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Abstract

Background The role of Vascular risk factors (VRFs) in the progression of Alzheimer’s Disease (AD) and cognitive
decline remains to be elucidated, with previous studies resulting in conflicting findings. The possible impact of age-
specific mechanisms of resilience/vulnerability is an under addressed issue. We evaluated the association of VRFs with
markers of amyloid deposition, neurodegeneration, and blood-brain-barrier (BBB) permeability (Albumin quotient,
Qalb), stratifying patients into early-onset (<65, EOAD), classic late-onset (65-75, cLOAD) and very late-onset (> 75,
vLOAD), to evaluate the moderating effect of age of onset. Moreover, we explored the effects of VRFs on cognitive
decline at one year follow-up (AMMSE).

Methods For 368 patients with biologically confirmed AD, we computed eight risk factors in a composite measure of
cumulative vascular risk (vascular score, VS). Stratifying patients according to age of onset, we regressed VS and main
individual VRFs on p-tau/AR42, t-tau and Qalb, and used bootstrapped mediation analysis to test direct and indirect
associations of VS with t-tau, using Qalb as mediator. In a subset of 105 patients, we performed multivariate backward
regressions to assess the effects of sex, APOE, Qalb, VS, p-tau/AB42 and t-tau on AMMSE.

Results VS was positively associated with CSF t-tau in more vulnerable groups burdened by more aggressive disease
progression (EOAD: 3=0.256, p=0.019) or aging (vLOAD: 3=0.007, p <0.001). Conversely, in patients with classic age
of onset VS was associated with higher BBB permeability (cCLOAD: 3=0.173, p=0.015), which simultaneously causes
the decrease of CSF t-tau, as a possible resilience response. Cognitive decline was not associated with VS in any of the
subgroups. Instead, it was affected by both higher CSF t-tau and increased Qalb values in those with very early or very
late onset (EOAD and vLOAD), but by Qalb alone in patients with classic age of onset, where CSF t-tau levels might be
buffered by BBB permeability.
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Conclusions Our results show that age of onset weighs on the heterogeneous effects played by VRFs in AD, which
do not seem to have direct impact on cognitive decline. These findings stress the importance of a tailored patient-
centered approach to the application of vascular prevention strategies in AD.

Keywords Vascular risk, Cognitive decline, Early-onset, Late-onset, Blood-brain barrier

Introduction

Alzheimer’s Disease (AD) is a neurodegenerative disor-
der that causes progressive cognitive impairment and loss
of autonomy in daily life, holding significant social conse-
quences since it can affect adult patients from midlife to
old age [1]. The highly heterogeneous course of AD can
be influenced by several factors including demographic
features, genetics, and the presence of age-related comor-
bidities and copathology accompanying amyloid and tau
deposition [2—4].

In recent years, cerebrovascular pathology (CVP) has
especially gained much attention in the bid toward a
more comprehensive characterization of AD (https://aai
c.alz.org/diagnostic-criteria.asp#background). However,
findings concerning the mutual relationship between
CVP and AD pathology are often conflicting. On one
hand, the presence of CVP seems to lower the threshold
to which AD neuropathological changes cause cognitive
decline [5] and, in the presence of amyloid pathology,
CVP accelerates tau accumulation rates in early AD [6].
On the other hand, data from in vivo studies show the
lack of a robust mechanistic relationship between in-vivo
markers of CVP and the progression of either amyloid or
tau pathology, so that no temporal association between
the two has yet been proven, even when these changes
occur in the same regions [7]. Moreover, considering
neuropathological evaluations from patients with a clini-
cal diagnosis of AD and dominant amyloid proteinopa-
thy, the presence of CVP has been linked to a lower Braak
stage [8]. This suggests that CVP may affect the clini-
cal course of AD, contributing to cognitive decline via
additional independent mechanisms other than primary
proteinopathies.

The variety of vascular alterations in AD further exac-
erbates the complexity of this scenario. The wide range
of structural and functional vascular changes encompass
macroscopic focal alterations in brain circulation as well
as microscopic changes, such as the loss of tight junc-
tions at the level of the neurovascular unit and Blood-
Brain-Barrier (BBB) breakdown [9, 10]. Notably, BBB
dysregulation should be especially taken into account as a
contributor to the pathophysiology of AD [11], but most
notably since its increased permeability has recently been
associated with higher rates of cognitive decline in all
dementias [12-14].

Vascular risk factors (VRFs) are not only renowned
determinants of both CVP and BBB disruption [8,
15, 16] but are also considered important modifiable

determinants of cognitive decline and core components
of dementia risk scores, despite findings being again
inconclusive. Indeed, an observational study showed no
evidence of a synergistic relationship between midlife
VRFs and cerebrospinal fluid (CSF) AD biomarkers, with
both being independently and additively associated with
cognitive decline [17], whereas one study on older adults
reported a synergistic association between the two [18].

