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Abstract

Background: Altered cerebral blood flow (CBF) has been linked to increased risk for 

Alzheimer’s disease (AD). However, whether altered CBF contributes to AD risk by accelerating 

cognitive decline remains unclear. It also remains unclear whether reductions in CBF accelerate 

neurodegeneration and development of small vessel cerebrovascular disease.

Objective: To examine associations between CBF and trajectories of memory performance, 

regional brain atrophy, and global white matter hyperintensity (WMH) volume.

Method: 147 Alzheimer’s Disease Neuroimaging Initiative participants free of dementia 

underwent arterial spin labeling (ASL) magnetic resonance imaging (MRI) to measure CBF 

and serial neuropsychological and structural MRI examinations. Linear mixed effects models 

examined 5-year rate of change in memory and 4-year rate of change in regional brain atrophy and 

global WMH volumes as a function of baseline regional CBF. Entorhinal and hippocampal CBF 

were examined in separate models.

Results: Adjusting for demographic characteristics, pulse pressure, apolipoprotein E ε4 

positivity, cerebrospinal fluid p-tau/Aβ ratio, and neuronal metabolism (i.e., fluorodeoxyglucose 

standardized uptake value ratio), lower baseline entorhinal CBF predicted faster rates of decline in 

memory as well as faster entorhinal thinning and WMH progression. Hippocampal CBF did not 

predict cognitive or brain structure trajectories.
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Conclusion: Findings highlight the importance of early cerebrovascular dysfunction in AD risk 

and suggest that entorhinal CBF as measured by noninvasive ASL MRI is a useful biomarker 

predictive of future cognitive decline and of risk of both cerebrovascular and neuronal changes, 

even after adjusting for well-established AD risk factors and in a sample with relatively low 

vascular risk burden.
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INTRODUCTION

In recent years, Alzheimer’s disease (AD) research has increasingly focused on methods 

for the early detection of individuals at risk for future cognitive decline or progression 

to dementia, with a particular focus on the roles of amyloid and tau pathologies. In this 

context, cerebrovascular pathology has also garnered increased attention, as evidence has 

emerged that vascular changes may, in fact, be part of early AD pathogenesis or accelerate 

AD-related cognitive decline [1, 2]. One indicator of neurovascular function is cerebral 

blood flow (CBF), which is measured as the rate of delivery of arterial blood to the capillary 

beds. Arterial spin labeling (ASL) magnetic resonance imaging (MRI) is a non-invasive 

approach that directly measures CBF by magnetically labeling arterial water that is used as 

an endogenous tracer [3]. Vascular dysfunction is considered part of “hit one” in Zlokovic’s 

vascular two-hit hypothesis of AD pathogenesis, whereby hypoperfusion and blood brain 

barrier dysfunction precede and initiate further vascular damage involving leakage of 

neurotoxic molecules and accumulation of micro-ischemic injuries [4]. As a result of blood 

brain barrier breakdown and ischemia, there is subsequent accumulation of AD pathology 

such as amyloid (“hit two”), ultimately leading to cognitive impairment [1, 5]. Indeed, 

growing evidence suggests that CBF alterations may occur before irreversible parenchymal 

changes including brain atrophy and the development of white matter hyperintensities 

(WMH), an MRI marker of small vessel cerebrovascular disease [6, 7].

A complex pattern of associations between CBF and cognition has emerged such that 

both hypoperfusion and hyperperfusion can be associated with poorer outcomes across the 

clinical AD spectrum, depending on both the stage of AD (e.g., cognitively normal [CN] 

vs. preclinical/”at-risk” vs. mild cognitive impairment [MCI] vs. dementia) and brain region 

under investigation [8–13]. Several studies, however, have demonstrated cross-sectional 

relationships between both global and regional resting CBF (most often hypoperfusion) and 

memory [8, 14–18]. Relationships of CBF with cognition have also been shown to vary by 

amyloid status or other AD risk factors [10, 14, 18, 19] highlighting the complex nature of 

CBF effects within the context of aging and AD.

Relatively few longitudinal studies have examined the relationships between CBF and 

cognitive trajectories in older adults without dementia. In these few studies, the general 

finding has been that lower CBF is associated with faster declines in cognition, however, 

these studies have often performed whole-brain analyses rather than examined a priori 
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regions of interest (ROIs) and have studied relatively short follow-up intervals (e.g., 1-2 

years) [7, 20]. In the present study we examined entorhinal and hippocampal CBF and 

associations with longitudinal trajectories of memory performance across 5 years of follow 

up. Given that diminished CBF may affect cognition via neurodegeneration and/or vascular 

disease, we also examined associations between regional CBF and trajectories of cortical 

thickness, brain volume, and WMH volume.

MATERIALS AND METHODS

The ADNI Dataset

Data used in the preparation of this manuscript were obtained from the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). ADNI was initiated in 2003 

as a public-private partnership, led by Principal Investigator Michael W. Weiner, MD. The 

primary goal of ADNI has been to test whether serial MRI, positron emission tomography, 

other biological markers, and clinical and neuropsychological assessment can be combined 

to measure the latency of cognitive decline and the progression of MCI and early AD.

Participants

Enrollment criteria for ADNI have been previously described in detail [21]. Briefly, 

participants from ADNI were 55–90 years old and met the following criteria: (1) ≥6 

years of education or work-history equivalent, (2) fluency in English or Spanish, (3) 

Geriatric Depression Scale (GDS) scores <6 (possible score range is 0-15) [22], (4) 

Hachinski Ischemic Scale (HIS) scores ≤4, (5) adequate vision and hearing to perform 

neuropsychological tests, (6) in generally good health and without significant head trauma 

or neurologic disease, (7) were stable on permitted medications, and (8) had a study partner. 

We included participants without dementia who had ASL MRI data (that passed quality 

control inspection) within 12 months of their baseline visit, and who also had available 

neuropsychological testing, structural MRI, and covariate data (n = 147). See Supplementary 

Figure 1. This study was approved by the Institutional Review Boards of all participating 

institutions. Informed written consent was obtained from all participants at each study site.

Neuropsychological Composite Scores

A composite scores measuring memory was developed and validated in previous studies 

within the ADNI cohort [23]. This composite score is based on the Rey Auditory Verbal 

Learning (RAVLT) learning and recall, word list learning and recognition from AD 

Assessment Scale – Cognitive Subscale (ADAS-Cog), immediate and delayed recall from 

Logical Memory of the Wechsler Memory Scale–Revised, and the 3-word recall item from 

the Mini-Mental State Examination (MMSE) [23] The composite score has a mean of 0 and 

a standard deviation of 1.

Arterial Spin Labeling and Structural MRI Data

Detailed information of ASL and structural MRI data acquisition and processing is 

available online (http://adni.loni.usc.edu/). All imaging data (e.g., ASL, structural MRI, 

Florbetapir (amyloid) PET, fluorodeoxyglucose [FDG] positron emission tomography 

[PET]) used in this study was previously processed and downloaded from www.loni.usc.edu. 
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Briefly, MR imaging was performed on 3.0 Tesla MR scanners from a single vendor 

(MAGNETOM Trio, Verio, Skyra, and Siemens). Pulsed ASL scans were acquired using 

QUIPS II with thin-slice T11 periodic saturation sequence (“Q2TIPS”) with echo-planar 

imaging[24]: inversion time of arterial spins=700ms, total transit time of the spins=1900ms, 

tag thickness=100mm, tag to proximal slice gap=25.4mm, repetition time=3400ms, echo 

time=12ms, field of view=256mm, 64x64 matrix, 24 4-mm thick axial slices [52 tag + 

control image pairs], time lag between slices 22.5ms.

