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Abstract

Objectives: African Americans are at greater risk for developing Alzheimer disease (AD) 

dementia than non-Hispanic Whites. In addition to biological considerations (e.g., genetic 

influences; comorbid disorders), social and environmental factors may increase the risk of AD 

dementia. This paper (1) Assesses neuroimaging biomarkers of amyloid (A), tau (T), and 

neurodegeneration (N) for potential racial differences. (2) Considers mediating effects of 

socioeconomic status (SES) and measures of small vessel and cardiovascular disease on observed 

race differences.

Methods: Imaging measures of AT(N) (amyloid and tau positron emission tomography [PET] 

structural magnetic resonance imaging (MRI), and resting state functional connectivity (rs-fc) 

were collected from African American (n=131) and White (n=685) cognitively normal participants 

age 45 years and older. Measures of small vessel and cardiovascular disease (white matter 
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hyperintensities [WMH] on MRI, blood pressure, body mass index [BMI]) and area-based 

socioeconomic status (SES) were included in mediation analyses.

Results: Compared to White participants, African American participants had greater 

neurodegeneration, as measured by decreased cortical volumes (Cohen’s f2 = 0.05, p < 0.001). 

SES mediated the relationship between race and cortical volumes. There were no significant race 

effects for amyloid, tau, or rs-fc signature.

Interpretation: Modifiable factors such as differences in social contexts and resources, 

particularly area-level SES, may contribute to observed racial differences in AD. Future studies 

should emphasize collection of relevant psychosocial factors in addition to the development of 

intentional diversity and inclusion efforts to improve the racial/ethnic and socioeconomic 

representativeness of AD studies.

Introduction

The prevalence of Alzheimer disease (AD) dementia is expected to continue to increase as 

the population of the United States (US) ages. There were an estimated 4.4 million African 

Americans aged 65 years and older in the US in 2016, a number projected to increase to 

approximately 12.1 million by 20601. Nonetheless, African Americans are significantly 

underrepresented in extant AD research. Recent work has called for not only greater 

diversity and inclusion in research studies, but also a more holistic focus on the effects of 

ethno-racial factors, genetics, and social determinants of health (SDOH) in studies of racial 

differences in AD2–4.

Race and AD Research

Many, but not all5,6 studies report two-fold7 to four-fold8 increased risk of AD dementia for 

African Americans compared with non-Hispanic whites, although addressing such purported 

differences is complex. In addition to SDOH, other factors that may contribute to increased 

risk include test bias and psychosocial and behavioral variables9–11, as well as comorbid 

disorders such as cardiovascular disease and diabetes9,12,13.

Race-related differences in the concentrations of cerebrospinal fluid (CSF) total tau and tau 

phosphorylated at site 181 (p-tau181) have recently been reported14,15. However, these 

studies did not evaluate potential racial differences using the amyloid (A), tau (T), 

neurodegeneration (N) framework that has been proposed for AD progression16. Moreover, 

these studies also did not examine the effects of cardiovascular disease and SDOH.

Interaction between Race and Social Economic Status (SES)

The interaction between SES and race in relation to AD biomarkers is poorly understood. 

Although it is accepted that socioeconomic factors affect health outcomes, substantial 

limitations exist with commonly used measurements of SES. Within AD studies, the most 

common approach to correcting for differences in SES is by controlling for years of 

education17. However, due to widespread racial residential segregation, there are 

fundamental differences in quality of education across race/ethnicity18–20. For example, an 

analysis of older Caribbean-born African American individuals compared to US-born 
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African Americans demonstrated that differences in neuropsychological test performance 

between the two groups was primarily explained by higher quality of education among the 

Caribbean-born African American cohort22. It is also critical to account for the influence of 

social factors other than educational quality, such as social and contextual elements and 

racial residential segregation, for the risk of developing AD4,21.

