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Abstract

Our nation is becoming increasingly diverse, however, few autopsy studies examine multiple 

ethnoracial groups, especially Hispanics. We examined differences in neuropathological diagnoses 

of 435 deceased participants with dementia from 3 ethnoracial groups (35 Black, 28 Hispanic, and 

360 non-Hispanic White) evaluated at the University of California Davis Alzheimer’s Disease 

Center. We used novel applications of bootstrap resampling and logistic regression standardization 

to project neuropathological diagnostic rates for non-Hispanic Whites to minority sample 
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characteristics to improve inference of findings. Alzheimer’s disease (AD) without significant 

Cerebrovascular disease (CVD) or other dementia-related pathologies (AD (non-mixed)) was 

present in 15 Black (43%), 4 Hispanic (14%) and 156 (43%) non-Hispanic Whites. CVD sufficient 

to contribute to dementia was confirmed in 14 Black (40%), 16 Hispanic (54%) and 101 (28%) 

non-Hispanic White decedents. The observed CVD prevalence of 40% in Blacks exceeded the 

predicted 29% [95% CI: 22%-36%]. Despite being outside the 95% confidence interval, the 

difference between observed and predicted was not statistically significant after bootstrap testing. 

Conversely, for Hispanics, the observed proportion at 54% exceeded significantly the predicted 

prevalence of 24% from non-Hispanic Whites [95% CI: 16%-34%], avg. p =0.008). An identical 

analysis using AD (non-mixed) as the outcome predicted AD (non-mixed) in Blacks averaging 

41% [95% CI:34%-48%], nearly equal to observed prevalence. For Hispanics, however, the 

observed proportion at 14%, was well below predictions (mean=42%, 95% CI:32%-53%], avg. p 

=0.008). We conclude mixed diagnoses and CVD are more common in Hispanic and Black 

decedents than Non-Hispanic Whites with dementia in our cohort. The increased prevalence of 

vascular co-morbidity may be a potential opportunity to intervene more effectively in dementia 

treatment of those individuals.
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Alzheimer Disease; Neuropathology; Cohort Studies; minority; Dementia; Vascular; Brain; 
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INTRODUCTION

Our nation’s population is increasingly older and more diverse[1]. The number of 

Americans with dementia, including those from ethnoracial minorities, is expected to rise to 

nearly 14 million by midcentury [2]. Although Alzheimer’s disease (AD) continues to be the 

major pathological cause of dementia, studies find dementia pathology is multifactorial, 

mostly due to co-occurrence of AD and vascular disease[3], and risk prediction scales 

emphasize the impact of vascular risk on incident dementia [4, 5].

Examination of diverse cohorts is advantageous as they can enhance understanding of the 

spectrum of pathological substrates of dementia, potentially leading to refined diagnosis and 

treatment options. Much of the field of dementia is dominated by studies involving non-

Hispanic Whites [6–13]. This poses various challenges when comparing dementia risk and 

pathology to other ethnoracial groups[12, 14]. Having a diverse cohort, with inclusion of 

multiple ethnoracial groups in neuropathological studies, therefore, is needed to understand 

the spectrum of dementia pathophysiology. Studying mostly non-Hispanic Whites 

potentially diminishes diversity among various dementia risk factors including those related 

to cultural, economic, social, and behavioral characteristics. This is particularly true of 

cardiovascular risk factors which are significantly more common among Black and Hispanic 

individuals [2, 15–17]. Furthermore, it is hypothesized Hispanics and Blacks are more likely 

to have mixed pathological processes leading to dementia [18]. Published literature supports 

this hypothesis among Black decedents [19], however, there is a gap in neuropathological 

assessment of Hispanic cohorts despite their increased prevalence in the US and increased 
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risk of developing clinical dementia [20]. For example, a recent publication found that 

although the sensitivity for AD diagnosis was high for Hispanics (comparing clinical to 

neuropathological diagnosis), specificity at 58% was lower than that commonly found for 

non-Hispanic Whites[21]. One must note there are certain biases that can arise within cohort 

studies, especially those with mixed ethnoracial groups [12]. However, diversity in cohort 

studies is important for identification of the spectrum of underlying pathology of clinical 

dementia as this is crucial for developing prevention, tailored treatments [22], and future 

health policies seeking to mitigate risk factors and facilitate early detection for all 

individuals.

Over the past 15 years, the UC Davis Alzheimer’s Disease Center (UCD ADC) has 

developed a subject cohort diverse in race/ethnicity, education, and medical comorbidities 

[23]. To understand the underlying substrates of dementia across ethnoracial groups in our 

cohort, we studied demented individuals from the UCD ADC research cohort comparing 

neuropathological diagnoses of non-Hispanic White, Black, and Hispanic decedents. In the 

current study, we tested two main hypotheses; 1) that a cerebrovascular (CVD) pathology is 

less common in the non-Hispanic White group than minority participants with dementia, and 

2) that AD (non-mixed) was more common in non-Hispanics Whites than minority 

participants with dementia. For these purposes AD (non-mixed) was defined as having a 

clinicopathological diagnosis of AD, without the presence of CVD or other dementia related 

pathologies of sufficient degree to contribute to the dementia syndrome found at autopsy 

[24–26]. Furthermore, studies of group differences in post-mortem neuropathological 

diagnoses are often faced with statistical challenges inherent to small sample sizes. A 

common technique to overcome these challenges is to use a method known as ‘matching’ 

when analyzing differences between groups. This statistical method however, can have 

several disadvantages. Matching analyses can result in limiting information as an analysis 

can only use cases for which there exist matched controls. To avoid limiting information, 

reducing the number of matching variables can also be implemented, however, this approach 

also has certain limitations. We hoped to avoid these pitfalls by implementing bootstrap 

resampling and logistic regression standardization to project neuropathological diagnostic 

rates for non-Hispanic Whites to minority sample characteristics.

