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Abstract

Background: White matter hyperintensities (WMH) on magnetic resonance imaging have been 

postulated to be a core feature of Alzheimer’s disease. Clinicopathological studies are needed to 

elucidate and confirm this possibility.

Objective: This study examined: 1) the association between ante-mortem WMH and autopsy-

confirmed Alzheimer’s disease neuropathology (ADNP), 2) the relationship between WMH and 

dementia in participants with ADNP, and 3) the relationships among cerebrovascular disease, 

WMH and ADNP.

Methods: The sample included 82 participants from the National Alzheimer’s Coordinating 

Center’s Data Sets who had quantitated volume of WMH from ante-mortem FLAIR MRI and 

available neuropathological data. The Clinical Dementia Rating (CDR) scale (from MRI visit) 

operationalized dementia status. ADNP+ was defined by moderate to frequent neuritic plaques and 

Braak stage III-VI at autopsy. Cerebrovascular disease neuropathology included infarcts or 

lacunes, microinfarcts, arteriolosclerosis, atherosclerosis, and cerebral amyloid angiopathy.

Results: 60/82 participants were ADNP+. Greater volume of WMH predicted increased odds for 

ADNP (p=0.037). In ADNP+ participants, greater WMH corresponded with increased odds for 

dementia (CDR≥1; p=0.038). WMH predicted cerebral amyloid angiopathy, microinfarcts, infarcts 

and lacunes (p’s<0.04). ADNP+ participants were more likely to have moderate-severe 

arteriolosclerosis and cerebral amyloid angiopathy compared to ADNP− participants (p’s<0.04).

Conclusions: This study found a direct association between total volume of WMH and 

increased odds for having ADNP. In patients with Alzheimer’s disease, FLAIR MRI WMH may 

be able to provide key insight into disease severity and progression. The association between 

WMH and ADNP may be explained by underlying cerebrovascular disease.
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INTRODUCTION

Great strides have been made in the accurate in vivo diagnosis of Alzheimer’s disease (AD) 

partially due to advances in biomarkers that can detect AD-specific neuropathology, such as 

positron emission tomography (PET) imaging and cerebrospinal fluid (CSF) protein analysis 

of amyloid and tau [1–7]. Biomarkers not directly related to amyloid or tau also play a 

valuable role in the detection and monitoring of AD severity and progression and are known 

as downstream biomarkers [1,8]. For example, patterns of volume loss (e.g., hippocampal 

atrophy) on structural magnetic resonance imaging (MRI) have long been used to assist in 

the differential diagnosis of AD dementia. Atrophy, however, is not specific to AD-related 

neuropathology, but is a general marker of neurodegeneration and is therefore considered a 

downstream biomarker of AD [1].

White matter hyperintensities (WMH) are MRI markers of non-specific pathologies that 

have long been a target of clinical research into cognitive impairment and AD. WMH refer 
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to regions in the white matter that appear hyperintense on T2 fluid attenuated inversion 

recovery (FLAIR) sequences. The etiologies of WMH are multifaceted (e.g., gliosis, axonal 

loss) [9–15], but WMH accompany aging and cardiovascular disease and are often presumed 

to be of vascular origin and reflect small vessel cerebrovascular disease (CBVD) [9,16–21]. 

International consensus-based guidelines emphasize the pathologies underlying WMH 

(along with cerebral amyloid angiopathy [CAA], microbleeds, microinfarcts, among others) 

as mechanisms of vascular cognitive impairment (VCI) [22].

WMH predict accelerated cognitive decline and increased risk for AD dementia [23–29] and 

MRI WMH may be a downstream biomarker for AD. A recent study proposed that the 

underlying pathologies of WMH are a core feature of AD, based on findings that 

participants with autosomal-dominant AD had increased burden of WMH long before 

clinical symptom onset and WMH predicted CSF beta-amyloid levels in mutation carriers 

only [30]. WMH have been shown to predict increased CSF total tau and progressive medial 

temporal lobe atrophy in AD [31,32], as well as PET cortical amyloid uptake in older adults 

[16,33] and individuals with AD dementia [34], even more so than traditional AD 

neuroimaging and cognitive biomarkers [33]. The spatial distribution of WMH in AD has 

also been shown to be distinct from that found in “normal aging” [35–39], suggesting that 

WMH may have some degree of specificity to AD. The relationship between WMH and AD 

is often attributed to WMH being a marker of CBVD. CBVD (e.g., arteriosclerosis, CAA) 

and AD neuropathology are highly comorbid [40–45] and CBVD may contribute to the 

pathogenesis of AD [46–53]. However, CBVD (and resulting MRI WMH) can also be white 

matter sequelae of AD neuropathology (ADNP) [15], and there remains a debate on whether 

CBVD in AD is additive or synergistic.

