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A B S T R A C T

Background: Alzheimer’s disease (AD) pathogenesis involves complex interactions between multiple neuro
pathological processes, yet traditional approaches focus on individual markers. The cumulative effects of mul
tiple pathologies and their interactions with cerebrovascular compromise and age remain poorly understood. 
This study aimed to develop a comprehensive Pathological Burden Score (PBS) and examine its relationship with 
AD risk, including interactions with stroke history and age.
Methods: We analyzed 11,308 participants from the National Alzheimer’s Coordinating Center database. A PBS 
was constructed integrating six neuropathological domains: Braak neurofibrillary tangle staging, CERAD neuritic 
plaque density, Thal amyloid-β phasing, stroke history, white matter rarefaction severity, and cerebral atrophy 
severity (range 0–16 points). PBS was categorized into four burden levels: low (0–4), moderate (5–8), high 
(9–12), and very high (13–16). Multivariable logistic regression examined associations between PBS categories 
and AD risk, with formal interaction testing for stroke × PBS effects. Age-stratified analyses were conducted 
using a 75-year cutpoint.
Results: A clear dose-response relationship was observed between PBS and AD risk, with very high burden 
conferring over 5-fold increased odds compared to low burden. Significant stroke × PBS interaction was detected 
(interaction OR 1.23, p < 0.001), with stroke amplifying pathological burden effects. Among participants with 
very high burden, AD risk was 92.5 % in stroke patients versus 24.1 % in non-stroke patients. Age-dependent 
effects were profound: younger participants (<75 years) with high burden plus stroke showed 18.67-fold 
increased odds, while older participants (≥75 years) with equivalent burden showed 7.89-fold increased odds.
Conclusions: Cumulative pathological burden demonstrates a strong dose-response relationship with AD risk, 
significantly amplified by stroke history. The pronounced age-dependent effects highlight the need for age- 
specific prevention strategies, with particular emphasis on aggressive vascular risk management in younger 
populations. These findings support comprehensive pathological burden assessment for enhanced risk stratifi
cation and personalized dementia care approaches.

1. Introduction

Alzheimer’s disease (AD) represents the most prevalent neurode
generative disorder worldwide, affecting millions of individuals and 
imposing an enormous burden on healthcare systems, families, and 

society [1,2]. While significant progress has been made in understand
ing the molecular pathogenesis of AD, the complex interplay between 
multiple pathological processes in determining clinical outcomes re
mains incompletely elucidated [3]. The traditional focus on individual 
neuropathological markers, while informative, may inadequately 
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capture the cumulative and synergistic effects of concurrent patholog
ical changes that characterize the aging brain and contribute to cogni
tive decline [4].

Classical neuropathological assessment of AD has centered on the 
quantification of amyloid-β plaques and neurofibrillary tangles, as 
formalized in established staging systems including Braak staging for tau 
pathology progression, CERAD scoring for neuritic plaque density, and 
Thal phasing for amyloid-β deposition patterns [5–7]. These individual 
markers have provided crucial insights into disease progression and 
have formed the foundation for neuropathological diagnostic criteria. 
However, accumulating evidence suggests that the burden of AD pa
thology alone may not fully explain the heterogeneity in clinical pre
sentation and cognitive outcomes observed in affected individuals [8].

Recent research has increasingly recognized the importance of ce
rebrovascular pathology as a co-contributor to cognitive impairment 
and dementia risk 9,10. Cerebrovascular disease, encompassing large 
vessel infarcts, lacunar infarcts, microinfarcts, and white matter 
changes, frequently co-occurs with AD pathology in aging populations 
[11,12]. The concept of mixed pathology has emerged as clinically 
relevant, with studies demonstrating that the presence of both AD and 
vascular pathology produces more severe cognitive impairment than 
either pathology alone. This vascular-neurodegenerative interaction 
may reflect shared risk factors, common pathophysiological pathways, 
or synergistic mechanisms that amplify the detrimental effects of indi
vidual pathological processes [13,14].

Stroke, as a manifestation of severe cerebrovascular compromise, 
represents a particularly important comorbidity in the context of AD 
[15]. Epidemiological studies have consistently demonstrated increased 
dementia risk following stroke events, with the relationship persisting 
even after accounting for pre-existing cognitive impairment [16]. The 
mechanisms underlying stroke-associated cognitive decline likely 
involve both direct tissue damage and indirect effects on brain reserve, 
potentially creating vulnerable conditions that enhance susceptibility to 
concurrent neurodegenerative processes [17–19]. Recent investigations 
have increasingly revealed the complex interactions between cerebro
vascular and Alzheimer’s pathologies in aging populations. Large-scale 
neuropathological studies demonstrate that mixed pathology—the 
co-occurrence of AD and vascular pathologies—affects 40–60 % of de
mentia cases, challenging traditional single-pathology approaches [20,
21]. Independent effects of cerebrovascular pathology include strategic 
infarct damage, white matter disruption, and neural network compro
mise, with even subclinical vascular changes significantly impacting 
cognition independently of AD pathology [22,23]. Conversely, AD pa
thology, particularly amyloid-β deposition in cerebral vessels, can 
exacerbate vascular dysfunction through cerebral amyloid angiopathy 
[24]. The combined effects appear synergistic rather than additive. 
Longitudinal studies show that individuals with both pathologies 
experience accelerated cognitive decline compared to single pathology 
cases [25]. Mechanistically, vascular compromise may impair the 
brain’s compensatory capacity through reduced perfusion limiting toxic 
protein clearance, inflammation-mediated neurodegeneration, and loss 
of vascular neuroprotection [26,27].

Emerging evidence suggests bidirectional pathological interactions, 
where early vascular changes increase vulnerability to protein aggre
gation, creating cascading effects [28,29]. Advanced neuroimaging 
studies indicate complex temporal relationships between these pathol
ogies, with potential for mutual amplification [30].

The concept of brain reserve has gained prominence as a framework 
for understanding individual differences in vulnerability to pathological 
changes [31]. This concept suggests that some individuals can tolerate 
greater pathological burden before manifesting clinical symptoms, 
potentially due to variations in brain structure, function, or compensa
tory mechanisms. Age represents a critical modifier of brain reserve, 
with advancing age generally associated with decreased resilience to 
pathological insults. Understanding how age influences the relationship 
between cumulative pathological burden and clinical outcomes is 

essential for developing age-appropriate therapeutic strategies and risk 
stratification approaches [32,33].