Overall, the relationship between VRFs, AD biomarker
changes, and cognitive decline has yet to be cleared
entirely; moreover, whether this relationship engages
BBB dysregulation and how it varies with age are under-
addressed issues in the literature. For instance, while the
most common age of onset for AD is 65 to 75 years old,
the prevalence of copathology gradually increases with
age [19], and a lack of stratification is likely to hamper the
identification of age-range specific disease mechanisms
or vulnerability to external factors. Indeed, an increased
number of midlife, but not late-life, VRFs has been asso-
ciated with greater burden at amyloid-PET [20], and a
recent neuropathological study highlighted different
distribution frequencies of CVP in early-onset (EOAD)
versus late-onset AD (LOAD) [21], raising questions on
whether differences in age of onset could identify sepa-
rate cohorts with possibly different response mechanisms
to copathology.

Our first aim was to explore the effects of VRFs on
CSF measures of AD burden, global neurodegeneration,
and BBB permeability, using a multifactorial approach
accounting for the age of onset and other known interfer-
ing factors (i.e., gender and APOE status) [4, 22] in a real-
world clinical cohort of patients with biologically defined
AD. Then, we verified whether VRFs act as modifiers
of clinical progression in terms of longitudinal cogni-
tive decline, accounting for their potential effect on BBB
permeability.

Materials and methods

Patients enrolment and study design

We conducted a prospective observational study includ-
ing 450 outpatients referred to the UOSD Centro
Demenze of the University Hospital “Policlinico Tor
Vergata” in Rome upon suspicion of AD between Janu-
ary 2021 and June 2023. As part of the initial assessment,
all patients underwent history taking and neurological
examination, as well as a complete diagnostic work-up
including Mini-Mental State Examination (MMSE), labo-
ratory testing to rule out secondary cognitive decline, 3T
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brain magnetic resonance imaging, and lumbar puncture
(LD).

We considered eligible for the study all patients with an
MMSE <28 and clear-cut decline from previous function-
ing — thus excluding subjective cognitive decline — will-
ing to undergo a diagnostic LP, regardless of the degree
of clinical severity. Exclusion criteria were: [1] refused
LP or LP contraindicated; [2] normal biomarker profile
or suspected non-AD pathology; [3] presence/history of
chemotherapy, inflammatory or autoimmune conditions,
decompensated Diabetes Mellitus type 2; [4] manifest
acute stroke — Hachinski scale score>4 — or radiologi-
cal evidence of focal ischemic lesions at baseline MRI;
[5] clinical evidence of other neurological disorders; [6]
presence of mutations compatible with genetic AD.

Eventually, 428 patients received a CSF biomarker-
based diagnosis of AD, and 368 were included in the
study for cross-sectional analysis (see Fig. 1). All patients
were further stratified into subgroups according to the
reported age of symptoms onset. Patients with clinical
onset earlier than 65 years old were classified as early-
onset AD (EOAD, age<65 n=84). According to the lit-
erature, patients with onset later than 65 years old are

Patients with probable AD recruited
at the UOSD Centro Demenze
Policlinico Tor Vergata
(n=450)
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labeled as late-onset AD; however, to account for the
excessive variety in this category and for the potential
additive effect of aging, we subdivided this group into
classic-onset AD (cLOAD, age range 65-75, n=178) and
late-onset AD (VLOAD, age>75, n=106).

Follow-up visits were performed at 12+3 months
from lumbar puncture and included clinical evalua-
tions and administration of MMSE. Cognitive decline
was expressed as a negative number obtained as the dif-
ference between baseline vs. follow-up MMSE (delta,
AMMSE). All cases were also reviewed at least once after
the conclusion of the follow-up to rule out fluctuations in
cognitive symptoms and confirm the progression of cog-
nitive decline.

We excluded from the longitudinal substudy [1]
patients who were successfully evaluated and included
in phase III double-blind clinical trials available at our
center; [2] patients who refused to comply with the lon-
gitudinal study procedures; [3] patients without valid
follow-up data; [4] patients who developed medical
comorbidities with possible consequences on cognitive
functions (e.g., sepsis, major surgery); [5] patient passing

CSF findings of:
- Normal biomarkers profile (n=9)

Biomarker-based diagnosis of AD
(n=428)

- Suspected Non-AD pathology
(n=13)

Presence of:
- Chemotherapy history (n=14)

Participants in the
cross-sectional study
(n=368)

Participants in the
longitudinal study
(n=105)

A4

Inflammatory/other autoimmune
conditions (n=8)

- Decompensated diabetes (n=16)
- Hachinski Scale > 4 (n=18)

- Genetic mutations for AD (n=4)

Fig. 1 Legend: Patient selection flowchart summarizing enrolment procedures for the cross-sectional and longitudinal studies
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during the follow-up time. Thus, a final cohort of 105
patients was identified for longitudinal analyses.

We obtained written consent from all participants or
legally authorized representatives. All procedures were
performed according to the Declaration of Helsinki. The
local ethical committee considered the study protocol an
observational prospective design.

CSF collection and analysis

A CSF sample of 10 mL was collected for each patient.
All lumbar punctures were performed with a sterile tech-
nique between 8 and 10 am, and samples were collected
in polypropylene tubes and processed according to labo-
ratory standard operating procedures. 2 mL were used
for biochemical routine analysis, including cell and pro-
tein count. 6 mL were centrifuged at 2000 g at +4 °C for
10 min, aliquoted in 1 mL portions, and frozen at -80 °C
for further analysis.