ASL data processing was largely automated and included motion correction, alignment of 

each ASL frame to the first frame using a rigid body transformation, and least squares fitting 

using SPM8. Perfusion-weighted images were computed as the difference of the mean-

tagged and mean-untagged ASL images. Perfusion-weighted images were intensity scaled 

to account for signal decay during acquisition and to generate intensities in meaningful 

physiological units. After geometric distortion correction, ASL images were aligned to 

structural T1-weighted images. A partial volume correction that assumes that CBF in gray 

matter is 2.5 times greater than in white matter was performed. The partial volume corrected 

perfusion-weighted images were normalized by the reference image (i.e., an estimate of 

blood water magnetization) to convert the signal into physiological units (i.e., mL/100 g 

tissue/min). ADNI quality control procedures to determine a global pass/fail rating for each 

participant’s ASL data were based on visual inspection of signal uniformity, geometrical 

distortions, gray matter contrast, and presence of large, disruptive artifacts. A rating of 

“unusable” in any of these categories resulted in a global “fail” and those data were excluded 

from the present study.

A T1-weighted 3D MPRAGE structural MRI scan was acquired during the same session as 

the ASL scan with the following parameters: field of view=256mm, repetition time=230ms, 

echo time=2.98ms, flip angle=9, and resolution=1.1 x 1.1x 1.2 mm3. FreeSurfer was used 

to skull-strip, segment, and parcellate the structural scans. FreeSurfer-derived entorhinal 

cortical thickness and hippocampal volume were selected as an a priori dependent variables 

given their implication in early stages of AD (e.g., Braak stages I/II) [25, 26] FreeSurfer-

derived hippocampal volume was normalized by total intracranial volume. FreeSurfer-

derived ROIs were applied to extract mean CBF in the entorhinal cortex and hippocampus 

for each participant. Consistent with previous CBF work in ADNI, ROI CBF values were 

residualized by precentral gyrus CBF to adjust for individual variation in flow [11]. CBF of 

the precentral gyrus was selected to serve as a reference region as it is not thought to be 

impacted in early AD as well as its use as a reference region in past CBF work in ADNI 

[10, 11, 13]. Mean CBF corrected for partial volume effects was extracted for each ROI 

and the reference region for each hemisphere separately. However, to reduce the number 

of comparisons, averaged bilateral CBF estimates were used as the predictor variables in 

our models. Bilateral CBF estimates were calculated by averaging the mean CBF of each 

hemisphere. If participants were missing baseline ASL data but had ASL data within the 

first year of their baseline visit, the first occasion of ASL data was used in our analyses.
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White Matter Hyperintensity (WMH) Volume

Detailed methods for WMH volumetric quantification have been previously described [27–

30]. Briefly, WMH volume was calculated using a Bayesian approach to segmentation of 

the high resolution T1-weighted and fluid attenuated inversion recovery (FLAIR) scans. 

Non-brain tissues were removed from T1-weighted and FLAIR images, the FLAIR image 

was spatially aligned to the T1-weighted image, and MRI field artifacts were removed. 

Images were warped to a standard template space. The likelihood of WMH was estimated 

from FLAIR signal characteristics, prior probability maps of WMH occurrence calculated 

from previously supervised segmentations of independent FLAIR images from more than 

700 individuals, and tissue class constraints. The segmented WMH masks were back-

transformed to native space prior to volume calculation. Voxels labeled as WMH were 

summed and multiplied by voxel dimensions to obtain global WMH volumes and reported in 

units of cm3.

Covariates and clinical variables

Apolipoprotein E (APOE) ε4 carrier status was determined by the presence of at least 

one ε4 allele and was included as a covariate to adjust for the known effect of an ε4 

allele on risk for AD, cognitive decline, and CBF. Cerebral metabolism was assessed using 

FDG-PET within a composite meta-ROI that is comprised of the standardized uptake value 

ratio (SUVR) of the left and right angular gyri, left and right middle/inferior temporal 

gyri, and bilateral posterior cingulate gyrus. These regions show metabolic changes in 

MCI and AD that are associated with cognition [31, 32]. The meta-ROI was intensity 

normalized by dividing by the mean value for a pons/cerebellar reference region [32]. 

FDG-PET of the meta-ROI was included as a covariate so that the CBF effects could be 

interpreted independent of brain metabolism. All participants underwent a lumbar puncture 

at baseline and AD CSF markers were processed using Elecsys® immunoassays. AD 

biomarker positivity was determined using the previously determined CSF p-tau/Aβ ratio 

cut-score of >0.0251pg/ml, which was optimized for the ADNI cohort [33]. Pulse pressure, 

a measure of arterial stiffening and vascular risk, was calculated as systolic blood pressure 

minus diastolic blood pressure [34].

To determine cognitive status (MCI versus normal cognition), Jak/Bondi actuarial 

neuropsychological MCI criteria were applied to all participants in this sample [35, 36]. 

Using this approach, participants were classified as MCI if they performed >1 SD below the 

age-/education-/sex-adjusted mean on (1) 2 neuropsychological measures within the same 

cognitive domain or (2) at least 1 measure across all 3 cognitive domains sampled. Six 

neuropsychological scores were considered in the MCI criteria and included two memory 
measures (RAVLT delayed free recall correct responses and RAVLT recognition [hits minus 

false positives]); two language measures (30-item Boston Naming Test [BNT] total correct 

and Animal Fluency total score), and two attention/executive functioning measures (Trail 

Making Test [TMT] Parts A and B times to completion). If neither criterion was met, 

participants were considered to have normal cognition.
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Statistical Analyses

Baseline demographic and clinical characteristics were examined with descriptive statistics 

as well as t-tests for continuous variables and chi-square (X2) tests for categorical variables 

to compare p-tau/Aβ positive versus negative groups. For continuous variables, baseline 

group mean comparisons were inspected for homogeneity of variance assumptions using 

Levene’s test. When Levene’s test was significant (i.e., group variances were significantly 

different), the p-value associated with unequal variances was reported.

Multivariable linear mixed effects (LME) modeling was used to examine the longitudinal 

rate of change of memory performance; cortical thickness (for entorhinal cortex) or brain 

volume (for hippocampus); and global WMH volume as a function of baseline regional 

CBF. Cortical thickness and volume were examined in models including baseline CBF in the 

same region (e.g., the model with entorhinal thickness as the dependent variable included 

entorhinal CBF; the model with hippocampal volume as the dependent variable included 

hippocampal CBF). All models adjusted for age, sex, pulse pressure, APOE ε4 positivity, 

CSF p-tau/Aβ positivity, and FDG SUVR; education was also included as a covariate for the 

memory composite analyses. Random intercept and slope were included. Full information 

maximum likelihood estimation was used to allow for all available data to be included [37, 

38]. All continuous independent variables and covariates in the model were standardized to 

have a mean of zero and standard deviation of one. Natural log transformation was used to 

improve distribution normality of WHM volumes.