Despite the theoretical importance of cumulative pathological 
burden, few studies have systematically examined the combined effects 
of multiple neuropathological processes on AD risk. Previous research 
has largely focused on binary presence or absence of specific pathologies 
rather than quantifying cumulative burden across multiple domains. 
Furthermore, the potential for effect modification by key factors such as 
stroke history and age has not been comprehensively investigated in 
large, well-characterized cohorts with detailed neuropathological data.

The National Alzheimer’s Coordinating Center Uniform Data Set 
provides a unique opportunity to address these knowledge gaps through 
its comprehensive collection of standardized clinical, neuropsychologi
cal, and neuropathological data from multiple research centers. This 
resource enables investigation of cumulative pathological burden effects 
across large, diverse populations with detailed characterization of 
multiple neuropathological domains and clinical outcomes [34].

This study aimed to: (1) develop and validate a comprehensive PBS 
integrating multiple neuropathological domains; (2) examine the dose- 
response relationship between cumulative pathological burden and AD 
risk; (3) investigate the synergistic effects of multiple pathological 
processes on AD development; (4) evaluate the interaction between 
stroke history and pathological burden in determining AD risk; and (5) 
assess age-dependent modifications of pathological burden effects on 
cognitive outcomes. Through these analyses, we sought to provide new 
insights into the complex pathophysiology underlying AD development 
and identify high-risk populations that may benefit from targeted 
interventions.

2. Methods

2.1. Study population

This study utilized data from the National Alzheimer’s Coordinating 
Center (NACC) Uniform Data Set (UDS), encompassing comprehensive 
clinical, neuropsychological, and neuropathological data from 39 Alz
heimer’s Disease Research Centers (ADRCs) across the United States. We 
included 11,308 participants whose data were collected between 
September 2005 and December 2022, comprising patients clinically 
diagnosed with AD, individuals with cerebrovascular disease, and 
cognitively normal control subjects who underwent complete neuro
pathological examination. Demographic information collected included 
age at death (NACCAGE), Gender (SEX), educational attainment (EDUC, 
measured in years), and APOE genotyping status. Clinical variables 
encompassed stroke history (CBSTROKE), vascular risk factors, and 
comprehensive cognitive assessments. Survival data included age at 
death and survival duration from initial clinical evaluation to death, 
enabling longitudinal risk factor analysis [34,35].

2.2. Diagnostic classification criteria

Participants were classified into three primary diagnostic groups 
based on clinical and neuropathological criteria. Control group 
comprised cognitively normal individuals (NORMCOG=1) without 
clinical AD diagnosis (NACCALZD=0) and absence of significant cere
brovascular events (CBSTROKE=0). AD group included participants 
with clinical AD diagnosis (NACCALZD=1) following National Institute 
on Aging-Alzheimer’s Association (NIA-AA) diagnostic criteria, without 
documented stroke history. AD + Stroke group encompassed partici
pants meeting both AD diagnostic criteria (NACCALZD=1) and docu
mented cerebrovascular events (CBSTROKE=1), including both 
ischemic and hemorrhagic strokes confirmed through neuroimaging or 
clinical documentation.
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2.3. Inclusion and exclusion criteria

Inclusion criteria comprised: (1) completion of comprehensive UDS 
assessment with neuropathological examination; (2) availability of 
complete cognitive assessment data including MMSE, Boston Naming 
Test, Logical Memory, and Trail Making Test; (3) clear documentation of 
stroke history and vascular risk factors; and (4) definitive AD diagnostic 
status determination. Exclusion criteria included: (1) incomplete 
neuropathological examination data; (2) presence of other primary 
neurodegenerative disorders such as Parkinson’s disease (NACCPD=1), 
Lewy body dementia (NACCLBDA=1), or frontotemporal dementia 
(NACCFTDA=1); (3) history of severe psychiatric disorders that might 
confound cognitive assessment; and (4) insufficient clinical follow-up 
data for survival analysis.

2.4. Neuropsychological assessment protocol

Cognitive functioning was systematically evaluated using the stan
dardized NACC neuropsychological battery. Global cognitive status was 
assessed via the Mini-Mental State Examination (MMSE, range 0–30), 
with scores below 24 indicating cognitive impairment. Language func
tion was measured using the Boston Naming Test (30-item version), 
assessing confrontation naming ability and semantic processing. 
Episodic memory was comprehensively evaluated through immediate 
and delayed recall components of the Logical Memory Test, measuring 
encoding efficiency and retention capacity. Attention and working 
memory were examined through Digit Span Forward and Backward 
tests, with forward span measuring attentional capacity and backward 
span assessing working memory manipulation. Processing speed and 
executive function were evaluated using Trail Making Test Part A, 
measuring psychomotor speed and visuomotor tracking. Semantic 
fluency was assessed through animal and vegetable naming tasks, 
measuring lexical retrieval and semantic network integrity. All assess
ments were administered by trained psychometricians following stan
dardized NACC protocols, with raw scores converted to 
demographically-adjusted standard scores when appropriate.

2.5. Neuropathological assessment

Neuropathological examinations were conducted according to stan
dardized NACC protocols by board-certified neuropathologists at 
participating centers. Alzheimer’s disease pathology was quantified 
using three complementary systems: Braak staging for neurofibrillary 
tangle burden (stages 0-VI), documenting tau pathology progression 
from transentorhinal cortex through limbic structures to isocortical re
gions; CERAD scoring for neuritic plaque density (none, sparse, mod
erate, frequent), providing semiquantitative assessment of amyloid- 
associated neuritic pathology; and Thal phasing (phases 0–5), doc
umenting anatomical progression of amyloid-β deposition. Vascular 
pathology was systematically assessed including large vessel infarcts, 
lacunar infarcts, microinfarcts, and cerebral amyloid angiopathy. White 
matter changes were evaluated using standardized criteria with severity 
ratings from none to severe. Brain atrophy was quantified through 
whole brain weight measurements and regional atrophy assessments of 
cerebral cortex, hippocampus, and lobar regions.