Current Study

Because our earlier report on racial differences in molecular biomarkers of AD did not have 

sufficient data for analysis from [18F] Flortaucipir positron emission tomography (PET), we 

now examine the possibility of cross-sectional racial differences relative to the AT(N) 

framework in cognitively normal (as ascertained by a Clinical Dementia Rating® [CDR®] 

of 023) participants using both amyloid and tau PET and brain magnetic resonance imaging 

(MRI). Due to the limited number of CDR > 0 African Americans with tau PET, only CDR 

0 individuals were included in the present analyses. We also focused on potentially 

modifiable sources related to racial differences, including the mediating effects of small 

vessel and cardiovascular disease as well as area-based SES. Investigating the effects of 

area-based SES measures represents a proxy approach to understanding an individual’s 

access to quality education, healthcare, and occupational and economic opportunities. The 

Area Deprivation Index (ADI)24,25 was employed to investigate the effects of area-based 

SES on the relationship between race and AD pathology.

Materials and Methods

Participants

Data from 816 community-dwelling participants (Table 1) enrolled in longitudinal studies of 

memory and aging at the Knight Alzheimer Disease Research Center (ADRC) at 

Washington University in St. Louis were used. The majority of these community-living 

participants were from the greater St. Louis Metropolitan area. ADRC participants were 

recruited for research-only purposes and did not include clinic-based patients. Recruitment 

for African Americans and Whites took place through presentations and outreach efforts in 

the community, through snowball recruitment referrals from past participants, and through 

physician referral.14 For this cohort, 47% were recruited via word of mouth (i.e., a relative 

or friend mentions our studies to them); Knight ADRC outreach efforts accounted for 30% 

of the recruits; referrals from not-for-profit organizations (i.e., Alzheimer’s Association) 

accounted for 13%; and physician referrals accounted for 10%14. The Knight ADRC also 

established an African American Advisory Board in 2000, which guides in the recruitment 

of participants of color. Although individuals are only recruited if they are eligible for all 

biomarker studies, lumbar puncture expectations are waived for African Americans. Hence, 

our cohort is ~19% African American. We continue to explore strategies for the effective 

recruitment and retention of people of color in our cohort to reflect the diversity of the 

region.

Participants were included if they had at least one clinical visit that included a CDR 

assessment and at least one MRI. Subsets of participants had PET imaging and/or resting 

state functional MRI (rs-fc), cardiovascular measures (systolic blood pressure, body mass 
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index [BMI], and white matter hyperintensities [WMH] as extracted from structural MRI), 

and an available home address from which to obtain their ADI26. All measures were 

collected within a 2-year window. Participant race, sex, and years of education were self-

reported. Race was subsequently verified by genetic analysis of ancestry. There were no 

differences between self-reports and ancestry. This study was approved by the Washington 

University in St. Louis Institutional Review Board, and each participant provided signed, 

informed consent.

APOE Status and Polygenic Risk Scores

DNA samples were collected at enrollment and genotyped using either an Illumina 610 or 

Omniexpress chip. Genotyping methods were previously published27,28. To control for 

effects of apolipoprotein ε4 (APOE ε4) on individuals in this analysis, APOE status was 

converted from a genotype to a binary variable. Participants either had at least one copy of 

the APOE ε4 allele (“APOE ε4 positive”) or had no copies of the allele (“APOE ε4 
negative”). For the polygenic risk score (PRS) for AD, weighted scores were calculated by 

using a logarithm of base 2 transformation on single nucleotide polymorphisms (SNPs) as 

reported in the International Genomics of Alzheimer’s Project (IGAP) study29. SNPs 

utilized for the score had either a high genotyping rate (>90%) or were reasonable proxies to 

the IGAP hits.

Small Vessel Disease and Cardiovascular Risk Factors

Previous work has suggested that increased cognitive risks posed by cardiovascular- and 

small vessel disease-related issues could explain AD disparities9,12,13. In this work, we 

considered three measures related to small vessel disease and cardiovascular risk factors: 

blood pressure (cardiovascular), BMI (cardiovascular), and WMH volumes (small vessel). 

Systolic blood pressure, height, and weight were collected at each annual visit. WMH 

volumes were estimated by applying the lesion segmentation toolbox from SPM to T2-

weighted fluid attenuated inversion recovery (FLAIR) images obtained during participant 

MRI scanning visits30.

