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Abstract

Since the 1990s, a long series of preclinical, epidemiological, clinical, and anatomo-pathological studies have ques-
tioned the purely “degenerative” origin of Alzheimer’s disease (AD), providing growing evidence of a possible “vascular”
involvement in the pathogenesis of this type of dementia.Currently, evidence accumulated from preclinical, epidemiologi-
cal, anatomo-pathological, clinical, neuroimaging, and proteomic studies supports a significant role of cerebral athero-
sclerosis in the pathogenesis of late-onset sporadic AD (LOAD). It is now well established that cerebral atherosclerosis,
through various mechanisms, can promote the deposition of f-amyloid, as well as cause alterations in energy metabolism
and neuronal damage.Conversely, f-amyloid can induce not only inflammation and oxidative stress, but also changes in
cerebral hemodynamics, pathological angiogenesis, and endothelial dysfunction, thereby contributing to the development
of cerebral atherosclerosis.Consistent data suggest that vascular phenomena may precede neurodegenerative ones. In any
case, a dangerous vicious cycle is created, in which a clear separation between degenerative and vascular processes is

sometimes extremely difficult to establish.
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Introduction

Alzheimer’s disease (AD) is a disorder of the central ner-
vous system (CNS) characterized by an insidious progres-
sion that leads to memory loss, cognitive decline, and loss
of autonomy. AD is classified as a “neurodegenerative”
disease [1, 2]; however, despite extensive research into its
pathophysiology, the etiopathogenic mechanisms underly-
ing this form of dementia remain partially unknown.

In 1907, Alois Alzheimer first described the clinical and
pathological features of a female patient affected by prese-
nile dementia. In 1910, Emil Kraepelin named this condi-
tion “Alzheimer’s disease” in his psychiatric textbook. For
many years, AD was considered a rare presenile dementia.
It was only later that Katzman proposed that presenile and
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senile dementia should be regarded as a single nosological
entity.

Currently, early-onset AD (EOAD, <65 years) and late-
onset AD (LOAD, >65 years) account for approximately
10% and 90% of all AD cases, respectively.

Simplifying a highly complex pathogenetic process that
unfolds over decades, the accumulation of f-amyloid out-
side neurons (neuritic plaques) and the accumulation of
abnormal tau protein inside neurons (neurofibrillary tan-
gles) are the two hallmark brain changes observed in AD
[3]. The neuropathological diagnosis of AD requires the
presence of significant amounts of both neuritic plaques
and neurofibrillary tangles in the CNS. The accumulation
of B-amyloid and tau in the CNS is associated with other
pathological processes, including glial activation, neuro-
inflammation, oxidative stress, mitochondrial dysfunction,
and cholinergic insufficiency. The currently accepted theo-
retical sequence of events is as follows: f-amyloid accumu-
lation, tau-mediated neuronal injury, synaptic dysfunction,
neurodegeneration, and cognitive decline [4]. This model
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implicitly assumes a cause-effect relationship that produces
similar pathological outcomes across individuals.

B-amyloid can accumulate in the CNS due to two main
mechanisms: (1) Increased production via the action of
B- and y-secretases on amyloid precursor protein (APP), a
membrane protein concentrated in synapses. (2) Reduced
non-enzymatic and/or enzymatic clearance from the CNS.

To date, it remains unclear what triggers one or both of
these harmful mechanisms, or what their relative contribu-
tion may be in individual AD patients.

Alzheimer’s disease and vascular dementia

In 1955, Roth suggested classifying dementia into two main
forms, distinguished based on their clinical presentation:
AD and vascular dementia (VD) [5]. The first is associ-
ated with a process of neurodegeneration, while vascular
lesions in the CNS lead to VD. Numerous studies have sub-
sequently supported this distinction: AD and VD affect the
CNS in different ways, resulting in distinct neuropsycho-
logical profiles and clinical manifestations. Although these
observations are substantially accurate, since the 1990s a
series of studies have highlighted many pathophysiological
similarities between AD and VD.

In the early 1990s, J.C. de la Torre and colleagues pro-
posed, following a long series of studies [5—13], , that spo-
radic AD should be considered a vascular-based disease.
According to this view, AD would be triggered by vascu-
lar factors—including cerebral hypoperfusion and vessel
damage—that precede and potentially initiate neurodegen-
eration. The question posed by de la Torre, namely whether
AD is caused by neurodegenerative phenomena (the current
paradigm) or whether vascular dysfunction can determine
or trigger neurodegeneration, is of great importance. On the
other hand, concepts surrounding the pathogenesis of VD
have also evolved over time. We have moved away from the
“classic” NINDS-AIREN classification [14] to the recent
classification by the JACC Scientific Expert Panel [15].
Interestingly, in the “modern” classification of VD, along-
side multi-infarct dementia (large vessel disease, LVD) and
subcortical dementia (small vessel disease, SVD), additional
categories such as post-stroke dementia and mixed dementia
have been introduced. In mixed dementia, vascular cogni-
tive impairment coexists with AD or other neurodegenera-
tive conditions. This evolving classification reflects a shift
toward a less restrictive framework, acknowledging that in
many cases, the pathogenesis of dementia is not exclusively
vascular but also involves neurodegenerative processes.
This concept is confirmed by many autopsy studies, includ-
ing that of Boyle and Colleagues [16]. By examining the
brains of 1,079 older participants, Boyle and colleagues
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identified 236 different combinations of neuropathological
lesions, considering seven key types: AD, Lewy body dis-
ease (LBD), hippocampal sclerosis, macroscopic infarcts,
amyloid angiopathy, atherosclerosis, and arteriolosclerosis.
Notably, while AD pathology alone accounted for approxi-
mately 50% of cognitive decline, cases of “pure” AD, where
no other coexisting pathologies were present, were rare,
observed in only 9% of individuals.

Thus, two aspects must be considered when dealing with
LOAD: (1) In older subjects, who present the highest inci-
dence of dementia, pure forms of dementia are rare, while
mixed forms are almost the rule; (2) Regardless of the first
consideration, the pathophysiological mechanisms lead-
ing to LOAD are not entirely clear and, in any case, much
less clear compared with those leading to EAD. It is not
clear why only some individuals accumulate significative
amounts of B-amyloid in CNS during ageing, nor why only
some of them will develop dementia, while others remain
cognitively intact.

