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Abstract

INTRODUCTION.—APOE genotype is a driver of cognitive decline and dementia. We used 

causal mediation methods to characterize pathways linking APOE genotype to late-life cognition 

through Alzheimer’s disease (AD) and non-AD neuropathologies.

METHODS.—We analyzed autopsy data from 1,671 individuals from the ROS/MAP/MARS 

studies with cognitive assessment within 5 years of death and autopsy measures of AD (amyloid-

β, neurofibrillary tangles), vascular (athero/arteriolo-sclerosis, micro/macro-infarcts) and non-AD 

neurodegenerative neuropathologies (TDP-43, Lewy Bodies, amyloid angiopathy, hippocampal 

sclerosis).

RESULTS.—The detrimental effect of APOE-ε4 on cognition was mediated by summary 

measures of AD and non-AD neurodegenerative neuropathologies but not vascular 

neuropathologies; effects were strongest in individuals with dementia. The protective effect of 

APOE-ε2 was partly mediated by AD neuropathology and stronger in women than men.

DISCUSSION.—APOE genotype influences cognition and dementia through multiple 

neuropathological pathways, with implications for different therapeutic strategies targeting people 

at increased risk for dementia.

Keywords

APOE; neuropathology; causal mediation; amyloid; tau; multiple pathologies; dementia; aging; 
cognition

1. Background

The apolipoprotein (APOE) genotype is the strongest known genetic risk factor for dementia 

[1]. Compared to the APOE-ε3/ε3 genotype, the APOE-ε4 allele is associated with more 

severe cognitive decline and higher dementia risk, while APOE-ε2 has the opposite 

effect [2–5]. New insights into mechanisms underlying these effects could enhance our 

understanding of disease pathogenesis and aid the development of strategies to prevent or 

delay disease [6].

Prior mediation analyses have shown that effects of the APOE-ε2 and -ε4 alleles 

on cognition are partially mediated through their effects on Alzheimer’s disease (AD) 

neuropathology, including amyloid-β and tau [7–10]. However, effects of the APOE 

genotype extend beyond its impact on AD neuropathology. The APOE protein has a central 

role in lipid metabolism, and APOE genotype is associated with cardiovascular disease and 

cardiovascular disease risks, including stroke, atherosclerosis, white matter hyperintensities, 

and myocardial infarction, as well as levels of oxidative stress and inflammation [11–17]. 

One prior study found TDP-43 significantly mediated the association between the APOE-ε4 

allele and hippocampal sclerosis and was associated with faster cognitive decline [18]. 

Another study found that cholesterol partially mediated the association between the APOE-

ε2 allele and verbal memory [19]. However, other efforts to establish non-AD mediators of 

the association between the either the APOE-ε2 or -ε4 allele and cognition or dementia have 

yielded null findings [10,20–22].
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This study used data from the Religious Orders Study, Memory and Aging Project, and 

Minority Aging Research Study (ROS/MAP/MARS) to advance and extend prior research 

on mediators of the effect of both the APOE-ε2 and ε4 alleles on cognition. We used causal 

mediation methods, which have distinct advantages over traditional mediation approaches, 

including allowing for interaction between exposures (i.e. APOE genotype) and mediators 

(i.e. neuropathologies) [23]. Although evidence suggests that APOE genotype interacts 

with AD neuropathologies, few prior studies used these methods [24–26]. Additionally, we 

assessed a range of different measures of AD neuropathology to better understand which 

components have the strongest mediating effects. Because APOE has a wide range of 

biological effects, we also assessed the role of vascular (e.g. atherosclerosis, microinfarcts) 

and non-AD neurodegenerative (e.g. TDP-43, cerebral amyloid angiopathy) pathologies. 

Finally, we evaluated differences in mediating pathways by sex and clinical dementia status, 

as existing evidence suggests both factors moderate associations between APOE genotype 

and both cognition and neuropathology [27–31].

