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Cecily Gwinn Swinford 

CHARACTERIZATION OF CEREBRAL BLOOD FLOW IN OLDER ADULTS: A 

POTENTIAL EARLY BIOMARKER FOR ALZHEIMER'S DISEASE 

Over 5 million older adults have Alzheimer's disease (AD) in the US, and this 

number is projected to double by 2050. Clinical trials of potential pharmacological 

treatments for AD have largely shown that once cognitive decline has occurred, targeting 

AD pathology in the brain does not improve cognition. Therefore, it is likely that the 

most effective treatments for AD will need to be administered before cognitive symptoms 

occur, necessitating a biomarker for the early, preclinical stages of AD. Cerebral blood 

flow (CBF) is a promising early biomarker for AD. CBF is decreased in individuals with 

AD compared to their normally aging counterparts, and it has been shown that CBF is 

altered in mild cognitive impairment (MCI) and earlier stages and may occur prior to 

amyloid or tau aggregation. In addition, CBF can be measured using arterial spin labeled 

(ASL) MRI, a noninvasive imaging technique that can be safely repeated over time to 

track prognosis or treatment efficacy. The complex temporal and spatial patterns of 

altered CBF over the course of AD, as well as the relationships between CBF and AD-

specific and -nonspecific factors, will be critical to elucidate in order for CBF to be an 

effective early biomarker of AD. Here, we begin to characterize the relationships between 

CBF and risk factors, pathologies, and symptoms of AD. Chapter 1 is a systematic review 

of published literature that compares CBF in individuals with AD and MCI to CBF in 

cognitively normal (CN) controls and assesses the relationship between CBF and 

cognitive function. Chapter 2 reports our original research assessing the relationships 

between CBF, hypertension, and race/ethnicity in older adults without dementia from the 



 vii  

the Indiana Alzheimer’s Disease Research Center (IADRC) and Alzheimer’s Disease 

Neuroimaging Initiative (ADNI). Chapter 3 reports our original research assessing the 

relationships between CBF and amyloid beta and tau aggregation measured with PET, as 

well as whether hypertension or APOEε4 positivity affects these relationships, in older 

adults without dementia from the IADRC. Chapter 4 reports our original research 

assessing the relationship between the spatial distribution of tau and subjective memory 

concerns. 
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1 

Chapter 1: Altered Cerebral Blood Flow in Older Adults with Alzheimer’s Disease: A 

Systematic Review 

1.1 Introduction 

Alzheimer’s disease (AD) is the leading cause of dementia, accounting for 60-

80% of dementia cases.1 Both the prevalence and mortality rate of AD are increasing in 

the U.S. and globally, and there are no current treatments that can stop or reverse the 

progressive loss of cognitive function caused by AD.1 AD is characterized by the 

presence of aberrant aggregations of amyloid beta and tau proteins in the brain. Clinical 

trials of treatments targeting pathologic forms of these proteins have successfully reduced 

them but have been unable to stop the progression of cognitive decline.2 The National 

Institute on Aging (NIA) has issued the goal to “prevent and effectively treat Alzheimer’s 

disease by 2025.” In order to effectively treat AD, a preventative treatment, administered 

before irreversible neuronal damage has occurred, may be necessary.2 This would require 

the identification of older adults who are most likely to develop AD in the future. To do 

this, an effective early biomarker for AD is needed.3,4 The disease process of AD can 

begin decades before cognitive decline is apparent and can manifest in preclinical stages 

of AD, including mild cognitive impairment (MCI), which can last for years before a 

clinical diagnosis of dementia.5,6 MCI is a stage of decreased cognitive functioning as 

measured on objective cognitive tests accompanied by the preserved ability to achieve 

day-to-day activities.5 Subjective cognitive decline (SCD), during which individuals still 

perform in the normal range on objective cognitive tests but report a subjective decline 

from their normal cognitive state, has been described as an even earlier stage in the 

course of AD.7,8 An effective early biomarker for AD that can lead to preventative 



 2  

treatment for AD must be able to distinguish individuals with SCD and MCI from 

normally aging individuals and from older adults experiencing cognitive changes due to 

other reasons, such as depression.9 Therefore, biomarkers for preclinical AD will be 

necessary in order for treatments to be administered during the earliest disease stages, 

which may increase treatment efficacy.  

Cerebral blood flow (CBF) is a potential early biomarker for AD. CBF is the rate 

at which blood reaches the brain and is typically measured in mL of blood per 100 grams 

of tissue per minute. The brain receives a disproportionately large amount of the body’s 

blood supply relative to its size and is very sensitive to changes in blood pressure. The 

brain has unique mechanisms for keeping blood flow constant; if blood pressure 

increases, the vessels constrict and if blood pressure decreases, the vessels dilate.10 This 

is the opposite of how blood vessels react to changes in blood pressure in most areas of 

the body and explains why hypertension and other cardiovascular risk factors, paired with 

age, which causes blood vessels in the brain to become more rigid, lead to a hyper-

constricted cerebral vasculature and ultimately chronically reduced CBF.11 Although the 

longstanding amyloid cascade hypothesis of AD posits that amyloid beta and its 

aggregation ultimately lead to the disease processes and outcomes in AD,12 the more 

recently suggested two-hit hypothesis states that cerebrovascular dysfunction and 

amyloid beta pathology culminate to initiate and propagate AD.13 CBF is globally 

decreased in patients with AD compared to age-matched non-demented counterparts. It 

has been shown that CBF is altered in individuals with preclinical AD as well, and that 

patterns of altered CBF are correlated with disease severity and progression from one 

diagnostic stage to the next.14 
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 CBF has been studied in the context of AD and other dementias for several 

decades and has been measured by a variety of neuroimaging methods over time. The 

first measurements of CBF in humans were made in 1948 using the inhalation of nitrous 

oxide and quantification of the inert gas in venous blood.15 In the 1960s, the use of 

radioactive tracers including krypton-85 and xenon-133 allowed for the measurement of 

regional as well as global CBF.16,17 Over time, methods improved to allow for better 

precision of measurement. The development of positron emission tomography (PET) 

soon led to the use of positron-emitting tracers, particularly oxygen-15, for CBF 

measurement.18 Dynamic contrast enhanced magnetic resonance imaging (DCE MRI) 

was developed around the same time as PET and utilized gadolinium-based contrast 

agents that had magnetic properties to trace and quantify CBF without the need for 

radioactive tracers. 19,20  

 The most common methods of the studies included in this review are single-

photon emission computerized tomography (SPECT) and the more recently developed 

arterial spin labeled (ASL) MRI. SPECT requires the blood to be labeled with an 

injection of a radioactive tracer, such as iodine-123 or technetium-99m. As the tracer 

undergoes radioactive decay, gamma rays are emitted and detected by a gamma camera. 

These detections are then reconstructed into a 3D image that depicts where in the brain 

the tracer (and thus blood) traveled during the imaging period.21 ASL MRI, on the other 

hand, is completely noninvasive. MR imaging works by detecting the magnetic alignment 

of water molecules (specifically, of hydrogen atoms) in the body. In ASL MRI, blood is 

labeled as it flows into the brain by inverting the magnetization of the water molecules in 

the blood, and then an image is constructed from the magnetic signals detected in the 
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brain. When compared to an MR image taken without magnetically labeling the blood, 

the difference between the labeled and unlabeled images corresponds to the amount of 

blood that flowed into the brain during the imaging period of the labeled scan.22 ASL 

MRI can therefore be safely and comfortably used at multiple time points to monitor 

changes in CBF over the course of disease or treatment, because it does not require the 

injection of a radioactive tracer.  

In order for altered CBF to be a viable early biomarker for AD, we need to better 

understand how CBF changes throughout the progression of AD, including in preclinical 

and prodromal stages. It is also critical that the roles of other AD-related pathologies 

(amyloid beta, tau, gray matter atrophy, white matter lesions), AD risk factors 

(apolipoprotein E (APOE) ε4 genotype, diabetes, hypertension, and other types of 

cardiovascular disease), and demographic factors (age, sex, race/ethnicity, education, 

environmental risk factors) are taken into consideration when measuring CBF. These may 

affect or be affected by altered CBF, and all of these factors likely interact with each 

other to initiate and propagate the disease state.  

The purpose of this review is to consolidate the literature comparing CBF in older 

adults with MCI or AD to those that are cognitively normal (CN). Patterns of altered CBF 

will be summarized using results from several brain regions. Results will also be 

summarized for the relationship between cognitive exam scores and CBF in older adults. 

The aim is to compile and synthesize the results of the existing literature concerning 

altered CBF in AD. This is important because various methods of imaging and CBF 

measurement have been used over the years; standardization of results will help to clarify 

whether previous findings are consistent. We also aim to summarize the methods used in 
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the various studies, for example whether potentially confounding factors are included. A 

recently published review23 covers the same topic with a broader scope. It includes 

studies that measured CBF velocity, and it does not exclude articles based on the age of 

participants with AD. However, Zhang et al23 does not include papers that report voxel-

wise results in the form of z or t scores. The current review employs an age cutoff for the 

AD participants included because early onset AD, diagnosed before age 65, may be a 

different variant of AD; early onset AD patients tend to decline more rapidly and are 

more likely to have cognitive declines in areas other than memory as the initial 

symptoms. Therefore, we excluded papers where the mean age of AD participants minus 

two standard deviations (SDs) is less than 60, meaning that 95% of the individuals 

studied in each paper are at least 60 years old. This defines the overall included AD 

population as mostly late onset. We also included papers that report voxel-wise results to 

assess their consistency with papers that report regional CBF values. 

The objective of this review is to assess the cumulative evidence of altered CBF 

in older adults with MCI and AD in multiple brain regions and of the relationship 

between CBF and cognitive exam scores in these individuals. We also aim to assess the 

consistency of findings across papers that use a variety of imaging, processing, and 

analytic methods. The main question in this review is a case-control observational 

research question in which the condition is MCI or AD and the variable of interest is 

defined as altered CBF. However, the direction of causality is not defined, and the 

question is more one of correlation between diagnosis and CBF. In reality, it is likely that 

AD pathologies and altered CBF exacerbate one another and have a cyclical relationship, 

and it is not clear which of the two is present first or whether both arise simultaneously 
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from a common cause. These questions may be answered in the future with the help of 

large longitudinal studies of CBF over the course of AD. As we describe later, this will 

be necessary in order to fully characterize CBF as an early biomarker for AD. 

 

1.2 Methods 

This systematic review includes all studies in which resting CBF is either 

compared between different diagnostic groups (CN, MCI, AD) or correlated with 

cognitive exam scores within or across diagnostic groups. Further, only studies in which 

the age of AD patients is at minimum 60 years old within two SDs from the mean are 

included. If there was not an SD listed for age of participants with AD, that paper was not 

eligible unless the minimum age was at least 60. Both observational studies and clinical 

trials that measured CBF at rest prior to treatment are included, as well as both cross-

sectional and longitudinal designs. We chose to use a cutoff for participant age so that a 

majority of the AD patients would be near the age of 65 and likely to have the late-onset 

variant of AD. Early onset AD tends to progress more rapidly and is more likely to 

present with cognitive deficits other than memory difficulties in the early stages. This 

group should be studied separately when it comes to early biomarkers. Only manuscripts 

which were written in English were included. All manuscripts are published as original 

research papers or brief reports; conference abstracts were not included. There were no 

restrictions on the year of publication or on the method of CBF measurement, so long as 

the methodology was appropriate. Studies that were ineligible either did not measure 

CBF at rest or did not use resting CBF as an outcome measure in multiple diagnostic 

groups and/or in comparison with cognitive test scores.  
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PubMed was searched on March 23, 2021, through the National Library of 

Medicine and with access via Indiana University School of Medicine. 1197 potential 

articles resulted from a PubMed search of “brain-blood supply” and “Alzheimer’s 

disease.” We did not specify article type or language in the initial PubMed search in order 

to be inclusive of all possibly relevant articles. The search terms were chosen from 

PubMed MeSH terms that broadly encompassed the intended key topics of CBF and 

Alzheimer’s disease.  

Due to the observational nature of the research question, the PICO method was 

not used. Unlike an intervention and outcome, CBF and AD diagnosis and/or severity do 

not have a known direction of causation. Therefore, the design used was a case-control 

observational research question in which the condition was AD or MCI and the variable 

of interest was altered CBF. However, we did not require that CBF measurement take 

place prior to MCI or AD diagnosis; it was decided to view AD and altered CBF as 

mutually propagating, as it is unknown whether AD pathology or altered CBF occurs 

first, and it has been shown that each can exacerbate the other.  

For the main synthesis, we describe increase or decrease in CBF between cases of 

AD and controls in several brain regions. Altered CBF in MCI relative to controls and 

correlations between CBF and cognitive test scores are described as well, for articles 

which include these analyses. For papers that present relevant data only in the form of a 

graph, we extracted quantitative data using WebPlotDigitizer version 4.5 

(automeris.io/WebPlotDigitizer/). For articles that had a high potential of duplicate or 

overlapping participant samples, the article with the higher quality rating (less risk for 

bias) was chosen.  



 8  

The information recorded for each article were: author(s), article title, year of 

publication, place of the study, number of participants, diagnostic groups, criteria by 

which diagnoses were defined, method used to measure and quantify CBF, ages of 

participants, whether the paper is included in the synthesis, and which outcomes were 

reported. Additional, irrelevant methods and outcomes are not reported. To organize this 

information, we used a matrix from University of Maryland Research Guides 

(lib.guides.umd.edu/SR/steps).  

To assess the risk of bias and the quality of each article, we used the NIH Quality 

Assessment of Case-Control Studies. The items on this tool were: clearly stated objective, 

clearly specified and defined population, sample size justification, use of same population 

for cases and controls, use of same inclusion and exclusion criteria for cases and controls, 

clearly defined and differentiated cases, random selection of sample from eligible 

individuals, use of concurrent controls, confirmation that exposure occurred prior to the 

condition, clearly defined and reliable measures of exposure/risk, blinded assessment of 

exposure/risk with regard to case/control, and use of matching or addition of confounding 

variables to statistical models. Overall judgments were “poor,” “fair,” or “good.” These 

decisions were made according to the guidance included in the tool, where it is explained 

that lack of some criteria correspond to “fatal flaws” while others do not much affect the 

overall quality of the paper. CBF was considered the “exposure,” and because the 

direction of causation between AD and altered CBF is outside the scope of this review, it 

was not relevant whether the exposure occurred prior to the condition. Therefore, this 

question was marked as “not applicable” and not used in the overall bias rating. Other 

items on the rating tool that were not used were: sample size justification, random 
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selection of sample from eligible individuals, and use of concurrent controls, because 

these items were all either not present or not reported in all or nearly all papers assessed. 

In addition, blind assessment of the CBF was not applicable for many of the papers, 

because the CBF was measured by fully automated methods. This item was considered 

for those papers in which hand-drawn regions of interest were used.  

For each relevant paper, we reported mean and SD of CBF in each brain region 

for each diagnostic group. For articles that used voxel-wise measurement of CBF and 

reported the z or t scores of peak voxels, these scores, along with cluster sizes and p 

values are reported. For papers that measured the correlation between CBF and cognitive 

test scores, r and p values are reported. For papers with mean and SD regional CBF 

values, effect sizes were calculated, and syntheses were presented for multiple brain 

regions for that compared CBF between AD and CN. To measure effect size of the 

difference in CBF between CN and AD and between CN and MCI for papers that 

reported regional CBF values, we used Hedge’s g, which is Cohen’s d adjusted for small 

sample sizes, as well as the 95% confidence interval for Cohen’s d. These effect size 

measures were chosen because CBF is a continuous measure that is dependent on the 

scanning and processing methods, so standardized measures were necessary. Effect size 

was calculated for the difference in CBF between MCI/AD and control groups in the 

following brain regions: frontal, temporal, parietal, temporoparietal, occipital, posterior 

cingulate, hippocampus, and thalamus. These regions were chosen because they were the 

most frequently used across all papers. Thresholds were not employed for the effect sizes; 

we assessed synthesized results by reporting the average, median, and range of effect size 

scores in each synthesis. Overall, we stated whether there were consistent or inconsistent 
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results for regional CBF change in participants with AD relative to CN across papers. For 

all results reported with Hedge’s g, this value and the 95% confidence interval are 

presented in graphs, organized by brain region and by whether CN is compared to MCI or 

AD.  

A meta-analysis was not done. Heterogeneity is discussed where there is 

inconsistency in findings across papers, but statistical analyses regarding heterogeneity 

were not completed. Sensitivity analyses were also not completed. The scope of this 

paper is to compile and present the findings in the literature and to discuss overall 

patterns of results. Reporting bias is taken into account, and certainty ratings for each 

synthesis are presented in the summary of findings table. The scope of this review only 

includes relevant articles from PubMed that are published, in English, and fully 

accessible through the Indiana University School of Medicine student credentials. Grey 

literature was not included. Negative findings were included whenever they were 

reported, but not all papers reported findings for every brain region. For the certainty 

assessment, we used the GRADE tool from the Cochrane handbook. Scores are “very 

low,” “low,” “moderate,” and “high.”  Since this tool is designed for randomized clinical 

trials, it instructs the assessor to begin with “moderate” for observational or case-control 

studies. We rated each synthesis according to the rest of the GRADE criteria but did not 

strictly begin at “moderate” for each paper because, by design, most of the papers were 

not clinical trials.  
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1.3 Results 

Of 1197 potential articles resulting from a PubMed search of “brain-blood 

supply” and “Alzheimer’s disease”, 185 were retained for further assessment, and 1012 

were excluded. Of those excluded, 352 were reviews, editorials, commentaries, case 

studies, and other types of articles that did not match the eligibility criteria. 325 did not 

use resting CBF as an outcome measure, and 157 used animal models or cell cultures 

rather than human participants. Finally, 94 did not include participants with various 

diagnoses or levels of cognitive functioning, and full access was not available for 84 

articles. Of the 185 retained, 29 articles were ultimately chosen for inclusion in this 

review, and 156 were excluded. Of these, 97 sampled AD patients who were too young or 

whose ages were not adequately defined, 25 did not use resting CBF as an outcome, 17 

did not compare CBF between diagnostic groups or correlate it with cognitive function, 5 

included participants with potentially confounding conditions, 3 were out of scope, 2 

included patients with AD who were on psychotropic medication, and 7 were likely to 

have used the same participant groups as other articles included in this review. The 

process of choosing relevant articles is presented in Figure 1. 

The papers considered “out of scope” include Iturria-Medina et al,24 in which the 

authors create a 4D multifactorial causal model of AD; Moretti,25 which focuses on and 

groups participants by alpha power ratio on EEG; and Vogel et al,26 which measures and 

compares the heterogeneity of CBF rather than a measure of CBF itself. Papers that 

include patients and/or controls with other illnesses are: Jagust et al27 (half of the AD 

patients have early onset AD), Dougall et al28 (some controls have major depression), 

Starkstein et al29 (some controls have dizziness), Cho et al30 (controls have headaches or 
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syncope), and De Reuck et al31 (the dementia group includes Pick’s disease and 

Creutzfeldt-Jakob, and the nondemented group includes stroke and encephalopathy). The 

papers with potentially overlapping samples were: Hanyu et al32 (with Hanyu et al33), 

Haji et al34 (with Kimura et al35), Brown et al36 (with Brown et al37), Colloby et al38 (with 

Firbank et al39), Kawamura et al40 and Mortel et al41 (with Obara et al42) and Pearlson et 

al43 (with Harris et al44).  

Papers included in this review are listed and characterized in Table 1. They 

include: Alegret et al,45 Benoit et al,46 Brown et al,37 Claus et al,47 Dai et al,48 Ding et al,49 

Encinas et al,50 Firbank et al,39 Hanyu et al,33 Hanyu et al,51 Harris et al,44 Iizuka and 

Kameyama,52 Jagust et al,53 Johnson et al,54 Kimura et al,35 Lacalle-Aurioles et al,55 Lee 

et al,56 Mubrin et al,57 Nagahama et al,58 Obara et al,42 Sase et al,59 Schuff et al,60 Shimizu 

et al,61 Sundstrom et al,62 Takahashi et al,63 Tateno et al,64 van de Haar et al,65Yew and 

Nation,66 and Yoshida et al.67 The table provides the following information for each 

included article: author, title, year of publication, location of the study (or study authors if 

this is unclear), sample size by diagnostic group, criteria used to define diagnostic groups, 

type of scan used to measure CBF, ages of participants in each diagnostic group, whether 

the paper was included in the syntheses, and whether outcomes included CBF in AD vs. 

CN, CBF in MCI vs. CN, and/or the correlation between CBF and cognitive test scores. 

Notes are included to clarify special circumstances for individual papers where necessary. 

Of the 29 papers, 19 measure CBF using SPECT, 6 using ASL MRI, and 4 using other 

methods. Publication dates range from 1987 to 2017. 

Table 2 reports the component scores and overall quality rating on the risk of bias 

assessment for each paper. Justification for each score is given in the “Overall Quality 
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Rating and Notes” column. Of the 29 papers, 9 were rated as “good,” 13 were rated as 

“fair,” and 7 were rated as “poor.” All but one of the papers rated “poor” differed from 

those rated “good” and “fair” by the lack of reported cognitive test scores for the CN 

group, without which it is not clear that the CN group is free of cognitive decline. 

Sundstrom et al62 was rated as “poor” because the CN group was younger than the AD 

group, and age was not used as a covariate in the analyses. 

Tables 3, 4, and 5 report the results of interest for each study. Table 3 reports the 

comparison of CBF in CN and AD groups (notes clarify which papers include MCI in 

one of these groups or compare MCI to AD), Table 4 reports the comparison of CBF 

between CN and MCI groups, and Table 5 presents correlations between CBF and 

cognitive exam scores. In Tables 3 and 4, regional CBF data is given as mean (SD) for 

each group. For regional CBF in these tables and further analyses, values for left and 

right regions were averaged, with SDs pooled; this was also done across smaller brain 

regions within those of interest. When bilateral averaging was done, or when only one 

hemisphere was included in a given paper, this is clarified in the “Notes” column. For 

voxel-wise results, cluster size (k), p value, and z or t value are reported, and the specific 

region where the peak voxel is located is given in the “Notes” column. For all effect 

sizes, a positive value represents a decrease in CBF in patients relative to CN, as this was 

how the results were reported in nearly all of the papers. The “Notes” column also 

mentions if the data were extracted from a graph rather than reported numerically in the 

paper. Papers with qualitative results are included in this table as well, for completeness. 