2.6. Statistical analysis

Descriptive statistics were calculated for all variables, with contin
uous variables presented as mean ± standard deviation and categorical 
variables as frequencies and percentages. Group comparisons utilized 
chi-square tests for categorical variables and analysis of variance 
(ANOVA) for continuous variables, with post-hoc pairwise comparisons 
using Bonferroni correction.

2.7. Pathological burden score construction

To evaluate cumulative effects of multiple pathological processes on 
AD risk, we developed a comprehensive PBS integrating six key neuro
pathological domains. The PBS was constructed by summing standard
ized scores across: Braak neurofibrillary tangle staging (0–3 points for 
stages 0, I/II, III/IV, and V/VI), CERAD neuritic plaque density (0–3 
points for C0, C1, C2, and C3), Thal amyloid-β phasing (0–3 points for 
A0, A1, A2, and A3), stroke history (0–1 points), white matter rarefac
tion severity (0–3 points for none, mild, moderate, and severe), and 
cerebral atrophy severity (0–3 points for none, mild, moderate, and 
severe). This yielded a continuous PBS ranging from 0–16 points, cate
gorized into four groups: low burden (0–4 points), moderate burden 
(5–8 points), high burden (9–12 points), and very high burden (13–16 
points) [36–38].

2.8. Primary statistical models

Survival analysis employed Cox proportional hazards models with 
sequential model building: Model 1 (unadjusted), Model 2 (adjusted for 
age, gender, education, and APOE ε4 status), and Model 3 (fully adjusted 
including neuropathological variables). Logistic regression examined 
AD risk associations with PBS categories using three progressive models 
with identical covariate adjustment strategies, calculating odds ratios 
with 95 % confidence intervals.

2.9. Risk stratification analysis

We conducted comprehensive risk stratification examining eight 
distinct pathological profiles: no pathologies, isolated AD pathology, 
isolated stroke, isolated vascular pathology, combined AD pathology 
with stroke, combined AD pathology with vascular pathology, combined 
stroke with vascular pathology, and triple pathology. Each profile was 
modeled separately with the no pathology group as reference, adjusting 
for demographic and genetic covariates.

2.10. Interaction and stratified analyses

Interaction effects were tested using multiplicative interaction terms 
in logistic regression models, with stroke × PBS interactions assessed via 
likelihood ratio tests. Age-stratified analyses employed a clinically 
relevant 75-year cutpoint, creating younger (<75 years) and older (≥75 
years) subgroups. Within age strata, we examined four combined 
exposure categories representing the intersection of PBS level (dichot
omized as low [0–8] vs. high [9,11–17]) and stroke status, with low PBS 
without stroke as the reference category.

Stroke-stratified analyses examined PBS effects separately among 
participants with and without stroke history. Linear trend analysis 
evaluated dose-response relationships by treating PBS as continuous, 
with statistical significance assessed using Wald tests.

2.11. Statistical software and assumptions

All analyses were performed using R statistical software version 
4.3.0, with survival analysis conducted using the survival package, lo
gistic regression using base R glm() functions, and data manipulation 
performed with dplyr and tidyr packages. Model fit was assessed using 
Hosmer-Lemeshow goodness-of-fit tests via the ResourceSelection 
package, and multicollinearity was evaluated using variance inflation 
factors from the car package. Missing data were handled using complete 
case analysis, with sensitivity analyses conducted to assess potential bias 
from missing data patterns and uncertain pathological classifications. 
This analytical approach provided comprehensive evaluation of cumu
lative pathological burden effects while accounting for potential con
founding and effect modification, with two-sided hypothesis testing and 
α = 0.05.
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3. Results

3.1. Baseline characteristics and demographics

The study cohort comprised 11,308 participants categorized into 
three groups: AD patients (AD, n = 6003), cognitively normal controls (n 
= 4920), and AD patients with comorbid stroke (AD + Stroke, n = 385) 
(Table 1).

Demographic characteristics revealed distinct profiles across diag
nostic categories. Age distribution varied significantly among groups, 
with AD patients showing the youngest mean age (77.36 ± 10.04 years, 
range: 35–105 years), while both controls (81.64 ± 7.81 years, range: 
37–101 years) and AD + Stroke patients (82.01 ± 7.73 years, range: 
52–98 years) were older. This age pattern likely reflects the inclusion of 
early-onset AD cases in the primary AD group, while the older mean ages 
in control and AD + Stroke groups are consistent with age-related pa
thology accumulation.

Gender distribution differed significantly across groups (p = 2.70 ×
10⁻³⁴), with males representing 51.5 % (n = 3089) of AD patients, 39.7 % 
(n = 1953) of controls, and 51.4 % (n = 198) of AD + Stroke patients. 
The control group demonstrated a notable female predominance (60.3 
%, n = 2967), while both AD groups showed nearly balanced gender 
distributions.

Age-stratified analysis using the clinically relevant 75-year cutpoint 
revealed that 4567 participants (40.4 %) were younger than 75 years, 
while 6741 participants (59.6 %) were 75 years or older. Within the 
younger subgroup, AD patients comprised 56.2 % (n = 2566), controls 
37.6 % (n = 1716), and AD + Stroke patients 6.2 % (n = 285). In the 
older subgroup, the distribution was 51.0 % AD patients (n = 3437), 
47.5 % controls (n = 3204), and 1.5 % AD + Stroke patients (n = 100).

Clinical and genetic characteristics followed expected patterns. As 
designed, cognitive status varied dramatically between groups (p <
0.001), with controls exclusively comprising participants with normal 

cognition (100 %), while AD patients included those with dementia 
(73.6 %), mild cognitive impairment (24.1 %), and cognitive impair
ment not meeting MCI criteria (2.3 %). The AD + Stroke group showed a 
similar but slightly more severe cognitive profile (76.9 % dementia, 21.6 
% MCI).

APOE ε4 allele distribution demonstrated the expected pattern 
associated with AD risk (p = 1.50 × 10⁻²¹⁹), with controls showing the 
lowest frequency of ε4 carriers (24.7 %) compared to AD patients (49.2 
% carriers) and AD + Stroke patients (47.0 % carriers). Specifically, 
among controls, 75.3 % had no ε4 alleles, 23.4 % were heterozygous 
carriers, and 1.3 % were homozygous carriers. In contrast, AD patients 
showed 50.8 % with no ε4 alleles, 42.7 % heterozygous carriers, and 6.5 
% homozygous carriers.