2. Method

2.1 Study sample

We used data from three ongoing cohort studies conducted through the Rush Alzheimer’s 

Disease Center. The Religious Orders Study (ROS) has recruited Catholic nuns and priests 

in the US since 1994, the Memory and Aging Project (MAP) has recruited older adults 

from northeastern Illinois since 1997, and the Minority Aging Research Study (MARS) has 

recruited older African Americans from northeastern Illinois since 2004. All participants 

gave informed consent and each study was approved by the Rush University Medical Center 

Institutional Review Board.

Of the 2,330 decedents in the three studies, there were 1,834 participants with autopsy 

data (79%). We excluded those with missing data on APOE genotype (N=61), those with 

an ε2/ε4 genotype (N=38), those with missing data on global cognition (N=5), and those 

with greater than 5 years between their last cognitive assessment and death (N=53). We 

additionally excluded those who identified as a race other than White/Black, as this group 

was too small to appropriately characterize (N=6). For analyses with each mediator, we 

excluded individuals with missing data on the mediator of interest (min N=0; max N=189) 

(Appendix figure S1).

2.2 APOE Genotyping

APOE genotype was determined by sequencing codons 112 and 158 of the APOE gene 

in DNA extracted from peripheral blood or frozen postmortem brain tissue. APOE-ε2 or 

-ε4 carriers were defined as individuals with either 1 or 2 copies of the ε2 or ε4 allele, 

respectively; hetero- and homozygotes were grouped together. APOE-ε2/4 carriers were 

excluded from analyses.

2.3 Measures of Alzheimer’s disease (AD)

We used pathologic diagnosis of AD using the National Institute on Aging (NIA) Reagan 

criteria (0–3 point scale) as our primary measure of AD neuropathology [32]. NIA-Reagan 
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criteria are based on Braak stage (summarizing neurofibrillary tangle pathology) and 

CERAD neuritic plaque score.

In addition to NIA-Reagan score, Braak score, and CERAD score, we examined four 

continuous measures of AD neuropathology. Amyloid-β neuritic plaques, diffuse plaques, 

and neurofibrillary tangles were visualized in five cortical areas using Bielschowsky silver 

staining; scaled scores were averaged across regions. A continuous measure of global 

AD neuropathology was computed as the average of these three summary scores (details 

in Appendix). Because continuous variables were right-skewed, we used square root 

transformed measures [33].

2.4 Non-AD neuropathological measures and summary scores

We considered 8 non-AD neuropathologies: arteriolosclerosis, atherosclerosis, cerebral 

amyloid angiopathy (CAA), Lewy body pathology, hippocampal sclerosis, macroinfarcts, 

microinfarcts, and TDP-43. To limit the number of primary analyses, we created two 

composites (vascular [arteriolosclerosis, atherosclerosis, macro- and microinfarcts] vs. 

neurodegenerative [CAA, Lewy bodies, hippocampal sclerosis, TDP-43]) based on parallel 

analysis and principal components analysis (see Appendix). Although CAA could be 

conceptualized as a vascular pathology, based on our data driven analysis and prior 

investigations into genetic and non-genetic risks for CAA, we categorized CAA as a 

neurodegenerative pathology [34,35]. Indicators were scaled and summed such that each 

indicator contributed equally; z-scores were computed so results would be interpretable in 

terms of standard deviation units.

2.6 Measurement of Cognition

We used global cognition proximate to death as our primary outcome. Global cognition 

was computed as the average z-score of 19 cognitive tests, covering a range of cognitive 

domains, including memory, executive functioning, and visuospatial ability (details in 

Appendix) [36]. We averaged cognitive scores from the last three annual visits before death 

to provide a more stable measure of cognition at the end of life. Where there were fewer 

than three visits with cognitive test scores available before death, we used scores from either 

2 visits (N=78) or 1 visit (N=88). An ANOVA test for differences in cognitive z-score for 

those with 2 or 1 visit compared to 3 visits revealed no significant differences (p=0.34).