Given reduction in available cognitive data at 72 months of follow-up that resulted in 

less than 20% of the sample having memory composite score data at that timepoint, our 

analyses for the cognitive composites focused on follow-up to 60 months. Given reduction 

in available MRI data at 60 months of follow-up (i.e., less than 5% of participants had 

entorhinal cortical thickness data available for download), analyses for MRI dependent 

variables focused on follow-up to 4 years.

A series of secondary analyses were performed. First, we performed analyses including 

continuous p-tau/Aβ rather than dichotomous p-tau/Aβ (positivity versus negativity) as a 

covariate. Second, we performed a series of analyses to determine whether the two-way 

CBF x time interaction was moderated by the following AD risk factors: cognitive status, 

p-tau/Aβ, APOE ε4 positivity, and female sex. For each of these AD risk factors, we re-ran 

the LME models described above but added the AD risk factor of interest (cognitive status, 

p-tau/Aβ, APOE ε4 positivity, or female sex), a two-way AD risk factor x time interaction, 

a two-way AD risk factor x CBF interaction, and three-way AD risk factor x CBF x time 

interaction.

All analyses were performed using Statistical Package for the Social Sciences (SPSS) 

version 25 (SPSS IBM, New York, USA). Graphs were made with the ggplot2 package in R 

(http://www.R-project.org/). An alpha=0.05 was set for statistical significance; all tests were 

two-tailed.

Bangen et al. Page 6

J Alzheimers Dis. Author manuscript; available in PMC 2022 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.R-project.org/


RESULTS

Participant characteristics

Participants’ baseline demographic and clinical data are presented in Table 1. One hundred 

and forty-seven older adults ranging in age from 55 to 85 (mean±SD=72.24±6.82) 

comprised the present study sample. There were 70 women (48%), the sample was 

approximately 94% white, and the average number of years of formal education was 16.67 

(SD=2.58). Relative to p-tau/Aβ negative participants, the p-tau/Aβ positive group were 

significantly older at baseline; had a significantly higher proportion of men compared to 

women, APOE ε4 carriers compared to non-carriers, and individuals with MCI versus 

normal cognition; had lower entorhinal cortical thickness, hippocampal volume, and FDG-

PET SUVR; had greater WMH volume; and exhibited poorer memory functioning at 

baseline. The mean memory z-scores was greater than 0 indicating that the group mean 

score was in the unimpaired range (all p-values < 0.05). There were no significant group 

differences in terms of education or pulse pressure (p-values > 0.05).

Memory Trajectories

LME models, adjusting for baseline age, education, sex, pulse pressure, APOE ε4 genotype, 

p-tau/Aβ positivity, and FDG-PET, examined whether regional CBF predicted increased rate 

of memory decline over 60 months. There was a significant interaction between baseline 

entorhinal CBF and time, such that lower baseline entorhinal CBF predicted faster rates 

of decline in memory [t(144.78)=2.90, p=.004, r=0.23]. See Figure 1. Table 2 shows 

parameter estimates and test statistics. In contrast, there were no significant interaction 

between baseline hippocampal CBF and time on memory (p=.700). See Table 3.

Cortical Thickness, Volume, and WMH Volume Trajectories

Next, LME models, adjusting for baseline age, sex, pulse pressure, APOE ε4 genotype, 

p-tau/Aβ positivity, and FDG-PET, examined whether regional CBF predicted brain atrophy 

and global WMH accumulation over 48 months. There were significant interactions between 

entorhinal CBF and time such that lower baseline entorhinal CBF predicted faster rates of 

entorhinal thinning [t(130.80)=3.32, p=.001, r=0.28] and a faster increase in WMH volume 

[t(96.87)=−2.21, p=.029, r=0.22]. Figure 2 shows the trajectories of entorhinal thinning and 

WMH accumulation by baseline entorhinal CBF. Table 4 shows parameter estimates and 

test statistics. There were no significant interactions between baseline hippocampal CBF and 

time on normalized hippocampal volume or WMH volume (all p-values > 0.05). See Table 

5.

Attrition

Chi-square tests were performed to determine whether attrition rates differed by p-tau/Aβ 
positivity, APOE ε4 carrier status, and/or cognitive status (MCI versus CN). At 48 months 

follow-up, 90 participants had cognitive composite data, 73 had cortical thickness and 

volume data, and 68 had WMH data available. At 60 months follow-up, 42 participants had 

memory composite data. Attrition at 48 months did not differ for any of these variables (all 
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p-values > 0.05). Similarly, attrition at 60 months did not differ for any of these variables (all 

p-values > 0.05).

Secondary Analyses

We performed secondary analyses where we re-ran the LME models described above but 

included continuous p-tau/Aβ as a covariate rather than the dichotomized variable based 

on established cut-offs for AD CSF marker positivity. Findings remained similar to those 

from the primary analyses. That is, when continuous (rather than dichotomous) p-tau/Aβ 
was included as a covariate, the entorhinal CBF x time interaction remained significant 

for the models with memory [t(147.52)=2.92, p=.004, r=.23], entorhinal cortical thickness 

[t(131.21)=3.30, p=.001, r=.28], and WMH volume [t(96.06)=−2.19, p=.031, r=.22] as 

dependent variables. Also similar to findings from the primary analyses, there were no 

significant hippocampal CBF x time interactions for the models with memory, hippocampal 

volume, and WMH volume as dependent variables (all p-values > 0.05).

In addition, we performed secondary analyses where we examined whether two-way CBF 

x time interactions were moderated by the following AD risk factors: cognitive status, 

p-tau/Aβ, APOE ε4 positivity, and female sex. Across models for the memory composite, 

entorhinal thickness/hippocampal volume, and WMH volume, there were no significant 

cognitive group x CBF x time interactions (all p-values > 0.05), indicating that the 

interaction between CBF and time was not significantly moderated by cognitive group (i.e., 

the CBF x time interaction did not differ between participants with normal cognition vs 

MCI).

When we examined whether the pattern of results may be influenced by CSF p-tau/Aβ, we 

observed a significant three-way p-tau/Aβ+ x entorhinal CBF x time interaction for memory 

performance [t(158.29)=2.52, p=.013, r=.20] suggesting that lower CBF disproportionally 

accelerated memory decline for those who were p-tau/Aβ+ relative to those who were 

p-tau/Aβ−. In contrast, there were no significant three-way p-tau/Aβ+ x entorhinal CBF 

x time interactions for models with entorhinal cortical thinning or WMH volume as the 

dependent variable and no significant three-way p-tau/Aβ+ x hippocampal CBF x time 

interactions across models with memory performance, hippocampal volume, and WMH 

volume as the dependent variable (all p-values > 0.05). When continuous p-tau/Aβ (rather 

than dichotomous p-tau/Aβ positivity versus negativity) was included in models, there were 

no significant three-way p-tau/Aβ x CBF x time interactions for any models (all p-values > 

0.05).

When we examined whether two-way CBF x time interactions were moderated by APOE ε4 

status, there was a significant three-way APOE ε4 x entorhinal CBF x time interaction for 

memory performance [t(153.41)=2.16, p=.032, r=.17] and a significant three-way APOE ε4 

x hippocampal CBF x time interaction for WMH volume [t(103.47)=−2.03, p=.045, r=.20]. 

