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Abstract

The key pathological hallmarks—extracellular plaques and intracellular neurofibrillary tangles (NFT)—described by Alois
Alzheimer in his seminal 1907 article are still central to the postmortem diagnosis of Alzheimer’s disease (AD), but major
advances in our understanding of the underlying pathophysiology as well as significant progress in clinical diagnosis and
therapy have changed the perspective and importance of neuropathologic evaluation of the brain. The notion that the
pathological processes underlying AD already start decades before symptoms are apparent in patients has brought a major
change reflected in the current neuropathological classification of AD neuropathological changes (ADNC). The predictable
progression of beta-amyloid (Af) plaque pathology from neocortex, over limbic structures, diencephalon, and basal ganglia,
to brainstem and cerebellum is captured in phases described by Thal and colleagues. The progression of NFT pathology
from the transentorhinal region to the limbic system and ultimately the neocortex is described in stages proposed by Braak
and colleagues. The density of neuritic plaque pathology is determined by criteria defined by the Consortium to establish
a registry for Alzheimer’s diseases (CERAD). While these changes neuropathologically define AD, it becomes more and
more apparent that the majority of patients present with a multitude of additional pathological changes which are possible
contributing factors to the clinical presentation and disease progression. The impact of co-existing Lewy body pathology
has been well studied, but the importance of more recently described pathologies including limbic-predominant age-related
TDP-43 encephalopathy (LATE), chronic traumatic encephalopathy (CTE), and aging-related tau astrogliopathy (ARTAG)
still needs to be evaluated in large cohort studies. In addition, it is apparent that vascular pathology plays an important
role in the AD patient population, but a lack of standardized reporting criteria has hampered progress in elucidating the
importance of these changes for clinical presentation and disease progression. More recently a key role was ascribed to the
immune response to pathological protein aggregates, and it will be important to analyze these changes systematically to
better understand the temporal and spatial distribution of the immune response in AD and elucidate their importance for the
disease process. Advances in digital pathology and technologies such as single cell sequencing and digital spatial profiling
have opened novel avenues for improvement of neuropathological diagnosis and advancing our understanding of underlying
molecular processes. Finally, major strides in biomarker-based diagnosis of AD and recent advances in targeted therapeutic
approaches may have shifted the perspective but also highlight the continuous importance of postmortem analysis of the
brain in neurodegenerative diseases.
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Introduction

AD is a prime example of how our understanding of neu-
rodegenerative diseases has evolved over time and illus-
trates the important role postmortem evaluation of the brain
plays in elucidating disease mechanisms. Alois Alzheimer’s
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initial case report connected a clinical dementia syndrome
with distinct neuropathological findings [1]. His neuro-
pathological evaluation heavily relied on morphology, con-
ventional staining modalities, and silver staining techniques
to detect pathological protein aggregates, which could be
classified by their morphologic appearance and localization
as extracellular plaques (“drusen”) and intracellular neurofi-
brillary tangles (“neurofibrillen”) [1]. The advent of immu-
nohistochemistry and the identification of A as the central
component of plaques [2] and of tau as the main constitu-
ent of NFT [3-8] has fueled research into the underlying
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pathophysiology and was central to identifying underlying
pathological patterns solidifying early staging schemes.
For some time, the main role of neuropathologic evaluation
was to confirm or refute a clinical diagnosis of AD. This
changed when the current 2012 NIA guidelines for the diag-
nosis of AD were proposed, which acknowledged by virtue
of biomarker studies that the pathophysiological processes
underlying AD can start decades before any clinical symp-
toms appear, thus defining ADNC based on the presence
and extent of AP plaque and NFT distribution as well as
neuritic plaque density [9, 10]. Each of these three patho-
logical hallmarks is scored individually in a three-tiered
scoring system (discussed in detail below), and these scores
are used to assign a likelihood that the observed changes
underlie the clinically observed symptoms. Aside from the
AD-defining changes, the recommendations also proposed
criteria to report on existing co-pathology and provided
guidance on estimating the relative contribution of these
changes to the reported clinical symptoms. Subsequently,
our understanding of co-pathology in the form of LATE-NC
[11], CTE [12], and ARTAG [13] has been further refined
and continues to be studied. The contribution of vascular
changes and the emerging role of the immune system in
the disease process are still understudied, owing to a lack
of consensus criteria for neuropathological evaluation. We
will provide an overview to current approach to the clas-
sification of ADNC and provide a perspective on how novel
technologies and experimental studies may transform our
understanding of the pathophysiological processes underly-
ing AD.