2.5 Other key variables

Age at death, self-reported sex, self-reported race (Black vs. White), self-reported years of 

education, and the interval between death and the last cognitive visit were used as covariates 

in statistical models. Clinical dementia status at death was determined by adjudication 

procedures based on clinical data and was blinded to autopsy findings [36].

2.6 Causal mediation methods

We used causal mediation methods to assess whether AD and non-AD neuropathologies 

mediated associations between APOE genotype and cognition [37,38]. We estimated natural 

direct and indirect effects using a counterfactual framework. Within this framework, we 

quantified comparisons in expected cognitive levels of participants in three hypothetical 
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situations: (1) the scenario in which all participants had the exposure of interest (either 

the ε2 or ε4 allele) and the mediator value they would naturally be expected to have 

given their exposure, (2) the scenario in which all participants had the reference exposure 

(ε3/ε3 genotype) and the mediator value they would naturally be expected to have given 

this reference exposure, and (3) the cross-world scenario in which all participants had the 

exposure of interest (either the ε2 or ε4 allele) and the mediator value they would be 

expected to have if they had instead had the reference exposure. The natural indirect effect 

contrasts scenarios (1) and (3); only the mediator value changes while exposure level is held 

constant. The natural direct effect contrasts scenarios (2) and (3); only the exposure changes 

while the mediator level is held constant. We estimated contrasts using regression modeling 

to predict counterfactual outcomes for all participants and subtracting these outcomes to 

quantify effects on the additive scale (details in the Appendix). We used bootstrapping with 

1,000 replications to calculate 95% Confidence Intervals.

2.7 Analytic plan

We first characterized distributions of demographic characteristics, cognitive scores, 

and neuropathologic features by APOE status. We made select comparisons using chi-

squared test for categorical variables and t-tests for continuous variables. Mediation 

analyses had five steps (Figure 1). We assessed whether NIA Reagan Score mediated 

the association between APOE genotype (ε2 or ε4 carriers compared to ε3/ε3 genotype) 

and cognition proximal to death. Then, we contrasted mediation results across different 

measures of AD neuropathology: NIA Reagan score, CERAD score, Braak stage, and 

continuous measures of global AD neuropathology density (neuritic and diffuse plaques, 

and neurofibrillary tangles). Next, we assessed whether summary measures of vascular and 

non-AD neurodegenerative pathologies mediated associations between APOE genotype and 

cognition. If the summary measure was a statistically significant mediator, we evaluated 

the component parts and repeated mediation analyses after controlling for NIA Reagan 

Score to understand if the observed mediation was independent of AD neuropathology. 

We then repeated mediation analyses for our primary AD and any significant non-AD 

neuropathological measures after stratifying by sex to understand whether processes differ 

between men and women. Last, we repeated analyses after stratifying by clinical dementia 

status at death to further probe whether effects where driven by those with clinical dementia.

3. Results

3.1 Sample characteristics

Of 1,671 total participants, 399 were APOE-ε4 carriers (28 homozygotes) and 232 were 

APOE-ε2 carriers (9 homozygotes) (Table 1). Relative to the APOE-ε3/ε3 genotype, APOE-

ε4 carriers were younger at death (p<0.001), had a longer interval between their last visit 

and death (p=0.027), had more years of education (p=0.008), and were more likely to 

be Black (p=0.034). APOE- ε2 carriers had fewer years of education than those with the 

APOE-ε3/ε3 genotype (p=0.040); differences on other demographic variables were not 

statistically significant.
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3.2 NIA Reagan score as a mediator of the association between APOE genotype and 
cognition

Compared to those with the APOE-ε3/ε3 genotype, those with the APOE-ε4 genotype had 

higher NIA Reagan scores (Figure 2 Panel A) and lower levels of global cognition (Figure 

2 Panel B), whereas those with the APOE-ε2 genotype had lower NIA Reagan scores 

and higher global cognition scores (Appendix Table S1). NIA Reagan score significantly 

mediated both the harmful effect of the APOE-ε4 allele and the protective effect of APOE-