Socioeconomic Status (SES)

The ADI was designed to rank neighborhoods by SES and to assess neighborhood 

disadvantage based on 17 factors including measures of poverty, education, housing, and 

employment indicators from US Census Data and the 2015 American Community Survey 

Five Year Estimates24–26. The ADI represents a granular measure of the current 

socioeconomic level of the participant’s residence and can be used to rank neighborhoods at 

the city, state, or national level. For this analysis, we employed the 100-point national index, 

where 0 represents the area of least deprivation (i.e. participants have the greatest SES), and 

100 represents the area of greatest deprivation. ADI was calculated at the census-tract level 

and was assigned based on a participant’s mailing zip code, which was collected at each 

annual visit. ADI was not available for all participants due to invalid address format, 

residence in a high-occupancy building for which ADI is not published, or the participant 

providing a post office box for their mailing address. Additional details regarding the ADI 

can be found at https://www.neighborhoodatlas.medicine.wisc.edu.
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In order to compare the Knight ADRC sample to the state population, we extracted the racial 

composition of each census tract for the state of Missouri. We used census tract population 

estimates based on the American Community Survey Five Year Estimate31 and merged these 

populations with published ADI26.

PET Imaging of Amyloid and Tau

Imaging studies were obtained at baseline and then every 3 years thereafter. PET images 

were acquired within 2 years (mean = 0.6 ± 1.2 years) of MRI using methodology 

previously described32,33. PET data were processed using the PET Unified Pipeline 

(github.com/ysu001/PUP), which uses regions of interest (ROI) defined using the FreeSurfer 

5.3 (Martinos Center for Biomedical Imaging, Charlestown, Massachusetts, USA) Desikan-

Killiany atlas. Data were transformed into standardized uptake ratios (SUVRs) using 

cerebellar gray as a reference and partial volume corrected by calculating regional spread 

functions as part of a geometric transfer matrix framework34. PET amyloid imaging was 

performed with either [11C] Pittsburgh Compound B (PiB) or [18F]-Flobetapir (AV45)35,36. 

The time window for quantification was 30–60 minutes post-injection for PiB and 50–70 

minutes for AV45. Centiloids were used to harmonize measures from these two different 

tracers32,37.

PET tau imaging was performed using [18F]-Flortaucipir (AV1451)38 with SUVRs 

calculated for the 80–100-minute post-injection window. A summary measure of tauopathy, 

previously defined as the arithmetic mean of the amygdala, entorhinal cortex, inferior 

temporal region, and lateral occipital regions based on FreeSurfer 5.3 segmentation, was 

calculated for each participant36.

MRI Acquisition and Pre-Processing

MRI images (including T1, T2, and blood oxygen level dependent [BOLD] rs-fc) were 

obtained via 3T Siemens scanners. T1-weighted scans were segmented with FreeSurfer 5.3. 

Previous work has identified the temporal (inferior, middle, and superior), parietal (inferior 

and superior), entorhinal cortex, precuneus, and hippocampus as the regions that are most 

affected by disease and change the earliest39. We converted volumes to Z scores separately 

in the left and right hemispheres relative to the entire cohort, and then averaged them to 

obtain an “AD Signature Region.” The AD Signature Region creates a summary metric that 

succinctly describes brain volume atrophy due to AD39.

BOLD rs-fc was collected as previously described, using 36 contiguous slices to obtain total 

brain coverage40,41. Two hundred ninety-eight functional ROIs (predefined networks 

included the sensorimotor, sensorimotor-lateral, cerebellar, cingulo-opercular, auditory, 

ventral attention, visual, auditory, salience, default mode, memory, dorsal attention, 

subcortical, and frontoparietal networks) were converted into a 298 × 298 rs-fc matrix for 

each individual. The mean time series for each ROI was calculated, and then the pairwise 

correlation between each ROI was calculated. The average intra- and inter-network 

correlation for each of the 13 previously described networks was computed yielding a 13 × 

