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Background: The co-occurrence of Alzheimer’s disease and cerebrovascular disease is increasingly prevalent in 

aging populations, yet the mechanisms of their interaction remain incompletely understood. This study aims to 

investigate the associations between CVD and AD and their composite effects on cognitive function, identifying 

key mediating pathways in these relationships. 

Methods: Participants underwent standardized clinical evaluations, detailed neuropsychological testing, and com- 

prehensive neuropathological examinations. Structural equation modeling with multiple mediation analyses was 

employed to disentangle direct and indirect effects of vascular pathology on cognition and identify key mediating 

pathways. Relationships between specific cognitive domain assessments and whole brain and hippocampal vol- 

umes were analyzed, while interactions between traditional AD biomarkers (amyloid, tau) and vascular factors 

were examined. 

Results: CVD substantially increased AD risk. Structural equation modeling revealed that vascular factors in- 

fluence cognitive performance primarily through hippocampal atrophy, APOE genotype, and cerebral atrophy. 

Participants with concomitant AD + CVD pathology displayed a distinctive hybrid pattern of brain-cognition re- 

lationships, with stronger correlations between hippocampal atrophy and cognitive performance compared to 

pure AD or CVD cases. Pathway-specific analysis demonstrated that hippocampal atrophy served as the strongest 

mediator of vascular effects on cognition, followed by cerebral atrophy and APOE genotype. 

Conclusion: Our findings demonstrate that cerebrovascular disease significantly increases the risk of Alzheimer’s 

disease and substantially influences its clinical expression through multiple pathways, with structural brain 

changes serving as critical mediators of vascular effects on cognition. These results highlight the importance 

of addressing vascular health as an integral component of strategies to prevent and treat Alzheimer’s disease and 

related cognitive disorders. 
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. Introduction 

Alzheimer’s disease (AD) represents the most common cause of de-

entia worldwide, characterized by progressive cognitive decline and

istinctive neuropathological features including A 𝛽 plaques and neu-

ofibrillary tangles [ 1 ]. Cerebrovascular disease (CVD), meanwhile, con-

titutes another major contributor to cognitive impairment in aging

opulations [ 2 ]. While traditionally viewed as distinct pathological en-

ities, accumulating evidence suggests substantial overlap and poten-

ial interaction between AD and cerebrovascular pathologies [ 3 ], with

opulation-based autopsy studies revealing that mixed pathologies are

ore common than pure presentations in elderly individuals with de-

entia [ 4 ]. 
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The relationship between cerebrovascular factors and AD pathogen-

sis remains only partially understood [ 5 ], but recent studies have sig-

ificantly advanced our knowledge of this complex interplay. Multiple

athways have been proposed through which vascular factors can influ-

nce neurodegeneration related to AD [ 6 , 7 ]. For instance, chronic hy-

operfusion can lead to insufficient blood flow to critical brain regions,

hich can exacerbate neuronal damage and cognitive decline [ 8 , 9 ]. Ad-

itionally, blood-brain barrier dysfunction allows potentially harmful

ubstances to enter the brain, triggering neuroinflammation, which is

ncreasingly recognized as a key contributor to AD pathology [ 10 ]. Re-

ent research has identified specific inflammatory markers, such as cy-

okines and chemokines, that relate closely to both cerebrovascular dis-

ase and neurodegenerative processes [ 11 , 12 ]. Furthermore, oxidative
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tress resulting from vascular injury has been implicated in accelerat-

ng amyloid-beta accumulation and tau phosphorylation, two hallmark

eatures of AD [ 13 , 14 ]. 

Recent studies have shown that cerebrovascular pathology may

ower the clinical threshold for AD symptoms, leading to earlier mani-

estation and greater cognitive impairment in individuals with concomi-

ant vascular dysfunction [ 15 ]. For example, a 2022 study demonstrated

hat patients with both vascular lesions and AD pathology exhibited sig-

ificantly worse cognitive outcomes compared to those with AD alone

 16 ]. This increasing body of evidence underscores the critical impor-

ance of addressing cerebrovascular health in understanding, prevent-

ng, and treating Alzheimer’s disease. By bridging the gap between cere-

rovascular factors and AD, future interventions may enhance cognitive

esilience and improve clinical outcomes for at-risk populations. 

The potential mediating mechanisms linking cerebrovascular disease

o cognitive outcomes in the context of AD remain poorly characterized.

hile traditional AD biomarkers including amyloid and tau pathologies

epresent well-established correlates of cognitive decline, the relative

ontributions of these markers versus structural brain changes in me-

iating vascular effects on cognition have not been comprehensively

ssessed [ 17 ]. Moreover, the potential synergistic interactions between

ascular factors and white matter lesions —a common manifestation of

mall vessel cerebrovascular disease —warrant further investigation. 

The National Alzheimer’s Coordinating Center (NACC) database pro-

ides a unique opportunity to investigate these complex relationships

hrough its comprehensive collection of standardized clinical, neuropsy-

hological, and neuropathological data from Alzheimer’s Disease Re-

earch Centers across the United States [ 16 ]. This resource enables ro-

ust analysis of multiple pathological features and their relationships to

ognitive outcomes in well-characterized cohorts [ 18 , 19 ]. 

While the relationship between CVD and AD is increasingly recog-

ized, significant research gaps remain. Existing studies have inade-

uately explored the complex interactions between vascular patholo-

ies and neurodegeneration, often examining these factors in isolation.

ur research addresses these limitations by employing advanced model-

ng techniques to comprehensively investigate the intricate mechanisms

inking CVD and AD progression, providing novel insights into cognitive

ecline. 

To this end, we aimed to determine the direct and indirect effects

f cerebrovascular pathology on cognitive performance in AD, identify-

ng key mediating pathways through structural equation modeling with

ultiple mediation analysis. Specifically, we examined whether vascu-

ar factors and white matter lesions impact cognitive outcomes through

raditional AD pathological markers (amyloid and tau pathology), struc-

ural brain changes (hippocampal and cerebral atrophy, brain volume),

r genetic factors (APOE genotype) [ 2 , 20 ]. By elucidating these medi-

ting mechanisms, we sought to enhance understanding of the complex

nterplay between cerebrovascular and AD pathologies and potentially

dentify novel targets for therapeutic intervention aimed at preserving

ognitive function in individuals with mixed pathologies. 