ε2 allele on global cognition (Figure 2 Panel C). Those with the APOE-ε4 genotype had 

cognitive scores that were −0.32 (95% CI −0.18 – −0.51) SD units lower than those with 

the APOE-ε3/ε3 genotype mediated through changes in NIA Reagan score, whereas we 

estimated that the APOE-ε2 genotype was associated with a global cognitive score 0.13 

(95% CI 0.03 – 0.26) SD greater than those with the APOE-ε3/ε3 due to changes in NIA 

Reagan score. We also found evidence of significant direct effects of APOE-ε4 and -ε2 

alleles on global cognition, indicating that other factors beyond NIA Reagan score contribute 

to the effect of APOE genotype on cognition (Figure 2 Panel C).

3.3 Differences between AD neuropathological measures as mediators

APOE genotype was strongly associated with all AD neuropathology measures examined 

and all AD neuropathology measures were associated with late-life cognition (Appendix 

Tables S2 & S3). Mediation findings were generally consistent across the range of AD 

neuropathology measures available (Appendix Figure S4). There were no clear differences 

when comparing continuous measures (i.e. continuous neurofibrillary tangles measure) 

versus summary ordinal variables (i.e. Braak stage). However, compared with other 

measures, when considering diffuse plaques as a mediator, the indirect (mediational) effect 

was smaller and the direct effect was larger. For example, the effect of the APOE-ε4 allele 

on cognition via changes in diffuse plaques was −0.12 SD units (95% CI −0.05 – −0.19) but 

the effect via changes in CERAD score was −0.54 SD units (95% CI −0.36 – −0.71).

3.4 Mediating role of non-AD pathologies on the effect of APOE genotype on cognition

All non-AD pathologies considered were associated with late-life cognition (Appendix Table 

S4). However, only the APOE- ε4 allele was associated with non-AD neurodegenerative 

pathologies and APOE genotype was not associated with vascular pathologies considered 

(Appendix Table S5). In line with these descriptive findings, the composite measure of 

vascular pathologies did not mediate the effect of APOE genotype on cognition (Figure 3). 

However, the summary score of non-AD neurodegenerative pathologies was a significant 

mediator of the effect of the APOE-ε4 allele on cognition; we estimated that differences 

in non-AD neurodegenerative pathologies were responsible for those with the APOE-ε4 

allele having a global cognitive functioning score that was 0.21 (95% CI 0.15 – 0.28) 

SD units lower than those with the APOE-ε3/ε3 genotype. In comparison, non-AD 

neurodegenerative pathology was not a significant mediator of the effect of the APOE-

ε2 allele on cognition (indirect effect: 0.01 [95% CI −0.02–0.04]). Individual mediation 

models evaluating each of the four components of the non-AD neurodegenerative pathology 

summary score indicated that patterns generally held, although the indirect (mediational) 

effect of APOE-ε4 was larger for TDP-43 and cerebral amyloid angiopathy compared 
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to hippocampal sclerosis and Lewy body pathology (Appendix Figure S5). The indirect 

effect of the APOE-ε4 genotype on cognition via the non-AD neurodegenerative pathology 

summary score remained statistically significant in models controlling for NIA Reagan 

score, indicating this mediation finding was not attributable to correlations between AD and 

non-AD neurodegenerative pathologies.

3.5 Sex differences in AD and non-AD mediators of APOE genotype on cognition

Women were more likely to have a higher NIA Reagan Score compared to men, 

although results were not statistically significant (Figure 4 Panel A; Appendix Table S6). 