13 summary matrix for each individual42.
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In order to obtain a global measure of rs-fc, values from the 13 intra-network connections42 

were extracted from the 13 × 13 composite score matrix as described previously43. We 

performed singular value decomposition on the 13 scaled and centered rs-fc composite 

scores. We then multiplied the eigenvector corresponding to the first principal component by 

each individual’s intra-network connections (the diagonal of each individual’s composite 

resting state matrix) to generate a single summary value describing an individual’s global rs-

fc signature40,43. Intra-network connections change with healthy aging44, as well as 

conversion to symptomatic AD41. Overall, a higher global rs-fc signature value indicates 

greater within network connections. This value decreases over time as individuals age, but 

decreases much more rapidly in individuals who develop symptomatic AD40,43. Similar to 

the “AD signature region,” the “AD global rs-fc signature” creates a summary metric that 

succinctly describes functional connectivity changes due to AD.

Statistical Analysis

For demographic variables, group differences between African Americans and Whites were 

compared using t-tests for continuous variables and Chi-square tests for categorical 

variables. With regard to the AT(N) criteria, we performed linear regression for four separate 

models. Centiloid (total cortical amyloid burden), PET-AV1451 (tauopathy burden), AD 

signature volume, and AD global rs-fc signature were the dependent variables for each 

respective model. We tested for model differences based on race after controlling for age, 

sex, APOE ε4 status, and PRS. There were no interactions between race and the 

aforementioned covariates (p’s > 0.05). This model was developed based on an a priori 
hypotheses. Due to the nature of many of these models, we utilized a method of 

heteroskedasticity consistent estimators45 to generate models that were robust to 

heteroskedastic covariance. We calculated the effect size for race, using Cohen’s d, in order 

to assess the magnitude of racial differences.

Based on previously hypothesized potential sources of racial difference, we also compared 

systolic blood pressure, BMI, WMH, and SES based on race. We used an analysis of 

covariance (ANCOVA), correcting for differences in age, sex, APOE ε4 status, and PRS, 

and performed post hoc Cohen’s d effect size calculations.

In order to assess whether the participants of the Knight ADRC were representative of the 

population of the state of Missouri with respect to SES, we extracted census demographic 

information for the state of Missouri utilizing the R package tidycensus46 and merged it with 

census tract–specific ADI values26. We calculated Cliff’s delta, rather than Cohen’s d, to 

compare the participant sample to the statewide population due to the non-parametric nature 

of ADI for African Americans living in Missouri.

Finally, we performed mediation analysis with multiple mediators using the R package 

{mma}47. A visualization of the hypothesized mechanisms behind the racial differences 

identified is shown in Figure 1. We assessed the direct effect of race, taking into account the 

effects of race, sex, APOE ε4 status, and PRS on the four imaging parameters. We 

considered four simultaneous mediators: systolic blood pressure, BMI, WMH, and SES as 

described by ADI. We used the multiplicative algebraic reconstruction technique (MART 

method), assuming a nonlinear relationship between each mediating factor and the response 
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variables. We performed 500 iterations in order to bootstrap confidence intervals, allowing 

for non-parametric distributions of mediation effects. We then repeated this analysis, instead 

using years of education as the SES variable, as many studies employ years of education as a 

proxy of SES17. All analyses were performed using R.

RESULTS

Demographics

Overall, the sample included 685 White participants and 131 African American participants 

(Table 1). Whites generally reported greater levels of education compared to African 

American participants (p < 0.01). Additionally, African American participants had greater 

PRS (p < 0.001), although the two groups did not significantly differ in regard to age, sex 

distribution, or incidence of APOE ε4 allele presence.

Among African American participants, ADI values were not significantly different from 

ADI values drawn from the state of Missouri’s African American population (Cliff’s Delta: 

0.0849; 95% CI: −0.0198, 0.188). However, White participants in this sample were 

significantly more affluent, according to ADI values, compared with values from the state of 

Missouri’s White population (Cliff’s Delta: 0.395; 95% CI: 0.360, 0.428; Fig 2).