Other demographic measures showed minimal between-group vari
ation. Body mass index ranged from 26.03 ± 4.33 kg/m² in AD patients 
to 27.08 ± 4.63 kg/m² in the AD + Stroke group. Educational attain
ment was comparable across groups, with mean years ranging from 
15.19 ± 3.60 years in AD + Stroke patients to 16.22 ± 4.94 years in 
controls, though the AD group showed greater educational variability 
(SD=6.09) compared to other groups.

Clinical severity measures reflected the diagnostic groupings, with 
CDR Global Scores showing dramatic differences (p < 0.001). Controls 
predominantly scored 0 (93.0 %), while AD patients displayed the full 
spectrum of impairment severity, and AD + Stroke patients showed 
similar but slightly more severe profiles. CDR Sum scores paralleled 
these findings, with controls having minimal impairment (mean 0.09 ±
0.37) compared to substantial impairment in AD patients (5.47 ± 4.11) 
and AD + Stroke patients (6.05 ± 4.30).

3.2. Neuropsychological assessment profiles

Neuropsychological testing revealed distinct cognitive profiles 
across diagnostic groups (Supplementary materials: Table 1). MMSE 

Table 1 
Baseline characteristics of study participants by diagnostic group.

Characteristics AD(N = 6003) Control(N = 4920) AD + Stroke(N = 385) Total(N = 11,308) pvalue FDR

Gender ​ ​ ​ ​ 2.70E-34 5.40E-34
female 2914(25.77 %) 2967(26.24 %) 187(1.65 %) 6068(53.66 %) ​ ​
male 3089(27.32 %) 1953(17.27 %) 198(1.75 %) 5240(46.34 %) ​ ​
Cognitive Status ​ ​ ​ ​ 0.00E+00 0.00E+00
Cognitive impairment, not MCI 136(1.20 %) 0(0.0e + 0 %) 6(0.05 %) 142(1.26 %) ​ ​
Dementia 4421(39.10 %) 0(0.0e + 0 %) 296(2.62 %) 4717(41.71 %) ​ ​
MCI 1446(12.79 %) 0(0.0e + 0 %) 83(0.73 %) 1529(13.52 %) ​ ​
Normal cognition 0(0.0e + 0 %) 4920(43.51 %) 0(0.0e + 0 %) 4920(43.51 %) ​ ​
Age ​ ​ ​ ​ ​ ​
Mean ± SD 77.36 ± 10.04 81.64 ± 7.81 82.01 ± 7.73 79.38 ± 9.31 ​ ​
Median [min-max] 79.00 [35.00,105.00] 82.00 [37.00,101.00] 83.00 [52.00,98.00] 80.00 [35.00,105.00] ​ ​
BMI ​ ​ ​ ​ ​ ​
Mean ± SD 26.03 ± 4.33 26.25 ± 4.80 27.08 ± 4.63 26.16 ± 4.55 ​ ​
Median [min-max] 25.90 [14.80,51.00] 25.60 [13.80,48.20] 26.20 [16.90,52.40] 25.80 [13.80,52.40] ​ ​
Education Years ​ ​ ​ ​ ​ ​
Mean ± SD 15.92 ± 6.09 16.22 ± 4.94 15.19 ± 3.60 16.02 ± 5.55 ​ ​
Median [min-max] 16.00 [0.0e + 0,99.00] 16.00 [5.00,99.00] 16.00 [3.00,24.00] 16.00 [0.0e + 0,99.00] ​ ​
APOE ε4 Allele ​ ​ ​ ​ 1.50E-219 4.40E-219
0 2639(23.34 %) 3552(31.41 %) 204(1.80 %) 6395(56.55 %) ​ ​
1 2635(23.30 %) 1286(11.37 %) 153(1.35 %) 4074(36.03 %) ​ ​
2 729(6.45 %) 82(0.73 %) 28(0.25 %) 839(7.42 %) ​ ​
CDR Global Score ​ ​ ​ ​ 0.00E + 00 0.00E + 00
0 78(0.69 %) 4576(40.47 %) 3(0.03 %) 4657(41.18 %) ​ ​
0.5 2637(23.32 %) 341(3.02 %) 160(1.41 %) 3138(27.75 %) ​ ​
1 2149(19.00 %) 2(0.02 %) 133(1.18 %) 2284(20.20 %) ​ ​
2 928(8.21 %) 1(8.8e-3 %) 72(0.64 %) 1001(8.85 %) ​ ​
3 211(1.87 %) 0(0.0e + 0 %) 17(0.15 %) 228(2.02 %) ​ ​
CDR Sum ​ ​ ​ ​ ​ ​
Mean ± SD 5.47 ± 4.11 0.09 ± 0.37 6.05 ± 4.30 3.14 ± 4.11 ​ ​
Median [min-max] 4.50 [0.0e + 0,18.00] 0.0e + 0 [0.0e + 0,12.00] 5.00 [0.0e + 0,18.00] 1.00 [0.0e + 0,18.00] ​ ​

Note: Data presented as n (%) for categorical variables and mean ± SD for continuous variables. P-values calculated using χ² test for categorical variables and ANOVA 
for continuous variables. FDR = False Discovery Rate adjusted p-values. AD = Alzheimer’s disease; BMI = Body Mass Index; CDR = Clinical Dementia Rating; MCI =
Mild Cognitive Impairment.
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scores showed pronounced differences, with controls achieving near- 
ceiling performance (28.90 ± 1.29) compared to substantially 
impaired scores in AD patients (21.65 ± 6.49) and AD + Stroke patients 
(22.17 ± 6.22). Boston Naming Test results showed controls performing 
best (28.25 ± 7.43), with AD patients most impaired (26.83 ± 20.55) 
and AD + Stroke patients intermediate (28.36 ± 22.31), though large 
standard deviations indicated considerable heterogeneity in AD groups.

Memory assessments consistently favored controls, with Logical 
Memory scores of 15.40 ± 8.57 in controls versus 11.82 ± 23.64 in AD 
patients and 14.98 ± 26.64 in AD + Stroke patients. Digit span testing 
showed counterintuitively higher means in AD groups due to "cannot 
assess" codes (95–98) included in scoring, as evidenced by maximum 
values of 98.00. Semantic fluency demonstrated expected patterns, with 
controls outperforming both AD groups on animal naming (20.03 ±
8.52 vs 16.39 ± 20.02 for AD and 18.11 ± 23.52 for AD + Stroke). Trail 
Making Test A revealed substantial impairment in dementia groups, 
with controls completing tasks in 57.50 ± 139.38 s compared to 175.74 
± 305.81 s for AD patients and 198.09 ± 331.30 s for AD + Stroke 
patients.

