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Abstract. Alzheimer’s disease (AD) is the most common form of dementia and typically characterized by the accumulation
of amyloid-� plaques and tau tangles. Intriguingly, there also exists a group of elderly which do not develop dementia during
their life, despite the AD neuropathology, the so-called non-demented individuals with AD neuropathology (NDAN). In
this review, we provide extensive background on AD pathology and normal aging and discuss potential mechanisms that
enable these NDAN individuals to remain cognitively intact. Studies presented in this review show that NDAN subjects are
generally higher educated and have a larger cognitive reserve. Furthermore, enhanced neural hypertrophy could compensate
for hippocampal and cingulate neural atrophy in NDAN individuals. On a cellular level, these individuals show increased
levels of neural stem cells and ‘von Economo neurons’. Furthermore, in NDAN brains, binding of A� oligomers to synapses is
prevented, resulting in decreased glial activation and reduced neuroinflammation. Overall, the evidence stated here strengthens
the idea that some individuals are more resistant to AD pathology, or at least show an elongation of the asymptomatic state
of the disease compared to others. Insights into the mechanisms underlying this resistance could provide new insight in
understanding normal aging and AD itself. Further research should focus on factors and mechanisms that govern the NDAN
cognitive resilience in order to find clues on novel biomarkers, targets, and better treatments of AD.
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INTRODUCTION

In the pathology of Alzheimer’s disease (AD), two
pivotal key hallmarks have been known and described
for decades: amyloid-beta (A�) senile plaques and
hyperphosphorylated tau proteins that form neurofib-
rillary tangles (NFT) [1]. Extensive research has
shown that abnormal deposition of A� plaques and
NFTs leads to synaptic damage and eventually to
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progressive cognitive impairment (e.g., memory
loss), associated with dementia [2–5]. So far, drug
development has been mainly focused on agents
decelerating or preventing the progression of AD;
however, most anti-AD therapies have been unsuc-
cessful [6] and many promising findings in AD mouse
models failed in translation to the clinical situation
[7]. More recently, research is focused on iden-
tifying novel biomarkers and developing methods
for early detection of AD. Currently, suggested AD
biomarkers in the cerebrospinal fluid (CSF) are A�42;
the A�42/40 ratio; phosphorylated tau at threonine
residue 181 (pTau181) and tau protein [8].

Intriguingly, a multiplicity of literature originating
from a variety of locations of the world has emerged
that offers contradicting, yet intriguing, findings on
the A�- and tau-hypotheses, as these histopatho-
logic changes associated with AD have also been
discovered post-mortem in non-demented older indi-
viduals. This suggests the existence of a group of
non-demented, cognitively normal individuals carry-
ing AD neuropathology.

In different recent studies, several synonyms
(Table 1) have been used to describe these non-
demented individuals, including but not limited to,
non-demented individuals with AD neuropathol-
ogy (NDAN) [9, 10]; non-demented high potential

controls [11]; asymptomatic persons with AD neu-
ropathology [12]; intermediate and high probability
mismatches [13]; SuperAgers [14–16]; and asymp-
tomatic AD (ASYMAD) [17–20]. All these studies
have investigated older adults (65 + of age) with
A�- and/or tau-deposition in absence of cognitive
decline, dementia (Table 1). In this review, NDAN
is defined as individuals that do not show the typical
clinical-pathological correlation associated with AD,
in other words individuals that carry AD pathology, as
assessed post-mortem, but who despite this patholog-
ical burden performed cognitive normal antemortem.
Important to note is that, in general, normal aging
elderly show some degree of AD pathology and of
cognitive deterioration, but not to the extent that they
identify as ‘NDAN’ or become demented. Looking at
the Gaussian distribution of the association between
AD pathology and cognitive impairment on a popu-
lation scale, the NDAN individuals are located on the
tail of the Gaussian, as they are relatively rare, with for
instance 6 to 15 out of over 3200 volunteers in the Bal-
timore Longitudinal Study of Aging (BLSA) study
[17, 21, 22]. But even though they might be excep-
tions to the average disease progression, at the same
time, this makes them even more interesting to study
in the search for a better drug target and treatment
for AD.

Table 1
Studies that described non-demented individuals with AD neuropathology (NDAN), using different synonyms. These studies all focus on
non-demented individuals with AD neuropathology or preclinical AD, studying brain tissue and/or data on cognitive performance. Cognitive

assessment and AD pathology scores are specified in Tables 2 and 3, respectively

Synonyms of NDAN Cohort study/Data set Reference

Non-demented individuals with Alzheimer’s
Neuropathology (NDAN)

Oregon Brain Bank at Oregon Health and
Science University

[9, 10, 223]

Nondemented high potential controls
(ND-HPC)

Banner Sun Health Research Institute: Brain
and Body Donation Program

[11]

Asymptomatic person with AD
neuropathology

National Alzheimer’s Coordinating Center:
Uniform Data Set and Neuropathology
Data Set

[12]

Intermediate probability mismatches Massachusetts General Hospital, Mayo
Clinic and University of Pittsburgh ADRC
Brain Banks

[13, 178]

‘Asymptomatic AD’ (ASYMAD) The Nun Study/Baltimore Longitudinal
Study of Aging (BLSA)/

[17–20, 179]

Cognitively normal with significant AD
pathology

Medical Research Council London
Neurodegenerative Diseases Brain Bank

Amyloid-PET positive subjective memory
complaint seniors (SMCpos)

INveStIGation of AlzHeimer’s PredicTors
(INSIGHT) – preAD study

[61, 172, 173, 242]

Presymptomatic or incipient AD Dementia of Alzheimer type [63]
Preclinical AD – [64]
Pathologically preclinical AD – [79]
SuperAgers Australian Imaging, Biomarkers and

Lifestyle (AIBL) study of Aging /
[170, 176, 177]

80+-year-olds, protected from A�
neurodegeneration

Alzheimer’s Disease Neuroimaging Initiative
(ADNI)

Cognitive reserve – [174, 175]
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To disentangle NDAN from normal aging and AD,
different mechanisms have been studied as summa-
rized in Figs. 1 and 2. While some studies suggest that
this asymptomatic form of AD is caused by resilience
or resistance for A� toxicity, others focus on alter-
native potential mechanisms, such as the status of
the risk gene for the apolipoprotein E (APOE), the
immune system or neurogenesis.

This review provides an overview on literature that
focusses on NDAN, referring to all asymptomatic
individuals with A�- and tau-pathology (Table 1),
thereby aiming to provide more insight into poten-
tial mechanisms underlying AD pathology in absence
of neurodegeneration and cognitive decline. Mecha-
nisms underlying NDAN will also be compared to
those underlying “normal” aging and AD in Fig. 2.

PHYSIOLOGY OF THE AGING BRAIN

Normal aging

An important characteristic of AD is cognitive
decline, i.e., reduction of memory, attention, pro-
cessing speed, visuospatial abilities, and executive
functions. However, some degree of cognitive decline
has also been associated with “normal” aging, as
older individuals are often less efficient in cogni-
tive tasks than younger people [23], but, which in
general, does not convert into dementia [24]. To
gain a better understanding in the process of normal
aging, researchers from the Gerontology Branch at
the National Institution of Health (NIH) launched
the BLSA-study [22]. By following over 3,200

Fig. 1. Mechanisms in NDAN and AD brain. Top left: Increase of (re)active microglia and astrocytes accompanied with elevated levels of
pro-inflammatory cytokines (IL-1, IL-6, TNF-�) in AD. In NDAN brain glial activation is decreased and anti-inflammatory cytokine (IL-4,
IL-10) levels are increased. Top right: In AD, proliferation of neural stem cells (NSCs) is decreased and ‘von Economo neurons’ (VENs) are
degenerated, while in NDAN NSC proliferation is increased as well as VEN density. Bottom left: Volume of the hippocampus and corpus
collosum is increased in NDAN. Bottom right: In AD, A� oligomers are able to bind the postsynaptic membrane and induce synaptotoxicity.
In NDAN, binding of A� oligomers is prevented.
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Fig. 2. Mechanisms in “normal” aging, AD and NDAN. Organ level: Shrinkage of grey matter in frontal and parietal volume over time in
normal aging. Overall grey matter volume shrinks in AD but increases in NDAN brain. In NDAN the cingulate gyrus is thicker, and the
hippocampus is spared, or increased in some cases. Neurons: Neurogenesis is decreased, and brain plasticity is increased in normal aging. In
AD, NSCs proliferate less in the subventricular zone and hippocampus and VEN cells degenerate. NSC proliferation in the hippocampus of
NDAN brain is increased, as well as VEN density. Inflammation: Microglia and astrocyte response to pro-inflammatory cytokines is increased
in normal aging hippocampus. Microglia and astrocytes become more (re)active in AD, due to increased levels of pro-inflammatory cytokines
(IL-1, IL-6, and TNF-�). Glial activation is decreased in superior temporal sulcus of NDAN, as anti-inflammatory cytokines (IL-4 and IL-
10) are increased. A�: The molecular composition of A� molecules in normal aging is different than in AD and not distributed to specific
areas. In AD, A� oligomers bind to synapses and induce synaptotoxicity. In NDAN, postsynaptic binding of A� oligomers is prevented by
neuromodulators (Zn2+ [230] and Reelin [232]), Insulin [235] and specific APP miRNAs [182]. Tau: NFT distribution in normal aging is
restricted to specific areas: entorhinal cortex, olfactory nucleus, and parahippocampal gyrus [49]. NFT levels in these areas are elevated in
AD and also spread to the neocortex. In NDAN, NFT formation is inhibited in the temporal cortex, due to lower 0N3R expression [236]. A
proposed mechanism for NDAN is to investigate the composition and location of different tau species.
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volunteers for more than 60 years, this study shed
light on the relationship between aging and cognitive
health by looking at occurring changes in brain tissue
and cognition over time. Both healthy and demented
older volunteers appeared to lose a significant amount
of both grey and white matter [25]. In the case of
grey matter atrophy, especially the frontal and parietal
volume declined over time. And both the ventricles
in the brain as well as the volume of ventricular
CSF increased over time [25]. These findings suggest
that both atrophy and increased ventricles reflect nor-
mal aging. However, these physiological changes are
brain region dependent, e.g., the mesial temporal and
frontal areas are more susceptive to AD pathology,
rather than to normal aging [25].

The brain atrophy as seen in the aging brain
could either result from neurodegeneration or from
alternations in neurogenesis. Neurogenesis (or gli-
ogenesis) is responsible for the production of new
brain cells, such as neurons and the glial cells like
astrocytes, oligodendrocytes, and ependymal cells
[26]. In contrast to neurons which conduct action
potentials, glial cells do not, but instead maintain
homeostasis, and protect and support neurons. An
important type of glial cell involved in the pathol-
ogy of AD are microglia [27–30]. Unlike other
glial cells, microglia do not derive from neuroge-
nesis, but from hematopoietic stem cells [31, 32].
Microglia play an important role in neuroinflam-
mation, functioning as resident macrophages of the
central nervous system. In order to understand nor-
mal physiological changes during aging, Mayne et
al. (2020) discussed functional decline of the adap-
tive immune system in healthy aging in comparison to
several neurodegenerative diseases [33]. They illus-
trate that the response of microglia and astrocytes to
pro-inflammatory cytokines was increased in brains

of aging mice indicating higher sensitivity to inflam-
matory events [33, 34]. Furthermore, the increased
secretion of interferon-� by cytotoxic CD8+ T cells
led to decreased neurogenesis in the hippocampus
[33, 35]. Overall, their findings clearly indicated a
role of the immune system in the reduction in neu-
rogenesis in the aging brain. In addition to T-cells,
natural killer cells have been implicated in impaired
neurogenesis [35, 36], as well as oxidative stress and
impaired DNA repair [37]. Interestingly, while neu-
rogenesis can be reduced due to aging, the brain’s
plasticity was found to be enhanced, yet dysregulated
in aged rats [38].