Amyloid

As we found previously (Morris 2019), amyloid deposition did not significantly differ by 

race (Cohen’s f2 = 0.008, p = 0.063). Greater amyloid burden was, however, associated with 

older age (Cohen’s f2 = 0.13, p < 0.001), and having at least one copy of the APOE ε4 allele 

(Cohen’s f2 = 0.09, p < 0.001). Regression coefficients and standard deviations are available 

in Supplement (Table S.1)

Tau

There was no difference between African American and White participants with respect to 

tau PET accumulation (Cohen’s f2 = 0.0003, p = 0.628; Fig. 3b). However, women had 

increased levels of tau compared to men (Cohen’s f2 = 0.05, p < 0.001), as did older 

individuals (Cohen’s f2 = 0.10, p < 0.001). There was also an effect of APOE ε4 status 

(Cohen’s f2 = 0.02, p < 0.01), and PRS (Cohen’s f2 = 0.004, p < 0.05) such that individuals 

with presence of at least one APOE ε4 allele and higher risk scores had greater tau burden. 

Full regression tables can be viewed in the supplement (Supplemental Table S.1).

Neurodegeneration

Whites had a significantly larger AD signature volume (Cohen’s f2 = 0.05, p < 0.001) 

compared to African American participants. There were also effects of sex (Cohen’s f2 = 

0.004, p < 0.001) and age (Cohen’s f2 = 0.55, p < 0.001), as males and younger individuals 

had greater volumes. Conversely, there was no race effect for the rs-fc signature (Cohen’s f2 

= 0.55, p = 0.003) although there was an effect of sex (Cohen’s f2 = 0.01, p < 0.01) and age 

(Cohen’s f2 = 0.09, p < 0.001) similar to that of the AD signature volume. Full regression 

tables can be viewed in the supplement (Supplemental Table S.1). The observed racial 

differences were robust to model selection.
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Mediation Analysis

Each of the mechanisms hypothesized to explain pathological difference (ADI, blood 

pressure, BMI, and WMH) differed by race (Fig. 4). African Americans had significantly 

higher ADI (Cohen’s f2 = 0.22, p < 0.001), higher blood pressure (Cohen’s f2 = 0.02, p < 

0.001), significantly higher BMI (Cohen’s f2 = 0.03, p < 0.001), and significantly greater 

WMH volumes (Cohen’s f2 = 0.009, p < 0.01) than Whites.

In Figure 5, the effect of being African American compared to White on the AT(N) measures 

is shown as the total race effect. The total effect is a sum of the direct and indirect effects. 

The direct effect indicates the size of the effect not explained by any of the mediating 

factors. The indirect effect indicates the size of the effect explained by the mediating factors. 

For the AD cortical signature, the only biomarker to demonstrate a race effect, the estimated 

direct effect of race was 88% of the total effect, whereas the estimated indirect effect of the 

proposed mediating factors made up the remaining 12%. ADI accounted for nearly 97% of 

the indirect effect (95% CI: 0.010, 0.075; Fig. 5, Table 2). There were no other significant 

mediators. We repeated the multiple mediation analysis using education instead of ADI as 

the SES variable, while still including blood pressure, BMI, and WMH volumes, and found 

no difference in the results (Table 3).

Discussion

We identified racial differences as, on average, African American participants were more 

likely to report lower levels of education and were more likely to have higher polygenic risk 

scores for AD. Further, cardiovascular and small vessel disease markers (WMH, systolic 

blood pressure, and BMI) were elevated in African Americans. There was also greater area 

deprivation observed among African American participants, indicating lower mean area-

based SES compared to White participants. Consistent with our prior finding of lower 

hippocampal volumes in African Americans with a family history of AD (Morris 2019), we 

found racial differences in the AD signature volume, representing the neurodegeneration 

phase of the AT(N) framework, but not in the amyloid or tau phases as depicted by PET 

imaging. The absence of a difference in tau PET is in contrast to our earlier finding of lower 

concentrations in CSF tau and p-tau181
11. Mediation analysis identified ADI as a major 

factor in the racial difference in AD signature volume.