Beta-Amyloid (AB)

The identification of A as a central component of extra-
cellular plaques [2], as well as genetic evidence linking the
amyloid precursor protein (APP) [14, 15] and its processing
by beta- [16] and gamma-secretase [17-19] to autosomal-
dominant forms of AD, has led to the formulation of
the amyloid cascade hypothesis [20] which endures as the
favored pathophysiological framework to understand AD.
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Fig. 1 Immunohistochemical stain with anti-Af antibody Ab5 [159]
showing a diffuse A plaque in inferior temporal cortex (A), a cored
AP plaque in the frontal cortex (B), and CAA affecting leptomenin-
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Multiple different forms of AP deposits can be identified in
the AD brain, ranging from diffuse, or “lake-like” amyloid
over compact, coarse grained, cotton-wool to cored- or senile
plaques (reviewed in [21]) (Fig. 1A, B). The importance of
each of these types of AP deposits has been studied exten-
sively, and it seems to be more and more evident that diffuse
AB plaques are probably more benign in nature, as they can
be seen in cognitively normal subjects with minimal to no
co-existing tau pathology (termed “pathological aging”) [22],
while cored plaques, which are often identical to neuritic
plaques discussed in detail below, are associated with cogni-
tive decline.

A systematic study by Thal and colleagues showed
that AP plaques spread through the brain in a predictable
fashion, which is summarized in five distinct phases [23].
Early deposits can be seen in the neocortex (phase 1). Sub-
sequently, AP plaques appear in limbic regions including
entorhinal cortex, subiculum, amygdala, and cingulate
gyrus (phase 2). Further progression is characterized by Ap
deposits in subcortical areas including basal ganglia and
thalamus (phase 3). In later disease stages, structures of the
brainstem including midbrain, pons, and medulla oblongata
are affected (phase 4), while in end stage cases, Ap plaques
can also be found in the cerebellar cortex (phase 5). Phases
4 and 5 were associated with the presence of dementia,
while phases 1 and 2 were mostly seen in asymptomatic
individuals [23]. This staging scheme was the basis for the
current NIA-Neuropathology criteria to classify amyloid
(“A”) pathology. The original phases were condensed into a
three-tier staging system, assigning phases 1 and 2 the score
Al (early phases, often seen in asymptomatic individuals),
phase 3 the score A2 (intermediate phase), and phases 4 and
5 the score A3 (end stage disease) [9, 10]. While this scoring
system provides a solid framework to assess A deposits, it
is obvious that the mere distribution of A plaques does not
correlate well with the appearance of symptoms, especially
in early stages of disease. The notion that AP deposits are a
complex structure with a multitude of co-aggregating pro-
teins, such as Apolipoprotein E (APOE) [24, 25], Clusterin
(APOJ) [26], or Midkine [27] and complex interaction with
surrounding cells and cellular processes (reviewed in [28]),
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geal blood vessels overlying the frontal cortex (C). Scale bar=10 pm,
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may hold the key to refine our understanding of which pro-
cesses are essential drivers of disease. Better understanding
of these complex interactions may guide the identification
of novel biomarkers and therapeutic targets.

AP does not only form aggregates in the brain paren-
chyma, but prominent deposits of B-amyloid can also
be observed in cerebral and leptomeningeal blood ves-
sels (Fig. 1C). This pathology is termed cerebral amyloid
angiopathy (CAA) and is commonly seen in AD cases [29,
30]. The majority of CAA cases are caused by deposition of
p-amyloid in the context of ADNC, but rare familial forms
of CAA with proteins other than AP have been described
[31], including cystatin C, gelsolin, prion protein, and tran-
sthyretin, among others. The composition of vascular amy-
loid differs slightly from AP plaques, with the latter being
driven mostly by longer Ap species (AP, _4,) and the former
mostly consisting of shorter A species (A4 [32-34].
An important consequence of vascular Ap deposition is the
destruction of the walls of blood vessels and subsequent
likelihood of cerebral hemorrhage, either in the form of
microhemorrhages or large lobar hemorrhage [35]. Perivas-
cular drainage pathways likely reflect the major clearance
route of A out of the brain and impairment of this process
appears to be a major contributing factor to the development
of sporadic AD [36]. CAA may also underlie some of the
side effects observed with therapeutic strategies targeting A
using monoclonal antibodies, resulting in amyloid-related
imaging abnormalities (ARIA), including edema and hemor-
rhages in a subset of antibody-treated patients [37]. Multiple
neuropathological staging schemes for the quantification of
CAA have been proposed rating the severity of vascular wall
integrity impairment [38], as well as the distribution of CAA
throughout the brain [39, 40]. Regardless of which of these
criteria are used, it is clear that more severe pathology is
associated with more severe consequences such as micro- or
macro-hemorrhage or infarcts [38—40].