These papers all used quantitative or semi-quantitative methods to measure CBF; papers 

that assessed CBF simply by visual inspection were not eligible to be included in this 
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review. Table 5 reports r and p values for the correlation of regional CBF and cognitive 

test scores, where available, with details in the “Notes” column. 

Overall, most of the papers reported  relatively decreased CBF in AD in all brain 

regions we included. Relatively increased CBF in AD was reported more rarely, and only 

in the frontal and temporal lobes, hippocampus, and thalamus. There were fewer papers 

that assessed CBF in MCI compared to CN, but relatively decreased CBF in MCI was 

reported in all regions except for the thalamus, and relatively increased CBF in MCI was 

reported in the frontal and temporal lobes, hippocampus, and thalamus. 

Specifically, decreased CBF in AD was reported in the frontal lobe in 18 papers, 

in the parietal lobe in 20 papers, in the temporal lobe in 19 papers, in temporoparietal 

regions in 10 papers, in the occipital lobe in 9 papers, in the posterior cingulate in 9 

papers, in the hippocampus in 3 papers, and in the thalamus in 5 papers. Relative 

increases in CBF in AD were reported in the frontal lobe in 3 papers, in the temporal lobe 

in one paper, in the hippocampus in one paper, and in the thalamus in two papers. 

Relative decreases in CBF in MCI were reported in the frontal lobe in one paper, in the 

parietal lobe in one paper, in the temporal lobe in three papers, in the temporoparietal 

region in one paper, in the occipital lobe in one paper, in the posterior cingulate in three 

papers, and in the hippocampus in one paper. Relative increases in CBF in MCI were 

reported in the parietal lobe in two papers, in the temporal lobe in one paper, in the 

hippocampus in one paper, and in the thalamus in one paper. These results include reports 

of altered CBF that were not statistically significant in the original papers. 

Of the papers that assessed the relationship between cognitive test scores and 

CBF, a majority of them reported a positive correlation, but there were also reports of 
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negative correlations and of no correlation. Specificially, regional CBF was reported to 

be positively correlated with cognitive function in 9 papers. The cognitive tests used in 

these papers include the Mini Mental State Examination (MMSE), 15- Objects Test, 15 

item Boston Naming Test, Poppelreuter test, Cognitive Capacity Screening Examination 

(CCSE), Cambridge Cognition Examination (CAMCOG; language, praxis, and 

abstraction sub-scores), Mini Mental State Questionnaire (MMSQ), Trail Making Test 

Part B (TMT-B), and the Clock Drawing Test (CDT). Regional CBF is negatively 

correlated with scores on TMT-B in one paper. One paper reported no correlation 

between global CBF and revised CAMCOG scores when other independent variables 

were in the model and another paper reported no correlation between regional CBF and 

the memory sub-score of the CAMCOG. One paper reported no correlation between 

regional CBF and the California Verbal Learning Test or Self-Ordering Test. 

Additionally, two papers reported both positive and negative correlations between 

cognitive test scores and CBF in distinct brain regions. Details for each set of results from 

each paper are given in the final columns of the tables.  

Figures 2-16 graphically present the Hedge’s g score and 95% confidence interval 

of Cohen’s d for the difference in CBF between AD and CN (Figures 2-9) and between 

MCI and CN (Figures 10 -16) for each brain region. As in the tables, positive effects 

denote a decrease in CBF in MCI/AD relative to CN. Alegret et al45 reports regional CBF 

as mean (SD) of eigenvariates from voxel-wise comparisons, which are not directly 

comparable to the other results but are included in these graphs for completeness. 

Table 6 is a Summary of Findings table for the syntheses of results. Results are 

presented for CBF in CN vs. AD in papers that reported regional CBF values as mean 
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(SD). Seventeen papers were included. Alegret et al45 was not included. Encinas et al50 

was also not included because there was no CN group in that study. Table 6 reports 

combined sample size, number of studies included, authors of included studies, mean, 

median, and range of Hedge’s g scores, certainty, and comments for syntheses of CBF in 

AD relative to controls in each brain region. The region with the greatest mean and 

median Hedge’s g (greatest decrease in CBF in AD compared to CN) is the 

temporoparietal, followed by the posterior cingulate. All regions had positive mean and 

median Hedge’s g scores (denoting decreased CBF in AD compared to CN). Regions 

with at least one paper that reported an increase in CBF in AD compared to CN were 

frontal lobe, temporal lobe, and the hippocampus. 

Reporting bias was assessed by rating the completeness of each paper in the 

syntheses. All eligible papers, those that reported mean and SD CBF values for AD and 

CN, were included, except for Alegret et al45 due to the mean and SD coming from voxel-

wise eigenvariates. Of the included papers, Firbank et al39 was missing CBF data from 

the thalamus for one CN participant, and Schuff et al60 did not analyze or report occipital 

CBF data because too few voxels were present after selecting only “pure” gray or white 

matter voxels. Otherwise, results were fully reported in all papers. Papers were included 

in regional syntheses if they reported CBF values for relevant subregions, some of which 

we combined for an average value within the synthesis region. This review only includes 

published articles from PubMed that were in English and fully accessible. These 

restrictions contribute to a moderate level of reporting bias, but reporting bias is likely 

not increased from other sources or for other reasons.   
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Certainty of syntheses was rated based on cumulative risk of bias scores of the 

constituent papers; if the weighted average risk of bias score (based on sample size) was 

less than “fair,” the overall certainty was lowered. Certainty was also lowered due to 

inconsistency (scores were higher if all results were in the same direction), and 

indirectness and/or imprecision (including papers where we combined subregions’ 

values, subgroups, or where we extracted data from graphs). Large effect sizes, evidence 

of dose-response relationships (MCI values intermediate between CN and AD values), 

and confounding factors that would have likely resulted in an effect of the opposite 

direction were considered as reasons to raise or maintain the certainty score. 

Justifications for the certainty score are included in detail in Table 6 for each synthesis. 

 

1.4 Discussion 

In this systematic review, we compiled findings of altered CBF in MCI/AD from 

previously published literature. There were consistent reports of decreased CBF in AD 

compared to CN in parietal, temporoparietal, occipital, and posterior cingulate regions. 

Frontal, temporal, hippocampal, and thalamic regions each had either increases in CBF in 

AD or no differences reported in at least one paper. Interestingly, thalamic CBF in AD 

was relatively decreased in all five papers that reported regional CBF and was relatively 

increased in the two papers that reported voxel-wise results. Across regions, 93% of the 

results reported decreased CBF in AD compared to CN. For CBF in MCI compared to 

CN, the results were more mixed. Only five papers reported regional or voxel-wise 

comparisons in CBF between CN and MCI, but of the 16 regional results, 5 (31%) of 

them reported increased CBF in MCI compared to CN. While the higher percentage of 



 18  

results reporting an increase in CBF in MCI could be due to the low number of papers 

comparing CBF between MCI and CN, it has been suggested that increased CBF in MCI 

could be a compensatory response to early AD pathology, in which increased blood flow 

is necessary in order to function at a normal level. In Zhang et al,23 the authors concluded 

that decreased CBF begins in posterior cingulate, temporoparietal, and thalamic regions 

during MCI, and that decreased CBF becomes more widespread in AD. We did find some 

evidence of decreased CBF in MCI, and MCI values were intermediate between CN and 

AD in the same paper.45,48 Like Zhang et al,23 we found quite consistent findings of 

positive correlations between regional CBF and cognitive functioning, which supports the 

idea that decreased CBF is associated with cognitive impairment in AD. It will be 

necessary for future studies to elucidate whether transient increases in CBF during MCI 

are characteristic of this stage of disease or if this only occurs in a particular subset of 

individuals with MCI.  

Another finding from this review is that only a few papers comparing CBF 

between diagnostic stages included potentially confounding variables in the analyses. 

Nearly all of the papers used diagnostic groups that did not differ by age, so this was 

largely accounted for. Sundstrom et al62 reported that the CN group was younger than the 

AD group. The only paper that did not report adequate information about group age was 

Mubrin et al57. Neither of these papers were included in the syntheses presented in the 

Summary of Findings Table. Aside from age, three papers included sex as a covariate, 

and one paper each included presence of hypertension, white matter lesion volume, 

presence of the APOE ε4 allele, body mass index, and measure of cerebral glucose 

metabolism as covariates in the analyses. Given that all of these factors and others, 
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including other cardiovascular risk factors, lifestyle factors, and perhaps even 

socioeconomic factors could potentially have an effect on brain and/or cognitive function, 

there are many variables that should be taken to account in future CBF studies in AD. 

Limitations of this review include that we only used accessible articles from 

PubMed that were published in English. Another limitation inherent in including articles 

from various decades is that several different imaging and processing methods were used 

to measure CBF in these papers. Papers also used different reference regions to normalize 

the CBF values. Despite this, the results of CBF in AD compared to CN and of CBF in 

relation to cognitive test scores were generally consistent. The less consistent results in 

the MCI group may be due to the small sample size or may be due to differences in the 

MCI samples that were not accounted for. Additionally, this review only includes papers 

with AD samples of a certain age, so the number of papers included is relatively small, 

and some of them have small sample sizes. Due to these limitations and to the 

observational and correlational nature of the research question, the results and syntheses 

presented here are meant to summarize and consolidate the existing evidence of altered 

CBF in MCI/AD and to characterize general patterns in these findings, rather than to 

make conclusive statements about the degree of these changes. 

The results of this review suggest that more research is needed to better 

understand the spatial and temporal nature of changes in CBF throughout the course of 

AD, especially in early stages of disease including MCI. In addition, standardization of 

methods to measure and process CBF would allow results from different studies to be 

more easily be consolidated or compared. We believe that, in order to best characterize 

CBF for its potential use as an early noninvasive biomarker for AD, large and diverse 
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samples of participants must be employed, so that analyses can be completed in multiple 

brain regions and with multiple factors included as covariates. Longitudinal studies that 

meet these criteria and include individuals from different disease stages could help to 

clarify the specific patterns of CBF changes that usually occur during the years leading 

up to a diagnosis of AD and how altered CBF relates to AD pathologies and cognitive 

decline. 
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Figure 1.  PRISMA flow chart of articles identified, assessed for eligibility, and included 

in systematic review. Reasons for exclusion are listed. Included papers compare resting 

CBF between AD/MCI and CN, include an AD sample where over 95% are 60 years old 

or older, and are written in English. 

 

Records identified from 

PubMed and screened 

(n = 1197) 
 

Records excluded 

(n = 1012) 

Reports sought for retrieval and 

assessed for eligibility 

(n = 185) 
 

Reports excluded: 

 

AD too young/ age not clear (n = 97) 

Resting CBF not measured as an 

outcome (n = 25) 

Resting CBF not compared between 

groups or correlated with cognitive 

function (n = 17) 

Overlap in samples (n = 7) 

Participants have other illnesses (n = 5) 

Out of scope (n = 3) 

AD patients taking psychotropics (n = 2) 
 

Studies included in review 

(n = 29) 
 

Identification of studies via databases and registers 
Id

e
n

ti
fi

ca
ti

o
n

 a
n

d
 S

c
r
e
e
n

in
g

 

 
In

c
lu

d
e
d

 



 

 

2
2

E
r

ror! 

Ma
i

n
 

Do
c

ument On
l

y
.

1
 

Table 1. Characteristics of included articles. Columns display authors (A), titles (B), publication date (C), location of study/authors 

(D), number of participants and diagnostic groups included (E), criteria used to determine diagnoses (F), method used for 

measurement of CBF (G), and ages of participants in each diagnostic group expressed as mean (SD) (H) for each included paper. The 

last four columns state whether the paper includes results were included in the synthesis (I) and whether the paper reports CBF for AD 

(J), MCI (K), and/or in association with cognitive function (L). Abbreviations can be found in the List of Abbreviations (p. xii). 

 
A B C D E F G H I J K L 

Alegret 

et al45 

Brain perfusion 

correlates of 

visuoperceptual 

deficits in mild 

cognitive 

impairment and 

mild Alzheimer's 

disease 

2010 Barcelona, 

Spain 

126 (42 CN, 

42 MCI, 42 

AD) 

NINCDS-

ADRDA for AD 

and Petersen et 

al criteria for 

MCI 

99mTc-

ECD 

SPECT 

CN: 74.7 

(4.4) 

MCI: 76.8 

(4.3) 

AD: 76.4 

(4.5) 

no yes yes yes 

Benoit 

et al46 

Brain perfusion 

in Alzheimer's 

disease with and 

without apathy: a 

SPECT study 

with statistical 

parametric 

mapping analysis 

2002 Nice University 

Memory Center, 

France 

41 (11 CN, 30 

AD) 

ICD-10 criteria  99mTc-

ECD 

SPECT 

CN: 74.1 

(9.3) 

AD: 77.1 

(5.6) 

no yes no yes 

Brown 

et al37 

Longitudinal 

changes in 

cognitive 

function and 

regional cerebral 

function in 

Alzheimer's 

disease: a SPECT 

blood flow study 

1996 Glasgow, 

Scotland 

38 (14 CN, 24 

AD) 

CAMDEX and 

DSM-III-R  

99mTc-

HMPAO 

SPECT 

CN: 72 (2.3) 

AD: 76 (1.5) 

 

comparison 

not 

described 

 

yes yes no yes 
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Claus et al47 Assessment of 

cerebral 

perfusion with 

single-photon 

emission 

tomography in 

normal subjects 

and in patients 

with Alzheimer's 

disease: effects of 

region of interest 

selection 

1994 Netherlands; 

Rotterdam 

Elderly Study 

108 (60 CN, 

48 AD) 

NINCDS-

ADRDA 

99mTc-

HMPAO 

SPET 

CN: 74.1 

(0.8) 

MCI: 72.2 

(1.2) 

yes yes no no 

Dai et al48 Mild cognitive 

impairment and 

alzheimer 

disease: patterns 

of altered 

cerebral blood 

flow at MR 

imaging 

2009 Pittsburgh, 

USA; 

Cardiovascular 

Health Study 

Cognition Study 

104 (38 CN, 

29 MCI, 37 

AD) 

described in 

Lopez et al 2003 

CASL 

MRI 

CN: 82.1 

(3.6) 

AD: 83.6 

(3.5) 

yes yes  yes no 

Ding et al49 Pattern of 

cerebral 

hyperperfusion in 

Alzheimer's 

disease and 

amnestic mild 

cognitive 

impairment using 

voxel-based 

analysis of 3D 

arterial spin-

labeling imaging: 

initial experience 

2014 China 62 (21 CN, 17 

MCI, 24 AD) 

NINCDS-

ADRDA for AD 

and Petersen et 

al criteria  for 

MCI 

3D 

pCASL 

MRI 

CN: 69.6 

(5.9) 

MCI: 71.4 

(7.6) 

AD: 74.6 

(6.7) 

no yes yes no 
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Encinas  

et al50 

Regional cerebral 

blood flow 

assessed with 

99mTc-ECD 

SPET as a marker 

of progression of 

mild cognitive 

impairment to 

Alzheimer's 

disease 

2003 Madrid, Spain 42 (21 MCI, 

21 AD) 

 

all start with 

MCI and some 

progress to AD 

International 

Psychogeriatric 

Association and 

the Alzheimer’s 

Disease 

Cooperative 

Study, Global 

Deterioration 

Scale (GDS) for 

MCI; NINCDS-

ADRDA, DSM-

IV, GDS for AD 

99mTc-

ECD 

SPET 

MCI: 71.6 

(8.2) 

AD: 75.3 

(5.5) 

no yes yes no 

Firbank 

et al39 

Cerebral blood 

flow by arterial 

spin labeling in 

poststroke 

dementia 

 

2011 

 

Newcastle upon 

Tyne, UK 

46 (29 CN, 17 

AD) 

 

also a post-

stroke group 

NINCDS-

ADRDA 

ASL MRI CN: 82.9 

(3.5) 

AD: 83.2 

(3.7) 

yes yes no yes 

Hanyu  

et al33 

Cerebral blood 

flow patterns in 

Binswanger's 

disease: a SPECT 

study using three-

dimensional 

stereotactic 

surface 

projections 

2004 Tokyo, Japan 44 (22 CN, 22 

AD) 

 

 also a 

Binswanger’s 

disease group 

NINCDS-

ADRDA 

123I-IMP 

SPECT 

CN: 77.1 

(5.8) 

AD: 77.9 

(5.5) 

yes yes no no 
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Hanyu  

et al51 

The effect of 

education on 

rCBF changes in 

Alzheimer's 

disease: a 

longitudinal 

SPECT study 

2008 Tokyo, Japan 81 (28 CN, 53 

AD) 

 

 AD grouped 

by level of 

education, 

cutoff 12 years 

NINCDS-

ADRDA 

123I-IMP 

SPECT 

CN: 75.1 

(6.4) 

AD high 

education: 

76.8 (5.7) 

AD low 

education: 

75.9 (6.4) 

 

yes yes no no 

Harris et al44 Cortical 

circumferential 

profile of SPECT 

cerebral 

perfusion in 

Alzheimer's 

disease 

1991 Baltimore, 

Maryland, USA 

23 (8 CN, 15 

AD) 

NINCDS-

ADRDA 

123I-IMP 

SPECT 

CN: 70.1 

(4.9) 

AD: 72.6 

(5.9) 

yes yes no no 

Iizuka & 

Kameyama52 

Cholinergic 

enhancement 

increases 

regional cerebral 

blood flow to the 

posterior 

cingulate cortex 

in mild 

Alzheimer's 

disease 

2017 Tokyo, Japan 45 (9 CN, 36 

AD) 

 

 AD grouped 

by response to 

treatment; 

used data from 

before 

treatment 

NINCDS-

ADRDA, DSM-

IV-R, and ICD 

10th revision 

123I-IMP 

SPECT 

CN: 77.11 

(3.6) 

AD: 77.6, 

range 69-89 

no yes no no 

Jagust et al53 The diagnosis of 

dementia with 

single photon 

emission 

computed 

tomography 

1987 California, USA 14 (5 CN, 9 

AD) 

 

also 2 with 

multi-infarct 

dementia 

NINCDS-

ADRDA and 

DSM-III  

123I-IMP 

SPECT 

CN: 70 (6) 

AD: 71 (5) 

yes yes no yes 
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Johnson  

et al54 

Single photon 

emission 

computed 

tomography 

perfusion 

differences in 

mild cognitive 

impairment 

2007 Massachusetts, 

USA 

158 (19 CN, 

105 MCI, 34 

AD) 

 

 

NINCDS-

ADRDA for 

AD; Clinical 

Dementia Rating 

Sum of Boxes 

for grouping at 

follow-up 

99mTc-

HMPAO 

SPECT 

CN: 73.1 

(3.6) 

MCI: 73.7 

(5.0) 

AD: 75.1 

(3.9) 

no yes yes yes 

Kimura  

et al35 

Relationship 

between thyroid 

hormone levels 

and regional 

cerebral blood 

flow in 

Alzheimer 

disease 

2011 Oita, Japan 89 (27 CN, 62 

AD) 

NINCDS-

ADRDA 

99mTc-

ECD 

SPECT 

CN: 75.8 

(6.5) 

AD: 77.3 

(6.9) 

yes yes no no 

Lacalle-

Aurioles  

et al55 

Is the cerebellum 

the optimal 

reference region 

for intensity 

normalization of 

perfusion MR 

studies in early 

Alzheimer's 

disease? 

2013 Madrid, Spain 63 (20 CN, 15 

MCI, 28 AD) 

Winblad criteria 

for MCI, 

NINCDS-

ADRDA for AD 

echo 

planar 

MRI for 

perfusion 

weighted 

imaging 

CN: 71.7 

(7.0) 

MCI: 70.9 

(9.7) 

AD: 74.7 

(7.0) 

yes yes yes no 

Lee et al56 Statistical 

parametric 

mapping of brain 

SPECT perfusion 

abnormalities in 

patients with 

Alzheimer's 

disease 

2003 Taiwan 60 (20 CN, 20 

mild AD, 20 

moderate AD) 

NINCDS-

ADRDA for 

AD, CDR, 

MMSE and 

Cognitive 

Abilities 

Screening 

Instruments 

(CASI) for AD 

severity  

99mTc-

HMPAO 

SPECT 

CN: 73.8 

(2.8) 

mild AD: 

74.2 (3.0) 

moderate 

AD: 74.1 

(3.2) 

no yes no no 
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Mubrin  

et al57 

Normalization of 

rCBF pattern in 

senile dementia 

of the 

Alzheimer's type 

1989 Yugoslavia 26 (CN and 

AD) 

 

 numbers per 

group 

unknown 

DSM-III and 

elimination of 

alternate 

diagnoses 

133Xenon 

CT 

full sample: 

76.2 (8.0) 

no yes no no 

Nagahama 

et al58 

Cerebral 

correlates of the 

progression rate 

of the cognitive 

decline in 

probable 

Alzheimer's 

disease 

2003 Shiga, Japan 52 (24 CN, 28 

AD) 

 

 AD grouped 

by slowly and 

rapidly 

declining at 

follow-up 

NINCDS-

ADRDA and 

DSM-III-R 

99mTc-

HMPAO 

SPECT 

CN: 69.6 

(7.2) 

slowly 

declining 

AD: 71.9 

(1.0) 

rapidly 

declining 

AD: 71.6 

(1.8) 

no no no yes 

Obara et al42 Cognitive 

declines correlate 

with decreased 

cortical volume 

and perfusion in 

dementia of 

Alzheimer type 

1994 Texas, USA 36 (18 CN, 18 

AD) 

NINCDS-

ADRDA and 

DSM-III-R 

133Xenon 

CT 

CN: 73.7 

(7.0) 

AD: 75.4 

(5.2) 

yes yes no yes 



 

 

2
8

E
r

ror! 