Commercially available kits were used to carry out
biochemical analysis (Flex reagent cartridge, Dimension
Vista System, Siemens Healthcare Diagnostics GmbH,
Munich, Germany); CSF AB42, p-tau, and t-tau concen-
trations were determined using LUMIPULSE G1200©
(Fujirebio, Holdings Inc., Tokyo, Japan), a fully auto-
mated chemiluminescent enzyme immunoassay ana-
lyzer (CLEIA). The cut-off values were as follows: CSF
AP42>600 pg/ml, CSF p-tau<65 pg/ml, CSF t-tau<400
pg/ml. For all patients, the p-tau/AP42 ratio was
calculated.

Blood samples were also drawn for complimentary
analysis including Qalb calculation and APOE geno-
typing, which was conducted using allelic discrimina-
tion technology with real-time PCR (TagMan; Applied
Biosystems).

Vascular score

For each patient, we retrospectively collected informa-
tion on the presence (score=1) or absence (score=0) of
8 cardiovascular risk factors: Hypertension, Atrial Fibril-
lation, Diabetes Mellitus (DM) type 2, Smoke, Stroke or
Transient Ischemic Attack, Acute Myocardial Infarction,

Page 4 of 11

Obstructive Sleep Apnea, Dyslipidemia. All informa-
tion was obtained from the patient’s medical records and
information collected during the first visit to our center.
The sum of the categorical variables was transformed
into a 0 to 1 continuous score representing a percentage
(Vascular Score, VS) to account for missing values (up to
2 per patient).

Statistical analysis

Continuous variables were expressed as means*standard
deviation (SD), and categorical variables as frequencies
(percentages) [see Table 1]. Patients were classified as
APOE4 when carrying one or two €4 alleles (APOE €4/
€4 or €3/e4). All the remaining patients were identified as
APOE3 (e3/e3). Differences between age of onset groups
were assessed via ANOVA test with post-hoc analyses
(continuous variables) or chi-squared test (categori-
cal variables). The association between individual VRFs
and VS values were tested using multivariate regression
analysis. VRFs showing [} values>0.29 were selected for
further analyses.

To test whether VRFs drive changes in AD neuro-
pathology and BBB permeability biomarker measures,
we first assessed cross-sectional associations of VS and
the main individual VRFs (independent variables) with
CSF p-tau/Ap42, t-tau, and Qalb (dependent variables).
We used multivariate linear regressions, considering
the whole sample (All AD) and then patients stratified
according to the age of onset (EOAD, cLOAD, vLOAD),
controlling for sex and APOE status. Also, we performed
cross-sectional bootstrapped mediation analyses with
1000 iterations on each group of patients, using VS as the
predictor variable, t-tau as the dependent variable, and
Qalb as the mediator. All mediation analyses included sex
and APOE genotype as covariates.

The longitudinal analysis focused on a subset of
patients with valid follow-up data (n=104). We per-
formed backward stepwise multivariate linear regres-
sions in the whole group and then in subgroups of
patients stratified according to the age of onset (EOAD,
n=25; cLOAD, n=54; vLOAD, n=25) using AMMSE as

Table 1 Demographics, clinical characteristics, and CSF dosages of patients included in the cross-sectional cohort

EOAD (n=84) cLOAD (n=178) VvLOAD (n=106) p

Age (years) 5944+373 70.11+3.10 7896+3.08 <0.001%**
Sex (%F) 42.85% 48.31% 52.83 0.393
APOE (%¢4) 45.23% 47.75% 37.73% 0323
MMSE 19.74+7.01 20.70+£5.32 20.55+555 0522
p-tau/Ap42 0.20+0.12 021+0.14 021+0.11 0.633
t-tau (pg/ml) 500.74+353.68 511.96+317.59 51741+337.00 0.941
Qalb 8.06+4.72 7.39+£431 7.36+£3.97 0.398
Vascular Score 0.168+0.127 0.237+0.197 0.252+0.197 0.004**

Legend. EOAD: early-onset AD (<65 yo); cLOAD: classical onset AD (65-75 yo); vLOAD: late-onset AD (>75 yo); F: female; APOE: Apolipoprotein E; MMSE: Mini-Mental
State Examination; Qalb: albumin quotient; p: p-value. Bold values represent significativity (**= <0.01; ***= <0.001)
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the dependent variable and VS, Qalb, p-tau/Ap42, CSF
t-tau, sex, and APOE as covariates.

Statistical analysis and data management were oper-
ated via jamovi© (Version 2.4.11 — Computer Software
— The jamovi project 2023, https://www.jamovi.org) and
GraphPad Prism® version 10.1.0 for Windows (Graph-
Pad Software, San Diego, California USA, www.graph-
pad.com). The mediation analyses were performed using
the R mediation package (https://cran.r-project.org/we
b/packages/mediation/mediation.pdf) implemented in
jamovi. All results were computed with two-tailed signifi-
cativity tests; values of p<0.05 were considered statisti-
cally significant.