Biomarkers allow monitoring the appearance of Af
deposits in living patients, and the development of addi-
tional biomarkers for tau pathology and neurodegeneration
has led to the formulation of the A (amyloid), T (tau), and N
(neurodegeneration) definition of AD [41, 42]. A reduction
of A, _4, or of the ratio of AP, 4,/AP, 4 1s a good indicator
of AP pathology in the brain and imaging with A amyloid-
specific positron emission tomography (PET) ligands can
give an impression of the regional distribution of A pathol-
ogy (reviewed in [43]). Current PET ligands for Ap show
in general a good correlation between in vivo PET signal
and postmortem Af plaque burden measured at autopsy
[44-48]. Taking advantage of these developments, AP bio-
markers are used a key indicators of target engagement and
central outcome measures in current trials to reduce Ap
burden with passive immunotherapy [49-52], but detailed
autopsy studies are still needed to ensure that the biomarkers

performance is as accurate as assumed in patients treated
with AP modifying therapies.

Tau

NFT, the second major pathological finding in AD, are
formed by aggregates of the microtubule associated protein
tau [3-8] (Fig. 2A). In a seminal study, Braak and colleagues
studied 83 brains using whole hemisphere 100-pm-thick
sections and silver staining techniques to identify a stereo-
typic pattern of spread of these aggregates [53]. The very
first NFT were noted in the transentorhinal region of the
hippocampal formation (stage I). From there, the density
of aggregates progresses and also involves the subiculum
region of the hippocampal pyramidal cell layer (stage II).
This early presentation of NFT pathology is referred to as
“transentorhinal stages” [53]. As the disease progresses,
NFT start to impact the entorhinal cortex and the hip-
pocampal pyramidal cell layer, including sector CA1 (stage
IIT). The changes intensify in these areas, including sectors
CA1-CA4 of the hippocampal pyramidal cell layer, and also
spread forward into the adjacent inferior temporal cortex.
Further spread of NFT pathology is noted in other neocorti-
cal areas such as superior temporal cortex and frontal cortex
(stage IV). These intermediate stages are often referred to as
“limbic stages” [53], as the hippocampal formation is most
severely affected. In later phases of the disease, the changes
intensify in the hippocampal formation but also affect other
areas of the neocortex, including secondary association areas
and ultimately primary cortical areas. These late disease
stages are therefore called “isocortical stages” [53]. This
progression is typically assessed by studying a section of
the occipital cortex, where pathology in the peristriate area
defines stage V and intraneuronal aggregates in the striate
area define stage VI. Similar to the Thal staging scheme
for beta-amyloid described above, the NFT stages described
here also show some correlation with observed clinical
symptoms, as Braak stages V and VI show the strongest
association with clinically observed dementia, while stages I
and II are encountered not unfrequently in clinically asymp-
tomatic individuals [53]. In light of this correlation with
clinical findings, the current NIA staging scheme the six
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Fig.2 Immunohistochemical stain with anti-phospho tau antibody
7F2 highlighting NFT in the CA1 region of the hippocampal pyrami-
dal cell layer (arrowheads, A) and neuritic plaques in the inferior tem-
poral cortex (asterisk, B). Scale bar =10 pm, shown in (B)
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Braak stages were condensed into a 3-tier system with “B1”
corresponding to Braak stages I and II, “B2” corresponding
to Braak stages III and IV, and “B3” encompassing Braak
stages V and VI [9, 10]. While the original NFT staging
scheme was derived from studies using whole hemisphere
thick sections and silver staining techniques, subsequent
studies validated the use of standard, thin (5—8umthick) sec-
tions, sampling of select regions, and staining with specific
tau antibodies for determining the NFT stages [54, 55].

Redistribution of tau from the axonal compartment to the
somato-dentritic compartment and abnormal phosphoryla-
tion of tau appears to underlie the formation of NFT [56]
and studies using antibodies specific for phosphorylated
tau revealed earlier stages of tau aggregation in neurons,
so called pre-tangles [57]. This prompted additional sys-
tematic studies which identified some of these presumed
precursor lesions in neuronal populations of the brain stem,
most prominently the locus coeruleus, thus expanding the
view of tau pathology in humans with respect to anatomi-
cal distribution and age span of affected individuals[57-59].
The notion that tau appears to spread between anatomically
connected regions has fueled major research efforts identi-
fying a “prion-like” spreading mechanism of tau between
connected neuronal populations in animal models and pos-
sibly also human subjects suffering from AD [60]. While the
exact mechanisms by which tau may spread across synapses
to neighboring neurons still require definitive elucidation,
insight into this process may prove crucial to the develop-
ment of disease-modifying therapies. Identification of early
lesions in the locus coeruleus has also drawn attention to
potential connections to peripheral organs and explorations
into possible origins of pathological protein aggregates in
enteric neurons (“gut-brain axis”) [61]. This connection
appears to be important for other neurodegenerative diseases
as well, in particular Parkinson’s disease (PD), where path-
ological aggregates of alpha-Synuclein (aSyn) have been
identified in enteric neurons and peripheral nerves in very
early disease stages [62—66].