. Methods 

.1. Data source and participants 

Data for this study were obtained from the NACC database, estab-

ished in 1999 to facilitate collaborative research on AD and related

isorders. The NACC database aggregates standardized clinical and neu-

opathological data collected by Alzheimer’s Disease Research Centers

ADRCs) across the United States, funded by the National Institute on

ging (NIA). The database includes comprehensive information on par-

icipants’ demographics, medical history, neurological examinations,

europsychological test results, functional assessments, clinical diag-

oses, APOE genotyping, neuroimaging findings, and neuropathological

valuations for those with available autopsy data. 
2

For the current investigation, we included participants from the

ACC database who had completed standardized clinical evaluations,

ognitive assessments, and had available neuropathological data. All

articipants underwent comprehensive clinical assessments during life

nd subsequent neuropathological examinations at death. Only par-

icipants with complete data for cognitive measures, cerebrovascular

athology variables, and AD-related neuropathological markers were

ncluded in the analysis. For the etiologic diagnosis of cognitive dis-

rders, Alzheimer’s disease was identified using the code NACCALZD,

here NACCALZD = 1 indicates the presence of Alzheimer’s disease

s the presumptive etiologic diagnosis of the cognitive disorder, while

ACCALZD = 0 indicates its absence. Cerebrovascular disease was iden-

ified using the code CVD, where CVD = 1 indicates the presence of

ascular brain injury (VBI) as an etiologic diagnosis, while CVD = 0 in-

icates no VBI as an etiologic diagnosis. The NACC database used in this

tudy has received all necessary ethical approvals, and the research pro-

ess strictly adheres to the principles of the Declaration of Helsinki and

he guidelines of the ethics committees of all participating institutions.

ACC ensures that informed consent was obtained from all participants

r their legal representatives. 

.2. Inclusion and exclusion criteria 

.2.1. Inclusion criteria 

1. Diagnosis Confirmation: Participants must be diagnosed with AD

using the NACC code NACCALZD = 1 

2. Clinical Assessment: Participants should have undergone compre-

hensive clinical evaluations, including cognitive and functional

assessments, as well as neuropathological examinations at death.

3. Cerebrovascular Disease Assessment: Diagnosis of cerebrovascu-

lar disease must be confirmed with CVD = 1, indicating vascular

brain injury. 

4. Complete Data: Participants must have comprehensive data for

all cognitive measures, cerebrovascular pathology variables, and

AD-related neuropathological markers. 

.2.2. Exclusion criteria 

1. Incomplete Data: Participants with missing or incomplete cogni-

tive or neuropathological data will be excluded. 

2. Non-completers: Individuals who did not finish required evalua-

tions or assessments will be excluded. 

3. Non-AD Diagnosis: Exclude participants diagnosed with other de-

mentias or cognitive disorders not meeting AD or CVD criteria. 

4. Lack of Autopsy: Participants must have neuropathological data

from an autopsy; those without it will be excluded. 

.3. Cognitive assessment 

Cognitive functioning was comprehensively evaluated using stan-

ardized neuropsychological assessments from the NACC Uniform Data

et. The Clinical Dementia Rating (CDR) scale, a semi-structured inter-

iew with both participants and informants, assessed impairment across

ix domains (memory, orientation, judgment/problem solving, commu-

ity affairs, home/hobbies, and personal care), providing Global scores

0–3) and Sum of Boxes scores (0–18) to quantify dementia severity.

lobal cognitive status was measured using the Mini-Mental State Ex-

mination (MMSE, 0–30 points), assessing orientation, attention, calcu-

ation, recall, language, and visuospatial abilities, with lower scores in-

icating greater impairment. Language function was evaluated through

he Boston Naming Test (confrontation naming of objects) and cate-

ory fluency tasks (generating animal and vegetable names within one

inute), which assess semantic knowledge, word retrieval, and cogni-

ive processing speed. Memory capabilities were quantified via imme-

iate and delayed recall tests, measuring both encoding and retrieval

rocesses critical for episodic memory function. Attention and executive
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unctioning were assessed through Digit Span Forward (assessing atten-

ion span by repeating increasingly long number sequences), Digit Span

ackward (evaluating working memory by repeating number sequences

n reverse order), and Trail Making Test differential scores (TMT B-TMT

, isolating executive control by accounting for processing speed), pro-

iding a comprehensive profile of frontal-subcortical cognitive functions

ften affected in both AD and cerebrovascular disease. 

.4. Neuropathological assessment 

Neuropathological evaluations were conducted by expert neu-

opathologists at NACC-affiliated centers following standardized pro-

ocols to ensure consistency across sites. Alzheimer’s disease pathol-

gy was systematically quantified using Braak staging for neu-

ofibrillary tangles (0 = absent, I/II = transentorhinal, III/IV = limbic,

/VI = isocortical), reflecting the topographical progression of tau

athology from medial temporal structures to association cortices. Neu-

itic plaque burden was assessed using CREAD scores (0–3, reflect-

ng none to frequent), providing a standardized measure of amyloid-

ssociated neuritic degeneration. Thal phases (0–3) documented the

natomical progression of A 𝛽 deposition from neocortex to brainstem

tructures. Cerebrovascular pathology evaluation included documenta-

ion of large vessel disease, small vessel disease, microinfarcts, and hem-

rrhages, with overall cerebrovascular disease categorized as present or

bsent based on established neuropathological criteria. White matter

amage was specifically quantified through assessment of white mat-

er rarefaction (classified as None, Mild, Moderate, or Severe), reflect-

ng the extent of myelin loss and axonal damage associated with small

essel cerebrovascular disease. Brain structural integrity was assessed

hrough whole brain weight measurements (in grams) and detailed re-

ional atrophy evaluations of cerebral cortex, hippocampus, and spe-

ific lobar regions (frontal, temporal, parietal, occipital), each rated as

one, Mild, Moderate, or Severe based on macroscopic examination.

POE genotyping was performed on DNA extracted from blood or brain

issue, with participants classified according to specific allele combi-

ations ( 𝜀 2/ 𝜀 2, 𝜀 2/ 𝜀 3, 𝜀 2/ 𝜀 4, 𝜀 3/ 𝜀 3, 𝜀 3/ 𝜀 4, 𝜀 4/ 𝜀 4) and carrier status,

iven the established role of the 𝜀 4 allele as a significant risk factor for

oth AD pathology and cerebrovascular disease. 