RESULTS

Participants characteristics

The study eventually included 368 patients with a bio-
logically confirmed clinical diagnosis of AD, strati-
fied according to age of onset [see Table 1]. Besides the
expected difference in age, the ANOVA test showed the
presence of significant differences between groups only
in terms of VS [H [2]=5.564, p=0.004], with post-hoc
comparisons showing that EOAD patients have lower
VS than both ¢cLOAD (p,4,, = 0.013) and VLOAD (p,,4,
= 0.006), while no difference was found between cLOAD
and VLOAD (p,, = 0.799). All the remaining variables
were comparable among groups.

Looking at the contribution of each VRFs to VS values
in each cohort of patients, Hypertension, Smoke, DM
type 2, and Dyslipidemia had the highest  coefficients,
representing a moderate-to-large strongly significant
positive association with VS in both the whole sample
and in each subgroup [see Table 2]. The effect sizes of the
associations were comparable across EOAD, cLOAD, and
vLOAD.

Table 2 Multivariable regression analysis showing the
contribution of each vascular risk factor to cumulative vascular
score in each cohort of patients

All AD EOAD cLOAD vLOAD

B B B B
Hypertension 0.440%**  0493*** 0427  0391***
Atrial Fibrillation 0.123***  na. 0.076%**  (.214%**
Smoke 0.343***  0.462*** 0.301*** 0.300***
DM type 2 0.340%**  0.346*** 0.337*** (.339%**
Stroke or TIA 0.172%*%  na¥** 0.197***  (.190%**
Myocardial Infarction 0.215%**  0.164%%*  (0.232%**  (2]16***
OSAS 0.145%**  0.164***  (0.168*** na,
Dyslipidemia 0.440%**  0.501***  0.428*** 0.414***

Legend. EOAD: early-onset AD (<65 yo); cLOAD: classical onset AD (65-75 yo);
VLOAD: late-onset AD (>75 yo); DM: Diabetes Mellitus; TIA: Transient Ischemic
Attack; OSAS: Obstructive Sleep Apnea Syndrome; n.a.: not applicable; ***=
pvalue<0.001; Bold values represent 3>0.29 (moderate effect size)
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Cross-sectional results

We performed separate multivariable regression analyses
for VS and for each of the main individual VRFs (Hyper-
tension, Smoke, DM2 and Dyslipidemia) to evaluate their
association with CSF p-tau/Ap42, CSF t-tau, and Qalb in
the whole cross-sectional sample (All AD), adjusting for
sex and APOE as covariates. Then, we repeated the anal-
yses in the three groups of AD patients stratified accord-
ing to age-of-onset [see Table 3].

First, we found that values of CSF p-tau/Ap42 are not
influenced by VS or any of the individual VRFs in any of
the subgroups.

On the other hand, VS values were positively associated
with levels of CSF t-tau in All AD (=0.152, p=0.003) as
well as both in EOAD (5=0.256, p=0.019) and vLOAD
(=0.339, p<0.001), but not in cLOAD (5=0.007,
p=0.925) [see Fig. 2A]. Similarly, Dyslipidemia was pos-
itively associated with CSF t-tau in All AD (3=0.119,
»=0.039), EOAD (5=0.253, p=0.034) and vLOAD
(5=0.256, p=0.019). Moreover, a significant association
with CSF t-tau was found for Hypertension in EOAD
(5=0.227, p=0.041) and Smoke in vLOAD (5=0.352,
p=0.002). None of the VRFs showed significant associa-
tions with CSF t-tau in cLOAD.

Looking at BBB permeability, we retrieved a significant
positive association between Qalb values and VS in All
AD (5=0.135, p=0.009), that was selectively confirmed
in the cLOAD subgroup (8=0.173, p=0.021), but not in
EOAD or vLOAD [see Fig. 2B]. Hypertension (All AD:
B=0.176, p<0.001; cCLOAD: p=0.224, p=0.003) and DM
type 2 (All AD: $=0.107, p=0.038; cLOAD: $=0.180,
p=0.017) were also positively associated with Qalb val-
ues in the same subgroups of patients. None of the VRFs
showed significant associations with Qalb in either
EOAD or vLOAD.

Using bootstrapped mediation analysis on the whole
cross-sectional cohort (All AD), we identified a direct
positive association between VS and CSF t-tau as well as
a partial negative indirect effect mediated by Qalb values
(ACME: 95%CIL: —79.29 to —1.98, p = —-0.023, p=0.039;
ADE: 95%CI: 123.58 to 484.32, f=0.171, p<0.001; Total:
95%CI: 74.29 to 435.18, f=0.143, p=0.006) [see Fig. 2].
Stratifying patients according to age of onset we addi-
tionally found that the association between higher VS
and higher CSF t-tau levels is direct and not mediated by
Qalb in neither EOAD (ACME: 95%CI: —132.99 to 66.38,
B = —0.012, p=0.513; ADE: 95%CI: 164.55 to 1327.98,
B=0.267, p=0.012; Total: 95%CIL: 132.64 to 1293.29,
B=0.255, p=0.016) nor vLOAD (ACME: 95%CI: —109.81
to 29.99, B = —0.023, p=0.263; ADE: 95%CI: 233.68
to 849.71, $=0.317, p<0.001; Total: 95%CIL: 189.81 to
813.75, =0.294, p=0.002). Instead, we confirmed the
absence of a direct effect of VS on CSF t-tau in cLOAD,
but in this group the mediating effect of Qalb reached a
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Table 3 Cross-sectional multivariable regressions adjusted for sex and APOE genotype

