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ABSTRACT: Neurodegenerative diseases are a pathologically, clinically and genetically diverse group of disorders without effective disease-
modifying therapies. Pathologically, these disorders are characterised by disease-specific protein aggregates in neurons and/or glia and
referred to as proteinopathies. Many neurodegenerative diseases show pathological overlap with the same abnormally deposited protein
occurring in anatomically distinct regions, which give rise to specific patterns of cognitive and motor clinical phenotypes. Sequential distri-
bution patterns of protein inclusions throughout the brain have been described. Rather than occurring in isolation, it is increasingly recognised
that combinations of one or more proteinopathies with or without cerebrovascular disease frequently occur in individuals with neurodegen-
erative diseases. In addition, complex constellations of ageing-related and incidental pathologies associated with tau, TDP-43, Aβ, α-synuclein
deposition have been commonly reported in longitudinal ageing studies. This review provides an overview of current classification of neuro-
degenerative and age-related pathologies and presents the spectrum and complexity of mixed pathologies in community-based, longitudinal
ageing studies, in major proteinopathies, and genetic conditions. Mixed pathologies are commonly reported in individuals>65 years with and
without cognitive impairment; however, they are increasingly recognised in younger individuals (<65 years). Mixed pathologies are thought to
lower the threshold for developing cognitive impairment and dementia. Hereditary neurodegenerative diseases also show a diverse range of
mixed pathologies beyond the proteinopathy primarily linked to the genetic abnormality. Cases withmixed pathologiesmight show a different
clinical course, which has prognostic relevance and obvious implications for biomarker and therapy development, and stratifying patients for
clinical trials.

RÉSUMÉ : Concepts actuels de pathologies mixtes dans les maladies neurodégénératives. Les maladies neurodégénératives constituent un
groupe de troubles diversifiés sur les plans pathologique, clinique et génétique pour lesquels on ne dispose d’aucun traitement modificateur de la
maladie qui soit efficace. Du point de vue pathologique, ces troubles se caractérisent par des agrégats protéiques spécifiques de lamaladie dans les
neurones et/ou les cellules gliales; on les appelle protéinopathies. De nombreuses maladies neurodégénératives présentent des recoupements
pathologiques, soit la formation des mêmes dépôts anormaux de protéines dans des régions anatomiques différentes, ce qui donne lieu à
des phénotypes cliniques particuliers de symptômes moteurs et cognitifs. Des schémas de distribution séquentiels d’inclusions de protéines dans
différentes zones du cerveau ont été décrits. On constate de plus en plus que ces protéinopathies, plutôt que d’être isolées, s’unissent à deux ou
plusieurs, et peuvent s’accompagner ou non d’unemaladie vasculaire cérébrale, phénomène qui se produit souvent chez les personnes atteintes de
maladies neurodégénératives. En outre, des groupes complexes de pathologies fortuites et liées au vieillissement, associées à des dépôts de
protéines tau, TDP-43, Aβ et α-synucléine, sont souvent rapportés dans des études longitudinales sur le vieillissement. Ainsi, le compte rendu
donne un aperçu de la classification actuelle des pathologies neurodégénératives, liées à l’âge, et présente le spectre et la complexité des pathologies
mixtes dans les études longitudinales sur le vieillissementmenées dans la collectivité, qui portent sur les troubles génétiques et les protéinopathies
d’importance. Des pathologies mixtes sont couramment rapportées chez des patients de plus de 65 ans présentant ou non une atteinte cognitive,
mais elles sont également de plus en plus observées chez les personnes plus jeunes (moins de 65 ans). Les pathologies mixtes abaisseraient le seuil
d’apparition de troubles cognitifs et de démence. Les maladies neurodégénératives héréditaires se manifestent aussi sous diverses formes de
pathologies mixtes et ne se limitent pas à la protéinopathie principalement liée à l’anomalie génétique. Les patients atteints de pathologies mixtes
pourraient présenter une évolution clinique différente, ce qui a une incidence sur le pronostic et des conséquences importantes tant dans
l’élaboration de traitements et de biomarqueurs que dans le classement des patients dans les essais cliniques.
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Introduction: Current Concepts of Neurodegenerative
Diseases

Demographic changes have led to an increased prevalence of age-
related brain disorders; however, no drugs are approved for clinical
use that halt or even slow the disease process. Furthermore, there
are no reliablemarkers of the earliest stages of disease, which would
be essential to provide a window for preventive or neuroprotective
interventions before the onset of clinical symptoms. Amajor group
of age-related brain disorders are neurodegenerative diseases that
are characterised by selective regional neuronal loss and dysfunc-
tion of neuronal and glial networks, which correlate to the diverse
clinical phenotypes observed in patients. Discoveries over the past
decades have recognised that a crucial feature of neurodegenerative
diseases is the deposition of abnormal protein aggregates in neu-
rons and/or glia, which are considered sufficient to cause disease.
Recognition that biochemical modification/s of these proteins are
central to the pathogenesis of neurodegenerative diseases has
served as the foundation for developing disease-specific bio-
markers that capture and differentiate the main type/s of protein
abnormality responsible for neurodegenerative diseases, some of
which are used in clinical practice. Further advances in biomarker
development will provide much needed opportunities to confirm
the clinical diagnosis in patients, track disease progression, better
stratify patients for clinical trials and monitor the effects of thera-
peutic intervention.1,2 However, despite these advances, there are
no biomarkers to preclinical disease, which would allow predica-
tion of neurodegenerative disease conditions or combined neuro-
degenerative diseases.

Major concepts to understand neurodegenerative disease can be
summarised as follows:

1. To emphasise the role of abnormally deposited proteins in the
pathogenesis, neurodegenerative diseases are also referred to as
proteinopathies. Recent advances in deciphering the molecular
pathological, biochemical, genetic and structural properties of
protein aggregates have led to the reclassification of these con-
ditions. This allows more accurate diagnosis and classification
of neurodegenerative diseases, and the potential development of
sensitive biomarkers and therapeutic strategies not previously
considered for these disorders.

2. Significant advances in disease classification and understanding
the pathogenesis of neurodegenerative diseases have emerged
from key studies investigating the role/s of proteinaceous infec-
tious particles (prion),3 cell-to-cell propagation and disease-
specific protein strains that are currently discussed for various
neurodegenerative diseases. This implies that a conformational
change of a physiological protein leads to abnormal filaments
that can convert further physiological protein molecules into
an abnormal structure. This concept is the basis of the protein
misfolding cyclic amplification and has been used to develop a
diagnostic procedure called real-time quaking induced conver-
sion (RT-QuIC).4–7 The structure of pathological filaments and
the seeding behaviour of the same protein can be associated
with distinct clinicopathological phenotypes.