Although considerable evidence has linked WMH to in vivo AD biomarkers, correlation of 

ante-mortem MRI WMH with postmortem AD neuropathology (ADNP) is necessary to 

validate MRI WMH as a potential biomarker for AD. Relatively few studies have 

investigated the clinicopathological relationship between WMH and ADNP. Moghekar et al. 

found that greater severity of visually-rated WMH was associated with more severe ADNP, 

based on a higher Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) 

neuritic plaque score and Braak stage in 50 participants from the Baltimore Longitudinal 

Study of Aging Autopsy Program; WMH were also associated with a diagnosis of dementia 

[54]. Ante-mortem accumulation of WMH over time also predicted a higher Braak stage in 

an advanced age autopsy sample of 66 individuals (mean age at death = 95) [55]. A recent 

ex vivo study further linked parietal white matter lesions with demyelination and axonal loss 

(and not ischemic injury) in participants with AD potentially reflecting Wallerian 

degeneration subsequent to cortical AD pathology; cortical phosphorylated tau (p-tau) 

pathology further correlated with white matter lesion severity [15]. Past work has found an 

inverse relationship between quantitatively measured WMH and Braak stage [21], and 

research from the Ischemic Vascular Dementia Program Project found no association 

between quantitated WMH and ADNP [56].

Overall, the association between ante-mortem WMH and postmortem ADNP remains 

inconclusive due to mixed findings from the few clinicopathological studies that have been 

conducted, possibly due to failures and/or inconsistences in accounting for apolipoprotein E 
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(APOE) ε4 allele status, lack of inclusion of a comparison group without ADNP, and use of 

visual rating scales of WMH instead of automated quantification. In addition, the majority of 

studies examining WMH and clinical status in AD dementia have been in vivo and without 

autopsy confirmation. The interactions among WMH, CBVD neuropathology, and ADNP 

also remains poorly understood. To address these knowledge gaps, this study investigated 

the association between estimated volume of T2 FLAIR WMH (using a Bayesian probability 

structure) and odds for ADNP in an autopsy sample of 82 participants with and without 

ADNP from the National Alzheimer’s Coordinating Center (NACC) Uniform Data Set 

(UDS) and Neuropathology Data Set (NDS). The association between WMH and dementia 

status (defined by a Clinical Dementia Rating [CDR] scale score ⩾1) in participants with 

autopsy-confirmed ADNP was tested. The relationships among WMH, CBVD 

neuropathology, and ADNP were also examined.

METHODS

Participants and Design

The sample included 82 deceased participants from the NACC-UDS and NACC-NDS (see 

Table 1). The NACC was established by the National Institute on Aging (NIA) in 1999 to 

promote AD research and is a publicly available database of clinical and neuropathological 

data gathered from approximately 30 NIA-funded Alzheimer’s Disease Centers (ADCs) 

across the United States. Since 2005, ADCs have contributed standardized cognitive, 

behavioral, and functional participant data each year to a common database, known as the 

NACC-UDS. A full description of NACC-UDS is provided elsewhere [57–59]. Participants 

complete UDS visits on an annual basis and each participant in this sample completed 

between 1 and 10 visits (mean = 3.85, SD = 2.00). In 2011, the NIA appointed an Imaging 

Subcommittee of the ADCs Clinical Task Force, and ADCs across the U.S. began to 

voluntarily submit structural MRI sequences on participants enrolled in NACC-UDS in 

2013. There are currently 19 sites that contribute MRI data to NACC. A subset of UDS 

participants also agree to postmortem brain donation and neuropathological examination to 

form the NACC-NDS [50,51,57]. The NACC databases are approved by the University of 

Washington Institutional Review Board, and informed consent from participants was 

obtained at the individual ADCs that contribute data to NACC.

A formal data request was submitted to NACC for this study. The NACC-UDS and NDS 

data that were queried are described below. The sample was restricted to participants who 

had total volume of T2 FLAIR WMH from their most recent UDS visit quantitated (see 

White Matter Hyperintensities section) as well as those who agreed to brain donation and 

had available neuropathological data.

Neuropathology

Neuropathological data are collected via a standardized Neuropathology Form and Coding 

Guidebook. Refer to Beekly et al. (2004) [57] for a description of the NACC-NDS. The 

NACC-NDS has been revised several times since it began in 2002, with the most recent and 

substantial revision occurring in 2014 (version 10 of the Neuropathology Data Form). 

