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The aging brain is characterized by the simultaneous presence of multiple
pathologies, and the prevalence of multi-morbidity increases with age. Large
clinico-pathological correlative studies have shown that in brains of both
cognitively intact and impaired aged subjects, the presence of a single disease
is a rare finding, while most brains show neurodegenerative, cerebrovascular
and other pathologies, which frequently have been missed clinically and
may even be difficult to identify at postmortem examination. Since both
clinical and autopsy studies differ in selection and classification criteria and
in the applied evaluation methods, irrespective of the clinical symptoms, the
reported frequency of cerebral pathologies varies considerably. The frequent
co-occurrence of different pathologies indicates their mutual interaction in
order to promote cognitive decline and other clinical symptoms. These facts
have also implications for improvement of clinical diagnosis and prognosis, for
the development of specific biomarkers, preventive strategies, and therapeutic
targets for cerebral multi-morbidity.
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Due to increased life expectancy, understanding of
age-associated disorders including cognitive decline is
becoming more and more important, since the prevalence
and incidence of dementia increase exponentially with
age. Worldwide, the prevalence of dementia is projected
to increase from about 46.8 million in 2015 to 135 million
in 2050% Most of the estimated increases in prevalence
are predicted to occur in low-income countries, for
which adequate funding to invest in dementia research is
urgently needed in order to tackle this major public health
and socio-economic problem that threatens to become the
scourge of our century?

Thereare many causes of cognitiveimpairmentand other
age-related neurological symptoms. Although Alzheimer
disease (AD) and other neurodegenerative disorders
that are caused by deposition of misfolded proteins
(proteinopathies) are most prevalent in aged people, about
two-thirds of aged human brains contain substantial non-
Alzheimer pathology®®. Cognitively intact elderlies may
show substantial AD-related pathology, while in the oldest-
old group (age 80+ years)®’, much of cognitive decline may
not be due to common neurodegenerative pathologies®’,
but to multiple pathologies'?. Co-occurrence of AD and
non-AD type proteinopathies or other superimposed
pathologies, in particular cerebrovascular lesions, are
frequently occurring in the brains of both cognitively
unimpaired and impaired aged individuals, whereas the
presence of a single disease is rather the exception than
the rule!***, Multiple pathologies are suggested to interact
in promoting cognitive and other clinical symptoms in
the aged>*'5. AD, in particular, often presents with co-
morbid processes, including cerebrovascular disease,
Lewy body (LB) pathology, argyrophilic grain disease
(AGD), transactivation response DNA binding protein
43 (TDP-43), hippocampal sclerosis, and other non-AD
pathologies>'*1618, Many of these lesions may have been
missed clinically despite modern diagnostic criteria®
and could not be identified at postmortem examination
without modern morphological and molecular-biological
analyses using revised guidelines for the neuropathological
diagnosis of major brain diseases?*-%2,

Neurodegenerative disorders

The frequency of neurodegenerative lesions in
different studies has been summarized recently®. AD-
related pathology, previously suggested to be the most
frequent type of cerebral lesions in the elderly, according
to the statistical evaluation of 12 community-based
studies, based on Braak, CERAD and NIA criteria, ranged
from 19 to 67%, while in other studies AD pathology
occurred between 42 and 100%?2%. The disparate results
are due to different methods of evaluation, variable age,
and differences in cardiovascular and other risk factors
(diabetes mellitus, hypertension, atrial fibrillation, etc)®*

The frequency of “pure” AD corresponding to Braak neuritic
stages V and VI without essential concomitant pathologies,
ranged from 12 to 72% but was only 41% in a consecutive
hospital-based autopsy series of 1,700 elderly demented
patients?%. There are several subtypes of AD that differ in
clinical presentation, neuroimaging and distribution of
tau pathology?>?’, which, however, would not have been
identified by only semi-quantitative methods'’. The second
most common neurodegenerative disorder is characterized
by Lewy (a-synuclein) pathology with a range between
6 and 39%, but its evaluation depending on the use of
immunohistochemistry and classification criteria of LB
disorders varied considerably?®. A combination of AD
pathology with Lewy pathology was seen in 9 to 28%. In
DLB, that is characterized by a-synuclein pathology, Af
pathology was found in 95%, considerable tau pathology in
55%, various degrees of cerebrovascular pathology in 75%,
and co-localization between hyperphosphorylated tau and
a-synuclein was observed®. However, both the amount
and the topographical distribution of pathological protein
aggregates (fibrillary tangles vs. LBs) differ between distinct
clinical phenotypes®’. Moreover, the presence of LBs in
clinically healthy elders, referred to as incidental Lewy body
disease (iLBD) and suggested as a precursor/preclinical
form of Parkinson disease (PD), lacks pathological
symptoms due to a sub-threshold pathology?'. The clinical
presentation of other neurodegenerative diseases, such as
multiple system atrophy (MSA), progressive supranuclear
palsy (PSP), frontotemporal lobar degeneration (FTLD),
Pick disease, etc. that have been reported in a subset of
elderly subjects (usually below 5-10%) varies in relation to
concomitant pathologies®?.