Another feature of “normal” aging is the presence
of NFT and A�, as found in brains of cogni-
tively normal elderly [39–44]. In “normal” cellular
metabolism, the enzymes �- and �-secretase are
responsible for cleavage of the amyloid-� protein
precursor (A�PP), yielding A� peptides [45]. A�
peptides can aggregate to form soluble oligomers
and insoluble fibrils and plaques (Fig. 3). Perhaps
counter intuitively, not the insoluble but the soluble
oligomeric A� cause more neural damage as it binds
easier to synapses, as has been proven extensively
[46]. Normal A� production and degradation is bal-
anced out by proteolytic degradation, deposition into
insoluble plaques and cell-mediated clearance [45].
Tau is “normally” present in the aging brain as a
highly soluble protein that primarily maintains micro-
tubules in axons [47]. When tau proteins become
hyperphosphorylated, it aggregates and NFTs are
formed. As deposition of NFT and A� are both
associated with AD patients and “normal” aging, an
important question is if these NDAN individuals are
resilient to tau- and A�-pathology. In experiments
with virally induced human tau in entorhinal cortex
neurons of young and old mice, it was shown that tau

Fig. 3. Aggregation of A�, from monomers to plaques. Soluble A� monomers aggregate together to form dimers and oligomers, that can
form soluble protofibrils. These protofibrils aggregate to form insoluble fibrils, that can form amyloid plaques.
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spreading was not only age- but also region depen-
dent [48]. More specifically, the human tau expanded
from the entorhinal cortex, to the hippocampus and
the temporal lobe in old mice. In line with these
findings in mice, it was found that NFTs can be dis-
tributed to the entorhinal cortex, olfactory nucleus
and the parahippocampal gyrus in non-demented
aging humans [49]. In mildly demented cases, distri-
bution was similar to non-demented cases, but much
more tangles were found in these areas. Only in the
severely demented cases, NFTs were found also in
the neocortex [49]. Conversely to NFT, consistency
in the distribution of A� in “normal” aging has not
been found yet. In 2005, Piccini et al. did hypothesize
that the molecular composition of soluble A� aggre-
gates could differ between “normal” aging and AD
[50].

MECHANISMS UNDERLYING
ALZHEIMER’S DISEASE

AD can be heritable, attributed to mutations in the
potential genes that encode for amyloid precursor
protein (APP) and presenilins (PSEN) 1 and 2 [51].
Mutations in one of these genes result in increased
production of the protein A�42. In contrast to the her-
itable familiar AD cases, in the sporadic AD cases,
risk factors consist more of environmental and as well
as genetic factors. One well known genetic risk fac-
tor is the APOE allele �4, which increases the risk of
AD but is not determinative for the disease [52, 53].
Under healthy conditions, ApoE enhances binding
to, transportation of, and metabolism of lipids. How-
ever, in AD pathology, ApoE binds additionally to A�
peptides and also regulates A� aggregation and clear-
ance [54]. Moreover, the ApoE lipoproteins regulate
neuronal signaling, glucose metabolism, and neu-
roinflammation, all mechanisms implicated with AD,
as will be discussed further in this review. Another
important causative factor in the pathology of AD
is the protein tau. Hyperphosphorylation of tau pro-
tein results in the formation of NFTs [55]. Together
with A� pathology, NFTs are defined as the typical
hallmarks of AD.

AD on a body level

Looking at AD on a body level, studies have been
focusing on multiple risk factors that are able to mod-
ify the onset and the rate of decline seen in AD. Inves-
tigated risk factors include age, gender, education,

neuropathology, personality, genetics, lifestyle, and
cognitive functioning [56–60].

AD symptoms in patients mostly consist of cog-
nitive and functional impairment—dementia. The
progressive course of AD is divided in several stages
[23]. The first stage, preclinical AD stage, was ini-
tially defined as cognitively unimpaired individuals,
who contained AD lesions in their brain as identified
postmortem [61]. During this stage, clinical symp-
toms are not yet noticeable [62]. Since individuals in
the preclinical stages and NDAN individuals both dis-
play AD neuropathology in the brain, but symptoms
are not (yet) evident, this preclinical stage provides
an interesting perspective for NDAN research [63,
64]. The first clinical stage of cognitive decline starts
with subjective cognitive decline (SCD), defined as
a very early and subtle cognitive decline which pre-
cedes objective cognitive decline [65]. The second
stage is called the mild cognitive impairment (MCI)
stage [66]. This MCI stage lays between expected
cognitive decline associated with normal aging and
more severe decline associated with dementia. This
MCI stage is marked by symptoms of short term
memory loss, especially in retrieving learned facts,
and inability to acquire new information [67]. More-
over, deficits occur in planning, executive functions,
attentiveness, and impairments in semantic memory
(refer to general knowledge). All these MCI symp-
toms are hard to distinguish from normal aging and
can improve over time, remain stable for years, or
progress to AD or another type of dementia. During
the SCD and MCI stages, diagnoses of patients is
difficult, since these first symptoms of AD are hard
to distinguish from normal aging. In later stages,
the final stage of AD, memory problems become
overshadowed by new difficulties: aphasia (difficulty
communicating), agnosia (difficulty processing sen-
sory information), and apraxia (inability in executing
motor tasks) [68, 69]. During this final AD stage of the
disease, it becomes more difficult for patients to exe-
cute tasks and therefore, most AD patients eventually
need assistance.

To provide good care and disease intervention, a
correct diagnosis of the disease is necessary. The
current standard to diagnose AD is based on the
definition of the Diagnostic and Statistical Man-
ual (DSM)-IIIR for dementia and AD criteria and
the diagnostic guidelines from the National Institute
on Aging-Alzheimer’s Association (NIA-AA) [70].
This diagnostic method is based on medical history
and cognitive testing after ruling out other possi-
ble causes. Over the years, these criteria have been
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specified further to improved accuracy, using imaging
and blood tests [62, 66, 71]. Nevertheless, post-
mortem confirmation of the AD hallmarks is still
required for a definitive diagnosis of AD.

With respect to postmortem confirmation, several
methods can be used to verify and classify AD. Tra-
ditionally, NFT pathology has been assessed using
Braak staging system [72, 73] (Fig. 4). The Braak
staging system is used to classify the morpholog-
ical changes that occur over time in AD patients.
For long, this system has been used to predict
AD, as the latter Braak stages typically indicate a

Fig. 4. The Braak staging system adapted from Šimić et al.
(2017) [84]. Topographic atrophic progression of AD caused by
neurofibrillary degeneration. Initial memory loss correlates with
hippocampal atrophy (stages I-II). Followed by disturbance in
language & planning function, correlating with atrophy in the
temporal, frontal, and parietal cortex (stages III-IV). And finally,
impaired perception and movement, as associated with primary
sensory and motor cortex (stage V-VI).

clinical outcome of dementia, even though the system
was not developed for clinical-pathological correla-
tion. Nelson et al. (2012) reviewed the validity of
the clinical-pathological correlation in AD thereby
focusing on neuropathological (A� and tau) changes
and cognitive impairment using Mini-Mental State
Examination (MMSE) scores [74]. The authors state
that the cognitive impairment in AD correlates bet-
ter with neocortical NFT pathology than with A�
plaque. However, NFT pathology also occurs in nor-
mal aging, as described in the previous section. For
this reason, it could be questioned if Braak stag-
ing provides a valid prediction for AD, and also
for NDAN [75, 76]. Especially during the slow-
developing pathology of AD, morphological changes
in the brain do not always directly translate into
behavioral differences. However, at this point the
question remains, is this a defect in the pathologi-
cal evaluation itself, and can Braak staging be used
to evaluate AD and NDAN, or is there something
else missing? Another neuropathological diagnostic
criteria instrument is the Consortium to Establish a
Registry for Alzheimer’s Disease (CERAD) which
evaluates the density of neocortical senile plaques
[77–79].

Altogether, the slow and gradual decline observed
in AD ensures the challenges in treatment of this dis-
ease. The AD-associated processes will be discussed
next on the organ levels, followed by the cellular and
biochemical level to gain deeper understanding of
AD, and for the ultimate comparison of AD patients
and NDAN individuals.

AD on an organ level

AD is characterized by neurodegeneration in spe-
cific areas of the brain, causing the cognitive decline
as described in the previous section. Typically, his-
tological changes first appear in the limbic system,
especially the hippocampus and entorhinal cortex
[80]. In particular, atrophy in the CA1 region of
the hippocampus is indicative of AD, not of aging
[81, 82]. This suggests that memory loss in AD is
enhanced by CA1 atrophy, resulting in a greater mem-
ory decline than observed in normal aging. After CA1
atrophy, the atrophy affects the temporal and frontal
cortex, and parts of the cingulate gyrus and parietal
lobe (reviewed in [83, 84]). As a result of this neuronal
loss, the ventricular system extends. Meanwhile, the
spinal cord and cerebellum seem to stay unaffected
[80].
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As described in the previous section, the post-
mortem classification of AD is performed by the
Braak staging system (Fig. 4), based on the charac-
teristic distribution pattern of neurofibrillary changes
throughout the brain [73]. Initially, the trans entorhi-
nal to the hippocampal region become affected (Stage
I & II), thereafter the temporal, frontal, and parietal
neocortex (Stage III & IV), and eventually followed
by alterations in the primary sensory and motor
areas (Stage V & VI). The affected regions correlate
with loss of recent memories (stages I-II), impair-
ment of language and planning areas (stages III-IV),
and finally malfunctioning of object recognition and
motor skills (stages V-VI).

Several AD subtypes have been defined based on
the atrophy pattern [85–89]. Ferreira et al. (2017)
used magnetic resonance imaging (MRI) to predict
and investigate three subtypes of AD: typical AD,
limbic-predominant, and hippocampal-sparing forms
of AD [89]. In typical AD brains, neurodegenera-
tion appeared in the mesial temporal lobe and in the
posterior cortex and/or frontal cortex. In contrast to
the typical AD, the limbic-predominant subtype was
defined as atrophy in the mesial temporal lobe only,
whereas in the hippocampal-sparing AD subtype, this
mesial temporal lobe was spared. The latter generally
did not experience amnesia. Furthermore, another
study identified a subtype of patients with neither hip-
pocampal nor cortical atrophy [90]. This AD subtype
did show cognitive impairment, despite their seem-
ingly spared brain areas. This could be explained by
possible limitations in the diagnostic accuracy guide-
lines from the NIA-AA or due to other factors that are
not yet identified in the mechanism of AD.

Another aspect of AD is reduction of the cerebral
blood flow (CBF). In AD, A� peptides indirectly can
cause a reduction of CBF due to interference with
nitric oxide-mediated vasodilation [91]. Reduction
of CBF results in impaired supply of glucose, nutri-
ents, and oxygen, and diminished elimination of toxic
products. Therefore, reduction of CBF contributes to
neuronal damage. In parallel, A� induces reactive
oxygen species that activate the release of endothelin-
1, which in their turn elicits constriction of pericytes
which results in capillary constriction and reduced
CBF [92]. Particularly, regional CBF (rCBF) reduc-
tion is one of the earlier markers for dysfunction in
specific areas associated with AD [93]. This rCBF
reduction follows the same trend as the observed areas
affected in AD pathology: the posterior cingulate,
praecuneus, and mesial temporal lobes. However,
rCBF is further reduced in AD patients, namely in the

hippocampus, caudate, and thalamus [94]. For this
reason, measuring the CBF in these regions, using
MRI or positron emission tomography (PET), is a
useful method to predict cognitive decline [95, 96].