Additionally, when considering global cognition as an outcome, there was a significant 

interaction between sex and the APOE-ε2 allele, such that among women APOE- ε2 

carriers had better global cognition compared to those with the APOE-ε3/ε3 genotype; 

a similar difference was not present in men (Figure 4 Panel C). NIA Reagan score and 

non-AD neurodegenerative pathologies both significantly mediated the association between 

the APOE-ε4 allele and cognition in men and women. While not achieving statistical 

significance, the mediational effect of NIA Reagan Score was larger in women (SD unit 

difference: −0.41 [95% CI −0.17 – −0.72]) compared to men (SD unit difference: −0.21 

[95% CI −0.04 – −0.45]). The effect of the APOE-ε2 allele on cognition via NIA Regan 

score was statistically significant in women by not men. Additionally, we found strong direct 

effects of the APOE-ε2 allele on cognition through pathways other than the considered 

mediators in women but not in men.

3.6 Difference in AD and non-AD mediators of APOE genotype on cognition by clinical 
dementia status

Those with dementia at death had higher NIA Reagan scores (Figure 5 Panel A), higher 

levels of non-AD neurodegenerative pathologies (Figure 5 Panel B), and lower levels of 

cognitive functioning (Figure 5 Panel C). The APOE-ε4 allele was significantly associated 

with NIA-Reagan scores and non-AD neurodegenerative pathology in those with and 

without dementia (Appendix Table S7). Mediation analyses suggested that NIA Reagan 

score mediated the effect of the APOE-ε4 allele on cognition in those with and without 

dementia (Figure 5 Panel D). In contrast, non-AD neurodegenerative pathology was a 

significant mediator of the association between the APOE-ε4 allele in those with dementia 

but not in those who without clinical dementia at death. The indirect effect of the APOE-ε2 

allele on cognition through NIA Reagan score was only observed in those without dementia 

(Figure 5 Panel D).

4. Discussion

Our study showed that both AD and non-AD neurodegenerative pathology mediated 

associations between APOE genotype and late-life cognition. Although effects of the APOE-

ε2 and -ε4 alleles were in opposite directions, discrepancies in mediation results suggest 

mechanistic pathways may differ. AD neuropathology mediated the effect of the APOE-ε4 

allele on cognition in those with and without dementia; however, the protective mediating 

effect of AD pathology in the association between the APOE-ε2 allele and cognition was 

driven by those without clinical dementia at death. Non-AD neurodegenerative pathologies 
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were a mediator for the association between APOE-ε4 (but not the ε2 allele) and cognitive 

function, and this finding was driven by those with clinical dementia. The effect of 

the APOE-ε4 allele on cognition through non-AD neurodegenerative pathology remained 

statistically significant even after controlling for AD neuropathology, indicating that the 

mediating effect of non-AD neurodegenerative pathology is not merely due to its correlation 

with AD neuropathology. Instead, it suggests the presence of multiple pathways through 

which the APOE-ε4 allele is associated with cognitive impairment and dementia.

Findings were generally consistent across the majority of AD neuropathology measures 

considered, regardless of the proteinopathy they reflected (amyloid-β versus tau) or 

psychometric properties (ordinal scales versus quantitative measures). However, estimates 

for mediation through diffuse plaques were smaller than other measures, in line with the 

hypothesis that diffuse plaques are less neurotoxic and play a smaller role in associations 

between APOE genotype and cognition [39,40]. Estimates of total and mediated effects 

were somewhat smaller using continuous measures of AD neuropathologies compared to 

ordinalized forms of the same underlying pathology. In this study, ordinal measures take into 

account neuropathology location, whereas continuous variables average all brain regions; 

location of neuropathologies may contain important additional information. Although many 

researchers argue against categorizing continuous variables, our findings suggest that the 

ordinal forms of the neuropathology measures examined isolate meaningful variation in 

constructs while ameliorating the noise imposed by sampling and measurement error 

inherent in standard neuropathology methods [41,42].