These findings suggest that lower entorhinal CBF disproportionally accelerated memory 

decline and lower hippocampal CBF disproportionally accelerated WMH accumulation for 

APOE ε4 carriers relative to noncarriers. There were no significant three-way APOE ε4 

x entorhinal CBF x time interactions for entorhinal cortical thinning or WMH volume (all 

Bangen et al. Page 8

J Alzheimers Dis. Author manuscript; available in PMC 2022 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



p-values > 0.05) or three-way APOE ε4 x hippocampal CBF x time interactions for memory 

performance or hippocampal volume (all p-values > 0.05).

Finally, sex moderated the two-way entorhinal CBF x time interaction for the model with 

entorhinal cortical thinning as the dependent variable such that lower CBF disproportionally 

accelerated entorhinal atrophy for women when compared with men [t(136.05)=2.12, 

p=.036, r=.19]. In contrast, sex did not moderate the time x CBF interactions for any of the 

other models examining effects of entorhinal or hippocampal CBF on memory, entorhinal 

thickness/hippocampal volume, or WMH volume (all p-values > 0.05)

DISCUSSION

Our study found that reduced entorhinal CBF predicts faster rates of memory 

decline, neurodegeneration (i.e., entorhinal thinning), and progression of small vessel 

cerebrovascular disease (i.e., WMH volume) in a well-characterized sample of older adults 

free of dementia. This pattern of findings was observed after adjusting for relevant AD risk 

factors and biomarkers with well-known and sizable effects on cognition, including CSF 

p-tau/Aβ, neuronal metabolism, and APOE ε4 genotype. Our findings add to the growing 

body of evidence demonstrating the utility of ASL MRI, and entorhinal CBF in particular, as 

an early biomarker predictive of cognitive and neurodegenerative changes in AD risk.

Relatively few longitudinal studies have examined the relationships between baseline CBF 

and cognitive trajectories in older adults free of dementia and existing findings have been 

mixed. For example, some studies indicate that lower baseline CBF is associated with 

cognitive decline [20, 39, 40] whereas other studies have observed associations only in 

particular subgroups who are at increased risk for decline such as APOE ε4 carriers [41]. 

In the present study, participants were followed for a longer period of time than these 

previously published studies; models took into account multiple AD risk factors; and the 

focus was on CBF of select regions including the entorhinal cortex, a region which few 

studies have included as an a priori ROI despite its role in early AD.

One recent study examined the complex relationship between baseline entorhinal cortex 

and hippocampal CBF and longitudinal memory performance in those at risk for AD 

[41], although there were no significant main effects of CBF on memory change. 

Baseline entorhinal CBF, however, was significantly associated with memory decline only 

among individuals who were APOE ε4 carriers and also had reduced entorhinal cortical 

thickness. Similar to the current results, this previous study found no associations between 

hippocampal CBF and memory change. In the present study, we examined entorhinal 

CBF and cognitive decline in a larger sample with longer follow up and more than two 

cognitive assessments allowing for statistical methods to examine trajectories. We found that 

baseline entorhinal CBF predicted faster memory decline across our sample. In the present 

study, results from secondary analyses showed that two-way CBF x time interactions were 

moderated by AD risk factors across a relatively small number of models. That is, three-way 

AD risk factor x CBF x time interaction effects were non-significant for the majority of 

models examined. In those cases where three-way interaction effects were significant, these 

interaction effects were relatively small in magnitude (i.e., all r’s ≤ .20) and did not show 
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a consistent pattern across models. Nonetheless, lower entorhinal CBF disproportionally 

accelerated memory decline for those who were p-tau/Aβ+ (i.e., considered to be on the AD 

continuum) relative to those who were p-tau/Aβ- and also for APOE ε4 carriers compared 

to noncarriers. In addition, lower hippocampal CBF disproportionally accelerated WMH 

accumulation for APOE ε4 carriers relative to noncarriers. Finally, lower entorhinal CBF 

disproportionally accelerated entorhinal atrophy for women when compared with men. 

Future research may further elucidate potential moderating effects of AD risk factors on 

the associations between CBF and longitudinal outcomes.

In our primary analyses, we observed significant effects of entorhinal CBF but not 

hippocampal CBF on cognitive and brain structure trajectories. Given the established 

roles of the hippocampus in episodic memory, we expected to see effects of hippocampal 

CBF on memory trajectories. In the preclinical stages of AD, Braak and colleagues have 

demonstrated very early neurofibrillary tau tangle accumulations in the entorhinal cortex 

(e.g., Braak stage I) before spreading to other medial temporal lobe regions such as the 

hippocampus and neocortical regions [25] and it is possible that we are detecting subtle 

changes in cerebrovascular functioning in a region susceptible to pathology very early in 

the AD pathophysiological cascade. Notably, our findings in the present sample of older 

adults without dementia dovetail with those of previous studies that have shown that medial 

temporal lobe volumes were reduced in individuals with AD compared to cognitively normal 

older adults although there were no significant CBF difference in these regions for those 

with MCI relative to those with normal cognition [10]. In our own previous cross-sectional 

studies we have observed significant associations between hippocampal CBF and memory 

performance [14, 17], however, these studies focused on groups of participants with higher 

vascular risk burden relative to the current sample and were cross-sectional in design so 

did not focus on rate of cognitive decline as in the current study. Finally, it is worth noting 

that we have previously observed hyperperfusion in the hippocampus in older adults at 

elevated risk for AD relative to their lower risk peers [8, 12, 42] This pattern of increased 

CBF in those at-risk may reflect a neurovascular compensatory response and/or dynamic 

pathophysiologic processes and could contribute to the lack of observed associations in the 

hippocampus if both increased and decreased CBF in this particular region is associated with 

poorer cognitive outcomes depending on which stage of the AD pathophysiological process 

an individual may be in.

Entorhinal cortical thinning has repeatedly been shown to be a sensitive measure of 

structural change in prodromal AD [43]. Older adults who are positive for CSF Aβ and 

p-tau show entorhinal thinning [44, 45], and entorhinal cortical thinning precedes, and 

predicts, hippocampal atrophy [44, 46, 47]. A study that examined the accuracy of MRI 

and CSF biomarkers and neuropsychological tests for predicting progression to AD found 

that entorhinal thinning was one of best single predictors of MCI to AD conversion and 

surpassed models using a combination of biomarkers [48]. Previous research suggests 

that vascular defects precede neuronal changes [1], and our results suggest that reduced 

entorhinal CBF may be a useful predictor of future neurodegeneration even in a relatively 

healthy sample without dementia, and adjusting for important and potentially confounding 

variables.
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Although WMH were once thought to represent benign changes in the underlying tissue 

occurring in “normal” aging, it is clear that WMH predict risk and progression of clinical 

symptoms in prodromal AD [49–53]. Indeed, growing evidence suggests that WMH may 

be a core feature of AD. In a study of individuals with autosomal dominant genetic 

mutations for AD, higher WMH volume was observed several years before estimated 

symptom onset indicating that WMH are an important feature of AD among younger 

to middle-aged individuals generally thought to be relatively free of non-AD pathologies 

[2]. The few studies have that have integrated ASL CBF and longitudinal WMH have 

shown that reduced CBF leads to WMH expansion [6, 54], although an ADNI study did 

not find a relationship between an ASL-derived measure of cerebral vascular resistance 

and WMH volume across 24 months of follow up [11]. Notably, the consequences of 

WMH are thought to be heterogeneous and have been linked to pathologic processes 

including demyelination, axonal loss due to ischemia or neuronal death, cerebral amyloid 

angiopathy, and microglia and endothelial activation [2, 55, 56]. A recent multimodal 

neuroimaging study integrating WMH, CBF, and diffusion tensor imaging indices of white 

matter microstructure, showed that WMH progression is often likely due to demyelinating 

injury secondary to hypoperfusion [6]. Our finding adds to the few existing studies linking 

reduced regional perfusion with the risk of developing WMH and extends this finding it to 

a large, well-characterized sample of older adults without dementia and low vascular risk 

burden.