.5. Statistical analysis 

Statistical analyses were performed to examine relationships be-

ween cerebrovascular pathology, AD pathological markers, and cog-

itive outcomes. Participants were initially categorized into four groups

ased on neuropathological findings: AD (N = 298), CVD (N = 17),

D + CVD (N = 81), and controls (N = 309). This classification was

sed for baseline characteristic comparisons and correlation analyses,

ith between-group differences evaluated using analysis of variance

ANOVA) for continuous variables and chi-square tests for categorical

ariables. For risk factor assessment and mediation analyses, subjects

ere reclassified into two groups: AD group and non-AD group, allow-

ng focused investigation of cerebrovascular disease as a potential risk

actor for AD pathology. 

Two primary cognitive outcomes were analyzed: MMSE as a measure

f global cognitive function (with lower scores indicating greater impair-

ent) and CDR Sum as an assessment of dementia severity (with higher

cores indicating more severe impairment). Primary exposure variables

ncluded vascular factors (dichotomized as present or absent) and white

atter lesions (rated as mild, moderate, or severe). An interaction term

etween vascular factors and white matter lesions was created to assess

otential synergistic effects on cognitive outcomes and neuropatholog-

cal markers. 

We employed structural equation modeling (SEM) to conduct multi-

le mediation analyses examining seven potential mediating variables:

au pathology (Braak staging: 0 = none, 1 = stages I/II, 3 = stages
3

II/IV, 5 = stages V/VI), amyloid pathology (CREAD score: 0–3), amy-

oid distribution (Thal phase: 0–3), brain volume (total cerebral vol-

me), cerebral atrophy (mild/moderate/severe), hippocampal atrophy

mild/moderate/severe), and APOE genotype (coded as number of 𝜀 4

lleles: 0, 1, or 2). All analyses were adjusted for age and education

evel as established covariates influencing cognitive performance and

isease risk. 

For the mediation analysis, comprehensive models were constructed

or each cognitive outcome that incorporated: exposure-mediator paths

a paths) representing effects of vascular factors, white matter lesions,

nd their interaction on each potential mediator; mediator-outcome

aths (b paths) representing effects of each mediator on cognitive out-

omes; and direct effect paths (c’ paths) representing direct effects of

xposures on outcomes independent of mediators. Specific indirect ef-

ects were computed as products of corresponding a and b coefficients,

ith total indirect effects calculated as sums of all specific indirect ef-

ects for each exposure. Total effects were determined by combining

irect and total indirect effects. Full Information Maximum Likelihood

stimation was employed to handle missing data, allowing inclusion of

ll available data points without listwise deletion. All statistical analy-

es were conducted using R (version 4.3.3) with specialized packages

or structural equation modeling (lavaan), data manipulation (dplyr),

isualization (ggplot2), and descriptive statistics (psych). Model fit was

ssessed using chi-square test and comparative fit indices, with signifi-

ance levels set at p < 0.05 for all analyses. 

. Results 

.1. Participant demographics and group distribution 

As shown in Table 1 , the study included 705 participants: 298

42.3 %) with AD, 17 (2.4 %) with CVD, 81 (11.5 %) with AD + CVD,

nd 309 (43.8 %) controls. Gender distribution differed significantly be-

ween groups (p = 8.60E-04, FDR = 1.70E-03), with more males in the

D group (54.7 %) than in controls (39.2 %). The mean age of all par-

icipants was 86.30 ± 7.86 years, with the AD + CVD group being oldest

88.23 ± 5.95 years). Educational attainment was similar across groups

overall mean: 15.80 ± 4.16 years). Cognitive status showed marked

ifferences between groups (p = 1.70E-147, FDR = 2.10E-146), with

ost AD patients having dementia (70.8 %) or MCI (28.9 %), while all

VD and control participants had no cognitive impairment. In the con-

omitant group, 81.5 % had dementia and 18.5 % had MCI. APOE 𝜀 4

llele presence varied significantly (p = 1.20E-10, FDR = 5.90E-10), be-

ng more frequent in AD (48.7 %) and concomitant AD/CVD (38.3 %)

roups compared to controls (22.0 %) and CVD patients (5.9 %). Clin-

cal Dementia Rating scores also differed significantly (p = 2.20E-125,

DR = 2.40E-124), with most control (93.2 %) and CVD (94.1 %) par-

icipants scoring 0 (no dementia), while AD and concomitant groups

howed predominantly higher scores indicating various dementia sever-

ty levels. 

.2. Cognitive assessment scores by group 

Neuropsychological test performance varied markedly across diag-

ostic groups ( Table 2 ). The AD group demonstrated the most impaired

ognitive profile with the lowest MMSE scores (21.77 ± 5.85), com-

ared to control (28.60 ± 1.43) and CVD (29.18 ± 0.95) groups, while

he AD + CVD group showed similar impairment (22.53 ± 5.75). Mem-

ry function was severely affected in both AD and concomitant groups,

ith immediate recall scores of 6.63 ± 5.17 and 7.57 ± 5.23, and de-

ayed recall scores of 4.94 ± 5.33 and 5.69 ± 5.10, respectively, substan-

ially lower than CVD (immediate: 16.00 ± 3.61; delayed: 15.12 ± 3.87)

nd control groups (immediate: 14.92 ± 3.99; delayed: 13.89 ± 4.16).

orking memory, as measured by digit span tests, showed similar pat-

erns with AD and concomitant groups performing worse than CVD and
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Table 1 

Demographic and clinical characteristics of study participants. 

Characteristics AD (N = 298) CVD (N = 17) AD with CVD (N = 81) Control (N = 309) Total (N = 705) P-value FDR 

Gender, N (%) 8.60E-04 1.70E-03 

female 135 (19.15 %) 10 (1.42 %) 37 (5.25 %) 188 (26.67 %) 370 (52.48 %) 

male 163 (23.12 %) 7 (0.99 %) 44 (6.24 %) 121 (17.16 %) 335 (47.52 %) 

Age (years) 85.30 ± 8.77 87.82 ± 8.03 88.23 ± 5.95 86.67 ± 7.23 86.30 ± 7.86 

Years of education (years) 15.52 ± 2.78 16.18 ± 2.27 16.20 ± 2.72 15.94 ± 5.46 15.80 ± 4.16 

Cognitive Status, N (%) 1.70E-147 2.10E-146 

Cognitive impairment (non-MCI) 1 (0.14 %) 0 0 0 1 (0.14 %) 

Dementia 211 (29.93 %) 0 66 (9.36 %) 0 277 (39.29 %) 

MCI 86 (12.20 %) 0 15 (2.13 %) 0 101 (14.33 %) 

NO cognition 0 17 (2.41 %) 0 309 (43.83 %) 326 (46.24 %) 