Prior studies have found that vascular neuropathologies such as atherosclerosis, lacunar 

infarcts, and micro- and macro-infarcts did not significantly mediate the association between 

APOE genotype and late-life cognition, in line with our findings [10,21,22]. The only 

vascular pathway that has previously shown consistent links with APOE genotype is CAA 

[43]; however, we grouped CAA with neurodegenerative pathologies in this study based 

on a data driven approach (see details in Appendix). Despite these findings, individuals 

with Alzheimer’s disease commonly have comorbid vascular disease, which can lead to 

worse cognitive and clinical outcomes [44–47]. In tandem, results suggest that while 

vascular pathologies play a role in Alzheimer’s disease, the APOE genotype is not a shared 

mechanistic pathway linking late-life cognition and vascular pathways other than CAA.

However, in our sample, a summary measure of non-AD neurodegenerative pathologies 

significantly mediated the association between the APOE-ε4 allele and late-life cognition. 

This finding aligns with prior evidence that TDP-43 is associated with the APOE-ε4 

allele and faster cognitive decline [18]. The breakdown of our non-AD neurodegenerative 

pathology score indicated that of components considered, measures of TDP-43 and cerebral 

amyloid angiopathy had the largest contributions to effects observed for our summary 

score. Accumulating evidence supports a role for concomitant Lewy body, cerebral amyloid 

angiopathy, hippocampal sclerosis, and TDP-43 pathology in cognitive deficits of patients 

with Alzheimer’s disease [48–52]. Our results suggest that the APOE-ε4 allele represents 

one potential mechanism explaining some degree of interconnectedness between AD and 

non-AD neurodegenerative pathologies in late-life cognitive outcomes. In contrast, we did 

not find that non-AD neurodegenerative pathology mediated the protective effect of APOE-
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ε2 on late-life cognition. The absence of such a pathway may help explain the smaller 

protective effect of the ε2 allele in comparison to the harmful effect of the ε4 allele [31,53].

The majority of existing studies suggest that harmful effects of the APOE-ε4 allele are 

greater in women than men [28,31,54]. However, we found no sex difference in the effect of 

the APOE-ε4 allele on late-life cognition, in line with a smaller minority of published 

work [27,55]. Discrepant results could be due to the older age of participants in our 

sample, as effects of APOE genotype may be weaker at older ages [56]. In comparison, 

existing literature on sex differences in APOE-ε2 is more sparse and mixed [19,54,57]. 

In our sample, we found that the APOE-ε2 allele was protective for late-life cognition in 

women but not men. The effect of APOE-ε2 on cognition was partially mediated by AD 

neuropathology, but not non-AD neuropathology in women. The direct effect of APOE-ε2 

in women suggests that there is some effect of APOE-ε2 in women through pathways 

other than those considered here; factors related to immune and inflammatory responses 

or childhood cognitive development could be candidate pathways as there are known sex 

differences and ties to APOE genotype [58–61].

Our results have implications for drug development. Aducanumaub and the majority of 

drugs for Alzheimer’s disease in phase III clinical trials, target the removal of amyloid-β 
as a putative mechanism by which to alter disease pathogenesis [62,63]. Many clinical 

trials for anti-amyloid therapies showed large decreases in amyloid-β, but had inconclusive 

or null results for clinical outcomes [64,65]. Our results indicated the effects of the APOE-

ε4 allele are mediated not only through AD neuropathology but also through non-AD 

neurodegenerative pathology, suggesting that the causes of ε4-associated late-life cognitive 

impairment are multifaceted in those with the APOE-ε4 allele. Therefore, a single approach 

targeting one molecule (amyloid-β) may not be sufficient to alter outcomes for APOE- 

ε4 carriers. Personalized, genotype-specific treatments may be needed and combination 

therapy, pairing an anti-amyloid treatment with drugs targeting other neuropathological 

processes, could be a promising approach [66,67].

