitive impairment
(Schneider, 2022). Evidence exists for cognitive resilience for accumulating brain pathologies in
ageing, which is thought to be related to a myriad of pathologic, genetic and environmental
factors (Schneider, 2022). There are a number of different and overlapping underlying pathologies
that are frequently observed post-mortem in clinical dementia cases (Figure 1.7). These can be
grouped into neurodegenerative pathology, such as amyloid, tau, a-synuclein and TDP-43
proteinopathies, and vascular features, such as infarcts and small vessel disease (Schneider, 2022).
The accumulation of pathogenic forms of misfolded proteins in neurodegenerative disease can
result in both loss- and gain-of-function. Although there are is variability in the pathways involved,
the end result is shared: neurotoxicity and synaptic loss presenting clinically as dementia. (Raz,

Knoefel and Bhaskar, 2016).
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Figure 1.7. Neuropathologies of Age-Related Dementia: Overview of clinical dementia subtypes,
their associated neuropathologies, and relevant genetic variants. Causative genes are listed
without brackets, while genetic risk factors are indicated in square brackets.

1.2.1 Amyloid pathologies

Amyloid beta (AB) is a small 4 kDa protein fragment composed of 39-43 amino acids that derives
from the amyloid precursor protein (APP). APP is a large transmembrane precursor molecule
present in neurons, vascular and blood cells, and astrocytes. APP plays a role in synaptic formation
and repair. APP is upregulated in neuronal differentiation and after neuronal injury. AB is a by-
product of sequential proteolytic cleavages of APP by B- and y-secretase (Hampel et al., 2021,
Kent, Spires-Jones and Durrant, 2020). AB is expressed in a number of tissues throughout the
body, including the brain, pancreas, appendix and gastrointestinal tract (Kent, Spires-Jones and
Durrant, 2020). Most intracellular AB in neurons is localised to the cytosol but can also be
associated with mitochondria and organelles involved in the secretory pathway. Familial
Alzheimer’s disease typically arises from mutations in the amyloid precursor protein (APP),
presenilin 1 (PSEN1) and presenilin 2 (PSEN2). Of these, PSEN1 mutations are the most common,
followed by APP. These mutations alter y-secretase activity, promoting the production of longer,

aggregation-prone AP isoforms, particularly ABaz.

There are two major isoforms of AB produced by the sequential cleavage of APP: soluble ABso and

insoluble ABa (Hampel et al., 2021). These isoforms are of varying length, primarily ABao and the
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more aggregation prone AB42. AB monomers can aggregate into soluble oligomers, protofibrils,
and eventually insoluble fibrils that form the core of plaques (Tolar et al., 2021). Among these,
soluble AB oligomers are considered the most neurotoxic species, disrupting synaptic function and
contributing to cognitive decline, even in the absence of overt plaque deposition (Hampel et al.,

2021).

The role of AB under homeostatic conditions remains unclear and poorly defined (Sun, Chen and
Wang, 2015). The absence of amyloid does not appear to lead to any obvious cytotoxic loss of
function. Potential roles of amyloid include the activation of kinases, regulation of cholesterol
transportation, functioning as a transcription factor, and possible pro-inflammatory antimicrobial
activity (Li et al., 2018). AB is also thought to play a role in the regulation of vasculature and
myelination (Kent, Spires-Jones and Durrant, 2020). Levels of AB increase following stroke, spinal
cord injury and traumatic brain injury suggesting that it may have a protective role within neurons

(Kent, Spires-Jones and Durrant, 2020).

Despite investigation over several decades, the mechanisms involved in the pathogenesis of
Alzheimer’s disease remain unclear and widely debated. The most widely accepted theory is the
amyloid cascade hypothesis in which A is the initiator of a series of events that eventually leads
to Alzheimer’s disease (Sun, Chen and Wang, 2015). The amyloid cascade hypothesis proposes
that AB is the main cause of Alzheimer’s disease and postulates that the misfolding of extracellular
AB protein found in neuritic plaques and the intracellular deposition of misfolded tau protein as
neurofibrillary tangles results in memory loss and changes in cognition mood and behaviour over
time (Chen et al., 2017). The amyloid cascade hypothesis, originally proposed by Hardy, and
Higgins (1992), postulates that the aggregation of AB as neuritic plaques leads to neurotoxicity and
dementia by pathogenic mechanisms that contribute to the pathogenesis of Alzheimer’s disease
and other amyloidopathies (Chen et al., 2017). Although AP does aggregate to form the fibrils
found in amyloid plaques associated with Alzheimer’s disease, many studies have suggested that
there is no direct correlation between amyloid plaque burden and the synaptic and neuronal loss
seen in Alzheimer’s disease (Chen et al., 2017). Generally, a linear pathway that begins with AB
formation and ends with Alzheimer’s disease dementia (Herrup, 2015). The imbalance in
production and clearance leads to the aggregation of AR in the brain, initiating a neurotoxic
cascade (Herrup, 2015). The presence of misfolded A is thought to accelerate the formation of