Ma
i

n
 

Do
c

ument On
l

y
.

1
 

Sase et al59 Discrimination 

Between Patients 

With Alzheimer 

Disease and 

Healthy Subjects 

Using Layer 

Analysis of 

Cerebral Blood 

Flow and Xenon 

Solubility 

Coefficient in 

Xenon-Enhanced 

Computed 

Tomography 

2017 Osaka, Japan 42 (15 CN, 27 

AD) 

DSM IV 133Xenon 

CT 

CN: 78.6 (4) 

AD: 81.7 

(3.3) 

no yes no yes 

Schuff  

et al60 

Cerebral blood 

flow in ischemic 

vascular 

dementia and 

Alzheimer's 

disease, 

measured by 

arterial spin-

labeling magnetic 

resonance 

imaging 

2009 California, USA 32 (18 CN, 14 

AD) 

 

 also a group 

with 

subcortical 

ischemic 

vascular 

dementia 

NINCDS-

ADRDA and 

DSM IV 

ASL MRI CN: 73 (8) 

AD: 74 (5) 

yes yes no no 

Shimizu  

et al61 

Differentiation of 

dementia with 

Lewy bodies 

from Alzheimer's 

disease using 

brain SPECT 

2005 Tokyo, Japan 103 (28 CN, 

75 AD) 

 

 also a group 

with dementia 

with Lewy 

bodies 

NINCDS-

ADRDA 

123I-IMP 

SPECT 

CN: 75.1 

(6.4) 

AD: 75.5 

(6.8) 

yes yes no no 
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Sundström 

et al62 

Memory-

provoked rCBF-

SPECT as a 

diagnostic tool in 

Alzheimer's 

disease? 

2006 Umeå, Sweden 36 (18 CN, 18 

AD) 

NINCDS-

ADRDA 

99mTc-

HMPAO 

SPECT 

CN: 69.4 

(3.9) 

AD: 73.2 

(4.8) 

 

 CN are 

younger 

no yes no no 

Takahashi et 

al63 

Poor performance 

in Clock-

Drawing Test 

associated with 

visual memory 

deficit and 

reduced bilateral 

hippocampal and 

left 

temporoparietal 

regional blood 

flows in 

Alzheimer's 

disease patients 

2008 Sagami-hara, 

Japan 

25 (2 CN, 7 

MCI, 16 AD) 

 

 grouped into 

11 with high 

scores and 14 

with low 

scores on the 

Clock 

Drawing Test 

(CDT), cutoff 

9 out of 10 

Petersen et al 

criteria for MCI; 

NINDS-

ADRDA for AD 

99mTc-

ECD 

SPECT 

high CDT 

score: 74.4 

(6.8) 

low CDT 

score: 75.1 

(10) 

no no no yes 

Tateno  

et al64 

Usefulness of a 

blood flow 

analyzing 

program 3DSRT 

to detect occipital 

hypoperfusion in 

dementia with 

Lewy bodies 

2008 Sunagawa, 

Japan 

54 (16 CN, 38 

AD) 

 

 also a group 

with dementia 

with Lewy 

bodies 

not clear; the 

“latest 

diagnostic 

criteria” 

99mTc-

ECD 

SPECT 

CN: 75.8 

(5.6) 

AD: 79.0 

(5.3) 

 

yes yes no no 
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van de Haar 

et al65 

Neurovascular 

unit impairment 

in early 

Alzheimer's 

disease measured 

with magnetic 

resonance 

imaging 

2016 the Netherlands 30 (16 CN, 14 

MCI/AD) 

Dubois criteria 

for MCI; 

NINCDS-

ADRDA for AD 

pCASL 

MRI 

CN: 76.4, 

range 65-85 

MCI/AD: 

75.3, range 

65-85 

yes yes no no 

Yew & 

Nation66 

Cerebrovascular 

resistance: effects 

on cognitive 

decline, cortical 

atrophy, and 

progression to 

dementia 

2017 

 

California, 

USA; ADNI 

232 (112 

amyloid-

negative 

CN/MCI, 87 

amyloid-

positive 

CN/MCI, 33 

AD) 

NINCDS-

ADRDA for 

AD; florbetapir 

PET with cutoff 

of SUVR 1.11 

for amyloid 

positivity 

PASL 

MRI 

CN/MCI 

amyloid-

negative: 

69.2 (0.6) 

CN/MCI 

amyloid-

positive: 

73.7 (0.7) 

AD: 73.2 

(1.2) 

 

 CN/MCI 

amyloid-

negative 

group is 

younger 

yes yes no no 

Yoshida  

et al67 

Protein synthesis 

in the posterior 

cingulate cortex 

in Alzheimer's 

disease 

2011 Suita, Japan 16 (8 CN, 8 

AD) 

NINCDS-

ADRDA 

123I-IMP 

SPECT 

CN: 72.5 

(5.8) 

AD: 73.0 

(5.4) 

yes yes no no 
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Table 2. Risk of bias assessment scores for included articles. Columns display authors (A) as identification for each paper, component 

scores on the risk of bias assessment for: clearly stated objective (B), clearly defined sample (C), controls that come from the same 

population as cases (D), consistent inclusion/exclusion criteria for cases and controls (E), cases and controls clearly distinct (F), use of 

a reliable method to measure CBF (G), blind assessment of CBF when not automated (H), and use of confounding variables in 

statistical analyses (I). Finally, each paper was given an overall risk of bias assessment score of “poor”, “fair”, or “good”, and the 

justification for each score is given (J). A modified version of the NIH Quality Assessment of Case-Control Studies was used. 

Abbreviations can be found in the List of Abbreviations (p. xii). 

 
A B C D E F G H I J 

Alegret 

et al45 

yes no yes no yes yes not 

applicable 

yes fair; little information about samples; AD group 

were all taking AChEIs while the other groups were 

not, and most CN did not have CT to check for 

exclusions 

Benoit 

et al46 

yes yes no not 

reported 

not 

reported 

yes for 

AD; not 

reported 

for CN 

not 

applicable 

no poor; CN are from a different population, scanned 

separately but “similarly”, not clear whether the 

inclusion criteria is the same, and cognitive scores 

for the CN group are not reported 

Brown 

et al37 

yes no yes yes yes yes yes no good 

Claus et 

al47 

yes yes no yes yes yes yes yes good 

Dai et 

al48 

yes yes yes yes yes yes not 

applicable 

yes good 

Ding et 

al49 

yes yes not reported yes yes yes not 

applicable 

no fair; it is not reported whether the groups are from 

the same population; only CN are excluded for 
substance abuse 

Encinas 

et al50 

yes yes yes yes yes yes yes no good 

Firbank 

et al39 

yes no not reported not 

reported 

yes yes yes no fair; little information about sample; unclear whether 

population and/or inclusion criteria are the same 

between groups 
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Hanyu 

et al33 

yes no not reported no yes yes not 

applicable 

no fair; it is not clear whether the groups are from the 

same population; only AD are excluded based on 

cerebrovascular lesions 

Hanyu 

et al51 

yes yes 

for 

cases, 

no for 

contr

ols 

not reported not 

reported 

not 

reported 

yes not 

applicable 

no poor; essentially no information reported about CN 

group; unclear whether groups come from the same 

population or have the same inclusion criteria; no 

cognitive exam scores reported for CN 

Harris 

et al44 

yes yes yes yes yes yes yes no good 

Iizuka 

& 

Kameya

ma52 

yes yes 

for 

cases, 

no for 

contr

ols 

not reported not 

reported 

yes yes not 

applicable 

no fair; it is not clear whether the groups are from the 

same population; only AD are excluded for taking 

anti-anxiety or antidepressant medications 

Jagust 

et al53 

yes no yes yes not 

reported 

yes not 

reported 

no poor; while not explicitly clear, it can be deduced 

that groups are from the same population; inclusion 

criteria appears to be the same; cognitive exam 

scores are not reported for CN 

Johnson 

et al54 

yes no yes for the MCI 

at baseline; 

unknown for 

AD 

yes yes yes not 

applicable 

no fair; not clear whether the AD are from the same 

population as the MCI at baseline. Inclusion criteria 

is also not applied to several MCI, who are younger 

than the reported 65 year cutoff 

Kimura 

et al35 

yes yes 

for 

cases, 

no for 

contr

ols 

not reported yes yes yes not 

applicable 

no fair; little information about the CN group; not clear 

if they are from the same population as AD 

Lacalle-

Auriole

s et al55 

yes yes yes yes yes yes yes no good 
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Lee et 

al56 

yes no not reported not 

reported 

yes yes not 

applicable 

no fair; little information given about the sample, not 

clear whether the groups are from the same 

population or if they have the same inclusion criteria 

Mubrin 

et al57 

yes no not reported not 

reported 

not 

reported 

yes for 

imaging; 

not 

reported 

for 

processin

g 

not 

reported 

no poor; very little information about samples, 

especially CN; CN does not have cognitive scores 

reported 

Nagaha

ma et 

al58 

yes yes 

for 

cases, 

no for 

contr

ols 

not reported yes not 

reported 

yes not 

applicable 

no poor; little information about CN, not sure if they 

are from the same population as AD; cognitive 

scores not reported for CN 

Obara et 

al42 

yes no not reported no yes yes not 

reported 

yes fair; little information about sample; not sure 

whether groups are from the same population; 

inclusion criteria differs slightly between groups 

Sase et 

al59 

yes yes yes no yes yes not 

applicable 

no fair; inclusion criteria differs slightly between 

groups 

Schuff 

et al60 

yes yes yes yes yes yes not 

applicable 

yes good 

Shimizu 

et al61 

yes yes 

for 

cases, 

no for 

contr

ols 

not reported no not 

reported 

yes not 

applicable 

no poor; not reported whether the groups are from the 

same population; only AD are excluded for taking 

medication that affects the CNS; cognitive exam 

scores are not reported for CN 

Sundstr

öm et 

al62 

yes yes yes yes yes yes not 

applicable 

no poor; CN are younger than AD 

Takahas

hi et al63 

yes yes yes yes yes yes not 

applicable 

no good 
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Tateno 

et al64 

yes no not reported no yes yes not 

applicable 

no fair; little information given about the sample, not 

clear whether the groups are from the same 

population; only CN have abnormalities on scans as 

exclusion criteria 

van de 

Haar et 

al65 

yes yes yes no not 

reported 

yes yes yes fair; only AD are excluded for history of stroke; CN 

are said to complete cognitive exams, but their 

scores are not reported 

Yew & 

Nation66 

yes yes yes yes yes yes not 

applicable 

yes good 

Yoshida 

et al67 

yes yes yes no yes yes yes no fair; inclusion criteria are not the same: all AD have 

APOE ε4, but this is not reported for CN 

  

Table 3. CBF in CN and AD individuals in each paper. The sample size for each group is presented for each paper. For each included 

brain region, it is indicated whether AD has decreased or increased CBF compared to CN, and CBF data from each paper is presented 

as mean (SD). The notes column defines the specific brain regions and methods used in each paper, where relevant. Abbreviations can 

be found in the List of Abbreviations (p. xii). 

 
Author Sample 

Size 

Frontal Parietal Temporal Temporo-

parietal 

Occipital Posterior 

Cingulate 

Hippocampus Thalamus Notes 

Alegret et 

al45 

CN: 42 

AD: 42 

  AD < CN 

 

CN: 667 

(25) 

AD: 504 

(26) 

 

AD < CN 

 

CN: 1028 

(25) 

AD: 802 

(24) 

 AD < CN 

 

CN: 885 

(20) 

AD: 696 

(26) 

 

 

AD < CN 

 

CN: 716 (23) 

AD: 535 (22) 

 

 Values are 

eigenvariates from peak 

voxels where CBF 

differs between groups; 

SDs are adjusted for 

age; data extracted from 

bar graph. Regions are 

temporal: left temporal 

lobe and right temporal 

pole, temporoparietal: 

right angular gyrus, and 

right hippocampus. 
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Benoit et 

al46 

CN: 11 

AD: 30 

AD < 

CN 

 

z = 3.79 

k = 

1322 

p = 

0.008 

    AD < CN 

 

z = 3.25 

k = 1431 

p = 0.005 

  Results are from 

comparison of the 

whole AD group (with 

and without apathy) and 

CN; voxels correspond 

to right medial frontal 

and right posterior 

cingulate regions. 

Brown et 

al37 

CN: 14 

AD: 24 

AD < 

CN 

 

CN: 

0.854 

(0.040) 

AD: 

0.796 

(0.086) 

 

 

AD < 

CN 

 

CN: 

0.890 

(0.046) 

AD: 

0.764 

(0.104) 

 

 

AD < CN 

 

CN: 0.917 

(0.050) 

AD: 0.839 

(0.077) 

 

 

     Values are regional 

CBF normalized to 

calcarine cortex; 

regions are frontal: low 

frontal & high frontal; 

temporal: temporal & 

posterior temporal; data 

extracted from bar 

graph; significance 

reported with 

Bonferroni correction 

Claus et al47 CN: 60 

AD: 48 

AD < 

CN 

CN: 

84.3 

(5.6) 

AD: 

80.8 

(6.3) 

 AD < CN 

 

CN: 83.0 

(5.2) 

AD: 76.0 

(7.1) 

AD < CN 

 

CN: 78.4 

(6.8) 

AD: 70.5 

(9.8) 

AD < 

CN 

 

CN: 89.2 

(6.1) 

AD: 86.5 

(6.4) 

   Values are percentages 

of regional CBF 

relative to cerebellar 

CBF; anatomical ROI 

multi-slice values used. 
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Dai et al48 CN: 38 

AD: 37 

AD < 

CN 

 

CN: 

52.6 

(18.1) 

AD: 

37.0 

(11.6) 

AD < 

CN 

 

CN: 53.1 

(19.4) 

AD: 38.4 

(13.2) 

AD < CN 

 

CN: 51.1 

(18.9) 

AD: 36.0 

(8.7) 

  AD < CN 

 

CN: 61.2 

(20.5) 

AD: 46.4 

(15.9) 

AD > CN 

 

CN: 42.1 

(10.2) 

AD: 42.7 

(13.0) 

AD < CN 

 

CN: 45.2 

(18.8) 

AD: 36.9 

(19.7) 

Regions are frontal: left 

lateral frontal and left 

orbitofrontal, parietal: 

left interior and left 

superior parietal, and 

temporal: left superior 

temporal. 

Ding et al49 CN: 21 

AD: 24 

AD > 

CN 

 

t = -

3.95 

k = 312 

p < 0.01 

AD < 

CN 

 

t = 3.34 

k = 391 

p < 0.01 

AD < CN 

 

t = 3.33 

k = 340 

p < 0.01 

 AD < 

CN 

 

t = 4.77 

k = 2569 

p < 0.01 

  AD > CN 

 

t = -3.32 

k = 355 

p < 0.01 

Voxels are: right 

paracentral, right 

superior parietal, right 

middle & inferior 

temporal, left superior, 

middle & inferior 

occipital & cuneus, and 

left thalamus 

Encinas et 

al50  

stable 

MCI: 21 

MCI 

progress

ing to 

AD: 21 

AD < 

MCI 

 

MCI: 

89.8 

(10) 

AD: 

80.8 

(7.8) 

 

 

AD < 

MCI 

 

MCI: 

90.0 

(8.6) 

AD: 82.0 

(8.5) 

 

 

AD < 

MCI  

 

MCI: 85.0 

(9.4) 

AD: 76.0 

(9.0) 

 

 

AD < MCI 

 

MCI: 87.5 

(9.1) 

AD: 79.5 

(7.5) 

    Values are percentage 

of regional CBF over 

cerebellar CBF; 

comparisons are stable 

MCI vs. MCI that 

progress to AD, at 

baseline; frontal: right 

and left prefrontal, right 

and left frontal; 

parietal: right and left 

parietal; temporal: right 

and left temporal, left 

posterior lateral 

temporal; 

temporoparietal: right 

and left 

frontoparietotemporal 
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Firbank et 

al39 

CN: 29 

AD: 17 

AD < 

CN 

 

CN: 

1.82 

(0.27) 

AD: 

1.58 

(0.28) 

AD < 

CN 

 

CN: 1.70 

(0.32) 

AD: 1.34 

(0.31) 

  AD < 

CN 

 

CN: 1.55 

(0.27) 

AD: 1.47 

(0.29) 

  AD < CN 

 

CN: 2.68 

(1.08) 

AD: 2.28 

(0.71) 

Values are GM:WM 

ratio; one control does 

not have data for 

thalamus; statistics are 

Gabriel post hoc tests; 

frontal: prefrontal. 

Hanyu et 

al33 

CN: 22 

AD: 22 

AD < 

CN 

AD: 

1.04 

(0.47) 

  AD < CN 

AD: 1.48 

(0.55) 

AD < 

CN 

AD: 0.95 

(0.51) 

AD < CN 

AD: 1.2 

(0.5) 

  Values are z scores 

normalized to CN 

values 

Hanyu et 

al51 

CN: 28 

AD: 53 

AD < 

CN 

 

AD: 

0.98 

(0.55) 

 

 

AD < 

CN 

 

AD: 1.20 

(0.70) 

 

 

AD < CN 

 

AD: 0.98 

(0.61) 

 

 

AD < CN 

 

AD: 1.43  

(1.07) 

 

 

AD < 

CN 

 

AD: 0.77 

(0.77) 

 

 

AD < CN 

 

AD: 0.99 

(0.52) 

 

 

 AD < CN 

 

AD: 0.46 

(0.47) 

 

 

Values are z scores 

normalized to CN 

values; combined high 

and low education AD 

groups; frontal: 

superior, middle, 

inferior, medial, orbital 

frontal; parietal: 

superior and inferior 

parietal; temporal: 

superior, middle, 

inferior, and transverse 

temporal; 

temporoparietal: 

supramarginal and 

angular gyri; occipital: 

superior, middle, and 

inferior occipital. 
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Harris et al44 CN: 8 

AD: 15 

AD < 

CN 

 

CN: 

101.6 

(8.8) 

AD: 

91.7 

(10.7) 

 

 

  AD < CN 

 

CN: 105.8 

(8.2) 

AD: 89.4 

(11.9) 

 

 

AD < 

CN 

 

CN: 

106.0 

(8.9) 

AD: 97.6 

(11.3) 

 

 

   All regions are 

combined from two 

slices: at basal ganglia 

level and superior to it 

Iizuka & 

Kameyama52 

CN: 9 

AD: 36 

AD < 

CN 

AD <CN AD < CN   AD < CN   Results were qualitative 

in the text and 

presented in a brain 

surface figure with a 

color scale, but it was 

not feasible to 

accurately extract 

values based on color. 

Comparisons were at 

baseline and were 

present in CN vs. 

responding and/or 

nonresponding AD 

before treatment began. 

Jagust et al53 CN: 5 

AD: 9 

 

AD > 

CN 

 

CN: 

1.11 

(0.09) 

AD: 

1.16 

(0.08) 

  AD < CN 

 

CN: 1.10 

(0.05) 

AD: 0.93 

(0.04) 

 

 

    Values are regional 

CBF over whole 

tomographic slice;  
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Johnson et 

al54 

CN: 19 

AD: 34 

AD < 

CN 

z = 3.59 

k = 214 

corr. p 

< 0.05 

AD < 

CN 

z = 5.20 

k = 6629  

corr. p < 

0.05 

AD < CN 

z = 4.01 

k = 2117 

corr. p < 

0.05 

  AD < CN 

 

z = 4.87 

k = 862 

corr. p < 

0.05 

 AD > CN 

 

z = -4.42 

k = 1184 

corr. p < 

0.05 

Voxels are located in: 

left inferior frontal, left 

inferior parietal,  right 

superior temporal, right 

posterior cingulate, and 

left thalamus & 

striatum; p values are 

corrected for multiple 

comparisons. 

Kimura et 

al35 

CN: 27 

AD: 62 

 AD < 

CN 

 

CN: 35.4 

(4.3) 

AD: 30.5 

(5.2) 

AD < CN 

 

CN: 35.3 

(3.6) 

AD: 30.8 

(4.7) 

AD < CN 

 

CN: 40.4 

(4.6) 

AD: 34.5 

(5.9) 

 AD < CN 

 

CN: 41.3 

(5.1) 

AD: 35.9 

(5.5) 

  Regions are: left 

superior and inferior 

parietal, left and right 

middle and inferior 

temporal, right angular 

gyrus, and left and right 

posterior cingulate 

Lacalle-

Aurioles et 

al55 

CN: 20 

AD: 28 

 AD < 

CN 

 

CN: 

0.849 

(0.032) 

AD: 

0.812 

(0.051) 

AD > CN 

 

CN: 0.778 

(0.063) 

AD: 0.828 

(0.069) 

     Values are regional 

CBF over whole 

cortical GM CBF; data 

was extracted from 

graphs; regions are: left 

and right parietal lobe, 

right medial temporal 

lobe. 

Lee et al56 CN: 20 

AD: 20 

 

 

 

 

  

AD < 

CN 

 

z = 4.64 

corr. p 

= 0.007 

AD < 

CN 

 

z = 6.87 

corr. p < 

0.001 

AD < CN 

 

z = 6.94 

corr. p < 

0.001 

      Used moderate AD as 

the AD group; voxels 

come from: left middle 

frontal, right superior 

parietal, and right 

superior temporal; 

cluster sizes not 

reported; p values 

corrected for multiple 

testing. 
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Mubrin et 

al57 

CN: not 

clear 

AD: 31 

 AD < 

CN 

 AD < CN     Results are qualitative 

only; both regions are 

bilateral. 

Obara et al42 CN: 18 

AD: 17 

AD < 

CN 

 

CN: 

42.3 

(9.4) 

AD: 

37.5 

(4.4) 

 

AD < 

CN 

 

CN: 43.1 

(6.9) 

AD: 37.7 

(4.9) 

AD < CN 

 

CN: 43.1 

(7.6) 

AD: 38.2 

(6.1) 

 AD < 

CN 

 

CN: 39.5 

(8.8) 

AD: 35.9 

(4.7) 

  AD < CN 

 

CN: 51.8 

(10.7) 

AD: 47.0 

(9.4) 

 

Sase et al59 CN: 15 

AD: 27 

        This paper measures 

CBF in 5 mm layers  

from the surface of the 

brain. AD < CN in 

cingulate cortex and in 

every layer measured; 

measurements of layers 

were taken from lateral, 

superior, anterior, and 

posterior views. The 

greatest differences 

were found in the left 

lateral view of the third 

and fourth layers.  