The amyloid hypothesis of alzheimer’s
disease

In recent years, the pathogenetic model of AD, based on
the amyloid cascade hypothesis, has been repeatedly ques-
tioned [9, 17—19]. Listed below are many, though not all, of
the objections to the amyloid cascade theory:

— PB-amyloid and tau initially deposit in different brain
regions;

— The topographical spreading patterns of B-amyloid and
tau over time overlap only minimally.

— Amyloid plaques are first found in frontal regions, basal
ganglia or elsewhere, not adjacent to neurons early lost
in AD (hippocampus, entorhinal cortex).

— PB-amyloid amount in AD brain is not correlated to the
extent of cognitive decline in both humans and AD
transgenic mice. The absence of amyloid-related “dose
effect” for the amount of neuronal death or severity of
cognitive impairment raises serious doubts.

— PB-amyloid deposition also occurs in normal elderly
people; many of them have relatively large amounts of
B-amyloid in their brain post-mortem. By PET imaging,
almost 30% of normal elderly people have large amounts
of B-amyloid in CNS; this suggests that f-amyloid may
be not sufficient to cause AD.

— In normal individuals >70 years with PET evidence of
CNS B-amyloid/tau deposition, the incidence of LOAD
is less < 20% after 5 years, and < 50% after 14 years of
follow-up.



Aging Clinical and Experimental Research (2025) 37:304

Page3of 16 304

— Very old subjects (90—100 years) can develop a demen-
tia similar to LOAD, with slow evolution and few neu-
ritic plaques; the loss of neurons/synapses can be inde-
pendent of B-amyloid deposition.

— Neuropathological criteria emphasize that fewer neuritic
plaques are required to make diagnosis of EAD, contrary
to the expected greater vulnerability of older subjects’
brains; this discrepancy suggests that plaque formation
might be a marker of the degenerative process.

— In large autopsy studies, tau pathology in CNS is pres-
ent at young ages (< 40 years), when neuritic plaques
are still absent, while subjects exhibiting only neuritic
plaques and no neurofibrillary tangle are a minority; this
argues against the actual AD model.

— Dementia onset in Down’s syndrome is variable, despite
the presence of amyloid plaques in 100% of these indi-
viduals over 50 years of age.

— APP cleavage and functions is much more complex than
solely the production of B-amyloid (see later).

— The real triggers of neuroinflammation, synapse loss
and neuronal loss in AD are still unclear.

— The APO E4 genotype (associated with AD) has meany
other effects (e.g. hypercholesterolemia, inflammation,
reduced myelination).

— In both humans and transgenic mice, cognitive deficit
appears before f-amyloid deposition in CNS.

— The most “troubling” observation is the substantial
clinical failure of randomized clinical with monoclonal
antibodies that interfere with/reduce f-amyloid burden
in AD patients’ trials (negligible clinical effects after 1.5
years) [20].

These observations (and others not listed) suggest that
B-amyloid may be necessary but not sufficient to cause late-
onset Alzheimer’s disease (LOAD), and they call into ques-
tion the traditional “causal” model of AD. In this regard,
Frisoni and colleagues have proposed a probabilistic mode
[19]1. In this framework, B-amyloid remains a crucial factor,
but three conceptual variants of AD are identified: autoso-
mal dominant AD, and sporadic AD either related or unre-
lated to the APOE &4 genotype.

According to this model, a number of stochastic factors
contribute to the wide variability observed in AD. When
the combined burden of B-amyloid and tau reaches a cer-
tain threshold, cognitive impairment may become clinically
manifest. This typically occurs around the age of 50 in auto-
somal dominant AD, and between 75 and 85 years in spo-
radic APOE e4-related or -unrelated AD, respectively. It is
important to note that in the latter two cases, we are primar-
ily referring to LOAD, not EOAD).

Furthermore, less than 30% of individuals who do not
carry the APOE &4 allele, most of the population, will reach

the pathological threshold for dementia onset during their
lifetime.

At this point, we must remember that the Lancet Com-
mission on Dementia [21] estimated that 45% of all demen-
tia cases are attributable to 14 modifiable risk factors.
Among these, high LDL cholesterol, hypertension, obesity,
smoking, physical inactivity, diabetes, and excessive alco-
hol intake are classified as vascular risk factors.

Finally, another noteworthy observation cannot be
ignored. Thomas and colleagues demonstrated that objec-
tively defined subtle cognitive difficulties, associated with
faster amyloid accumulation, can be identified prior to or
during the preclinical stage of B-amyloid deposition [22];
in other words, cognitive changes may be occurring before
significant levels of B-amyloid have accumulated into the
CNS.

Seminal research on vascular pathology in
AD

The first large longitudinal studies

In the 1980s, several longitudinal population studies were
initiated, enrolling large samples of individuals with late-
onset LOAD. Until the early 1990s, most epidemiological
studies on AD were cross-sectional. Moreover, the criteria
used to select AD patients intentionally excluded those with
vascular risk factors, thereby introducing a significant bias.
In 1996, Skoog and colleagues evaluated the relationship
between blood pressure and incident dementia in a cohort
of 382 seventy-year-old individuals followed over a 15-year
period [23]. The study demonstrated for the first time that:1.
Subjects who developed dementia (LOAD or VD) between
79 and 85 years had higher blood pressure at age 70 com-
pared to controls.

2. Subjects who, at age 85, had white matter lesions
(WML) on CT scan had higher blood pressure at age 70
compared to controls. 3. Blood pressure progressively
decreased in the years preceding dementia onset; after diag-
nosis, it was equal to or even lower in AD patients compared
to controls.

In 1997, Hoffman and colleagues published another inter-
esting study, evaluating the relationship between atheroscle-
rosis (ATS) and AD [24]. The study included 284 patients
with dementia and 1,698 non-demented controls. Several
indicators of atherosclerosis (ATS) were considered, includ-
ing intimal thickness, carotid ATS plaques, ankle-brachial
index, and APOE genotype. The study showed that ATS
indicators were associated with dementia (both LOAD and
VD). Moreover, the prevalence of dementia increased with
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the severity of ATS, with a maximum odds ratio of 3.9 for
LOAD and 19.8 for VD.