neurofibrillary tangles that eventually cause synaptic failure and neuronal death (Herrup, 2015).
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Increased production of insoluble and aggregation prone ABa;, and a corresponding reduction in
soluble ABao, is a common feature of both familial and sporadic Alzheimer’s disease and is thought
to be the catalyst for the aggregation of hyperphosphorylated tau and neurotoxicity (Sun, Chen
and Wang, 2015, Kent, Spires-Jones and Durrant, 2020).

The main strength of the amyloid cascade hypothesis is the increased frequency of amyloid
plagues in Alzheimer’s disease affected brains. The presence of plaques as seen with biomarker
studies is also associated with an increased risk of Alzheimer’s disease. Furthermore, some subject
with amyloid burdens and early dementia do experience improved cognition with anti-amyloid
therapies (Herrup, 2015). There are however several weaknesses of the amyloid cascade
hypothesis. In terms of pathology, neurofibrillary tangles have a stronger correlation with
neurodegeneration than amyloid plaques and individuals with substantial amyloid plaque burdens
can have normal cognition. Clinically, after Alzheimer’s disease begins, immunoclearance of
plagues does not improve cognition. Until recently, no phase 3 clinical trials based on the
hypothesis had been successful (Walsh and Selkoe, 2020). Inhibition of gamma-secretase
increased AD symptoms. Furthermore, there is some circularity within research based on findings
from over 100 years ago. By definition, there is no Alzheimer’s disease without amyloid pathology
and the presence of amyloid pathology without clinical dementia is “preclinical Alzheimer’s
disease” (Jicha et al., 2012). This only makes sense if there is complete certainty that AB directly
causes AD. Notably, substantial AR plaque burden can be present in cognitively normal older
individuals, with the prevalence of AB plagues continuing to increase with age, suggesting a
degree of cognitive resilience or preclinical AD (Sperling, Mormino and Johnson, 2014, Davis et al.,
1999). This highlights the complexity of AD pathology and the potential role of compensatory

mechanisms or protective factors (Stern, 2012, Walker and Richardson, 2023).

AB plaques accumulate extracellularly from the aggregation and fibrillation of AP peptides that are
released from neurons into the extracellular space (Arnsten et al., 2021) . The pathological
accumulation of misfolded amyloid is most frequently associated with Alzheimer’s disease as it is a
hallmark pathology. However, the accumulation of amyloid, at least to some extent, is seen in the
majority of age-related neurodegenerative diseases. Deposits of amyloid are mainly observed as
plagues in the neocortex and hippocampus, and as CAA in the cerebral vasculature (Chen et al.,
2017). Amyloid deposition in the brain occurs in a number of forms, including diffuse or dense

amyloid plaques and cerebral amyloid angiopathy (Figure 1.8).
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Figure 1.8. Amyloid-f Histology: Histological images of B-amyloid, diffuse amyloid deposits,
neuritic plaques, and cerebral amyloid angiopathy (CAA), across different brain regions. Own
images produced on a Nikon Eclipse 90i using immunohistochemistry from postmortem brain
tissue from the Brains for Dementia Research programme stored in the Newcastle Brain Tissue
Resource.

Amyloid plaques are aggregations of A found in the extracellular space between neurons in the
brain and can be in diffuse or neuritic form. Diffuse pre-amyloid plaques are poorly delineated
extracellular accumulations of non-fibrillary misfolded AR that are not associated with dystrophic
neurites. Diffuse plaques are amorphous and irregular. It is thought that diffuse plaques may later
form into classical senile neuritic plaques. Mature amyloid plaques are spherical and consist of a
central AB core with fibrillary outward extensions encompassing surrounding dystrophic neurites.
Alzheimer’s disease is characterised, in part, by the accumulation of the AB protein in specific
brain regions in the form of diffuse and neuritic plaques (Chen et al., 2017). Dense AP aggregates
comprise the main constituent of the neuritic plaques found in ageing brains that are a hallmark
feature of Alzheimer’s disease, together with neurofibrillary tau tangles. Diffuse plaques are
common in the caudate nucleus and putamen of the basal ganglia and the cerebellum. Neuritic

plagues are more commonly found in the neocortex, particularly in association areas.