Although this is a small study and should not be considered to be generalizable to large 

populations due to certain cohort bias, this study examines the neuropathological diagnoses 

of a cohort of demented participants of mixed ethnoracial backgrounds, thereby further 

characterizing the influence of diversity on the neuropathology of clinical dementia.

MATERIALS & METHODS

Participants

Participants included 423 deceased persons of three ethnic groups from the UCD ADC Brain 

Donation Program, diagnosed with clinical dementia prior to death: 360 non-Hispanic 

White, 35 Black and 28 Hispanic decedents. This study was approved by the Institutional 

Review Board (IRB) of the University of California Davis, and written consent was obtained 

for each participant for repeated evaluations during life and for autopsy. Details of this 

program have been previously published [23]. As pathological diagnostic criteria have 
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changed over the years, to decrease potential cohort effects yet still obtain enough subjects 

to conduct proper analysis, we limited participants to those who had dementia at their last 

visit before death and went to autopsy between 01/01/2000 and 01/14/2017 (details of cases 

located in Table 1). Furthermore, neuropathology reports were retrospectively examined on 

all participants for whom there was missing pathological data to confirm overall 

neuropathological diagnoses.

Study Population Genetic Admixture

Studies of racially diverse populations often run the risk of disparities between self-reported 

race/ethnicity and genetic ancestry [12]. To validate the self-reported race/ethnicity of our 

ADC cohort, we assessed the correlation between self-reported race/ethnicity and ancestry 

for a separate group of 786 individuals evaluated by the UCD ADC, including 313 

individuals who self-identified as non-White. Using standard genetic statistical approaches, 

we found a 95% concordance between self-identified race/ethnicity and genetic ancestry. 

Importantly, the genetic admixture for our Hispanic cohort was European and American 

Indian, consistent with peoples emigrating from Latin American countries. Similarly, the 

genetic admixture of our Black cohort was European and African (see Supplement Figure 1) 

supporting the veracity of the self-reported race and ethnicity of our participants.

Given the potential selection biases in brain autopsy samples, particularly among minorities 

[27, 28], we also characterized the entire group of 1082 demented subjects enrolled in our 

ADC longitudinal cohort by age, gender, APOE status (presence of the ε4 allele), vascular 

risk factor, and vascular disease prevalence (See Supplemental Materials for details). This 

larger group also includes all the autopsied decedents in this report.

Clinical Assessment

Only demented subjects were utilized for this study. To determine dementia, all subjects 

received multidisciplinary diagnostic evaluations through the UCD ADC at enrollment and 

approximately annual intervals thereafter until death, loss to follow-up or inability to return 

for reassessment due to disability. Baseline and follow-up evaluations followed the same 

protocol and included a detailed medical history, a physical and neurological exam. 

Participants who spoke only Spanish were examined by a physician fluent in Spanish. 

Information about change in the participant’s cognitive and functional status prior to each 

evaluation was assessed by independent interviews with the participant and the informant. 

Clinical neuropsychological evaluation using standardized neuropsychological tests [29, 30] 

was performed at enrollment and each follow-up. Routine laboratory tests were obtained at 

enrollment and when clinically indicated at follow-up. Diagnosis of cognitive syndrome 

(normal, mild cognitive impairment (MCI), dementia) and (for individuals with dementia) 

underlying etiology was made according to standardized criteria and methods [29]. Under 

this protocol, each subject was initially diagnosed at a consensus conference by the clinical 

team evaluating the participant and re-reviewed at a second, multidisciplinary UCD-ADC-

wide case adjudication conference. The same approach was used for follow-up diagnoses. 

Dementia was diagnosed using criteria for dementia from the DSM-III-R (American 

Psychiatric Association, 1987), modified such that dementia could be diagnosed in the 

absence of memory impairment if there was significant impairment of two or more other 
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cognitive domains. All decedents in this report received the clinical diagnosis of dementia 

prior to death. Individuals no longer able to follow-up in clinic due to illness or severe 

degree of cognitive impairment were regularly followed through phone contact. The Blessed 

Roth Dementia Scale[31] was used to assess basic activities of daily living.

Neuropathological evaluation

Following autopsy and neuropathological examination conducted by a neuropathologist 

blinded to all demographic and clinical data, diagnoses were given to each case according to 

published consensus criteria [32–34]. Hippocampal sclerosis associated with vascular 

disease or with aging was diagnosed as previously described [35, 36]. If routine pathological 

examination or clinical information revealed at the Clinical Pathology Conference (see 

details in section below) raised a suspicion of frontotemporal lobar degeneration (FTLD), 

the case was further studied by more extensive sampling and immunostaining to classify the 

case according to currently accepted guidelines [37–39]. Lewy body disease (LBD) was 

defined according to the consensus guideline published by McKeith et al [33]. TDP-43 was 

not evaluated; as this was a retrospective analysis, many of these individuals had 

neuropathologic diagnosis at a time when TDP43 antibodies were not routinely available.