In a similar fashion to AP aggregates (see above), there is
appreciable evidence that not all tau inclusions are created
equal. Crary and colleagues described early stage (Braak
stages [-VI) tau pathology in patients with no significant
Ap deposits, which was—at least with lower Braak stages—
not associated with major cognitive impairment. This was
termed “primary age-related tauopathy” (PART) [67]. The
observed tau inclusions in PART appear similar to NFT
seen in AD, with respect to histological appearance and tau
isoform composition [67], but subsequent studies identified
subtle differences in the distribution of NFT, with the CA2
region of the hippocampal pyramidal cell layer being more
severely affected in PART as compared to AD [68, 69]. The
largely innocuous nature of NFT in PART stands in stark
contrast to other tau associated pathologies in frontotemporal
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dementia (FTLD) with tau pathology, such as Pick’s disease,
corticobasal degeneration (CBD), progressive supranuclear
palsy (PSP), and globular glial tauopathy (GGT) (reviewed
in [70]), wherein tau aggregation appears to be the major
driver of neurodegeneration and symptom onset. The iden-
tification of PART underscores once more the importance of
the co-occurrence of A deposits and NFT pathology in the
pathophysiology of AD, as neither AP plaques (pathological
aging) [22] nor NFT (PART) [12] in isolation are associated
with major neuronal loss and cognitive impairment [71].
This notion underscores the importance of identifying the
“synergistic” link between AP and tau pathology to fully
understand the pathologic genesis of AD.

Biomarkers for tau pathology play a key role in the pro-
posed A/T/N system described above [41, 42]. Multiple
different phosphorylated epitopes in tau (p-tau) have been
identified in histopathologic lesions and detection of these
p-tau species in cerebrospinal fluid (CSF), and blood serves
as a good peripheral surrogate for the presence of tau pathol-
ogy in the brain (reviewed in [72]). Studies with tau PET
ligands correlate with the model of a stage-wise progression
of tau pathology in the brain of AD patients described above
[73, 74], but issues with “off-target” binding in certain brain
regions, as well as distinction of AD from other neurode-
generative tauopathies, still need to be worked out [75-77].

Neuritic Plaques

A potential key to understanding the interaction of AP
and tau may lie with a specific type of plaque: the neuritic
plaque, sometimes also referred to as senile plaque [22, 78]
(Fig. 2B). Dystrophic neurites were long known to be asso-
ciated with AP deposits, and detailed descriptions highlight
entrapment of cellular organelles, such as lysosomes and
lysosomal proteins, as well as aggregated forms of tau in
these structures [79]. Many markers and techniques can
be used to identify neuritic plaques, including silver stain-
ing, tau antibodies, antibodies against lysosomal proteins
(LAMPI1, Cathepsin D), or other axonally transported
neuronal proteins (APP, BACE1) [80-84]. Early studies
used the classic amyloid dye thioflavin to identify neu-
ritic plaques, as these are most often identical to so called
“cored plaques” which are characterized by a dense amyloid
core and a more diffuse halo. The consortium to establish
a registry for Alzheimer’s disease (CERAD) published a
staging scheme using thioflavin staining (or silver stain-
ing) to quantify the density in multiple neocortical areas
in a 10 X microscopic field as sparse, moderate or frequent
[78]. Correlated with the age of the subject, the density of
neuritic plaques showed some correlation with symptoms
of dementia; sparse neuritic plaques in an individual over
75 years of age were considered uncertain evidence of AD,
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while frequent plaques in younger individuals were con-
sidered to indicate a diagnosis of AD [78]. The algorithm
to quantify neuritic plaques proposed by the CERAD con-
sortium was adopted by the current NIA criteria to assign
a “CERAD score,” with sparse neuritic plaque pathology
being assigned a score of “C1,” moderate density “C2,”
and frequent neuritic plaques “C3” [9, 10]. The associa-
tion with age was not adopted for the new criteria, which
instead assign a likelihood for the observed changes to be
underlying observed cognitive symptoms based on the co-
occurrence of amyloid (A), NFT pathology (B), and neuritic
plaques (C, see below) [9, 10]. The current NIA criteria
emphasize the importance of identifying only plaques sur-
rounded by dystrophic neurites as “neuritic” and recom-
mend the use of thioflavin or silver staining techniques for
this assessment [10]. Multiple immunohistochemical mark-
ers for dystrophic neurites, including amyloid precursor pro-
tein, ubiquitin, neurofilament, and phospho-tau, have been
demonstrated to label dystrophic neurites, but these may
only label specific subtypes of neuritic plaques with varying
disease relevance [80]. A specific case can however be made
for the use of phospho-tau as a marker for neuritic plaques,
as increased tau phosphorylation was noted around neuritic
plaques in carriers of AD risk associated variants in the trig-
gering receptor expressed on myeloid cells (TREM) 2 [71,
85]. Furthermore, recent studies in animal models highlight
the importance of AP deposit associated tau positive dys-
trophic neurites for the subsequent spread of neuronal tau
pathology [86] supporting the notion that this specific type
of plaque may represent a key interface between Af and tau
pathology in AD and may serve as a window to understand
the pathophysiological cascade of AD.