Experimental observations have revealed different mecha-
nisms leading to cell-to-cell propagation of pathological forms
of proteins.8 This has been complemented by the recognition of
sequential involvement of brain regions in neuropathology
leading to the definition of stages and phases of diseases.9 As
a translation to the clinical practice, the concept of preclinical

or pre-symptomatic disease has been introduced.10,11 Further
observations show that these proteins may deposit in peripheral
organs and provide the opportunity for peripheral tissue-based
diagnostics.12

The concept of strains of disease has been discussed for vari-
ous neurodegenerative proteinopathies.13 Accordingly, various
protein folds show distinct propagation patterns in the brain
(and in experimental models) leading to heterogenous clinico-
pathological phenotypes associated with the same proteins
and subsequent subtyping of neurodegenerative diseases.
Subclassification might differ for the distinct proteins and
include genetic polymorphisms or biochemical alterations of
the specific protein, the structure of protein filaments or be
solely based on morphological differences in the deposition
of pathologically altered proteins in the brain.14

3. Over the past decade, it is increasingly recognised that one or
more proteinopathies and/or cerebrovascular disease (CVD)
occur in individuals with neurodegenerative diseases, rather
than occurring in isolation.15,16 Large autopsy studies have dem-
onstrated that the prevalence of age-related proteinopathies and
CVD increase in prevalence with advancing age and are com-
monly found in individuals aged >65 years and in a range of
neurodegenerative diseases, and careful discrimination is
required to differentiate these from neurodegenerative
proteinopathies.

This review provides an overview of the current classification of
neurodegenerative diseases and age-related pathologies and
presents the spectrum and complexity of mixed pathologies and
their clinicopathological relevance. To describe cases with the pres-
ence of multiple neurodegenerative proteinopathies or cases with
mixed neurodegenerative pathologies and another type of pathol-
ogy including age-related pathologies and/or CVD, collectively, the
term "mixed pathology" is used in this review. Mixed pathologies
are generally considered to lower the threshold for cognitive
impairment and dementia. In addition, mixed pathologies add
to the complexity of how neurodegenerative diseases are classified
and have obvious implications for concepts surrounding disease
pathogenesis and determining the clinicopathological relationship,
biomarkers and neuroimaging studies.

Classification of Neurodegenerative Diseases

Neurodegenerative diseases are characterised histologically by
neuronal and synaptic loss, associated with activated microglia-
and reactive astrogliosis, with the severity and distribution of selec-
tive neurodegeneration correlating with the diverse clinical pheno-
types observed in patients. Early studies established the presence of
a neuroinflammatory response in Alzheimer's disease (AD),17

which is also observed in Lewy body diseases (LBD), frontotempo-
ral dementia (FTD) and other neurodegenerative diseases.18

However, limited studies have focused on the neuroinflammatory
response in cases with mixed pathologies and whether combined
pathologies are likely to accelerate this response in affected brain
regions remains unknown. These are likely to be areas of future
interest given the prevalence of mixed pathologies observed in
longitudinal aging and neurodegenerative cohorts.

The classification of neurodegenerative and age-related protei-
nopathies is based on the brain regions and cell type/s affected, the
main abnormally deposited protein/s, and disease aetiology if
known, e.g., the presence of a genetic abnormality.14 Together,
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the protein abnormalities and cell types affected determine the spe-
cific regional and cellular vulnerabilities in these disorders. The
molecular neuropathological classification and diagnosis of neuro-
degenerative diseases are based on the following:14

A. The anatomical distribution and severity of neuronal loss and
gliosis. Additional features including spongiform change and
vascular lesions as observed with histological stains are also
considered. A peculiar pattern of neuronal degeneration is
called frontotemporal lobar degeneration (FTLD) that is asso-
ciated with various clinical presentations summarised under
the clinical umbrella term FTD. Importantly, neurodegener-
ative proteinopathies associated with FTLD are further classi-
fied as FTLD-tau, -TDP, FET or UPS.19,20 In FTLD, these
proteins converge on the same anatomical brain regions and
cellular populations to produce similar clinical phenotypes.
Furthermore, multiple pathological subtypes within each pro-
teinopathy are recognised that are associated with hetero-
geneous biochemical properties and cell type/s and/or
cellular compartment affected. This complex diversity in the
main proteinopathy deposited with the same clinical pheno-
type is not observed to same extent in other neurodegenerative
diseases.

B. The presence of intracellular and/or extracellular protein
deposits in disease-specific anatomical regions and cell type/
s, which are evaluated by immunohistochemical stains. The fol-
lowing are the major proteins associated with almost all adult-
onset sporadic and genetic neurodegenerative diseases and are
summarised in Figures 1 and 2:

1. Tau, a microtubule-associated protein encoded by the
microtubule-associated protein tau (MAPT) gene. Tau is
normally expressed in neurons (and only expressed in trace
amounts in astrocytes and oligodendroglia (http://www.
brainrnaseq.org/)) and has critical functions in the assembly
and stabilisation ofmicrotubules, regulating transport and is
known to interact with other cellular structures.21,22 Six iso-
forms of tau are expressed in the adult human brain from
alternate splicing of exons 2, 3 and 10 of the MAPT gene.
Exclusion of exon 10 generates three isoforms with three
microtubule repeat domains (3-repeat tau), and inclusion
of exon 10 generates three isoforms with four microtubule
repeat domains (4-repeat tau).23 Currently, Tau-proteino-
pathies are further classified based on their biochemical
properties:24

i. 3-repeat tau-immunopositive inclusions predominantly
in neurons,

ii. 4-repeat tau-immunopositive inclusions in neurons and
glia and

iii. 3-repeat and 4-repeat tau-immunopositive inclusions
predominantly in neurons.

2. α-Synuclein, encoded by the α-synuclein (SCNA) gene, is a
140 amino acid protein abundantly expressed in the brain.
α-Synuclein is themain component of filamentous neuronal
and glial inclusions characteristic of LBD and multiple sys-
tem atrophy (MSA), respectively.25,26

3. TAR DNA-binding protein 43 (TDP-43), a highly con-
served 494 amino acid nuclear protein encoded by the
TDP (TARDBP) gene. TDP-43 is normally expressed in
neuronal and glial nuclei and has important functions in
transcription and splicing regulation and a number of

cellular processes includingmRNA stability.27 Under patho-
logical conditions, TDP-43 abnormally redistributes from
the nucleus to the cytoplasm and forms aggregates.
Further genetic abnormalities are also associated with
TDP-43 pathology; the most frequent are associated with
the progranulin (GRN) gene and the chromosome 9 open
reading frame 72 (C9orf72) gene.20

4. FET proteins, a family of RNA-binding proteins with criti-
cal functions in regulating gene expression and mRNA/
microRNA processing, which include fused in sarcoma
(FUS), Ewing’s sarcoma RNA-binding protein 1 (EWSR1)
and TATA-binding protein-associated factor 15
(TAF15).28 FET/FUS-proteinopathies comprise a small pro-
portion of cases,28 and currently, mutations in FET genes are
not considered to be a leading aetiology. However, muta-
tions in the FUS gene have been reported in familial amyo-
trophic lateral sclerosis (ALS).20,29

5. Amyloid-β (Aβ) derives from the amyloid precursor protein
(APP) with the C-terminus ending at amino acids 40 (Aβ40)
or 42 (Aβ42). Both isoforms are found in Aβ plaques. Other
genes associated with Aβ deposition and familial
Alzheimer’s disease (AD) include the presenilin-1
(PSEN1) and presenilin-2 (PSEN2) genes.30 Aβ can also
accumulate in vessel walls in cerebral amyloid angiopathy
(CAA).31

6. Prion protein (PrP) is a 253 amino acid protein encoded by
the PRNP gene. Prion diseases are classified primarily based
on their sporadic, genetic or acquired aetiology and further
based on biochemical/genetic features and morphologically
as transmissible spongiform encephalopathies (i.e., various
aetiological forms of Creutzfeldt-Jakob disease, kuru), tha-
lamic degeneration (i.e., fatal familial insomnia), or PrP cer-
ebral amyloidoses (i.e., Gerstmann-Sträussler-Scheinker
disease and PrP cerebral amyloid angiopathy).32