All AD EOAD cLOAD vLOAD

B p B B p B p
CSFp-tau/AB42
Vascular Score 0.010 0.846 0.077 0491 -0.038 0.607 0.040 0.687
Hypertension -0.010 0.841 0.106 0.350 —0.048 0.523 —0.071 0478
Smoke —0.065 0.248 -0.077 0.493 -0.137 0.090 0.169 0.152
DM type 2 0.0012 0.969 0.001 0.996 0.004 0.960 -0.026 0.794
Dyslipidemia 0.018 0.758 0.164 0.180 —0.050 0.535 0.025 0.835
CSF t-tau
Vascular Score 0.152 0.003** 0.256 0.019* 0.007 0.925 0339 <0.007***
Hypertension 0.086 0.098 0227 0.041* 0.002 0.980 0.082 0428
Smoke —-0.005 0.925 -0.031 0.780 —0.148 0.063 0.352 0.002%**
DM type 2 0.035 0.495 0.134 0.220 0.045 0.541 —0.059 0.564
Dyslipidemia 0.119 0.039* 0.253 0.034* -0.070 0.381 0.332 0.005%**
Qalb
Vascular Score 0.135 0.009%** 0.128 0.244 0.186 0.013* 0.091 0.344
Hypertension 0.176 <0.007*** 0.195 0.081 0.224 0.003** 0.119 0.266
Smoke -0.071 0.207 -0.148 0.178 —-0.050 0.544 -0.041 0.714
DM type 2 0.107 0.038* 0.028 0.799 0.180 0.017* 0.057 0.588
Dyslipidemia 0.038 0.504 0.092 0438 0.013 0.877 0.002 0.987

Legend. EOAD: early-onset AD (<65 yo); cLOAD: classical onset AD (65-75 yo); vLOAD: late-onset AD (>75 yo); CSF: Cerebrospinal fluid; Qalb: Cerebrospinal fluid/
serum albumin quotient; DM: Diabetes Mellitus; p: p-value; *=p<0.05; **=p<0.01; ***=p<0.011. Bold values represent statistical significativity. All values are adjusted

for Sex and APOE genotype

trend of significativity (ACME: 95%CI: —124.33 to 4.59,
B = —0.037, p=0.069; ADE: 95%CIL: —149.25 to 325.98,
B=0.055, p=0.466; Total: 95%CIL: —216.309 to 259.41,
B=0.013, p=0.859) [see Fig. 2C].

Longitudinal results

A subset of 104 patients were enrolled in the longitudinal
study and were stratified according to age of onset. There
were no differences between groups for all the variables
considered; specifically, the ANOVA test showed compa-
rable values of both AMMSE and VS between groups [see
Table 4].

The backward stepwise linear regression explored the
potential influence of sex, APOE genotype, Qalb, CSF
p-tau/AB42, CSF t-tau levels, and VS on the rate of cogni-
tive decline (AMMSE). Collinearity among variables was
excluded through the evaluation of the Variance Infla-
tion Factors (all values<1.5) [23]. At each step, variables
with the least contribution to the model (highest p-value)
were progressively excluded.

All results in the subgroups are reported in Table 5. The
analysis on the whole sample showed that higher values
of Qalb (8 =-0.435, p<0.001) and of CSF-tau (5 =-0.320,
p<0.001) were associated with more severe cognitive
decline (AMMSE). When stratifying patients according
to age of onset, Qalb remained negatively associated with
cognitive decline in all subgroups. Instead, CSF t-tau lev-
els showed a significant association with AMMSE selec-
tively in EOAD (5 = —0.413; p=0.009) alongside sex (8 =
—0.362; p=0.020), and in vVLOAD (8 = —0.368; p=0.037)

alongside APOE (8 = —0.421; p=0.032). Interestingly,
our regression model showed a higher goodness-of-fit
in EOAD [R?=0.567] and vLOAD [R?=0.444] than in
cLOAD [R*=0.108].

Of note, VS was not associated with values of AMMSE
in any of the subgroups.

Discussion

Copathology is an important factor in the multifaceted
and heterogeneous course of AD [2]. However, coex-
istence does not imply causality, nor does it necessarily
reflect the existence of a mechanistic link between the
two processes. In the present work we addressed the role
of VRFs to disentangle their effects on AD-specific neu-
robiological changes, BBB permeability and cognitive
decline according to age of onset.