Additional details for select neuropathologies including neurofibrillary tangles (NFTs), 

plaques, and CVD lesions were analyzed. As there were differences in the neuropathology 

data forms over the collection periods [40], derived variables were used to harmonize 

datasets. Furthermore, due to the retrospective nature of the study with a cohort spanning 

nearly 20 years, CVD lesion data was available for a subset of cases and total samples 

examined are indicated within the tables. For NFTs and plaques, Braak Neurofibrillary 

Tangle Stage and the Consortium to Establish a Registry for Alzheimer’s disease (CERAD) 

were used respectively [7, 41]. As peri-mortem infarcts could confound results, they were 

excluded- only subacute and chronic infarcts were evaluated. Macroscopic infarcts were 

denoted as present if they were visualized grossly and confirmed in microscopic evaluation. 

The presence of microscopic infarcts were assessed in the frontal, temporal, parietal, and 

occipital cortices as well as within the amygdala, hippocampus, striatum, pons, cerebellum, 

and frontal, parietal and occipital white matter. White matter rarefaction (WMR) was 

assessed as present if there were changes in pallor, moderate loss of myelin and/or axonal 

loss in the frontal, parietal and/or occipital white matter. Arteriolosclerosis was graded on a 

4-tiered semi-quantitative scale (none, mild, moderate, and severe) based on narrowing of 

the lumen and hyalinized thickening of small arteriole walls. Atherosclerosis was assessed in 

the circle of Willis and graded in a semiquantitative manner similar to methods previously 

reported [42].

In the current study, ‘AD (non-mixed)’ was defined as having a clinicopathological 

diagnosis of AD, without the presence of CVD or other dementia related pathologies of 

sufficient degree to contribute to the dementia syndrome found at autopsy. Other dementia 

related pathologies included LBD, FTLD and hippocampal sclerosis. Pathological diagnoses 

by ethnoracial category are presented in Tables 2 and 3.
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Clinical Pathological Correlations

Clinical pathological correlations for each individual were determined through presentations 

at monthly clinical pathological correlation conferences (CPC). The attendees at the CPC 

included all UCD ADC key personnel. Clinical, neuropsychological, and neuroimaging 

findings were presented without knowledge of the neuropathological results to render a final 

clinical diagnosis based on total clinical information available. The clinical summary was 

followed by presentation of neuropathological findings that were identified blinded to the 

clinical information. Detailed discussion of the clinical and pathological correlates led to a 

final consensus diagnosis where various pathological diagnoses were ranked in order of 

likelihood to contribute to the dementia syndrome. This included factors such as symptoms 

present and temporal onset, and degree and severity of the pathologic hallmarks of the 

neurodegenerative disease. For example, a slowly progressive memory predominant memory 

disorder with “high-likelihood” AD ranking according to current neuropathological criteria 

would be considered the primary cause of dementia, even in the presence of Lewy Body or 

CVD pathology sufficient to contribute to the dementia based on current neuropathological 

criteria for these disorders [25, 26, 33, 43] and the individual would be ascribed as having 

“AD mixed” dementia and the presence of AD and the comorbid disease would be 

separately recorded. Conversely, the presence of modest amounts of CVD or Lewy Bodies 

localized solely to the brain stem would not be considered contributory to the dementia and 

the diagnosis of “AD non-mixed” would be made.

Statistical Methods

To assess initial group differences, analyses of the frequency of each diagnosis and their 

combinations as well as frequency of data of Braak NFT stage, CERAD, infarctions, and 

white matter rarefaction across ethnoracial groups was assessed with a chi-square test of 

independence. For semiquantitative data of arteriolosclerosis and atherosclerosis, we 

dichotomized severity into less severe (0,1) and more severe (2,3) and assessed differences 

using Fisher exact tests. When simple tests found differences between groups, we ran 

additional analyses that controlled for age, APOE status, gender and education. Statistical 

significance was set at α=0.05.

Given recent literature suggesting mixed pathologies are more common among under-

represented minorities, we sought to compare the prevalence of CVD and AD (non-mixed) 

pathology among three groups: Non-Hispanic White, Black, and Hispanics decedents by 

extending a previously described statistical approach [44, 45] to a logistic regression setting.

We began with a simple, unadjusted test of the null hypothesis of equal prevalence in Blacks 

or Hispanics with the prevalence in non-Hispanic Whites, via Fisher’s exact test comparing 

the observed proportions with CVD pathology. This simple comparison, however, did not 

account for observed differences between minority groups and non-Hispanic Whites in 

factors known to influence AD risk (i.e. age, gender, education and APOE ε4 allele 

presence). To adjust for the potential impact of these group differences in prevalent dementia 

risk factors, we employed a more sophisticated approach, formally testing the above null 

hypothesis. In brief, we estimated a logistic regression model to predict prevalence of CVD 

in non-Hispanic Whites, and then incorporated demographics and risk factor variables of 
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Blacks and Hispanics into this model to test whether minorities with the same predictor 

profiles as non-Hispanic Whites have different predicted prevalence of CVD than were 

observed in their respective groups.

This approach had three components: in the first step, we fitted a logistic regression model 

in the sample for the non-Hispanic White group alone, including age, gender, education, 

recruitment source, and APOE genotype as predictors of CVD pathology as the outcome. 