Two “provocative” studies from the 2000s: is AD a
vascular disease?

In a “famous” paper published in 2002 “Alzheimer Disease
as a Vascular Disorder: Nosological Evidence”, J.C. de la
Torre summarized the main evidence in favor of the hypoth-
esis that AD may have a vascular basis [6]: (1) There is a
clear link between vascular factors and cerebrovascular dis-
ease capable of triggering the metabolic, neuropathological,
and cognitive changes associated with AD. (2) AD and VD
share numerous common risk factors, such as hypertension,
diabetes, and others, all of which are associated with ath-
erosclerosis (ATS) and a reduction in cerebral blood flow
(CBF).

It must be emphasized that the association between vas-
cular risk factors (VRF) and AD has been confirmed by
numerous studies conducted over the past 20 years [25-30].
3. Different therapies, all capable of improving the symp-
toms of AD, improve cerebral perfusion; 4. Prodromal AD
can be identified by direct/indirect measurement of cerebral
perfusion; 5. Clinical symptoms of AD arise from CNS
microvascular disease; 6. Significant overlap exists between
cerebrovascular and neurodegenerative disease, (both in AD
and VD); 7. Cerebral hypoperfusion can trigger a reduction
in metabolism with neurodegenerative changes and cogni-
tive impairment. de la Torre concluded that the probability
that all this evidence was due to an indirect effect of AD
(reverse causality) or to coincidences was very low. Accord-
ing to the author, the scientific community should have
considered the concrete possibility that AD is a disease of
vascular origin.

In the same year, L.J. Launer published an article with
a provocative title “Demonstrating the case that AD is a
vascular disease: epidemiological evidence” reviewing
the evidence in favor of a vascular AD origin [31]. Launer
recalled that Alzheimer himself had noted the coexistence
of neuritic plaques, neurofibrillary tangles, and cerebrovas-
cular disease. She pointed out that early autopsy studies had
reported vascular pathologies in about 20% of AD cases,
while the Neuropathology Group of the MRC-CFAS [32]
found SVD in 46% of patients with dementia, with notable
overlap between AD and ATS. Launer underlined that the
sticking point of the question is whether vascular pathology
is part of AD or independent of it. Although cerebral/hip-
pocampal atrophy are considered the two pathognomonic
findings of AD, many microvascular, blood-brain barrier
(BBB), and CBF abnormalities also emerged in autopsy/
imaging studies [33, 34]. Cerebral amyloid angiopathy
(CAA) is also not a rare finding in AD [35], while ischemic
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WML, as well as lacunar or hemispheric infarcts, are fre-
quent in AD patients [36—38]. On the other hand, significant
cerebral atrophy was reported in many cases of VD as well
as in AD [38]. The combination of degenerative and vascu-
lar lesions has a greater negative effect on cognitive func-
tions than when considered individually, although it remains
unclear whether their effects are additive or whether com-
mon pathogenic pathways exist.

Launer summarized several alternative hypotheses that
could explain the association between Alzheimer’s disease
(AD) and cerebral vascular disease (CVD) emerging from
epidemiological studies:

1. Methodological hypothesis: It is highly likely that the
association is not random; however, many studies are
observational and subject to interpretative errors.

2. Diagnostic error: At that time, diagnosis was primarily
clinical, as no biomarkers for AD were available. Data
from clinical and autopsy studies often differed in the
detection of mixed dementia.

3. Classification error: Many studies measured peripheral
biological parameters that may not accurately reflect
processes occurring in the central nervous system
(CNS).

4. Follow-up: The ideal duration of follow-up in dementia
studies is unknown, yet it is crucial for understanding the
temporal interaction between neurodegeneration, CVD,
vascular risk factors (VRF), and cognitive impairment.

5. Biases: Pharmacological treatments, sex, and life expec-
tancy of study cohorts can influence results.

6. Atherosclerosis (ATS): The interaction between ATS,
VRF, and AD is complex; these conditions are interre-
lated and may mediate one another.

7. Common pathways: Shared mechanisms may explain
associations such as hypertension and AD (e.g., renin-
angiotensin system) or diabetes and AD (e.g., insulin
resistance).

8. Reverse causality: AD and B-amyloid may influence
blood pressure, increasing it in the early stages and
decreasing it in later stages.

9. Launer concluded that although experimental evidence
suggests several VRFs are involved in AD pathogen-
esis, their precise role remains unclear, and new clini-
cal and epidemiological studies—as well as randomized
trials for AD treatment—are needed.

The Nun study: cerebral infarcts and LOAD

In 1997, Snowdon and Colleagues published an important
article reporting the results of a longitudinal study con-
ducted on a cohort of catholic nuns [39]. The nuns were
thoroughly evaluated during their lifetime, and the results
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were compared with brain autopsy findings. Among the sis-
ters diagnosed with LOAD, those with lacunar infarcts had
a much higher prevalence of dementia; in their presence,
even a small number of neuritic plaques and neurofibril-
lary tangles were sufficient to cause dementia. By contrast,
in subjects who did not meet the pathological criteria for
AD, cerebral infarcts were poorly associated with demen-
tia. Atherosclerosis in the circle of Willis (Willis-ATS) was
strongly associated with lacunar and cortical infarcts. The
researchers concluded that cerebrovascular disease plays a
very important role in determining both the presence and
severity of LOAD.Some years later, Snowdon commented
on the main findings of the Nun Study by illustrating the
paradigmatic example of two sisters, one demented and
one cognitively healthy [33]. According to their results,
clinically manifest LOAD depends on two main factors:
the degree of AD pathology in the CNS and the individu-
al’s resistance to the clinical expression of that pathology.
Lacunar infarcts appear to play a decisive role, along with
head trauma, depression, and metabolic alterations. Interest-
ingly, some individuals show little brain atrophy despite a
significant burden of AD pathology; this phenomenon may
be mediated by other factors, such as B-vitamin deficiency.

Regarding resistance to the clinical expression of LOAD,
Snowdon noted that many sisters in mild (stage 1-2) or
moderate (stage 3—4) Braak & Braak stages did not exhibit
any symptoms. Remarkably, even 8% of sisters in stage 5—6
was asymptomatic. This resistance could be related to: (1)
brain volume or the number of synapses acquired during
development and maintained through an appropriate life-
style [40]. ; (2) Brain damage (cerebral infarctions, trau-
mas, nutritional deficiencies) undermining CNS resilience.
Indeed, PET studies showed that AD patients activate differ-
ent brain networks compared to healthy subjects in response
to verbal memory tasks.