Age of onset moderates the effects of vascular risk factors
on AD biomarkers and blood-brain-barrier permeability
As a composite score, VS reflects a holistic view of how
cumulative VRFs affect vascular health and has recently
been applied to investigate the relationship between vas-
cular risk and AD biomarkers [24]. In our cohort, some
of the VRFs (Hypertension, Smoke, DM type 2 and Dys-
lipidemia) contributed more to the total VS than others,
but overall the entity of their impact was similar across
all groups regardless of age of onset.

Considering cumulative vascular risk, we first found
that in our cohort VS was not associated with AD neu-
ropathological burden as measured by CSF p-tau/Ap42
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Fig. 2 legend: Associations between Vascular Score (VS), CSF t-tau levels and Qalb in patients with AD. Results on All AD are reported in gray, EOAD are
displayed in pink, cCLOAD in blue and vLOAD in green. All models are controlled for sex and APOE status. (A) Cross-sectional linear regressions between
VS and CSF t-tau, (B) and between VS and Qalb, in All AD (gray) EOAD (pink), cLOAD (blue) and vLOAD (green). Colored areas represent 95% confidence
interval. Standardized beta-estimates () and p-values were derived from linear regressions. (C) Cross-sectional mediation analyses with VS as predictor,
Qalb as mediator, and CSF t-tau as the dependent variable in All AD, EOAD, cLOAD and vLOAD. Standardized Beta-estimates () and p-values for each
path are displayed on the respective arrow. The average causal mediation effect (A\CME) and the average direct effect (ADE) are reported under each

mediation triangle

[25], regardless of age of onset. On the other hand, higher
VS was associated with higher CSF levels of t-tau, reflect-
ing greater neuronal damage, in both the extreme ages of
onset (EOAD and vLOAD) but not in cLOAD.

Other previous studies reported that vascular health
has a significant impact on neurodegeneration but not
on amyloid deposition [26]. Our results add new and
interesting insights on how this impact could be modi-
fied by the age of onset, hinting at the presence of differ-
ent age-dependent susceptibility to neurodegeneration,

likely sustained by distinguished drivers of vulnerability
or better resilience to vascular injuries in each group.
At raw data observation, EOAD and vLOAD seem to
share a positive association between VRFs and CSF t-tau
levels. In EOAD, this could reflect the failure to bring
into play defensive strategies against disease progres-
sion, due to accentuated vulnerability. Notably, indi-
viduals with EOAD often have shorter relative survival
time and steeper cognitive decline [27], supported by a
greater pathological burden [28]. Moreover, since AD
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Table 4 Demographics, clinical characteristics, and CSF dosages of patients included in the longitudinal cohort

EOAD (n=25) cLOAD (n=54) VvLOAD (n=25) p
Age (years) 59.16%3.72 70.63+3.08 77.88+154 <0.007***
Sex (%F) 40.00% 53.70% 68.00% 0.139
APOE (%¢e4) 56.00% 57.41% 44.00% 0479
AMMSE -299+3.73 -230£2.59 —2.56+1.84 0.589
p-tau/Ap42 023+0.14 024+0.14 0.24+0.12 0.890
t-tau (pg/ml) 635.09+£382.77 565.74+310.64 602.46+368.57 0.694
Qalb 8.20£541 7.55+£448 6.47£2.06 0.359
Vascular Score 0.185+£0.136 0.227+£0.188 0.260+£0.236 0.378

Legend. EOAD: early-onset AD (<65 yo); cLOAD: classical onset AD (65-75 yo); vVLOAD: late-onset AD (>75 yo); F: female; APOE: Apolipoprotein E; AMMSE: one-year
differences in Mini-Mental State Examination score; Qalb: albumin quotient; p: p-value. Bold values represent significativity ***=<0.001)

Table 5 Backward-entry stepwise regressions considering AMMSE as the dependent variable

All AD (n=104) EOAD (n=25) cLOAD (n=54) VvLOAD (n=25)
B p g p B p B p
Model 1
Sex —0.080 0.399 -0.374 0.027* 0.103 0.555 0.079 0.690
APOE (e3=0;€4=1) —0.098 0.298 -0.077 0.630 -0.103 0522 -0453 0.033*
Qalb —0.462 <0.0071*** —0430 0.021* —0.393 0.011* -0.517 0.023*
Vascular Score -0.027 0.759 —0.201 0272 0.020 0.886 -0.171 0.390
CSF p-tau/Ap42 0.014 0.897 0.124 0.526 -0.135 0.430 -0.144 0.565
CSF t-tau -0.297 0.005%** —0.445 0.020* -0.107 0511 -0.299 0433
R?=0278 R*=0.602 R?=0.154 R?=0477
Best Model
Sex . . —0.362 0.020* . .
APOE (e3=0;€4=1) . . . . . -0421 0.032*
Qalb —0435 <0.0071*** —0.531 0.001** -0.328 0.016* -0.512 0.011*
Vascular Score
CSF p-tau/Ap42 . . . . .
CSF t-tau —-0.320 <0.007*** -0413 0.009%* . —0.368 0.037*
R?=0.259 R?=0567 R?=0.108 R?=0444
chhange -0.019 —0.035 —0.046 —0.033

Legend. EOAD: early-onset AD (<65 yo); cLOAD: classical late-onset AD (65-75 yo); vVLOAD: very late-onset AD (>75 yo); CSF: cerebrospinal fluid; F: female; Qalb:
Cerebrospinal fluid/serum albumin quotient; MMSE: Mini-Mental State Examination; R% coefficient of determination; p=p-value; *=p <0.05; **=p <0.01; ***=p <0.011.