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5

Figure 1.9 Thal Phases of B-amyloid Deposition: Representation of the Thal staging system for
amyloid deposition, which classifies the progression of amyloid plagues in the brain across distinct
phases. These phases reflect the regional spread of amyloid pathology, starting in the neocortex
and advancing to subcortical structures. Adapted from Hampel et al. (2021) and Thal et al. (2002).

A staging system of AP pathology, proposed by Thal et al. (2002), sequences the formation of
plaques in the brains of Alzheimer’s disease patients (Wharton et al., 2019) and is illustrated in
Figure 1.9. Diffuse plaques appear earlier in the disease course than neuritic plaques. In Phase 1,

plagues are present in the neocortex. In Phase 2, plaques are observed in the allocortex,
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hippocampus and amygdala. In Phase 3, the basal ganglia and diencephalon are affected. In Phase
4, plaques are present in the midbrain and medulla. By Phase 5, the pons and cerebellum are also
affected (Thal et al., 2002). The CERAD neuritic plaque scoring system was developed to assess

burden. Scores include sparse, moderate, and frequent burden of neuritic plaques.

Cerebral amyloid angiopathy is a type of blood vessel disease in which AB deposits are found in
the walls of cerebral and meningeal blood vessels. Although technically a disease of the
vasculature, CAA is associated with risk factors for Alzheimer’s disease, rather than vascular
disease, including the accumulation of AB protein (Schneider, 2022). Although associated with AD,
not all AD cases have CAA and vice versa. CAA is also associated with infarcts, haemorrhages, and
cognitive impairment (Schneider, 2022). Increased production and abnormal clearance of AB are
thought to be responsible for the deposition in blood vessels seen in CAA. CAA can be classified as
one of two types. Type 1 is characterised by detectable amyloid deposits within cortical capillaries,
and within leptomeningeal and cortical arteries and arterioles (Greenberg and Charidimou, 2018).
Type 2 is more prevalent and characterised by amyloid deposits in leptomeningeal and cortical

arteries and arterioles but not capillaries.

The most prevalent cooccurring pathology in brains with neuritic AR plaques is neurofibrillary
tangles, the second hallmark pathology of Alzheimer’s disease. AB plaques are thought to
accelerate the spread of tau and cognitive decline in Alzheimer’s disease (Busche and Hyman,
2020). As Alzheimer’s disease is the most common pathology observed post-mortem in dementia
cases, neuritic AB plaques are an abundant pathology type in the ageing brain. However, further
concomitant pathology in Alzheimer’s disease is also common, with pure AD accounting for a
minority of cases in autopsy series (Robinson et al., 2018b). Robinson et al. (2018b) found AR
pathology in 80% of neocortical Lewy body disease cases and over 50% of non-neocortical cases.
In addition, concomitant CAA was common, reported in 64% of AD cases in the same autopsy
series (Robinson et al., 2018b). Over 50% of AD cases had sufficient pathology to meet

neuropathological criteria for multiple neurodegenerative diseases.

1.2.2 Tauopathies

Tau is a 55-62 kDa soluble, unfolded, microtubule-associated protein (MAP) encoded by the MAPT
gene on chromosome 17 (Forrest and Kovacs, 2022, Kent, Spires-Jones and Durrant, 2020). Tau is
a vital component of the neuronal skeleton that is responsible for numerous essential functions

within cells, including the maintenance of the cellular architecture (Tabeshmehr and Eftekharpour,
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2023). Tau is expressed in a range of tissues throughout the body, including cardiac cells, skeletal
muscle, the pancreas and the kidneys (Kent, Spires-Jones and Durrant, 2020). In healthy adult
brains, tau is expressed in neurons of cortical and hippocampal regions and, in trace amounts, in
astrocytes and oligodendroglia (Tabeshmehr and Eftekharpour, 2023). Six isoforms of tau are
expressed in the adult human brain as a result of alternative splicing: three isoforms with three
microtubule repeat domains (3-repeat tau) and three isoforms with four microtubule repeat
domains (4-repeat tau) (Kametani and Hasegawa, 2018). Healthy adult brains contain balanced

levels of 3R and 4R tau isoforms (Chung et al., 2021).