Many other autopsy studies were published in the follow-
ing years; for brevity, we will mention only one of them in
this paragraph. In 2008, Troncoso and Colleagues reported
the results of BLSA autopsy program [41]. The older indi-
viduals enrolled were thoroughly evaluated over the years
before autopsy. The main findings can be summarized as
follows: (1) Cerebral infarcts are frequent (44% of cases)
and increase the risk of dementia (both symptomatic or not,
macroscopic or microscopic); (2) VRF are not indepen-
dently associated with the risk of dementia; (3) The number
of hemispheric infarcts correlate with the risk of dementia;
(4) In patients with moderate AD pathology, even a single
hemispheric infarct is sufficient to cause dementia; 6. The
AD burden is responsible for 50% of dementias, while
hemispheric infarcts (alone or with AD) are responsible for
35% of cases. The study did not highlight any data in favor

of the hypothesis that AD pathology can cause cerebral
infarcts or vice versa.

In a very interesting study published in 2021, Ottoy
and Colleagues evaluated the relationship between CVD,
B-amyloid, neurodegeneration, and cognitive dysfunc-
tion in 120 individuals with mixed CNS disease (SVD +
AD pathology) [42]. They investigated the association
between vascular burden (measured as white matter lesion,
WML, volume) and cognition, testing the indirect effects
of B-amyloid deposition (via PET imaging) and neurode-
generation (assessed through cortical thickness or PET) in
AD signature regions. The study found that increased total
WML volume was associated with poorer cognitive perfor-
mance, and this relationship was mainly mediated by corti-
cal thinning, particularly in the temporal lobe. The authors
concluded that vascular burden primarily affects cognitive
function through localized neurodegeneration, which occurs
via an amyloid-independent pathway. Overall, available
studies suggest that CNS ischemic lesions play an impor-
tant role in the clinical manifestation of LOAD (Fig. 1), but
do not clearly demonstrate their direct involvement in the
pathogenetic mechanisms of the disease.

Atherosclerosis and LOAD

In 2003, Roher and Colleagues reported the results of an
autopsy study comparing subjects with LOAD and controls
[43]. The study highlights several interesting aspects. 1, in
AD patients, the circle of Willis shows a significant degree
of stenosis due to numerous atherosclerotic (ATS) plaques.
2, ATS lesions are much more severe in AD patients than
in controls. 3, the percentage of arterial occlusion (occlu-
sion index) positively correlates with the density of senile
plaques and neurofibrillary tangles, Braak & Braak stage,
CERAD neuritic plaque (NP) score, and white matter rar-
efaction. This study demonstrated, for the first time, a
strong quantitative link between Willis-ATS and AD pathol-
ogy. Arterial stenosis contributes significantly to LOAD
pathogenesis, likely through a reduction in cerebral blood
flow (CBF), a typical finding in AD (see later). However,
it remains unclear why some LOAD patients exhibit only
minimal cerebral ATS. This may be due to the heterogene-
ity of AD. ATS could accelerate or worsen LOAD once it
has already begun through other mechanisms. The authors
hypothesized that cerebral hypoperfusion induced by ATS
may cause, at least in some cases, a deficit in CNS energy
metabolism, leading to the accumulation of neuritic plaques
and neurofibrillary tangles. Thus, these lesions may repre-
sent a “late” manifestation in LOAD pathophysiology.

In 2015, Gupta & ladecola reviewed the relationship
between ATS and AD [44], based on epidemiological,
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clinical, and experimental data. They highlighted three
key points: (1) Cerebral ATS, together with increase in the
stiffness of small/large arteries, causes cerebral hypoperfu-
sion and chronic hypoxia; this determines an increase in
APP degradation via activation of BACE1 (see later) and
y-secretase, with accumulation of f-amyloid [45]; (2) The
reduction in CBF, together with vascular stiffness, and
alterations of microcirculation compromises p-amyloid
clearance, increasing its levels in CNS [46, 47]; (3) In turn,
B-amyloid has deleterious effects on cerebral circulation
(vasoconstriction and reduced vasodilation) and likely pro-
motes ATS by causing chronic inflammation, endothelial
dysfunction, and oxidative stress [48, 49].

In 2005, Honig and Colleagues examined the association
between CVD and LOAD pathology in an autopsy series
of 1054 subjects (921 AD and 133 controls) [50]. They
found no association between neuritic plaques/neurofibril-
lary tangles and history of stroke, cerebral infarcts or SVD,;
conversely, LVD and ATS were strongly associated with an
increased frequency of neuritic plaques.

In 2007, Beach and Colleagues published a study
addressing the validity of the association between ATS
and LOAD [51]. They evaluated, in a large autopsy series,
397 older subjects, including controls, AD, VD, and non-
AD dementias. Willis-ATS was more severe in subjects
with LOAD and VD compared to controls, while it was
similar in controls and non-AD dementias. Increasing ATS
grade was associated with a higher risk of LOAD and VD,
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greater neuritic plaque density, and higher Braak & Braak
neurofibrillary tangle stage. The authors concluded that the
association between intracranial ATS and LOAD is not an
artifact of diagnostic misclassification. In 2016, Iturria-
Medina and Colleagues published a very interesting article
[52] evaluating topographic/temporal alterations of CNS, as
well as many peripheral proteins, in relation to AD progres-
sion. They analyzed images and proteins/biomarkers from
plasma and cerebrospinal fluid (CSF) in 1,171 subjects,
including controls, individuals with mild cognitive impair-
ment (MCI), and AD patients.Through a multifactorial,
data-driven analysis, the authors derived dynamic indices
of abnormalities for each marker, representing an attempt
to establish a temporal order in AD progression. They
evaluated B-amyloid deposition (Florbetapir PET), glucose
metabolism (FDG-PET), cerebral blood flow (arterial spin
labeling), and brain activity/structural patterns (MRI imag-
ing and structural analysis).