3.3. Neuropathological characteristics

Neuropathological examination revealed significant differences 
across all Alzheimer’s disease-related pathological markers (p < 0.001) 
(Supplementary materials: Table 2). Braak neurofibrillary tangle staging 
demonstrated advanced pathology (B3) in 74.4 % of AD patients 
compared to 23.0 % of controls and 60.8 % of AD + Stroke patients. 
Early-stage pathology (0-B2) predominated in controls (72.9 %) versus 
AD patients (22.0 %) and AD + Stroke patients (39.0 %).

CERAD neuritic plaque assessment showed severe pathology (C3) in 
61.2 % of AD patients, 20.0 % of controls, and 44.9 % of AD + Stroke 
patients. Absence of significant plaques (C0) characterized 39.9 % of 
controls compared to 11.3 % of AD patients and 16.1 % of AD + Stroke 
patients. Thal amyloid-β phasing revealed advanced deposition (A3) in 
78.7 % of AD patients, 42.7 % of controls, and 71.4 % of AD + Stroke 
patients.

White matter rarefaction showed significant group differences (p =
1.60 × 10⁻⁸), with severe changes most common in AD patients (10.3 %) 
compared to controls (7.6 %) and AD + Stroke patients (9.1 %). Brain 
weight was highest in controls (1203.70 ± 139.97 g) and lowest in AD 
patients (1141.69 ± 157.18 g), with AD + Stroke patients showing in
termediate values (1153.30 ± 122.43 g).

3.4. Survival analysis and risk factor assessment

Cox regression analysis demonstrated that stroke was a significant 
independent predictor of mortality across all models (Table 2). In the 
unadjusted model (Model 1), stroke was associated with a 3.84-fold 
increased hazard of death (95 % CI: 2.15–6.87, p = 2.45 × 10⁻⁶). After 
adjustment for demographic and genetic factors (Model 2), the stroke 
effect remained robust with an increased hazard ratio of 4.23 (95 % CI: 
2.34–7.65, p = 8.91 × 10⁻⁷). Male gender emerged as a significant risk 
factor (HR=1.87, 95 % CI: 1.32–2.65, p = 4.23 × 10⁻⁴), while APOE ε4 
allele carriers showed dramatically elevated mortality risk, with ho
mozygotes demonstrating particularly high hazard ratios (HR=7.24, 95 
% CI: 2.68–26.42, p = 3.87 × 10⁻⁴).

The fully adjusted model (Model 3) incorporating neuropathological 
variables revealed that stroke remained the strongest mortality predic
tor, with the hazard ratio increasing to 5.91 (95 % CI: 2.84–12.31, p =
4.67 × 10⁻⁶). Among neuropathological markers, CERAD neuritic plaque 
staging showed significant associations, with moderate plaque burden 
(C2) conferring the highest mortality risk (HR=4.72, 95 % CI: 
1.96–11.38, p = 5.67 × 10⁻⁴) and mild burden (C1) also significantly 
elevated (HR=2.94, 95 % CI: 1.43–6.04, p = 3.45 × 10⁻³). Thal amyloid 
phasing demonstrated that advanced deposition (A3) was associated 
with increased mortality risk (HR=2.35, 95 % CI: 1.05–5.25, p = 3.78 ×
10⁻²). Unexpectedly, severe white matter rarefaction appeared protec
tive (HR=0.38, 95 % CI: 0.15–0.98, p = 4.67 × 10⁻²), while Braak 
staging, vascular pathology, and brain weight showed no significant 
associations with mortality.

3.5. Cumulative pathological burden and Alzheimer’s disease risk

The distribution of PBS revealed a clear dose-response relationship 
between cumulative neuropathological changes and AD risk (Table 3). 
The largest proportion of participants (39.98 %) fell into the moderate 
burden category (5–8 points), followed by high burden (27.91 %, 9–12 

Table 2 
Cox proportional hazards models for mortality risk.

Variables HR (95 % CI) p-value

Model 1 ​ ​
Stroke 3.84 (2.15–6.87) 2.45E-06
Model 2 ​ ​
Stroke 4.23 (2.34–7.65) 8.91E-07
Age 1.01 (0.99–1.03) 6.52E-01
Gender male 1.87 (1.32–2.65) 4.23E-04
Years of education 0.94 (0.88–1.01) 8.45E-02
APOE ε4 allele (1) 3.15 (2.19–4.53) 7.12E-10
APOE ε4 allele (2) 7.24 (2.68–26.42) 3.87E-04
Model 3 ​ ​
Stroke 5.91 (2.84–12.31) 4.67E-06
Age 1.02 (0.99–1.05) 1.23E-01
Gender male 2.18 (1.31–3.62) 2.67E-03
Years of education 0.93 (0.86–1.01) 9.14E-02
APOE ε4 allele (1) 2.41 (1.48–3.92) 4.15E-04
APOE ε4 allele (2) 3.12 (0.89–13.75) 7.83E-02
Braak staging ​ ​
Braak I/II 0.89 (0.12–6.54) 9.12E-01
Braak III/IV 0.52 (0.07–3.89) 5.23E-01
Braak V/VI 1.26 (0.15–10.47) 8.34E-01
CERAD staging ​ ​
CERAD (C1) 2.94 (1.43–6.04) 3.45E-03
CERAD (C2) 4.72 (1.96–11.38) 5.67E-04
CERAD (C3) 1.78 (0.71–4.47) 2.21E-01
Thal phasing ​ ​
Thal (A1) 0.91 (0.42–1.97) 8.15E-01
Thal (A2) 1.14 (0.45–2.89) 7.89E-01
Thal (A3) 2.35 (1.05–5.25) 3.78E-02
Vascular pathology ​ ​
Vascular 2.13 (0.31–14.67) 4.56E-01
White matter rarefaction ​ ​
None 1.00 (reference) –
Moderate 1.24 (0.67–2.29) 4.92E-01
Severe 0.38 (0.15–0.98) 4.67E-02
Whole brain weight 1.00 (0.99–1.00) 7.23E-01

Note: HR = Hazard Ratio; CI = Confidence Interval. Reference categories: Stroke 
= absent, Gender = female, APOE ε4 = 0 alleles, Braak = stage 0, CERAD = C0, 
Thal = A0, White matter rarefaction = none.