APOE 𝜀 4 allele, N (%) 1.20E-10 5.90E-10 

0 153 (21.70 %) 16 (2.27 %) 50 (7.09 %) 241 (34.18 %) 460 (65.25 %) 

1 128 (18.16 %) 1 (0.14 %) 25 (3.55 %) 64 (9.08 %) 218 (30.92 %) 

2 17 (2.41 %) 0 6 (0.85 %) 4 (0.57 %) 27 (3.83 %) 

CDR Global, N (%) 2.20E-125 2.40E-124 

0 1 (0.14 %) 16 (2.27 %) 2 (0.28 %) 288 (40.85 %) 307 (43.55 %) 

0.5 109 (15.46 %) 1 (0.14 %) 21 (2.98 %) 20 (2.84 %) 151 (21.42 %) 

1 117 (16.60 %) 0 36 (5.11 %) 1 (0.14 %) 154 (21.84 %) 

2 62 (8.79 %) 0 18 (2.55 %) 0 80 (11.35 %) 

3 9 (1.28 %) 0 4 (0.57 %) 0 13 (1.84 %) 

CDR Sum 6.06 ± 4.13 0.06 ± 0.17 6.77 ± 4.16 0.13 ± 0.53 3.40 ± 4.30 

Abbreviations: AD: Alzheimer’s Disease, CVD: Cerebrovascular Disease, MCI: Mild Cognitive Impairment, APOE: Apolipoprotein E, CDR: Clinical Dementia 

Rating. 

Table 2 

Neuropsychological test performance across diagnostic groups. 

Characteristics AD (N = 298) CVD (N = 17) AD with CVD (N = 81) Control (N = 309) Total (N = 705) 

MMSE 21.77 ± 5.85 29.18 ± 0.95 22.53 ± 5.75 28.60 ± 1.43 25.03 ± 5.51 

Boston Naming 21.90 ± 7.03 27.18 ± 2.40 23.74 ± 5.21 27.52 ± 2.31 24.85 ± 5.68 

Immediate recall 6.63 ± 5.17 16.00 ± 3.61 7.57 ± 5.23 14.92 ± 3.99 10.92 ± 6.16 

Delayed recall 4.94 ± 5.33 15.12 ± 3.87 5.69 ± 5.10 13.89 ± 4.16 9.57 ± 6.49 

Digit span forw. – trials 7.24 ± 2.09 8.94 ± 2.30 7.21 ± 1.96 8.11 ± 1.88 7.69 ± 2.04 

Digit span forw. – length 6.09 ± 1.12 7.06 ± 1.03 6.00 ± 1.06 6.51 ± 1.08 6.30 ± 1.12 

Digit span backw. – trials 4.81 ± 2.02 7.71 ± 2.23 5.00 ± 2.03 6.47 ± 1.87 5.68 ± 2.14 

Digit span backw. – length 3.83 ± 1.25 5.24 ± 1.25 3.92 ± 1.16 4.78 ± 1.08 4.32 ± 1.25 

Animals 11.13 ± 5.53 16.59 ± 5.65 12.70 ± 4.93 18.12 ± 4.89 14.69 ± 6.14 

Vegetables 6.97 ± 3.94 10.53 ± 3.57 7.27 ± 3.57 12.51 ± 3.75 9.68 ± 4.66 

TMT B-TMT A 61.99 ± 35.09 37.44 ± 7.20 58.42 ± 30.44 40.70 ± 16.55 50.53 ± 28.37 
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ontrol groups in both forward and backward conditions. Semantic flu-

ncy was notably impaired in AD (animals: 11.13 ± 5.53; vegetables:

.97 ± 3.94) and concomitant groups (animals: 12.70 ± 4.93; vegeta-

les: 7.27 ± 3.57) compared to CVD (animals: 16.59 ± 5.65; vegeta-

les: 10.53 ± 3.57) and control groups (animals: 18.12 ± 4.89; veg-

tables: 12.51 ± 3.75). Executive function, assessed by TMT B-TMT A,

howed greater impairment in AD (61.99 ± 35.09) and concomitant

58.42 ± 30.44) groups compared to CVD (37.44 ± 7.20) and control

roups (40.70 ± 16.55), indicating poorer cognitive flexibility and set-

hifting abilities in patients with AD pathology. 

.3. Pathological findings across various assessment tools 

Significant neuropathological differences were observed across di-

gnostic groups ( Table 3 ). Braak staging revealed marked differences

p = 1.80E-22), with AD patients showing predominantly high-stage

athology (Braak V/VI: 52.3 % of AD cases) compared to controls,

here most cases exhibited moderate pathology (Braak III/IV: 63.4 %).

he CREAD neuritic plaque assessment similarly demonstrated signifi-

ant differences (p = 1.80E-19), with AD patients showing higher scores

CREAD 2–3: 59.1 %) while controls predominantly had minimal plaque

athology (CREAD 0: 51.5 %). Thal amyloid phase distribution also var-

ed significantly (p = 3.50E-17), with 67.8 % of AD cases showing ad-

anced phase 3 amyloid deposition compared to only 31.7 % of controls.

While vascular pathology was nearly universal across all groups

99.43 % overall), white matter rarefaction severity differed signifi-

antly (p = 2.00E-04), with AD + CVD showing the highest propor-
4

ion of severe rarefaction (19.8 %). Mean brain weight was low-

st in the CVD group (1134.76 ± 139.33 g) and highest in controls

1202.00 ± 134.35 g). Cerebral cortical atrophy patterns varied sig-

ificantly (p = 1.10E-20), with moderate-to-severe atrophy observed

n 50.0 % of AD cases and 61.7 % of concomitant cases, compared to

nly 20.4 % of controls. Hippocampal atrophy showed the most signif-

cant group differences (p = 1.40E-24), with severe atrophy in 19.5 %

f AD cases and 22.2 % of concomitant cases, but only 1.9 % of con-

rols. Lobar atrophy was significantly more common (p = 1.20E-04) in

D (15.4 %) and concomitant groups (14.8 %) compared to controls

5.2 %), illustrating the extensive structural brain changes associated

ith Alzheimer’s disease pathology. 

.4. Association between cerebrovascular pathology and Alzheimer’s risk 

CVD was significantly associated with increased risk of AD across

ll models (Supplementary materials: Table S1). In the unadjusted anal-

sis (Model 1), CVD was associated with nearly 5-fold higher risk of

D (HR = 4.94, 95 % CI: 2.93-8.80, p = 1.01E-08). After adjustment

or demographic factors and APOE genotype (Model 2), the association

trengthened (HR = 5.71, 95 % CI: 3.31–10.39, p = 1.94E-09), with male

ender (HR = 1.99, p = 8.99E-05) and APOE 𝜀 4 allele presence (one al-

ele: HR = 3.20, p = 4.67E-10; two alleles: HR = 6.93, p = 6.80E-04)

merging as significant risk factors, while education showed a modest

rotective effect (HR = 0.93, p = 3.17E-02). 