AD on a cellular level

During AD, neurons and synapses lose their struc-
ture and function, and eventually die, resulting in
atrophy as described above. Altogether this is referred
to as neurodegeneration, hence AD is a neurodegener-
ative disease. Neurodegeneration as observed in AD
results from neurotoxic tau and A�, together with
aging and inflammation [97].

To get a better idea of neurodegeneration, it is
important to not only investigate neuronal death but
also neuronal production. Neurons themselves do not
proliferate in adult life; however, new neurons can be
derived from neuronal stem cells (NSC) by the pro-
cess of neurogenesis [26]. Adult neurogenesis has
been observed in two regions of the brain, namely
the mature subventricular zone of the lateral ventri-
cles and the dentate gyrus part of the hippocampus
[98, 99]. As indicated previously, mild memory loss
is associated with “normal” aging, which could be the
result of region-specific neuronal alterations caused
by brain plasticity [100] (Fig. 2). Alternatively, neu-
rogenesis in the hippocampus declines with age and
therefore causes potential complications in memory
function [101]. In AD, neurogenesis is impaired.
Studies in AD mice revealed that NSCs in the adult
subventricular zone proliferate less and fail to differ-
entiate into healthy mature neurons [102]. Scopa et
al. (2020) concluded that neurogenesis in this zone
was already impaired in the early stages of AD, due
to A� oligomers in the endoplasmic reticulum of
NSCs. For many years, researchers speculated that
AD pathology affected neurogenesis and that neu-
rogenetic misfunction correlated with neuronal loss
as seen in AD [103–105]. More recent attention has
focused on the groundwork of adult hippocampal
neurogenesis in over 90-year-old individuals with
MCI and AD [106, 107]. Specifically, MCI patients
showed reduced numbers of neuroblasts, premature
neurons originating from NSCs [107, 108]. This data
suggests that neurogenesis may already decline dur-
ing MCI. In line with this finding, it is not surprising
that adult neurogenesis in the human hippocampus
was found to be impaired already in the early stages
of AD pathology [109].

In addition to the two hallmarks of AD (A� plaques
and NFT), neuroinflammation is considered to be the
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next most important contributor to the progression
of AD. Over the last decade, the importance of this
process has emerged more and more and in 2020, the
link between neuroinflammation and AD has been
elaborately discussed in reviews [110, 111]. Neuroin-
flammation in AD has been observed in human brain
tissue and on a molecular imaging level [112–115].
More specifically, on the one hand, astrocytes become
more reactive in response to A�, releasing pro-
inflammatory cytokines [116, 117]. On the other
hand, there is increased interest in the brains-resident
immune cell, the microglia. As explained earlier,
these particular glial cells are the resident immune
cells of the brain, that can phagocytose pathogens
and display antigens to activate T-lymphocytes [30].
In AD, microglia play a major role in endocytosis
and degradation of soluble and fibrillar A� species
[29]. Initially, this process is beneficial to prevent
A� accumulation, but as soon as the A� levels
are chronically elevated, microglia activation will
result in prolonged inflammation and enhances AD
progression. The impact on AD progression is par-
ticularly influenced by the phenotype of microglia
(M1 or M2) involved, as type M1 microglia enhance
cellular immune responses while type M2 inhibit
classic inflammation and promote wound healing
[118, 119]. The mixed population of microglia results
in a heterogenic neuroinflammatory response that
influences AD progression and effectiveness of pos-
sible treatments, notably in adults with early AD
[112].

Besides (re)active glial cells, several cytokines
have been associated with AD. The deposition of
A� activates astrocytes and microglia that trigger
the secretion of several inflammatory cytokines.
Firstly, interleukin (IL)-1 can increase A�PP syn-
thesis and secretion, and subsequently generation
of A� [120]. Furthermore, microglial production
of IL-1 activates the p38 mitogen-activated protein
kinase (p38-MAPK) pathway and thereby increases
the phosphorylation of tau [121]. Secondly, elevated
levels of IL-6 have been found in AD brains, which
can increase the expression of A�PP as well [122].
Thirdly, IL-10 inhibits the macrophagic function of
microglia and thereby indirectly decreases cerebral
A� clearance [123]. Lastly, tumor necrosis factor
(TNF)-� stimulates the activity of �-secretase, result-
ing in an increased production of A� from A�PP
[120]. Increased levels of this pro-inflammatory
cytokine were also found in CSF and blood of MCI
patients, who later progressed to AD [124]. More-
over, results from a cell culture study indicated

that microglia, when activated by A�, release
reactive oxygen species and also TNF-�, creat-
ing a positive feedback loop of enhanced A� and
microglial induced inflammation [125]. Together,
these cytokines affect the proliferation and survival of
both neurons and NSCs and enhance the progression
of AD. To conclude, these studies clearly indicate
that there is a strong relationship between neuroin-
flammation and the progression of AD, which needs
to be considered in the pathology of the disease.

In literature, many different theories of AD eti-
ology have been proposed, including the vascular
hypothesis that states a reduction in CBF [126]. The
reduction in CBF may result from blood-brain bar-
rier (BBB) dysfunction as indicated by recent studies
[127–132], suggesting a potential causal relationship
between AD and cardiovascular dysfunction. Under
healthy conditions, the BBB protects the brain by
preventing access for blood cells, pathogens, and
neurotoxic components in the blood [133]. During
the early stages of AD pathophysiology, break-
down and dysfunction of the BBB occurs. This
BBB breakdown results in leakage throughout the
cerebrum, due to dilatation of the BBB’s tight junc-
tions [134]. The integrity of these tight junctions is,
among others, regulated by APOE, which is, as men-
tioned above, an extensively investigated risk gene
in AD research [135]. Additionally, another study
showed that increased BBB permeability resulted
from A�-induced pro-inflammatory and cytotoxic
events [136]. Together, this indicates that AD is
indirectly associated with increased BBB permeabil-
ity. Furthermore, Montagne et al. (2015) observed a
breakdown of the BBB in hippocampal areas, CA1,
and dentate gyrus in healthy elderly [127]. These find-
ings suggest that the breakdown of BBB contributes
to the cognitive impaired symptoms that are associ-
ated with aging and AD.

In short, multiple processes in the brain are affected
by AD pathology (Fig. 2). In AD, neurons degener-
ate, while the formation of new neurons is impaired
at the same time. Moreover, astrocytes and microglia
become reactive in the presence of A�, triggering the
release of several pro-inflammatory cytokines. This
cytokine release could be associated with the decline
observed in BBB tight junction integrity, causing
more neurotoxic components to enter the brain and
inducing an immune response. Furthermore, CBF
is reduced in AD brains, suggesting a decrease in
blood supply and decreased synaptic activity. All
these mechanisms can be caused by A� and NFT
pathology of AD, which will be discussed next.
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AD on a biochemical level

Amyloid-β pathology
The A� molecules exist of peptides derived from

A�PP; an integral membrane protein expressed in
synapses. It is thought that A�PP functions as a regu-
lator of neural plasticity and synapse formation [137,
138]. Mouse studies suggested that A�PP plays an
important factor in neurogenesis, as APP–/– mice
showed no increase in neuronal proliferation and
reduction in brain weight [139]. Nevertheless, A�PP
itself is not responsible for the pathological devel-
opment occurring in AD. When A�PP is cleaved by
�- and �-secretase, it generates A� peptides from dif-
ferent sizes [140–142]. These A� isoforms vary from
30 to 51 amino acid residues. The two most preva-
lent isoforms are A�40 and A�42, which are produced
in both neuronal and nonneuronal cells. The ratio of
A�42/40 is an important factor to determine fibril-
lar formation and consequent toxicity of A� [143].
A�40 is produced in the trans-Golgi network, while
A�42 is produced in the endoplasmic reticulum (ER)
[144]. Especially, the ER-derived isoform, A�42, is
notorious as it is best at misfolding and forming the
toxic A� oligomers [145] and consequently, with a
higher ratio of A�42/40 more toxic oligomers are
formed. Neuronal cell culture studies demonstrated
that A� oligomer exposure induced cell death, which
was mediated by acute toxicity triggered by oxidative
stress [146, 147].

Not only insoluble A� oligomers (which lead to
plaque formation), but also soluble A� oligomers
(Fig. 3) play an important role in the pathology of AD
[148] and the presence of high A� oligomer levels in
CSF of AD patients may indicate an increased risk
of AD [149]. In another study, significantly higher
levels of A� oligomers were found in CSF samples
from AD patients compared to controls, as well as an
elevated ratio of A� oligomers to A�42 [150], which,
in A�PP-expressing cultured cell lines, were associ-
ated with loss of dendritic spines and loss of synaptic
function [46]. This observation is crucial because A�
oligomer-induced synaptic loss results in disruption
of neuronal communication.

Shankar et al. (2008) also found that these A�
oligomers were bound to the synapses and inhibited
long-term potentiation, while enhancing long-term
depression (LTD). Enhancing LTD in the hippocam-
pus, together with the reduced dendritic spine density,
eventually results in interruption of memory and
learning ability. Furthermore, Shankar et al. (2008)
illustrated the synaptotoxic role of A� dimers in this

process, as A� dimers solubilize amyloid plaques
and disrupt glutamatergic synaptic transmission that
is necessary for the LTD. It is believed that the mis-
folded A� fulfills a prion function: misfolded proteins
that can convey their misfolded shape onto other pro-
teins [151–153]. Not only A�, but also tau proteins
can be misshaped as a result of these misfolded A�
[154]. The toxic behavior of misfolding also perturbs
when misfolded A� and tau enter neurons which
contained properly folded and functioning A� and
tau.

To detect A� plaques, a radioactive analogue of
thioflavin T, Pittsburgh compound B (PiB) is used.
This compound, 2-(4’-[11C]methylaminophenyl)-6-
hydroxybenzothiazole (11C-PiB), can bind to A�
fibrils and is visible through PET imaging [155].
Binding of 11C-PiB to A� enables us to diagnose AD
pathology and investigate the areas that are affected
by A�. Yet, A� pathology was not significantly
associated with cognitive AD symptoms and had,
therefore, no predictive advantage, while NFT does
[156] (see below). This conclusion contradicts that
of Pike et al. (2007) who found a strong correlation
between impaired episodic memory and increased
binding of PiB [157]. But, as impaired episodic mem-
ory is not the only symptom indicative for AD, this
approach can be used to fulfil some of the antemortem
detection of A�, but cannot assess the degree of cog-
nitive impairment.

Tau pathology
The other hallmark of AD are tau proteins, which

aggregates into NFTs. Under healthy conditions,
tau proteins are highly soluble proteins with differ-
ent isoforms produced by alternative splicing from
the microtubule-associated protein tau (MAPT) gene
[158] (Supplementary Figure 1). Primarily, the role
of tau in the central nervous system is to stabilize the
microtubules in axons; however, these proteins can
also be expressed in non-neuronal cells, including
astrocytes and oligodendrocytes [159]. Tau proteins
can become phosphorylated by different protein
kinases on various sites that regulate microtubule
binding [160]. In total approximately 45 phosphory-
lation sites have been reported, either being tyrosine,
threonine, or serine residues (Supplementary Fig-
ure 2). Phosphorylation of these different residues
is regulated by different kinases including GSK-
3, PKN, and CDK5 [161, 162]. Phosphorylation
interferes with microtubule binding; consequently,
the hyperphosphorylated state of tau decreases the
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solubility of the protein, resulting in its aggregation
into bundles of paired helical filaments, the NFTs
[163]. During AD, this hyperphosphorylated, insol-
uble form can no longer bind and stabilize the
microtubules, and therefore indirectly demolishes the
microtubules, thereby weakening the cytoskeleton
and obstructing axonal transport [161]. Inhibition of
axonal transport can lead to oxidative stress in mito-
chondria and eventually cell death [164]. Moreover,
tau’s indirect inhibition of axonal transport leads to
the accumulation of A�PP, the precursor of the other
AD hallmark (see the section on Amyloid-� pathol-
ogy above). The quantity and distribution pattern of
tau correlate with the degree of decreasing cogni-
tive performance and memory in AD. Tau staining
is performed using silver and immunohistochemical
staining for hyperphosphorylated tau [72, 73]. As dis-
cussed previously (see the sections AD on a body &
organ level above), the Braak staging system is based
on the deposition of tau, the formation of NFT and
neuropil threads in neurites [72, 73]. Apart from this
system to identify AD stages, Braak et al. pointed
out the importance of hyperphosphorylation of tau,
as accumulation of tau already starts years before the
first signs of AD occur. This highlights the impor-
tance of tau as a valuable hallmark for AD. However,
NFT distribution was also seen in “normal” aging
(Fig. 2); therefore, it is important to also investigate
the distribution and composition of tau species in
NDAN.