Table 3 
Pathological burden distribution and AD risk.

PBS Categories N (%) AD Cases 
(%)

Control 
(%)

OR (95 % CI) p-value

Low Burden 
(0–4)

2847 
(25.18 
%)

892 
(31.34 
%)

1955 
(68.66 %)

1.00 
(reference)

–

Moderate 
Burden 
(5–8)

4521 
(39.98 
%)

2687 
(59.43 
%)

1834 
(40.57 %)

3.21 
(2.89–3.57)

<0.001

High Burden 
(9–12)

3156 
(27.91 
%)

2134 
(67.62 
%)

1022 
(32.38 %)

4.58 
(4.08–5.14)

<0.001

Very High 
Burden 
(13–16)

784 
(6.93 %)

290 
(76.98 
%)

109 
(23.02 %)

5.84 
(4.65–7.33)

<0.001

Note: PBS = Pathological Burden Score (range: 0–16); OR = Odds Ratio; CI =
Confidence Interval.
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points), low burden (25.18 %, 0–4 points), and very high burden (6.93 
%, 13–16 points). Within each burden category, the proportion of AD 
cases increased dramatically with rising pathological load, demon
strating a strong gradient effect.

Participants with low pathological burden served as the reference 
group, with 31.34 % having AD diagnosis. The moderate burden group 
showed a substantial increase in AD prevalence to 59.43 %, corre
sponding to a 3.21-fold increased odds of AD (95 % CI: 2.89–3.57, p <
0.001). High burden participants demonstrated even greater AD risk, 
with 67.62 % having AD diagnosis and an odds ratio of 4.58 (95 % CI: 
4.08–5.14, p < 0.001). The very high burden category exhibited the 
most severe risk profile, with 76.98 % of participants having AD and the 
highest odds ratio of 5.84 (95 % CI: 4.65–7.33, p < 0.001). This pro
gressive escalation in both AD prevalence and odds ratios across burden 
categories provided compelling evidence for the cumulative effect of 
multiple pathological processes in driving AD development.

3.6. Risk stratification by pathological co-occurrence

Risk stratification analysis revealed a dramatic escalation in AD risk 
with increasing pathological complexity (Fig. 1). Participants without 
any of the three major pathological components (AD pathology, stroke, 
vascular pathology) served as the reference group with 28.40 % AD 
prevalence. Single pathologies conferred moderate but significant risk 
elevations, with stroke showing the highest individual effect (52.00 % 
AD risk, OR=2.71, 95 % CI: 1.95–3.76, p < 0.001), followed by AD 
pathology alone (45.70 %, OR=2.12, 95 % CI: 1.82–2.47, p < 0.001), 
and vascular pathology alone (38.90 %, OR=1.58, 95 % CI: 1.32–1.89, p 
< 0.001).

Dual pathological combinations demonstrated substantial multipli
cative effects beyond individual components. AD combined with stroke 
yielded 76.90 % AD risk (OR=8.47, 95 % CI: 6.42–11.18, p < 0.001), 
while AD with vascular pathology produced 68.20 % risk (OR=5.23, 95 
% CI: 4.51–6.07, p < 0.001). The combination of stroke with vascular 
pathology resulted in 71.80 % AD risk (OR=6.35, 95 % CI: 4.32–9.34, p 
< 0.001). Most remarkably, participants with triple pathology (AD +
stroke + vascular pathology) exhibited catastrophic risk, with 89.30 % 
developing AD and an odds ratio of 19.87 (95 % CI: 12.84–30.74, p <
0.001), representing nearly 20-fold increased risk compared to those 
without pathological burden.

3.7. Stroke and age modify pathological burden effects on AD risk

Synergistic interactions between PBS and stroke on Alzheimer’s 
disease risk across distinct population strata, revealing profound 
amplification effects in cerebrovascular compromise settings (Fig. 2). 
Among stroke-free participants (N = 10,923), PBS demonstrated the 
anticipated dose-response relationship: moderate burden (PBS 5–8) 
conferred 3.01-fold increased odds with 57.6 % AD risk, while high 
burden (PBS 9–12) elevated risk to 4.52-fold with 67.1 % prevalence. 
Notably, the very high burden category (PBS 13–16) exhibited an un
expected pattern, showing 5.67-fold increased odds yet paradoxically 
reduced absolute risk (24.1 %), potentially attributable to survivor bias 
or selective mortality. Conversely, stroke survivors (N = 385) displayed 
consistently amplified risk escalation across all PBS categories: moder
ate burden reached 68.6 % AD prevalence (OR=3.78), high burden 
surged to 83.9 % (OR=8.67, 95 % CI: 3.89–19.31), while very high 
burden approached near-universal AD development at 92.5 % preva
lence (OR=12.45, 95 % CI: 4.12–37.63).

The age-stratified analysis unveiled even more pronounced differ
ential vulnerability patterns. Younger participants (<75 years, N =
4567) exhibited catastrophic risk amplification, with the combination of 
high PBS and stroke history generating an extraordinary 18.67-fold 
increased odds (95 % CI: 12.45–28.01, p < 0.001), representing near- 
certain progression to AD. In marked contrast, older participants (≥75 
years, N = 6741) showed substantially muted effects across all risk 
categories, with even the highest-risk combination yielding a compar
atively modest 7.89-fold increased odds (95 % CI: 5.23–11.91, p <
0.001). This comprehensive analysis confirmed statistically significant 
vascular-neurodegenerative synergy through formal interaction testing 
(interaction OR=1.23, 95 % CI: 1.08–1.40, p = 0.002), supporting the 
hypothesis that cerebrovascular compromise establishes a pathologi
cally vulnerable brain milieu wherein accumulated genetic and molec
ular burden exerts disproportionately devastating cognitive 
consequences. This phenomenon appears particularly pronounced in 
younger individuals, suggesting that while greater baseline cognitive 
reserve may initially mask pathological accumulation, the convergence 
of high genetic burden and cerebrovascular injury precipitates cata
strophic reserve depletion, culminating in accelerated cognitive deteri
oration and virtually inevitable AD progression.