Bold values represent statistical significativity

neurobiological changes start developing up to 20 years
before symptoms onset [29], it is interesting to specu-
late that the earlier clinical debut in EOAD could be at
least partly driven by this less resilience to damage accu-
mulation. Indeed, a more damaged brain could be more
vulnerable to the presence of aggravating external fac-
tors, such as VRFs, or, from an opposite point of view,
the advent of VRFs themselves could alter homeostasis
and precipitate the AD cascade toward the development
of clinical symptoms. Conversely, aging is a well-known
risk factor for both AD and VRFs, and findings of a dif-
ferent impact of midlife vs. late-life VRFs on AD bio-
logical changes has been reported in older cognitively
unimpaired subjects [20, 30]. In this study, we high-
light that increasing age-related frailty could have addi-
tive damaging effects, boosting vulnerability to VRFs in
LOAD, which is reflected in the presence of an associa-
tion between VS and CSF t-tau only in vLOAD but not in
cLOAD.

Moreover, we analyzed the role of those VRFs that
had a higher weight within the VS. In both the groups
in which VS was positively associated with higher CSF
t-tau, EOAD and vLOAD, a concomitant association with
Dyslipidemia was always confirmed. On the other hand,
Hypertension was additionally linked with higher CSF
t-tau only in EOAD, while Smoke had a detrimental role
only in VLOAD. Of note, even though the effects of sin-
gle VRFs seems to play out differently in different clini-
cal contexts, their potential relationship with CSF t-tau
is always captured by a background association with VS.
Thus, while a more granular analysis could help to verify
and to dissect the role of each individual VRE, VS could
be trusted as a reliable tool to seize the cumulative effect
of VREs.

Our study also addressed the influence of age of onset
on the relationship between VRFs and BBB integrity [31].
Specifically, VS does not seem to influence Qalb in either
EOAD or vLOAD, but higher VS was linked with higher
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Qalb values in both All AD and in cLOAD, with this
association being mainly supported by Hypertension and
DM type 2 among the individual VRFs. Moreover, our
mediation analysis in all AD shows that BBB permeabil-
ity plays an indirect mediating effect in the relationship
between VRFs and CSF t-tau, that is also retrievable as
a trend selectively in the cLOAD subgroups while being
absent in EOAD and vLOAD. This may indicate that the
lack of association between vascular risk and t-tau in
cLOAD could partially be due to a potential uncoupling
mediated by the modulation of BBB integrity. Indeed,
solid data demonstrate that VRFs and vascular injury can
alter BBB integrity and Qalb values during the course of
AD [15]. At the same time, previous literature shows that
BBB permeability affects CSF t-tau levels via an inverse
relationship [32, 33], so that higher Qalb values cor-
respond to lower CSF t-tau and this finding is also con-
firmed in our own results [see Fig. 2]. Thus, while VRFs
are able to directly support the progression of neurode-
generation in EOAD and vLOAD, it is possible to specu-
late the existence of some degree of resilient response to
vascular stress in cLOAD, involving the modulation of
BBB permeability.

Cognitive decline is influenced by blood-brain-barrier and
total tau but not by vascular risk factors

The longitudinal analysis showed the absence of a sta-
tistical association between individual vascular risk
and worsening cognitive functions in our cohort of AD
patients. While this finding is supported by other obser-
vational studies in the literature [34], to our knowledge,
this is the first study to consider patients with a biologi-
cally based diagnosis of AD. Previous research reported
differential effects of CVP and of some risk factors on the
cognitive trajectories of EOAD and LOAD [30, 35, 36]
supporting the use of a stratification based on the age of
onset to identify patients with different vulnerability to
aggravating factors. Our results highlight that cumulative
VREFs do not impact the rate of cognitive decline regard-
less of age of onset. However, it is not possible to exclude
that some specific factors, e.g., hypertension or diabetes,
could have specific repercussions in some categories of
patients, and further studies are needed to corroborate
this hypothesis.

On the other hand, our results highlight that both
higher CSF t-tau and increased BBB permeability are
associated with higher rates of cognitive decline when
considering the whole AD sample [14, 37]. Neverthe-
less, by stratifying patients into subgroups according
to age of onset we observed differences in the extent to
which cognitive decline is affected by the variables in
our model, as well as in the type of associated variables.
First, our regression model showed a higher goodness-
of-fit in EOAD and vLOAD than in cLOAD, accounting
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respectively for 57% and 44% of AMMSE variability vs.
10% in the latter. Second, we retrieved different appar-
ent vulnerability to risk factors, since the association with
CSF t-tau is observed, again, selectively in EOAD and
vLOAD, while higher BBB permeability seems to be the
only determinant of cognitive worsening in cLOAD.