In addition to these major neurodegenerative proteinopathies,
there are further neurodegenerative diseases where the protein-
aceous aggregates responsible for disease are yet to be identified,
however, these comprise a small proportion of cases.14

Furthermore, there are many hereditary neurodegenerative dis-
eases that are characterised by other abnormal proteinaceous
aggregates. For example, the trinucleotide repeat disorders (e.g.
Huntington’s disease, some spinocerebellar ataxias and spinal
and bulbar muscular atrophy, atrophin-1), and rare, inherited dis-
orders including neuroserpinopathy, ferritin-related neurodegen-
erative diseases, and familial cerebral amyloidosis.14,33

Recent Advances on the Stratification of
Neurodegenerative Diseases

In the near future, a further stratification level incorporating
unique self-seeding behaviour and structure of pathological pro-
tein filaments will add further layers to the classification of neuro-
degenerative diseases. Indeed, recent studies have identified unique
structures of protein filaments by cryo-electron microscopy (cryo-
EM) (for review see),34 as described for Aβ,35,36 and allows further
subtyping for example of major tauopathies,37 or better under-
standing the differences in disease course between cases within
the same neuropathology group, as exemplified by observations
in α-synucleinopathies.38 Despite less cryo-EM data for human tis-
sue-derived TDP-43,39 or only currently initial structural studies
provide a basis for future attempts.34 The concept of strains is also
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increasingly considered for human disease subtyping.40,41 As a pro-
vocative concept, combined proteinopathies might represent dis-
tinct "strain-like" features from those associated with conditions
accumulating only one protein,42 whichmight open further aspects
for classification.

Disease Propagation and Pathological Staging

Disease progression is characterised by the spreading of pathologi-
cal aggregates and neuronal degeneration to an increasing number
of brain regions over time, from one vulnerable region to the
next. For most neurodegenerative diseases, this is well-described
and occurs in a stereotypical and hierarchical pattern of selective

regional involvement, summarised in Table 1. These studies
underpin the concept that neurodegenerative proteins propagate
throughout the nervous system, where disease-associated protein
seeds are responsible for the initiation and spreading of protein
aggregates. To date, while the majority of pathological staging
studies have focused on neuron-to-neuron propagation, emerg-
ing evidence suggests that glia (astrocytes and oligodendroglia)
are likely to have an important role in pathological spread
throughout the brain. Defining cell-specific stages of pathologi-
cal staging/disease progression, as recently described in
progressive supranuclear palsy (PSP),43 have important implica-
tions for understanding the earliest stages of disease, propagation
and progression.

Figure 1: Classification of the major neurodegenerative diseases and subtypes, and ageing-related pathologies by the main protein deposited. aFTLD-U = atypical
frontotemporal lobar degeneration with ubiquitin inclusions; AD= Alzheimer’s disease; AGD= argyrophilic grain disease; ARTAG = ageing-related tau astrogliopathy;
BIBD = basophilic inclusion body disease; CAA = cerebral amyloid angiopathy; CBD= corticobasal degeneration; DLB = dementia with Lewy bodies;
DRPLA = dentatorubral-pallidoluysian atrophy; FET/FUS = FET family of protein, including fused in sarcoma; FTLD = frontotemporal lobar degeneration;
FTLDNOS = FTLD not otherwise specified; FTLDUPS= FTLD with ubiquitin-proteasome system; FXTAS= fragile X-associated tremor/ataxia syndrome;
GGT = globular glial tauopathy; HD = Huntington’s disease; iLBD = incidental Lewy body disease; LATE-NC= limbic-predominant age-related TDP-43 encephalopa-
thy-neuropathological change; MND=motor neuron disease; MSA=multiple system atrophy; NFerr = hereditary ferritinopathy; NSerp= neuroserpinopathy;
NIFID = neuronal intermediate filament inclusion disease; PART = primary age-related tauopathy; PD = Parkinson’s disease; PiD= Pick’s disease;
PSP = progressive supranuclear palsy; PrP = prion protein; SBMA= spinal-bulbarmuscular atrophy; SCA= spinocerebellar ataxia; TDP-43 = TAR DNA-binding protein
43; TO-CI = Tangle-only associated cognitive impairment. Ageing-related conditions are indicated by lighter coloured boxes with dashed borders. The most frequent
mixed pathologies include AD-neuropathological change (tau and Aβ), PART, AGD and ARTAG (tau), LATE-NC (TDP-43) and Lewy body disorders (α-synuclein).
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Figure 2: Neuropathological features of
the major neurodegenerative diseases
and ageing-related tau astrogliopathy.
Panels a–d show neuronal tau morphol-
ogies including a neurofibrillary tangle in
Alzheimer’s disease (a), globose tangle in
progressive supranuclear palsy (b), Pick
body in Pick’s disease (c), tau-immuno-
positive grains found in dendrites in
argyrophilic grain disease (d). Panels e–
h show characteristic glial tau-immuno-
positive features of FTLD-tau including
astrocytic plaques in corticobasal degen-
eration (e), tufted astrocyte in
progressive supranuclear palsy (f),
globular astrocytic inclusions (g) and
globular oligodendroglial inclusions (h)
in globular glial tauopathy. Panels i–l
show α-synuclein-immunopositive
pathological features characteristic of
Lewy body disorders and multiple sys-
tem atrophy including Lewy bodies and
Lewy neurites (i–k) and glial cytoplasmic
inclusions (l). Panels m–p show charac-
teristic TDP-43-immunopositive inclu-
sions in MND (m) and FTLD-TDP (n-p)
including skein-like inclusions in the
hypoglossal nucleus (m), neuronal cyto-
plasmic inclusions and short dystrophic
neurites (n), long dystrophic neurites
(o), and neuronal intranuclear inclusions
(p). FUS-immunopositive inclusions in
the hippocampal dentate gyrus in
FTLD-FUS (q) and the anterior horn of
the spinal cord in FUS-gene mutation
related motor neuron disease (r).
Diffuse synaptic (s) and patchy/periva-
cuolar (t) immunoreactivity for disease-
associated PrP in sporadic Creutzfeldt-
Jakob disease. Aβ diffuse (u) and neuritic
(v) plaques, and Aβ deposition in vessel
walls (w, x), characteristic of cerebral
amyloid angiopathy. Panels y–b’ show
grey matter (y), white matter (z), perivas-
cular (a’) and subpial (b’) ageing-related
tau astrogliopathy (ARTAG). Scale bar in
a= 20 μm (applies to b, c, g, h, p), in
d= 20 μm (applies to l), in e= 50 μm
(applies to i, o), in f = 30 μm (applies to
j, k, m, n), in q = 30 μm (applies to v),
w= 500 μm, r= 50 μm (applies to s, t,
x–b’).
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Table 1: Summary of sequential distribution patterns of protein pathology in neurodegenerative diseases and brain ageing

Proteinopathy Protein Disease/subtype Hierarchical distribution pattern

Tau and Aβ proteinopathy
(Alzheimer’s disease-related)

Tau (3R
and 4R)