Our findings that neurovascular changes in a region susceptible to early AD pathology 

predicts later cognitive decline, neurodegeneration, and WMH accumulation, is in line 

with vascular models such as the two-hit hypothesis [1], which posit that declines in 

capillary perfusion can trigger neurodegeneration, which can contribute to cognitive decline 

characteristic of AD. Regardless of the temporal precedence of vascular dysfunction 

in AD, although neurofibrillary tangles and Aβ plaques are considered the hallmark 

neuropathological changes in AD, it is now clear that “pure” AD is quite rare and 

dementia due to AD is often the result of multiple co-existing pathologies [57, 58]. 

Indeed, in a large neuropathological study that included 447 individuals clinically diagnosed 

with probable AD and examined degenerative (Lewy body, TAR DNA-binding protein 

43 [TDP-43], hippocampal sclerosis) and vascular pathologies (microinfarcts, moderate 

to severe atherosclerosis, arteriolosclerosis and cerebral amyloid angiopathy) known to 

contribute to the dementia, over 95% of individuals with probable AD had mixed 

pathologies. Only 3% of these individuals had pure AD [59]. Furthermore, in another recent 

study, although AD was the most common (65%) pathology in an autopsy study of 1,079 

individuals, it rarely occurred in isolation and, it is noteworthy that more than 230 different 

neuropathologic combinations were observed [58].

Although progress in AD biomarker research with amyloid and tau have been made 

and it is recognized that cerebrovascular disease may influence pathogenesis and clinical 

expression of AD, little attention has been paid to early biomarkers for vascular disease 

in AD and existing studies have generally focused on structural imaging markers (e.g., 

brain infarcts, WMH) rather than functional imaging markers such as CBF. Future 

research should supplement the existing biological definitions of AD [60, 61] by adding 

a cerebrovascular disease category. Notably, there are no widely accepted criteria for 
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determining biomarker positivity for cerebrovascular disease and there is a need to develop 

such methodologies. Work has begun in this area with a metric proposed to identify 

participants with cerebrovascular imaging abnormalities based on a combination of infarcts 

and WMH burden in the context of absent or present abnormal amyloid [62]. These methods 

rely on signal changes that are associated with irreversible parenchymal damage and CBF, 

which is capable of detecting early cerebrovascular dysfunction prior to the manifestation 

of the frank lesions, may help inform the mechanisms that precede the development of 

irreversible parenchymal/structural damage.

Strengths of the current study include a large, well-characterized sample of older adults and 

the ability to characterize and adjust for metabolic markers and AD risk factors including 

FDG-PET SUVR, p-tau/Aβ ratio, and APOE ε4 carrier status that could impact CBF. It is 

noteworthy that our observed CBF effects adjusted for FDG-indexed neuronal metabolism, 

to which hypoperfusion is often attributed or linked [11, 63, 64]. Another strength includes 

partial volume correction of ASL data as a way to minimize effects of atrophy on CBF 

estimates, although this may not completely eliminate effects of atrophy on CBF. A 

limitation of this study is our inability to examine regional WMH volumes and future 

studies should examine regional WMH given the observed importance of posterior WMH in 

AD [2]. In addition, our study is limited in generalizability given that the ADNI sample is 

predominantly white, highly educated, and medically healthy. Selection criteria used by the 

ADNI exclude potential participants diagnosed with certain cardiovascular conditions, likely 

under-representing vascular risk burden relative to the broader population. It is possible that 

findings may look differently in populations with higher rates of cardiovascular diseases 

although it is notable that we observed associations with CBF despite ADNI participants 

being such a medically healthy sample (Hachinski scores at enrollment < 5). Future studies 

should examine the associations observed in the present study in a more representative 

community-based sample with greater racial diversity and vascular risk burden.

In closing, our findings add to an expanding literature suggesting that ASL MRI measures 

of CBF are useful markers of early neurovascular changes that may help clarify mechanisms 

that precede development of irreversible parenchymal damage and may also serve as a 

useful early biomarker of risk of cognitive decline. Further, ASL has advantages over PET 

imaging and lumbar puncture for CSF data collection given its noninvasive nature. Findings 

support the notion that even mild cerebrovascular dysfunction plays a role in progression 

of cognitive decline, neurodegeneration, and WMH even in a relatively healthy sample and 

after adjusting for AD risk factors. Future research focused on CBF may further improve our 

understanding of AD pathogenesis and develop interventions aimed at improving CBF may 

prevent cognitive decline, neurodegeneration, and WMH accumulation.
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Figure 1. 
Trajectories of memory performance by baseline entorhinal CBF

Model-predicted values of performance in memory, adjusted for age, education, sex, APOE 

ε4 genotype, p-tau/Aβ positivity, and FDG-PET. For visual comparison, the graphs display 

results for low entorhinal cerebral blood flow (CBF) and high entorhinal CBF which were 

determined by a median split of the values in the analytic sample. Shaded area represents 

95% confidence intervals.
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Figure 2. 
Trajectories of entorhinal cortical thinning and WMH progression by baseline entorhinal 

CBF

Model-predicted values of entorhinal cortical thickness and white matter hyperintensity 

volume, adjusted for age, sex, APOE ε4 genotype, p-tau/Aβ positivity, and FDG-PET. For 

visual comparison, the graphs display results for low entorhinal cerebral blood flow (CBF) 

and high entorhinal CBF which were determined by a median split of the values in the 

analytic sample. Shaded area represents 95% confidence intervals. mm = millimeters

Bangen et al. Page 19

J Alzheimers Dis. Author manuscript; available in PMC 2022 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bangen et al. Page 20

Ta
b

le
 1

B
as

el
in

e 
de

m
og

ra
ph

ic
 a

nd
 c

lin
ic

al
 d

at
a

W
ho

le
 S

am
pl

e
(n

=1
47

)
p-

ta
u/

A
β 

N
eg

at
iv

e
(n

=8
8)

p-
ta

u/
A
β 

P
os

it
iv

e
(n

=5
9)

t o
r 

X
2

d 
or

 Φ
p

M
ea

n 
or

 
%

SD
 o

r 
N

M
in

M
ax

M
ea

n 
or

 
%

SD
 o

r 
N

M
in

M
ax

M
ea

n 
or

 %
 

SD
 o

r 
N

 
M

in
 

M
ax

A
ge

, y
ea

rs
71

.2
4

6.
82

55
.0

0
85

.3
9

69
.5

5
6.

45
55

.0
0

84
.7

0
73

.7
6

6.
60

58
.5

0
85

.3
0

t=
3.

84
d=

0.
64

<
0.

00
1

E
du

ca
tio

n,
 y

ea
rs

16
.6

7
2.

58
9.

00
20

.0
0

16
.9

0
2.