Version 10 includes a much more granular and refined assessment of CBVD neuropathology 
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but there is limited amount of data collected to date. Therefore, this study used CBVD 

neuropathology variables that have been harmonized across versions 1 thru 10 of the NACC-

NDS. There are indeed differences in the data elements and data coding between versions 1–

9 and version 10. To resolve these discrepancies, NACC recoded and/or created derived 

variables to harmonize the data across versions 1–9 and 10. The following NACC 

neuropathology variables were used: NACCNEUR (CERAD score), NACCBRAA (Braak 

staging), NACCAMY (CAA), NACCARTE (arteriolosclerosis), NACCAVAS 

(atherosclerosis), NACCINF (infarcts and lacunes), and NACCMICR (microinfarcts). 

Neuropathologists from the ADCs make diagnoses and severity ratings based on methods 

and protocols put forth in the NACC Neuropathology Diagnosis Coding Guidebook.

The NACCNEUR and NACCBRAA variables were used to compute a binary ADNP+ or 

ADNP− variable. NACCNEUR (CERAD score) refers to the density of neocortical plaques 

and is rated on a 0 (no neuritic plaques) to 3 (frequent neuritic plaques) scale. The NACC 

Neuropathology Diagnosis Guidebook defines neuritic plaques to be “plaques with 

argyrophilic, thioflavin-S-positive or tau-positive dystrophic neurites with or without dense 

amyloid cores.” NACCBRAA is the Braak staging of neurofibrillary degeneration and is 

rated on a 0 (no AD neurofibrillary degeneration) to 6 (widespread neurofibrillary 

degeneration that has progressed to the primary cortices) scale. The NACC Neuropathology 

Diagnosis Coding Guidebook instructs neuropathologists from each ADC that a number of 

stains are acceptable to stain for beta-amyloid (e.g., immunohistochemistry [preferred], 

thioflavin-S, silver histochemical stains) and tau (e.g., Gallyas stains, tau immunostains, 

other silver stains). The criteria for an individual to be classified as ADNP+ was evidence of 

both moderate-severe neurofibrillary tangles, as determined by having a Braak stage of III or 

higher, and a moderate-frequent density of neocortical neuritic plaques, based on CERAD 

staging criteria (i.e., score of 2 or 3). Similar operationalization of ADNP has been 

previously used [50,51]. Participants with moderate to frequent neuritic plaques and Braak 

stage 0-II, or none or sparse neuritic plaques and Braak stage III-VI were not included in this 

study to limit ambiguity regarding the presence of ADNP and more clearly delineate the 

ADNP+ and ADNP− groups.

The neuropathological evaluation also involves qualitative and subjective ratings of the 

presence and severity of several vascular pathologies, including atherosclerosis of the circle 

of Willis (NACCAVAS), arteriolosclerosis (NACCARTE), and CAA (NACCAMY). These 

are all rated on the following scale: 0=none, 1=mild, 2=moderate, 3=severe. Atherosclerosis 

is defined by intimal and medial fibrofatty atheromatous plaques in the large arteries of the 

circle of Willis. Arteriolosclerosis is defined by concentric hyaline thickening of the media 

arterioles. Using special stains for amyloid (e.g., Congo red, thioflavin-S or beta-amyloid 

immunostaining) and adapted guidelines [60,61], the presence and severity of global CAA 

burden is determined. Version 10 of the NACC Neuropathology Diagnosis Codebook 

describes CAA as follows: Mild CAA (score of 1) is defined as scattered positivity in 

parenchymal and/or leptomeningeal vessels, possibly in only one brain area; moderate CAA 

(score of 2) refers to intense positivity in many parenchymal and/or leptomeningeal vessels; 

and severe CAA (score of 3) involves widespread (more than one brain area of intensive 

positivity in parenchymal and leptomeningeal vessels. The presence or absence (0 = no, 1 = 

yes) of infarcts or lacunes (NACCINF) and microinfarcts (NACCMICR) were also 
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evaluated. For infarcts and lacunes, the NACCINF variable combines data on large cerebral 

artery infarcts, lacunes, and gross infarcts across Neuropathology Form versions 1 thru 10. 

For microinfarcts, NACCMICR combines the presence of microinfarcts across the 

Neuropathology Form versions and does not distinguish between acute versus old 

microinfarcts, or identify the location of microinfarcts, as these only began to be assessed in 

version 10. NACCMICR is considered a “flag” for the presence of microinfarcts.