Model validation checked assumptions of logit-linearity in age and years of education. We 

then applied this model to each of the individuals in the Black or Hispanic population, 

obtaining a predicted likelihood of CVD pathology for each individual. We summed these 

likelihoods to obtain a predicted total number of CVD cases under the null hypothesis that 

the minority group prevalence of CVD reflected exactly the relationship in the non-Hispanic 

White sample. In the second step, we compared the predicted total number of CVD cases in 

the Black or Hispanic subgroup to the actual observed number of CVD cases, using an exact 

probability calculation to obtain the chance of an observed number at least that extreme 

(two-sided p value.)

The first two steps treated the prediction based on the logistic regression as if that were 

known without error. To account for the sampling variation from the estimated logistic 

regression model, we further carried out a bootstrap replication of the first and second steps, 

10,000 times. In each of the bootstrap replicates, we obtained a sample with replacement, of 

the same sample size, from the original non-Hispanic White sample. We then repeated the 

first step for each bootstrap replicate, fitting a new logistic regression model to the new 

sample of non-Hispanic Whites and predicting the total number of cases in the original 

Black or Hispanic groups. We followed by repeating the second step for each replicate, 

obtaining an exact calculation of the new p-value comparing the new prediction to the actual 

observed number of cases.

This bootstrap process provided 10,000 estimated p-values testing the null hypothesis that 

the Black or Hispanic population had a total number of CVD cases comparable to a non-

Hispanic White group with similar predictor characteristics. The average across these 10,000 

p-values provides an estimate of the probability of having a value as extreme as the observed 

prevalence in the Blacks or Hispanics, under the null hypothesis, accounting for the 

differences in predictors, and the sampling variation in both the smaller and larger groups. 

For visual reference, we illustrated with histograms that represent the distribution of the 

10,000 bootstrap prevalences of CVD in the non-Hispanic White group and the 10,000 

predicted prevalences of CVD in the Black and Hispanic groups, with the actual observed 

prevalence of CVD in each of the three groups shown for comparison.

As a secondary analysis and a means of further supporting our hypothesis, we ran an 

identical analysis that used AD (non-mixed) as an outcome. Recall that for the purposes of 

this analysis, ‘AD (non-mixed)’ was defined as having an AD related pathology, without 

presence of CVD or other dementia-related pathologies sufficient to contribute to dementia 

found at autopsy. For our analyses to be consistent with our hypothesis, we would expect an 

underestimation of CVD pathology in minority groups compared to what was observed, 
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accompanied by an over estimation of the AD (non-mixed) outcome in minority groups. All 

analyses were carried out in R version 3.3.2.

RESULTS

Demographics

Neuropathological assessment was available for 360 non-Hispanic White, 35 Black, and 28 

Hispanic decedents. Table 1 summarizes demographic and risk factor characteristics. 

Subjects were 81.65 ± 9.52 years on average at the time of their deaths and 52% were male. 

The mean level of educational attainment was 13.8 ± 3.5 years. Overall APOE ε4 prevalence 

was 78% and varied only slightly among groups (78% in non-Hispanic Whites, 69% in 

Blacks and 79% in Hispanics). Participants enrolled in the study who originally sought 

clinical evaluation for cognitive complaints constituted 91% of the decedents in this study 

and all decedents were severely cognitively impaired prior to death (Table 1). Group 

differences were apparent, both in demographics and in risk factors. The Hispanic cohort 

had less educational achievement than both non-Hispanic Whites and Blacks (p<0.005), and 

Blacks had significantly less education than non-Hispanic Whites (p<0.005). Blacks had the 

highest prevalence of hypertension (63%), and this was significantly higher than prevalence 

in non-Hispanic Whites (p<0.01).

To further examine the representativeness of this select autopsy sample, we also computed 

the prevalence of similar factors among all subjects enrolled in the UCD ADC longitudinal 

cohort with the diagnosis of dementia at final evaluation but without autopsy. The 

demographics of this cohort are summarized in detail in the supplemental table. There were 

no statistical differences between decedents in age and education when compared to 

demented individuals of the UCD ADC longitudinal cohort seen at final or most recent 

examination. In the longitudinal cohort, Black and Hispanic decedents were less likely to be 

male (37% and 36% versus 46% and 43%) when compared to our autopsied cohort. There 

were no statistical differences in APOE ε4 prevalence among autopsied decedents compared 

to the longitudinal cohort with dementia in Blacks (69% versus 62%) and non-Hispanic 

Whites (78% versus 60%), however, the APOE ε4 prevalence was significantly higher 

among Hispanic decedents than total Hispanic participants (79% versus 32%, P<0.001). The 

prevalence of vascular risk factors also tended to be lower among autopsied individuals than 

those enrolled in the parent cohort (see Supplementary Table).

Neuropathology

The breakdown of pathologies contributing to dementia is summarized in Tables 2 and 3, 

and Figure 1. The most common underlying neuropathology of dementia for all cases was 

AD (79.7%), with 80.5% among non-Hispanic Whites, 80% among Blacks, and 67.9% 

among Hispanics regardless of concomitant diagnosis. The second most common 

neuropathology contributing to dementia was CVD, with 31% of all cases, and 28% among 

non-Hispanic Whites, 37% among Black, and 54% among Hispanics. Importantly, no case 

was determined to have significant CVD due solely to the presence of hippocampal 

sclerosis.
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LBD was the least common pathology of the 3 major disease contributing to dementia (AD, 

CVD, and LBD) making up 18% of all cases; 18% of non-Hispanic Whites, 11% Black, and 

25% Hispanics. Other diagnoses included FTLD (8%, 32 cases), hippocampal sclerosis (1%, 

6 cases) and a normal (or no definite pathology) diagnosis (3%, 11 cases) despite the 

presence of clinical defined dementia. Using Fisher’s exact test to compare the observed 

proportions with CVD among the 3 groups, we found both Hispanic and Black participants 

had a higher observed proportion of CVD pathology (54% and 40% respectively) but only 

the Hispanic group had a significant difference from non-Hispanic Whites (28%), (p-values 

=0.003 and 0.08 respectively, Fisher exact test adjusted for multiple comparisons). There 

were no statistical differences in overall LBD pathology across groups (P values > 0.7). 