Vascular pathologies

Cerebrovascular pathologies have been reported in 50-
85% of elderly subjects, but due to lack of clearly defined
assessment criteria®?, they show a large range of frequencies.
Their spectrum ranges from large cerebral infarcts due to
largevesseldisease (multi-infarctencephalopathy) to cortical
microinfarcts, subcortical lacunes, microhemorrhages and
white matter lesions due to cerebral small vessel disease
(SVD)3*3¢, A recent study indicated that in AD patients the
presence of white matter hyperintensities is associated
to the severity of cortical tau load rather than to SVD?.
Subcortical lacunes and microinfarcts appear to be the most
common features of cognitive impairment, but may not be
associated with an increased burden of AD pathology®.
Recent emphasis on co-morbidity of AD and cerebrovascular
pathology observed in 30-60% of aged brains indicates an
association between both types of lesions, but their relative
impact is under discussion'®*. In cases with subclinical AD,
critically located vascular lesions or cortical microinfarcts
can worsen cognitive impairment due to a synergistic
interaction between both pathologies, while in advanced
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or full-blown stages of AD, concomitant small vascular
lesions may not significantly influence the progression of
cognitive decline that is essentially related to the severity
and extent of AD pathology®**. In general, both vascular
and AD-type pathologies are considered to be independent
of each other, but may have additive or synergistic effect®4.
Cerebrovascular disease as a common finding in aged brains
is more common in AD than in other neurodegenerative
disorders and lowers the threshold for dementia due to AD
or synuclein pathologies*!. These and other data suggest
that cerebrovascular disease and AD are interrelated
and that common etiological and reciprocally synergistic
pathophysiological mechanisms promote both vascular
and AD-related pathologies*?. “Pure” vascular dementia/
cognitive impairment without additional lesions is rare,
for example 12.3% decreasing prevalence in the oldest old
population®3.

Mixed pathologies

Although no standardized criteria for mixed dementia
are currently available, this neuropathological diagnosis
can be made if more than one disease or type of lesions
is detected at postmortem examination*. The most
frequent form is the simultaneous presence of both AD
and cerebrovascular lesions or any other pathology such
as LB pathology, AGD, or hippocampal sclerosis. Depending
on the definition of mixed dementia/pathologies, its
prevalence ranges from 10 to 93% ** and increases with
age31*%5, Many studies emphasized multiple pathologies
in non-demented elderly subjects, although the burden
of brain lesions and co-morbidities varied widely within
and across studies*®*’. However, most of these lesions did
not increase the probability of the co-occurrence of other
lesions, while the number of coincidental pathologies
correlated significantly with AD-related changes-both
increasing due to brain aging?.

The high prevalence of multiple pathologies in the
aged brain reflects the simultaneous presence of a distinct
neurodegenerative disease and of age-related changes that
are not directly associated but may influence each other?.
The high prevalence of cerebrovascular lesions in aged
brains mirrors the frequency of vascular disease in elderly
subjects but does not preclude the possibility that vascular
lesions may lower the threshold for overt clinical dementia®.
Simultaneous presence of a neurodegenerative disease with
age-associated brain changes may be documented by the
co-occurrence of AD pathology in Lewy body disorders,
including co-localization of a-synuclein and tau epitopes
in LBs and in neurons of the amygdaloid nucleus*. This
suggests that LB formation is triggered, atleast in part, by AD
pathology, although recent analyses of mixed AD/DLB cases
showed differences in both the amount and topographical
distribution of pathological aggregates among the clinical
subtypes®*.The high prevalence of mixed pathologies

supports the notion that a combination of cerebral lesions
often has a cumulative effect and, if reaching the individual
threshold for cognitive impairment, manifests as clinical
dementia®**. It should be emphasized that for the concept
of multi-morbidity of the aging brain, both AD-related and
non-AD- pathologies should be evaluated in detail in order
to elucidate their clinical impact3*°, For instance, the clinical
relevance and quantification of deep white matter lesions
is controversially discussed and, since routine histological
assessment may underrate subcortical pathology,
application of postmortem MRI was recommended as a tool
for their detection®.

Conclusion and future perspectives

Currently, the diagnosis of the most important brain
diseases is based on semiquantitative scoring of the
neuropathological hallmarks, eg., neurofibrillary tangles,
amyloid and neuritic plaques, LBs, TDP-43 and other
protein inclusions, microinfarcts, microbleeds, white
matter lesions, neuronal loss or gliosis, the criteria for
most of which have recently been standardized?®3352,
New methods are currently being developed which
enable high-throughput quantitative assessment of
pathological lesions that will enable the identification of
new clinico-pathological phenotypes and reflect cerebral
multi-morbidity of the aging brain. These methods of
automated quantitative assessment, used in routine
neuropathological diagnosis, provide a rough estimation of
the amount of pathologies present in the brain. However,
due to considerable overlap, these changes may fail to
distinguish between cognitively intact subjects from those
with preclinical disorders®***. Additional challenges arise
from the frequent coexistence of various pathologies in the
aging brain which may have additive or synergistic effects
(Figure 1)*. These interactions between pathological
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Figure 1: Multiple pathologies in the aging brain. Full arrows point
towards the characteristic neuropathology of the respective disease,
while dotted arrows point towards neuropathological lesions that are
frequently seen in addition to the main pathological hallmark lesions.
Approximate percentages are encircled. AD Alzheimer’s disease, LBD
Lewy body diseases, FTLDTDP frontotemporal lobar degeneration
with TDP-43 pathology, VaD vascular dementia. dementia®.
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proteins in accelerating neuropathology and cognitive
decline due to overlap between synucleinopathies,
tauopathies and other proteinopathies have been
summarized recently'*>¢5’,  Community-based studies
have shown that complex constellations of underlying
pathologies may lead to cognitive decline and other clinical
symptoms the prevalence of which increases with age.
The role of cardiovascular and other risk factors for the
development of AD-related and mixed cerebral pathologies
and their clinical relevance need further elucidation. It
is hoped that future studies will identify specific clinical
signs or biomarkers that more specifically point toward
underlying pathologies with respect to both their quality
and quantity. Harmonized studies using modern molecular-
pathological and quantitative methods are warranted to
allow an accurate stratification of patients in view of the
freqgent co-occurrence of multiple different pathologies
and to elucidate possible interaction between different
pathological processes in the aging brain as a basis for
future neuroprotection and successful treatment.
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