Schuff et 

al60 

CN: 18 

AD: 14 

AD < 

CN 

CN: 

56.4 

(7.9) 

AD: 

41.2 

(10.9) 

 

AD < 

CN 

CN: 58.7 

(9.8) 

AD: 43.6 

(11.7) 

AD < CN 

CN: 52.7 

(19.1) 

AD: 45.5 

(15.2) 
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Shimizu et 

al61 

CN: 28 

AD: 75 

AD < 

CN 

AD: 

1.08 

(0.35) 

AD < 

CN 

AD: 1.39 

(0.55) 

AD < CN 

AD: 1.40 

(0.65) 

 AD < 

CN 

AD: 0.90 

(0.43) 

   Values are z scores 

normalized to CN 

values 

Sundström 

et al62 

CN: 18 

AD: 18 

AD < 

CN 

AD < 

CN 

AD < CN      Voxel-wise comparison 

are presented 

graphically but not 

numerically; frontal 

region is mainly middle 

frontal  

Tateno et 

al64 

CN: 16 

AD: 38 

 AD < 

CN 

CN: 42.2  

(3.5) 

AD: 37.2  

(3.9) 

AD < CN 

CN: 36.8  

(5.3) 

AD: 33.7 

(4.1) 

AD < CN 

CN: 45.2 

(4.0) 

AD: 38.5 

(4.9) 

 

  AD < CN 

CN: 30.4 

(5.2) 

AD: 26.3 

(3.1) 

 

 

AD < CN 

CN: 39.3  

(7.2) 

AD: 34.4 

(5.7) 

Values were extracted 

from bar graphs; the 

temporoparietal data is 

from the angular gyrus 

van de Haar 

et al65 

CN: 16 

MCI/A

D: 14 

MCI/A

D < CN 

 

CN: 

38.9  

(7.2) 

MCI/A

D: 33.3  

(7.6) 

MCI/AD 

< CN 

 

CN: 39.6  

(6.7) 

MCI/AD

: 32.4  

(7.4) 

MCI/AD 

< CN 

 

CN: 36.8  

(6.2) 

MCI/AD: 

31.1  (7.6) 

 MCI/AD 

< CN 

 

CN: 37.9  

(8.3) 

MCI/AD

: 30.7  

(9.1) 

   The AD group includes 

MCI 
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Yew & 

Nation66 

CN: 87 

AD: 33 

AD < 

CN 

CN: 

23.2  

(3.7) 

AD: 

21.5  

(6.2) 

AD < 

CN 

CN: 30.2  

(4.7) 

AD: 26.3  

(7.5) 

AD < CN 

CN: 23.4 

(5.2) 

AD: 21.4  

(7.5) 

   AD < CN 

CN: 28.0  

(5.2) 

AD: 24.7  

(6.9) 

 The CN are amyloid-

positive; data extracted 

from bar graph; regions 

are frontal: medial 

orbital and rostral 

middle frontal, inferior 

temporal, and inferior 

parietal 

Yoshida et 

al67 

CN: 8 

AD: 8 

AD > 

CN 

CN: 

0.80  

(0.06) 

AD: 

0.82 

(0.09) 

AD < 

CN 

CN: 0.84  

(0.08) 

AD: 0.79  

(0.11) 

AD < CN 

CN: 0.76  

(0.03) 

AD: 0.63  

(0.11) 

  AD < CN 

CN: 0.84  

(0.11) 

AD: 0.60  

(0.11) 

  Values are regional 

CBF: occipital cortex 

CBF ratios; the 

temporal region is the 

medial temporal lobe.  
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Table 4. CBF in CN and MCI individuals in each paper. The sample size for each group is presented for each paper. For each included 

brain region, it is indicated whether MCI has decreased or increased CBF compared to CN, and CBF data from each paper is presented 

as mean (SD). The notes column defines the specific brain regions and methods used in each paper, where relevant. Abbreviations can 

be found in the List of Abbreviations (p. xii). 

 
Author Sample 

Size 

Frontal Parietal Temporal Temporo-

parietal 

Occipital Posterior 

Cingulate 

Hippocampus Thalamus Notes 

Alegret et al45 CN: 42 

MCI: 42 

  MCI < 

CN 

CN: 667 

(25) 

MCI: 

567 (26) 

 

MCI < 

CN 

CN: 1028 

(25) 

MCI: 874 

(24) 

 MCI < 

CN 

CN: 885 

(20) 

MCI: 

739 (26) 

AD < CN 

CN: 716 (23) 

MCI: 587 

(26) 

 Values are 

eigenvariates from 

peak voxels where 

CBF differs between 

CN and AD; SDs are 

adjusted for age; data 

extracted from bar 

graph. Regions are 

temporal: left 

temporal lobe and 

right temporal pole, 

temporoparietal: 

right angular gyrus, 

and right 

hippocampus. 

Dai et al48 CN: 38 

MCI: 29 

MCI < 

CN 

CN: 

52.6 

(18.1) 

MCI: 

50.5 

(19.6) 

MCI > 

CN 

CN: 

53.1 

(19.4) 

MCI: 

53.4 

(18.3) 

MCI < 

CN 

CN: 51.1 

(18.9) 

MCI: 

44.8 

(15.6) 

  MCI < 

CN 

CN: 61.2 

(20.5) 

MCI: 

47.7 

(15.8) 

MCI > CN 

CN: 42.1 

(10.2) 

MCI: 59.6 

(17.3) 

MCI > 

CN 

CN: 45.2 

(18.8) 

MCI: 

54.6 

(25.4) 

Regions are frontal: 

left lateral frontal and 

left orbitofrontal, 

parietal: left interior 

and left superior 

parietal, and 

temporal: left 

superior temporal. 
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Ding et al49 CN: 21 

MCI: 17 

 MCI < 

CN 

 

t = 

3.83 

k = 

298 

p < 

0.01 

MCI < 

CN 

 

t = 3.71 

k = 363 

p < 0.01 

 MCI < 

CN 

 

t = 3.51 

k = 350 

p < 0.01 

   Voxels are from: 

right superior parietal 

lobule, right middle 

temporal gyrus, and 

left cuneus 

(occipital). 

Johnson et al54 CN: 19 

Decliners: 

43 

     Decliners 

< CN 

z = 4.46 

p < 0.02 

  CBF measured at 

baseline; decliners 

did not differ 

cognitively from CN 

at baseline, but their 

cognition declined 

over the following 4 

years. Region is right 

posterior cingulate; 

cluster size not 

reported. 

Lacalle-Aurioles et al55 CN: 20 

MCI: 15 

 MCI > 

CN 

 

CN: 

0.849 

(0.032) 

MCI: 

0.855 

(0.013) 

MCI > 

CN 

 

CN: 

0.778 

(0.063) 

MCI: 

0.780 

(0.020) 

     Values are regional 

CBF over whole 

cortical GM CBF; 

data was extracted 

from graphs; regions 

are: left and right 

parietal lobe, right 

medial temporal 

lobe. 
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Table 5. Relationships between CBF and cognition in each paper. For each paper, the sample size column reports the number of 

individuals and the diagnostic groups included in the CBF and cognition correlation analyses. Abbreviations can be found in the List 

of Abbreviations (p. xii). 

 
 Sample Size Correlation between CBF and Cognition Notes 

Alegret et al45 126 (CN, MCI, & AD) CBF in posterior cingulate (r = 0.72, p<0.001) and right temporal pole 

(r = 0.68, p<0.001) is positively correlated with MMSE score. CBF in 

posterior cingulate (r = 0.55, p<0.001) and right temporal pole (r = 

0.48, p<0.001) is positively correlated with 15-Objects Test score. 

CBF in posterior cingulate (r = 0.46, p<0.001) and right temporal pole 

(r = 0.40, p<0.001) is positively correlated with 15 item Boston 

Naming Test score. CBF in posterior cingulate (r = 0.37, p<0.001) 

and right temporal pole (r = 0.34, p<0.001) is positively correlated 

with Poppelreuter test score. 

Relationship assessed across all 

participants; CBF measures are 

eigenvariates from the named 

regions. 

Benoit et al46 30 AD (with and without 

apathy) 

CBF in bilateral lateral parietal cortex is positively correlated with 

MMSE score. Significant clusters right:  (z = 3.73, p = 0.015), left: (z 

= 3.64, p = 0.010). 

Analysis was voxel-wise. Using 

the apathy score on the 

Neuropsychiatric Inventory as a 

covariate in the correlation did 

not change the results. 

Brown et al37 24 AD Longitudinal change in CAMCOG score is positively correlated with 

longitudinal change in CBF in right and left low frontal (r = 0.69; r = 

0.74) and right temporal regions (r = 0.62). All p < 0.05; left low 

frontal p < 0.05 after Bonferroni correction. 

Frontal and temporal CBF was 

positively correlated with 

language, praxis, and 

abstraction, but not memory 

CAMCOG sub-scores in this 

paper. 

Firbank et al39 46 (CN and AD) Global GM/WM CBF does not contribute to the variation in 

CAMGOG-R score when age, sex, and hippocampal volume are 

predictors in the model. 

 

Jagust et al53 9 AD The ratio of CBF in the temporoparietal region: whole tomographic 

slice is positively correlated with MMSQ score (r = 0.81, p < 0.01). 
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Johnson et al54 124 CN/ MCI  CBF in rostral anterior cingulate and inferior frontal regions was 

positively correlated with scores on Trailmaking Test Part B (p < 

0.05), while CBF in caudal anterior cingulate was negatively 

correlated with scores on the same test (p < 0.006). No correlations 

were seen between anterior cingulate CBF and the California Verbal 

Learning Test or Self-Ordering Test, or between posterior cingulate 

CBF and any of the three tests.  

 

Nagahama et al58 28 AD, both rapidly and 

slowly progressing 

CBF in right middle (z=4.67, k=458, p<0.001) and superior frontal 

gyrus (z=3.05, k=8, p<0.01) and right inferior parietal cortex (z=3.27, 

k=332, p<0.001) is decreased in patients that decline rapidly 

compared to those that decline slowly, meaning that their MMSE 

score declines less than 4 points over 2 to 3 years of follow-up. 

Results reported from voxel-

wise analysis.  

Obara et al42 17 AD Declines in parietal cortical CBF add to the prediction of cognitive 

decline on the CCSE (p = 0.015) when other predictors are decline in 

cortical volumes and decline in subcortical densities.  

CBF, cognition, and tissue 

volumes and densities were 

measured every 6 to 12 months 

for between 2 and 3 years on 

average. 

Sase et al59 42 (CN and AD) CBF: lambda ratio in the third (r = 0.66, p < 0.0001) and fourth (r = 

0.68, p < 0.0001) layer left lateral views is positively correlated with 

MMSE scores. 

Lambda is the Xenon solubility 

coefficient. CBF and 

CBF:lambda ratio were 

decreased in AD compared to 

CN in this paper. 

Takahashi et al63 25 (CN, MCI, and AD) Clock Drawing Test scores are positively correlated with CBF in the 

left hippocampus (rho = 0.43, p < 0.05), left parietal (rho = 0.37), 

bilateral pericallosal (rho = 0.35; 0.32), and bilateral angular regions 

(rho = 0.38; 0.35). 

Correlation coefficients are 

Spearman’s rho. Those without 

p values did not reach 

significance. Areas that with 

correlations less than rho = 0.32 

were: callosomarginal, 

precentral, central, right 

parietal, temporal, posterior, 

lenticular nucleus, thalamus, 

right hippocampus, and 

cerebellum. 
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Figure 2. Effect sizes and 95% confidence intervals of frontal lobe CBF in AD relative to 

CN. Positive effect sizes indicate that CBF is decreased in AD relative to CN. Of 15 

papers, 13 reported decreased CBF in AD and two reported increased CBF in AD. 

 

Figure 3. Effect sizes and 95% confidence intervals of parietal lobe CBF in AD relative 

to CN. Positive effect sizes indicate that CBF is decreased in AD relative to CN. Of 14 

papers, all 14 reported decreased CBF in AD. 
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Figure 4. Effect sizes and 95% confidence intervals of temporal lobe CBF in AD relative 

to CN. Positive effect sizes indicate that CBF is decreased in AD relative to CN. Of 14 

papers, 13 reported decreased CBF in AD and one reported increased CBF in AD. 

 

Figure 5. Effect sizes and 95% confidence intervals of temporoparietal CBF in AD 

relative to CN. Positive effect sizes indicate that CBF is decreased in AD relative to CN. 

Of nine papers, all nine reported decreased CBF in AD. 
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Figure 6. Effect sizes and 95% confidence intervals of occipital lobe CBF in AD relative 

to CN. Positive effect sizes indicate that CBF is decreased in AD relative to CN. Of eight 

papers, all eight reported decreased CBF in AD. 

 

Figure 7. Effect sizes and 95% confidence intervals of posterior cingulate CBF in AD 

relative to CN. Positive effect sizes indicate that CBF is decreased in AD relative to CN. 

Of six papers, all six reported decreased CBF in AD. 

0.43

0.28

1.18

0.89

0.77

0.49

1.41

0.810.81
0.88

1.82

1.37

1.65

1.17

1.88

1.55

0.05

-0.32

0.54

0.41

-0.12
-0.18

0.93

0.06

-0.5

0.0

0.5

1.0

1.5

2.0

Claus Firbank Hanyu 2004 Hanyu 2008 Harris Obara Shimizu van de Haar

S
ta

n
d

a
rd

is
e
d

 E
ff

e
c
t 

S
iz

e

8.07

0.80

1.49 1.36

0.99

2.06

9.37

1.27

2.16
1.86

1.47

3.28

6.78

0.33

0.82 0.86
0.52

0.85

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

Alegret Dai Hanyu 2004 Hanyu 2008 Kimura Yoshida

S
ta

n
d

a
rd

is
e
d

 E
ff

e
c
t 

S
iz

e



 

    50 

Figure 8. Effect sizes and 95% confidence intervals of hippocampal CBF in AD relative 

to CN. Positive effect sizes indicate that CBF is decreased in AD relative to CN. Of four 

papers, three reported decreased CBF in AD and one reported no difference between AD 

and CN. 

 

Figure 9. Effect sizes and 95% confidence intervals of thalamic CBF in AD relative to 

CN. Positive effect sizes indicate that CBF is decreased in AD relative to CN. Of five 

papers, all five reported decreased CBF in AD. 
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Figure 10. Effect sizes and 95% confidence intervals of frontal lobe CBF in MCI relative 

to CN. Positive effect sizes indicate that CBF is decreased in MCI relative to CN. One 

paper reported decreased CBF in MCI. 

 

Figure 11. Effect sizes and 95% confidence intervals of parietal lobe CBF in MCI relative 

to CN. Positive effect sizes indicate that CBF is decreased in MCI relative to CN. Of two 

papers, one reported decreased CBF in MCI and one reported no difference between MCI 

and CN. 
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Figure 12. Effect sizes and 95% confidence intervals of temporal lobe CBF in MCI 

relative to CN. Positive effect sizes indicate that CBF is decreased in MCI relative to CN. 

Of three papers, one reported decreased CBF in MCI and two reported no difference 

between MCI and CN. 

 

Figure 13. Effect sizes and 95% confidence intervals of temporoparietal CBF in MCI 

relative to CN. Positive effect sizes indicate that CBF is decreased in MCI relative to CN. 

One paper reported decreased CBF in MCI. 
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Figure 14. Effect sizes and 95% confidence intervals of posterior cingulate CBF in MCI 

relative to CN. Positive effect sizes indicate that CBF is decreased in MCI relative to CN. 

Of two papers, both reported decreased CBF in MCI. 

 

Figure 15. Effect sizes and 95% confidence intervals of hippocampal CBF in MCI 

relative to CN. Positive effect sizes indicate that CBF is decreased in MCI relative to CN. 

Of two papers, one reported decreased CBF in MCI and one reported increased CBF in 

MCI. 
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Figure 16. Effect sizes and 95% confidence intervals of thalamic CBF in MCI relative to 

CN. Positive effect sizes indicate that CBF is decreased in MCI relative to CN. One paper 

reported increased CBF in MCI. 
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Table 6. Syntheses of CBF in AD compared to CN by brain region. For each synthesis, the total number of individuals by diagnostic 

group, number of and authors of studies included, the mean, median and range of Hedge’s G effect size across included studies, the 

overall certainty of the synthesized results, and reasons for the certainty score are presented. The mean and median effect sizes 

indicated that CBF is decreased in AD compared to CN in all included brain regions. The greatest decreases were found in the 

temporoparietal region and posterior cingulate. Abbreviations can be found in the List of Abbreviations (p. xii). 

 

Brain 

Region 

Individuals Studies Hedge’s 

G; 

Mean, 

Median 

and 

Range 

Certainty Comments 

Frontal 386 cases; 

379 

controls 

14: Brown et al,37 

Claus et al,47 Dai et 

al,48 Firbank et al,39 

Hanyu et al,33, 

Hanyu et al,51 Harris 

et al,44 Jagust et al,53 

Obara et al,42 Schuff 

et al,60 Shimizu et 

al,61 van de Haar et 

al,65 Yew and 

Nation,66 Yoshida et 

al67 

  

0.79; 

0.82  

(-0.56, 

1.79) 

low Certainty lowered because: data extracted from graphs 

(Brown et al,37 Jagust et al,53 Yew and Nation66), 

several subregions and high and low education groups 

combined in Hanyu et al,51 subregions combined in 

Brown et al,37 Harris et al44; Notes: two papers with 

increase in AD (Jagust et al53 and Yoshida et al67) 

have very small sample sizes, van de Haar et al65 has 

MCI in AD group and Yew and Nation66 has MCI in 

CN group. All AD in Yoshida et al67 are APOE ε4 

positive. 
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Parietal 420 cases; 

347 

controls 

13: Brown et al,37 

Dai et al,48 Firbank 

et al,39 Hanyu et 

al,51 Kimura et al,35 

Lacalle-Aurioles et 

al,55 Obara et al,42 

Schuff et al,60 

Shimizu et al,61 

Tateno et al,64 van 

de Haar et al,65 Yew 

and Nation,66 

Yoshida et al67  

1.11; 

1.00 

(0.49, 

1.97) 

moderate Certainty lowered because: data extracted from graphs 

(Brown et al,37 Lacalle-Aurioles et al,55 Tateno et al,64 

Yew and Nation66), several subregions and high and 

low education groups combined in Hanyu et al,51 

subregions combined in Brown et al.37 Notes: van de 

Haar et al65 has MCI in AD group and Yew and 

Nation66 has MCI in CN group, all AD in Yoshida et 

al67 are APOE ε4 positive. 

Temporal 451 cases; 

378 

controls 

13: Brown et al,37 

Claus et al,47 Dai et 

al,48 Hanyu et al,51 

Kimura et al,35 

Lacalle-Aurioles et 

al,55 Obara et al,42 

Schuff et al,60 

Shimizu et al,61 

Tateno et al,64 van 

de Haar et al,65 Yew 

and Nation,66 

Yoshida et al67 

0.85; 

1.01  

(-0.74, 

1.83) 

moderate Certainty lowered because: data extracted from graphs 

(Brown et al,37 Lacalle-Aurioles et al,55 Tateno et al,64 

Yew and Nation66), several subregions and high and 

low education groups combined in Hanyu et al,51 

subregions combined in Brown et al37; Notes: one 

paper with increase in AD (Lacalle-Aurioles et al55) 

shows same pattern to a lesser extent in MCI; van de 

Haar et al65 has MCI in AD group and Yew and 

Nation66 has MCI in CN group, all AD in Yoshida et 

al67 are APOE ε4 positive. 

Temporo-

parietal 

247 cases; 

166 

controls 

7: Claus et al,47 

Hanyu et al,33 

Hanyu et al,51 Harris 

et al,44 Jagust et al,53 

Kimura et al,35 

Tateno et al64 

1.67; 

1.42 

(0.95, 

3.63) 

moderate Certainty lowered because: data extracted from graphs 

(Jagust et al,53 Tateno et al64), several subregions and 

high and low education groups combined in Hanyu et 

al,51 subregions combined in Harris et al44; Notes: 

Jagust et al53 had the largest effect size despite a small 

sample size, and this paper also showed a positive 

correlation between CBF and cognitive scores. 
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Occipital 261 cases; 

209 

controls 

8: Claus et al,47 

Firbank et al,39 

Hanyu et al,33 

Hanyu et al,51 Harris 

et al,44 Obara et al,42 

Shimizu et al,61 van 

de Haar et al65 

0.78; 

0.79 

(0.28, 

1.41) 

low Certainty lowered due to low cumulative bias rating of 

constituent papers, several subregions and high and 

low education groups combined in Hanyu et al,51 

subregions combined in Harris et al44; Notes: van de 

Haar et al65 has MCI in AD group. 

Posterior 

Cingulate 

182 cases; 

123 

controls 

5: Dai et al,48 Hanyu 

et al,33 Hanyu et 

al,51 Kimura et al,35 

Yoshida et al67 

1.34; 

1.36 

(0.80, 

2.06) 

low Certainty lowered due to low cumulative bias rating of 

constituent papers, several subregions and high and 

low education groups combined in Hanyu et al51; 

Notes: all AD in Yoshida et al67 are APOE ε4 positive. 

Hippoc-

ampus 

108 cases; 

141 

controls 

3: Dai et al,48 

Tateno et al,64 Yew 

and Nation66 

0.53; 

0.57  

(-0.05, 

1.06) 

low Certainty lowered because: data extracted from graphs 

(Tateno et al,64 Yew and Nation66); Notes: one paper 

with increase in AD (Dai et al48) shows similar pattern 

in MCI, but the effect is very small in AD. Yew and 

Nation66 has MCI in CN group..  