White Matter Hyperintensities

A subset of ADCs contributed T1 and T2 FLAIR scan files to the NACC. Participants’ most 

recent UDS visit MRI was used. There were no significant differences between the ADNP 

groups in terms of time between MRI and death (see Table 1). Total volume of FLAIR 

WMH for NACC is calculated by the Imaging of Dementia & Aging (IDeA) Lab at the 

University of California Davis (Director: Charles DeCarli, M.D.). Methods for WMH 

estimation include those used for the Alzheimer’s Disease Neuroimaging Initiative-II [62]. 

For a description of methods for WMH estimation, see https://

www.alz.washington.edu/WEB/adni_proto.pdf. The FLAIR is transformed to the T1 image 

using linear image registration (FLIRT from the FSL toolbox). Inhomogeneity correction of 

the co-registered FLAIR and T1 is performed using a histogram normalization method [63]. 

The T1 scan is aligned to a common template atlas and WMH are estimated using a 

Bayesian probability structure [62] based on previously developed WMH probability maps 

of more than 700 individuals with semi-automatic detection of WMH followed by manual 

editing. Likelihood estimates of the native image are calculated and all segmentation is 

performed in standard space to generate probability likelihood values of WMH at each white 

matter voxel. A threshold of 3.5 standard deviations above the mean is applied to the 

probabilities to result in a binary WMH mask. The segmented WMH are transformed to 

native space and summary volume of WMH (in cm3) is calculated. Gray and white matter 

were also segmented using an Expectation-Maximization algorithm [64] and were summed 

to create a total brain volume (TBV) composite. TBV was included as a covariate to control 

for individual differences in the amount of brain tissue present, which would influence the 

volume of WMH. Adjustment for TBV was also conducted to determine whether WMH are 

associated with ADNP above and beyond a general MRI marker of volume loss related to 

AD.

Clinical Status

The global rating from the CDR scale from the UDS visit closest in time to the MRI was 

used to assess dementia status in the sample [65,66]. The CDR is used to stage dementia 

severity through assessment of memory, orientation, judgment/problem-solving, community 

affairs, home and hobbies, and personal care. Each domain is scored on 0 to 3 scale and an 

algorithm is used to calculate a global rating of impairment severity designated as: 0 (no 

dementia), 0.5 (questionable dementia or mild cognitive impairment [MCI]), 1.0 (mild 

dementia), 2.0 (moderate dementia), or 3.0 (severe dementia). Typically, a CDR of 0 is 

consistent with no impairment and a CDR of 0.5 reflects MCI [65].
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Demographic, Clinical, and Genotype Characteristics

Demographic and medical characteristics are ascertained during annual UDS clinical 

evaluations. To characterize the in vivo vascular status of the sample, a modified 

Framingham Stroke Risk Profile (mFSRP) was calculated based on data (i.e., age, systolic 

blood pressure, and history of diabetes, cigarette smoking, cardiovascular disease 

[myocardial infarction, congestive heart failure, angina], and atrial fibrillation) from 

participant’s most recent UDS visit [67]. Left ventricular hypertrophy is a component of the 

FSRP, but this data was not available from NACC and thus was not included in the 

calculation of the FSRP for this sample. Biofluid samples are collected by the individual 

ADCs to determine APOE ε4 allele status, which was dichotomized into ε4 carriers vs. non-

carriers.

Statistical Analysis

Primary study hypotheses were evaluated through a series of logistic regression models; all 

analyses were conducted using the “rms” package for R version 3.1.1. For all models, APOE 
ε4 carrier status, age, and TBV were selected a priori to be included as covariates and were 

evaluated in a single model simultaneous with volume of WMH. Volume of WMH served as 

a predictor variable in all analyses and not as an outcome. All predictor variables included 

were from the time of the MRI, with the exception of age. Age at death was included as 

covariate for all analyses with neuropathological outcomes as the dependent variable. Age at 

the time of the MRI was used for analyses examining CDR, given the CDR score closest in 

time to the MRI served as the dependent variable. Binomial logistic regression models 

examined the relationship between volume of WMH and odds for ADNP (1 = presence; 0 = 

absence). In ADNP+ participants, a binomial logistic regression analysis examined the 

relationship between WMH and odds for dementia (i.e., Global CDR <1 versus ⩾ 1) and an 

ordinal logistic regression model examined the association between WMH and dementia 

severity (i.e., Global CDR scores of 1, 2, and 3). Binomial logistic regression models were 

used to test the association between WMH and presence of CBVD, including microinfarcts, 

infarcts/lacunes, arteriolosclerosis, atherosclerosis, and CAA. Atherosclerosis, 

arteriolosclerosis, and CAA were all evaluated on a rating scale with options ranging from 0 

(none) to 3 (severe). However, these three variables were dichotomized into moderate-severe 

and none-mild for analyses due to small sample sizes for some ratings and to separate the 

sample into groups of individuals with a pathological presence vs. absence of these 

variables. Finally, the concordance between the presence of vascular pathologies in the 

ADNP+ and ADNP− groups was evaluated using chi-square tests of independence.