NON-DEMENTED INDIVIDUALS WITH
AD NEUROPATHOLOGY

Until the past decade, researchers in the field of
AD have been focusing on the link between the clin-
ical symptoms of dementia and the two hallmarks:
A� and tau. However, several longitudinal, cohort
studies have been suggesting that it is not as straight-
forward as was anticipated. One review discussed
demented patients, without amyloid or tau pathology,
as well as cognitively intact individuals with severe
AD pathology [165]. Nelson et al. (2009) illustrated
that individuals without or with mild dementia tend to
have less NFT counts in the neocortex, while when
NFT counts are over a certain threshold, cognitive
impairment is inescapable. Moreover, in cases with
many NFT counts, the combined amount neuritic
and diffuse amyloid plaques was increased. There-
fore, Nelson et al. (2009) strongly agreed with the

clinical-pathological correlation of NFT and neuritic
and diffuse amyloid plaques to cognitive impairment.
In 1958, the BLSA started investigating the normal
progression of aging [22]. In this program, the pres-
ence of AD neuropathological changes was found
in several of the autopsies of individuals that dis-
played normal, non-demented behavior prior to their
death. Another longitudinal aging study, the Nun
Study (1986), found that 12% of the cognitively
intact participants showed abundant A� plaques and
NFT during postmortem examination [166–168].
After the successful findings of the Nun Study, the
Rush Religious Orders Study (1992) was executed
[169]. The Rush Religious Orders researchers, Ben-
nett and Schneider, found that one-third of older
people’s brains had serious AD lesions, while these
people were not cognitively impaired. Not only in
America, but also in Australia an aging and AD
study was launched in 2004: the Australian Imag-
ing, Biomarker & Lifestyle Flagship (AIBL) Study
[14, 170], and found a significant A� deposition in
the brains of some non-demented individuals [171].
More recently, a group in Paris investigates the
compensation mechanisms in individuals with AD
lesions that maintain their cognitive capabilities. To
this aim, the “INveStIGation of AlzHeimer’s Pre-
dicTors” (INSIGHT-preAD) study was launched in
2013 and is still ongoing [172]. Within the INSIGHT-
preAD cohort, positive amyloid deposition was found
in asymptomatic individuals [173]. Taken together,
these studies indicate the existence of a group of
elderly that do not develop dementia during their
life, despite the AD neuropathological burden in their
brains. Therefore, it is thought that other factors, or
maybe even an undetected hallmark in the pathol-
ogy of AD, play an important role in altering the risk
for AD or the progression of AD. So, what distin-
guishes NDAN individuals from normal AD patients
and “normal” aging, and what key features are still
missing?

As was pointed out in the introduction of this
review, already many different studies have been
performed regarding these NDAN cases (Table 1).
Although a variety of synonyms have been used,
some studies focus on a specific age interval and
others investigated the preclinical state of the dis-
ease. Moreover, the conditions by which individuals
are labeled as NDAN differ between studies. Never-
theless, all these studies have been investigating the
potential missing link between the two hallmarks of
AD and the cognitive outcome that is expected in
this disease. Already at the end of the last century,
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researchers tried to distinguish normal aging from
the preclinical state of AD, in which the quantity of
neuropathological changes has not yet affected cogni-
tive behavior. Morris et al. (1996) discussed whether
the cerebral deposition of A� in nondemented elderly
indicated early AD in its presymptomatic phase or
simply “normal” aging [63]. Moreover, Schmitt et
al. (2000) referred to preclinical AD subjects as
having AD-like changes, but exhibiting no cogni-
tive differences [64]. Moreover, they suggested that
the aging brain might cope with these changes and
remain normal cognitive functioning. Both Morris et
al. and Schmitt et al. refer to this phenomenon as
the delay in time between the pathological progres-
sion and the expression of disease and symptoms.
Later researchers started to use the term cognitive
reserve (or buffer), in expectance that symptoms will
eventually occur [174, 175]. Another synonym that is
being used to describe NDAN specifically focusses
on non-demented individuals within a certain age
range. So did Maarouf et al. (2011) who described
a group cognitively intact nonagenarians with high
amyloid plaque loads and classified these as non-
demented high pathology controls [11]. Similarly, the
term ‘SuperAgers’ was used to refer to 80-year-old
elderly, with a level of episodic memory that is equal
or better than those between 50- to 60-year-old [14,
15, 176, 177]. Alternatively, the group of Gómez-
Isla described these non-demented individuals with
significant amounts of AD changes as high or inter-
mediate probability mismatches or resilient to the AD
pathology [13, 178]. Additionally, scientists even use
different terms to refer to a non-symptomatic behav-
ior of AD, dementia, observed in individuals with
significant AD neuropathology. The group of Tron-
coso investigated asymptomatic AD (ASYMAD) in
BLSA and conducted their research on a histolog-
ical, proteomic, and transcriptomic level [21, 179,
180]. Lastly, the synonym that is used in this review,
‘NDAN’, was already described by Zolochevska and
Taglialatela [9, 181, 182]. Altogether, these scientists
have all contributed to unravel the underlying mech-
anisms that differentiate NDAN from normal aging
and AD. Some of these studies mainly focused on
delaying the effects of aging, as aging is an inevitable
process that can be seen as a risk factor for AD. At
the same time, delaying the effects of aging itself
can provide useful insight into the resilience of AD.
In this section, these potential mechanisms will be
discussed on a body, organ, cellular, and biochem-
ical level aiming to gain a bigger understanding of
NDAN.

POTENTIAL MECHANISMS
UNDERLYING NDAN

As mentioned earlier, already multiple risk factors
for AD have been examined by previous researchers.
These factors—age, gender, education, neuropathol-
ogy, personality, genetics, lifestyle, and cognitive
function—can modify the onset and rate of decline
of AD and therefore also need to be considered in
NDAN research [56]. Morphological changes of the
brain and the neurons, inflammation, A�, and tau
have already been discussed in the context of normal
aging and AD (Fig. 2) and will here be discussed in
the context of NDAN. First, NDAN is discussed on an
organism level from an age, education, and cognitive
perspective.

NDAN on a body level

Typically in AD, patients encounter dementia-like
symptoms, including memory impairment, difficul-
ties with language, and moving difficulties [183,
184]. Diagnostic classification of AD is initially exe-
cuted using several cognitive performance tests on,
for instance, memory recalling, perceptual speed,
and verbal fluency. As explained earlier, patholog-
ical diagnoses and cognitive testing is needed to
confirm the AD diagnosis, using Braak staging sys-
tem, CERAD, and NIA-AA neuropathologic criteria
for AD. These neuropathologic criteria have also
been used to examine cognitive functioning in non-
demented elderly [185]. The study by Bennett et al.
(2006) found that some of these non-demented indi-
viduals were allocated with an intermediate or high
likelihood to develop AD, a crucial discovery, as it
demonstrates the heterogeneity in the extent to which
AD pathology correlates with cognitive impairment.

Several studies performed among different popu-
lations worldwide have demonstrated A� aggregates
and NFT in 20–40% of the cognitively intact elderly
[63, 71, 186–190]. Specifically, the study performed
by Driscoll et al. (2006) assessed cognitive per-
formances of cognitively normal elderly controls,
individuals with MCI or AD, and NDAN individ-
uals over a time span of 16 years or longer [190].
These individuals underwent prospective neuro-
logical evaluations on several cognitive domains,
including memory, visuospatial abilities, attention,
and word knowledge, and eventually underwent
autopsy. Interestingly, the authors found that the cog-
nitive trajectories between cognitively normal older
individuals and NDAN, declines similarly, whereas
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the cognitive trajectories of individuals with AD or
MCI showed an accelerated decline. Surprisingly,
this accelerated decline could be observed already
prior to the diagnosis of AD or MCI. In other studies,
including the more recent study performed by Dang et
al. (2019), the new term ‘SuperAgers’ was introduced
which is defined as cognitively strong 80+-year-old
NDAN that are resistant to neurodegeneration associ-
ated with age and A� [14]. In this study, SuperAgers
were case-matched to cognitively normal individu-
als for their age, based on sex and education (control
subjects) and their memory performance was inves-
tigated over a time span of 90 months. They found
that SuperAgers had less A�-associated decline com-
pared to control subjects. It can thus be suggested that
these individuals are resilient to AD pathology.

Since the discovery of NDAN cases, an Alz-
heimer’s Association workgroup suggested alter-
ations in the diagnostic guidelines of AD (part of
the NIA-AA) which would allow for the separation
of NDAN individuals from typical AD patients [71].
Consequently, many researchers started assessing the
cognitive function of their subjects using the Clin-
ical Dementia Rating (CDR) score and/or MMSE
(Table 2) [191, 192]. Most of the cited studies sum-
marized in Table 2 include only a small amount of
individuals with an MMSE score > 27.5, except for
the study on SuperAgers and amyloid-PET positive
subjective memory complaint seniors (SMCpos) [16,
172], showing that inclusion criteria vary between
studies and that the group of NDAN individuals is
rare or at least difficult to recruit or study. Some scien-
tists analyzed the clinical-pathological correlation by

investigating the correlation between MMSE scores
and Braak stages [193]. According to these authors,
a “ultimate NDAN”, having a MMSE score of 30
and end-stage tau pathology combined in one individ-
ual, did not exist in their analyzed datasets of 3,310
cases. This outcome provides another prospective in
the NDAN research. However, the research goal is not
to find and then study the “ultimate NDAN”, but to
gain insights in the missing link between the currently
accepted AD pathology and the actual clinical AD
outcome. To achieve this goal, the “ultimate NDAN”
cannot and does not have to be the golden standard for
NDAN. However, it remains debatable what would be
the best cut-off point of the MMSE or CDR score to
define individuals as cognitively intact, and should
one take into account that an individual with a high
score can still be cognitive impaired relative to their
own baseline? And what is the threshold that states
whether an individual has AD pathology?