Alzheimer’s disease52,111,112 Stages a-c Locus coeruleus, magnocellular nuclei of the basal forebrain

Stage I Trans-entorhinal region

Stage II Entorhinal cortex

Stage III Fusiform and lingual gyri, amygdala, anterior thalamus

Stage IV Superior temporal gyrus

Stage V* Frontal, superolateral and occipital (peristriate) regions, striatum

Stage VI* Primary and secondary neocortical regions and striate area in the occipital lobe, substantia
nigra

Aβ Alzheimer’s disease113 Phase 1 Frontal, parietal, temporal, or occipital cortices

Phase 2 Entorhinal region, CA1, and insular cortex

Phase 3 Basal ganglia, basal forebrain nuclei, thalamus, hypothalamus, white matter

Phase 4 Inferior olivary nucleus, reticular formation of the medulla oblongata, substantia nigra, CA4,
central grey of the midbrain, superior and inferior colliculi, red nucleus

Phase 5 Pontine nuclei, cerebellum

Tau-proteinopathy Tau (3R) Pick’s disease114 Phase 1 Frontotemporal limbic/paralimbic and neocortical regions

Phase 2 Basal ganglia, locus coeruleus, and raphe nuclei

Phase 3 Primary motor cortex and pre-cerebellar nuclei

Phase 4 Visual cortex

Tau (4R) Corticobasal degeneration115 N/A Severity of tau pathology across brain regions has been determined.

Progressive supranuclear palsy43 Stage 1 Subthalamic nucleus, globus pallidus, striatum: mild involvement

Stage 2 Subthalamic nucleus, globus pallidus, striatum: severe involvement

Stage 3 Frontal cortex and dentate nucleus cerebellum white matter: mild involvement

Stage 4 Frontal cortex and dentate nucleus cerebellum white matter: severe involvement

Stage 5 Occipital cortex: mild involvement

Stage 6 Occipital cortex: severe involvement

Globular glial tauopathy N/A Not determined

Argyrophilic grain disease116,117 Stage 1 Ambient gyrus

Stage 2 Anterior and posterior medial temporal lobe, temporal pole, subiculum, entorhinal cortex

Stage 3 Septum, insular cortex, and anterior cingulate gyrus

Stage 4 Neocortex and brainstem

Tau (3R
and 4R)

Primary age-related tauopathy* (Tangle-only
associated cognitive impairment)48,52

Stage I-IV Follows Braak NFT stages
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TDP-43-proteinopathy TDP-43 FTLD-TDP: Type A-D (E) (bvFTD)118 Pattern I Orbital gyri, gyrus rectus, and amygdala

Pattern II Middle frontal and anterior cingulate gyri, anteromedial temporal lobe areas, superior and
medial temporal gyri, striatum, red nucleus, thalamus, pre-cerebellar nuclei

Pattern III Motor cortex, bulbar somatomotor neurons, spinal cord anterior horn

Pattern IV Visual cortex

MND (ALS)119 Stage 1 Agranular motor cortex, brainstem motor nuclei of cranial nerves V, VII, and X–XII, and spinal
cord α-motoneurons

Stage 2 Prefrontal neocortex (middle frontal gyrus), brainstem reticular formation, pre-cerebellar nuclei,
and the red nucleus

Stage 3 Prefrontal (gyrus rectus and orbital gyri), postcentral neocortex and striatum

Stage 4 Anteromedial portions of the temporal lobe, including the hippocampus

TDP-43 in Alzheimer’s disease120 and LATE
stages 1–345

Stage 1 Amygdala (= LATE stage 1)

Stage 2 Entorhinal cortex and subiculum

Stage 3 Hippocampus (=LATE stage 2) and occipitotemporal cortex

Stage 4 Insular cortex, ventral striatum, basal forebrain and inferior temporal cortex

Stage 5 Substantia nigra, inferior olive and midbrain tectum

Stage 6 Basal ganglia and middle frontal cortex (= LATE stage 3)
α-synuclein-proteinopathy α-

synuclein
Parkinson’s disease121 Stage 1 Dorsal IX/X motor nucleus and/or intermediate reticular zone

Stage 2 Caudal raphe nuclei, gigantocellular reticular nucleus, coeruleus–subcoeruleus complex

Stage 3 Substantia nigra pars compacta

Stage 4 Temporal mesocortex (trans-entorhinal region, amygdala) and allocortex (CA2-plexus)

Stage 5 High order sensory association areas of the neocortex and prefrontal neocortex

Stage 6 First order sensory association areas of the neocortex and premotor areas

Dementia with Lewy bodies122 Category 1 Olfactory bulb only

Category 2 Amygdala-predominant

Category 3 Brainstem-predominant

Category 4 Limbic (transitional)

Category 5 Diffuse neocortical

Multiple system atrophy (Cerebellar type)123 Phase 1 Cerebellum, and cerebellar-brainstem connections

Phase 2 Pyramidal and extrapyramidal white matter

Phase 3 Neocortex and basal ganglia grey matter

Phase 4 Amygdala and hippocampus
Multiple system atrophy (Parkinsonian type)124 Phase 1 Striatum, lentiform nucleus, substantia nigra, brainstem white matter tracts, cerebellar

subcortical white matter, and motor, midfrontal, sensory cortices

Phase 2 Spinal cord and thalamus

Phase 3 Hippocampus and amygdala

Phase 4 Visual cortex

*Note that PART pathology does not extend beyond themedial temporal lobe, therefore remains Braak NFT stage I-IV. Braak NFT stages V and VI are generally associatedwith the presence of Aβ plaques, compatible with the diagnosis of AD neuropathological
change.
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Pathological staging has relevance for cases with mixed pathol-
ogy, which might show a high or end stage or phase of one protein-
opathy and an early stage or phase of another neurodegenerative or
age-related proteinopathy. The earliest pathological stages of vari-
ous neurodegenerative proteinopathies are frequently observed
and reported in large autopsy studies and are considered incidental
pathologies. For example, amygdala-predominant or early Braak
Lewy body stages, early Braak neurofibrillary degeneration stages,
and early Thal Aβ phases (Table 1). The clinical relevance of inci-
dental pathologies is largely unknown and whether these would
have progressed to the neurodegenerative disease characterised
by that proteinopathy is difficult to determine. In addition, the
presence of ageing-related pathologies is commonly observed in
neurodegenerative diseases and in the brains of elderly individuals,
particularly over 65 years of age. Hierarchical pathology distribu-
tion patterns and staging schemes have recently been proposed for
two common ageing-related proteinopathies, ageing-related tau
astrogliopathy (ARTAG)44 and limbic-predominant age-related
TDP-43 encephalopathy neuropathological change (LATE-NC)
(Table 1).45

Importantly, the progression and pathological spread of these
neurodegenerative and age-related pathologies occurs through
synaptic and functional connectivity, rather than spatial proxim-
ity,46 and appears to be more selective than observed in prion dis-
eases. Unlike PrP, despite numerous studies that demonstrate that
tau, Aβ and α-synuclein aggregates can propagate from human tis-
sue to preclinical models, there is no epidemiological evidence to
suggest they have similar transmissibility or pose a risk of infectiv-
ity of these diseases.47

Common Age-Related and Incidental Pathologies

In addition to the neurodegenerative disease entities, in the ageing
brain peculiar neurodegenerative pathologies, associated with tau,
TDP-43, Aβ, α-synuclein deposition can be seen. In isolation, these
do not necessarily associate with clinical symptoms but may con-
tribute to lowering of threshold for the development of cognitive
decline.