RESULTS

Clinical and Neuropathological Characteristics

Sixty participants met criteria for ADNP+ and the 22 remaining participants were ADNP−. 

Demographics and medical characteristics for the ADNP+ and ADNP− groups are presented 

in Tables 1–2. There were no differences between the groups on age, race, education, or 

ante-mortem cardiovascular status, with the exception of diabetes (a greater proportion of 

ADNP− participants had diabetes). ADNP+ participants were more likely to be carriers of 

the APOE ε4 allele, have a higher Global CDR score, and have a clinical diagnosis of AD. 
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Among the 25 individuals with a Braak stage of III or IV, 12% (3/25) received a clinical 

diagnosis of normal cognition, 16% (4/25) had a diagnosis of MCI, and 72% (18/25) had a 

diagnosis of dementia. In contrast, 94% of individuals (33/35) with a Braak stage of V or VI 

had a diagnosis of dementia and the remaining two participants received a diagnosis of MCI. 

A similar pattern emerged with regard to CERAD staging. 68% of individuals (17/25) with a 

CERAD staging score of 2 had dementia at their final study visit; 24% (6/25) had MCI and 

8% (2/25) were diagnosed with normal cognition. Amongst the 35 individuals with a 

CERAD staging score of 3, 97% (34/35) received a diagnosis of dementia, with the final 

individual receiving a diagnosis of normal cognition.

WMH, Dementia, and ADNP

A logistic regression model (Table 3) demonstrated that greater volume of WMH was 

associated with increased odds for ADNP (odds ratio [OR] = 1.04 per cm3, p = 0.037), after 

controlling for APOE ε4 carrier status, age at death, and TBV. Individuals at the 75th 

percentile of WMH in the sample were 141% more likely to have ADNP compared to the 

25th percentile. Figure 1 shows an exemplary T2 FLAIR sequence of a participant with 

ADNP who had high WMH burden. In ADNP+ participants, logistic regression model 

controlling for APOE ε4 carrier status, age, and TBV, demonstrated that increased volume 

of WMH was associated with increased odds for the presence of dementia (i.e., CDR ≥ 1) 

(OR = 1.05, p = 0.038). In an ordinal logistic regression model among ADNP+ individuals 

with dementia (i.e., CDR ≥ 1), higher volumes of WMH were associated with increased 

odds of having more severe dementia, as reflected by the CDR score (OR = 1.06, p’s < 

0.04). See Table 4 for a summary of the CDR results. Three ADNP+ participants did not 

have APOE ε4 allele data available and were excluded from these analyses.

WMH and CBVD Neuropathology

As shown in Table 5, unadjusted chi-square tests showed that ADNP+ participants were 

more likely to have moderate-severe arteriolosclerosis (p = 0.035) and CAA (p = 0.013), 

compared to the ADNP− participants. No participant in the sample had moderate-severe 

CAA without comorbid ADNP. There were no significant between ADNP group differences 

for the presence of microinfarcts, infarcts or lacunes, and moderate-severe atherosclerosis.

A multiple linear regression model controlling for age, APOE ε4 carrier status, and TBV 

showed volume of WMH was not significantly associated with mFSRP scores at the time of 

the MRI scan (p = 0.11). Binomial logistic regression models (Table 6) demonstrated that 

increased volume of WMH was associated with increased odds for moderate-severe CAA 

(OR = 1.04, p = 0.032), microinfarcts (OR = 1.03, p = 0.029), and infarcts or lacunes (OR = 

1.04, p = 0.007). There were no significant relationships between WMH and moderate-

severe levels of atherosclerosis or arteriolosclerosis. Given the relationship between WMH 

and CAA, and CAA and ADNP, sensitivity analyses were conducted to examine the effect of 

WMH on ADNP with CAA included as a covariate. When moderate-severe CAA was 

simultaneously included in a model predicting ADNP, the coefficient for WMH was of a 

similar magnitude to the model presented in Table 3 (B = 0.04, OR = 1.04), but there was no 

longer statistical significance (Wald Z = 1.71, p = 0.09).
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DISCUSSION

In this autopsy sample of 82 participants from the NACC-UDS and NACC-NDS, greater 

volume of WMH was associated with increased odds for ADNP, after controlling for age 