The authors found a significant predominance of vas-
cular dysregulation over all other markers. Across all CNS
regions and time points, vascular factors were altered
approximately 80% more than other markers. This was
followed by B-amyloid deposition, metabolic dysfunction,
deterioration of function, and gray matter atrophy. Addition-
ally, notable abnormalities were observed in proteins asso-
ciated with vascular system integrity. Although the model
does not allow for causal conclusions, the study demon-
strates that CNS vascular abnormalities represent, from a
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temporal perspective, the earliest pathological finding in
AD. These results starkly contradict the currently accepted
theoretical sequence of events in AD development, which
posits B-amyloid accumulation as the initial step in the path-
ological cascade [4].

In the same year, another interesting study was published
[53], Based on the observation that LOAD and small ves-
sel disease (SVD) are the most frequent causes of cogni-
tive deterioration in the elderly—and are often associated
with each other—Kim and colleagues evaluated the pres-
ence and role of tau (via PET imaging) in patients with
cognitive decline of subcortical vascular origin. The study
revealed some interesting and unexpected findings: (1) SVD
is associated with increased tau deposition, independently
of f-amyloid; (2) tau load mediates the association of both
B-amyloid and SVD with cognitive impairment. Overall, the
study suggests that f-amyloid and SVD independently pro-
mote tau accumulation, which in turn appears to be the final
pathway leading to cognitive impairment.

In 2020, Eglit and colleagues examined the role of Wil-
lis-ATS in the association between hypertension and AD
pathology by analyzing neuropathological data from 2,198
older subjects [54]. Hypertension is indirectly associated
with increased AD pathology through its association with
Willis-ATS. Similar indirect effects are observed for sys-
tolic and diastolic blood pressure measures. The authors
concluded that hypertension may promote AD pathology
indirectly, through intracranial ATS, by limiting CBF and/
or dampening perivascular clearance. Willis-ATS may be an
important point of convergence between VRF, CVD, and
AD pathology.

In 2020, Wingo and colleagues published an article with
the challenging title “Cerebral atherosclerosis contributes
to Alzheimer s dementia independently of its hallmark amy-
loid and tau pathologies” [55]. They studied thousands of
brain proteins in more than 400 older subjects who were
thoroughly evaluated using nine pathological parameters:
cerebral atherosclerosis (ATS), B-amyloid, neurofibrillary
tangles, macroscopic infarcts, microscopic infarcts, amyloid
angiopathy, TDP-43, Lewy bodies, and hippocampal scle-
rosis. The authors identified the “proteomic signature” of
cerebral ATS. The main findings of the study are as follows:
(1) Cerebral ATS is associated with AD, independently of
the other parameters evaluated. (2) Cerebral ATS is asso-
ciated with significant alterations in the metabolism and
functioning of oligodendrocytes. These alterations are not
attributable to vascular risk factors (VRF) or to the conse-
quences of brain infarctions. (3) There is no statistical inter-
action between cerebral ATS and p-amyloid/neurofibrillary
tangles, suggesting that ATS contributes to AD indepen-
dently (additive effect).

4. Tau is also independently associated with AD, with a
proteomic profile partially overlapping that of cerebral ATS.
5. B-amyloid is not directly related to AD-associated pro-
teomic changes.

In the editorial dedicated to the article, [adecola ques-
tioned how cerebral ATS could lead to cognitive dete-
rioration independently of neurodegenerative disease and
cerebral infarctions. He suggested that ATS may result from
long-term neurovascular dysfunction, leading to axonal
damage and cognitive decline through reduced microperfu-
sion. Other factors, including BBB integrity, neurovascular
function, neurotrophic support from the endothelium, and
neuroimmune responses, may also be involved.

In summary, based on available literature data, it can be
stated not only that ATS is associated with AD, but also that
ATS actively participates in the pathogenesis of AD, unlike
CNS ischemic lesions, through a variety of known and
unknown biological mechanisms (see Fig. 2).

How to explain the association between
LOAD and atherosclerosis?

Vascular risk factors

Many studies have highlighted, in the last 20 years, a sig-
nificant association between VRF and dementia, including
AD [21, 23,24, 27, 29, 55-59] (Fig. 2).

In 2018, a very interesting article was published by Rabin
and Colleagues [54]. In a sample of normal older subjects
they evaluated: (1) Whether vascular risk (FHS-CVD risk
score [including: age, blood pressure, total/HDL cholesterol,
diabetes, smoking]) and B-amyloid act in additive or syn-
ergistic way in promoting cognitive decline; (2) The inde-
pendent effect of VRF on progression of cognitive decline.
They found that the speed of cognitive decline is associated
with both FHS-CVD risk score and brain f-amyloid load.
The significant interaction suggests a synergistic effect, in
agreement with autopsy studies demonstrating that vas-
cular pathology reduces the preclinical phase of AD. The
FHS-CVD risk score is associated with cognitive decline
progression independent of amyloid load, hippocampal vol-
ume, cerebral glucose metabolism and WML, confirming
that cardiovascular risk and CNS ischemic lesions have a
different meaning.

In 2021 Cortes-Canteli and Colleagues evaluated the
association between brain metabolism, sub-clinical ATS,
and VRF in 547 middle-aged asymptomatic individuals
with subclinical ATS [60]. They found that global F18-FDG
uptake on PET was negatively correlated with the 30-year
Framingham Heart Study cardiovascular disease (FHS-
CVD) score, with the association being primarily driven by
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hypertension. Carotid ATS plaque burden was also inversely
associated with global brain FI18-FDG uptake. The brain
areas most affected by hypometabolism were the parieto-
temporal regions and the cingulate gyrus. The authors con-
cluded that, in middle-aged individuals, cardiovascular risk,
hypertension, and subclinical carotid ATS burden are asso-
ciated with brain hypometabolism in regions known to be
affected in AD.

In 2022 Wagen and Colleagues examined the potential
drivers and correlates of “brain age” (neuroimaging-based
biomarker). They assessed 456 individuals with twenty-
four prospective waves of data collection (including MRI
and amyloid-PET imaging) [61]. The brain-predicted age
difference (brain-PAD) was calculated by subtracting the
brain-predicted age from the chronological age. Female sex
is associated with a 5.4-year younger brain-PAD compared
to males. An increase in brain-PAD is associated with: high
FHS-CVD score, CVD, lower cognitive performance, and
increased serum neurofilament light. The authors concluded
that brain-PAD is associated with both cardiovascular risk
and markers of neurodegeneration.