The current study confirms our earlier findings (Morris 2019) that: 1) there are no racial 

differences in amyloid PET burden with age and APOE ε4 status influencing amyloid PET 

burden in both African Americans and Whites; and 2) African Americans have greater 

cerebral brain volume loss than do Whites. Concerning tauopathy, we previously reported 

lower concentrations of CSF tau and p-tau181 in African Americans as compared with 

Whites (Morris 2019), possibly as a function of APOE ε4 status; our findings were 

consistent with an earlier CSF study (Howell et al, 2017). Using tau PET rather than CSF, in 

the current analyses, no racial differences are apparent. We previously reported in 

cognitively normal older adults that there are weak associations between CSF tau and CSF 

p-tau181 compared to tau PET deposition, possibly reflecting the restriction of tauopathy to 

medial temporal lobe in these indivduals38. Lower levels of educational attainment for 

African Americans are unsurprising given the socio-historical context of African American 
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participants in this sample. For example, many of these participants were school-aged or had 

completed their formal educations by the time Brown v. the Board of Education was 

decided. Biophysical cohort differences, such as increased small vessel disease and 

cardiovascular risk factors, have been noted to be a more prevalent comorbidity for African 

Americans than Whites9,12,13. We also observed that African Americans had greater ADI 

values, indicating lower area-based SES on average, compared to Whites.

When compared to the overall population of the state of Missouri, the African American 

participant median ADI value was consistent with the statewide African American 

population. On average, ADI values for White participants were substantially lower 

(suggesting less deprivation) than those of the state population. This discrepancy is likely 

due to the urban–rural divide in the state of Missouri. In Missouri, African American 

populations are largely concentrated in the two urban centers of the state (St. Louis and 

Kansas City); the St Louis population is the primary focus of recruitment for the Knight 

ADRC. The White population in Missouri is more diffuse. Therefore, the St. Louis–centric 

sampling of participants likely does not include many rural participants, nor less affluent 

Whites who comprise a large proportion of the state’s population. We note that these factors, 

coupled with the use of census-tract data, rather than fine-grained block data, present 

limitations that should be addressed in future studies. Nevertheless, our results clearly show 

the importance of ADI on pathological outcomes, which should be considered when 

recruiting participants for future studies.

Sampling bias has been highlighted as an issue in minority-focused studies3, but we 

observed sampling bias with respect to SES, in this instance, in the majority population 

cohort. Studies, particularly time-intensive neuroimaging studies, place a substantial burden 

on participants. Less affluent individuals may lack the resources (e.g. time off work, 

transportation) to participate. Efforts must be made to reduce and eliminate barriers to 

inclusion so that a truly representative sample can be obtained from the population.

Racial differences were observed in the AD signature volume, a marker for the 

neurodegeneration phase of the AT(N) framework. Multiple mediation analysis indicated 

that SES, rather than the cardiovascular factors considered, accounted for the largest 

proportion of the observable racial disparity. Perhaps in a larger cohort, additional effects of 

ADI and BMI could be observed. Future work should employ other possible explanatory 

variables when considering sources of difference in AD cortical signature volume.

It is also important to note that when we examined the effects of education, a much more 

commonly used SES indicator17, we found that education was not a mediating factor (Table 

3). Studies that rely on years of education as a proxy for SES may be overlooking critical 

information available in a more robust measure of SES. Previous studies suggest that years 

of education mean different things for different ethno-racial groups, and our findings seem to 

support this assertion18,48,49,50. The mediation analysis in this study highlights the 

importance of SES, particularly area-level SES indicators, in understanding the development 

of AD pathology. These results suggest that underlying disparities in area-level 

socioeconomic resources may contribute substantially to observed racial differences in 

pathological development.
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Ethno-racial differences may be manifestations of lived experiences in either relative poverty 

or affluence rather than underlying biological or genetic factors, especially in the context of 

aging51,52. Therefore, gaining an accurate understanding of SES factors is critical in future 

studies. SES is considered a fundamental social cause of health because greater SES, 

especially at the neighborhood level, determines the context in which people reside, as well 

as the resources and risks, such as stress, poverty, and community-level violence, embedded 

in their context. Health protective resources such as education and access to healthcare, in 

addition to adequate access to healthy diet options and places to safely recreate so that 

people can get physical activity, all associate with greater SES53. Future research efforts are 

needed not only to increase the racial diversity of study samples related to AD, but also to 

include a more robust account of SES indicators in order to transform our understanding of 

racial differences in pathological development and begin to disentangle the effects of race 

relative to SES on AD risk.