Fisher’s exact test to compare the observed proportions of macro and micro infarctions 

found no statistically significant differences in the presence of these pathologies in the 3 

groups (P values > 0.3). However, Fisher’s exact test to compare the observed proportions of 

WMR found a statistically significant difference between non-Hispanic White and Black 

decedents (P value = 0.028); WMR was present in nearly 40% of Blacks compared to 15% 

in non-Hispanic Whites and Hispanics. This difference remained significant after controlling 

for age at death, APOE status, gender and education (OR = 4.8, 95% CI = 1.8–12.3). Black 

and Hispanic decedents also had more severe large and small vessel disease (atherosclerosis 

and arteriolosclerosis, respectively. Table 3) compared with non-Hispanic White decedents, 

though these differences were not statistically significant (P values > 0.2). Statistical testing 

of the various categories of AD pathology (i.e. CERAD and Braak Neurofibrillary Tangle 

Stage) was unstable due to the low number of observations in certain cells. However, the 

proportion of demented Hispanics in CERAD frequent (36% vs 56% and 60%) and Braak 

Stage V-VI (43% vs 59% and 74%) categories was smaller than their non-Hispanic or Black 

counterparts (Table 2).

Overall, more than 90% of cases had one or more of the following clinicopathological 

diagnosis: LBD, CVD, and/or AD. A breakdown of each mixed pathology is located in 

Table 2 and Figure 1. As there were many categories of mixed pathologies and many were 

unstable due to the low number of observations in certain cells, we collapsed data. Using 

Fisher’s exact test to compare the observed proportions with AD (non-mixed) among the 3 

groups, we found Hispanics had a markedly lower observed proportion of AD (non-mixed) 

diagnoses (14%) than both non-Hispanic Whites (43%) and Blacks (43%), (P’s = 0.04 and 

0.05 respectively, Fisher exact test adjusted for multiple comparisons). The prevalence of 

AD (non-mixed) among Blacks was 43% and not significantly different from non-Hispanic 

Whites (P = 0.47, Fisher exact test adjusted for multiple comparisons).

Bootstrapping and logistic regression of CVD and AD (non-mixed)

To provide more adequate interpretation, although based on a small sample size, group 

differences in the distribution of potential dementia risk factors were next addressed through 

bootstrap estimation of the predicted proportion of CVD contributing to the dementia for a 

comparable group of non-Hispanic Whites (Figure 2). The histograms in Figure 2 (top) 

represent the distribution of predicted prevalence of CVD for each minority group, if their 

likelihood were identical to that based on a (randomly resampled) similar group of non-
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Hispanic Whites. Similar figures for the AD (non-mixed) pathology are presented in Figure 

2 (bottom).

For Blacks, the prevalence estimates of CVD pathology contributing to dementia based on a 

non-Hispanic White sample with similar predictor values were centered at 28% with 95% of 

estimates between 22% and 36%. The average p-value, comparing the Black observed 

prevalence of 40% to these null-hypothesis estimates, was 0.20, suggesting that while the 

proportion of Blacks with CVD pathology, exceeded 95% of the bootstrap estimates, we 

cannot rule out that this was due to chance variation for that sample size when adjusting for 

age at death, sex, education, APOE status, and recruitment source. For Hispanics, the 

prevalence estimates of CVD pathology based on non-Hispanic White samples were all less 

than the actual observed value of 54%; the mean prediction was 24% with 95% of the 

bootstrap estimates between 16% and 34%. The mean of 2-sided p-values for comparisons 

of observed prevalence to bootstrap-sample predicted was 0.005, suggesting that this finding 

was not due to chance variation.

In summary, we could conclude with high confidence the observed proportion of CVD 

contributing to dementia in the Hispanics was different from the predicted proportions from 

the non-Hispanic White models within the UCD-ADC research cohort. We can also 

conclude that, although the observed proportion of CVD contributing to dementia in the 

Blacks was outside 95% of the bootstrap estimates, there is a possibility this finding may 

have occurred by chance given the small sample size of Black decedents.

Group differences in the distribution of potential dementia risk factors were next addressed 

through bootstrap estimation of the predicted proportion of AD (non-mixed). For Blacks, the 

prevalence estimates of AD (non-mixed) pathology based on a non-Hispanic White sample 

with similar predictor values were centered at 41% with 95% of estimates between 33% and 

48%. The average p-value, comparing the Black observed prevalence of 43% to these null-

hypothesis estimates, was 0.74, suggesting that the proportion of Blacks with AD (non-

mixed) pathology, was within chance variation for that sample size when adjusting for age at 

death, sex, education, APOE status, and recruitment source.

For Hispanics, the prevalence estimates of AD (non-mixed) pathology based on non-

Hispanic White samples were all more than the actual observed value of 14%; the mean 

prediction was 42% with 95% of the bootstrap estimates between 32% and 53%. The mean 

of 2-sided p-values for comparisons of observed prevalence to bootstrap-sample predicted 

was 0.008.