APOE e4 carrier status, and TBV. Greater burden of WMH also corresponded to increased 

odds for dementia, as well as worse dementia severity in participants with autopsy-

confirmed ADNP. WMH were further associated with increased odds for having CBVD 

neuropathology (i.e., microinfarcts, infarcts or lacunes, CAA), and ADNP+ participants 

were more likely to have CBVD neuropathology (i.e., arteriolosclerosis and CAA) compared 

to ADNP− participants. Overall, the current results provide clinicopathological evidence for 

a direct relationship between ante-mortem FLAIR WMH and ADNP, which may partially be 

a function of underlying CBVD neuropathology, such as CAA.

The few ex vivo studies that have examined the association between ante-mortem WMH and 

ADNP have reported mixed findings, including positive [54], inverse [21], and no significant 

associations [56]. Reasons for the inconsistent findings could be related to sample 

differences in the presence and severity of ADNP and comorbid pathologies, methods used 

to quantitate WMH (e.g., use of visual rating scales), the lack of an ADNP− comparison 

group, and/or a failure to control for key confounding variables that contribute to ADNP 

(e.g., APOE ε4 carrier status). The current study addresses all of these limitations and 

included a clinically and neuropathologically enriched sample of participants with clinical 

AD with advanced ADNP, i.e., Braak stage greater than III and a CERAD score of 2 or 3. 

Furthermore, this study used a Bayesian probability structure to quantitatively estimate 

volume of FLAIR WMH and thus extends previous research that linked visually-rated 
WMH with ADNP [54]. The present study showed that WMH increased odds for dementia 

(and ADNP) in participants with autopsy-confirmed ADNP above and beyond the 

contributions of APOE ε4 carrier status. These findings extend in vivo studies that associate 

WMH with accelerated cognitive decline and brain atrophy, and increased risk for AD 

dementia [23–28,31,32,68], but were without autopsy confirmation of underlying ADNP. 

Taken together, the present findings corroborate recent research studies that propose WMH 

to be a contributor to the pathogenesis of AD [30,35].

In the present study, greater volume of ante-mortem WMH predicted increased odds for 

ADNP and dementia, suggesting that the pathologies of WMH may promote AD-related 

neurodegeneration. Previous studies that have examined the association between WMH and 

CSF total tau in AD dementia also provide evidence that WMH promote tau pathology and 

exacerbate the effects of tau on clinical status; additionally, the relationship between WMH 

and CSF total tau may be independent of beta-amyloid [32,69]. WMH are typically 

interpreted to be MRI markers of small vessel CBVD, which may explain their association 

with ADNP. In this sample, greater volume of ante-mortem WMH indeed corresponded to 

multiple CBVD pathologies (i.e., microinfarcts, infarcts/lacunes, and moderate-severe CAA) 

and ADNP+ participants had worse comorbid arteriolosclerosis and CAA, compared to 

ADNP−participants. The pathways by which CBVD may influence or interact with the 

development or progression of ADNP likely involve cerebral blood flow dysregulation. 

CBVD can lead to cerebral hypoperfusion that could result in degradation of the 

neurovascular unit and subsequent deposition of beta-amyloid and tau, eventually leading to 
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dementia (this vascular pathway has been the focus of several literature reviews [70–72]). 

The relationship between cerebral blood flow and ADNP remains inconclusive, given a 

recent study that found no association between cerebral blood flow and cortical uptake of 

amyloid (flutemetamol) or tau (AV-1451) tracers on PET imaging in 11 middle-aged to 

elderly patients with unilateral occlusion of precerebral arteries [73].

In the setting of AD, WMH may be indicative of AD pathology and not small vessel CBVD 

[15,74]. For instance, parietal white matter lesions in AD have been shown to reflect axonal 

loss and demyelination, and not ischemic disease; the authors hypothesized this to be a 

manifestation of Wallerian degeneration triggered by cortical p-tau pathology [15]. Overall, 

the associations among WMH, CBVD, and ADNP seem to involve a complex combination 

of neurovascular and non-neurovascular pathways. Continued research on the exact role that 

CBVD plays in the pathogenesis of AD is much needed, given vascular health (e.g., cerebral 

blood flow) may be modifiable through pharmacological and/or behavioral interventions 

[75,76].