It is critical to develop large-scale studies to advance our understanding of what features of 

area-based SES are attributable to increased AD prevalence among African Americans. For 

example, perceptions of resource availability in neighborhoods, as well as measures of 

neighborhood safety and cohesion, could better characterize participants’ social contexts. In 

addition to collecting data to reflect area-level SES, it is also important to obtain measures of 

healthcare access (e.g. health insurance coverage, primary healthcare access), markers and 

measures of stress (e.g. allostatic load54,55, stressful life events inventories, and measures of 

neighborhood safety and cohesion). Future studies should also address the issue of reverse 

causation, through which individuals with recent symptom onset (e.g., cognitive impairment 

or brain atrophy) move to lower SES neighborhoods, as current ADI does not capture this 

effect. Similarly, it is important for future studies to collect data regarding early life ADI or 

other measures of childhood SES to better understand the relationship between SES and AD 

risk throughout the lifespan.

Conclusions

Using an amyloid and a tau PET-based approach as well as MRI to examine potential 

differences in AD biomarkers, we confirm findings from our earlier study (Morris 2019) that 

cognitively normal African Americans and White older adults do not differ in cortical 

amyloid burden, which is associated with age and APOE ε4 status in both groups, and that 

African Americans have greater cerebral volume loss than Whites. A novel finding of this 

study is that area-based SES, a measure of SDOH, may contribute to this volume loss, which 

has been proposed as a marker for neurodegeneration in the AT(N) framework. For unknown 

reasons, we did not find racial differences in tau, although this observation may reflect 

previously reported discordance in cognitively normal persons between tauopathy as 

measured by PET compared to CSF. We observed that SES, specifically area-based SES, 

may contribute to racial differences in the AT(N) framework. Future studies should continue 

to emphasize African American recruitment but should also expand recruitment to rural 

areas in order to more accurately capture the full spectrum of ADI.
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Figure 1. Our hypothesized mechanism of mediation.
We aimed to test whether socioeconomic status (Area Deprivation Index [ADI]) or any of 

three small vessel and cardiovascular-related disease factors have a mediating impact of the 

effect of race on the AT(N) measures used throughout the analyses. In addition to forcing the 

four hypothesized mediators into the same model, we allowed for the consideration of four 

other key covariates—age, APOE ε4 status, sex, and polygenic risk score (PRS)—as 

possible mediators of the direct race effect.

WMH = white matter hyperintensities; BP = blood pressure; BMI = body mass index; rs-fc 

= resting state functional connectivity; AD = Alzheimer’s disease
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Figure 2. African American participants in this study were a representative sample of the 
Missouri statewide African American population with respect to Area Deprivation Index (ADI).
White participants in this study were significantly more affluent than the Missouri statewide 

White population.

ADRC = Alzheimer Disease Research Center
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Figure 3. 
Racial differences are observable in Alzheimer disease (AD) signature volume.
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Figure 4. Racial differences exist across all four hypothesized mediating factors.
Low values of ADI signify low area deprivation, which translates to higher social economic 

status (SES).
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Figure 5. Area Deprivation Index (ADI) mediates the relationship between race and Alzheimer 
Disease (AD) signature volume.
The effect of being African American compared to White on the AT(N) measures is shown 

as the total race effect. The total effect is a sum of the direct and indirect effects. The direct 

effect indicates the size of the effect not explained by any of the mediating factors. The 

indirect effect indicates the size of the effect explained by the mediating factors. 95% 

confidence intervals are also shown.

ADI = Area Deprivation Index; WMH = white matter hyperintensities; BP = blood pressure; 

BMI = body mass index
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Table 1.