Tau

• Primary ageing-related tauopathy (PART): a common age-
related tauopathy in individuals> 60 years48 that is character-
ised by Braak neurofibrillary tangle (NFT) stage ≤ IV (severe
hippocampal involvement) with few or an absence of Aβ plaques
and does not fulfill AD neuropathological criteria. In addition,
the regional distribution pattern of NFTs in PART and AD differ,
where a higher density of NFTs are observed in the hippocampal
CA2 region in PART.49 PART is found in neurologically normal
individuals and individuals with cognitive impairment, and also
includes Tangle-only associated cognitive impairment (TO-CI),
which is also considered a subtype of FTLD-tau. PART is one
of the most common age-related pathologies, and there is debate
surrounding whether PART progresses to AD or TO-CI.50,51

Large autopsy studies have shown that by the third decade of life,
almost all individuals will show NFT development.52

• Argyrophilic grain disease (AGD): a common, predominantly
age-related tauopathy characterised by argyrophilic and tau-
immunopositive grains (in dendrites) and oligodendroglial
coiled bodies in the medial temporal lobe.53,54 Similar to
PART, while AGD is a well-recognised and common age-related
pathology, it is also a rare pathological subtype of FTLD-tau.55

• Ageing-related tau astrogliopathy (ARTAG): consensus recom-
mendations described in 2016 standardised the classification
and nomenclature of tau-immunopositive astrocytes commonly
found in the brains of individuals >60 years.56 Identification of
five ARTAG types including grey and white matter, perivascular,
subpial (Figure 2) and subependymal, characterised by two
astrocytic morphologies: 1) thorn-shaped and/or 2) granular
fuzzy astrocytes. Classification is based on regional and sub-
regional involvement, and extent of astrogliopathy. ARTAG
can be differentiated from other tau-depositing disorders and occur
in isolation, but is more commonly observed as an additional co-
existing pathology in a range of neurodegenerative diseases.56,57 The
medial temporal lobe (particularly the amygdala) and basal fore-
brain are predilection sites for ARTAG pathology, however, the
regional distribution and type of ARTAG varies between neurode-
generative diseases and normal aging.57 For example, the basal fore-
brain is a predilection site for ARTAG in aged individuals, lobar
whitematter ARTAG is frequent inADandneocortical greymatter
ARTAG is common in FTLD-tau.57 In addition, different types of
ARTAG are associated with different clinicopathological entities,
and age at death, brain atrophy, ventricular enlargement, Braak
neurofibrillary stage and CERAD score.57,58 Despite these studies,
further investigation is required to determine why different types
of ARTAG and why the anatomical distribution of ARTAG varies
between neurodegenerative diseases. This might be associated with
the stage of sequential involvement of brain regions that reflect dis-
tinct pathogenic mechanisms, such as barrier dysfunction or
mechanical impact.44 The clinical relevance ofARTAG still requires
further clarification.59

TDP-43

• Limbic-predominant age-related TDP-43 encephalopathy neu-
ropathological change (LATE-NC): a recently described nomen-
clature and common TDP-43 proteinopathy typically associated
with advanced age (>80 years) and is also found in individuals
with cognitive impairment, in the absence of a motor neuron or
FTD clinical phenotype.45 Limbic TDP-43 pathology has been a
recognised feature of aging and a range of neurodegenerative
diseases in earlier studies.60 It is characterised by a TDP-43-
immunopositive neuronal cytoplasmic inclusions and/or dystro-
phic neurites in the medial temporal lobe. Additional hippocam-
pal sclerosis may be observed in cases with LATE-NC. Although
it is still debated whether LATE-NC represents an independent
entity, recent studies support the notion that LATE-NC can be
differentiated from FTLD-TDP61 andmay occur in isolation, but
is commonly observed in AD.45 Hippocampal sclerosis is
reported to occur in up to 20% of individuals >85 years.62,63

It is characterised by neuronal loss and gliosis in the hippocam-
pal CA1 region and subiculum that is out of proportion to the
extent of AD neuropathologic change64 and is associated with
the presence of TDP-43 pathology in almost all cases.65

However, the definition of hippocampal sclerosis is often subjec-
tive, which has led to inconsistent interpretation and reporting
of hippocampal sclerosis in the literature.

Aβ

• Aβ plaques, most commonly observed in early phases, begin to
develop in individuals in their 5th-6th decade of life and are
observed in approximately 10% of individuals in this age group.
The incidence and Thal Aβ phase increase in prevalence with
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advancing age. Large autopsy studies have demonstrated that
cases with Aβ plaques also have NFT development.52 Aβ is also
frequently observed in the walls of capillaries and arteries,
referred to as CAA. CAA is a common age-related and incidental
pathology found in asymptomatic individuals, but also occurs in
a variety of hereditary forms of CAA.31,66

α-synuclein

• Lewy bodies confined to the brainstem (earliest Braak LB stages)
and/or amygdala are commonly observed even without specific
clinical symptoms.

In addition to these common ageing-related and incidental
pathologies, unusual constellations of pathologies have been
described in the elderly67 that do not meet criteria for the above
ageing-related and incidental pathologies. Rare cases of neuropa-
thologically confirmed corticobasal degeneration (CBD),68,69

PSP,70,71 MSA72 have also been reported in the absence of clinical
symptoms. These cases are considered incidental and suggest a
pathological burden needs to be reached before the development
of a clinical phenotype.

CVD is another common incidental pathology that has been
described in large autopsy series and increases in prevalence with
advancing age. The incidence and contribution of CVD to clinical
symptoms has proved to be difficult to reconcile largely due to
inconsistent terminologies used. In 2016, the Vascular Cognitive
Impairment Neuropathology Guidelines (VCING) were published
in order to assess the contribution of CVD to cognitive impair-
ment.73 According to this, seven pathologies, including leptome-
ningeal CAA, large infarcts, lacunar infarcts, microinfarcts,
arteriolosclerosis, dilation of the perivascular space andmyelin loss
predicted cognitive impairment.73 The VCING model proposed to
predict the likelihood that CVD contributed to cognitive impair-
ment based on the combinations of three main determinants,
including at least one large (>10 mm diameter) infarct, moder-
ate/severe occipital leptomeningeal CAA, and moderate/severe
arteriolosclerosis in the occipital white matter. These are used to
assign a low, intermediate or high likelihood that CVD contributed
to cognitive impairment in an individual.73 Vascular lesions are
interpreted as strategic for cognitive decline or not and have been
designated as multi-infarct dementia, strategic infarct or subcort-
ical vascular encephalopathy.74 The frequency of vascular lesions
in community-based neuropathology cohorts vary between 28
and 70% without clear differences between individuals with or

without cognitive decline.16 The lack of consensus regarding
assessment of vascular pathology has led to a wide range of
reported prevalence rates of vascular dementia or vascular cogni-
tive impairment. However, these discrepancies may reflect regional
and ethnic differences or distinct management of cardiovascular
risk factors.74 Finally, there is a lack of systematic and comparative
data on the prevalence of combined non-Alzheimer neurodegen-
erative proteinopathies and vascular lesions.