Looking at scoring the cognitive functions of indi-
viduals, the CDR is used to distinguish three stages of
dementia from healthy individuals, based on their per-
formance in memory, orientation, problem-solving,
community affairs, home and hobbies, and personal
care [191]. Each category is scored independently
as healthy (0), questionable dementia (0.5), mild
dementia (1), moderate dementia (2), and severe
dementia (3). Unfortunately, not all studies focused
on NDAN cases included CDR scoring, but in the
studies that did include CDR scores, almost all
patients had low scores (between 0 and 0.5) indicat-
ing healthy or very questionable dementia (Table 2).
The study of Upadhaya et al. (2014) had two

Table 2
Selected studies on cognitive diagnostic examination of NDAN individuals

NDAN or Number of Age CDR MMSE Time of last References
synonym participants evaluation prior to death of performed studies

NDAN N = 4 > 89 26–29 – [9]
NDAN N = 8 76 – > 89 27–30 Several months [10]
ND-HPC N = 8 91–100 27.7 – [11]
Asymptomatic N = 82 ≈ 81.3 0 < 1 year [12]
SA N = 5 87–95 29.23 ± 0.88 – [16, 177]
ASYMAD N = 6 > 75.9 ≤ 0.5 ≈ 11 months [17]
ASYMAD N = 13 ≈ 89 28.3 ± 1.1 ≈ 0.5 year [18]
ASYMAD N = 15 71–96 28–30 – [21]
p-preAD N = 13 + 20 53–88 0 – 3 1–4 weeks [79]
SMCpos N = 88 70–85 0 ≥ 27 – [172]
SA N = 172 > 60 > 24 – [176]
High or intermediate likelihood N = 48 28.2 – [185]
Nondemented, meets AD criteria N = 14 ≈ 87.62 – 23.93 1.18 year [209]
NDAN N = 10 ≈ 89.5 28 – [230]

MMSE, Mini-Mental State Exam; CDR, Clinical Dementia Rating; ND-HPC, non-demented high pathology controls; ASYMAD, Asymp-
tomatic AD; NDAN, non-demented individuals with AD neuropathology; p-preAD, pathologically diagnosed preclinical AD; SA,
SuperAgers; SMCpos, amyloid-PET positive subjective memory complaint seniors.
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exceptions with high scores (2 and 3) that were
observed in two ‘pathologically diagnosed preclinical
AD’ subjects, specifically a subject with argyrophilic
grain disease, another type of dementia and a sub-
ject with both corticobasal degeneration and vascular
dementia [79].

As an alternative for the CDR scoring, there is the
MMSE, a questionnaire to measure cognitive impair-
ment [192]. This test is divided into categories to test
the functioning of time and spatial orientation, lan-
guage, memory, repetition, and attention, resulting
in a MMSE score indicating either normal cognition
(score 24–30), mild (score 19–23), moderate (score
10–18), or severe cognitive impairment (score ≤ 9).
Again, the cognitive function of all non-demented
individuals in the NDAN studies was identified with
a MMSE score of at least 24, but mostly above 27
(Table 2), indicating strong cognitive functioning.
Nevertheless, it is important to keep in mind that even
a maximum MMSE score of 30 does not rule out the
possibility of developing dementia, and the MMSE
score might change over time. Especially in NDAN,
it remains uncertain whether the presence of AD
pathology in these cognitively high functioning elder-
lies will still eventually cause dementia had they lived
longer. Furthermore, a time delay between the latest
cognitive evaluation performed antemortem and the
post-mortem analysis of brain tissue is inevitable, for
most studies this time delay was less than 1 years
(Table 2).

Cognitive “reserve” and level and/or duration of
education

One hypothesis that provides an explanation for
the dissociation between AD neuropathology and
dementia is “reserve”. In 2012, Stern explained
that there were two types of reserve: brain reserve
and cognitive reserve [175]. Brain reserve refers
to physical differences in the brain that could
advance tolerability against disease pathology (see
the section NDAN on an organ level below). Addi-
tionally, cognitive reserve refers to the ‘resistance’
to neuropathological damage. Several studies sug-
gested that cognitive reserve might be involved in
NDAN’s resistance to cognitive decline [194–198].
And another study suggested that a higher cognitive
reserve enables individuals to elongate the mainte-
nance of their cognitive skills and therefore persist
longer in an asymptomatic state [199]. It is hypothe-
sized that individuals with AD pathology that initially
performed cognitively well, will eventually develop
MCI or AD, regardless of cognitive reserve.

Cognitive reserve refers to flexibility and effi-
ciency in executing tasks and often clusters literacy,
IQ, reading, virtue in social networks, lifestyle, and
potentially most important, education. Already in
1990, Katzman et al. reported that lower education
was indicative for a higher AD prevalence [200].
The Rotterdam Study confirmed these results, as
they found as well that an increased risk of AD was
associated with a lower educational level [201]. Addi-
tionally, a meta-analysis suggested that for every year
increase in education, the prevalence of dementia was
diminished by 7% [202]. Hence, it could conceivably
be hypothesized that NDAN individuals attained a
higher education level than AD individuals. In line
with this hypothesis, Iacono et al. (2015) investi-
gated the level of education of subjects from the Nun
Study [18]. These authors found a significantly higher
level of education (Masters or higher) in NDAN cases
(61.5%), compared to both MCI (33.3%) and AD
(29.3%) subjects. Similarly, in SuperAgers, cogni-
tive reserve was suggested to be mainly developed
over years of education [203]. Moreover, this link
between level of education and dementia was thought
to be caused by the putative unhealthy lifestyles of
lower educated individuals. In an attempt to evaluate
this hypothesis, Ngandu et al. (2007) demonstrated
that unhealthy lifestyles may only independently
contribute to reduction of cognitive reserve, not con-
tribute to increased prevalence of AD itself [204].
With respect to the mechanisms underlying education
and cognitive function in AD, researchers proposed
that this was only associated with amyloid, not NFT
[205]. To conclude, considering all this evidence it
seems that NDAN individuals generally attended a
higher educational level and/or were educated for
a longer time, resulting in an increased cognitive
reserve.

So higher educated individuals seem to have a
greater reserve. However, when individuals with a
higher IQ do decline, the terminal cognitive decline
is much steeper compared to individuals with a lower
IQ, as was concluded by investigating the rate and
acceleration of cognitive decline in the final years
of disease prior to death [206]. Additionally, another
recently published study, which did not specifically
look at IQ, but that investigated person-specific cog-
nitive trajectories, also found that terminal decline
contributes on average for about 70% to late-life
cognitive loss in the investigated cohort [207].
Interestingly, accelerated cognitive decline was also
observed in a recent study in individuals who lost
their home during the 2011 earthquake in Japan [208].
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Even though there was quite some heterogeneity
between individuals, the individuals that seemed
most vulnerable to post-disaster accelerated cogni-
tive decline tended to be less educated, as well as
older, unmarried, not working, living alone, and had
also baseline health problems [208].

All these studies provide insights, from different
perspective, into the process of resilience to cognitive
impairment.

NDAN on an organ level

As was mentioned before, AD is characterized by
neuronal atrophy in various regions of the brain (see
the section on AD on an organ level). Various sub-
types of AD have been described in this section,
including cognitively impaired individuals without
any hippocampal or cortical atrophy [90]. A possi-
ble explanation for these subtypes may be the lack of
adequate knowledge in the pathology, one link that
is repeatedly observed in NDAN. Are NDAN brains
resilient to AD pathology or do they also encounter
atrophy?

Hippocampal volume
The volume of the hippocampus is an indepen-

dent criterion to distinguish between healthy and
AD individuals. In one of the investigations from
the Nun Study, they found that AD neuropathology
was associated with a reduction of the hippocam-
pal volume and that the brains of NDAN individuals
did show hippocampal atrophy [209]. In contrast to
Gosche et al. (2002), others reported that the volume
of both the total brain and hippocampus were ele-
vated in cognitively normal individuals with high AD
neuropathology, compared to AD [210, 211]. Fur-
thermore, in baseline measurements of SuperAgers
(80+-year-old NDAN group), hippocampal volumes
were found to be significantly larger compared to the
normal aging controls [176]. These opposing findings
suggest that brain and hippocampal volume by itself
cannot explain the clinical-pathologic correlation in
NDAN.

The genome-wide associated study performed by
Guo et al. (2019) associated three small nucleotide
polymorphisms in the TOMM40-APOC1 region,
located on chromosome 19q13.32, with hippocam-
pal atrophy and cognitive decline in non-demented
older adults [212], indicating that genetic background
affects hippocampal atrophy. Furthermore, another
study indicated that hippocampal atrophy in AD is
associated with vascular damage [213]. So far, how-

ever, it remains unknown whether the hippocampal
and brain atrophy would be directly caused by NFT
and A� plaques, since NDAN individuals do not nec-
essarily show reduced hippocampal volume and/or
brain atrophy despite their AD pathology.

Collectively, in NDAN, multiple studies indicate
hippocampal volume changes while one study does
not. As far as neurodegeneration is concerned, the
most important factor remains age. One study did
consider age in their analysis and reported that sim-
ilar rates of atrophy were observed in both control
and A�-resilient cases [14], suggesting that larger
hippocampal volume could contribute to resilience to
A�, but that structural decline eventually does occur
over time.

Brain area dependency
Next to cognitive reserve (see the section on NDAN

on a body level) resiliency to cognitive decline in
NDAN could result from brain reserve [174, 175,
214]. Brain reserve refers to the ability to endure age-
related changes and pathological damage, without
developing symptoms. As mentioned above, the hip-
pocampal volume is one of the mechanisms in brain
reserve. Moreover, other structural changes or differ-
ences in the brain might be involved in the coping
mechanism in NDAN individuals. Research from the
AIBL study of Aging group (Table 1) used 11C-PiB
PET and MRI brain scans to investigate A� depo-
sition in typical AD and NDAN subjects [215]. The
authors found a greater temporal grey matter volume
in ‘high-PiB healthy controls’, compared to ‘low-
PiB healthy controls’. In other words, brain scans of
NDAN subjects with high A� load showed a larger
grey matter volume than healthy controls without A�
in the temporal lobe.

Typically in AD, the hippocampus, particularly
CA1 region, and entorhinal cortex are the first regions
that are affected [73]. Afterwards, other parts of the
temporal and parietal lobes and some of the frontal
cortex and cingulate gyrus are affected. Surprisingly,
in the 80+-year-old NDAN group, SuperAgers, a sig-
nificantly thicker left anterior cingulate gyrus was
found in comparison to both other 80+-year-olds
and middle-aged controls [216]. Later these findings
were confirmed by Gefen et al. (2015) who further
reported that this region contains a lower NFT den-
sity in SuperAgers compared to other groups [177].
Moreover, they discovered a remarkably high pres-
ence of specialized nerve cells in the SuperAgers’
cingulate cortex: ‘von Economo-neurons’ (VEN).
These neurons might be important to understand
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NDAN and will be discussed in the section NDAN
on a cellular level. In the BLSA Study, the rCBF,
a measure for local neuronal activity, was measured
longitudinally up to 10 years prior to death by PET
scan of ‘ASYMAD’ individuals, NDAN, and com-
pared to cognitively impaired and cognitively normal
older subjects [17]. Their analysis demonstrated that
both the NDAN and the cognitively impaired group
show similar rCBF declines in the precuneus and
mesial temporal cortex over time. These results are
consistent with observations seen in subjects with
MCI, reflecting the stage before this decline fur-
ther progresses into AD and before the thalamic
regions are affected [94, 217]. Interestingly, only
in the NDAN group, not in the cognitively normal,
nor in the cognitively impaired group, an increase in
rCBF could be observed in the hippocampus, parahip-
pocampal gyrus, and anterior insula over time [17].
Despite the limited sample size in this BLSA study,
it can be hypothesized that the resilience observed in
NDAN individuals could be mostly contributed to the
hippocampal area, the main affected area by AD.