Interestingly, CAA was associated with both ADNP and WMH in this sample. Ante-mortem 

WMH have been previously linked with more severe CAA neuropathology [77], and in vivo 
studies have shown MRI WMH are associated with CAA [18,78]. A previous study that 

induced hyperhomocysteinemia (a risk factor for stroke) in APP/PS1 transgenic mice found 

that congophilic amyloid deposition was reduced in the parenchyma, but increased in the 

vasculature, i.e., CAA [79]. It is thus possible that CBVD may shift the deposition of 

amyloid to the vasculature in AD.

WMH are often found in the setting of cardiovascular disease, which is a known risk factor 

for AD dementia [80]. In this sample, WMH were not associated with the mFSRP or 

atherosclerosis, consistent with findings from another autopsy sample on this topic [21]. 

ADNP+ participants also did not exhibit greater rates of cardiovascular disease or 

atherosclerosis compared to ADNP− participants. Autopsy studies on aging include highly 

selective samples and thus limits their generalizability, i.e., there are distinct mechanisms 

that drive an observed autopsy sample. For this study, those with the most severe 

cardiovascular disease (and CBVD) may have been more likely to be excluded due to 

attrition (e.g., premature death). In this sample, WMH are therefore more likely related to 

age-related microvascular changes (e.g., arteriosclerosis) [21,81,82] and/or MRI 

manifestations of ADNP (as discussed above) rather than large vessel pathologies associated 

with cardiovascular disease. Cause of death would shed further insight into the 

cardiovascular status, however, such data are not available from the NACC-NDS.

The present study has several limitations. Although the sample size was relatively large for a 

study that includes ante-mortem neuroimaging and neuropathological data, larger 

clinicopathological studies are needed to replicate the current findings. The cross-sectional 

design and time between MRI and autopsy are additional limitations. Prospective 

clinicopathological studies that include multiple ante-mortem MRIs will clarify whether 

WMH are a cause or consequence of ADNP. Version 10 of the Neuropathology Data form 

includes a more granular assessment of CBVD neuropathology but was not implemented 

until 2014 and therefore we used vascular pathology variables that have been harmonized 
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across versions 1–10. This was done in order to maximize our sample size to examine the 

clinicopathological relationship between WMH with CBVD neuropathology and ADNP. As 

a consequence, however, there are limitations associated with some of the CBVD 

neuropathology variables; for example, the location of microinfarcts was not recorded in 

versions 1–9 (but now is for Version 10). Another limitation is that there are slight variations 

across the different versions and NACC sites in the staining methods and techniques used. 

The NACC-NDS version 10 and other more refined alternative neuropathological methods 

for assessing CBVD neuropathology, such as those for CAA [83], will clarify the precise 

relationships among WMH, CBVD, and ADNP.

The spatial distribution of WMH (in contrast to total volume) appears to be a more sensitive 

predictor of AD dementia [35–39] and the relationship between WMH location and ADNP 

should be explored [8]. For example, WMH in the frontal, temporal, and parietal lobes 

appear to be more likely to indicate underlying AD pathology [36]. Diffusion tensor imaging 

(DTI) may detect white matter injury before it appears as WMH on FLAIR and may be 

more sensitive to the detection of ADNP. Ante-mortem DTI metrics of lower fractional 

anisotropy and higher mean diffusivity in medial temporal limbic and medial parietal white 

matter fiber paths were recently found to be associated with high neurofibrillary tangle 

pathology (Braak IV-VI) [84]. Lastly, the odds ratio for the association between WMH and 

dementia was 1.05, meaning that each additional cm3 of WMH volume corresponded to a 

5% increased probability that the participant would have dementia. Similar effect sizes were 

observed for the other relationships examined. A cm3 voxel is rather large and therefore the 

clinical meaningfulness of the present findings may be limited.

CONCLUSIONS

In this autopsy sample of participants from the NACC-UDS and NDS, there was a direct 

association between greater ante-mortem T2 FLAIR WMH and increased odds for ADNP. In 

participants with autopsy-confirmed ADNP, FLAIR WMH corresponded to greater odds for 

the presence of dementia, as well as more severe dementia. This study provides additional 

evidence for the contribution of CBVD in the pathogenesis of AD. MRI WMH may be an 

important marker of disease severity and progression in AD.
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Figure 1. 
Exemplary White Matter Hyperintensity Burden in a Participant with Alzheimer’s Disease 

Neuropathology. The below is a T2 FLAIR sequence from a selected participant who had 

Alzheimer’s disease neuropathology. Participant was selected to exemplify the pattern and 

high burden of WMH in AD.
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Table 1.