Nomenclature and Definitions Associated with Mixed
Pathology

A combination of pathological alterations and the deposition of
multiple protein deposits is commonly observed in the brains of
elderly individuals and in neurodegenerative diseases. However,
there are inconsistencies in the literature used to describe these
cases (Table 2), and current nomenclature is often difficult to deci-
pher, which has hindered a standardised classification for cases
with mixed pathologies. In addition, the terms "proteinopathy"
and "pathology" are frequently used interchangeably when describ-
ing cases with mixed pathology and it is important to distinguish
the two entities. Here, the term "mixed pathology" is used to
describe cases with a) mixed neurodegenerative pathologies or
b) cases with mixed neurodegenerative pathologies and another
type of pathology e.g., CVD, age-related pathology.

Based on the literature, mixed pathology usually refers to three
underlying conditions:

1. Low-level concomitant pathologies: different proteinopathies
and/or CVD with a restricted anatomical distribution and early
pathological stage or phase. These pathologies are not typically
associated with a specific clinical phenotype. For example, cort-
ical ARTAG and brainstem-predominant Lewy bodies.

2. One severe pathology and further low-level concomitant path-
ologies: this includes one main proteinopathy, which is consid-
ered sufficient to cause the clinical phenotype alone, and at least
one additional low-level concomitant proteinopathy and/or
CVD, which in isolation is not typically associated with a clini-
cal phenotype. For example, AD and low stage LATE-NC, AD
and white matter ARTAG, FTLD-tau and ARTAG.

3. Two (or more) severe pathologies: each is anatomically wide-
spread with a severe density of pathology. Either pathology
in isolation would be considered sufficient to cause a clinical

Table 2: Nomenclature and definitions used in the literature to describe cases with multiple proteinopathies and/or vascular abnormalities

Nomenclature Definition

Concomitant/co-existing
pathology

Additional or combinations of pathological alterations are observed in addition to the hallmark lesions of a
neurodegenerative disease. This can include more than one proteinopathy and/or vascular pathology.

Concomitant/co-existing
proteinopathy

Additional or combinations of more than one proteinopathy.

Mixed pathology Additional pathological alterations of any kind are observed in addition to the hallmark lesions of a neurodegenerative
disease. This term was frequently used to describe additional vascular pathology.

Co-morbid proteinopathy Combinations of neurodegenerative proteinopathies, usually with overlapping pathogenic aspects.78

Cerebral multimorbidity Mixed pathology, which includes the presence of one or more proteinopathies and/or CVD. This can include concomitant,
co-existing and mixed pathology, and co-morbid proteinopathy.

Mixed dementia A clinical term used to describe a pathological entity. More than one disease or type of lesion is detected at postmortem,
most frequently observed in the presence of both AD and CVD pathology.125
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phenotype. Additional low-level concomitant pathologies may
be observed. For example, concurrent FTLD-tau and FTLD-
TDP, or late stages of AD and DLB and severe forms of CVD.

Prevalence of Mixed Pathologies with Ageing and in
Neurodegenerative Diseases

Mixed pathologies are commonly reported in large autopsy studies
and while the majority of studies have focused on individuals >65
years and the elderly >80 years with and without cognitive impair-
ment, it is increasing recognised that mixed pathologies are
observed in younger individuals (<65 years). Despite the high
number of reports describing mixed pathologies in ageing and
neurodegenerative diseases, only recent studies use a combination
of histological, immunohistochemical, biochemical and genetic
methods to evaluate the spectrum of mixed pathologies. These
studies have revealed a previously underappreciated and complex
constellation of mixed pathologies. The prevalence of mixed path-
ologies in individuals with and without cognitive impairment indi-
cates that deposition of these proteins inevitably occur with ageing,
independent of neurodegenerative disease.75 These age-related
pathologies are likely to be present by the time late-onset neuro-
degenerative diseases develop and the number of mixed patholo-
gies increasing with advanced age and longer survival.16,76

However, it is recognised that some neurodegenerative diseases
more commonly have mixed pathologies than others, and some
neurodegenerative disorders are rarely mixed. Studies reporting
the prevalence of mixed pathologies are summarised as follows:

1. Mixed pathologies in community-based, longitudinal ageing
studies

The prevalence of tau, Aβ, α-synuclein and TDP-43 pathol-
ogies, hippocampal sclerosis and vascular pathology in
unselected longitudinal ageing studies has highlighted the com-
plexity, and diverse range and extent of proteinopathies and
mixed pathologies in the ageing brain.15,16,75 These studies
report prevalence rates of up to 68% for AD-related pathology,
38% for ARTAG, 13% for AGD, 75% for TDP-43 pathology,
39% for LB pathology, 29% for hippocampal sclerosis and up
to 70% for vascular pathology (Table 3).

A recent longitudinal community-based cohort of 375 indi-
viduals (mean= 87 years) reported that approximately 12% had
four concomitant proteinopathies (tau, Aβ, α-synuclein and
TDP-43), and 38% had three concomitant proteinopathies.75

Another recent study provides reference data on the frequency
of distinct tau-immunopositive pathologies in the depths of
cortical sulci.77 Since TDP-43 was not discovered until 2006,
the true prevalence of concomitant TDP-43 pathology is likely
to be underestimated in cases collected before this time, which
may not have been re-evaluated and screened for the presence
of TDP-43. However, LATE-NC has been reported to occur in
∼20% of individuals in a community-based cohort aged 75
years, and its prevalence increases with advancing age to
∼75% in the >100-year age group.45

2. Mixed pathologies in major proteinopathies
A range of mixed pathologies have been reported (for

detailed review see: Kovacs78) for the major proteinopathies
(Table 3), which further highlight the complexity of these dis-
orders. For example, AD is frequently associated with ARTAG,

TDP-43/LATE-NC, LB pathology, hippocampal sclerosis and
CVD in almost all cases. Depending on the FTLD-tau subtype,
approximately 60% have Aβ plaques, almost all have ARTAG or
AGD and LB and TDP-43 pathology has been reported in up
20% and 45% of all FTLD-tau cases, respectively.
Interestingly, two recent studies report that early-onset FTLD
and AD can also associate with mixed pathologies.76,79

Approximately 40% of FTLD-TDP and motor neuron disease
(MND) cases have Aβ plaques, one-third have ARTAG or
AGD and LB pathology is reported in up to 15% of all
FTLD-TDP and MND cases. The Lewy body diseases (i.e.,
Parkinson’s disease, Parkinson’s disease dementia and
Dementia with Lewy bodies) are frequently reported with Aβ
plaques (80%), ARTAG (37%) and TDP-43 pathology (33%).
Approximately 40% of MSA cases have Aβ plaques, 10% have
LBs and a small proportion have TDP-43 pathology. Depending
on the age and molecular subtypes examined, up to 23% of spo-
radic CJD cases have LB pathology, 69% have NFTs and less
than 15% have ARTAG or AGD. TDP-43 pathology is rare
in CJD.