In the fully adjusted model (Model 3), which accounted for all de-

ographic, genetic, and neuropathological variables, the association be-
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Table 3 

Neuropathological findings across diagnostic groups. 

Characteristics AD (N = 298) CVD (N = 17) AD with CVD (N = 81) Control (N = 309) Total (N = 705) p-value FDR 

Braak, N (%) 1.80E-22 1.60E-21 

0 6(0.85 %) 2(0.28 %) 0 2(0.28 %) 10(1.42 %) 

Braak I/ II 35(4.96 %) 2(0.28 %) 12(1.70 %) 67(9.50 %) 116(16.45 %) 

Braak III/IV 101(14.33 %) 12(1.70 %) 34(4.82 %) 196(27.80 %) 343(48.65 %) 

Braak V/VI 156(22.13 %) 1(0.14 %) 35(4.96 %) 42(5.96 %) 234(33.19 %) 

CREAD, N (%) 1.80E-19 1.30E-18 

0 52(7.38 %) 12(1.70 %) 28(3.97 %) 159(22.55 %) 251(35.60 %) 

1 70(9.93 %) 0 17(2.41 %) 67(9.50 %) 154(21.84 %) 

2 87(12.34 %) 2(0.28 %) 22(3.12 %) 23(3.26 %) 134(19.01 %) 

3 89(12.62 %) 3(0.43 %) 14(1.99 %) 60(8.51 %) 166(23.55 %) 

Thal, N (%) 3.50E-17 2.10E-16 

0 23(3.26 %) 6(0.85 %) 13(1.84 %) 87(12.34 %) 129(18.30 %) 

1 37(5.25 %) 4(0.57 %) 18(2.55 %) 62(8.79 %) 121(17.16 %) 

2 36(5.11 %) 5(0.71 %) 13(1.84 %) 62(8.79 %) 116(16.45 %) 

3 202(28.65 %) 2(0.28 %) 37(5.25 %) 98(13.90 %) 339(48.09 %) 

vascular, N (%) 0.63 0.63 

NO 1(0.14 %) 0 0 3(0.43 %) 4(0.57 %) 

YES 297(42.13 %) 17(2.41 %) 81(11.49 %) 306(43.40 %) 701(99.43 %) 

White matter rarefaction, N (%) 2.00E-04 5.90E-04 

Mild 149(21.13 %) 10(1.42 %) 30(4.26 %) 124(17.59 %) 313(44.40 %) 

Moderate 48(6.81 %) 1(0.14 %) 17(2.41 %) 51(7.23 %) 117(16.60 %) 

None 89(12.62 %) 3(0.43 %) 18(2.55 %) 104(14.75 %) 214(30.35 %) 

Severe 12(1.70 %) 3(0.43 %) 16(2.27 %) 30(4.26 %) 61(8.65 %) 

Whole brain weight, N (%) 1176.74 ± 137.14 1134.76 ± 139.33 1181.82 ± 152.93 1202.00 ± 134.35 1187.33 ± 138.33 

cerebral cortex atrophy, N (%) 1.10E-20 8.50E-20 

Mild 141(20.00 %) 15(2.13 %) 23(3.26 %) 197(27.94 %) 376(53.33 %) 

Moderate 118(16.74 %) 1(0.14 %) 41(5.82 %) 63(8.94 %) 223(31.63 %) 

None 8(1.13 %) 1(0.14 %) 8(1.13 %) 49(6.95 %) 66(9.36 %) 

Severe 31(4.40 %) 0 9(1.28 %) 0 40(5.67 %) 

hippocampus atrophy, N (%) 1.40E-24 1.40E-23 

Mild 105(14.89 %) 7(0.99 %) 29(4.11 %) 144(20.43 %) 285(40.43 %) 

Moderate 105(14.89 %) 6(0.85 %) 27(3.83 %) 48(6.81 %) 186(26.38 %) 

None 30(4.26 %) 4(0.57 %) 7(0.99 %) 111(15.74 %) 152(21.56 %) 

Severe 58(8.23 %) 0 18(2.55 %) 6(0.85 %) 82(11.63 %) 

lobar atrophy, N (%) 1.20E-04 5.00E-04 

NO 252(35.74 %) 17(2.41 %) 69(9.79 %) 293(41.56 %) 631(89.50 %) 

YES 46(6.52 %) 0 12(1.70 %) 16(2.27 %) 74(10.50 %) 
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n  
ween CVD and AD risk further increased (HR = 7.72, 95 % CI: 3.88–

6.16, p = 1.77E-08). This model revealed that beyond CVD, significant

ndependent predictors of AD included age (HR = 1.03, p = 4.86E-02),

ale gender (HR = 2.44, p = 5.54E-04), APOE 𝜀 4 carrier status (one al-

ele: HR = 2.25, p = 9.27E-04), neuritic plaque burden (CREAD C1:

R = 2.76, p = 6.04E-03; CREAD C2: HR = 4.37, p = 1.11E-03), mod-

rate cerebral cortex atrophy (HR = 3.16, p = 2.04E-04), and severe

ippocampal atrophy (HR = 8.91, p = 2.10E-05). Notably, the effect of

POE 𝜀 4 homozygosity was attenuated and no longer significant in the

ully adjusted model, suggesting its effects may be mediated through the

ncluded neuropathological variables. These findings demonstrate that

VD remains a robust and significant risk factor for AD even after com-

rehensive adjustment for established demographic, genetic, and neu-

opathological factors, with the association strengthening rather than

eakening with more extensive adjustment. 

.5. Correlation analysis of pathological markers and cognitive test 

erformance 

This comprehensive correlation analysis reveals distinct patterns

f association between neuropathological markers and cognitive per-

ormance across diagnostic groups ( Fig. 1 ). In the AD group, APOE

 4 allele showed the strongest correlations with cognitive measures

Eta = 0.937 for Boston Naming, p < 0.001), followed by significant

ssociations between Braak staging and global cognitive status (CDR

lobal: Eta = 0.021, p < 0.001; CDR Sum: Eta = 0.026, p < 0.000). Amy-

oid pathology markers (CREAD, Thal) demonstrated modest but signif-

cant correlations with multiple cognitive domains. Structural measures

ncluding cerebral cortical atrophy (CDR Sum: Eta = 0.021, p < 0.001)

nd hippocampal atrophy (MMSE: Eta = 0.021, p < 0.001) were sig-
5

ificantly associated with cognitive performance. Notably, whole brain

eight correlated significantly with all cognitive measures in the AD

roup. 