ABC Scoring of ADNC

The current NIA criteria for staging of ADNC provide a
framework to quantify the progression of AP pathology
(Amyloid score, Thal phases), NFT pathology (Braak score,
Braak stages), and neuritic plaque pathology (CERAD
score). Based on combination of these “ABC” scores, the
severity of ADNC is quantified as “not,” “low,” “interme-
diate,” and “high” [10]. There is a very good correlation
between high ADNC scores and the presence of clinically
observed dementia, while this correlation becomes less
tight with intermediate and lower ADNC scores. Vice
versa, high and intermediate ADNC scores are considered
a sufficient explanation for clinically observed cognitive
impairment, while lower scores make and alternative expla-
nation more likely [10]. Regardless of the level of ADNC,
the current NIA criteria suggest careful documentation of
all co-existing pathologies, as there are no absolute thresh-
olds for any given pathology that are invariably associated

with symptom onset or severity [87]. Especially in individ-
uals with no obvious clinical symptoms, additional factors
such as cognitive reserve and resilience are hard to quantify
through neuropathological examination.

The above staging criteria outline the progression of
pathological changes in AD, but not all cases of AD fol-
low this stage-wise progression. Multiple subtypes of AD
have been described in a clinic-pathologic study based on
progression and affected regions [88], and recently even
more subtypes of AD have been proposed using artificial
intelligence based analysis of tau imaging modalities [89].
While it is important to be aware of this heterogeneity of
AD with potentially multiple subtypes, it is nevertheless
of utmost importance to quantify the pathological findings
in a standardized fashion to allow clinic-pathological asso-
ciation studies in large multi-institutional cohorts.

Another very important factor is the occurrence of
pathology other than AP and tau, which can be observed
in the brains of these elderly subjects. Studies of large
autopsy cohorts and data from our own brain bank high-
light the fact that “pure” AD with only Af and NFT
pathology is rare, and co-pathology in the form of Lewy
body pathology, other protein aggregates, and vascular
pathology is in fact very common and contributing to
the overall clinical presentation of each individual case
[90-96]. The appearance of aggregates of multiple pro-
teins may reflect a state of brain “organ failure” in later
stages of disease, where defense mechanisms are impaired
and multiple pathologies appear to progress.

In the following, we will provide an overview of prominent
co-pathology observed in AD brains and discuss the relevance
of these findings for the overall interpretation of the case.