In 2022 Jiang and Colleagues evaluated, in 1521 normal
individuals >50 years, the association between VRF and AD
biomarkers, and whether they were synergistically associ-
ated with cognition [62]. Compared to low cardiovascular
risk (< 10%), high risk (> 20%) is associated with increased
blood t-tau and neurofilament light. Hypertension syner-
gistically interacts with both t-tau and neurofilament light.
They concluded that VRF play critical roles on cognition,
both through independent and neurodegenerative pathways.

In the same year, Chariris anc Colleagues investigated
associations of obesity with the expression of.

AD-related genes, in 5619 individuals from the Framing-
ham study [63]. They found that obesity metrics are asso-
ciated with the expression of 21 AD-related genes; after
adjustment for VRF, 13 associations remain significant for
BMI and 8 for WHR.

In 2023 Dhana and Colleagues evaluated the associa-
tion of cardiovascular health (CVH - based on diet, physical
activity, body mass index, smoking, dyslipidemia, hyper-
tension, and diabetes) with cognitive outcomes in 1702
subjects [64]. In multivariable-adjusted model, CVH is
associated with a lower risk of AD; CVH is also associated
with a slower rate of cognitive decline and less volume in
WML.

Valenti and Colleagues reviewed the available studies
on the treatment of VRF in patients with AD [65]. Obser-
vational studies suggest that treatment of hypertension and
statin therapy may be associated with improved outcomes,
although these studies are subject to potential bias. Unfor-
tunately, the few randomized controlled trials available,
mostly small and of short duration, do not provide definitive
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evidence. More recently, Shang and colleagues investigated
whether anti-diabetic, lipid-lowering, anti-hypertensive,
and non-steroidal anti-inflammatory drugs might alter the
course of cognitive decline in 7,653 subjects with mild AD
[66]. The combination of all four class of drugs results in a
significant 46% MMSE and 32% CDR-SB delay in 5 years
cognitive decline, and with 47% MMSE and 33% CDR-SB
delay in 10 years cognitive decline.

To date, the association between VRF and AD has not
been definitively explained in a univocal way, since there
may be different possible explanations for different risk fac-
tors: (1) The relationship between risk factors and AD could
be mediated by ATS, as strongly suggested by some stud-
ies ( [43, 54]; (2) The relationship could be explained by
common pathogenic pathways between risk factors and AD
(e.g. insulin resistance, paraoxonase, homocysteine); (3)
Risk factors may directly affect CNS metabolism, causing
its early reduction in areas known to be affected in AD [60].

Secretases activity: the possible role of B-secretase
1 (BACE1)

The premise to this paragraph is that, as reviewed by ladec-
ola in his editorial [67] to the article of Roher [43], chronic
oligoemia of CNS leads to increase processing of APP by
- and y-secretases, with increased formation/accumulation
of B-amyloid. Observational studies suggest that treatment
of hypertension and statin therapy may be associated with
improved outcomes, although these studies are subject to
potential bias. Unfortunately, the few randomized controlled
trials available—mostly small and of short duration—do not
provide definitive evidence.More recently, Shang and col-
leagues investigated whether anti-diabetic, lipid-lowering,
anti-hypertensive, and non-steroidal anti-inflammatory
drugs might alter the course of cognitive decline in 7,653
subjects with mild AD [68], and it is elevated both in brain
and blood of AD patients [69]. Serum BACE]1 activity was
determined in 115 LOAD patients and 151 controls. We
showed that serum BACE]! activity is significantly higher
in AD, independent of age, sex, hypertension, diabetes,
and vascular disease. Successively, we evaluated serum
BACEI activity in VD, mixed dementia (AD + VD), and
non-AD dementias (LBD, fronto-temporal dementia, etc.)
[70]. We demonstrated, for the first time, that serum BACEI
activity is increased in LOAD (+ 30%), VD (+ 35%), and
mixed dementia (+ 22%), but not in other types of demen-
tia. Therefore, BACE1 could represent a mechanistic link
between AD and VD; indeed, BACEI is a stress response
protein, sensitive to factors reducing CNS energy metabo-
lism (including ischemia). In turn, BACE1 hyperactivity
can undermine vascular CNS integrity, given the vasoac-
tive properties of B-amyloid. We proposed a theoretical
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pathogenetic cascade leading, depending on the single case,
to LOAD, VD, or mixed dementia: (1) Dysregulation of
BACE] (because of brain ATS and oligoemia); (2) Second-
ary increase in f-amyloid production in the CNS; (3) Evo-
lution towards VD, mixed dementia or LOAD depending
on whether the clearance of f-amyloid would be preserved,
partially, or severily impaired (in addition to other pathoge-
netic factors).

In the same year, Durrant and Colleagues investigated,
in APP transgenic mouse, the mechanisms through which
B-amyloid promotes excessive/altered angiogenesis (a
known phenomenon in AD) [71]. They demonstrated that:
(1) Pathological angiogenesis is a very early event, occur-
ring before f-amyloid deposition; (2) It is dependent on
APP processing by BACE1 and mediated by a reduction
in NOTCH3 signalling (see later); (3) Partial inhibition of
BACEI activity normalizes angiogenesis.

We successively estimated the diagnostic accuracy of
serum BACE] as possible biomarker in AD and MCI con-
verting to AD (MCI-AD), all positive for the AD core CSF
biomarkers. We confirmed that BACE1 activity is increased
(>60%) in AD and MCI-AD compared to controls; we were
able to discriminate patients from controls with very high
sensitivity (98%) and specificity (100%) [72].

Finally, in 2022, we attempted to identify the potential
determinants of BACE1 serum activity [73] in 504 healthy
individuals and 175 LOAD patients. Age was the strongest
independent predictor of BACE!1 variance, followed by
female sex, HDL-C, and hypertension. It cannot be missed
as all these variables are associated with an increased risk
of LOAD. The probability of having elevated BACE1 was
particularly high in women after 70 years of age [73].