In the CVD group, the pattern of associations differed substantially,

ith whole brain weight emerging as the strongest correlate of cogni-

ive performance (Eta values 0.214–0.446, all p < 0.001). White mat-

er rarefaction uniquely showed significant correlations with global

ognitive measures (CDR Global: Eta = 0.070, p < 0.001; CDR Sum:

ta = 0.079, p < 0.001) and attention measures (digit span forward tri-

ls: Eta = 0.041, p = 0.001). Traditional AD markers showed minimal

ssociations with cognition in the CVD group, except for CREAD with

lobal measures (CDR Global: Eta = 0.032, p = 0.00392). 

The concomitant AD + CVD group displayed a hybrid pattern with re-

arkably strong correlations between hippocampal atrophy and cogni-

ive performance (CDR Sum: Eta = 0.173, p < 0.001; MMSE: Eta = 0.115,

 < 0.001), cerebral cortical atrophy and global cognition (CDR Sum:

ta = 0.165, p < 0.001), and extraordinarily strong correlations between

hole brain weight and all cognitive measures (Eta values 0.232–0.528,

ll p < 0.001). Both AD-specific pathology markers (Braak, CREAD) and

ascular pathology measures (white matter rarefaction) showed signif-

cant correlations with cognition in this group. 

.6. Mediation analysis of cerebrovascular factors on cognitive 

erformance in AD pathology 

Vascular factors demonstrated substantial indirect effects on cog-

itive performance, with a negative impact on MMSE (− 1.865) and

ositive effect on CDR Sum (1.502), indicating that cerebrovascular

athology primarily influences cognition through mediating mecha-

isms rather than direct pathways. White matter lesions showed parallel
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Fig. 1. Relationship between cognitive test 

scores and neuropathological features in 

Alzheimer’s disease and cerebrovascular 

disease. 
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ut weaker effects (MMSE: − 0.298; CDR Sum: 0.223), with interaction

ffects mirroring white matter lesion patterns exactly, suggesting over-

apping pathophysiological processes or synergistic mechanisms. 

The analysis of exposure-mediator relationships (Supplementary ma-

erials: Table S2) revealed that vascular factors most strongly associ-

ted with amyloid pathology (CREAD: 1.378), followed by APOE geno-

ype (0.565), hippocampal atrophy (0.482), and Thal amyloid plaques

0.456). This pattern supports significant cerebrovascular contributions

o multiple AD pathological features. White matter lesions primarily im-

acted brain volume (− 11.171), with considerably weaker associations

ith amyloid (CREAD: 0.230) and tau pathology (Braak: 0.165), indicat-

ng differential mechanisms between vascular factors and white matter

athology. 

Examination of mediator-outcome relationships (Supplementary ma-

erials: Table S3) identified hippocampal atrophy as the strongest deter-

inant of cognitive performance (MMSE: − 1.333; CDR Sum: 1.083), fol-

owed by cerebral atrophy (MMSE: − 0.821; CDR Sum: 1.108) and APOE

enotype (MMSE: − 0.950; CDR Sum: 0.692). Traditional AD biomarkers

howed moderate (Braak, Thal) to minimal (CREAD) cognitive effects,

uggesting structural brain changes may more directly influence cogni-

ive outcomes than molecular pathology markers. 
6

Pathway-specific analysis ( Table 4 ) demonstrated that vascular fac-

ors impacted cognition predominantly through hippocampal atrophy

MMSE: − 0.656; CDR Sum: 0.522), APOE genotype (MMSE: − 0.536;

DR Sum: 0.391), and cerebral atrophy (MMSE: − 0.294; CDR Sum:

.397). White matter lesions operated through similar pathways but

ith substantially weaker effects. Notably, structural brain changes

erved as stronger mediators than traditional AD pathological markers,

articularly for white matter lesions, highlighting the critical role of neu-

oanatomical integrity in the cerebrovascular-cognitive relationship. 

Our mediation analysis revealed complex relationships between vas-

ular factors and cognitive outcomes (Supplementary materials: Table

4). For MMSE scores, vascular factors showed complete mediation

100.20 %) primarily through hippocampal atrophy (35.2 %), APOE

enotype (28.8 %), and brain atrophy (15.8 %), while white matter

esions exhibited negative mediation via hippocampal and brain atro-

hy. Regarding CDR Sum outcomes, vascular factors’ effects were sub-

tantially mediated (96.60 %) through hippocampal atrophy (34.7 %),

rain atrophy (26.4 %), and APOE (26.0 %), whereas white matter le-

ions and their interaction with vascular factors displayed pronounced

ediation effects (518.60 %), mainly through brain atrophy (188.4 %)

nd hippocampal atrophy (111.6 %). These findings highlight that vas-
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Table 4 

Specific indirect effects of cerebrovascular pathology on cognitive outcomes through multiple mediating pathways. 

Mediating pathway 

MMSE vascular 

indirect effect 

MMSE white 

matter indirect 

effect 

MMSE 

interaction 

indirect effect 

CDR sum 

vascular indirect 

effect 

CDR sum white 

matter indirect 

effect 

CDR sum 

interaction 

indirect effect 

Through Braak Score − 0.097 − 0.091 − 0.091 0.031 0.029 0.029 

Through CREAD Score − 0.113 − 0.019 − 0.019 − 0.041 − 0.007 − 0.007 

Through Thal Score − 0.17 − 0.042 − 0.042 0.202 0.05 0.05 

Through Brain Volume 0 − 0.049 − 0.049 0 0.041 0.041 

Through Brain Atrophy − 0.294 − 0.061 − 0.061 0.397 0.081 0.081 

Through Hippocampal 

Atrophy 

− 0.656 − 0.063 − 0.063 0.522 0.048 0.048 

Through APOE − 0.536 0.027 0.027 0.391 − 0.02 − 0.02 

Total Indirect Effect − 1.865 − 0.298 − 0.298 1.502 0.223 0.223 

c  

i  

t  

i  

p

4

 

A  

e  

m  

r  

d  

c  

c

 

o  

[  

o  

t  

r  

p  

d  

f  

a  

i  

v  

s  

a

 

C  

p  

p  

e  

f  

t  

w  

t  

r  

r

 

p  

s  

t  

c  

t  

c  

p  

p  

t  

a  

p  

a

 

f  

d  

c  

e  

h  

c  

p  

c  

s

 

o  

a  

d  

b  

c  

n  

i  

n  

a

 

b  

n  

a  

t  

a  

w  

c  

o

 

a  

a  

m  

i  

t  

l  

t  

i  

m  

b

 

a  

l  

m  

d  

l  

A  

p  
ular pathology influences cognitive function predominantly by induc-

ng structural brain changes and interacting with genetic factors, with

he substantial mediation percentages for CDR Sum outcomes emphasiz-

ng the crucial role of brain structural alterations in translating vascular

athology to clinical dementia severity. 