Notable strengths of the present study include the use of a large, well-characterized 

autopsy sample, the comparison of different measures of AD neuropathologies with largely 

consistent findings, and the implementation of causal mediation methods. However, some 

limitations warrant consideration. First, we were unable to establish temporality between 

the mediator and outcome; in fact, our outcome (late-life cognition) was assessed before 

neuropathology mediators. However, the processes that result in neuropathologic burden 

observed at autopsy take decades and theoretical models posit that pathology in the brain 

leads to cognitive deficits and clinical dementia [68]. Second, our sample is predominantly 

white and highly educated. Future research should explore whether findings will generalize 

to more diverse samples, especially given known interactions between APOE genotype and 

race [69,70]. Finally, differences in sample size between APOE-ε2 and APOE-ε4 carriers 

(N=232 for APOE-ε2; N=399 for APOE-ε4) led to differences in power and may affect 

comparisons. However, in addition to differences in statistical significance of estimates, we 

also observed differences in the magnitude of effect sizes.
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In summary, we found that both AD and non-AD neurodegenerative pathology mediated 

the association between the APOE-ε4 allele and late-life cognition. Our study shows that 

underlying genotypes can lead to more than one downstream cause of late-life cognitive 

impairment, and emphasizes the importance of considering both the traditional targets of AD 

research, amyloid-β and tau, as well as the development of other pathological processes in 

APOE-ε4 carriers.

Supplementary Material
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Highlights

• Both APOE-ε2 and -ε4 effects on late-life cognition are mediated by AD 

neuropathology

• Estimated mediated effects of most measures of AD neuropathology were 

similar

• Non-AD neurodegenerative pathologies mediate the effect of ε4 

independently from AD

• Non-AD vascular pathologies did not mediate the effect of APOE genotype 

on cognition

• Protective effect of APOE-ε2 on cognition was stronger in women
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Research in Context

Systematic Review.

We used PubMed and Google Scholar to review literature on i) the associations between 

APOE genotype and autopsy measures of AD and non-AD neuropathologies, and ii) 

mediation approaches to understand the effect of APOE genotype on cognitive deficits 

through neuropathological measures.

Interpretation.

Based on a sample of 1,671 participants with neuropathological assessment, we showed 

that the detrimental effect of APOE-ε4 on late-life cognition is mediated by both AD 

and non-AD neurodegenerative neuropathologies (TDP-43, cerebral amyloid angiopathy, 

hippocampal sclerosis, Lewy body pathology), especially in individuals with dementia. 

The protective effect of APOE-ε2 on cognitive function is partly mediated by AD 

neuropathology.

Future directions.

These results highlight the multiple pathways linking APOE genotype to cognitive 

decline and dementia, emphasizing the need for interventions that target multiple 

neuropathological processes to maximize therapeutic benefits. Investigations in more 

racially and socially diverse groups are needed to better characterize the impact of APOE 

genotype.
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Figure 1. 
Conceptual framework outlining the analytic steps included in causal mediation analyses. 

In the first step, we assessed whether AD pathology mediated the association between 

APOE genotype and late-life cognition. We then characterized variation in the observed 

associations across different measures of AD pathology. Third, we assessed whether 

vascular or neurodegenerative non-AD pathology mediated the association of interest. 

Finally, we explored whether observed mediating effects varied by sex or clinical dementia 

status.
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Figure 2. 
Associations between APOE status and NIA Reagan Score [A], APOE Status and Global 

Cognition [B], and the indirect and direct effects of the APOE-ε4 and ε2 alleles on cognition 

from causal mediation analysis [C]. The indirect effect represents the effect of APOE 

genotype on cognition through changes in NIA Reagan score; the direct effect represents the 

effect of APOE genotype on cognition via other pathways. The reference category in causal 

mediation models was the group of participants with an ε3/ε3 genotype. Categories of None 

and Low on the NIA Reagan score were collapsed for visualization purposes due to low cell 

counts in the None category.
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Figure 3. 
Comparison between NIA Reagan Score and non-AD Pathologies (vascular and non-AD 

neurodegenerative pathologies) as mediators of the association between APOE genotype 

and cognitive functioning. Those with the APOE ε3/ε3 genotype are the reference group in 

all analyses. Indirect effect represents the effect of APOE genotype on cognition through 

changes in the mediator; direct effect represents the effect of APOE genotype on cognition 

via other pathways. When controlling for NIA Reagan score in the entire mediation analysis, 

effects can be interpreted as the effect of APOE genotype on cognition, independent of NIA 