In summary, we could not conclusively conclude the observed proportion of AD (non-

mixed) in the Blacks was different from the predicted proportions from the non-Hispanic 

White models, however, confidence of a difference between the non-Hispanic White and the 

Hispanic groups was very high in our UCD-ADC cohort.

DISCUSSION

Our findings from this research-based autopsy cohort suggest the prevalence of AD (non-

mixed) in decedents with dementia is substantially lower among Hispanics than non-
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Hispanic White decedents, even after carefully accounting for group differences in known 

AD and CVD risk factors. The difference may be accounted for by a higher rate of CVD 

pathology, either as mixed dementia with AD or CVD alone (54% in Hispanics versus 28% 

in non-Hispanic Whites). Our findings among Black decedents are also generally consistent 

with Barnes et al.[19] where differences between Blacks and non-Hispanic Whites were less 

extreme but suggesting a higher prevalence of mixed pathologies, particularly CVD (40% in 

Blacks versus 28% in non-Hispanic Whites). These findings are also consistent with the 

generally higher prevalence of stroke risk factors for Blacks and Hispanics [46, 47]. 

Importantly, these differences were found in a relatively healthier group of decedents (i.e. 

less hypertension, hyperlipidemia and diabetes) than predicted from participants in our 

parent cohort, suggesting that our autopsy findings may underestimate the true effects of 

CVD on cognition in Black and Hispanic decedents involved in the larger UCD ADC 

research program. Caution should be taken, however, as this is a research-based cohort and 

cannot be considered a representative community sample.

Our analysis contributes to current AD research in four distinct ways. First, it is the only 

brain autopsy study to our knowledge carried out in a Hispanic cohort and across a non-

Hispanic White, Black, and Hispanic sample using detailed participant demographic and 

health characteristics. Neuropathological evaluations were conducted at the same institution 

and by pathologists blinded to all demographic variables reducing potential bias in these 

evaluations. Second, as there may be discrepancies between self-identified race and genetic 

ancestry, we employed standard genetic statistical approaches, finding a 95% concordance 

between the two measures. Third, the sample from the UCD ADC is unique in that 

participants were not excluded based on prior stroke or CVD risk factors (as is often the case 

in AD cohort studies). Finally, the analytic methodology is novel and robust. Sample size 

and corresponding lack of power are often a concern in such studies. Our approach 

addresses these concerns by utilizing a bootstrap procedure that accounts for the differences 

in demographic and major gene effects between sample cohorts and for randomness and 

uncertainty both in the larger non-Hispanic White sample and in our relatively small 

minority samples.

Recent neuropathological studies between Black and non-Hispanic White participants with 

clinical AD have revealed differences in the prevalence of various pathologies[19, 48]. In the 

study by Barnes, et al.[19] 41 Black autopsy patients diagnosed clinically as having probable 

or possible AD were matched by age, gender, education and last Mini-Mental State Exam 

(MMSE) with 81 White autopsies. While AD pathology was common, AD as the single 

dementia pathology was considerably less common among Black participants (19.5%) as 

compared to their non-Hispanic White counterparts (42%), whereas AD mixed with an 

additional pathology (Lewy bodies or vascular brain injury) was substantially more common 

(70.7% vs 50.6%). Graff-Radford et al.[48] utilizing data from the National Alzheimer’s 

Coordinating Center’s (NACC), examined neuropathological differences between Black and 

non-Hispanic White decedents. After controlling for APOE ε4 allele presence, the 

difference in AD pathology between Blacks and non-Hispanic Whites was not significant.

An unexpected finding of our study, however, was the much higher prevalence of the APOE 

ε4 allele among the Hispanic decedents when compared to our overall Hispanic dementia 
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sample. Sampling bias due to small sample size as well as volunteerism in a research cohort 

could be potential confounders. APOE ε4, well-established as the major genetic risk factor 

for late-onset AD, may also increase the risk for dementia through multiple pathways 

including vascular disease and inflammation [49]. The interaction between vascular risk and 

APOE ε4 on dementia, including dementia prevalence in Hispanic populations, has been 

reported [16, 50–53]. APOE ε4 may have pleiotropic effects that leads to increased 

likelihood of concurrent vascular disease. At least some of these effects may be due to 

increased deposition of amyloid [52], but the presence of the APOE ε4 allele may also be 

associated with vascular cognitive impairment [54] or increased brain injury due to vascular 

disease [55], however these studies had small sample sizes and many co-pathologies were 

overlooked. As a consequence, the prevalence of APOE ε4 in our Hispanic decedents may 

reflect greater risk for dementia due to factors beyond increasing AD pathology, however, 

more research is needed to test this hypothesis. As autopsy studies, especially with 

Hispanics are lacking, more research also is needed to understand the significance of these 

results as our current cohort of convenience may not generalizable to most Hispanics. 

Finally, these data must be interpreted carefully given the small sample size and potential 

cohort bias, and further, collaborative efforts on larger, well-characterized Hispanic/Latino 

cohorts is necessary to confirm or refute these findings.