Thalamus 162 cases; 

129 

controls 

5: Dai et al,48 

Firbank et al,39 

Hanyu et al,51 Obara 

et al,42 Tateno et al64 

0.55; 

0.46 

(0.41, 

0.78) 

moderate Certainty lowered due to low cumulative bias rating of 

constituent papers, data extracted from graphs (Tateno 

et al64),  several subregions and high and low 

education groups combined in Hanyu et al51; Notes: 

Firbank et al39 is missing this region for one control. 



 

58 

Chapter 2: Regional Cerebral Blood Flow is Related to Hypertensive Status and Self-

Identified Race  

 

2.1 Introduction 

Alzheimer’s disease (AD) effects 6 million adults in the US alone, and this 

number is projected to more than double to 13 million by 2050.1 In order to mitigate this 

increase, the National Plan to Address Alzheimer’s Disease included a goal to find a 

treatment for AD by 2025. A major step in this goal has been to identify and characterize 

early preclinical biomarkers for AD so that at-risk adults can be treated prior to the onset 

of significant neurodegeneration, which is likely irreversible. African Americans (AA) 

are twice as likely as non-Hispanic white Americans (WA) to develop dementia, 

including AD.1 Although potential reasons for this increased prevalence of AD in AA 

have been suggested, it is not yet clear why this is the case. Possible race-related risk 

factors include prevalence of cardiovascular disease/risk factors (hypertension, obesity, 

diabetes, tobacco use), length and/or quality of education, quality of or access to 

healthcare, socioeconomic status, life-long stress, differences in AD-risk genes and their 

relative effects, and other differences in AD-specific or general neurodegenerative 

pathology that have not yet been characterized.68  

Cerebrovascular risk factors are known risk factors for AD; cerebrovascular 

damage is a common pathology in individuals in preclinical and clinical stages of AD. 

This is consistent with the two-hit hypothesis of AD, which posits that early AD-specific 

pathology (soluble amyloid beta) acts alongside general cerebrovascular risk factors to 

initiate and exacerbate cerebrovascular damage, which ultimately reinforces amyloid beta 
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deposition, tau aggregation, neurodegeneration, and cognitive decline.13 Along with other 

cardiovascular risk factors, hypertension is more prevalent in AA than WA.69 

Hypertension may also cause more complications in AA.70 Chronic hypertension causes 

arterial stiffening, atherosclerosis, and a shift of the autoregulatory curve which, among 

other changes, results in a tendency for the microvasculature to be constricted rather than 

dilated.11 In this hyper-constricted brain environment, chronic cerebral hypoperfusion 

results. A lack of adequate oxygen and nutrients causes neurons to elicit inflammatory 

responses and to release reactive oxygen species (ROS). This causes further damage to 

the vasculature, and it creates an environment that increases amyloid beta, which in turn 

promotes further vessel constriction.11 Hypertension-induced hypoperfusion and AD 

pathology thus reinforce and exacerbate one another. Cerebrovascular dysfunction and 

decreased CBF are present in older adults at risk for AD prior to other pathologies, 

implying that it is a causal factor in the development of AD.71  

Because AA have a higher prevalence of hypertension than WA, it has been 

suggested that this is the reason for increased prevalence of AD in AA; perhaps the 

higher prevalence of hypertension in this population results in a greater burden of 

cerebrovascular pathology.68 However, it is also possible that AA have more 

cerebrovascular dysfunction than WA independent of hypertension and other 

cardiovascular disease. In support of this theory, there is some evidence that AA have 

decreased CBF compared to WA, regardless of vascular risk. Clark et al68,72 found 

decreased perfusion in AA compared to WA, independent of several vascular risk factors 

and suggested that lower flow was correlated with risk factors in the AA group only. Hurr 

et al73 found that even in college-aged individuals with no vascular risk factors, AA have 
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a decreased vasodilatory response to hypercapnia compared to WA. Thayer and Koenig74 

and Allen et al75 suggest different relationships between global resting CBF and high 

frequency heart rate variability in AA and WA, where the correlation is positive in WA 

and negative in AA. These previous studies suggest that cerebrovascular dysfunction is 

related to race independent of vascular risk factors, yet there is still a paucity of 

information about CBF in AA vs. WA.  

Here, we assess the relationships between CBF, hypertension (HT), and cognition 

in AA and WA from two independent samples of older adults who are cognitively normal 

(CN), have subjective cognitive decline (SCD), or mild cognitive impairment (MCI). The 

goal is to determine whether CBF is decreased in AA, and, if so, whether this is due to 

hypertension or to an independent effect of race on CBF. We hypothesize that 

hypertensive individuals of both races will have decreased CBF in a priori regions of 

interest (ROIs) and in widespread regions in voxel-wise analyses. We also hypothesize 

that AA will have decreased CBF compared to WA, perhaps in distinct regions from 

those effected by hypertension. If CBF differs by race independently from effects of 

hypertension, it supports the idea that ethnicity/race should be considered among other 

risk factors when characterizing and standardizing early biomarkers of AD. If there are 

differences in how AD-related pathology and, more generally, neurodegenerative 

processes and cognitive decline occur in AA compared to WA, it is critical that we clarify 

and understand the causes of those differences. This could lead to individualized 

biomarkers for diagnosis, risk-assessment, clinical trial enrollment, and targeted 

treatment, without which we could inadvertently design treatments that are not 

generalizable to the diverse population of older adults in the US and around the world. 
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2.2 Methods 

Participants 

This study included 135 participants (46 CN, 45 SCD, 44 MCI) from the Indiana 

Memory and Aging Study (IMAS), a cohort followed by the Indiana Alzheimer’s Disease 

Research Center (IADRC), who were at least sixty years of age. All participants had 3D 

pCASL MRI, T1-weighted structural MRI, a clinical assessment, apolipoprotein E 

(APOE) genotyping, and Montreal Cognitive Assessment (MoCA) scores. Diagnoses 

were determined by clinician consensus. SCD was defined as a score of 20 or more on 

the first 12 items of the 20-item Cognitive Change Index (CCI-20)76 reflecting increased 

subjective memory concerns and the absence of a measurable cognitive deficit, with or 

without increased levels of informant-based concerns.7 Using standard criteria, an 

individual was diagnosed with MCI if the participant and/or an informant had a 

significant complaint about their cognition and they scored 1.5 standard deviations or 

more below normal on objective tests of cognitive functioning, either in memory or 

another cognitive domain. Additionally, individuals diagnosed with MCI by definition do 

not show a significant decline in daily functioning. All procedures were approved by the 

Indiana University School of Medicine Institutional Review Board. Informed consent 

was obtained according to the Declaration of Helsinki and the Belmont Report. In 

addition, this study included a replication sample using a subset of age-, sex-, and 

diagnosis-matched African Americans (AA) and white Americans (WA; 14 CN, 14 

significant memory concern [SMC], 14 MCI) from the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI). As described in the ADNI-2 Clinical Protocols 
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(adni.loni.usc.edu/methods/documents/), SMC individuals had a self-report significant 

memory concern measured with the CCI, cognitive test scores within the normal range, a 

Clinical Dementia Rating (CDR) score of 0, and no concern of progressive memory 

impairment by the informant. Data for this replication sample were obtained from the 

ADNI database (adni.loni.usc.edu). The ADNI was launched in 2003 by Principal 

Investigator Michael W. Weiner, MD. The primary goal of ADNI has been to measure 

the progression of MCI and early AD utilizing a combination of MRI, positron emission 

tomography (PET), other biological markers, and clinical and neuropsychological 

assessments. Up-to-date information can be found at www.adni-loni.org. The subset from 

ADNI used here included individuals that were at least sixty years of age and had 2D 

PASL MRI, T1-weighted structural MRI, and medical history, and MoCA sub-scores. 39 

of these 42 of individuals had MoCA total scores. 

 

Structural MRI 

Both IMAS and ADNI samples underwent high-resolution T1-weighted 

magnetization-prepared rapid acquisition gradient echo (MPRAGE) scans, which were 

used as structural images to normalize the ASL images during processing. The individual 

structural MRI images were segmented, and the gray matter images were smoothed with 

a FWHM kernel of 6x6x6 mm. These methods have been previously described.77  Region 

of interest (ROI) - based CBF was calculated for the IMAS sample using SPM12 and 

FreeSurfer 6 for the following bilateral regions: frontal (inferior frontal [pars orbitalis, 

pars opercularis, pars triangularis], superior frontal), hippocampus, putamen, temporal 

(superior temporal, middle temporal, inferior temporal), thalamus, anterior cingulate 
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(caudal anterior cingulate, rostral anterior cingulate), posterior cingulate, and lateral 

occipital. ROIs made up of multiple sub-regions were calculated by weighted average.  

 

ASL MRI 

For the IMAS sample, pseudo-continuous ASL (pCASL) MRI scans were 

obtained on a Siemens 3T Prisma scanner by Fair QII with multi-slice interleaved 

saturation sequence. The acquisition parameters were: TR= 3790 ms, TE= 40.7 ms, T1= 

700 ms, FOV= 240 mm x 240 mm, slice number= 54, thickness= 2.50 mm, image 

matrix= 64 x 64, and voxel size 2.5 x 2.5 x 2.5 mm3. 

For the ADNI sample, structural and ASL images were downloaded from the 

ADNI database. Pulsed ASL (PASL78) MRI scans were obtained on 3T scanners by 

QUIPS II with thin-slice TI1 periodic saturation sequence.79 The acquisition parameters 

were: TR= 3400 ms, TE= 12 ms, TI1= 700 ms, TI2= 1900 ms, FOV= 256 mm x 256 mm, 

slice number= 24 (axial), thickness= 4 mm, and image matrix= 64 x 64. 

Scans from both samples were further processed in the same manner, which has 

been previously described.77 Individuals’ ASL images were aligned to their first ASL 

image and coregistered to their structural MRI image. The structural MRIs and the 

coregistered ASL images were then coregistered to a T1 template. Pairs of ASL images 

were subtracted and then averaged for a mean perfusion image. A previously described 

method was used to calculate mean cerebral blood flow (CBF) maps from the mean 

perfusion images (http://cfn.upenn.edu/perfusion/software.htm). The gray matter images 

from the structural MRI were resliced to be coregistered to the mean perfusion images, 

thresholded for voxels > 0.75, smoothed with a FWHM kernel at 6x6x6 mm, and 
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thresholded for voxels > 0.20 to create individualized gray matter masks. These gray 

matter masks were applied to the mean CBF maps, which were then normalized to 

Montreal Neurological Institute (MNI), resampled to 2 mm3 voxels, smoothed with a 

FWHM kernel of 6×6×6 mm, and masked to exclude the cerebellum. All processing steps 

were completed in Statistical Parametric Mapping 12 (SPM12; Wellcome Department of 

Cognitive Neuroscience, London, UK).  

 

Statistical Analyses 

The demographic and clinical variables, including global CBF and total gray 

matter volume, were compared between diagnostic groups using one-way ANOVA for 

continuous variables and chi-square test for categorical variables. Regional mean CBF 

was used as the dependent variable in a multiple regression model with age, sex, total 

gray matter volume, hypertension status, and/or race as independent variables to assess 

correlations between race, hypertension, and regional CBF. Partial Pearson correlation 

was used to assess the relationship between regional CBF and MoCA score, with age, 

sex, years of education completed, and total gray matter volume as covariates. These 

analyses and all scatterplots were completed in IBM SPSS 25. Selected analyses were 

repeated on a voxel-wise basis using multiple regression with CBF maps as the 

dependent variable and hypertension status and/or race, age, sex, and total gray matter 

volume as independent variables and covariates as appropriate. Voxel-wise results are 

reported at p=0.001 uncorrected, k=150 for the IMAS sample and at p=0.01 uncorrected, 

k=150 for the smaller ADNI sample. All voxel-wise analyses were completed using 

SPM12. Beta map displays were made using MRIcroGL.  
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2.3 Results 

Demographics for the local IMAS sample are given in Table 7. In this sample, 

there was a greater proportion of hypertension in AA than in WA. AA also had a greater 

proportion of women in this sample. Finally, AA had lower MoCA scores and lower gray 

matter volumes than WA. There were no differences in age, diagnostic makeup, APOE ε4 

positivity, global CBF, or years of education completed between WA and AA in this 

sample. Demographics for the ADNI sample are given in Table 8. In this sample, AA had 

lower gray matter volumes than WA. There were no other differences between the WA 

and AA groups in this sample. 

The relationship between regional CBF and hypertensive status was assessed in 

the IMAS sample with age, sex, and total gray matter volume as covariates. Hypertensive 

individuals had lower CBF than normotensive individuals in all regions (Table 9). 

Corresponding voxel-wise analysis resulted in decreased CBF in hypertensive individuals 

mainly in widespread frontal and temporal regions (Table 10, Figure 17). In the ADNI 

sample, voxel-wise analysis demonstrated decreased CBF in hypertensive individuals in 

the left thalamus (not shown). There were no regions of increased CBF in hypertensive 

individuals in either sample.  

The relationship between regional CBF and race (WA or AA) was assessed in the 

IMAS sample with age, sex, and total gray matter volume as covariates. There was no 

statistically significant relationship between CBF and race in any of the hypertension-

related regions, but there was a nonsignificant trend for lower CBF in AA in all regions 

(Table 11). Voxel-wise results, with hypertensive status included as a covariate, suggest 
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that CBF is lower in occipitoparietal regions in AA (Table 12, Figure 18A). In the ADNI 

sample, voxel-wise analysis with hypertension as a covariate showed decreased CBF in 

AA in primary motor, visual motor, and visual association regions (Table 13, Figure 

18B). Additionally, in the IMAS sample, there was decreased CBF in WA in the right 

insula (Table 14, Figure 19A). In the ADNI sample, there was decreased CBF in WA in 

regions of frontal and temporal cortex, the hippocampus, and the thalamus (Table 15, 

Figure 19B). Voxel-wise beta values from these analyses showed similar overall patterns 

in both samples. AA had lower CBF relative to WA in more posterior and lateral regions, 

while WA had decreased CBF in relatively anterior and medial regions relative to AA 

(Figure 20).  

ROI-based analyses were used to assess the relationship between CBF in race-

dependent regions and scores on the Montreal Cognitive Assessment (MoCA) in both 

samples. Age, sex, years of education, and total gray matter volume were used as 

covariates. CBF in the voxel-wise cluster located in the fusiform (in which CBF is 

decreased in AA in the IMAS sample) was positively correlated with MoCA delayed 

memory sub-score in the IMAS sample. Although it did not reach statistical significance, 

the same pattern of positive correlation was present in the AA group in the ADNI sample. 

Finally, combining the two samples still resulted in a positive correlation between this 

region of CBF and the MoCA delayed memory score (Table 16, Figure 21).  

 

2.4 Discussion 

Here, we found differences in CBF between African Americans and non-Hispanic 

white Americans that were not fully explained by the higher prevalence of hypertension 
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in African Americans. Despite limited sample sizes and  the use of two ASL MRI 

methods, we found the same overall spatial pattern of group-wise CBF differences in two 

independent samples using voxel-wise analyses. Finally, we found a positive correlation 

between CBF and delayed memory score in a region where CBF was decreased in AA. 

While not conclusive, our findings suggest differences in cerebrovascular function 

between AA and WA that are not fully attributed to hypertension and that may be related 

to cognitive decline. 

Across AA and WA, hypertensive individuals had decreased CBF in widespread 

frontal and temporal brain regions, a smaller region in the occipital lobe, and in all of the 

a priori hypertension-related ROIs. These findings agree with previous literature, which 

report widespread decrease in CBF in hypertensive individuals, and in particular with 

Beason-Held et al,80 which reports decreases in prefrontal, anterior cingulate, and 

occipital regions. The frontal lobe has been reported as a region showing lower CBF in 

hypertensive individuals in a number of previous studies.81-85 It may be that the frontal 

lobe is especially vulnerable to the structural and functional changes that hypertension 

causes in the cerebrovasculature.86 The area of the brain supplied by the middle cerebral 

artery, and especially the anterior/middle cerebral artery watershed regions located in the 

frontal lobes, are particularly vulnerable to hypoperfusion.81,87 In addition, damage to the 

frontal-subcortical white matter tracts could further exacerbate issues in the frontal lobes; 

frontal white matter may be particularly vulnerable to hypertension.86 In support of the 

major effects of hypertension centering on the frontal lobe, vascular dementia involves 

executive dysfunction as one of the earliest cognitive symptoms, as opposed to problems 

with memory that occur in classic AD.88 However, as mentioned above there are global 
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changes in CBF related to hypertension, and many studies have found decreased CBF in 

a variety of brain regions in hypertension, including the parietal lobe, hippocampus, 

putamen, and globus pallidus.89,90 Our findings are consistent with decreased CBF in 

hypertensive individuals and with the concept that anterior brain regions might be 

particularly susceptible.  

In both independent samples, there was a pattern of decreased posterior CBF and 

increased anterior CBF in AA relative to WA. None of the a priori hypertension-based 

ROIs were significantly different between these two groups in the IMAS sample. With 

hypertension included in the model, CBF was decreased in AA in regions including the 

secondary visual area and fusiform (IMAS), primary and visual motor and visual 

association areas (ADNI). Relative to WA, CBF was increased in AA in regions 

including the insula (IMAS), dorsal entorhinal, temporal pole, inferior frontal, 

dorsolateral prefrontal, caudate, thalamus, and hippocampus (ADNI). The greater number 

of regions of increased CBF in AA in ADNI may be due to greater power of race in the 

comparison between AA and WA in this sample since the groups are the same size, 

whereas the IMAS sample contains considerably more WA than AA. When these voxel-

wise analyses were repeated without hypertensive status in the model, AA also had 

decreased CBF in the temporal pole and along the frontoparietal border in the IMAS 

sample. The other results were not grossly different from the original analyses (data not 

shown). This suggests that the groupwise differences in CBF presented here are relatively 

independent of hypertensive status.  

There have been few studies comparing CBF between AA and WA, but from 

previous literature we would expect CBF to be decreased in AA compared to WA.68,72,73 
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To our knowledge, no studies have reported specific brain regions in which CBF is 

higher in AA. In addition, CBF differences by race would be hypothesized to be observed 

in the same brain regions that are affected by hypertension if the effect is mediated by 

hypertension rather than race. In fact, some studies have suggested that race could be a 

proxy for severe hypertension.91 However, our results do not support the conclusion that 

differences in CBF between AA and WA are due to the differing prevalence of 

hypertension in these groups. We also found some regions of increased CBF in AA, 

which could be compensatory in nature and/or could reflect distinct patterns of brain 

function in older age in AA and WA. Alternatively, it is possible that due to the nature of 

ASL MRI, the posterior/anterior dichotomy may be due to a difference in arterial transit 

times, in which transit is faster in AA. This would result in more blood in anterior regions 

than in posterior regions at the time of imaging, as blood flows from posterior to anterior 

regions of the brain. Future imaging studies are needed to determine whether arterial 

transit times differ between AA and WA older adults so that this factor can be taken into 

account when characterizing CBF and other neuroimaging biomarkers of AD (i.e., 

amyloid and tau PET scans).  

Although there are few studies comparing CBF between AA and WA, there are 

several studies that have reported differences in hemodynamics and vascular damage 

between the two groups that were not explained by vascular risk factors. Caughey et al92 

reported a positive correlation between common carotid artery intima-media thickness 

and posterior silent brain infarctions and lacunes in AA, but not in WA. Since posterior 

brain regions are not directly supplied by the common carotid artery, Caughey et al92 

suggested that the observed hypoperfusion in AA may be reflective of dysfunctional 
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subcortical small vessels. AA have also been reported to have decreased mean blood flow 

velocity in the vertebral artery93, attenuated vascular responses94, and greater levels of 

cognitive decline with respect to the level of white matter damage, a sign of 

cerebrovascular dysfunction.95  

When CBF in regions of relative decrease in AA was compared to the delayed 

memory sub-score of the MoCA, we found a positive correlation in the IMAS sample and 

in the AA group of the ADNI sample, although this did not reach significance, potentially 

due to smaller sample size. Combining data of both samples resulted in positive 

correlations for both groups. This suggests that CBF in this region is important for 

cognitive functions that decline in AD. The brain region involved in this correlation 

included the left fusiform. The fusiform is involved in visual processing, particularly 

distinguishing the identity of an object and whether two objects belong to the same 

category. It is also involved in recognizing faces and “sight words,” or knowing what a 

word is by recognizing it rather than sounding it out.96 Although the fusiform has mostly 

been associated with the memory of faces,97,98 one may speculate that in order to 

remember a word list, the participant must mentally picture either an image of the word 

or the item it describes. Convit et al99 found that fusiform gyrus volume used alongside 

hippocampal volume added power to distinguish between individuals with MCI and those 

with AD, suggesting that it is related to AD-associated cognitive decline. Future studies 

are warranted to better understand the groupwise differences in CBF and cognitive 

correlates of the fusiform. It is possible that AA are particularly vulnerable to decreased 

CBF and other neurodegenerative and AD-related processes in posterior brain regions 

including the fusiform. If so, this may result in cognitive decline consistent with a clinical 
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diagnosis of AD more quickly than would typically occur in WA with the same general 

level of brain pathology.   

The possibility of AA reaching the threshold for a clinical diagnosis of AD earlier 

is conceptually in agreement with the Weathering Hypothesis, which posits that AA 

biologically age more quickly than their WA counterparts due to social stressors, lower 

socioeconomic status, poorer access to healthcare, and related factors that can lead to an 

early accumulation of health problems.100 While this construct was described with respect 

to earlier physical deterioration, chronic stress would also ultimately contribute to mental 

deterioration either directly or indirectly through physiological (i.e. cardiovascular) 

pathways. It has been reported that AA have older brain ages, measured by atrophy and 

white matter lesions, relative to their biological ages than WA.101 The concept of the 

Weathering Hypothesis and older brain age in AA could mean that AA manifest clinical 

symptoms of AD at a lower threshold of brain pathology than WA. This is important with 

respect to higher prevalence of AD in AA; the Alzheimer’s Association Trajectory 

Report has stated that delaying the onset of dementia by five years would decrease the 

projected 2050 national prevalence by 5.7 million people. 