NOCTH pathway impairment

Notch signaling is an evolutionarily conserved pathway that
is fundamental for neuronal development. It also plays roles
in the mature brain, being involved in both vascular (e.g.,
endothelial stabilization, smooth muscle cell response) and
non-vascular (e.g., neuronal degeneration/apoptosis) pro-
cesses (Fig. 2). NOTCH signaling is dysregulated in AD and
in CNS ischemic injuries. As underlined by Drachman [18],
y-secretase cleaves NOTCH producing NICD (Notch Intra-
Cellular Domain) which drives the angiogenic process.
Interestingly, NOTCH and APP compete for y-secretase,
based on the amount of substrate present; each increase
in B-amyloid secretion corresponds to a reduction in
NOTCH signalling, and vice versa. Moreover, in APP trans-
genic mouse the pathological early angiogenesis (before
B-amyloid deposition) is dependent on APP processing by
BACE] and is mediated by a reduction in NOTCH3 signal-
ling [71]. It was also demonstrated that NOTCH signaling

plays an important role in neuronal plasticity and learning
and memory processes (involving hippocampus) [74]; this
means that alterations in NOTCH signaling may contribute
to cognitive deficits. It is therefore conceivable that a reduc-
tion/impairment in NOTCH signalling may contribute to
brain dysfunction in AD through alterations of CNS micro-
circulation, increase in y-secretase activity, and negative
effect on cognition.

Cerebral blood flow and arterial stiffness

In 2005, Ruitember and Colleagues evaluated the relation-
ship between cerebral perfusion (transcranial doppler ultra-
sonography) and dementia in 1720 adult/older individuals
[75]. They found that higher CBF is associated with a lower
likelihood of developing dementia, less cognitive decline,
and larger hippocampal and amygdala volume. On the
contrary, low CBF is associated with both dementia and
markers of early dementia. They concluded that cerebral
hypoperfusion precedes and possibly contributes to the
onset of dementia, including AD.

In 2014, Hughes and Colleagues examinated the asso-
ciation between arterial stiffness and p-amyloid CNS
deposition over time (2 years) in 81 non-demented older
individuals [76]. Pulse wave velocity (PWV) was mea-
sured in the central (carotid- and heart-femoral), peripheral
(femoral-ankle), and mixed (brachial-ankle) vascular beds.
Brachial-ankle PWV is higher among B-amyloid positive
participants both at baseline and follow-up, while femoral-
ankle PWYV is higher among [-amyloid positive subjects at
follow-up. Central stiffness is associated with a change in
B-amyloid deposition over time. The authors concluded that
arterial stiffness is strongly associated with the progressive
deposition of B-amyloid in CNS.

We recently performed a systematic review/meta-analy-
sis to investigate changes in CBF in AD patients [77]; the
analysis included 685 individuals (395 LOAD and 290 age-
matched controls). We confirmed that, in middle cerebral
artery, AD patients have significantly lower CBF velocity
compared to controls. The mean CBEF is directly correlated
with MMSE score, but inversely correlated with age. In AD
patients, the pulsatility index is significantly higher, while
the breath-holding index test is significantly lower com-
pared with controls.

In 2022, Cooper and Colleagues assessed the associations
of aortic stiffness and pressure pulsatility with B-amyloid
plaques and tau burden in the CNS of 270 middle-aged/older
healthy adults [78]. Carotid-femoral PWV, central pulse
pressure (CPP), and forward wave amplitude (FWA) were
evaluated. In multivariable models, higher CPP and FWA
are associated with greater entorhinal/rhinal tau burden;
the associations are more prominent in older participants.
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Aortic stiffness and pressure pulsatility measures are not
associated with amygdala, inferior temporal, precuneus tau
burden, nor to global amyloid-p plaques. The authors con-
cluded that abnormal central vascular hemodynamics are
associated with higher tau burden in specific brain regions,
suggesting that aortic stiffness may be a target for preven-
tion of tau-related pathologies.

Overall, a picture emerges in which ageing, inflamma-
tion and genetics may, by promoting cerebral/ sistemic
ATS, reduce CBF and modify arterial stiffness thus favor-
ing LOAD onset (but also mixed dementia and VD); on
the other hand, the same factors, together with ischemia/
hypoxia, could favor the deposition of B-amyloid at arterial
level, modifying anyway arterial stiffness (Fig. 2).

Clearance of B-Amyloid

Besides an increase in its production, B-amyloid can accu-
mulate in the CNS by an impairment in its clearance [46,
47]. Some studies even suggest that decreased B-amyloid
clearance might be more responsible for LOAD develop-
ment rather than increased -amyloid synthesis [79].

Vascular cells, glia, and neurons make up the neurovas-
cular unit (NVU); the BBB lies within the NVU and restricts
entry of molecules into the CNS. The functional integrity of
NVU is essential for normal neuronal and synaptic func-
tioning. As reviewed by Sagare [80], The efficiency of
B-amyloid clearance from brain interstitial fluid across the
BBB is influenced by: 1. B-amyloid binding to transport
proteins (APO E, APO J) and BBB receptors (LRP1, LRP2,
RAGE), which control CNS B-amyloid efflux and influx,
respectively.

2. Activity of f-amyloid-degrading enzymes.

It is known that hypoxia downregulates MEOX2 gene
expression in brain endothelial cells, leading to hypopla-
sia, brain hypoperfusion, and loss of LRP1, with reduced
B-amyloid clearance. On the other hand, hypoxia increases
MYOCD gene expression in vascular smooth muscle cells,
again leading to brain hypoperfusion and loss of LRPI,
with B-amyloid deposition in the arterial wall. Interestingly,
hypoxia seems to be upstream of both these pathological
processes and may be strongly related to ATS and reduction
of CBF [80].

Some proteolytic enzymes also contribute to B-amyloid
degradation in the CNS (neprilysis, metalloproteinases,
etc.) [81]. They cleave B-amyloid producing less neuro-
toxic and more easily cleared fragments. With ageing, and
under pathological conditions, the activity of these enzymes
decline leading to a deficit of B-amyloid clearance, although
these enzymes may be unexpectedly over-expressed in AD,
likely as a compensatory mechanism to -amyloid toxicity
[81]. It has been demonstrated that hypoxia leads to reduced
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neprelysin levels and activity both in cellular models and in
vivo [82]. It is evident that all the mechanisms exposed in
this paraghaph are not mutually exclusive but can be pres-
ent simultaneously in then same patient and influence each
other (Fig. 2).