The relevance of BBB permeability in determining cog-
nitive decline is thoroughly reported, despite the mecha-
nisms lying behind this relationship are still not entirely
cleared yet [13]. Indeed, the regulation of BBB permeabil-
ity seems to be engaged by complex mechanisms that can
favor cognitive worsening, including the development
of brain capillary damage in the hippocampus, irrespec-
tive of amyloid and tau pathology [12]. At the same time,
under certain circumstances, BBB modulation has been
associated with regulatory or even homeostatic effects in
response to disease progression [32, 38].

Our findings shed light on a new element of com-
plexity related to the age of onset, as the importance of
BBB permeability appears to be particularly significant
in cLOAD. In this subgroup higher Qalb values, which
increase in response to VRFs, are associated with steeper
cognitive decline but also with lower levels of CSF t-tau.
However, this ambivalent and eluding role of BBB integ-
rity seems to be downsized by the limited effects of Qalb
on AMMSE in this cohort, as shown by low goodness-
of-fit in our regression analysis. Thus, it is possible that
a harmful increase in Qalb could be an acceptable cost to
be paid to mitigate neurodegeneration. In contrast, this
buffer-like effect seems less effective in categories such
as EOAD and vLOAD, in which compensatory events,
including BBB modulation, could be hindered by faster
degeneration and aging. Notably, in these subgroups,
VRFs directly impact CSF t-tau levels, which in turn
weigh on clinical course.

In summary, these results show that cumulative vascu-
lar risk does not seem to directly impact cognitive decline
in AD, but rather, it could support the progression of
neurodegeneration in both younger and very old patients
with AD. Instead, in patients debuting in the classic age
range — 65 to 75 - the effects of VRFs seem to induce
increased BBB permeability, which is a determinant of
cognitive worsening while also partially acting as a buffer
against neurodegeneration.

Limitations

This study has limitations, such as the lack of a more
detailed neuropsychological follow-up. Indeed, previous
literature reported summative effects of amyloid plaques
and CVP on longitudinal executive functions [39], and
expanding our analysis to explore this matter further
will be important. Also, verifying the presence of these
associations on more selected groups of patients, such as
carriers of APOE €3 over €4 genotype, and exploring the
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differential effects of strictly vascular (i.e., hypertension,
hypercholesterolemia) and more metabolic (i.e., diabe-
tes, BMI) risk factors could be relevant [40]. Moreover,
the paucity of our sample size— especially for some of
the subgroups in the longitudinal study (i.e. EOAD and
vLOAD) — did not allow us to fully address the impact of
each individual VRFs on cognitive decline.

In addition, the effects of other vascular changes, such
as white matter hyperintensities, lacunes, and microhe-
morrhages, have not been discussed in this study. Wid-
ening the analysis to a more extended cohort including
multimodal measurements of neurodegenerative pro-
cesses, such as neurofilament light chains or MRI mea-
surements, will be crucial both to reinforce and expand
our findings.

Conclusions

Overall, this study stresses the importance of a global
characterization of AD patients, which needs to con-
sider the age of onset as an important player in both
the disease’s development and progression. Specifically,
a further stratification of late-onset patients seemed to
unravel differences likely tied to the additional effect of
aging happening along or intertwined with the course of
AD.

Moreover, our results could lay foundation for inter-
esting considerations aimed at improving patient care,
especially concerning the management of vascular
comorbidities. Indeed, VRFs are considered impor-
tant and modifiable elements in AD, and many studies
focused on optimizing vascular prevention as an alterna-
tive approach to improve cognitive outcomes [34]. How-
ever, clinical trials such as the FINGER study report low
effect sizes for these interventions in terms of their ability
to prevent the onset or to slow the progression of cog-
nitive decline [41]. Such ineffectiveness should be reas-
sessed considering the limits brought by an overly broad
horizontal application of vascular prevention. It is pos-
sible that the absent or even detrimental role played by
some of these strategies in some subgroups of patients
could mask their effectiveness in other specific catego-
ries. A vigorous intervention on VRFs could help reduce
the burden of neurodegeneration in some patients while
possibly altering complex equilibriums in others, and
clustering patients according to the anticipated effects
of vascular prevention strategies could be helpful in light
of a tailored patient-centered approach. More interven-
tional studies accounting for these differences are needed
to explore the full potential of VRFs management in the
treatment of AD.

Abbreviations

AD Alzheimer's Disease
CSF Cerebrospinal fluid

VRFs Vascular risk factors
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BBB Blood-brain-barrier

Qalb Albumin quotient

EOAD Early-onset Alzheimer’s Disease
cLOAD  Classic late-onset Alzheimer’s Disease
vLOAD  Very late-onset Alzheimer’s Disease
VS Vascular score

AR Amyloid(3

p-tau Phosphorylated tau

t-tau Total tau

CvpP Cerebrovascular pathology

APOE Apolipoprotein E

MMSE Mini-Mental State Examination

LP Lumbar puncture
ACME Average causal mediation effect
ADE Average direct effect
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