Limitations of this study include the small percentage of African American 

individuals in the IMAS sample and the moderate size of the matched subset from the 

ADNI. This sample size may have been underpowered, but we did still find an overall 

pattern of groupwise CBF differences that was consistent between the two samples. 

Future studies with a larger number of AA participants are warranted. This study should 

be considered preliminary and contributes to the evidence that there may be race-related 

differences in cerebrovascular function related to cognitive decline. Another limitation is 
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that the hypertensive status is from a single time point at age 60 or older. Midlife 

hypertension, as well as chronic hypertension, is most predictive of cognitive decline in 

later life.11 The cross-sectional design of this study gives us an idea of CBF differences 

based on HT and race, but future longitudinal studies are needed to compare temporal 

changes in CBF in these groups. Finally, race was defined by self-identification, but 

future studies with larger sample sizes may benefit from using GWAS to genetically 

define the degree of European and African ancestry for each individual. While this would 

help to specifically investigate cerebrovascular differences based on genetic differences, 

self-identification may better encompass other potential explanations for race-related 

differences, including social factors. 

In conclusion, we found that there are differences in regional CBF between 

African Americans and white Americans, independent of hypertension. CBF in at least 

one of these regions is positively correlated with delayed memory cognitive test scores. 

These results support the premise that potential early biomarkers of AD should be 

assessed with respect to ethnicity/race along with other known and potential AD risk 

factors. Doing so will ensure that biomarkers are accurate for diverse populations that are 

at an increased risk for AD.  
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Table 7. Demographic and Clinical Variables in the IMAS sample. Abbreviations can be 

found in the List of Abbreviations (p. xii). 

IMAS All (n=135) White (n=107) AA (n=28) Comparison 

Age 71.51 ± 7.27 71.83 ± 7.30 70.29 ± 7.13 p=0.318 

Sex (%F) 65.9 60.7 85.7 p=0.013* 

Diagnosis (%SCD, 

%MCI) 

33.3, 32.6 31.8, 36.4 39.3, 17.9 p=0.171 

Hypertension (%) 54.1 47.7 78.6 p=0.003* 

APOE 𝜀4 (%) 49.6 49.5 50.0 p=0.965 

Education (years) 16.45 ± 2.57 16.65 ± 2.55 15.68 ± 2.55 p=0.074 

MoCA Score 24.26 ± 3.62 24.66 ± 3.61 22.71 ± 3.30 p=0.011* 

Gray Matter Volume (L) 0.5981 ± 0.0708 0.6046 ± 0.0716 0.5732 ± 0.0628 p=0.036* 

Global CBF 

(mL/100g/min) 

24.50 ± 6.08 24.78 ± 6.41 23.45 ± 4.54 p=0.306 

 

Table 8. Demographic and Clinical Variables in the ADNI sample. Abbreviations can be 

found in the List of Abbreviations (p. xii). 

ADNI All (n=42) White (n=21) AA (n=21) Comparison 

Age 73.02 ± 5.51 73.05 ± 5.53 73.00 ± 5.62 p=0.978 

Sex (%F) 66.7 66.7 66.7 p=1.000 

Diagnosis (%SCD, %MCI) 33.3, 33.4 33.3, 33.4 33.3, 33.4 p=1.000 

Hypertension (%) 61.9 57.1 66.7 p=0.525 

APOE ε4 (%) [7 AA 

missing] 

31.0 [37.0] 42.9  19.0 [28.6] p=0.392 

Education (years) 16.24 ± 2.56 16.52 ± 2.66 15.95 ± 2.48 p=0.475 

MoCA Score 23.64 ± 3.56 24.20 ± 3.00 23.05 ± 4.06 p=0.321 

Gray Matter Volume (L) 0.5680 ± 0.0734 0.5931 ± 0.0839 0.5429 ± 0.0517 p=0.025* 

Global CBF (mL/100g/min) 23.85 ± 4.78 23.73 ± 5.39 23.96 ± 4.20 p=0.875 

 

Table 9. Correlations between ROI-based CBF and hypertension status in IMAS. 

Hypertension was associated with decreased CBF in all a priori brain regions, with age, 

sex and total gray matter volume as covariates. Abbreviations can be found in the List of 

Abbreviations (p. xii). 

ROI CBF  Standardized 

Coefficient (𝛽) 

t p 

Frontal -0.312 -4.025 <0.001* 

Hippocampus -0.259 -3.364 0.001* 

Putamen -0.323 -4.007 <0.001* 

Temporal -0.313 -4.016 <0.001* 

Thalamus -0.206 -2.627 0.010* 

Anterior Cingulate -0.306 -3.941 <0.001* 

Posterior Cingulate -0.301 -3.835 <0.001* 

Lateral Occipital -0.313 -4.015 <0.001* 
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Table 10. Correlations between voxel-wise CBF and hypertension status in IMAS. 

Regions of decreased CBF associated with hypertension with age, sex and total gray 

matter volume as covariates. p=0.001, k=150. 

k ROI X Y Z Brodmann area t p 

517800 left primary motor -64 -12 26 4 6.52 <0.001 

right orbital frontal 4 34 -8 11 6.47 <0.001 

left frontal eye fields -22 30 54 8 6.43 <0.001 

left dorsolateral 

prefrontal  

-44 22 36 9 6.39 <0.001 

left medial temporal -68 -36 8 21 6.39 <0.001 

right temporal pole 54 12 -28 38 6.24 <0.001 

right orbital frontal 2 40 -16 11 6.17 <0.001 

right insula 40 0 2 13 6.11 <0.001 

left primary auditory -62 -20 6 41 6.07 <0.001 

left premotor and 

supplementary motor 

-40 0 52 6 6.04 <0.001 

right superior temporal 64 -12 0 22 6.03 <0.001 

left superior temporal -64 -28 8 22 6.03 <0.001 

left superior temporal -62 -12 2 22 5.99 <0.001 

left temporal pole -56 6 -20 38 5.94 <0.001 

left medial temporal -64 -14 -8 21 5.88 <0.001 

372 right primary visual 2 -74 10 17 4.07 <0.001 

left secondary visual -6 -70 6 18 4.04 <0.001 

left primary visual -14 -78 10 17 3.77 <0.001 

179 right secondary visual 12 -86 -12 18 3.68 <0.001 

right visual association 26 -76 -14 19 3.57 <0.001 

 

 

 
 

Figure 17. Visualization of correlations between voxel-wise CBF and hypertension status 

in IMAS. Hypertensive individuals have decreased CBF in widespread frontal and 

temporal regions. Covariates: age, sex, and total gray matter volume. p=0.001, k=150. 
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Table 11. Correlations between ROI-based CBF and self-identified race in IMAS. There 

are trends in all a priori brain regions for African Americans to have lower CBF than 

white Americans, with age, sex and total gray matter volume as covariates.  

ROI CBF  Standardized 

Coefficient (𝛽) 

t p 

Frontal -0.078 -0.929 0.355 

Hippocampus -0.061 -0.743 0.459 

Putamen -0.117 -1.347 0.180 

Temporal -0.093 -1.112 0.268 

Thalamus -0.062 -0.756 0.451 

Anterior Cingulate -0.102 -1.219 0.225 

Posterior Cingulate -0.088 -1.042 0.299 

Lateral Occipital -0.089 -1.053 0.294 

 

Table 12. Decreased voxel-wise CBF in self-identified African Americans in IMAS. 

Regions of decreased CBF in African Americans with age, sex, total gray matter volume, 

and hypertension status as covariates. p=0.001, k=150.  

k ROI X Y Z Brodmann area t p 

233 right secondary visual 0 -90 30 18 4.86 <0.001 

1055 left fusiform -68 -50 -8 37 4.32 <0.001 

 left fusiform -66 -52 -2 37 4.24 <0.001 

 

Table 13. Decreased voxel-wise CBF in self-identified African Americans in ADNI. 

Regions of decreased CBF in African Americans with age, sex, total gray matter volume, 

and hypertension status as covariates. p=0.01, k=150. 

k ROI X Y Z Brodmann area t p 

202 left primary motor -36 -32 60 4 4.09 <0.001 

162 left primary motor -2 -24 60 4 3.94 <0.001 

161 left visual motor -20 -60 64 7 3.83 <0.001 

left visual motor -4 -66 60 7 3.11 0.002 

174 right visual association 48 -66 8 19 3.79 <0.001 

right visual association 42 -76 16 19 3.48 0.001 
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Figure 18. Visualizations of decreased voxel-wise CBF in self-identified African 

Americans in IMAS (A) and ADNI (B). African Americans have decreased CBF in 

occipitoparietal regions in IMAS and in primary motor, visual motor, and visual 

association regions in ADNI, compared to white Americans. p<0.001 (IMAS) or p<0.01 

(ADNI), k=150. 

 

Table 14. Increased voxel-wise CBF in self-identified African Americans in IMAS. 

Regions of increased CBF in African Americans with age, sex, total gray matter volume, 

and hypertension status as covariates. p=0.001, k=150. 

k ROI X Y Z Brodmann area t p 

258 right insula 30 -26 18 13 5.03 <0.001 

 

 

B. 

A. 
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Table 15. Increased voxel-wise CBF in self-identified African Americans in ADNI. 

Regions of increased CBF in African Americans with age, sex, total gray matter volume, 

and hypertension status as covariates. p=0.01, k=150. 

k ROI X Y Z Brodmann area t p 

272 

 

left dorsal entorhinal -32 6 -16 34 3.77 <0.001 

left temporal pole -42 8 -32 38 3.80 <0.001 

277 

 

left pars opercularis -40 10 8 44 4.51 <0.001 

left dorsolateral prefrontal -44 30 14 46 3.85 0.002 

left pars opercularis -52 20 30 44 3.81 0.005 

232 

 

left caudate -6 8 2 N/A 4.38 <0.001 

left caudate -12 0 16 N/A 4.29 <0.001 

647 left thalamus -2 -16 12 N/A 3.93 <0.001 

left thalamus -10 -32 6 N/A 3.93 <0.001 

left thalamus -16 -32 4 N/A 3.81 <0.001 

left hippocampus -20 -38 2 N/A 3.78 <0.001 

left hippocampus -28 -34 -4 N/A 3.06 0.002 

 

  

  
 

Figure 19. Visualizations of increased voxel-wise CBF in self-identified African 

Americans in IMAS (A) and ADNI (B). African Americans have increased CBF in the 

insula in IMAS and in frontal, temporal, hippocampal, and thalamic regions in ADNI, 

compared to white Americans. p<0.001 (IMAS) or p<0.01 (ADNI), k=150. 

A. 

B. 
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Figure 20. Visualization of voxel-wise beta values in correlations of CBF and self-

identified race in IMAS and ADNI. Both samples show a general pattern of decreased 

CBF in posterior and lateral brain regions with increased CBF in anterior and medial 

brain regions in AA compared to WA with age, sex, total gray matter volume, and 

hypertension status as covariates.  
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Table 16. Correlations between cluster CBF and MoCA delayed memory sub-score in 

IMAS and ADNI. CBF in the fusiform was positively correlated with the MoCA delayed 

memory sub-score in African Americans and white Americans from IMAS, the full 

IMAS sample, white Americans from combined IMAS and ADNI samples, and the full 

combined IMAS and ADNI samples. Covariates were age, sex, years of education, and 

total gray matter volume. 

 Sample Size (n) r  p 

IMAS: Full 135 0.220 0.011* 

IMAS: AA 28 0.469 0.021* 

IMAS: WA 107 0.220 0.026* 

ADNI: Full 42 0.119 0.478 

ADNI: AA 21 0.180 0.490 

ADNI: WA 21 0.098 0.709 

Combined: Full 177 0.261 0.001* 

Combined: AA 49 0.179 0.239 

Combined: WA 128 0.283 0.001* 
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B. 



 

    81 

 

Figure 21. Scatterplots of correlations between fusiform CBF and MoCA delayed 

memory sub-score in IMAS (A), ADNI (B), and combined samples (C). As presented in 

Table 16, positive correlations were found in the IMAS and combined samples. Although 

not statistically significant, the associations in the ADNI sample were positive as well. 

Red = AA. Blue = WA.  

C. 
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Chapter 3: Amyloid and Tau Pathology are Associated with Cerebral Blood Flow in 

Nondemented Older Adults with and without Genetic and Vascular Risk Factors 

 

3.1 Introduction 

Alzheimer’s disease (AD) is the leading cause of dementia; over 6 million older 

adults in the U.S. have AD, and this number is projected to double over the next thirty 

years.1 Thus, the U.S. Department of Health and Human Services has issued a plan to 

treat and prevent AD by 2025. It has been suggested by the results of multiple studies and 

clinical trials that an effective treatment for AD will likely need to be preventative.7,102 

Although there are some promising exceptions, treatments targeting amyloid and tau 

pathology that are administered after the emergence of clinical symptoms have generally 

been unable to restore cognitive function.103,104 Therefore, it is imperative to find reliable 

and accurate biomarkers for the earliest, preclinical stages of AD, so that older adults 

who would benefit from preventative treatment may be identified. One such potential 

early biomarker is quantitative cerebral blood flow (CBF). 

CBF is known to be decreased in individuals with AD compared to healthy 

individuals of the same age.105 This decrease has also been shown to be more than would 

be expected given the amount of atrophy in these individuals, suggesting that altered CBF 

is itself a pathologic phenomenon in AD.106 These results have led to the development of 

the two-hit hypothesis of AD, which posits that vascular risk factors and amyloid 

accumulation exacerbate one another and eventually lead to tau aggregation, 

neurodegeneration, and cognitive decline.13,107 This differs from the long-standing 

amyloid cascade hypothesis, which states that amyloid deposition triggers the onset and 
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propagation of the complex pathologies and symptoms that comprise AD.12 Evidence for 

the two-hit model of AD includes the fact that vascular risk factors like hypertension, 

diabetes mellitus, and obesity are also risk factors for AD.108 Chronic hypertension, in 

particular, has been shown to cause cerebral microvascular damage, which both worsens 

and is worsened by amyloid beta aggregation. It has been suggested that altered CBF may 

occur very early in the course of AD, before cognitive symptoms and even potentially 

amyloid and tau aggregation.109 Given that this early alteration of CBF may play a role in 

initiating the cascade of pathological changes culminating in AD, it is an intriguing 

potential early biomarker.  

While altered CBF has been described as one of the earliest changes in AD, its 

typical spatial and temporal pattern throughout the disease course is not yet fully defined. 

It has been shown in several studies that CBF increases in some brain regions in 

individuals on the AD spectrum, especially in preclinical and prodromal AD.110,111 

Altered CBF is largely characterized by hypoperfusion by the time individuals have some 

level of cognitive decline.112 Increased CBF in early, preclinical stages may be 

compensatory in response to other AD-related pathologies, like amyloid or tau 

aggregation. Indeed, global CBF is positively correlated with cognitive test scores.113 

Vascular risk factors such as hypertension and genetic risk factors including the 

apolipoprotein E (APOE) ε4 allele may play a role in whether individuals have a 

compensatory increase in CBF and for how long that compensation is able to be 

maintained despite pathology and vascular dysfunction. It will also be important for us to 

elucidate the spatial and temporal relationships between altered CBF and other AD-

related pathologies, including amyloid and tau aggregation.  
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According to the literature, CBF tends to be negatively correlated with both 

amyloid and tau pathology,114-119 but there are also studies, mostly in individuals with 

preclinical AD, in which positive correlations between CBF and these pathologies have 

been reported.120-124 It has been established that both hypertension and APOE ε4 

positivity are related to increased amyloid beta aggregation and are associated with 

cerebrovascular dysfunction and decreased CBF.125-128 It is the goal of this research to 

assess the relationships between CBF and amyloid and tau pathologies in older 

nondemented adults and to determine whether the presence of the APOE ε4 allele and 

hypertension affect those relationships.  

Extensive characterization of altered CBF in the context of preclinical AD will 

solidify whether it is an effective early biomarker. Here, we assess the relationships 

between CBF and global cortical amyloid and medial temporal lobe (MTL) tau 

pathology, using arterial spin labeling (ASL) MRI and PET imaging in older 

nondemented adults. We also assess the interaction effects of APOE ε4 positivity and 

hypertension on the relationship of CBF with amyloid and tau in this sample. We 

hypothesize that amyloid and tau pathologies will be negatively correlated with CBF 

overall, although there may be certain regions of positive correlation as well, given the 

early stage of disease in this sample. We also hypothesize that individuals with 

hypertension or at least one APOE ε4 allele will be less likely to have a compensatory 

positive correlation between CBF and AD-related pathologies.  
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3.2 Methods 

Participants 

This study included 78 participants (30 CN, 25 SCD, 23 MCI) from the Indiana 

Alzheimer’s Disease Research Center (IADRC) who were at least sixty years of age. All 

participants had a 3D pCASL MRI, T1-weighted structural MRI, amyloid PET scan with 

either [18F]florbetapir or [18F]florbetaben and tau PET scan with [18F]flortaucipir. All 

participants also had a clinical assessment and APOE genotyping. Three (3) additional 

participants who otherwise met these requirements were excluded because their pCASL 

MRI scans were poor quality. Diagnoses were determined by clinician consensus. SCD 

was defined as a score of 20 or more on the first 12 items of the 20-item Cognitive 

Change Index (CCI-20)76 reflecting increased subjective memory concerns and the 

absence of a measurable cognitive deficit, with or without increased levels of informant-

based concerns.7 Using standard criteria, an individual was diagnosed with MCI if the 

participant and/or an informant had a significant complaint about their cognition and they 

scored 1.5 standard deviations or more below normal on objective tests of cognitive 

functioning, either in memory or another cognitive domain. Additionally, individuals 

diagnosed with MCI by definition do not show a significant decline in daily functioning. 

All procedures were approved by the Indiana University School of Medicine Institutional 

Review Board. Informed consent was obtained according to the Declaration of Helsinki 

and the Belmont Report.  
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pCASL MRI 

Pseudo-continuous ASL (pCASL) MRI scans were obtained on a Siemens 3T 

Prisma scanner by Fair QII with multi-slice interleaved saturation sequence. The 

acquisition parameters were: TR= 3790 ms, TE= 40.7 ms, T1= 700 ms, FOV= 240 mm x 

240 mm, slice number= 54, thickness= 2.50 mm, image matrix= 64 x 64, and voxel size 

2.5 x 2.5 x 2.5 mm3. 

Processing steps have been previously described.77 All images were aligned to the 

first pCASL image and coregistered to the individual’s structural MRI image. The 

structural MRI’s and the coregistered pCASL images were then coregistered to a T1 

template. The individual T1-weighted structural MRI images were segmented, and the 

grey matter images were smoothed with a FWHM kernel of 6x6x6 mm. Pairs of pCASL 

images were subtracted and then averaged for a mean perfusion image. A previously 

described method was used to calculate mean cerebral blood flow (CBF) maps from the 

mean perfusion images (http://cfn.upenn.edu/perfusion/software.htm). The grey matter 

images from the structural MRI were resliced to be coregistered to the mean perfusion 

images, thresholded for voxels > 0.75, smoothed with a FWHM kernel at 6x6x6 mm, and 

thresholded for voxels > 0.20 to create individualized grey matter masks. These grey 

matter masks were applied to the mean CBF maps, which were then normalized to 

Montreal Neurological Institute (MNI), resampled to 2 mm3 voxels, smoothed with a 

FWHM kernel of 6×6×6 mm, and masked to exclude the cerebellum. All processing steps 

were completed in Statistical Parametric Mapping 12 (SPM12; Wellcome Department of 

Cognitive Neuroscience, London, UK). Lobar CBF was calculated using SPM12 and the 
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following ROIs from Automated Anatomical Labeling (AAL): frontal, limbic, parietal, 

temporal, and occipital.  

 

Amyloid PET 

Each participant in the PET sample underwent either [18F]florbetapir (AmyVid; 

Eli Lilly and Co.) or [18F]florbetaben (Neuraceq; Life Molecular Imaging, formerly 

Piramal Imaging) scans. For the [18F]florbetapir scans, 10 mCi of [18F]florbetapir was 

injected intravenously, followed by a 50-minute uptake period. Individuals were then 

imaged on a Siemens mCT for 20 minutes with continuous list mode data acquisition. For 

[18F]florbetaben scans, 8 mCi of [18F]florbetaben was injected intravenously, followed by 

a 90-minute uptake period. These participants were then also imaged on a Siemens mCT 

for 20 minutes with continuous list mode data acquisition. For both types of scans, a 

computed tomography scan was acquired for scatter and attenuation correction. The list 

mode data were then rebinned into four 5-minute frames and reconstructed using 

parameters defined in the Alzheimer’s Disease Neuroimaging Initiative (ADNI) protocol 

(http://adni.loni.usc.edu). These parameters include corrections for scatter and random 

coincidence events, attenuation, and radionuclide decay. These 5-minute frames were 

then spatially aligned to the participants’ T1-weighted structural MRI, motion corrected, 

and normalized to MNI space using SPM12. The PET image frames were averaged to 

create a static image over the acquisition time period for each individual (50-70 minutes 

for [18F]florbetapir and 90-110 minutes for [18F]florbetaben), and standardized uptake 

value ratio images (SUVR) were generated using a whole cerebellar region of interest 

from the Centiloid project. For this study, the global cortical amyloid measure used was 
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calculated as Centiloid units. Both types of scans were processed with the Centiloid 

algorithm at a voxel-wise level as defined by the Centiloid project 

(http://www.gain.org/Centiloid-project/).129 Global cortical Centiloid data was then 

extracted from both scan types using MarsBaR. Amyloid positivity was recorded at the 

time of amyloid PET scanning and was defined as global cortical amyloid >21 Centiloid 

units. 