What about vascular dementia?

It is legitimate to ask whether VD really exists or, given
the strong association between systemic/cerebral ATS and
LOAD, we are inevitably faced with a “mixed” pathology.
First, we must remember that the NINDS-AIREN criteria
for VD diagnosis have low sensitivity (< 60%) but high
specificity (>90%); second, in all autopsy studies a small
percentage of patients with dementia have pure vascular
damage. In this regard, Oveisgharan and Collegues inves-
tigated, in sample of 1799 older individuals evaluated for
about 8 years before death, how common pure VCI was at
autopsy [83]. Participants were categorized into 3 groups:
pure VCI (21%), pure neurodegenerative group (23%), or
mixed group (56%). Cognitive impairment is present in
42% of VCI, 67% of degenerative pathologies, and in 78%
of mixed groups. Among VCI, only macro-infarcts and arte-
riolosclerosis in basal ganglia are associated with cognitive
impairment, supporting the existence of pure VCI. Result
worth highlighting, CVD explains only 10% of the variabil-
ity of cognitive decline, leaving room for other unidenti-
fied mechanisms. It is worth remembering at this point the
study of Kim [53], demonstrating that SVD is associated
to increased tau deposition, and that tau load mediates the
association of SVD with cognitive impairment. Further-
more, we cannot ignore that, in the Swedem register, a clear
AD-like biomarker profile in cerebrospinal fluid (CSF)
emerged in 65% of LOAD, 60% of mixed dementia, and
20% of VD [84]. In particular, CSF B-amyloid 1-42 was
positive in 80% of LOAD, 60% of mixed dementia, but also
in more than 40% of VD patients.

In summary, VD and LOAD share many physiopatho-
logical characteristics. It is time to remember the increase of
serum BACEI activity in AD and VD [70], suggesting that
this mechanism might be a “cornerstone” of both demen-
tias. However, since most LOAD patients also display sig-
nificant cerebral ATS, the possibility that increased BACE1
might be actually the consequence of CVD, and not of neu-
rodegeneration, cannot be ruled out a priori.

We also reported other pathophysiological factors shared
by LOAD and VD, including endothelial dysfunction [85,
86], oxidative unbalance [85, 86], and decreased serum
arylesterase activity of PON-1 [87]. On the other hand, there
are some interesting differences exist between these two
types of dementia. For example, blood levels of homocyste-
ine and uric acid [86], lipoprotein-associated phospholipase



Aging Clinical and Experimental Research (2025) 37:304

Page 11 of 16 304

Risk
Factors

12

A Arterial
Stiffness

AGEING
INFLAMMATION
GENETICS

A B-Amyloid

3

+

Chronic hypoxia V LRP 1
+ lschemi V NEPRELISIN
schemia A BACE1 4
<L ¥ NOTCH
A TAU NEURODEGENERATION

N U

LOAD

microcirculation
damage

Fig. 2 Contribution of Atheroslcerosis to Arterial stifness, BACE1 hyperactivation and NOTCH dysregulation finally leading to LOAD onste

A2 [88], klotho [89], and TRAIL [90] are higher in VD
compared with LOAD. By contrast, neutrophil/lymphocyte
ratio is higher, while serum ATGS and Parkin are lower in
LOAD compared to VD [91, 92]. These results suggest that,
although there is a strong overlap between LOAD and VD,
there are, however, some pathophysiological differences
that allosw us to consider them two different conditions
from a nosological point of view.

Conclusions

A vast literature highlights an increasing difficulty in sepa-
rating, from a pathophysiological point of view, LOAD and
ATS/CVD,; this is even more challenging at the molecular
level, given the numerous common pathogenetic pathways
(Fig. 3). The relationship between CVD and LOAD is
extremely complex. In the elderly, the contribution of ATS
to the pathogenesis and clinical manifestation of LOAD
is incontrovertible. Probably, the rigid clinical separa-
tion between LOAD and VD has lost part of its meaning
in many older patients who come to our memory clinics.
Indeed, both lacunar and hemispheric, microscopic or mac-
roscopic, symptomatic or asymptomatic brain infarcts have
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Fig. 3 This diagram illustrates the overlapping processes of beta-amyloid formation and cerebral atherosclerosis in the development of LOAD

been associated with LOAD. Moreover, SVD has been
correlated with increased tau CNS load, and tau seems to
mediate the effect of SVD on cognitive functions. Cerebral
ATS has been associated with LOAD (independent of cere-
bral infarctions and VRF), with an increase in B-amyloid
production, a reduction in its clearance, and with Braak &
Braak stage and CERAD NP score. A different argument
may apply to EAD, in which the contribution of cerebral
ATS/CVD may be relative, if not even absent.

An inverse but similar reasoning can be made for VD.
Only in relatively young patients, with severe subcortical
or hemispheric vascular lesions, is an exclusively vascu-
lar pathogenesis conceivable, and therefore a diagnosis of
“pure” VCI would be made (< 8% in our Ferrara memory
clinic, 10-15% in autopsy studies). Most older patients with
dementia are probably faced with “mixed” forms (CVD
+ neurodegeneration), regardless of the evidence of isch-
emic lesions on CT scan/MRI. Indeed, ATS may promote
B-amyloid formation, while B-amyloid, in turn, can pro-
mote vascular dysfunction/ATS in the CNS—remembering
that, in subjects without AD pathology, cerebral infarcts
are poorly associated with dementia onset [93]. Lastly, we
cannot ignore evidence suggesting that treatment of VRF
in LOAD patients (not independently involved in LOAD
pathogenesis) [65, 66] was associated with a lower cognitive
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decline over time. These treatments may contribute to the
stabilization or improvement of cerebral ATS, which in turn
may have a positive effect on AD progression.

It seems appropriate to remember that Alois Alzheimer,
before describing the first neurofibrillary tangles and neu-
ritic plaques, had previously reported a condition he called
“the arteriosclerotic atrophy of the brain.” Those two words,
“atrophy” and “arteriosclerotic,” seem to identify the first
foundations of current scientific knowledge, demonstrating
an ever-increasing overlap between vascular and neurode-
generative phenomena in the brain.
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