3. Mixed pathologies in genetic conditions

Emerging studies have highlighted the presence of mixed
pathologies in a range of genetic neurodegenerative diseases,
which are not associated with the protein encoded by the
mutated gene. Historically, genetic neurodegenerative diseases
were not previously considered to have mixed pathologies and
in addition are likely to show the diverse range and complexity
of age-related and incidental pathologies described above. As
summarised in Yoshida et al.,71 for example, 1) mutations in
the APP, PSEN-1 and PSEN-2 genes causing AD have been
reported with LB pathology, and TDP-43 pathology has been
reported in cases with mutations in PSEN-1 and PSEN-2 genes;
2) PRNP mutations have been reported with a diverse range of
mixed pathologies including AD-related pathology, FTLD-tau
pathologies, ARTAG and LB pathology, however, TDP-43
pathology has not been observed; 3) genetic abnormalities in
the TARDBP, GRN and C9orf72 genes associated with TDP-
43 pathology have been reported with AD pathology (NFTs
and Aβ), LB pathology and ARTAG and 4) mutations in the
HTT gene have been reported with AD and TDP-43 patholo-
gies; AD and TDP-43 pathology, and α-synuclein glial cytoplas-
mic inclusions have been reported in cases with mutations in
LRRK2 and SNCA.78 Fewmixed pathologies have been reported
in cases with a mutation in MAPT, with TDP-43 pathology
reported in a small number of cases.78,80 The APOE ϵ4 allele
is well established to be the greatest genetic risk factor for
AD pathology81,82 and is associated with the largest number
of concomitant pathologies in both early- and late-onset AD.83

Clinicopathological Correlations in Cases with Mixed
Pathology

The regional distribution and severity of neurodegeneration
underlie the diverse clinical phenotypes associated with neurode-
generative diseases. In many of these disorders, neurodegenerative
changes and different proteinopathies converge on the same ana-
tomical regions as the disease progresses to produce similar and
overlapping cognitive, behavioural, linguistic and motor deficits,
rather than the type of protein abnormality present. Throughout
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Table 3: Prevalence (%) of mixed pathologies in community-based, longitudinal ageing studies and major neurodegenerative diseases

Cohort Type of pathology AD-related Aβ NFT only/PART

Tau TDP-43 α-synuclein

HS CVD RefARTAG AGD LATE-NC/other LB pathology

Community-based, longitudinal ± cognitive impairment 19–68 ≤100 ≤100 38 13 13–75 6–39 5–29 31–70 16,52,62,75
Major proteinopathies reported in various studies AD 100 100 – 63 23–58 8–74 42–55 3–15 86 42,76,104,126

FTLD-tau

PiD 15 20 – 77 n/d 0 7–13 n/d n/d 42,96

CBD 11 41 – 100 100 15–45 10–13 n/d n/d 42,93,96,127,128

PSP 26 57 – 99 18–80 6–16 6–22 n/d n/d 42,96,129–131

GGT 2 n/d – n/d n/d 7 5 1 n/d 132

FTLD-TDP 5 42 50 n/d 7 n/d 6–15 n/d n/d 42,96,133

MND 5 36 45 41 37 n/d 6–11 n/d n/d 42,57,106,134

LBD1 10–1002 50–1003 16–63 564 10–25 2–52 n/d n/d 38 42,57,126,135

MSA 8 38 40 43 n/d 4–7 10 n/d n/d 42,136,137

CJD 38–50 n/d 69 15 6–8 rare 9–23 n/d n/d 138–141

AD= Alzheimer’s disease; AGD= argyrophilic grain disease; ARTAG= ageing-related tau astrogliopathy; CBD= corticobasal degeneration; CJD= Creutzfeldt-Jakob disease; CVD= cerebrovascular disease; FTLD= frontotemporal lobar degeneration with tau
or TDP-43 inclusions; GGT= globular glial tauopathy; HS= hippocampal sclerosis; LATE-NC= limbic-predominant age-related TDP-43 encephalopathy neuropathological change; LB = Lewy body; MND =motor neuron disease; MSA=multiple system
atrophy; n/d: not determined; PART= primary age-related tauopathy; PD= Parkinson’s disease; PiD= Pick’s disease; PSP= progressive supranuclear palsy.
1Lewy body disorders (LBD) here include Parkinson’s disease (PD), Parkinson’s disease with dementia (PDD), and dementia with Lewy bodies (DLB)
2Depending on the definitions used (AD with DLB or DLB)
3Depending on the stage of Lewy body pathology.
4Determined for Lewy body disorders and not stratified for PD/DLB.
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the disease course, additional anatomical regions become involved,
with the development of subsequent diverse and complex clinical
symptoms.

These concepts need to be carefully considered in cases with the
presence of mixed pathology to determine whether concomitant
pathology contributes to the clinical phenotype observed.
Similar to the neurodegenerative proteinopathies, this will be influ-
enced by the anatomical distribution, severity and nature of the
concomitant pathology. While severe concomitant pathologies
are considered sufficient to cause a clinical phenotype, e.g., one
severe proteinopathy with clear links to the clinical phenotype,
the extent to which low-level concomitant pathologies are likely
to contribute to the patient’s cognitive and/or motor impairment
is difficult to determine. Low-level concomitant pathologies are not
typically associated with a clinical phenotype and are considered
insufficient to cause clinical symptoms in isolation. However, while
there is a paucity of data on the impact of ageing-related andmixed
pathologies, and the number of mixed pathologies present, on
clinical phenotype/s, it is generally assumed that they lower an
individual’s threshold for developing neurodegenerative proteino-
pathies and/or cognitive decline.84 In addition, the severity of
mixed pathologies increase with advancing age and correlate with
the severity of clinical symptoms.42 Large autopsy studies in indi-
viduals >80 years of age have shown that concomitant pathologies
increase the risk of cognitive impairment85,86 and dementia, and
are associated with a more rapid disease course.75 Importantly, a
recent study has found that the presence of a single concomitant
pathology increases the odds of transitioning from mild cognitive
impairment to dementia by 20-fold.87 Other studies have reported
that each concomitant pathology contributes differently to specific
cognitive domains and cognitive decline, and cognitive trajectories
over time42,63,84,86,88–91 and the number of mixed non-AD pathol-
ogies present have a cumulative effect on clinical progression rate
of early- and late-onset AD.76

In addition to prognostic relevance, there are also examples that
additional pathologies modify the clinical phenotype. The presence
of AD-neuropathologic change and LATE-NC continue to rise
with advancing age, and recent studies have reported that the pres-
ence of both LATE-NC and AD-neuropathologic change is asso-
ciated with a clinical phenotype that is more severe than observed
when either pathology is observed in isolation.75 Moreover, indi-
viduals with LATE-NC are more likely to have AD neuropathol-
ogy, and are clinically distinct from FTLD-TDP with the
presence of visuospatial impairments, delusions, and/or visual hal-
lucinations.92 Additional TDP-43 pathology can alter the clinico-
pathological phenotype as exemplified by CBD with TDP-43
pathology presenting with PSP syndrome as a distinct clinicopa-
thological subtype.93 A few studies have reported that some
ARTAG types correlate with clinical symptoms, but further studies
are required to clarify the clinical relevance of ARTAG. For exam-
ple, while whitematter ARTAG is associated with AD, the presence
of any type of ARTAG is equally prevalent in typical and atypical
presentations of AD.58 However, a negative impact of white matter
ARTAG to language and possibly visuospatial networks has been
discussed,94 expanding observations on widespread grey matter
ARTAG associated with dementia of the elderly.15,67 Indeed, cort-
ical greymatter ARTAGhas been associated with dementia in indi-
viduals aged over 90 years, although ARTAG in other regions
(limbic and brainstem) were not.95 Concomitant CVD and/or
other vascular pathology is challenging to measure and standardise
neuropathologically, and how this correlates to the clinical pheno-
type and disease course is debated. The presence of LBD as an