 

Tau PET 

All participants in the PET sample underwent a [18F]flortaucipir PET scan. 10 

mCi of [18F]flortaucipir was injected intravenously, followed by a 75-minute uptake 

period. Individuals were then imaged on a Siemens mCT for 30 minutes by continuous 

list mode data acquisition. These data were rebinned into six 5-minute frames, and scans 

were reconstructed using a standard scanner software program (Siemens, Knoxville, TN) 

according to the ADNI protocol (http://adni.loni.usc.edu). The middle four 5-minute 

frames (80-100 minutes) were motion corrected, normalized to MNI space using each 

subject’s T1-weighted structural MRI, averaged to create a static image, intensity 

normalized to the cerebellar crus to create SUVR images, and smoothed with an 8 mm 

full-width half-maximum Gaussian kernel, all using SPM12. For this study, the medial 

temporal lobe (MTL) SUVR was used. The constituent ROIs were generated from 

FreeSurfer, and the bilateral mean MTL (average of fusiform gyri, parahippocampal gyri, 

and entorhinal cortex) SUVR values were extracted for each participant using MarsBaR. 

For interaction analyses, tau positivity was defined as MTL tau SUVR greater than the 

third quartile value in this sample (1.151).  
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Statistical Analyses 

The demographic and clinical variables, as well as global CBF, total grey matter 

volume, and amyloid and tau PET measures were compared between diagnostic groups 

using one-way ANOVA for continuous variables and chi-square test for categorical 

variables. Stepwise multiple regression model (entry p=0.10, removal p=0.20) with 

dependent variable lobar CBF and independent variables diagnostic group, age, sex, 

hypertension status, APOE ε4 status, and total grey matter volume were used to 

determine which demographic/clinical variables are correlated with CBF in this sample. 

Amyloid and tau PET measures were used as the dependent variable in a multiple 

regression model with age, sex, hypertension status, APOE ε4 status, and total grey 

matter volume as independent variables to assess correlations between these measures 

and demographic/clinical variables. Partial Pearson correlation was used to assess the 

relationship between lobar CBF and amyloid or tau PET measure, with age, sex, total 

grey matter volume, hypertension status, and APOE ε4 status as covariates. Analyses 

including CBF were repeated on a voxel-wise basis using multiple regression with CBF 

maps as the dependent variable and amyloid or tau PET measure, age, sex, total grey 

matter volume, and hypertension status as independent variables and covariates as 

appropriate. A voxel-wise two-way ANCOVA model was used to assess interactions of 

amyloid/tau positivity and hypertension/APOE ε4 status with age, sex, and total grey 

matter volume as covariates. CBF was extracted from significant clusters and modeled as 

the dependent variable in linear regression to visualize interactions. Voxel-wise results 

are listed at p=0.01, k=250 and shown at p=0.05, k=250 for display purposes, and 

scatterplots are presented using CBF extracted from clusters significant at p=0.01. All 
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voxel-wise analyses were completed using SPM12. Other statistical analyses and all 

graphs were created in IBM SPSS 25.  

 

3.3 Results 

Demographics 

Demographics for this sample are given in Table 17. The MCI group had a greater 

global cortical Centiloid value than the CN and SCD groups. Diagnostic groups also 

differed by prevalence of hypertension; the SCD group had the highest prevalence of 

hypertension, followed by MCI, and then by CN. Finally, the groups differed by 

proportion of women. CN had the greatest proportion of women, followed by SCD, and 

then by MCI.  

 

CBF vs. Demographics 

Mean CBF from each lobe was entered into a stepwise multiple regression with 

diagnosis, age, sex, hypertension status, APOE ε4 status, and total grey matter volume as 

independent variables. Age and hypertension were negatively correlated with CBF in all 

lobes (Table 18). No correlations were found between CBF and diagnosis, APOE ε4 

status, or total grey matter volume. The interaction variable for age by hypertension 

status was not statistically significant in any of the lobes. Voxel-wise regressions were 

used to model the spatial relationships between CBF and age and hypertension with age, 

sex, and gray matter volume as covariates where appropriate (Figure 22; p=0.05, k=250). 
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PET vs. Demographics 

The global cortical Centiloid and the MTL tau SUVR data were used as 

dependent variables in a stepwise regression model with age, sex, hypertension status, 

APOE ε4 status, and total grey matter volume as independent variables.  The global 

cortical Centiloid value was associated with APOE ε4 status (β=0.414, t=3.964, p<0.001). 

MTL tau SUVR was associated with hypertension status (β=-0.223, t=-1.997, p=0.049). 

 

PET vs. Lobar CBF  

Partial correlations were completed for lobar CBF with global cortical Centiloid 

and MTL tau SUVR, with age, sex, and total grey matter volume as covariates. There 

were no significant correlations in any of the lobes between CBF and global cortical 

Centiloid or MTL tau SUVR. The addition of hypertension status and APOE ε4 status as 

covariates did not change the results. 

 

PET vs. Voxel-wise CBF 

Using voxel-wise regression models with global cortical Centiloid and MTL tau 

SUVR, with age, sex, and total grey matter volume as covariates, MTL tau SUVR was 

negatively correlated with CBF in the left hippocampus and left parahippocampal gyrus 

(p=0.01, k=250; Table 19, Figure 23). General patterns of the correlations between MTL 

tau SUVR and CBF are shown in Figure 24 (p=0.05, k=250). There were no statistically 

significant correlations with global cortical Centiloid at the p=0.01, k=250 level. 

However, results at p=0.05, k=250 include negative correlations between global cortical 

Centiloid and CBF in the left parahippocampal region and amygdala (Figure 25). 
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PET vs. Voxel-wise CBF: Interaction Analyses 

In order to determine whether APOE ε4 status or hypertension status affected the 

relationship between amyloid or tau PET measures and CBF, a voxel-wise two-way 

ANCOVA was used, with CBF as the dependent variable, amyloid or tau positivity and 

APOE ε4 or hypertension status as independent variables, and age, sex, and total gray 

matter volume as covariates. Only the amyloid by hypertension interaction reached 

significance at p=0.01, k=250 (Table 20). CBF in the left visual motor, supramarginal, 

fusiform, visual association, and secondary visual areas is positively associated with 

global cortical Centiloid in hypertensive individuals and negatively associated with 

global cortical Centiloid in normotensive individuals (Figures 26, 27, and 28). CBF 

values from the three clusters were extracted for all individuals and put into a regression 

model with global cortical Centiloid, hypertension status, age, sex, total gray matter 

volume, and hypertension status by global cortical Centiloid interaction as independent 

variables. The interaction variable was positive in all three clusters (β=0.598, t=-4.023, 

p<0.001; β=0.517, t=3.347, p=0.001; β=0.463, t=3.248, p=0.002). Spatial patterns of this 

interaction are presented in Figure 29. Parietal, temporoparietal, temporal, and occipital 

regions are involved. The main effect of amyloid status was significant mostly in inferior 

temporal regions (Figure 30; p=0.05, k=250), while the main effect of hypertension status 

was significant in widespread frontal, temporal, and temporoparietal regions (Table 21, 

p=0.01, k=250; Figure 31, p=0.05, k=250). Results of the other three interactions are 

shown at p=0.05, k=250. The interaction effect of amyloid status by APOE ε4 status on 

CBF was significant in orbital frontal, pre- and supplementary motor, and dorsolateral 

prefrontal cortex (Figure 32). The interaction effect of tau status by hypertension status 
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on CBF was interestingly similar to that of amyloid by APOE ε4 and was significant in 

frontal eye fields, dorsolateral prefrontal cortex, primary motor, primary auditory, and 

temporoparietal regions (Figure 33). The interaction effect of tau status by APOE ε4 

status on CBF was significant in the parahippocampal region, primary motor, primary 

visual, fusiform, pars orbitalis, and dorsolateral prefrontal cortex (Figure 34). 

 

3.4 Discussion  

Here we found that CBF is negatively correlated with both MTL tau aggregation 

and, to a lesser degree, global cortical amyloid aggregation in older adults at risk for 

Alzheimer’s disease. There was also an interaction effect of global cortical amyloid and 

hypertension status on CBF in this sample; global cortical amyloid and CBF were 

positively correlated in hypertensive individuals and negatively correlated in 

normotensive individuals. Negative correlations between CBF and MTL tau aggregation 

were present in the parahippocampal gyrus and hippocampus. Negative correlations 

between CBF and amyloid beta aggregation were also present in the parahippocampal 

gyrus and amygdala. Negative correlations between amyloid pathology and CBF have 

been extensively documented in previous studies. There have been fewer studies 

addressing the relationship between tau pathology and CBF, but most of them have 

likewise reported negative correlations.  

Negative correlations between amyloid pathology and CBF have been heavily 

documented. Several animal models of chronic hypoperfusion have been shown to 

develop amyloid pathology.130-134 Animal models of amyloid pathology likewise develop 

decreased CBF,135,136 and amyloid beta directly causes constriction of capillaries when 
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applied to animals in vivo137,138 and to fixed human samples in vitro.139 Likewise, some 

studies involving participants with a mix of preclinical and clinical AD or clinical AD 

alone have shown negative correlations between amyloid pathology and CBF in 

entorhinal regions, the precuneus, and throughout the cortex.117,118 Chen et al,140 on the 

other hand, reported a positive correlation between amyloid beta and CBF in the anterior 

cingulate gyrus in a mixed sample including AD patients. Additionally, Takahashi et al141 

reported that out of eight MCI/AD patients who were amyloid positive, only four of them 

had an AD pattern of hypoperfusion on SPECT scans.  

Studies involving only nondemented participants have also resulted in complex 

findings. Michels et al142 and Tosun et al119 both reported negative correlations between 

amyloid PET and CBF in regions including frontal, temporal, parietal, and occipital 

lobes, cingulate cortex, and cerebellum. Tosun et al123 presented a CBF signature of 

amyloid positivity in individuals with early MCI that included both regions of 

hypoperfusion and regions of hyperperfusion. In a sample of amyloid-positive CN 

individuals, amyloid was positively correlated with CBF in frontal and temporal lobes, 

insula, dorsal striatum, hippocampus, and amygdala.122 Finally, in a longitudinal 15O PET 

study, it was reported that decreases in CBF in the parietal lobe, cingulate gyrus, 

thalamus, and midbrain, as well as increases in CBF in the frontal and parietal lobes over 

several years predicted amyloid positivity via [11C]PiB PET.124  

Previous studies concerning the relationship between tau and CBF have reported 

negative correlations. Unlike amyloid pathology, tau tracks both spatially and temporally 

with disease severity and brain dysfunction. Therefore, as tau pathology progresses in its 

characteristic pattern over the disease course, lower CBF progresses similarly.143,144 
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Similarly to the amyloid literature, animal models of hypoperfusion develop increased tau 

pathology,145,146 and animal models of tau pathology develop hypoperfusion.147-150 In 

human studies including either a mix of diagnoses including clinical AD or only clinical 

AD, there have been findings of negative correlations between tau pathology and CBF in 

temporal, parietal, and occipital lobes, and entorhinal cortex.114-116 Okamura et al151 

reported that the ratio of (increased) tau in cerebrospinal fluid (CSF) to (decreased) 

posterior cingulate CBF was an adequate predictor for progression from MCI to AD. 

Studies in CN individuals report a mix of results, similar to amyloid pathology studies in 

preclinical AD. Hays et al152 reported a negative correlation between CSF tau and CBF in 

the anterior cingulate cortex. Stomrud et al121 reported a negative correlation between 

CSF tau and CBF in the medial frontal lobe, as well as a positive correlation between tau 

and CBF in the frontotemporal border zone. Another study reported that asymptomatic 

individuals with the same amount of tau pathology as individuals with MCI had increased 

CBF in the medial temporal lobe and thalamus over time.120 Although there are fewer 

studies focused on the relationship between tau pathology and CBF compared to amyloid 

pathology, it appears that a similar pattern of findings is emerging.  

Interacting relationships among multiple risk factors and pathologies in AD have 

been previously studied; specifically, the effect of APOE ε4 on relationships between 

CBF and other AD pathologies or symptoms has been reported. Two papers153,154 

reported a positive correlation between CBF and cognition in APOE ε4-negative CN 

individuals and a negative correlation between CBF and cognition in APOE ε4-positive 

CN individuals. Hays et al152 found a negative relationship between tau in the 

cerebrospinal fluid and CBF in the anterior cingulate in APOE ε4-positive but not APOE 
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ε4-negative individuals. APOE ε4 may act either alongside or synergistically with 

amyloid beta to exacerbate neurodegeneration.155 These interactions make sense given 

the established relationships between APOE ε4 and AD pathologies amyloid and tau. 

APOE ε4 is clearly associated with increased amyloid beta aggregation, most likely by 

reducing the clearance of amyloid beta from the brain and increasing its production.156-159 

It has also been reported that APOE ε4 carriers have increased levels of tau in the medial 

temporal lobe.160,161 

Our finding of positive correlations between amyloid beta aggregation and CBF 

in hypertensive individuals was the opposite of the interaction effect we expected 

hypertension to have, but previous findings of positive associations between amyloid beta 

pathology and CBF in nondemented older individuals suggest that this finding could be 

meaningful. As shown by the diverse findings reported in the literature, the relationship 

between amyloid pathology and CBF in older adults on the AD spectrum is very 

complex.  

Here, we found negative correlations between global cortical amyloid pathology, 

MTL tau pathology, and MTL CBF. These findings are in agreement with previous 

reports of negative correlations between CBF and AD pathology in preclinical AD. They 

also are in agreement with evidence of the temporal and spatial correlation between tau 

pathology and brain dysfunction in AD. While we did not see positive correlations 

between CBF and amyloid or tau pathology in the whole sample, as have also been 

reported in preclinical populations, this may be due to our small sample size. There also 

may be distinct time courses for compensation in response to amyloid beta and tau 

pathology that are dependent on other pathologies and risk factors. We also report that 
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hypertension was associated with decreased CBF in this sample. This has been reported 

previously.162 It has been described that chronic hypertension shifts microvascular 

regulation in favor of constriction, which leads to decreased CBF in hypertensive 

individuals.163 As the two-hit hypothesis of AD posits, vascular risk factors such as 

hypertension lead to cerebrovascular dysfunction that both aggravates and is aggravated 

by amyloid and tau pathology.  

Finally, we found an interaction of amyloid beta aggregation and hypertension on 

CBF in older adults without dementia. While amyloid and CBF were negatively 

correlated as expected in normotensive individuals, they were positively correlated in 

hypertensive individuals. To our knowledge, this is the first report of this interaction. Not 

only does this suggest that hypertension status may alter the interpretation of altered CBF 

as a biomarker, it also suggests that cerebral vascular function is differentially affected by 

AD pathology in older adults with and without cardiovascular risk factors during 

preclinical stages of disease. The direction of the interaction was not expected; 

individuals with the risk factor hypertension seemed to have more of a compensatory 

response (increased CBF) to amyloid beta pathology. This may suggest that the combined 

presence of risk factors and pathologies do not always favor loss of function in early 

disease stages. There is not yet a standard time course of when compensation turns to 

failure of compensation, and it likely differs for each individual based on their 

comorbidities, cardiovascular health, lifestyle choices like diet and exercise, and 

demographic, genetic, and environmental variables.  Another possibility is that our 

findings were different than expected because we defined hypertension as presence or 

absence of the condition at the time of imaging, but midlife hypertension confers the 
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greatest risk for AD in old age.164 It has also been reported that hypotension in old age, 

especially following midlife hypertension, is a risk factor for AD as well.165 

Surprisingly, we did not find interactions between hypertension status and tau or 

APOE ε4 and either amyloid or tau at our chosen level of statistical significance in this 

sample. It could be that hypertension and amyloid beta have relatively more independent 

effects on the cerebral vasculature than the other risk factor and pathology pairs. In 

support of this, we did find correlations between global cortical amyloid and APOE ε4 

and between MTL tau and hypertension status in this sample. This is also in agreement 

with the two-hit hypothesis of AD, in which cardiovascular risk and amyloid beta 

aggregation culminate to initiate and propagate the pathological processes in AD. At a 

more liberal statistical significance level, we did find brain regions with APOE ε4 by 

amyloid beta and tau interaction effects on CBF. With larger sample sizes, these 

interactions may prove to be meaningful. It is also possible that these interactions would 

be detectable and meaningful during later disease stages but not in preclinical stages.  

This study was limited by its modest sample size. Some of the voxel-wise 

correlations between CBF and PET biomarkers reached significance only when an extent 

threshold of p<0.05 was used, and a larger sample size could have led to more 

statistically significant results suggesting a clearer picture of correlative patterns. In order 

to detect the correlation between global cortical amyloid and CBF at p=0.01, k=250, the 

sample size would need to be 200. Future studies should use larger sample sizes of 

individuals with preclinical AD, so that statistical power is adequate to elucidate the 

complex relationships between CBF, amyloid, tau, and other AD-related pathologies. We 

also used global cortical Centiloid and MTL tau SUVR as our measures from PET 
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imaging. It would be ideal to retain the spatial information in both the PET and ASL 

images in order to determine areas of spatial overlap between AD pathologies and altered 

CBF. 

Our findings suggest that global cortical amyloid and MTL tau pathology are both 

associated with decreased MTL CBF in older adults at risk for AD. Amyloid pathology’s 

correlation with CBF was affected by hypertension status. This suggests a complex 

relationship between amyloid pathology and CBF that depends partially on 

cardiovascular health. Altered CBF is likely both an instigator and an outcome of 

increased amyloid and tau pathology, and these and other factors interact both spatially 

and temporally in the environment of an at-risk brain. CBF as a biomarker can be used in 

the future to identify those at risk so that they can enter clinical trials and/or receive 

treatment, track disease progression in both treated and untreated individuals, and 

perhaps to help elucidate the complex mechanisms that initiate AD and drive its 

progression. 
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Table 17. Demographic and clinical variables by diagnostic group. Abbreviations can be 

found in the List of Abbreviations (p. xii). 

PET All (n=78) CN (n=30) SCD (n=25) MCI (n=23) Group 

Comparison 

Age 71.71 ± 6.78 71.13 ± 6.53 71.00 ± 7.12 73.22 ± 6.78 p=0.448 

GM Volume 

(mg) 
569,769 ± 
59,277 

576,393 ± 
57,148 

566,463 ± 
63,286 

564,723 ± 
59,372 

p=0.739 

Hypertension 52.6% 26.7% 80.0% 56.5% p<0.001* 

Sex (F) 65.4% 80.0% 64.0% 47.8% p=0.050* 

APOE ε4 

positive  

43.6% 46.7% 32.0% 52.2% p=0.338 

Average Global 

CBF 

(mL/100g/min) 

24.14 ± 6.24 25.01 ± 7.98 23.58 ± 4.82 23.62 ± 5.04 p=0.630 

Amyloid PET 

(Centiloid) 
19.41 ± 32.12 10.91 ± 26.13 11.10 ± 24.49 39.54 ± 38.16 p=0.001* 

MCI > 

CN&SCD 

Tau PET 

(SUVR) 
1.11 ± 0.11 1.09 ± 0.07 1.09 ± 0.08 1.15 ± 0.16 p=0.110 

 

Table 18. Correlation of age and hypertension status with lobar CBF. Increasing age and 

hypertension were both associated with decreased CBF in all lobes. 

Lobar CBF  Independent 

Variable retained 

in Model 

Standardized 

Coefficient (𝛽) 

t p 

Frontal Age -0.335 -3.312 0.001 

Hypertension 

Status 

-0.326 -3.221 0.002 

Limbic Age -0.320 -3.033 0.003 

Hypertension 

Status 

-0.239 -2.265 0.026 

Parietal Age -0.284 -2.691 0.009 

Hypertension 

Status 

-0.281 -2.671 0.009 

Temporal Age -0.331 -3.199 0.002 

Hypertension 

Status 

-0.277 -2.677 0.009 

Occipital Age -0.313 -2.982 0.004 

Hypertension 

Status 

-0.258 -2.453 0.016 
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Figure 22. Negative correlations between voxel-wise CBF and age (A) and hypertension 

status (B). Covariates are age (in the hypertension analysis), sex, and total gray matter 

volume. p=0.05, k=250. 

Table 19. Negative correlations between voxel-wise CBF and MTL tau SUVR. p=0.01; 

k= 250. 

 k ROI  X Y Z Brodmann 

area 

t p 

MTL tau 

SUVR  

444 left 

parahippocampal 

gyrus 

-22 -22 -20 36 4.63 <0.001 

left hippocampus -14 -12 -18 N/A 3.60 <0.001 

 

A 

B 
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Figure 23. Scatterplot of negative correlations between voxel-wise CBF and MTL tau 

SUVR. Parahippocampal and hippocampal CBF are from the significant cluster in the 

voxel-wise analysis. Green = CN, yellow = SCD, red = MCI. 

 

  
 

Figure 24. Visualization of negative correlations between voxel-wise CBF and MTL tau 

SUVR. Parahippocampal and hippocampal CBF are decreased in those with increased 

MTL tau, with age, sex and total gray matter volume as covariates. p=0.05, k= 250. 
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Figure 25. Visualization of negative correlations between voxel-wise CBF and global 

cortical Centiloid. CBF is decreased in the amygdala and parahippocampal region in 

those with increased global cortical Centiloid, with age, sex and total gray matter volume 

as covariates. p=0.05, k= 250. 

 

Table 20. Amyloid positivity by hypertension status interaction effect on voxel-wise 

CBF. p=0.01; k= 250. 

 k ROI  X Y Z Brodmann 

area 

F p 

amyloid x 

hypertension 

interaction 

558 left visual motor -26 -54 38 7 18.57 <0.001 

left supramarginal -50 -40 32 40 16.29 <0.001 

343 left fusiform -50 -38 -22 37 11.61 0.001 

left fusiform -44 -54 -2 37 10.96 0.001 

561 left visual 

association 

-24 -48 -6 19 14.41 <0.001 

left secondary 

visual 

-18 -76 -4 18 12.53 0.001 
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Figure 26. Global cortical Centiloid by hypertension status interaction effect on visual 

motor and supramarginal CBF. CBF is from a significant cluster in the voxel-wise 

interaction analysis. In visual motor and supramarginal regions, CBF is positively 

associated with global cortical Centiloid in hypertensive individuals and negatively 

associated with global cortical Centiloid in normotensive individuals. Black = individuals 

with hypertension, gray = individuals without hypertension. 
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Figure 27. Global cortical Centiloid by hypertension status interaction effect on fusiform 

CBF. CBF is from a significant cluster in the voxel-wise interaction analysis. In the 

fusiform, CBF is positively associated with global cortical Centiloid in hypertensive 

individuals and negatively associated with global cortical Centiloid in normotensive 

individuals. Black = individuals with hypertension, gray = individuals without 

hypertension. 
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Figure 28. Global cortical Centiloid by hypertension status interaction effect on visual 

association and secondary visual CBF. CBF is from a significant cluster in the voxel-wise 

interaction analysis. In visual association and secondary visual regions, CBF is positively 

associated with global cortical Centiloid in hypertensive individuals and negatively 

associated with global cortical Centiloid in normotensive individuals. Black = individuals 

with hypertension, gray = individuals without hypertension. 