. Discussion 

Our study demonstrates significant interactions between CVD and

D, with CVD substantially increasing AD risk. Structural equation mod-

ling revealed that vascular factors influence cognitive performance pri-

arily through hippocampal atrophy, APOE genotype, and cerebral at-

ophy. Participants with concomitant AD + CVD pathology displayed a

istinctive hybrid pattern of brain-cognition relationships, with stronger

orrelations between hippocampal atrophy and cognitive performance

ompared to pure AD or CVD cases. 

Recent clinical research has increasingly recognized the significance

f mixed cerebrovascular and AD pathologies in aging populations

 21 , 22 ]. Some study demonstrated that cerebrovascular pathology co-

ccurs with primary AD pathology in most cases of late-onset demen-

ia, with neuroimaging studies showing that cerebrovascular lesions di-

ectly impact disease progression and cognitive expression [ 23 ]. This

henomenon may explain the variance in cognitive symptoms among in-

ividuals with similar amyloid and tau burdens [ 24 , 25 ]. A recent study

urther reinforced this relationship, showing that vascular burden inter-

cts with A 𝛽 accumulation to accelerate cognitive decline, particularly

n individuals in early disease stages [ 26 ]. Their longitudinal analysis re-

ealed that those with both vascular pathology and amyloid positivity

howed faster progression to dementia than those with either pathology

lone [ 27 ]. 

A study analyzed data from the National Alzheimer’s Coordinating

enter to examine associations between cerebrovascular disease and AD

athology with cognitive decline. They found that white matter hy-

erintensities, a common marker of small vessel cerebrovascular dis-

ase, independently predicted cognitive trajectory even after controlling

or AD biomarkers [ 28 ]. Similarly, Morales et al. (2024) demonstrated

hat small vessel cerebrovascular disease was significantly associated

ith cognitive impairment in prospective Alzheimer’s clinical trial par-

icipants [ 17 ], further supporting our findings that vascular pathology

epresents an important and potentially modifiable risk factor for AD-

elated cognitive decline. 

The mechanistic relationships between CVD and AD pathologies ap-

ear to involve complex interactions between vascular factors, genetic

usceptibility, and traditional AD biomarkers [ 29 , 30 ]. Our study found

hat the APOE 𝜀 4 allele is significantly more prevalent in both AD and

oncomitant AD + CVD groups compared to controls and pure CVD pa-

ients, suggesting shared genetic vulnerability. Recent evidence indi-

ates that APOE plays a crucial role in both disorders through multi-

le mechanisms [ 31 ]. APOE 𝜀 4 leads to blood-brain barrier dysfunction

receding cognitive decline, establishing a potential vascular pathway

hrough which this genetic variant increases AD risk [ 32 , 33 ]. Tau and
7

polipoprotein E modulate cerebrovascular tight junction integrity inde-

endent of cerebral amyloid angiopathy, suggesting that these proteins

ffect vascular function through multiple pathways [ 34 , 35 ]. 

The structural integrity of the hippocampus is critical for cognitive

unction, and its atrophy is considered a central feature of cognitive

ecline in AD and related disorders [ 36 , 37 ]. Existing studies have indi-

ated that hippocampal atrophy is not only associated with the wors-

ning of AD pathologies but is also closely related to cerebrovascular

ealth [ 38 , 39 ]. Research shows that chronic ischemia and insufficient

erebral blood flow may lead to neuronal damage in the hippocam-

al region, thereby accelerating cognitive decline [ 40 , 41 ]. Moreover,

erebrovascular damage can promote neuroinflammation and oxidative

tress, leading to neurodegeneration in the hippocampus [ 42 , 43 ]. 

As evidenced in this study, AD patients with cerebrovascular pathol-

gy often experience more significant hippocampal atrophy and its neg-

tive impact on cognitive performance. Hippocampal atrophy predicts

eclines in cognitive ability and suggests that hippocampal atrophy may

e a primary mediating mechanism for the indirect effects of cerebrovas-

ular pathology on cognition [ 44 ]. Our analyses further support this

otion, indicating that hippocampal atrophy plays a particularly signif-

cant role in the relationship between cerebrovascular factors and cog-

itive decline. Changes in the structure of the hippocampus could serve

s a pivotal target for future therapeutic interventions. 

Individuals carrying the APOE 𝜀 4 allele may experience blood-brain

arrier dysfunction, leading to increased risks of neuroinflammation and

euronal damage [ 45 , 46 ]. This phenomenon may cause these individu-

ls to exhibit more pronounced symptoms in the early stages of cogni-

ive decline [ 47 ]. Epidemiological studies have shown that APOE 𝜀 4 is

ssociated with a more rapid rate of cognitive decline, and individuals

ith one or two APOE 𝜀 4 alleles typically demonstrate more significant

ognitive deterioration in clinical presentations compared to those with

ther genotypes [ 48 , 49 ]. 

Additionally, research has found that the presence of APOE 𝜀 4 may

ffect the interactions with other pathological markers in the brain, such

s beta-amyloid and tau proteins [ 50 , 51 ]. Specifically, APOE 𝜀 4 carriers

ay be more susceptible to structural brain damage related to vascular

njury and Alzheimer’s disease (e.g., hippocampal atrophy), which fur-

her affects their cognitive performance [ 52 , 53 ]. Therefore, when ana-

yzing the relationship between small vessel disease and cognitive func-

ion, it is essential to consider the genotype of APOE 𝜀 4. This genotype

s not only a hereditary risk factor for Alzheimer’s disease but may also

odulate the effects of other pathological markers on cognitive abilities

y influencing brain structure and function. 