Demographic and clinical features among Alzheimer’s disease neuropathology positive and negative 

participants

Characteristic
a ADNP+ ADNP− p

Number of subjects 60 22 NA

Age at initial visit (years), mean (SD) 79.4 (7.8) 78.7 (8.9) 0.74

Age at MRI visit (years), mean (SD) 80.7 (7.8) 80.3 (10.0) 0.85

Age at death (years), mean (SD) 83.8 (7.9) 83.6 (9.1) 0.92

Male, n (%) 33 (55.0%) 12 (54.6%) 0.97

Education (years), mean (SD) 14.1 (3.2) 13.1 (4.7) 0.30

Non-white race, n (%) 9 (15.0%) 3 (13.6%) 0.50

Diagnosis at visit closest to MRI, n (%)

    Normal cognition 4 (6.7%) 8 (36.4%) 0.003

    Cognitively impaired, not MCI 0 (0%) 1 (4.5%) 0.60

    MCI 11 (18.3%) 7 (31.8%) 0.31

    Dementia 45 (75.0%) 6 (27.3%) 0.0002

Global CDR at Visit closest to MRI, mean (SD) 1.12 (0.76) 0.75 (0.81) 0.008

Diagnosis at final study visit, n (%)

    Normal cognition 3 (5.0%) 8 (36.4%) 0.0009

    Cognitively impaired, not MCI 0 (0.0%) 1 (4.5%) 0.60

    MCI 6 (10.0%) 6 (27.3%) 0.050

    Dementia 51 (85.0%) 7 (31.8%) < 0.0001

Global CDR at final study visit, mean (SD) 1.62 (0.91) 0.86 (0.90) 0.002

≥ 1 APOE e4 allele, n (%) 32 (56.1%) 2 (9.1%) 0.001

Time between MRI and death (years), n (%) 3.5 (2.4) 3.8 (2.6) 0.71

Abbreviations: SD = standard deviation; ADNP = Alzheimer’s disease neuropathology; MRI = magnetic resonance imaging; CDR = Clinical 
Dementia Rating; MCI = mild cognitive impairment; APOE = apolipoprotein E; NA = not applicable

a
Missing data (ADNP+, ADNP−): APOE genotype (n=3, n=0); Education (n=2, n=0)
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Table 2.

Medical status of Alzheimer’s disease neuropathology positive and negative individuals at final study visit

Characteristic
a ADNP+ ADNP− p

Framingham Stroke Risk Profile, mean (SD) 13.5 (5.1) 15.1 (5.4) 0.21

Systolic blood pressure, mean (SD)
b 133.2 (18.7) 138.6 (25.4) 0.31

Diastolic blood pressure, mean (SD)
b 69.1 (10.4) 68.7 (11.2) 0.89

Diabetes (recent or remote), n (%) 6 (10.0%) 7 (31.8%) 0.02

Reported smoking within 30 days, n (%) 2 (3.5%) 1 (4.8%) 0.80

Cardiovascular disease (recent or remote), n (%) 14 (23.7%) 7 (33.3%) 0.39

Atrial fibrillation (recent or remote), n (%) 8 (13.3%) 4 (19.1%) 0.53

Hypertension (recent or remote), n (%) 41 (71.9%) 15 (71.4%) 0.97

Stroke (recent or remote), n (%) 11 (19.6%) 2 (9.5%) 0.30

Antihypertensive use at any visit, n (%) 42 (70.0%) 16 (72.7%) 0.81

Antilipid use at any visit, n (%) 26 (43.3%) 9 (40.9%) 0.84

Abbreviations: SD = standard deviation; ADNP = Alzheimer’s disease neuropathology

a
Missing data (ADNP+, ADNP−): systolic blood pressure (n=1, n=1); diastolic blood pressure (n=1, n=1); cigarettes (n=1, n=1); cardiovascular 

disease (n=1, n=1); stroke (n=4, n=1); hypertension (n=3, n=1); atrial fibrillation (n=0, n=1)

b
11 ADNP+ and 3 ADNP− participants did not have a blood pressure reading at last visit; used blood pressure measurement closest to the last visit 

before death
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Table 3.

Results from logistic regression model examinining WMH and Alzheimer’s disease neuropathology

Predicting ADNP: R2 = 0.40; AUC = 0.84

B Wald Z p OR (95 % CI)

Intercept −13.05 −2.19 0.028 --

APOE ε4 carrier 3.39 3.75 < 0.001 29.57 (5.04–173.37)

Age at death 0.07 1.56 0.120 1.07 (0.98–1.16)

Total brain volume 0.01 2.12 0.034 1.01 (1.00–1.01)

WMH volume 0.04 2.09 0.037 1.04 (1.00–1.08)

OR = Odds ratio per unit increase in the predictor. Total brain and WMH volume was measured in cm3.
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