Participant demographics, stratified by race

African American White p

n 131 685

Age (years old) (mean (SD)) 70.64 (8.3) 71.64 (9.0) 0.247

Sex = Male (%) 45 (34.4) 282 (41.2) 0.164

Education (years) (mean (SD)) 15.36 (2.8) 16.12 (2.5) 0.002

APOE ε4+ (%) 54 (42.2) 228 (33.6) 0.082

PRS (mean (SD)) 32.23 (12.2) 26.62 (22.7) <0.001

AD Signature Z (mean (SD)) −0.26 (0.6) 0.10 (0.6) <0.001

Subset of participants who had completed PET amyloid

n 70 434

Age (years old) (mean (SD)) 67.56 (38.6) 69.62 (9.1) 0.076

Sex = Male (%) 27 (38.6) 166 (38.2) 1.000

Education (years) (mean (SD)) 15.19 (2.8) 16.06 (2.6) 0.010

APOE ε4+ (%) 27 (39.7) 143 (33.2) 0.359

PRS (mean (SD)) 31.56 (11.9) 26.72 (10.5) <0.001

Centiloid (mean (SD)) 5.8 (14.9) 15.8 (30.7) 0.051

Subset of participants who had completed PET tau

n 34 262

Age (years old) (mean (SD)) 68.82 (5.7) 69.70 (8.3) 0.552

Sex = Male (%) 15 (44.1) 111 (42.4) 0.992

Education (years) (mean (SD)) 15.15 (2.5) 16.52 (2.2) 0.001

APOE ε4+ (%) 13 (38.2) 91 (34.7) 0.832

PRS (mean SD)) 28.79 (11.7) 26.73 (11.8) 0.335

Tauopathy (mean (SD)) 1.2 (0.2) 1.2 (0.2) 0.761

Subset of participants who had completed resting state functional MRI

n 55 317

Age (years old) (mean (SD)) 69.03 (9.03) 71.24 (9.40) 0.107

Sex = Male (%) 19 (34.5) 133 (42.0) 0.377

Education (years) (mean (SD)) 16.09 (2.61) 15.83 (2.50) 0.478

APOE ε4+ (%) 24 (46.3) 97 (30.9) 0.039

PRS (mean (SD)) 33.80 (10.9) 26.55 (10.8) <0.001

Global rs-fc Signature 0.91 (0.14) 0.94 (0.15) 0.313

Note. SD = standard deviation; APOE ε4+ = APOE ε44 positive; AD = Alzheimer’s disease; rs-fc = resting-state functional connectivity; PRS = 
polygenic risk score

Ann Neurol. Author manuscript; available in PMC 2021 February 24.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Meeker et al. Page 20

Table 2.

Mediation analysis results for Alzheimer Disease (AD) volume signature.

AD Volume Signature

Total Effect 0.265 (0.051)

Direct Effect 0.234 (0.052)

Indirect Effect 0.032 (0.024)

Indirect Effect Components

ADI 0.031 (0.024)

BMI −0.008 (0.009)

Systolic BP 0.004 (0.004)

WMH 0.004 (0.010)

Age N/A N/A

Sex −0.001 (0.003)

APOE ε4 Status N/A N/A

Note. ADI = Area Deprivation Index; BP = blood pressure; WMH = white matter hyperintensities; APOE ε4 = APOE ε4; PRS = polygenic risk 
score

For multiple mediation analysis, race served as the direct effect. ADI, BMI, BP, and WMH were the indirect effects tested in a combined model. 
Age, sex, APOE ε4 status, and PRS were included in the final model.
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Table 3.

Mediation analysis results relying on years of education as a proxy for socioeconomic status (SES).

AD Volume Signature

Total Effect −0.236 (0.063)

Direct Effect −0.235 (0.059)

Indirect Effect −0.001 (0.015)

Indirect Effect Components

Years Education −0.002 (0.004)

BMI 0.011 (0.009)

Systolic BP −0.002 (0.004)

WMH −0.006 (0.010)

Age N/A N/A

Sex −0.002 (0.004)

APOE ε4 Status N/A N/A

Note. ADI = Area Deprivation Index; BP = blood pressure; WMH = white matter hyperintensities; APOE ε4 = APOE ε4; PRS = polygenic risk 
score

For multiple mediation analysis, race served as the direct effect. Education, BMI, BP, and WMH were the indirect effects tested in a combined 
model. Age, sex, APOE ε4 status, and PRS were included in the final model.
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