38
12

.0
0

20
.0

0
16

.3
2

2.
84

9.
00

20
.0

0
t=

1.
33

d=
0.

22
0.

18
5

Fe
m

al
e,

 %
 (

n)
47

.6
%

N
=

70
-

-
54

.5
%

N
=

48
-

-
37

.2
9

N
=

22
-

-
χ

2=
4.

22
Φ

=
0.

17
0.

04
0

R
ac

e,
 %

 (
n)

χ
2=

1.
57

Φ
=

0.
10

0.
66

6

 
A

si
an

1.
4%

N
=

2
-

-
2.

3%
N

=
2

-
-

0.
00

%
N

=
0

-
-

-
-

-

 
B

la
ck

2.
7%

N
=

4
-

-
2.

3%
N

=
2

-
-

3.
39

%
N

=
2

-
-

-
-

-

 
W

hi
te

93
.9

%
N

=
13

8
-

-
93

.2
%

N
=

82
-

-
94

.9
2%

N
=

56
-

-
-

-
-

 
M

or
e 

th
an

 o
ne

2.
0%

N
=

3
-

-
2.

3%
N

=
2

-
-

1.
69

%
N

=
1

-
-

-
-

-

E
th

ni
ci

ty
, %

 (
n)

χ
2=

1.
20

Φ
=

0.
03

0.
72

9

 
H

is
pa

ni
c

4.
1%

N
=

6
-

-
4.

5%
N

=
4

-
-

3.
39

%
N

=
2

-
-

-
-

-

 
N

on
-H

is
pa

ni
c

95
.9

%
N

=
14

1
-

-
95

.5
%

N
=

84
-

-
96

.6
1%

N
=

57
-

-
-

-
-

A
PO

E
 ε

4 
ca

rr
ie

r, 
%

 (
n)

39
.5

%
N

=
58

-
-

21
.6

%
N

=
19

-
-

66
.1

0%
N

=
39

-
-

χ
2=

29
.2

9
Φ

=
0.

45
<

0.
00

1

M
C

I,
 %

 (
n)

31
.3

%
N

=
46

-
-

17
.1

%
N

=
15

-
-

52
.5

4%
N

=
31

-
-

χ
2=

20
.7

0
Φ

=
0.

38
<

0.
00

1

Pu
ls

e 
pr

es
su

re
, m

m
H

G
59

.1
1

16
.0

1
17

.0
0

10
9.

00
58

.9
3

14
.1

0
36

.0
0

94
.0

0
59

.3
7

18
.6

3
17

.0
0

10
9.

00
t=

0.
16

d=
0.

03
0.

87
1

FD
G

-P
E

T
 S

U
V

R
1.

27
0.

13
0.

91
1.

66
1.

31
0.

12
0.

98
1.

66
1.

22
0.

13
0.

91
1.

46
t=

2.
24

d=
0.

70
<

0.
00

1

E
nt

or
hi

na
l c

or
tic

al
 

th
ic

kn
es

s,
 m

m
3.

48
0.

40
1.

90
4.

08
3.

55
0.

33
2.

39
4.

08
3.

37
0.

47
1.

90
4.

08
t=

2.
64

d=
0.

44
0.

01
0

N
or

m
al

iz
ed

 
H

ip
po

ca
m

pa
l v

ol
um

e
47

.8
1

7.
56

27
.1

6
63

.9
2

50
.3

0
7.

14
27

.1
6

63
.9

2
44

.0
9

6.
65

29
.3

1
59

.4
8

t=
5.

21
d=

0.
90

<
0.

00
1

L
og

-t
ra

ns
fo

rm
ed

 W
M

H
 

vo
lu

m
e

0.
68

0.
37

0.
04

1.
87

0.
55

0.
30

0.
04

1.
38

0.
86

0.
38

0.
04

1.
87

t=
5.

30
d=

0.
88

<
0.

00
1

M
em

or
y

0.
68

0.
80

−
1.

53
3.

14
1.

02
0.

68
−

0.
28

3.
14

0.
16

0.
69

−
1.

53
1.

80
t=

7.
56

d=
1.

26
<

0.
00

1

D
at

a 
re

po
rt

ed
 a

re
 m

ea
n,

 s
ta

nd
ar

d 
de

vi
at

io
n 

(S
D

),
 m

in
im

um
 v

al
ue

, a
nd

 m
ax

im
um

 v
al

ue
 f

or
 c

on
tin

uo
us

 v
ar

ia
bl

es
 a

nd
 p

er
ce

nt
 a

nd
 n

um
be

r 
of

 p
ar

tic
ip

an
ts

 (
N

) 
fo

r 
ca

te
go

ri
ca

l v
ar

ia
bl

es
.

A
bb

re
vi

at
io

ns
: A

PO
E

 =
 a

po
lip

op
ro

te
in

 E
; M

C
I 

=
 m

ild
 c

og
ni

tiv
e 

im
pa

ir
m

en
t; 

m
m

H
g 

=
 m

ill
im

et
er

s 
of

 m
er

cu
ry

; F
D

G
-P

E
T

 =
 f

lu
or

od
eo

xy
gl

uc
os

e 
po

si
tr

on
 e

m
is

si
on

 to
m

og
ra

ph
y;

 S
U

V
R

 =
 s

ta
nd

ar
di

ze
d 

up
ta

ke
 v

al
ue

 r
at

io
; m

m
 =

 m
ill

im
et

er
; W

M
H

 =
 w

hi
te

 m
at

te
r 

hy
pe

ri
nt

en
si

ty
; p

-t
au

 =
 p

ho
sp

ho
ry

la
te

d 
ta

u;
 A

β 
=

 β
-a

m
yl

oi
d

H
ip

po
ca

m
pa

l v
ol

um
e 

w
as

 n
or

m
al

iz
ed

 b
y 

di
vi

di
ng

 b
y 

to
ta

l i
nt

ra
cr

an
ia

l v
ol

um
e 

an
d 

m
ul

tip
ly

in
g 

by
 1

0,
00

0

J Alzheimers Dis. Author manuscript; available in PMC 2022 September 09.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bangen et al. Page 21
T

he
 m

em
or

y 
co

m
po

si
te

 s
co

re
 is

 b
as

ed
 o

n 
th

e 
R

ey
 A

ud
ito

ry
 V

er
ba

l L
ea

rn
in

g 
(R

A
V

LT
) 

le
ar

ni
ng

 a
nd

 r
ec

al
l, 

w
or

d 
lis

t l
ea

rn
in

g 
an

d 
re

co
gn

iti
on

 f
ro

m
 A

D
 A

ss
es

sm
en

t S
ch

ed
ul

e 
– 

C
og

ni
tio

n 
(A

D
A

S-
C

og
),

 
im

m
ed

ia
te

 a
nd

 d
el

ay
ed

 r
ec

al
l f

ro
m

 L
og

ic
al

 M
em

or
y 

of
 th

e 
W

ec
hs

le
r 

M
em

or
y 

Te
st

–R
ev

is
ed

, a
nd

 th
e 

3-
w

or
d 

re
ca

ll 
ite

m
 f

ro
m

 th
e 

M
in

i-
M

en
ta

l S
ta

te
 E

xa
m

in
at

io
n 

(M
M

SE
) 

[2
3]

 T
he

 c
om

po
si

te
 s

co
re

 h
as

 a
 

m
ea

n 
of

 0
 a

nd
 a

 s
ta

nd
ar

d 
de

vi
at

io
n 

of
 1

.