NDAN on a cellular level

Neurons
As was briefly introduced in the previous sec-

tion, the brains of the group SuperAgers contain
a thicker region of the anterior cingulate cortex,
which correlated with a higher density of the neu-
ronal subtype VENs [177]. More precisely, Gefen et
al. (2015) reported that the VEN density in Super-
Agers was approximately 3- to 5-fold higher than in
elderly control. VENs are rare, spindle neurons, that
are characterized as slim, bipolar neurons located in
the anterior cingulate cortex and fronto-insular cor-
tex, and named after Constantin von Economo who
first described them [218, 219]. Loss of VENs is
associated with frontotemporal dementia, a type of
dementia with atrophy in the anterior cingulate cor-
tex early in its progression, resulting in aberrant social
behavior [220]. However, the function of these spin-
dle neurons has not yet been completely clarified.
Gefen et al. (2018) found no significant association
between the density of VENs and Braak stages [16].
However, in the same study, lower VEN density was
observed in AD and in amnestic MCI cases, compared
to elderly controls. Moreover, they demonstrated the
highest density of VENs in SuperAgers, even in com-
parison with young adults, which was consistent with
their previous findings [177]. It would be interest-
ing to investigate whether VENs remain retentive in
brains of other NDAN subpopulations.

Neuronal hypertrophy is a hypothesized compen-
satory mechanism that prevents AD progression.
Hypertrophy refers to an increase in size, in this
case of neural cells. Studies performed by Iacono et
al. reported significant hypertrophy of neuronal cell
bodies, nuclei, and nucleoli in NDAN individuals,
particularly in the CA1 region of the hippocampus
and the anterior cingulate gyrus [197, 221]. This
observation was in agreement with findings of the
BLSA study, in which neuronal hypertrophy was pro-
posed as a compensatory mechanism for atrophy that
prevents AD pathology [222].

As discussed earlier in this review, adult hippocam-
pal neurogenesis is reduced in AD and MCI brains.
Moreover, an interesting working hypothesis could
be that neurogenesis is preserved in NDAN indi-
viduals. In agreement with this hypothesis, a recent
study found an elevated amount of NSCs and newly
matured neurons in NDAN individuals [9]. Post-
mortem miRNA analysis of the dentate gyrus in the
hippocampi of NDAN revealed that NDAN expressed
lower levels of miRNAs known to regulate neuroge-
nesis (miR-9, miR-25, miR-29a, miR-124, miR-132,
miR-137) compared to controls, MCI, and AD [9].
Moreover, in the dentate gyrus, immunofluorescence
studies for SOX2, a transcription factor crucial for
maintenance of neuronal stem cells, also showed a
higher amount of SOX2 positive NSCs, compared to
AD and MCI controls. Interestingly, a positive cor-
relation was found between the fraction of SOX2
positive cells and cognitive functioning prior to death.
Taken together, these findings indicate a role of neu-
rogenesis as a possible mechanism allowing for the
resistance of AD pathology [9]. In another study,
NSC culture-derived exosomes were investigated for
their function in neurogenesis [223]. Exosomes are
nano-sized extracellular vesicles, that contain infor-
mation (e.g., lipids, proteins, RNAs, genetic material)
about the cells that secrete them [224]. Moreover,
these vesicles have been reported to spread patho-
logical proteins and lipids involved in AD [225].
To investigate whether exosomes originating from
neuronal stem cells can prevent synaptic loss and
memory impairment, Micci et al., 2019 cultured adult
rat hippocampus NSCs and injected their exosomes
intracerebroventricularly in healthy mice, and found
that the NSC-secreted exosomes showed reduction
in A� oligomer-binding to synapses, and neutral-
ize memory deficits caused by A� oligomers [223].
Surprisingly exosomes originating from mature neu-
ronal hippocampal cell culture did not show these
effects, highlighting the importance of NSCs and
neurogenesis. miRNA analysis of the exosomes orig-
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inating from both cell cultures showed an enrichment
of miR-485, miR-322, and miR-17 in NSC-derived
exosomes. The use of miRNA mimics further vali-
dated the role of miR-17 and miR-485 in protecting
synapses from A� oligomer-binding [223].

The key implication to draw from these two stud-
ies is that neurogenesis seems to be preserved in
NDAN individuals, resulting from increased levels of
hippocampal NSCs, with elevated SOX2 expression
and these NSC may secrete exosomes, transporting
particular miRNAs that protect synapses against A�
oligomers. In the following section, other mecha-
nisms will be discussed that prevent A� oligomeric
toxicity in synapses and preserve cognitive function-
ing in NDAN individuals.

Taken together, it seems that specialized neurons in
the hippocampus, VENs and NSCs, are particularly
upregulated in NDAN individuals. This resistance
could be parallel to or causal to hippocampal hyper-
trophy that would increase brain “reserve” in NDAN
individuals.

Immune cells
As was pointed out earlier (see the section AD on

a cellular level), the important contribution of neu-
roinflammation in the pathology of AD is becoming
more and more acknowledged. Already in the early
stages of AD, neuroinflammatory responses are very
diverse between individuals [112]. Interestingly, it is
believed that inflammation during the early stages
of AD contributes to the development of AD and
cognitive impairment later in life [112]. Considering
NDAN, it could be that inflammation is decreased
and therefore inhibits progression of dementia. This
could be attributed to the microglial phenotype, M1
and M2, and the ratio in which they have proliferated
in the brain after detection of A� or tau protein aggre-
gates. Hence, it could be hypothesized that in NDAN
the AD pathology does not result in proliferation of,
and differentiation into the M1 microglia, but in M2
microglia, showing a stronger phenotype of classic
inflammation inhibition. To best of our knowledge to
date, however, no single study exists that discrimi-
nates between the different microglial phenotypes in
NDAN.

The study by Melah et al. (2016) showed that neu-
roinflammation aggravates neural damage, as they
found a correlation between the neuroinflammatory
markers, YKL-40 and MCP1, and the neural damage
markers, NFL and tau levels, in the CSF in asymp-
tomatic adults with AD pathology carrying the risk
gene APOE �4 [226]. However, they did not specif-
ically look at microglia. In another study, microglial

activation was evaluated in brains of SuperAgers,
to investigate the response to age-related pathology
[227]. Older adults in this study showed increased
microglial density in white matter regions that corre-
late with the affected regions in AD as described in
the section AD on an organ level. On the other hand,
this increased microglial density was not observed
in SuperAgers, giving us another interesting possi-
ble explanation for the high cognitive functioning in
these individuals. These results match those observed
in the study of Perez-Nievas et al. (2013), who found
a significantly lower amount of microglia, and also
of astrocytes, in the superior temporal sulcus of their
NDAN group [13]. In this study, the NDAN group
was divided into high probability (HP, Braak stage V-
VI) to develop AD and intermediate probability (IP,
Braak stage III-IV) to develop AD. The lower levels
of glial activation in these HP and IP resilient cases
indicate that neuroinflammation might be suppressed
in NDAN but does not address further mechanistic
insights.

A follow-up study performed by the same research
group of Perez-Nievas investigated neuroinflamma-
tion in NDAN individuals by quantifying cytokines
in brain tissue [178]. Using a multiplex immunoas-
say, increased expression of neurotrophic factors was
found in both HP and IP resilient cases, compared
to AD cases. Neurotropic factors are beneficial for
NDAN cases, since they support neuronal growth,
differentiation, and survival [228]. Moreover, both
HP and IP resilient cases show upregulated cytokines
in the entorhinal cortex, compared to AD cases [178].
Interestingly, in the HP cases IL-1�, IL-6, IL-13,
and IL-4 were found to be upregulated, while IL-
6 and IL-10 were found to be upregulated in the
IP resilient cases. This brings back the hypothe-
sis stated at the beginning of this section, namely
that toxicity of AD pathology might depend on
the balance between the classic pro-inflammatory
M1 microglia population relative to the alterna-
tive anti-inflammatory, wound healing M2 microglia
population, as classic activation of microglia (M1)
is mainly mediated through TNF-�, IL-1, IL-12,
IL-23, and interferon-�, whereas alternative (M2)
microglia activation primarily through transform-
ing growth factor-�, IL-4, IL-10, and IL-13 [118,
119]. This combination of findings supports the
hypothesis that AD pathology in NDAN results pre-
dominantly in activation of the anti-inflammatory
M2 microglia and so suppresses neuroinflammation.
However, further research is required to investigate
the microglial phenotypes during neuroinflammation
in NDAN cases.
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Collectively, these studies indicate that neuroin-
flammation is reduced in NDAN cases, as a result
of decreased glial density. Furthermore, the dif-
ferent cytokine profiles suggest the hypothetical
anti-inflammatory phenotype of microglia.

NDAN on a biochemical level

Multiple mechanism underlying NDAN resistance
to AD have already been discussed on an organism,
organ, and cellular level. For this section, several bio-
chemical mechanisms will be discussed as potential
mechanisms that could explain the resilience to AD
in NDAN individuals.

Amyloid-β pathology
One key player in the neuropathology of AD is A�.

Unfortunately, the amount of amyloid plaques used
to identify NDAN individuals differs per author, as
is reflected in the different CERAD scores, a semi-
quantitative measure for neuritic amyloid plaques, in
Table 3. Most of these studies investigated NDAN
cases around the same age and all have a limited
number of subjects. For most articles, only a high
CERAD rating was confirmed even though some
other articles include CERAD scores lower than mod-
erate.

Compared to young healthy adults, cognitively
normal aging adults demonstrated increased fibrillar
A� plaques in the temporal lobe and partially in the
parietal region (particularly the precuneus), as visu-

alized by PET using PiB staining [44]. Moreover, tau
and A� changes in CSF can occur approximately
15 years prior to the clinical onset of AD [229].
Together, these studies highlight that brains of pre-
clinical AD and of normal aging both contain A�
pathology, which makes it difficult to diagnose AD.
Further complicating AD diagnoses are the individ-
uals that remain non-demented, despite the presence
of A� aggregates in their elderly brain, the individ-
uals we refer to in this paper as NDANs [63, 71,
186–190]. Interestingly, the study by Bjorklund et al.
(2012) showed that the levels of A� plaques, tau tan-
gles, A�42, and low molecular weight A� oligomeric
species in brains of NDAN were comparable to the
levels in AD brains [230]. Despite the similar lev-
els of A� species in both AD and NDAN brains, A�
oligomers did not bind the synapses nor affected the
post-synaptic density. Interestingly, using immuno-
histochemistry and conformation-specific antibodies
that recognized A� oligomer deposits (NAB61),
Perez-Nievas et al. (2013) observed a significant
decrease in the load of A� oligomeric deposits, in
the group they termed ‘high probability mismatches’,
NDAN, compared to AD patients [13]. These obser-
vations imply that the levels of soluble A� species in
NDAN are comparable to those in AD, but that A�
oligomers are less deposited in NDAN. These find-
ings were supported by Bilousova et al. (2016), who
found higher levels of soluble oligomeric A� surviv-
ing within synaptic terminals in demented cases, but
not in NDAN [231].