When examining ethnoracial differences many caveats and limitations can exist as discussed 

by Ighodaro et al. [12]. A key limitation of this and other studies of minority cohorts [19, 48] 

as well as those involving autopsies, is that they are based on samples of convenience, 

consisting of volunteers (those who have agreed to have an autopsy), in addition to 

recruitment methods that can introduce biases. The UCD ADC does not exclude participants 

on the basis of prior or current cardiovascular risk factors or disease, and therefore when 

compared to national averages, rates of key risk factors in our sample (Table 1) are similar to 

those of the general population [47]. However, cardiovascular risk factors within the UCD 

ADC autopsy cohort were lower than that of demented individuals of an ethnic/racial 

minority enrolled in the parent cohort, suggesting that the effects found in the decedents 

should not be extrapolated to larger populations. In addition, the UCD ADC emphasizes 

recruitment of diverse populations as compared to recruitment of more specialized cases 

such as individuals with LBD or FTLD. This difference in recruitment efforts may explain 

the low frequencies of LBD and differences in our results compared to that of Barnes et al.
[18]. Also, TDP-43 was not evaluated and previous studies have demonstrated differences in 

FTLD-TDP-43 [48]. We aim to evaluate TDP-43 in future studies. Lastly, as there are select 

biases within cohort studies results should not be considered generalizable to populations.

In the study, analyses were controlled for education, age at death, and APOE status. 

However, as stated above, there are many factors that may contribute to underlying 

differences in pathology which could not be adequately evaluated in this current study. 

Although numbers are small in the current study, which may limit the ability to detect subtle 

differences, we employed robust statistical techniques to aid in analysis. This study focused 

on major dementia diagnoses and did not thoroughly evaluate the contributions of other 

pathologies found in elderly cohorts (such as argyrophilic grains and TDP-43 deposition in 

the setting of AD) as well as the location and density of these pathologies. We aim to pursue 

these aspects in future studies to give a more detailed neuropathological landscape. If 
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neuropathological differences in decedents with dementia truly do exist between ethnoracial 

groups, it is important to fully understand the underlying disease mechanisms and further 

research is warranted.

Our approach can be viewed as an enhanced version of a match study. In match studies (e.g., 

Barnes et al.[19]), participants across distinct groups are ‘matched’ according to key 

demographic/health related characteristics. Matching participants across groups helps to 

ensure key characteristics are accounted for (and therefore not the reason for) differences 

found between groups. This method helps to account for relevant predictors without directly 

including them into the model, which due to sample sizes would not be advisable. A 

drawback of this method, however, is all available data are often not used as those who do 

not ‘match’ on all characteristics are excluded from the analysis. In contrast, our method 

utilizes all available information. Similar to a propensity score regression approach, our 

method uses the non-Hispanic White group to estimate a probability of CVD and AD (non-

mixed) pathology given relevant characteristics (i.e., propensity score). Propensity scores are 

then obtained for each participant in the minority groups, summed across the group, and 

compared to the actual proportions of CVD and AD (non-mixed) pathology observed. The 

bootstrap procedure allows one to generate the distribution of these propensity scores and 

therefore address issues of randomness and uncertainty in the propensity estimation process 

from the larger sample, while addressing sampling variation in the smaller sample through 

direct calculation of the exact p-value conditional on the current bootstrap estimate. 

Averaging across bootstrap samples uses a basic property of conditional expectation to 

obtain an overall p-value.

Our results indicate that, controlling for age, gender, education, APOE status, and 

recruitment source, Hispanic decedents with dementia prior to death in a research-based 

autopsy cohort are more likely to have clinicopathologically defined CVD contributing to 

their dementia than non-Hispanic White decedents. While our results do not rule out the 

possibility that the same may be true for the Black decedent cohort, they suggest any 

difference may be smaller and larger more community-based autopsy samples are required 

to further test this hypothesis. In addition, our results indicate that, controlling for age, 

gender, education, APOE status and recruitment source, non-Hispanic White decedents with 

dementia prior to death are more likely to have AD (non-mixed) pathology than Hispanics. 

If this hypothesis holds true in other cohorts, these findings could aid in enhancement of 

public health endeavors. First, the higher prevalence of CVD pathology in non-White 

decedents offers promise that alternative dementia treatment strategies may be more 

successful in individuals with similar characteristics. Second, given that the US older 

population is becoming more diverse and multiple pathologies are being recognized as 

contributing to the dementia syndrome [3], even if the clinical phenotype is that of AD [56], 

a precision medicine approach taking into account many factors that can have associations 

with ethnoracial groups may become increasingly important to the diagnosis and 

management of late-life dementia [57]. Future studies containing a more representative 

population sample having data on social, economic, cultural, and behavioral characteristics 

are needed to further understand the complexity of dementia in all individuals.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Ethnoracial differences in mixed pathology. Pie chart shows proportions of individual and 

mixed pathologies in Non-Hispanic White, Black and Hispanic decedents with dementia.
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Figure 2. 
Predicted prevalence of CVD (top) and AD (non-mixed) (bottom). Histograms representing 

the distribution of predicted prevalence of CVD (top) and AD (non-mixed) (bottom) for each 

ethnoracial group if their likelihood were identical to that based on a (resampled) similar 

group of non-Hispanic Whites decedents using predictor variables of age at death, gender, 

education, recruitment source and APOE genotype. Dotted vertical lines include 95% of 

bootstrap resamples, while solid vertical red line represents the observed prevalence.
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Table 1

Demographics and participant characteristics. BRD: Blessed Roth Dementia Scale

Non-Hispanic White
N = 360

Black
N = 35

Hispanic
N = 28

Total
N = 423

Age at death, mean (SD) 81.38 (9.43) 84.11 (8.49) 82.04 (11.63) 81.65 (9.52)