J Alzheimers Dis. Author manuscript; available in PMC 2022 September 09.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bangen et al. Page 22

Ta
b

le
 2

E
nt

or
hi

na
l C

B
F 

pr
ed

ic
tio

n 
of

 lo
ng

itu
di

na
l p

er
fo

rm
an

ce
 in

 m
em

or
y

M
em

or
y

E
st

im
at

e
SE

p
r

In
te

rc
ep

t
0.

74
8

0.
10

0
<0

.0
01

0.
53

T
im

e
−

0.
10

3
0.

02
1

<0
.0

01
0.

38

A
ge

−
0.

16
5

0.
06

0
0.

00
7

0.
22

E
du

ca
tio

n
0.

04
7

0.
05

4
0.

39
4

0.
07

Se
x

0.
31

0
0.

11
2

0.
00

6
0.

22

Pu
ls

e 
pr

es
su

re
0.

10
7

0.
05

7
0.

06
2

0.
15

A
PO

E
 ε

4
0.

01
8

0.
13

0
0.

88
9

0.
01

p-
ta

u/
A
β

−
0.

75
3

0.
13

6
<0

.0
01

0.
42

FD
G

-P
E

T
0.

31
6

0.
05

7
<0

.0
01

0.
42

E
nt

or
hi

na
l C

B
F

0.
04

0
0.

05
6

0.
47

0
0.

06

E
nt

or
hi

na
l C

B
F 

x 
T

im
e

0.
06

4
0.

02
2

0.
00

4
0.

23

A
PO

E
 =

 a
po

lip
op

ro
te

in
 E

; p
-t

au
 =

 p
ho

sp
ho

ry
la

te
d 

ta
u;

 A
β 

=
 β

-a
m

yl
oi

d;
 F

D
G

-P
E

T
 =

 f
lu

or
od

eo
xy

gl
uc

os
e 

po
si

tr
on

 e
m

is
si

on
 to

m
og

ra
ph

y;
 C

B
F 

=
 c

er
eb

ra
l b

lo
od

 f
lo

w

B
ol

d 
va

lu
es

 a
re

 s
ta

tis
tic

al
ly

 s
ig

ni
fi

ca
nt

 (
p<

.0
5)

. E
ff

ec
t s

iz
e 

(r
-v

al
ue

s)
 in

te
rp

re
ta

tio
n:

 s
m

al
l=

0.
10

, m
ed

iu
m

=
0.

30
, l

ar
ge

=
0.

50
.

M
em

or
y 

pe
rf

or
m

an
ce

 w
as

 m
ea

su
re

d 
us

in
g 

a 
co

m
po

si
te

 s
co

re
 d

ev
el

op
ed

 a
nd

 v
al

id
at

ed
 w

ith
in

 th
e 

A
D

N
I 

sa
m

pl
e 

[2
3]

. T
he

 c
om

po
si

te
 in

cl
ud

es
 in

di
ce

s 
fr

om
 th

e 
R

ey
 A

ud
ito

ry
 V

er
ba

l L
ea

rn
in

g 
Te

st
, 

A
lz

he
im

er
’s

 D
is

ea
se

 A
ss

es
sm

en
t S

ca
le

 –
 C

og
ni

tiv
e 

Su
bs

ca
le

, L
og

ic
al

 M
em

or
y 

of
 th

e 
W

ec
hs

le
r 

M
em

or
y 

Sc
al

e–
R

ev
is

ed
, a

nd
 th

e 
M

in
i-

M
en

ta
l S

ta
te

 E
xa

m
in

at
io

n.

J Alzheimers Dis. Author manuscript; available in PMC 2022 September 09.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bangen et al. Page 23

Ta
b

le
 3

H
ip

po
ca

m
pa

l C
B

F 
pr

ed
ic

tio
n 

of
 lo

ng
itu

di
na

l p
er

fo
rm

an
ce

 in
 m

em
or

y

M
em

or
y

E
st

im
at

e
SE

p
r

In
te

rc
ep

t
0.

77
1

0.
09

7
<0

.0
01

0.
55

T
im

e
−

0.
09

8
0.

02
2

<0
.0

01
0.

37

A
ge

−
0.

15
6

0.
06

0
0.

01
0

0.
21

E
du

ca
tio

n
0.

05
4

0.
05

5
0.

32
6

0.
08

Se
x

0.
31

1
0.

11
1

0.
00

6
0.

23

Pu
ls

e 
pr

es
su

re
0.

10
0

0.
05

7
0.

08
3

0.
14

A
PO

E
 ε

4
−

0.
01

4
0.

13
2

0.
91

6
0.

01

p-
ta

u/
A
β

−
0.

76
5

0.
13

5
<0

.0
01

0.
43

FD
G

-P
E

T
0.

31
6

0.
05

7
<0

.0
01

0.
42

H
ip

po
ca

m
pa

l C
B

F
−

0.
06

1
0.

05
6

0.
27

7
0.

09

H
ip

po
ca

m
pa

l C
B

F 
x 

T
im

e
0.

00
9

0.
02

4
0.

70
0

0.
03

A
PO

E
 =

 a
po

lip
op

ro
te

in
 E

; p
-t

au
 =

 p
ho

sp
ho

ry
la

te
d 

ta
u;

 A
β 

=
 β

-a
m

yl
oi

d;
 F

D
G

-P
E

T
 =

 f
lu

or
od

eo
xy

gl
uc

os
e 

po
si

tr
on

 e
m

is
si

on
 to

m
og

ra
ph

y;
 C

B
F 

=
 c

er
eb

ra
l b

lo
od

 f
lo

w

B
ol

d 
va

lu
es

 a
re

 s
ta

tis
tic

al
ly

 s
ig

ni
fi

ca
nt

 (
p<

.0
5)

. E
ff

ec
t s

iz
e 

(r
-v

al
ue

s)
 in

te
rp

re
ta

tio
n:

 s
m

al
l=

0.
10

, m
ed

iu
m

=
0.

30
, l

ar
ge

=
0.

50
.

M
em

or
y 

pe
rf

or
m

an
ce

 w
as

 m
ea

su
re

d 
us

in
g 

a 
co

m
po

si
te

 s
co

re
 d

ev
el

op
ed

 a
nd

 v
al

id
at

ed
 w

ith
in

 th
e 

A
D

N
I 

sa
m

pl
e 

[2
3]

. T
he

 c
om

po
si

te
 in

cl
ud

es
 in

di
ce

s 
fr

om
 th

e 
R

ey
 A

ud
ito

ry
 V

er
ba

l L
ea

rn
in

g 
Te

st
, 

A
lz

he
im

er
’s

 D
is

ea
se

 A
ss

es
sm

en
t S

ca
le

 –
 C

og
ni

tiv
e 

Su
bs

ca
le

, L
og

ic
al

 M
em

or
y 

of
 th

e 
W

ec
hs

le
r 

M
em

or
y 

Sc
al

e–
R

ev
is

ed
, a

nd
 th

e 
M

in
i-

M
en

ta
l S

ta
te

 E
xa

m
in

at
io

n.