Fig. 1. Risk Stratification by Pathological Co-occurrence: Escalating Alzheimer’s Disease Risk with Increasing Pathological Complexity.
Odds ratios and 95 % confidence intervals for AD development across 7 distinct pathological profiles, demonstrating progressive risk amplification from single 
pathologies to triple pathology combinations. Reference group: participants without AD pathology, stroke, or vascular pathology. Error bars represent 95 % con
fidence intervals. All comparisons significant at p < 0.001.
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4. Discussion

4.1. Principal findings

This comprehensive analysis of 11,308 participants from the Na
tional Alzheimer’s Coordinating Center database demonstrates that cu
mulative pathological burden, as measured by our novel PBS, exhibits a 
strong dose-response relationship with AD risk. Our findings reveal 
several critical insights into the complex pathophysiology underlying 
AD development and the synergistic interactions between multiple 
pathological processes.

The development of a composite PBS integrating six key neuro
pathological domains proved superior to individual pathological 
markers in predicting AD risk. The clear dose-response relationship 
across PBS categories, with very high burden conferring over 5-fold 
increased odds of AD development, supports the concept that cumula
tive pathological changes drive clinical manifestation more powerfully 
than any single pathological process. These finding challenges tradi
tional approaches that focus on individual neuropathological markers 
and suggests that comprehensive assessment of multiple domains may 
provide more accurate risk stratification.

4.2. Stroke-Pathological burden interactions

One of the most significant findings was the substantial interaction 
between stroke history and pathological burden in determining AD risk. 
The formal interaction analysis confirmed that stroke amplified the ef
fects of pathological burden, with the interaction odds ratio of 1.23 
indicating a 23 % increase in the relative effect of pathological burden 
among stroke patients. This interaction was most pronounced in the 
highest burden categories, where stroke patients with very high patho
logical burden exhibited 92.5 % AD risk compared to 24.1 % in non- 
stroke patients with equivalent burden.

These findings suggest that cerebrovascular compromise creates a 
vulnerable brain state where accumulating neuropathological changes 
have disproportionately severe consequences [39]. Several mechanisms 
may underlie this synergistic relationship. Stroke-induced tissue damage 
may reduce overall brain reserve, lowering the threshold at which 
additional pathological changes become clinically manifest [40,41]. 
Alternatively, cerebrovascular compromise may impair clearance 

mechanisms for toxic protein aggregates, accelerating the accumulation 
and spread of AD pathology [42,43]. The disruption of compensatory 
neural networks following stroke may also reduce the brain’s capacity to 
maintain cognitive function despite mounting pathological burden [44].

4.3. Age-dependent effects

Perhaps the most striking finding was the profound age-dependent 
modification of pathological burden effects. Younger participants 
(<75 years) demonstrated substantially more pronounced risk amplifi
cation across all burden categories, with the highest-risk combination of 
high burden plus stroke yielding catastrophic 18.67-fold increased odds. 
In contrast, older participants (≥75 years) showed markedly attenuated 
effects, with the same high-risk combination resulting in only 7.89-fold 
increased odds.

This age-dependent pattern suggests fundamental differences in how 
pathological burden manifests clinically across the lifespan. Several 
explanations may account for these observations [45]. First, younger 
individuals developing AD may represent a distinct phenotype charac
terized by greater genetic susceptibility or more aggressive pathological 
processes, leading to more severe consequences when additional insults 
occur [46]. Second, older survivors may represent a resilient population 
with greater baseline brain reserve, enabling them to better tolerate 
equivalent pathological burden. Third, competing mortality risks in 
older populations may prevent observation of the most severe outcomes, 
creating apparent attenuation of effects through selective survival.

The finding that pathological burden and cerebrovascular compro
mise exert their most devastating effects in younger individuals has 
important clinical implications. These results suggest that early identi
fication and aggressive management of vascular risk factors may be 
particularly crucial in younger populations, where the consequences of 
cerebrovascular events appear most severe [47].

4.4. Mechanistic implications

The striking synergistic effects observed between stroke and PBS 
scores likely reflect convergent pathological cascades that amplify 
neurodegeneration through multiple interconnected mechanisms. 
Vascular-amyloid interactions represent a primary pathway where 
stroke-induced BBB disruption fundamentally alters amyloid-β 

Fig. 2. Stroke and Age Modify Pathological Burden Effects on Alzheimer’s Disease Risk: Age-Stratified Analysis Reveals Differential Vulnerability Patterns.
PBS effects on AD risk stratified by stroke history and age groups. (A) Stroke-stratified analysis showing amplified PBS effects in stroke survivors versus stroke-free 
participants. (B) Age-stratified analysis revealing catastrophic risk amplification in younger participants (<75 years) compared to attenuated effects in older par
ticipants (≥75 years). PBS categories: Low (0–4), Moderate (5–8), High (9–12), Very High (13–16). Error bars represent 95 % confidence intervals.
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dynamics in genetically susceptible individuals [48]. Post-stroke BBB 
compromise impairs perivascular amyloid clearance while allowing 
increased infiltration of peripheral inflammatory mediators [49,50]. In 
individuals with elevated PBS scores harboring genetic variants 
affecting amyloid metabolism (APOE ε4, APP, PSEN1/2), this creates a 
"double hit" scenario where genetically enhanced amyloid production 
combines with vascularly impaired clearance [51–53]. Additionally, 
stroke-related vascular injury may accelerate cerebral amyloid angiop
athy progression, creating a vicious cycle where vascular amyloid 
deposition increases future stroke risk while stroke-induced damage 
promotes further vessel wall amyloid accumulation [54,55].

Neuroinflammatory amplification provides another critical mecha
nistic pathway explaining the observed interactions. Stroke triggers 
massive neuroinflammatory responses characterized by microglial 
activation, astrogliosis, and sustained cytokine release [56,57]. In in
dividuals with high PBS scores, particularly those carrying variants in 
neuroinflammation-related genes (TREM2, CD33, CR1), microglia may 
exist in a "primed" state with altered inflammatory thresholds and dys
regulated complement pathway regulation [58,59]. Post-stroke neuro
inflammation in these genetically susceptible individuals leads to 
sustained microglial hyperactivation, prolonged complement activation, 
and excessive synaptic pruning, ultimately resulting in accelerated 
neuronal damage and impaired tissue repair mechanisms that far exceed 
the sum of individual genetic and vascular contributions [60].