Lewy Body Pathology

Lewy bodies and Lewy neurites (collectively referred to as
Lewy body disease (LBD) in the following) (Fig. 3A) con-
sist of pathological aggregates of aSyn and are the major
pathological hallmark of PD and dementia with Lewy bod-
ies (DLB) [97-100]. Similar to tau aggregates in NFT, these
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Fig. 3 Immunohistochemical stain with anti-alpha Synuclein anti-
body 94-3A10 [160] demonstrating Lewy bodies (arrowheads) and
Lewy neurites (asterisk) in the amygdala (A). Antibody 5H3 [161]
highlights TDP-43 inclusions in the amygdala (arrowheads, B). Scale
bar=10 pm, shown in (B)
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pathological inclusions appear to spread through the brain in
a stage-like fashion starting in the lower brain stem with the
dorsal motor nucleus of vagus and ascending through pons
and midbrain before reaching limbic structures and finally
also the neocortex [63, 101, 102]. Connections of lower brain
stem nuclei and peripheral neuronal population, specifically
enteric neurons, as well as evidence from experimental animal
studies highlight the importance of a cross talk between the
CNS and the periphery and have fueled research endeavors
studying the gut-brain axis in PD and DLB [62, 63, 103]. In
addition to early deposits in neuronal populations, the olfac-
tory bulb appears to be affected early in the progression of
LBD, inspiring theories of a potential airborne component to
the disease [63, 101]. The spread of LBD pathology through-
out the brain has been described by Braak and colleagues in
six stages, where the midbrain is affected in stage 3, which
also most often coincides with symptom onset in PD [101].
Multiple prominent scoring systems for LBD pathology have
emerged subsequently. The majority of these adopted a 4-tier
semiquantitative scoring approach to quantify the severity of
LBD in multiple brain regions into mild, moderate, severe,
and very severe, as initially proposed by McKeith et al. [98,
104]. The first iteration of this scoring system described three
major patterns of LBD pathology, which follow the stage-wise
spread described by Braak and colleagues [101]. In the brain-
stem-predominant type, LBD pathology is mainly observed in
medulla, pons, and midbrain. Further spread to limbic struc-
tures including hippocampus, amygdala, and cingulate gyrus
defines the limbic transitional type. The presence of disease
in neocortical areas defines the diffuse neocortical type [104].
However, a major shortcoming of this scoring algorithm is the
omission of at least one additional type of Lewy body pathol-
ogy often detected in AD, the amygdala-predominant LBD,
sometimes also described as amygdala type of AD [105-107].
Updated scoring systems have therefore broadened the pat-
terns of LBD pathology to also include the amygdala predom-
inant type, as well as cases which only show LBD pathology
in the olfactory bulb [98, 108, 109]. While these improve-
ments significantly reduced the number of “unclassifiable”
cases, the semiquantitative scoring of LBD pathology still
sometimes resulted in poor interrater reliability. A recently
proposed scoring system addressed this issue by adopting a
simple positive/negative assessment of aSyn pathology to
assign the five patterns of LBD pathology [110]. The NIA
criteria for diagnosis of ADNC were formulated, while the
debates about scoring were still ongoing and recommend to
use the semiquantitative approach proposed by McKeith in
2005 [104] with modifications to also include the amygdala
predominant subtype and suggest to classify LBD pathology
into none, brainstem predominant, limbic (transitional), neo-
cortical (diffuse), and amygdala predominant [10].

LBD is the most common co-pathology in AD and
can contribute in a major fashion to the observed clinical
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presentation [90], although the gender distribution is distinct
between LBD and AD. Vice versa, ADNC are often associ-
ated with cognitive decline in late-stage PD [111], termed
Parkinson’s disease dementia (PDD) [112, 113], and are a
prominent type of co-pathology in DLB [10, 90, 98]. Given
the frequent co-occurrence of LBD and ADNC, the distinc-
tion between DLB and AD is often not possible based on
neuropathological examination alone but requires careful
integration of clinical data including age of onset for motor
symptoms and cognitive decline, as well as other promi-
nent symptoms such as REM sleep disorders or hallucina-
tions [98]. The quantification of the severity of AD-related
pathology following the NIA criteria [9, 10] and LBD fol-
lowing McKeith et al. [98] can aid this differential diagnosis
to extrapolate the relative contribution of different types of
pathology. Association of severe LBD with marked loss of
dopaminergic neurons may be an important clue tipping the
scale towards DLB versus AD in the overall assessment[67,
98].

Limbic-Predominant Age-Related TDP-43
Encephalopathy (LATE)

In 2006, TDP-43 was identified as the main component of
pathological aggregates in sporadic amyotrophic lateral
sclerosis (ALS) and a major subtype of FTLD, as well as
overlap syndromes between the two [114]. Using specific
antibodies, aggregates of TDP-43 have been documented
in aged subjects without obvious history of motor neuron
disease and FTLD [11, 115] (Fig. 3B). In some cases, this
TDP-43 pathology is associated with neuron loss in some
sectors of the hippocampal pyramidal cell layer (hippocam-
pal sclerosis) [116]. Multiple groups investigated age-
related TDP-43 pathology, assigning multiple names and
proposing different staging schemes [11, 117, 118]. A recent
multi-institutional effort consolidated these efforts and put
forward the widely used term of LATE and proposed three
distinct stages for classification of LATE-neuropathological
change (NC) [11]. Stage 1 only affects the amygdala. Stage
2 affects the amygdala and the hippocampus, in particular
the hippocampal pyramidal cell layer. Stage 3 incorporates
involvement of the neocortex, with the frontal cortex pro-
posed as the key section to be studied in neuropathological
studies. Hippocampal sclerosis is scored in addition to the
described stages [11]. LATE-NC is present in up to 60% of
AD cases and is associated with a faster rate of cognitive
decline and hippocampal atrophy [162—-164]. Observations
that LATE-NC is associated with memory impairment in
the elderly, even in the absence of significant ADNC or
FTLD-TDP pathology (164, 165), further underscore the
importance of recognizing and reporting this type of pathol-
ogy. Underlying TDP-43 pathology may be an important
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confounding factor when assessing the efficacy of AP or
tau targeting therapies currently in clinical trials, as there
are no imaging markers and biomarkers to reliably predict
the extent of LATE-NC in AD patients to date. Autopsy
studies in patients participating in clinical trials will hope-
fully shed light on this issue, specifically in patients who
showed response in Ap- and/or tau-related biomarkers, but
no improvement of cognitive decline.