J Alzheimers Dis. Author manuscript; available in PMC 2022 September 09.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bangen et al. Page 24

Ta
b

le
 4

E
nt

or
hi

na
l C

B
F 

pr
ed

ic
tio

n 
of

 lo
ng

itu
di

na
l e

nt
or

hi
na

l a
tr

op
hy

 a
nd

 w
hi

te
 m

at
te

r 
hy

pe
ri

nt
en

si
ty

 a
cc

um
ul

at
io

n

E
nt

or
hi

na
l T

hi
ck

ne
ss

W
M

H
 V

ol
um

e

E
st

im
at

e
SE

p
r

E
st

im
at

e
SE

p
r

In
te

rc
ep

t
3.

52
4

0.
05

1
<0

.0
01

0.
99

0.
62

6
0.

04
6

<0
.0

01
0.

75

T
im

e
−

0.
07

3
0.

01
1

<0
.0

01
0.

52
0.

05
3

0.
00

6
<0

.0
01

0.
68

A
ge

−
0.

09
7

0.
03

1
0.

00
3

0.
25

0.
11

8
0.

02
8

<0
.0

01
0.

33

Se
x

−
0.

16
4

0.
05

8
0.

00
5

0.
23

0.
06

7
0.

05
2

0.
19

4
0.

11

Pu
ls

e 
pr

es
su

re
0.

05
3

0.
03

0
0.

07
8

0.
15

0.
04

0
0.

02
6

0.
13

0
0.

13

A
PO

E
 ε

4
0.

02
6

0.
06

8
0.

70
6

0.
03

−
0.

08
0

0.
06

0
0.

18
7

0.
11

p-
ta

u/
A
β

−
0.

18
2

0.
07

1
0.

01
1

0.
21

0.
25

8
0.

06
4

<0
.0

01
0.

32

FD
G

-P
E

T
0.

14
3

0.
03

0
<0

.0
01

0.
37

−
0.

05
5

0.
02

7
0.

04
2

0.
17

E
nt

or
hi

na
l C

B
F

0.
04

0
0.

02
9

0.
17

1
0.

11
−

0.
02

1
0.

02
6

0.
42

5
0.

07

E
nt

or
hi

na
l C

B
F 

x 
T

im
e

0.
03

9
0.

01
2

0.
00

1
0.

28
−

0.
01

3
0.

00
6

0.
02

9
0.

22

A
PO

E
 =

 a
po

lip
op

ro
te

in
 E

; p
-t

au
 =

 p
ho

sp
ho

ry
la

te
d 

ta
u;

 A
β 

=
 β

-a
m

yl
oi

d;
 F

D
G

-P
E

T
 =

 f
lu

or
od

eo
xy

gl
uc

os
e 

po
si

tr
on

 e
m

is
si

on
 to

m
og

ra
ph

y;
 C

B
F 

=
 c

er
eb

ra
l b

lo
od

 f
lo

w

B
ol

d 
va

lu
es

 a
re

 s
ta

tis
tic

al
ly

 s
ig

ni
fi

ca
nt

 (
p<

.0
5)

. E
ff

ec
t s

iz
e 

(r
-v

al
ue

s)
 in

te
rp

re
ta

tio
n:

 s
m

al
l=

0.
10

, m
ed

iu
m

=
0.

30
, l

ar
ge

=
0.

50
.

J Alzheimers Dis. Author manuscript; available in PMC 2022 September 09.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bangen et al. Page 25

Ta
b

le
 5

H
ip

po
ca

m
pa

l C
B

F 
pr

ed
ic

tio
n 

of
 lo

ng
itu

di
na

l h
ip

po
ca

m
pa

l a
tr

op
hy

 a
nd

 w
hi

te
 m

at
te

r 
hy

pe
ri

nt
en

si
ty

 a
cc

um
ul

at
io

n

H
ip

po
ca

m
pa

l V
ol

um
e

W
M

H
 V

ol
um

e

E
st

im
at

e
SE

p
r

E
st

im
at

e
SE

p
r

In
te

rc
ep

t
47

.9
93

0.
91

4
<0

.0
01

0.
97

0.
62

6
0.

04
5

<0
.0

01
0.

76

T
im

e
−

1.
25

6
0.

12
5

<0
.0

01
0.

70
0.

05
1

0.
00

6
<0

.0
01

0.
66

A
ge

−
2.

58
7

0.
57

5
<0

.0
01

0.
35

0.
12

0
0.

02
8

<0
.0

01
0.

33

Se
x

−
0.

47
1

1.
04

1
0.

65
2

0.
07

0.
07

3
0.

05
1

0.
15

0
0.

12

Pu
ls

e 
pr

es
su

re
1.

68
4

0.
54

3
0.

00
2

0.
25

0.
03

7
0.

02
6

0.
16

1
0.

12

A
PO

E
 ε

4
−

0.
10

8
1.

25
4

0.
93

2
0.

01
−

0.
09

5
0.

06
0

0.
11

6
0.

13

p-
ta

u/
A
β

−
3.

58
6

1.
28

2
0.

00
6

0.
23

0.
26

4
0.

06
3

<0
.0

01
0.

33

FD
G

-P
E

T
2.

96
6

0.
54

5
<0

.0
01

0.
41

−
0.

05
6

0.
02

6
0.

03
4

0.
16

H
ip

po
ca

m
pa

l C
B

F
0.

59
1

0.
52

3
0.

26
0

0.
09

−
0.

03
9

0.
02

5
0.

12
6

0.
12

H
ip

po
ca

m
pa

l C
B

F 
x 

T
im

e
0.

14
1

0.
12

3
0.

28
0

0.
10

0.
00

3
0.

00
7

0.
64

9
0.

05

A
PO

E
 =

 a
po

lip
op

ro
te

in
 E

 p
-t

au
 =

 p
ho

sp
ho

ry
la

te
d 

ta
u;

 A
β 

=
 β

-a
m

yl
oi

d;
 F

D
G

-P
E

T
 =

 f
lu

or
od

eo
xy

gl
uc

os
e 

po
si

tr
on

 e
m

is
si

on
 to

m
og

ra
ph

y;
 C

B
F 

=
 c

er
eb

ra
l b

lo
od

 f
lo

w

H
ip

po
ca

m
pa

l v
ol

um
e 

w
as

 n
or

m
al

iz
ed

 b
y 

to
ta

l i
nt

ra
cr

an
ia

l v
ol

um
e.

 B
ol

d 
va

lu
es

 a
re

 s
ta

tis
tic

al
ly

 s
ig

ni
fi

ca
nt

 (
p<

.0
5)

. E
ff

ec
t s

iz
e 

(r
-v

al
ue

s)
 in

te
rp

re
ta

tio
n:

 s
m

al
l=

0.
10

, m
ed

iu
m

=
0.

30
, l

ar
ge

=
0.

50
.

J Alzheimers Dis. Author manuscript; available in PMC 2022 September 09.


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	The ADNI Dataset
	Participants
	Neuropsychological Composite Scores
	Arterial Spin Labeling and Structural MRI Data
	White Matter Hyperintensity (WMH) Volume
	Covariates and clinical variables
	Statistical Analyses

	RESULTS
	Participant characteristics
	Memory Trajectories
	Cortical Thickness, Volume, and WMH Volume Trajectories
	Attrition
	Secondary Analyses

	DISCUSSION
	References
	Figure 1
	Figure 2
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5