The cellular stress and network disruption mechanisms further 
explain why stroke-PBS interactions are particularly devastating. 
Stroke-induced energy failure and oxidative stress may overwhelm 
protein quality control mechanisms in individuals with genetic variants 
affecting proteostasis, autophagy, and mitochondrial function [61,62]. 
This leads to accelerated protein aggregation and cellular dysfunction 
characteristic of AD pathology [63]. Simultaneously, stroke can disrupt 
large-scale brain networks, particularly the default mode network 
preferentially affected in AD [64]. Individuals with high PBS scores may 
have genetically determined vulnerabilities in network connectivity and 
resilience, making post-stroke network disruption particularly detri
mental and potentially explaining the dramatic dementia risk increase 
observed in our high PBS + stroke group [65].

4.5. Clinical implications

These findings mandate fundamental shifts toward personalized 
dementia prevention and risk stratification approaches, with profound 
implications for clinical practice across age groups. The development of 
comprehensive pathological burden assessment through PBS could 
inform prognostic discussions and guide therapeutic decision-making in 
both research and clinical settings, particularly for identifying high-risk 
phenotypes such as younger individuals with combined pathological 
burden and cerebrovascular compromise. For these high-risk pop
ulations, aggressive cerebrovascular risk factor management becomes 
paramount and enhanced stroke prevention measures including anti
platelet therapy consideration and atrial fibrillation screening. The 
profound age-dependent effects observed underscore the critical 
importance of age-specific approaches, as traditional risk factors and 
interventions developed in older populations may have substantially 
different effects in younger individuals, necessitating tailored strategies 
that recognize the catastrophic risk patterns unique to younger partici
pants with combined pathologies.

The implementation of PBS in clinical practice offers significant 
advantages for comprehensive risk stratification, particularly in memory 
clinics, neurology inpatient settings, and post-stroke follow-up care. 
Routine integration of PBS through advanced neuroimaging, biomarkers 
(amyloid and tau PET imaging, cerebrospinal fluid markers), and digital 
health records could enable clinicians to identify high-risk patients 
warranting intensive monitoring, personalized care planning, and early 
intervention before irreversible vascular-neurodegenerative cascade 
initiation. PBS-based risk categorization could support shared decision- 

making regarding aggressive vascular risk management, lifestyle mod
ifications, and consideration of emerging disease-modifying therapies 
for those with high pathological burden. Regular neurological surveil
lance through annual cognitive assessments and MRI monitoring for 
subclinical vascular changes should be implemented for high-risk in
dividuals. In research settings, PBS could enhance patient selection for 
clinical trials targeting mixed-pathology dementia and facilitate longi
tudinal monitoring of intervention efficacy. As biomarker and imaging 
technologies mature, adaptation of PBS into non-invasive clinical as
sessments may help translate neuropathological insights into practical 
precision medicine approaches for dementia prevention and treatment.

4.6. Limitations

Several limitations should be acknowledged in interpreting these 
findings. The cross-sectional design limits our ability to establish tem
poral relationships between pathological processes and their clinical 
consequences. The retrospective nature of data from the NACC database 
introduces potential biases that may limit generalizability. The study 
population represents participants from specialized Alzheimer’s Disease 
Research Centers, who may systematically differ from the general pop
ulation in socioeconomic status, education levels, healthcare access, and 
research participation willingness. NACC participants may also repre
sent a selected group with heightened awareness of cognitive symptoms 
or family history, introducing referral bias that could inflate observed 
pathological associations.

Survival bias represents a significant limitation, particularly in older 
age groups and autopsy-based studies. Individuals with severe patho
logical burden and aggressive disease trajectories may experience higher 
mortality before autopsy, leading to systematic underrepresentation of 
severely affected cases. This selective survival could explain: (1) 
apparent attenuation of pathological burden effects in older partici
pants; (2) counterintuitive findings such as unexpectedly lower AD risk 
(24.1 %) in non-stroke participants with very high pathological burden, 
potentially reflecting preferential survival of resilient individuals; and 
(3) underestimation of true pathological burden effects in the general 
population. This bias may be particularly pronounced in stroke- 
stratified analyses, where individuals face competing mortality risks.

Additionally, retrospective reliance on autopsy data creates selection 
biases, as brain donors may differ systematically from non-donors. The 
age-dependent patterns observed might partially reflect differential 
survival patterns rather than purely biological effects. The PBS, while 
comprehensive, was constructed using available variables and may not 
capture all relevant pathological processes. Future longitudinal studies 
with systematic mortality tracking, competing risk analyses, and diverse 
population sampling would be essential to enhance generalizability and 
disentangle biological effects from survival bias artifacts.

4.7. Future directions

Future research should refine PBS using machine learning to deter
mine optimal pathological domain weights beyond equal weighting 
assumptions. Integrating additional markers such as TDP-43 pathology, 
α-synuclein deposits, and microglial activation may enhance predictive 
accuracy. Longitudinal studies are needed to track pathological burden 
accumulation and assess relationships with cognitive decline 
trajectories.

Investigating genetic factors moderating pathological burden- 
clinical relationships, particularly APOE genotype and vascular vari
ants, could provide insights into individual vulnerability. Developing 
risk models integrating genetic, pathological, and clinical factors will 
support precision medicine. Biomarker development should focus on 
neuroimaging and fluid correlates reflecting neuropathological burden.

Implementation studies should develop simplified PBS versions, 
establish risk stratification thresholds, and design clinical decision 
support tools. Validation across diverse populations is essential for 
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generalizability, while evaluating cost-effectiveness of PBS-guided in
terventions will inform clinical adoption.

5. Conclusions

This study demonstrates that cumulative pathological burden 
significantly determines AD risk, with important interactions involving 
stroke history and age. Comprehensive pathological burden assessment 
tools could enhance risk stratification and guide therapeutic strategies. 
The pronounced age-dependent effects underscore the need for age- 
specific prevention approaches, particularly aggressive vascular risk 
management in younger populations. These findings advance under
standing of AD pathophysiology and support personalized dementia care 
strategies.
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