Glial Tau Pathology

Pathological inclusions of tau in glial cells are major hall-
marks of subtypes of FTLD-tau, including PSP (tufted
astrocytes), CBD (astrocytic plaques), and GGT (globular
glial inclusions). Distinct astroglial tau inclusions mainly
in the form of thorn-shaped astrocytes and granular fuzzy
astrocytes can also be observed in other neurodegenerative
conditions [70, 119], most prominently in chronic traumatic
encephalopathy (CTE) and aging-related astroglial tauopa-
thy (ARTAG). Neuronal tau aggregates in specific anatomic
locations such as the depth of sulci and perivascular distri-
butions, with or without the co-occurrence of astroglial tau
inclusions, mainly in the form of thorn-shaped astrocytes,
are required for the neuropathological diagnosis of CTE,
a condition associated with severe, repetitive head trauma
[12, 120]. CTE can be observed in athletes involved in con-
tact sports such as football, boxing, or hockey but can also
be seen in soldiers exposed to blast injury [12, 121]. While
the characteristic tau inclusions associated with CTE can
be the major neuropathologic change underlying observed
clinical symptoms, in particular in younger subjects, CTE-
related tau pathology can also be observed as a co-pathology
in older subjects suffering from AD [122]. Systematic
studies in large autopsy cohorts will be required to accu-
rately assess the contribution of CTE to observed symptoms
in AD, but recently refined standardized diagnostic criteria
for CTE neuropathological changes [12] are an important
step to systematically quantify and analyze these changes
during the neuropathological workup of cases.

In ARTAG, astroglial tau inclusions in the form of
thorn-shaped astrocytes and granular fuzzy astrocytes
(similar to those described in CTE) are seen in periven-
tricular areas of the medial temporal lobe and subpial areas
without significant associated neuronal inclusions [13]. The
clinical relevance of ARTAG in the context of AD and
other neurodegenerative diseases, as well as of ARTAG
as a stand-alone pathology, still needs to be determined
in systematic large cohort studies, but recently proposed
standardized reporting criteria [13, 123] are an important
first step towards identifying the importance of this type of
pathology for AD.

Vascular Pathology

Vascular disease is widely acknowledged as an impor-
tant risk factor for the development of AD and dementia
[124]. Vascular pathology in the form of macro- or micro-
infarction, diffuse white matter degeneration, micro- and
macrohemorrhage, atherosclerosis, and arteriolosclero-
sis is frequently observed in brain autopsies of elderly
individuals, in particular in patients suffering from neu-
rodegenerative disease [125—-135]. Small vessel cerebro-
vascular disease-like changes with arterial hyalinization
and widened perivascular spaces, sometimes containing
hemosiderin, may occur with advanced aging and such
changes are typically found in lenticulostriate branches
of the middle cerebral artery. A subset of small vessel
cerebrovascular disease that affects cerebral arterioles in
the elderly has been described under the term brain arte-
riolosclerosis (B-ASC) [115]. B-ASC can be seen in a
substantial proportion of older individuals, is associated
with decreased cognition, and may be linked to certain
genetic variants [135].

The current NIA criteria encourage detailed reporting of
vascular lesions in AD cases, but estimating the contribu-
tion of these changes to the observed clinical presentation
is still very enigmatic [9, 10]. There are several reasons
underlying this obvious issue. Despite novel developments
described above, assessment of vascular pathology still
remains subjective, as no widely accepted standardized
reporting and scoring criteria exist. Accurate assessment
of the contribution of vascular pathology to neurodegenera-
tion is limited by the overall composite and complex nature
of correlating lifetime risk factors to dementia [87]. The
individual threshold as to when an individual will be symp-
tomatic is determined by an intricate interplay of cognitive
reserve, resilience, neuronal plasticity, and co-pathology.
Although much more research efforts are required to fully
understand this very important contributing factor to cogni-
tive decline in an aging population, systematic reporting of
vascular pathology as required by the current NIA criteria
is an important first step.