additional pathology can lead to complex clinical phenotypes,
including sleep disorder and parkinsonism in otherwise dementing
illnesses. Indeed, a recent study showed that association of Lewy
body pathology in FTLD leads to clinical parkinsonism, therefore
impacting the clinical course and therapy strategies.96 Co-existing
Lewy body pathology can cause Creutzfeldt-Jakob disease-like rap-
idly progressive neurological symptoms in sporadic and APP
mutation-related AD.97 Further interesting aspects to mention is
when a genetic prion disease begins with long-standing parkinson-
ism due to LBD but associates with rapidly progressive dementia in
the terminal phase due to additional idiopathic or genetic prion
disease.98 On the other hand, additional pathologies are not
thought to have a significant effect on the clinical course in larger
cohorts of PSP cases,99,100 although on an individual level subtle
differences might be noted.101 Since protein biomarkers are already
available (Aβ, tau, α-synuclein, prion protein), together with their
biochemical modifications, markers of neuronal degeneration
(neurofilament light chain, tau, MRI atrophy), neuroinflammation
and genetic mutations or polymorphisms, in vivo follow-up studies
will translate current molecular pathology observations into the
clinical practice and will allow better understanding of the effect
of mixed pathologies during the course of disease and not in the
terminal phase as in postmortem studies.102

Molecular Pathogenic Mechanisms in Cases with Mixed
Pathologies

As recently reviewed, fourmain pathogenic mechanisms have been
proposed to explain why mixed pathologies occur in the ageing
human brain,78 which might be capable of lowering the threshold
for cognitive decline and/or accelerate the disease course in neuro-
degenerative diseases.

Age is considered to be the most important risk factor for devel-
oping sporadic neurodegenerative diseases and mixed pathologies,
but the reason for this has not been fully elucidated and is an area of
great research interest. In addition, there is a correlation with the
number and extent of mixed pathologies with advancing age. Large
longitudinal community ageing studies have demonstrated that the
prevalence of NFT, Aβ plaques and Lewy bodies increase in preva-
lence with advancing age, as well as the number of brain regions
affected and the density of pathological inlcusions.45,52,103 For
example, almost all individuals by their third decade of life will
have some degree of NFT development, and the severity and
regional involvement increases with advancing age. Similarly,
Aβ plaques are observed in a small proportion of individuals in
their third decade of life, which increases to approximately 60
and 80% of individuals in their 9th and 10th decade of life, respec-
tively52. More recently, this has been demonstrated with the
increased frequency of LATE-NC and AGD as mixed pathologies
in aged individuals.45,104 The prevalence of these pathologies sug-
gests that they inevitably occur with aging, and by the time an indi-
vidual reaches advanced age, it is likely that multiple mixed
pathologies will have developed in the brain, whereas younger indi-
viduals might show less mixed pathologies. However, fewer studies
have investigated the range and extent of mixed pathologies in
younger cohorts. Recent studies highlight that some young-onset
neurodegenerative diseases76,79 show mixed pathologies, which
suggests additional pathogenic mechanisms are likely to be
involved including disturbances in protein processing systems, cell
clearance etc.

A complex synergistic interaction of proteins has also been dis-
cussed,83,103,105 which is intriguing when the same cell type/s and
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brain region/s are affected. In the human brain, fibrillar structures
of different proteins have been reported to occur in the same cell
and show partial co-localisation.78 These studies suggest inter-
actions of tau, Aβ, α-synuclein and TDP-43, and indicate the dep-
osition of one protein can lead to fibrillization of other proteins.
For example, α-synuclein can induce tau fibrillization105 and Aβ
may aggravate the spread of TDP-43 pathology.103 However, many
mixed pathologies do not occur in the same cell type/s and/or ana-
tomical brain regions, for example FTLD with Lewy bodies, sug-
gesting that an interaction of proteins is less unlikely.96,106 These
pathologies are likely to develop independently in vulnerable brain
regions and cell types, in anatomically distinct regions.

A single pathogenic event in a vulnerable brain region and cel-
lular system has also been suggested to induce aggregation of
multiple proteins, indicating common pathways are involved in
disease pathogenesis. This includes insufficient clearance by the
autophagic-lysosomal network and other clearance systems such
as the ubiquitin-proteosome system, or clearance through the
blood-brain barrier and glymphatic system.78,107 Building on this
concept, combined proteinopathies might represent distinct
“strain-like” properties from those associated with conditions that
deposit only one abnormal protein, or the “behaviour” of protein
strains is different when multiple proteins are deposited.42

Finally, a common gene variationmight contribute to the devel-
opment of additional proteinopathies. A recent review has outlined
the role of APOEe4 inmodulating the clearance and aggregation of
Aβ and exacerbate neurodegeneration, tau pathology and inflam-
mation.108 In addition, the APOEe4 allele has been reported to
increase the burden of TDP-43 pathology109 and severity of
Lewy body pathology.110

Conclusions and Future Considerations

Mixed pathologies in the ageing brain and neurodegenerative dis-
ease are more common than previously assumed, and combina-
tions of mixed pathologies are now also recognised in hereditary
neurodegenerative diseases. The most frequent concomitant
neurodegenerative pathologies observed are AD, Lewy body path-
ology and ageing-related pathologies including ARTAG, AGD and
LATE-NC. Recent studies suggest that age is not amajor risk factor
for mixed pathologies in early- and late-onset FTLD and AD,76,79

although mixed pathologies are likely to be already present with
late-onset neurodegenerative diseases.

Mixed and age-related pathologies reported in large commu-
nity-based, longitudinal ageing studies and various studies in
neurodegenerative cohorts are associated with lowering the thresh-
old for developing cognitive decline and cognitive impairment.
Patients with mixed pathologies are likely to show a different clini-
cal course, compared to those with pure proteinopathies. This has
implications to develop panels of biomarkers that are able to screen
various neurodegeneration proteins and markers of disease pro-
gression, which, together with genetic markers, will facilitate better
stratification of patients according to their underlying pure or
combined proteinopathy.102 Analogously, therapeutic develop-
ment might need to consider combined strategies, eventually based
on the atomic level on structures of disease-associated protein
filaments.

Regarding neuropathology, standardisation in the nomencla-
ture used to describe multiple proteinopathies is needed. Careful
discrimination is required to distinguish neurodegenerative protei-
nopathies versus ageing-related pathologies, and in particular what
pathological burden is considered sufficient to cause clinical

symptoms. With multiple proteinopathies, discriminating age-
related and co-pathologies from the main proteinopathy causing
disease might bemore challenging andmay require amore person-
alised approach to therapeutic strategies. Finally, defining cell-spe-
cific stages of pathological staging/disease progression will have
important implications for understanding the earliest stages of
disease.

A number of studies have suggested common pathologic mech-
anisms and/or interaction of pathological proteins in neurodegen-
erative diseases.103 Currently, preclinical models have proved
informative for understanding many molecular mechanisms
underlying various neurodegenerative diseases, but these have
largely focused on modelling one type of protein abnormality with
limited consideration of mixed pathologies in the ageing human
brain.More focused preclinical models will be critical to better cap-
ture the spectrum of mixed pathologies observed in ageing and in
neurodegenerative diseases and further explore disease
mechanisms.
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