Table 3
Selected studies on classification of non-demented individuals with AD neuropathology on Braak staging to classify the degree of NFT, and

CERAD rating to measure the amyloid plaques

Synonym Number of participants Age Braak stage CERAD rating Reference

NDAN N = 4 > 89 IV–VI – [9]
NDAN N = 8 76– > 89 IV–VI – [10]
ND-HPC N = 8 91–100 III–V Moderate – frequent [11]
HP N = 8 ≈ 88.4 V–VI Frequent [13]
IP N = 12 ≈ 89.82 III–IV Moderate [13]
SA N = 5 87–95 0–III – [16, 177]
ASYMAD N = 6 > 75.9 II–IV Moderate [17]
ASYMAD N = 13 ≈ 89 I–III 76.9 % – Moderate [18]

23.0 % – Frequent
AsymAD N = 33 79–96 I–IV – [19]
ASYMAD N = 15 71–96 II–IV Moderate – frequent [21]
p-preAD N = 13 + 20 53–88 I–III None – sparse [79]
HP N = 12 ≈ 86.1 V–VI Moderate – frequent [178]
IP N = 21 ≈ 86.6 III – IV Sparse – frequent [178]
AsymAD N = 21 ≈ 75.59 ≥II Moderate – frequent [190]
NDAN N = 10 ≈ 89.5 IV–VI Moderate [230]
NDAD N = 10 86.6 ± 5.3 II–IV Moderate–frequent [237]

CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; ASYMAD, Asymptomatic AD; NDAD, non-demented individuals
demonstrating intermediate AD neuropathologies; ND-HPC, non-demented high pathology controls; NDAN, non-demented individuals with
AD neuropathology; HP, high probability; IP, intermediate probability; p-preAD, pathologically diagnosed preclinical AD; SA, SuperAgers.
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Furthermore, the study of Bjorklund et al. (2012)
found that in contrast to AD cases, NDAN individ-
uals did not show A� oligomers in the hippocampal
postsynapses, even though the A� oligomers were
present in the ‘soluble fraction’ of the synaptic frac-
tionation performed on the hippocampal tissue [230].
This observation is crucial because it suggests that A�
oligomeric binding to synapses is needed to maneu-
ver AD pathology into dementia and furthermore
suggests a potential safety mechanism in NDAN
that prevent binding to synapses. Interestingly, in
line with this hypothesis, the same study showed
that while the hippocampi of AD cases contained
elevated synaptic Zn2+ levels, both in the ‘soluble
fraction’ and the synaptic vesicles, NDAN cases only
showed elevated levels of Zn2+ at the synaptic vesi-
cles [230]. These findings correlated with regular
expression of the synaptic Zn2+ transporter ZnT3,
which was impaired in the AD cases [230]. These
findings indicate that NDAN cases can better main-
tain synaptic Zn2+ homeostasis and thereby regulate
synaptic binding of A� oligomers. This understand-
ing is crucial because it could lead to new therapeutic
insights to prevent AD.

As discussed in the section AD on a biochemical
level, amyloid-� pathology, soluble A� oligomers
induce synaptic damage thereby leading to inhibi-
tion of long-term potentiation [148]. Interestingly,
the neuromodulator Reelin has been suggested to
have an A�-antagonist-like function at the synapses
[232]. Typically, Reelin contributes to the regulation
of neuronal migration in the brain development by
controlling cell-cell interactions mediated by bind-
ing to the postsynaptic APOE receptors VLDLR
and APOER2. By binding to VLDLR and APOER2,
Reelin is thought to counteract A�-induced synaptic
suppression [232]. Interestingly, also elevated levels
of Reelin were observed in the hippocampal pyrami-
dal neurons of NDAN individuals [233], suggesting a
potential compensatory mechanism. However, Reelin
was also upregulated in the cortex and CSF of patients
with AD [234], and it has been proposed that ele-
vated levels of Reelin do not necessarily contribute
to, or are not sufficient for, the resistance of AD
pathology [234], but this might depend on other
unknown factors.

Interestingly, insulin signaling also seems to ful-
fill an A�-antagonist-like function. Using primary
neuronal cell culture models, De Felice et al. (2009)
observed that soluble A� oligomers induced down-
regulation of the insulin receptor at the plasma
membrane [235]. In fact, adding insulin itself pre-

vented not only binding of soluble A� oligomers to
the synapses and downregulation of the insulin recep-
tor, but was also able to abolish A�-induced oxidative
stress and able to prevent A�-mediated synapse loss
[235]. Interestingly, the protective role of insulin
dependent on the kinase activity of the receptor,
indicating that insulin signaling is responsible for
the protective effect. In a review paper, Taglialatela
reported unpublished data on decreased signaling
components of the insulin transduction pathway in
AD hippocampi compared to controls and NDAN
[181]. Furthermore, in the hippocampus of NDAN
individuals an even higher pathway activation was
observed compared to AD and controls cases [181].
Overall, this suggests that maintenance of the insulin
signaling pathway contributes to the preservation of
synapses and cognitive integrity.

As described before in the context of neurons in
NDAN, NSC-secreted exosomes were able to prevent
synaptic degradation through upregulation of specific
miRNAs [223]. In line with this finding, the synaptic
miRNA expression was investigated in hippocam-
pal tissue of NDAN subjects [182]. Specifically,
they identified three miRNAs, miRNA-485, miRNA-
4723, and miRNA-149, to be differently expressed in
hippocampal tissue of NDAN and AD, compared to
controls [182]. All three miRNAs regulate the pro-
tein expression of synaptic genes, such as APP and
�-secretase 1, and intracerebroventricularly adminis-
tration to adult wild-type mice resulted in increased
synaptic resilience to A� oligomers [182]. While a
very interesting discovery, focus lied on upregula-
tion of these miRNAs, knockdown studies in cell
culture systems and/or animals would provide cru-
cial insights whether the disruption of these miRNAs
will lead to or enhance A�-toxicity.

Overall, it seems that A� oligomers bind to
synapses, thereby resulting in synaptic dysfunction
in AD. Various observations in NDAN individu-
als together gave insights on potential mechanisms
preventing A�-mediated synapse loss: better main-
tained Zn2+ homeostasis, upregulation of Reelin,
increased levels of insulin signaling components,
and miRNAs that regulate the protein expression of
APP and �-secretase genes in synapses. However,
as these findings were done independently of each
other, it remains unclear whether they act indepen-
dently or parallel to each other or even synergistically,
and further research is required to understand the
full, coherent picture that explains the role of A�
oligomer binding to preserve cognition and prevent
dementia.
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Tau pathology
The other key player in the neuropathology of

AD is aggregation of the protein tau. Similar to A�
aggregation, tau aggregation can also be observed
in normal aging (section on Normal aging). One of
the biochemical mechanisms that could potentially
be underlying NDAN resistance to AD pathology is
the inhibition of NFT formation resulting from for
instance changes in tau isoform expression, as well as
changes in activities of tau kinases and phosphatases.
One study investigated tau isoforms in brain areas
affected and unaffected by NFT, in both AD and con-
trol using RT-PCR and they showed that the relative
expression of tau isoform 0N3R was higher in the
affected temporal cortex than in the unaffected cere-
bellar cortex, in both AD and control [236]. It would
be interesting to investigate the tau isoform expres-
sion in NDAN to provide more inside into the NFT
formation in NDAN. As was pointed out in the section
“normal” aging, tau deposition is generally observed
in older adults [44]. This study shows that for in vivo
Braak staging, there is a higher within-group vari-
ance for cognitively intact elderly, than for young
adults and AD patients. This within-group variance
could therefore also be observed for NDAN cases.
Moreover, between authors, different approaches are
used for both Braak stages to identify NDAN cases
(Table 3).

So certain amounts of tau species have been found
in NDAN brains. What is not yet clear is what type
of tau species were found (see also Supplementary
Figures 1 and 2), and whether these would differ
from the type of tau species found in AD. Perez-
Nievas et al. (2013) investigated what tau species
could contribute to the resilient mechanism in NDAN,
particularly soluble tau versus NFT [13]. In their
results, mostly tau monomers were found in con-
trols and NDAN. Compared to healthy controls, only
AD cases had an abnormal accumulation of soluble
mono- and multimeric species of hyperphosphory-
lated tau in the synapses, not the high probability
mismatch cases [13]. In other words, the accumula-
tion of soluble hyperphosphorylated tau in synapses
seems more manageable in NDAN-brains, compared
to AD.

Another study investigated the correlation between
Braak’s staging system and intact cognitive outcome,
using MMSE scores, with data from the Nun Study
and the National Alzheimer’s Coordinating Center
[12, 193, 197]. This data showed that the cognition
of individuals with Braak stages V and VI were sig-

nificantly different from each other. Therefore it was
stated in this paper that these two Braak stages should
not be combined in the determination of NDAN
individuals [193]. Moreover, there were no cogni-
tive intact individuals found with the highest Braak
stage in this study. Therefore, it is necessary to form
concrete inclusion criteria to categorize NDAN indi-
viduals.

Gene expression
Gene variants and changes in gene expression in

NDAN brains can provide insight into the upstream
mechanism underlying dementia. Liang et al. (2010)
performed postmortem transcriptomics analysis on
6 different brain regions comparing AD individu-
als, NDAN individuals, and healthy elderly controls
[237]. They found that, while both NDAN and AD
brains showed similar expression changes in tangle-
and plaque related pathways and ubiquitin-pro-
teasomal pathways, NDAN individuals displayed
unique expression changes in most brain regions
in genes correlating with learning and/or memory
processes. More specifically, they found a downreg-
ulation several genes, including APOE, while genes
such as MAPT and ephrin-B2, involved in cell-
cell signaling and mediating neural development,
were upregulated [237]. These finding suggest that
the transcriptomic changes may represent compen-
satory mechanisms against cognitive decline. This
study stresses the importance of transcriptomic in
the quest to unravel underlying mechanisms, focus-
ing on expression of notorious AD-related genes.
Nevertheless, recently a study was conducted sug-
gesting another potential component that reduces the
risk for AD and other types of dementia. In this
study, a genetic variant in the phospholipase C�2
(PLCG2) gene was suggested to reduce AD risk
[238]. The PLCG2 gene was found to have a role
in immune system signaling, suggesting a protective
effect against neurodegenerative diseases, including
AD. The authors in this study indicate that the genetic
variant of this gene is associated with an increased
longevity and reduced AD risk [238]. It is therefore
not unlikely that a connection exists between this
genetic variant and NDAN.

DISCUSSION AND CONCLUSIONS

The aim of this review was to achieve more insight
into the mechanism underlying NDAN resistance to
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dementia. Thus far, we have evaluated various mecha-
nism on a body, organ, cellular, and biochemical level
based on a large variety of studies. All the included
studies in this review were based on cognitively nor-
mal elderly, defined as a MMSE score > 24, and with
age 60 years or older, carrying the AD pathology
(Table 2). So far in literature, there has not been a con-
crete definition for NDAN-like individuals, and it can
be debated which MMSE cut-off score best reflects
cognitively intact elderly. Similarly, the degree of AD
pathology in literature, as summarized in Table 3, is
inconsistent. Therefore, for future studies, clarity is
needed to form concrete inclusion criteria for NDAN,
for which Tables 2 and 3 can be used to form an
overview.

Key findings that could partly explain why this
small group of NDAN individuals, which carry AD
pathology but stay cognitively intact, are summarized
here. Generally, NDAN individuals have attended
higher education, than individuals with MCI or AD,
and therefore may possibly have a higher cognitive
reserve. Secondly, researchers debate on the rela-
tionship between hippocampal volume and NDAN
resilience to dementia. However, most of the stud-
ies indicate that hippocampal atrophy is compensated
for in NDAN, which could result from increased
neuronal hypertrophy in NDAN’s hippocampal neu-
rons. Moreover, the cingulate gyrus was found to
be thicker and overall the grey volume was larger
in NDAN, compared to AD cases. Besides neuronal
hypertrophy, two different studies each looking at
only one specific cell-type found an elevated pres-
ence of specialized neurons, such as VENs and NSCs,
in NDAN individuals. Furthermore, adult neuroge-
nesis seems to be preserved in NDAN individuals,
which can be attributed to increased levels of hip-
pocampal NSCs and their elevated SOX2-expression
allowing for stem-cell renewal. Thirdly, neuroinflam-
mation is suppressed in NDAN as associated with
decreased glial activation. Moreover, compared to
AD cases, the cytokine signature in NDAN indi-
viduals represented more an anti-inflammatory state,
with elevated levels IL-4 and IL-13, further thus
supporting the hypothesis that neuroinflammation
is decreased in NDAN cases. Lastly, looking at
the AD hallmarks A� and tau pathology, NDAN
cases have more tau monomers and less accumu-
lation of soluble hyperphosphorylated tau at the
synapses, but further research is needed, including
elucidation of the different tau species and their
distribution in NDAN cases compared to control
and AD cases. Looking at the A� pathology, in

NDAN several biochemical mechanisms for synap-
tic resilience to A�-oligomeric binding have been
suggested, namely preserved synaptic Zn2+ home-
ostasis, better maintenance of the insulin signaling
pathway and increased expression of three miRNAs
involved in the regulation of expression of synaptic
genes.