ADNC as a Secondary Diagnosis

Since ADNC is very common in the aging population, it
is not surprising that Ap pathology and/or NFT pathology
can be observed in other neurodegenerative diseases [90].
As detailed above for the differential diagnosis between
AD and DLB, the standardized quantification of patho-
logical findings is key to assess the relative contribu-
tion of the respective pathology to the observed clinical
syndrome.
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Genetic Risk Factors

Mutations in APP and in genes important for APP pro-
cessing are the cause of early-onset familial forms of AD,
and multiple genetic risk factors for the development of
sporadic, late-onset AD have been identified (reviewed in
[136]). The most prominent of these risk factors is the
Apolipoprotein E (APOE) gene, wherein the presence
of the epsilon 4 allele is associated with a significantly
increased risk to develop AD [137].

Refined techniques and analysis of larger patient cohorts
have aided the identification of multiple additional AD risk
factors, the majority of which are in genes associated with
immune functions. Most saliently with respect to increased
risk, the TREM?2 gene has been identified as important for
microglia and macrophage function (reviewed in [138]). In
particular, this obvious strong genetic connection between
the immune system and the risk to develop AD has spurred
massive research efforts into the role of immune cells and
immune molecules in AD and has broadened our view
of the pathophysiological cascade in AD, leading to the
integration of a “cellular phase” in a revised version of the
amyloid cascade hypothesis, where pathological processes
instigated by pathological protein aggregates are ampli-
fied by immune responses directed towards them [28].
Given the obvious importance of immune processes in
the pathophysiology of AD, it will be important to estab-
lish standardized reporting criteria for processes such as
astrogliosis and microglia activation to aid further studies
into this matter. This will however be a complex process,
as microglia and astrocyte show high plasticity result-
ing in multiple disease-associated phenotypes defined
by cellular morphology and genetic signatures (reviewed
in [139-141]). While there are some pathological clues,
including “cotton-wool plaques” predicting certain forms
of familial AD [142], specific pathological findings pre-
dicting the status of certain genetic risk variant are still
missing. Some evidence exists however that genetic
risk variants may underlie the observed subtypes of AD
described above. Given the observed heterogeneity of AD,
the results of recent clinical trials into Ap-targeting thera-
pies, and other novel therapeutic approaches targeting the
immune system, it will be important to take genetic find-
ings into account when assessing brains at autopsy [143].
While an integrated diagnosis including morphological
and genetic findings as a basis for targeted therapies is
now standard practice in reporting for brain tumors [144,
145], it will have to be determined if future efforts into
developing personalized therapeutic interventions for AD
will warrant a similar approach.
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Novel Developments

Neuropathological examination served as a foundational tool
in the first days of establishing a definition of AD. Novel
technologies such as immunohistochemistry and genetic
analysis have aided the evolution of our current under-
standing of the pathophysiological processes underlying
the disease. Microscopic analysis of glass slides has long
been the gold standard for pathological analysis, but recent
advancements in whole slide imaging and image analysis
have opened up the new field of digital pathology [146,
147]. This has enabled exploits into artificial intelligence
assisted analysis of various aspects of neurodegenerative
diseases and aides in sharing of digital slides across mul-
tiple institutions for teaching and research [13, 148—150].
Emergence, refinement, and widespread accessibility of new
technologies including single cell sequencing, proteomics,
multiplexed immunohistochemistry, and spatial analysis
of RNA and proteins in situ have expanded the available
toolkit to unravel disease mechanisms by studying postmor-
tem human brains [71, 151-155]. Once our understanding
of the basic pathophysiologic mechanisms of AD reaches
sufficient maturation, some anticipate that the definition of
AD will shift from the current amalgam of ADNC and syn-
dromal description, to an increasingly biological construct
that fully integrates premortem biomarkers along with tra-
ditional postmortem proteinopathy and premortem symp-
tomatology [42].

Conclusion

Initial autopsy findings laid the groundwork for defining
AD [1], and neuropathological studies were key in under-
standing the role of A and tau in disease pathogenesis and
progression. This informed a biomarker-based approach for
the diagnosis of preclinical stages of AD [156], which is
central to current efforts to develop disease-modifying thera-
peutic interventions. Severe side effects of early strategies
for active vaccination against AP were revealed by neuro-
pathological analysis [157]. Developments in the passive
vaccination space—including the hotly debated approval of
aducanumab [158]—as well as reports on trials of mono-
clonal antibodies in cohorts of dominantly inherited Alzhei-
mer’s disease [51]—further underscore the importance of
systematic postmortem analysis for diagnosis and evaluation
of therapeutic efficacy.
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