Reagan score.
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Figure 4. 
Associations between APOE genotype and NIA Reagan Score [A], APOE genotype and 

Non-AD pathology [B], APOE genotype and global cognition [C] and the indirect and 

direct effects of APOE genotype on cognition through NIA Reagan score and non-AD 

pathologies [D] stratified by sex. The indirect effect represents the effect of APOE genotype 

on cognition through changes in NIA Reagan score; the direct effect represents the effect 

of APOE genotype on cognition via other pathways. The reference category in causal 

mediation models was the group of participants with an ε3/ε3 genotype. Categories of None 

and Low on the NIA Reagan score were collapsed for visualization purposes due to low cell 

counts in the None category.
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Figure 5. 
Associations between APOE genotype and NIA Reagan Score [A], APOE genotype and 

Non-AD pathology [B], APOE genotype and global cognition [C] and the indirect and 

direct effects of APOE genotype on cognition through NIA Reagan score and non-AD 

pathologies [D] stratified by clinical dementia status at the time of death. The indirect effect 

represents the effect of APOE genotype on cognition through changes in NIA Reagan score; 

the direct effect represents the effect of APOE genotype on cognition via other pathways. 

The reference category in causal mediation models was the group of participants with an 

ε3/ε3 genotype. Categories of None and Low on the NIA Reagan score were collapsed for 

visualization purposes due to low cell counts in the None category.
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Table 1.

Sample characteristics, cognitive outcomes and select neuropathological measures by APOE genotype in the 

combined Religious Orders Study/Memory and Aging Project/Minority Aging Research Project sample 

(N=1671)

APOE E2 carriers APOE E3/E3 APOE E4 carriers

Number of Participants, N 232 1040 399

Number of homozygotes, N (%) 9 (3.9) 1040 (100.0) 28 (7.0)

Age at death in years, mean (SD) 90.4 (7.0) 89.5 (6.7) 88.2 (6.6)

Interval between death and last visit in years, mean (SD) 0.9 (0.8) 1.0 (0.9) 1.1 (1.0)

Education in years, mean (SD) 15.7 (3.2) 16.2 (3.7) 16.8 (3.6)

Females, N (%) 165 (71.1) 697 (67.0) 261 (65.4)

White participants, N (%) 220 (94.8) 999 (96.1) 372 (93.2)

Cognitive level - global, mean (SD) −0.4 (0.9) −0.6 (0.9) −1.1 (1.1)

Clinical dementia at death, N (%) 81 (34.9) 424 (40.8) 246 (61.7)

Pathological AD#, N (%) 107 (46.1) 620 (59.6) 327 (82.0)

CERAD score

 None, N (%) 94 (40.5) 287 (27.6) 33 (8.3)

 Mild, N (%) 26 (11.2) 88 (8.5) 22 (5.5)

 Moderate, N (%) 77 (33.2) 378 (36.3) 138 (34.6)

 Severe, N (%) 35 (15.1) 287 (27.6) 206 (51.6)

Braak stage

 Stage 0, N (%) 2 (0.9) 16 (1.5) 2 (0.5)

 Stage I-II, N (%) 47 (20.3) 186 (17.9) 41 (10.3)

 Stage III-IV, N (%) 161 (69.4) 600 (57.7) 182 (45.6)

 Stage V-VI, N (%) 22 (9.5) 238 (22.9) 174 (43.6)

Z-score of vascular pathology, mean (SD) 0.1 (1.1) 0.0 (1.0) 0.0 (1.0)

Z-score of non-AD neurodegenerative pathology, mean (SD) −0.2 (0.8) −0.2 (0.9) 0.3 (1.1)

*
SD = standard deviation,

#
based on NIA-Reagan score intermediate or high
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