Altogether, these different mechanisms discussed
in this review shed new light into the underlying
mechanism of NDAN cases, “normal” aging, and AD
(Fig. 2). It is clear that despite the growing literature
regarding NDAN, additional studies will be needed
to develop a better picture of NDAN to disentan-
gle NDAN cases from “normal” aging and AD and
to gain insights into possible drug targets for AD.
Regarding resilience to AD pathology on an organ
level, NDAN researchers have been focused primar-
ily on the hippocampus, while cortical regions that
are affected in AD, are not taken into account in
most investigations in NDAN individuals. Moreover,
literature regarding hippocampal volume in NDAN
cases show contradicting findings, suggesting that
further research is required. Furthermore, other cir-
cumstances, including time and aging, that could
affect the hippocampal volume and neurogenetic fac-
tors will provide further crucial insights. Based on
the cytokines profiles of NDAN cases, we hypothe-
sized that NDAN individuals display a different ratio
of M1 and M2 microglial phenotypes, specifically
we hypothesized that in NDAN, classic inflamma-
tion is inhibited by M2-microglial cells for which
so far no experimental data is available. On the topic
A� toxicity, the observation that A�-oligomeric bind-
ing to synapses is reduced in NDAN, brings new
insights into the development of novel therapeutic
approaches aiming to improve synaptic resistance
to A� oligomeric toxicity. Regarding the other AD
hallmark, tau, the mechanisms involved in NDAN
have to be investigated more extensively, therefore it
was proposed to investigate what type of tau species
was found in NDAN brain, compared to normal
aging and AD, and where it distributed to. What was
already found in literature is that NFT formation in
the temporal cortex was inhibited, due to lower 0N3R
expression.

Various observations in NDAN individuals have
tried to provide an explanation how A�-synapse
binding is mediated: Zn2+ homeostasis, the extra-
cellular matrix protein Reelin, insulin signaling, and
miRNAs that regulate APP and �-secretase expres-
sion levels in synapses. Unfortunately, these are all
different mechanisms studied independently, and a



72 F.K. Kok et al. / Resistance to Dementia in NDAN

more comprehensive and holistic study looking at
these mechanisms all in the same individual, to the
best of our knowledge, so far has been lacking.
Further a holistic research approach is required to
form a coherent entity that explains the role of A�
oligomer binding to preserve cognition and prevent
dementia. The observation that neurogenesis is more
pronounced in NDAN individuals than in AD, also
provides and interesting therapeutic potential, for
instance focused on NSC proliferation in the hip-
pocampus.

Similar to the longitudinal cohort studies that have
been performed in America and Australia, among
others, more recently, researchers in The Netherlands
launched two cohort studies to investigate several
types of diseases in elderly [239, 240]. They both
investigated the increasing prevalence of dementia
with age and investigated the impact of lifestyle fac-
tors on AD. However, they did not yet study or publish
whether a group of NDAN would exist in this cohort,
for the potential reason that they did not yet per-
formed autopsies in this study. Nevertheless, it would
be interesting to see also the NDAN individuals in
these cohorts.

A major limitation of the field, and thereby as
well of this review, is that most research groups use
their own synonym to refer to non-demented elderly
with AD pathology. Not only do different studies
use different synonyms, but also use different mea-
surements and thresholds to classify these subjects.
While some studies expect that these subjects will
eventually develop dementia, so study them as pre-
clinical, other studies focused only on the individuals
with really severe AD pathology. Another issue is the
lack of awareness regarding the non-demented indi-
viduals in most AD studies. Despite the alterations
made by the Alzheimer’s Association to separate the
NDAN from AD cases, not all researchers consid-
ered NDAN in their study design. Also, we have to
consider that NDAN individuals included in the stud-
ies generally attended higher education, suggesting
that these individuals have already been cognitively
stronger than the ones with lower education, cre-
ating educational bias. Then, the biggest question
in NDAN is time, in particular the contribution of
aging in the pathology of AD. In this review, both
longitudinal and cross-sectional studies have been
presented. In longitudinal studies (e.g., cohort stud-
ies), the same subjects are observed at multiple points
in time, whereas cross-sectional studies take a snap-
shot by investigating a population at a fixed time
point, for example, postmortem. Looking at the con-

tribution of time in the presented studies, a limitation
of postmortem brain analysis in cross-sectional stud-
ies is the absence of information on the subjects’
brain during life. The NDAN subjects in the stud-
ies described in this review had intermediate to high
AD pathology in their brains. However, it could never
be confirmed with certainty that these subjects would
not eventually have developed dementia and a cer-
tain time delay between cognitive testing and death
is inevitable. As discussed in the section NDAN on
a body level, both Driscoll et al. (2006) and Dang
et al. (2019) observed that cognitive functioning of
their NDAN group declined over time, comparable
to cognitively normal elderly [14, 190]. This sug-
gests that despite their resilience to AD pathology,
time remains one of the most important factors in
the pathology. Hence, Goldberg (2019) reviews these
SuperAger studies, suggesting that age needs to be
considered more [241]. Moreover, he implied that
SuperAgers are not necessarily superior, but rather
“LuckyAgers”, questioning the resilience, cognitive
reserve, and neurological changes in these individ-
uals. From this perspective, aging itself seems one
of the largest risks for neurodegenerative diseases,
as confirmed by the Nun Study. On the other hand,
some studies indicated the uniqueness of NDAN
individuals, as being cognitively intact despite AD
pathology [17, 61]. Especially Dubois et al. (2018),
who launched a longitudinal study aiming to discover
new insight into the compensation mechanism in cog-
nitively intact individuals with AD pathology [172].
The last issue we would like to raise is that the current
literature on NDAN-like individuals implemented
their test group by different conditions, therefore
comparing different studies could be unjustly or at
least requires some caution. So far, no concrete inclu-
sion criteria have been defined to categorize NDAN
individuals.

Despite evidence on both sides, resilience to
pathology or simply a preclinical indication, it is most
important that the contribution of age to AD pathol-
ogy is not forgotten in any NDAN research, as well as
that we would consider NDAN subjects as a unique
group that could provide crucial insights into com-
pensation mechanisms in the prevention of dementia.
This review intended to form a broad overview into
the different aspects that are involved in NDAN and
compared these mechanisms to those in “normal”
aging and AD itself. The suggestions given in this
review lay the groundwork for future research into
the mechanism that prevents clinical progression to
dementia.
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Howard R, Kales HC, Kivimäki M, Larson EB, Ogunniyi
A, Orgeta V, Ritchie K, Rockwood K, Sampson EL, Samus
Q, Schneider LS, Selbæk G, Teri L, Mukadam N (2020)
Dementia prevention, intervention, and care: 2020 report
of the Lancet Commission. Lancet 396, 413-446.

[61] Dubois B, Hampel H, Feldman HH, Scheltens P, Aisen P,
Andrieu S, Bakardjian H, Benali H, Bertram L, Blennow
K, Broich K, Cavedo E, Crutch S, Dartigues JF, Duyck-
aerts C, Epelbaum S, Frisoni GB, Gauthier S, Genthon R,
Gouw AA, Habert MO, Holtzman DM, Kivipelto M, Lista
S, Molinuevo JL, O’Bryant SE, Rabinovici GD, Rowe
C, Salloway S, Schneider LS, Sperling R, Teichmann
M, Carrillo MC, Cummings J, Jack CR (2016) Preclin-
ical Alzheimer’s disease: Definition, natural history, and
diagnostic criteria. Alzheimers Dement 12, 292-323.

[62] McKhann GM, Knopman DS, Chertkow H, Hyman BT,
Jack CR, Kawas CH, Klunk WE, Koroshetz WJ, Manly
JJ, Mayeux R, Mohs RC, Morris JC, Rossor MN, Schel-
tens P, Carrillo MC, Thies B, Weintraub S, Phelps CH
(2011) The diagnosis of dementia due to Alzheimer’s dis-
ease: Recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnos-
tic guidelines for Alzheimer’s disease. Alzheimers Dement
7, 263-269.

[63] Morris JC, Storandt M, McKeel DW Jr, Rubin EH, Price
JL, Grant EA, Berg L (1996) Cerebral amyloid deposi-
tion and diffuse plaques in “normal” aging: Evidence for
presymptomatic and very mild Alzheimer’s disease. Neu-
rology 46, 707-719.

[64] Schmitt FA, Davis DG, Wekstein DR, Smith CD, Ashford
JW, Markesbery WR (2000) “Preclinical” AD revisited:
Neuropathology of cognitively normal older adults. Neu-
rology 55, 370-376.

[65] Rabin LA, Smart CM, Amariglio RE (2017) Subjective
cognitive decline in preclinical Alzheimer’s disease. Annu
Rev Clin Psychol 13, 369-396.

[66] Albert MS, DeKosky ST, Dickson D, Dubois B, Feld-
man HH, Fox NC, Gamst A, Holtzman DM, Jagust
WJ, Petersen RC, Snyder PJ, Carrillo MC, Thies B,
Phelps CH (2011) The diagnosis of mild cognitive impair-
ment due to Alzheimer’s disease: Recommendations from
the National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer’s dis-
ease. Alzheimers Dement 7, 270-279.

[67] Backman L, Jones S, Berger A-K, Laukka EJ, Small BJ
(2004) Multiple cognitive deficits during the transition to
Alzheimer’s disease. J Intern Med 256, 195-204.

[68] Förstl H, Kurz A (1999) Clinical features of Alzheimer’s
disease. Eur Arch Psychiatry Clin Neurosci 249, 288-290.

[69] Taler V, Phillips NA (2008) Language performance in
Alzheimer’s disease and mild cognitive impairment: A
comparative review. J Clin Exp Neuropsychol 30, 501-556.

[70] McKhann G, Drachman D, Folstein M, Katzman R, Price
D, Stadlan EM (1984) Clinical diagnosis of Alzheimer’s

Disease: Report of the NINCDS-ADRDA work group
under the auspices of Department of Health and Human
Services Task Force on Alzheimer’s Disease. Neurology
34, 939-944.

[71] Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft
S, Fagan AM, Iwatsubo T, Jack CR, Kaye J, Montine
TJ, Park DC, Reiman EM, Rowe CC, Siemers E, Stern
Y, Yaffe K, Carrillo MC, Thies B, Morrison-Bogorad M,
Wagster MV, Phelps CH (2011) Toward defining the pre-
clinical stages of Alzheimer’s disease: Recommendations
from the National Institute on Aging-Alzheimer’s Associ-
ation workgroups on diagnostic guidelines for Alzheimer’s
disease. Alzheimers Dement 7, 280-292.

[72] Braak H, Alafuzoff I, Arzberger T, Kretzschmar H,
Tredici K (2006) Staging of Alzheimer disease-associated
neurofibrillary pathology using paraffin sections and
immunocytochemistry. Acta Neuropathol 112, 389-404.

[73] Braak H, Braak E (1991) Neuropathological stageing
of Alzheimer-related changes. Acta Neuropathol 82,
239-259.

[74] Nelson PT, Alafuzoff I, Bigio EH, Bouras C, Braak H,
Cairns NJ, Castellani RJ, Crain BJ, Davies P, Tredici
K Del, Duyckaerts C, Frosch MP, Haroutunian V, Hof
PR, Hulette CM, Hyman BT, Iwatsubo T, Jellinger KA,
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