Under normal conditions, tau is involved in the maintenance of microtubule stability through
interaction with tubulin and the promotion of axon assembly (Tabeshmehr and Eftekharpour,
2023). Additional roles include the regulation of critical cell processes, synaptic function,
maintenance of cell shape, proper cell division and healthy transport of organelles. Within
neurons, tau is predominantly found in the axon, where it binds to tubulin, promoting
polymerisation, regulating stability and microtubule spacing (Arendt, Stieler and Holzer, 2016).
Microtubular organisation is critical for axon stability and the trafficking of material and organelles
to and from the cell body and tau is essential in preventing microtubule disintegration (Kent,

Spires-Jones and Durrant, 2020).
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Figure 1.10. Tau Pathology: Normal Function, Accumulation, and Pathological Forms. lllustration
depicting the normal function of tau in microtubule stabilization, its pathological accumulation,
and the different types of tau aggregates that lead to tauopathies. The figure also distinguishes
between various tau species, including those associated with neurofibrillary tangles, paired helical
filaments, and other tau inclusions. Adapted from Zhang et al. (2022) and Chung et al. (2021)

Under pathological conditions, the ratio of 3R and 4R tau isoform shifts, leading to the
accumulation of misfolded intracellular tau. In contrast to the amyloid cascade hypothesis, the tau
hypothesis proposes that tau is the principle causative substance of neurodegeneration in
Alzheimer’s disease, rather than AB (Arnsten et al., 2021, Braak and Del Tredici, 2014). It states
that neurofibrillary tangle pathology precedes the formation of AB plaques and that the
hyperphosphorylation and subsequent aggregation of tau is the primary cause of
neurodegeneration (Figure 1.10). In this theory, tau becomes abnormally phosphorylated and
dissociates from microtubules (Pooler et al., 2013). Hyperphosphorylated tau aggregates
intracellularly first into oligomers, then as paired helical filaments (PHF) and eventually as
filamentous brain inclusions referred to as NFTs neurofibrillary tangles (NFT) (Pooler et al., 2013,
Arnsten et al., 2021). The dissociation of tau from microtubules leads to destabilisation and
prevention of microtubule assembly, causing neurodegeneration through synaptic dysfunction (Di

et al., 2016). Neurons with intracellular neurofibrillary tangles are characterised by loss of
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cytoskeletal stability. Under pathologic conditions, the balance of 3R and 4R isoforms is disrupted.
The spread of both 3-repeat (3R) and 4-repeat (4R) tau isoforms can induce neurodegeneration

and propagation of tau pathology (Stamelou et al., 2021).

Cprimary M GR

Tauopathies

Figure 1.11. Classification of Tauopathies: Primary and Secondary Tauopathies and Tau Isoforms.
Tauopathies are divided into primary tauopathies where tau aggregation is the central feature, and
secondary tauopathies which result from external factors. The figure also illustrates the two main
tau isoforms: those with 3 microtubule-binding repeats (3R) and those with 4 repeats (4R), whose
distribution and aggregation patterns are linked to specific tauopathies. Abbreviations: PiD, Pick’s
disease; PSP, progressive supranuclear palsy; CBD, corticobasal degeneration; AGD, argyrophilic
grain disease; ARTAG, age-related tau astrogliopathy; PART, primary age-related tauopathy; AD,
Alzheimer’s disease; CTE, chronic traumatic encephalopathy.

As outlined in Figure 1.11, tauopathies are classified based on the most prevalent tau isoform that
accumulates and whether the accumulation of tau is considered to be the primary or secondary
pathology present in each specific neurodegenerative disease (Zhang et al., 2022). The majority of
primary tauopathies present clinically as frontotemporal dementias and predominantly result in
atrophy restricted to the frontal and temporal cortices. Alzheimer’s disease (AD) and chronic
traumatic encephalopathy (CTE) are considered to be secondary tauopathies to AB and trauma
respectively, which are considered to be the principle causative agents, whereas primary age-
related tauopathy (PART) is classified a primary tauopathy, despite being characterised by the
same neurofibrillary tangle pathology present in AD, due to the absence of any significant AB
deposition (Chung et al., 2021). Tau isoform groups include 3-repeat, 4-repeat and both 3- and 4-
repeat inclusions. Both 3R and 4R tau isoforms are present in Alzheimer’s disease, primary age-
related tauopathy, and chronic traumatic encephalopathy. The main tauopathy characterised by