The interaction between A 𝛽 and cerebrovascular function represents

nother critical mechanism [ 54 ]. A 𝛽 directly contributes to neurovascu-

ar dysfunction by impairing blood vessel reactivity, promoting inflam-

ation, and accelerating vascular degeneration [ 55 ]. A 𝛽 oligomers in-

uce cerebrovascular dysfunction through pericyte-mediated endothe-

ial damage, establishing a direct mechanistic link between this hallmark

D protein and vascular pathology [ 56 ]. Notably, this relationship ap-

ears bidirectional, as studies of cerebrovascular phenotypes in mouse
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odels of AD reveal vascular alterations that not only precede but po-

entially accelerate both amyloid and tau deposition [ 57 ]. 

Tau pathology, while traditionally examined primarily within the

ontext of AD, demonstrates significant and meaningful interactions

ith vascular factors. Research has identified distinct patterns of A 𝛽,

au, and APOE accumulation when comparing AD-tau with other

auopathies, with cerebrovascular factors actively modulating these

omplex relationships [ 58–60 ]. Our mediation analyses strongly sup-

ort these observations, demonstrating that vascular factors correlate

obustly with both tau (Braak staging) and amyloid (CREAD, Thal)

athologies. These findings collectively suggest that cerebrovascular dis-

ase may serve as a critical mediator of both core pathological processes

nderlying Alzheimer’s disease progression [ 61 ]. 

Our findings highlight the critical role of structural brain changes,

articularly hippocampal atrophy and generalized cerebral atrophy, in

ediating the effects of vascular pathology on cognitive outcomes [ 62 ].

pecifically, our pathway-specific analysis demonstrated that hippocam-

al atrophy served as the strongest mediator of vascular effects on cog-

ition, followed by cerebral atrophy and APOE genotype. These find-

ngs align with recent research demonstrating that blood-brain barrier

ysfunction in AD leads to increased neuroinflammation, accelerated

eurodegeneration, and consequent brain atrophy [ 63 , 64 ]. 

The preferential involvement of the hippocampus in these patho-

ogical processes explains the prominent memory deficits observed in

ur concomitant AD + CVD group. Hippocampal integrity serves as a

ritical mediator between various pathological processes and cognitive

unction, with both AD and cerebrovascular pathologies converging on

his vulnerable structure [ 62 , 65 ]. The strong correlation between whole

rain weight and all cognitive measures in our concomitant AD + CVD

roup further underscores the importance of preserving overall brain

tructural integrity in the face of mixed pathologies. 

Neuroimaging studies have offered insights into these relationships.

ultiple neuroimaging techniques in AD research and highlighted that

tructural changes detectable through MRI often precede clinical symp-

oms by several years [ 66 , 67 ], with mixed vascular and AD patholo-

ies showing distinctive patterns of regional atrophy and white matter

amage [ 68 ]. These structural changes represent the result of multi-

le upstream pathological processes, including amyloid deposition, tau

ggregation, vascular damage, and neuroinflammation, making them

owerful integrative biomarkers of disease progression and cognitive

utcomes [ 69–71 ]. 

Our study has notable strengths, including a comprehensive assess-

ent of participants through standardized clinical evaluations, neu-

opsychological testing, and neuropathological examinations, which

rovided valuable insights into the links between vascular factors and

D. We employed advanced statistical methods, such as structural equa-

ion modeling, to clarify the effects of vascular pathology on cognition,

nd we focused on specific cognitive domains to better understand these

mpacts. Additionally, the inclusion of traditional AD biomarkers and

tructural brain integrity measures allowed for a thorough evaluation

f relevant pathways. 

However, our research has limitations, such as a cross-sectional de-

ign that restricts causal inferences and temporal relationships, neces-

itating longitudinal studies. The small sample size for pure CVD cases

n = 17) relative to the AD (n = 298) and control (n = 309) groups may

ave limited statistical power. Moreover, our reliance on categorical

ssessments rather than continuous measures may have reduced sensi-

ivity to detect subtle differences. Also, we did not assess relevant fac-

ors like inflammation and specific vascular biomarkers. Lastly, findings

rom a clinical cohort may not fully generalize to the broader aging pop-

lation with mixed cerebrovascular and AD pathologies. 

Our findings highlight a significant link between CVD and AD, em-

hasizing the need for an integrated clinical approach. Vascular factors

an worsen cognitive decline, particularly through hippocampal atro-

hy. Clinicians should integrate cardiovascular assessments in cognitive

valuations and personalize treatment plans based on factors like APOE
8

enotype. Lifestyle changes —such as better diet, physical activity, and

moking cessation —along with vascular-targeting medications, are cru-

ial for neuroprotection. Ongoing neuropsychological assessments for

t-risk patients will allow timely treatment adjustments. Understanding

he interplay between CVD and AD enables healthcare providers to im-

lement proactive strategies to prevent cognitive decline and improve

he quality of life for aging individuals. 

Future research should prioritize longitudinal designs to capture

he dynamic relationships among vascular function, AD biomarkers,

nd cognitive performance over time. By conducting repeated assess-

ents, researchers can elucidate the temporal sequence of events and

heir interactions within the context of aging. Incorporating additional

iomarkers that reflect inflammation, oxidative stress, and blood-brain

arrier integrity is crucial, as these factors may significantly influence

he pathophysiology of AD and its association with vascular health. Un-

erstanding how these biological processes interconnect can provide

eeper insights into potential interventions. Furthermore, implement-

ng therapeutic studies focused on vascular health is essential to deter-

ine whether improving vascular function can alter the trajectory of AD

rogression. Such studies should evaluate the effects of lifestyle mod-

fications, pharmacologic treatments, and other interventions on cog-

itive outcomes and AD biomarkers. Ultimately, this multifaceted ap-

roach will enhance our understanding of the mechanisms linking vas-

ular health and neurodegeneration, paving the way for more effective

trategies in preventing and managing AD. 

. Conclusion 

Our findings demonstrate that cerebrovascular disease significantly

ncreases the risk of Alzheimer’s disease and substantially influences

ts clinical expression through multiple pathways, with structural brain

hanges serving as critical mediators of vascular effects on cognition.

hese results highlight the importance of addressing vascular health as

n integral component of strategies to prevent and treat Alzheimer’s dis-

ase and related cognitive disorders. 

bbreviation List 

D Alzheimer’s Disease 

VD Cerebrovascular Disease 

CI Mild Cognitive Impairment 

POE Apolipoprotein E 

DR Clinical Dementia Rating 

DR Global Clinical Dementia Rating Global Score 

DR Sum Clinical Dementia Rating Sum Score 

MSE Mini-Mental State Examination 

ACC National Alzheimer’s Coordinating Center 

READ Neuritic Plaque Assessment Score 
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