Education (years), mean (SD)
14.36 (3.18)

A,B
11.71 (2.83)

B 9.14 (4.31) 13.8 (3.53)

BRD, nearest to death, mean (SD) 11.61 (4.95) 11.41 (4.90) 10 (5.39) 11.48 (4.99)

Time from last BRD (yrs), Mean (SD) 1.06 (1.25) 1.19 (1.17) 1.42 (1.28) 1.08 (1.25)

Apolipoprotein E genotype, n (%) 282 (78%) 24 (69%) 22 (79%) 328 (78%)

Male, n (%) 194 (54%) 16 (46%) 12 (43%) 222 (52%)

Cardiovascular Measures

Heart Disease, n (%) 82 (23%) 8 (23%) 4 (14%) 94 (22%)

Diabetes, n (%) 31 (9%) 7 (20%) 3 (11%) 41 (10%)

Trans ischemic attack, n (%) 15 (4%) 3 (9%) 0 (0%) 18 (4%)

Hypertension, n (%)
138 (38%)

A 22 (63%) 11 (39%) 171 (40%)

High Cholesterol, n (%) 89 (25%) 8 (23%) 7 (25%) 104 (25%)

Stroke, n (%) 25 (7%) 3 (9%) 4 (14%) 32 (8%)

A:
Statistically different than Black decedents

B:
Statistically different than Hispanic decedents
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Table 2.

Pathological data across ethnoracial groups. Abbreviations CVD=Cerebrovascular disease, AD=Alzheimer’s 

disease, LBD=Lewy body disease, FTLD=Frontotemporal lobar degeneration

Pathological Diagnosis of Dementia*

Non-Hispanic White
N = 360

Black
N = 35

Hispanic
N = 28

Total
N = 423

AD (non-mixed), n (%) 156, (43 %) 15, (43 %) 4, (14 %) 175, (41 %)

CVD (non-mixed) 15 (4 %) 4 (11 %) 6 (21 %) 25 (6 %)

LBD (non-mixed) 13 (4 %) 1 (3 %) 1 (4 %) 15 (4 %)

AD (mixed), n (%) 134, (37 %) 13, (37 %) 15, (54 %) 162, (38 %)

 +CVD, n (%)** 101, (28 %) 14, (40 %) 15, (54 %) 130, (31 %)

 +LBD, n (%)** 65, (18%) 4, (11%) 7, (25%) 76, (18%)

FTLD, n (%) 30, (8 %) 1, (3 %) 1, (4 %) 32, (8 %)

Hippocampal sclerosis, n (%) 4, (1 %) 1, (3 %) 1, (4 %) 6, (1 %)

Normal or no definite pathology, n (%) 10, (3 %) 1, (3 %) 0, (0 %) 11, (1 %)

CVD Pathologies#

Macroscopic infarcts, n (%) 96 (30.4%) 8 (33.3%) 9 (47.4%) 113 (31.5%)

Total sample N=316 N=24 N=19 N=359

Microscopic infarcts 109 (35.5%) 12 (54.5%) 9 (52.9%) 103 (37.6%)

Total sample N=307 N=22 N=17 N=346

White matter rarefaction 50 (15.9%)
A 9 (39.1%) 3 (15.8%) 62 (17.4%)

Total sample N=314 N=23 N=19 N=356

Braak Neurofibrillary Tangle Stage

BRAAK 0-II 51 (14%) 3 (9%) 4 (14%) 58 (14%)

BRAAK III-IV 73 (20%) 6 (17%) 9 (32%) 88 (21%)

BRAAK V-VI
214 (59%)

B
26 (74%) 12 (43%) 252 (60%)

Missing/Unknown 22 (6%) 0 3 (11%) 23 (5%)

CERAD Neuritic Plaque Score

CERAD None 53 (15%) 1 (3%) 4 (14%) 58 (14%)

CERAD Sparse 33 (9%) 7 (20%) 5 (18%) 45 (11%)

CERAD Moderate 60 (17%) 6 (17%) 9 (32%) 75 (18%)

CERAD Frequent 203 (56%) 21 (60%) 10 (36%) 234 (55%)

Missing/Unknown 11 (3%) 0 (0%) 0 (0%) 11 (3%)

*
Except for AD (non-mixed) and Normal or no definite pathology, diagnostic groups are not mutually exclusive.

**
(excluding amygdala predominant)

#
detailed data on CVD pathologies was not available for all cases, hence total sample are listed below each assessed pathology

A:
Statistically different than Black decedents

B:
Statistically different than Hispanic decedents
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Table 3.

Severity of arteriolosclerosis, atherosclerosis, and cerebral amyloid angiopathy by ethnoracial group. 

NHW=Non-Hispanic White group.

Arteriolosclerosis Atherosclerosis CAA

Severity White Black Hispanic White Black Hispanic White Black Hispanic

None 18.4% 13.0% 21.1% 12.7% 4.8% 10.5% 36.1% 27.3% 38.9%

Mild 40.8% 26.1% 36.8% 46.3% 33.3% 31.6% 36.1% 27.3% 38.9%

Moderate 33.9% 47.8% 21.1% 34.3% 38.1% 36.8% 22.9% 27.3% 11.1%

Severe 7.0% 13.0% 21.1% 6.7% 23.8% 21.1% 4.8% 18.2% 11.1%

Total persons assessed 316 23 19 315 21 19 310 22 18
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