the accumulation of 3-repeat tau immunopositive intracellular inclusions is Pick’s disease
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(Stamelou et al., 2021). There are a number of tauopathies characterised by the accumulation of
4-repeat tau immunopositive inclusions in neurons and glia, which include progressive
supranuclear palsy (PSP), corticobasal degeneration (CBD), argyrophilic grain disease (AGD), and
age-related tau astrogliopathy (ARTAG). Primary tauopathies include PART, PiD, PSP, CBD, AGD
and ARTAG (Chung et al., 2021).

The most common tau pathology seen in dementia is neurofibrillary tangles in Alzheimer’s
disease. Neurofibrillary tangles are not specific and in some neuropathological studies have been
reported in almost every brain (Robinson et al., 2018b). Neurofibrillary tau tangles are insoluble
and protease resistant aggregates and a fundamental neuropathological hallmark of Alzheimer’s
disease, along with diffuse and neuritic AB plaques (Nelson et al., 2012). Alzheimer’s disease
neuropathological change (ADNC) is classified as a secondary tauopathy as neuropathological
diagnosis requires both amyloid deposition and tau aggregation (Chung et al., 2021). Tau lesions in
Alzheimer’s disease include neurofibrillary tangles (NFTs) and neuropil threads (NT) composed of
paired helical filaments (PHFs) and straight filaments (SFs) that are immunoreactive for both 3R

and 4R tau (Chung et al., 2021).

\

Stages I-ll Stages llI-IV Stages V-VI

Figure 1.12. Topographical Distribution of Neurofibrillary Tangles: Illustration of the
topographical distribution of neurofibrillary tangles (NFTs) across Braak stages, with emphasis on
the brain regions typically affected at each stage of the disease. Adapted from Oostveen, and
Lange (2021).

In Alzheimer’s disease, the accumulation of neurofibrillary tangles follows a typical pattern of
progression first described by Braak , and Braak (1991) as illustrated in Figure 1.12. In Braak stages
I and Il, neurofibrillary tangles are confined to the transentorhinal region of the brain (Braak et al.,
2006). In Braak stages lll and IV, there is involvement of the limbic regions, including the
hippocampus (Braak et al., 2006). In stages V and VI, there is extensive neocortical involvement

(Braak et al., 2006).
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Neurofibrillary tangle pathology has the strongest correlation with cognitive decline (Nelson et al.,
2012). One of the strengths of the tau hypothesis is that neuropathological data has shown that
tau pathology precedes AB deposition by ~10 years and the stronger correlation between the
clinical progression of AD and tau pathology compared to AB (Alafuzoff et al., 2008). Hippocampal
neurofibrillary tangles have been associated with a number of neuropsychiatric symptoms in
dementia including aggregation and depression. Pure Alzheimer’s disease accounts for a minority
of cases (approximately 35%), with the majority having concomitant aSyn or TDP-43 pathology
(Robinson et al., 2018b). Both Robinson et al. (2018b) and Visanji, Kovacs , and Lang (2021)
reported Lewy pathology in at least 40% of all AD cases (Visanji, Kovacs and Lang, 2021). TDP-43
co-pathology was also present in 33% of intermediate ADNC cases and 40% of high ADNC cases
(Robinson et al., 2018b). The majority of TDP-43 co-pathology reported in Alzheimer’s disease is
confined to limbic regions (Robinson et al., 2018b). In other neurodegenerative diseases, tau is a
highly prevalent co-pathology, present in 100% of limbic and neocortical Lewy body disease cases
(Robinson et al., 2018b). Distinguishing features of primary and secondary tauopathies are

illustrated in Figure 1.13.
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Figure 1.13. Distinguishing Features of Primary and Secondary Tauopathies: Key pathological
features distinguishing primary and secondary tauopathies, including PSP (progressive
supranuclear palsy), CBD (corticobasal degeneration), AGD (argyrophilic grain disease), ARTAG
(age-related tau astrogliopathy), PiD (Pick’s disease), AD (Alzheimer’s disease), and CTE (c