 

 
 

 

Figure 29. Visualization of amyloid positivity by hypertension status effect on voxel-wise 

CBF. The interaction of amyloid positivity and hypertension affects CBF in parietal, 

temporoparietal, temporal, and occipital regions, with age, sex and total gray matter 

volume as covariates. p=0.05, k= 250 
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Figure 30. Visualization of amyloid positivity main effect on voxel-wise CBF. In the 

amyloid positivity by hypertension interaction model, global cortical Centiloid has a main 

effect on CBF in mainly inferior temporal regions. p=0.05, k= 250. 

 

Table 21. Hypertension main effect on voxel-wise CBF. Regions of CBF where there is a 

main effect of hypertension status in the amyloid positivity by hypertension interaction 

model. p=0.01; k= 250. 

 k ROI  X Y Z Brodmann 

area 

F p 

Hypertension 

main effect on 

CBF  

11729 right frontal eye 

fields 

42 22 48 8 29.08 <0.001 

left dorsolateral 

PFC 

-46 24 36 9 

 

27.97 <0.001 

left pre and 

supplementary 

motor 

-30 -6 62 6 24.94 <0.001 

812 right temporal 

pole 

48 14 -30 38 21.66 <0.001 

right inferior 

temporal gyrus 

44 0 -34 20 18.04 <0.001 

right temporal 

pole 

44 14 -38 38 16.30 <0.001 

339 left temporal pole -40 4 -36 38 20.96 <0.001 

left temporal pole -36 14 -32 38 11.07 0.001 

425 left pars orbitalis -24 28 -12 47 19.37 <0.001 

left orbital frontal -22 38 -12 11 16.49 <0.001 

282 right anterior PFC 10 42 12 10 17.48 <0.001 
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right anterior PFC 4 46 -10 10 14.71 <0.001 

right dorsal ACC 6 36 -4 32 13.42 <0.001 

340 right 

supramarginal 

62 -34 44 40 

 

10.38 0.002 

452 left supramarginal -60 -36 42 40 16.87 <0.001 

left supramarginal -64 -40 24 40 12.78 0.001 

498 right pars orbitalis 26 24 -14 47 14.14 <0.001 

right pars orbitalis 26 36 -10 47 13.06 0.001 

right orbital 

frontal  

16 18 -20 11 12.27 0.001 

396 left angular gyrus -46 -58 50 39 9.82 0.003 

 

 

 

 

Figure 31. Visualization of hypertension main effect on voxel-wise CBF. In the amyloid 

positivity by hypertension interaction model, hypertension status has a main effect on 

CBF in widespread frontal, temporal, and temporoparietal regions. p=0.05, k= 250. 
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Figure 32. Visualization of amyloid positivity by APOE ε4 positivity effect on voxel-

wise CBF. The interaction of amyloid positivity and APOE ε4 affects CBF in prefrontal 

and supplementary motor regions, with age, sex and total gray matter volume as 

covariates p=0.05, k= 250. 

 

  
 

Figure 33. Visualization of MTL tau positivity by hypertension status effect on voxel-

wise CBF. The interaction of MTL tau positivity and hypertension affects CBF in 

prefrontal, primary motor and auditory, and temporoparietal regions, with age, sex and 

total gray matter volume as covariates. p=0.05, k= 250. 
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Figure 34. Visualization of MTL tau positivity by APOE ε4 positivity effect on voxel-

wise CBF. p=0.05, k= 250. The interaction of MTL tau positivity and APOE ε4 affects 

CBF in parahippocampal, primary motor and visual, occipital, and prefrontal regions, 

with age, sex and total gray matter volume as covariates. p=0.05, k= 250. 
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Chapter 4: Memory Concerns in the Early Alzheimer’s Disease Prodrome: Regional 

Association with Tau Deposition 

 

4.1 Introduction 

Alzheimer's disease (AD), the leading cause of neurodegenerative dementia 

associated with aging, affects over 5 million adults in the United States and is predicted 

to increase to 16 million affected by 2050.166 There are presently no approved 

pharmacological treatments that can stop the progression of AD. Treatment is likely to be 

most effective during the preclinical or early prodromal stages of AD, before substantial 

permanent neurodegenerative and cognitive damage has occurred. Therefore, there has 

been considerable recent interest in measures to identify older adults at highest risk for 

progression to AD who may benefit most from early intervention.7,167 

Adults with subjective cognitive decline (SCD) in the presence of normal 

neuropsychological test scores are at an increased risk of progression to AD. These adults 

have been shown to progress to mild cognitive impairment (MCI) and eventually AD or a 

related dementia at a higher rate than cognitively normal (CN) adults who do not have 

SCD.7,168-172 Adults with SCD also show subtle, subclinical differences in objective 

cognitive performance compared to adults without SCD and experience more functional 

decline over time.173 Therefore, it has been suggested that SCD is potentially a preclinical 

stage of AD.173 However, SCD has also been linked to depression, other affective 

disorders, and personality traits.171,174-177 Therefore, it is necessary to determine the 

factors that influence the clinical and prognostic significance of SCD. 
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In addition to capturing self-based estimates of SCD, investigators often also 

assess the extent of concerns about cognitive decline from an informant (spouse, child, 

other caregiver, or clinician). Informant-based cognitive concerns are particularly 

important in the later stages of cognitive decline, when individuals' insight into their own 

cognitive problems diminishes and informant perceptions of cognition are more 

accurate.176,178,179 In CN adults, however, self- and informant perceptions of cognitive 

decline are both predictive of future progression to MCI or AD, and the use of both 

measures together is a better predictor than either measure alone.169 This finding suggests 

that, in very early stages of disease, both at-risk adults and their informants can provide 

important information about subclinical cognitive decline. Thus, using both sources of 

concern together may provide complementary information regarding subtle pathological 

changes in adults in very early preclinical stages of AD. Many adults with SCD exhibit 

structural and pathological changes that are typically associated with MCI or AD. For 

example, adults with SCD show patterns of neurodegeneration, such as decreased gray 

matter and hippocampal volumes, that are similar to those seen in adults with 

MCI.76,180,181 Similarly, some adults with SCD and early mild cognitive impairment 

(EMCI) show AD-related pathology, such as amyloid plaques, tau tangles, and 

cerebrospinal fluid (CSF) profiles that are similar to those observed in AD (decreased 

levels of amyloid and increased levels of total and phosphorylated tau.182-184 Adults with 

SCD or EMCI who also show AD-like pathology are more likely to progress to later 

stages of MCI or AD.184,185 Tau aggregation is an important biomarker of disease severity 

along the spectrum of preclinical and clinical stages of AD. It has been previously 

established from measurements of tau in CSF and postmortem studies of brain tissue that 
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tau aggregation correlates with both neurodegeneration and the resultant cognitive 

decline temporally and spatially during progression of AD.186,187 The recent development 

of tau-specific radiotracers has allowed in vivo positron emission tomography (PET) 

measurement and visualization of the spatial distribution of tau aggregation for the first 

time.188 Tau radiotracers have permitted in vivo correlation of tau aggregation and other 

markers of disease progression, including increased cognitive decline, amyloid 

deposition, and CSF measures of amyloid and tau.189 Spatial information about the tau 

anatomical distribution has also been shown to provide important clinical information; 

brain regions with high levels of tau aggregation often correspond to declines in cognitive 

functions related to those regions.161 

Because tau aggregation correlates spatially with brain areas implicated in 

cognitive decline, it is possible that self-based memory concerns correlate more strongly 

with tau aggregation in brain regions involved in introspection or internal thought 

processes, for example, the medial prefrontal cortex. More generally, the frontal cortex 

has been implicated in several aspects of conscious internal processing, such as planning, 

decision-making, and inhibition of actions by thinking through consequences. It is 

possible that preclinical pathological changes in frontal brain regions would be noticeable 

to the patient before causing outward changes in behavior due to impacts on the processes 

of internal thought. On the other hand, informant memory concerns may correlate more 

strongly with tau aggregation in brain regions typically seen in patients with MCI and 

AD, as these may be involved in common initial symptoms of AD (i.e., memory decline) 

that are more likely to be noticed by an observer. 
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To determine how self- and informant perceptions of cognitive decline are each 

related to tau deposition in the early stages of AD, we assessed the relationship between 

self- and informant scores on the memory subscale of the Test of Everyday Cognition 

(ECog190), as well as the association of each with regional and global tau aggregation as 

measured by the tau PET radiotracer [18F]flortaucipir (T-807; AV-1451). Our goal was to 

evaluate the relationship between self– and informant memory concerns and tau 

deposition to investigate the biological basis for the predictive power of cognitive 

concerns and whether the self- and informant concerns could be utilized as part of a 

screening protocol to assess preclinical AD in individual adults. We included older adults 

enrolled in the Alzheimer's Disease Neuroimaging Initiative (ADNI) who were defined as 

CN controls, had significant memory concerns (SMCs), or had EMCI. These adults 

comprise a continuum of risk for developing clinical AD. A subset of the CN older adults 

are amyloid negative and apolipoprotein E gene (APOE) ε4 noncarriers and thus are at 

risk for AD due to age alone and are on the “low-risk” end of the continuum. On the 

“high-risk” end are adults with EMCI who have subtle cognitive decline, presence of 

self– and informant cognitive concerns, and are amyloid positive and/or APOE ε4 

carriers. We examined the association of self– and informant ECog memory scores with 

one another and with tau aggregation in all participants. Following these analyses, we 

completed a subanalysis using only participants who are amyloid positive because these 

participants are at a relatively higher risk of developing AD. We hypothesized that self– 

and informant ECog memory scores would be mildly correlated with one another, and 

that higher ECog memory scores (indicating greater perceived memory decline) would be 

associated with increased levels of tau. Finally, we also hypothesized that self- and 
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informant scores would potentially correlate with the distribution of tau aggregation in 

spatially different patterns of association throughout the brain. 

 

4.2 Methods 

Participants 

Data used in the preparation of this article were obtained from the ADNI database 

(http://adni.loni.usc.edu; Supplementary Material). For up-to-date information, see 

http://www.adni-info.org. The 82 participants included in this study were diagnosed as 

CN older adults, SMC participants, or EMCI participants by the ADNI-2 procedures 

manual criteria (http://www.adni-info.org). According to these criteria, 40 CN 

participants had no subjective or informant complaint of cognitive decline and performed 

normally on the Wechsler Logical Memory Delayed Recall (LM-delayed) and the Mini–

Mental State Examination (MMSE). 11 SMC participants expressed subjective memory 

concerns on the CCI191,192 (total score from first 12 items ≥ 16) but had no significant 

informant complaint of cognitive decline and performed normally on the LM-delayed and 

MMSE. Finally, 31 EMCI participants had subjective, informant, and/or clinician 

complaint of cognitive decline, memory function approximately one standard deviation 

(SD) below normal on the LM-delayed, a MMSE total score greater than 24, and 

functioning at a level that precluded a diagnosis of AD. For the amyloid-positive group, 

we included only CN, SMC, and EMCI participants who were amyloid positive (n = 36; 

15 CN, 4 SMC, and 17 EMCI) on the [18F]florbetapir PET scan closest to the 

[18F]flortaucipir PET scan, using data generated by the University of California, 

Berkeley, and downloaded from the ADNI site (global standardized uptake value ratio 
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[SUVR] > 1.11).193 The percentage of subjects that were amyloid positive did not differ 

by the diagnostic group. 

 

Clinical and Cognitive Assessments 

Clinical and cognitive performance data were obtained from the ADNI database 

(http://adni.loni.usc.edu). Participants were given clinical and cognitive tests as described 

in the ADNI-2 manual (www.adni-info.org). For the primary analyses, we used self– and 

informant ECog memory scores, which are the averages of ratings on the eight questions 

in the memory section of the ECog. The ECog score from the test given closest in time to 

the [18F]flortaucipir scan was used [full sample: mean (SD) = 145.5 (186.8) days; 

amyloid-positive sample: mean (SD) = 128.4 (158.2) days], which did not differ by the 

diagnostic group. 

 

[18F]flortaucipir PET scans 

Preprocessed [18F]flortaucipir PET scans were downloaded from the ADNI 

Laboratory of Neuro Imaging (LONI; http://adni.loni.usc.edu) site. These scans were 

preprocessed using standard techniques in Statistical Parametric Mapping 8 (SPM8), 

including normalization to Montreal Neurologic Institute (MNI) space. Then, SUVR 

images were created by intensity normalization using a cerebellar crus reference region. 

Regional mean SUVR was extracted from subject-specific regions of interest (ROIs), 

including the bilateral mean parahippocamapal gyri, frontal lobe, parietal lobe, and global 

cortex. ROIs were generated from the closest in time structural MRI scan using 

FreeSurfer, version 5.1. 
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Statistical analysis 

Partial Pearson correlations were used to assess the association between self– and 

informant ECog memory scores and with tau aggregation in the target ROIs using SPSS 

Statistics, version 24 (IBM Corporation, Somers, NY). Covariates for these analyses 

included age, sex, and years of education. Furthermore, APOE ε4 carrier status (where 

positive is having at least one APOE ε4 allele and negative is not having an APOE ε4 

allele regardless of whether the other alleles are APOE ε2 or APOE ε3) and Geriatric 

Depression Scale (GDS) total score were tested as potential covariates in secondary 

analyses. The associations were assessed in the whole group of participants, as well as in 

amyloid-positive participants only and in amyloid-negative participants only. 

χ2 tests were used to evaluate the association of sex, APOE ε4 positivity, or amyloid 

positivity with the diagnostic group. A one-way analysis of variance (ANOVA) was used 

to assess differences in age, years of education, a composite memory score, GDS score, 

self–ECog memory score, and informant ECog memory score by the diagnostic group. 

Again, these associations were examined using all participants and in amyloid-positive 

participants only. Post hoc differences were evaluated after Bonferroni adjustment for 

multiple comparisons, with P < .05 after correction considered significant. 

 

Voxelwise analysis 

In addition, the associations of self– and informant ECog memory scores and 

[18F]flortaucipir SUVR were evaluated on a whole-brain voxelwise basis in SPM8 using 

a multiple linear regression model, masked for the gray plus white matter, and including 

age, sex, and years of education as covariates. Significance was set at a voxelwise 
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threshold of P < .005 (uncorrected for multiple comparisons) and a minimum cluster size 

(k) of 675 voxels, which corresponds to a clusterwise threshold of P < .05 (familywise 

error [FWE] correction for multiple comparisons). Talairach Daemon was used to 

identify brain regions of significant clusters. As in the regional analyses, the voxelwise 

analyses included an initial analysis using the whole sample and a follow-up analysis 

included amyloid-positive participants only. 

 

4.3 Results 

Demographics 

Effects of diagnosis on demographics, neuropsychological test scores, and self– 

and informant ECog memory scores are shown in Table 22 for all participants and in 

Table 23 for amyloid-positive participants. For all participants, as expected, participants 

with EMCI had lower memory performance with lower composite scores than CN 

participants (P = .007). Participants with EMCI had higher informant ECog memory 

scores than CN participants (P < .001). Sex was significantly different across diagnostic 

groups such that men made up a greater percentage of the EMCI group, whereas women 

made up a greater percentage of the CN group (P = .049). There were no significant 

differences in age, years of education, GDS scores, APOE ε4 positivity, amyloid 

positivity, or self–ECog memory scores between diagnostic groups. For amyloid-positive 

participants, participants with EMCI had lower memory composite scores than CN 

participants (P = .045). Participants with EMCI also had higher informant ECog memory 

scores than CN participants (P = .019). No significant differences in age, years of 



 

    119 

education, sex, GDS scores, APOE ε4 genotype, or self–ECog memory scores were 

observed between diagnostic groups. 

 

Association of self– and informant ECog memory scores 

Self–ECog memory scores were only mildly correlated with informant ECog 

memory scores, after covariate adjustment, when all participants were included (r = 

0.362, rp = 0.001). When only amyloid-positive participants were included, the 

correlation between self– and informant ECog memory scores did not reach statistical 

significance (r = 0.243, rp = 0.173). 

 

Regional analysis in all participants 

Self–ECog memory scores were significantly correlated with tau aggregation, 

after covariate adjustment, in all four ROIs (parahippocampal: rp = 0.293, P = .009; 

frontal: rp = 0.329, P = .003; parietal: rp = 0.291, P = .009; and global: rp = 0.306, P = 

.006; Fig. 35A). Informant ECog memory scores were similarly significantly associated 

with tau aggregation in all four regions, but the correlation with tau aggregation in the 

parietal region was the strongest (parahippocampal: rp = 0.283, P = .011; frontal: rp = 

0.259, P = .021; parietal: rp = 0.411, P < .001; and global: rp = 0.296, P = .008; Fig. 

35B). 

 

Regional analysis in amyloid-positive participants 

When only amyloid-positive participants were included, self–ECog memory 

scores were again significantly correlated with tau aggregation in all four regions, and the 
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strongest association was in the frontal lobe (parahippocampal: rp = 0.411, P = .018; 

frontal: rp = 0.517, P = .002; parietal: rp = 0.352, P = .044; and global: rp = 0.459, P = 

.007; Fig. 36A). Alternatively, informant ECog memory scores were significantly 

correlated with tau aggregation in all regions except for the frontal region 

(parahippocampal: rp = 0.347, P = .048; frontal: rp = 0.341, P = .052; parietal: rp = 0.514, 

P = .002; and global: rp = 0.416, P = .016), and the strongest correlation with tau 

aggregation was in the parietal region (Fig. 36B). When only amyloid-negative 

participants were included, neither self– nor informant ECog memory scores were 

correlated with tau aggregation in any of the ROIs (data not shown). 

 

Interaction analysis 

To determine whether there is a significant interaction of source of cognitive 

concern (self vs. informant) and location of tau deposition (frontal vs. parietal), we 

calculated the difference scores by subtracting informant ECog memory scores from self-

ECog memory scores and mean frontal parietal from mean frontal [18F]flortaucipir 

SUVR. We then evaluated the association between these two difference scores. A 

statistically significant concern source-by-region interaction was observed in which self-

scores are preferentially associated with tau aggregation in frontal regions and informant 

scores are preferentially associated with tau aggregation in parietal regions, both in all 

participants and in amyloid-positive participants (Fig. 37). Including either APOE ε4 

allele positivity or GDS scores as additional covariates did not change the observed 

pattern of results in either the full sample or the amyloid-positive only sample (data not 

shown). 
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Voxelwise analyses 

To assess the spatial differences between the associations with tau and self- and 

informant ECog memory scores without the bias of using our predetermined ROIs, we 

performed voxelwise analyses in SPM8. In all participants, the self–ECog memory scores 

were associated with tau in the following regions: bilateral frontal lobe (middle, medial, 

superior, and inferior frontal gyri), left frontal subgyral region, right temporal lobe 

(middle, superior, inferior, and fusiform gyri and subgyral region), bilateral precentral 

gyrus, left postcentral gyrus, bilateral cingulate gyrus, bilateral anterior cingulate, 

bilateral posterior cingulate, right parahippocampal gyrus, right precuneus, right insula, 

right uncus, and anterior lobe of right cerebellum (clusterwise threshold of P < .05 FWE; 

Table 24; Fig. 38A). Informant ECog memory scores were associated with tau 

aggregation in the following regions: bilateral frontal lobe (middle, medial, and superior 

frontal gyri), right frontal subgyral region, bilateral temporal lobe (middle, inferior, and 

fusiform gyri), left superior temporal gyrus, right supramarginal gyrus, bilateral 

precentral gyrus, right inferior parietal lobule, right occipital lobe (middle and superior 

occipital gyri), left inferior occipital gyrus, bilateral precuneus, left cuneus, bilateral 

posterior cingulate, bilateral cingulate gyrus, right insula, bilateral posterior lobe of 

cerebellum, and anterior lobe of left cerebellum (clusterwise threshold of P < .05 FWE; 

Table 25; Fig. 38B). 

In amyloid-positive participants, self–ECog memory scores were associated with 

tau aggregation in the following regions: bilateral frontal lobe (middle, inferior, and 

subcallosal gyri), left medial frontal gyrus, right temporal lobe (middle and inferior 

temporal gyri), right precentral gyrus, bilateral anterior cingulate, right putamen, right 
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uncus, right insula, and anterior lobe of right cerebellum (clusterwise threshold of P < .05 

FWE; Table 26; Fig. 38C). Informant ECog memory scores were associated with tau 

aggregation in the following regions: bilateral frontal lobe (middle, medial, superior, and 

inferior gyri and subgyral region), bilateral middle temporal gyrus, right supramarginal 

gyrus, left superior temporal gyrus, bilateral precentral gyrus, right postcentral gyrus, 

bilateral precuneus, bilateral cingulate gyrus, bilateral posterior cingulate, left cuneus, 

right insula, and posterior lobe of right cerebellum (clusterwise threshold of P < .05 

FWE; Table 26; Fig. 38D). 

 

4.4 Discussion 

In this study, we found that self– and informant memory concerns are both 

correlated with tau aggregation in at-risk adults, but that the overall spatial patterns of 

associations differ between the two measures of subjective memory concern. We found 

that self– and informant ECog memory scores are only mildly correlated with one 

another in at-risk adults and are not correlated with one another in the subset of amyloid-

positive adults, suggesting that the two measures of subjective memory complaints may 

be somewhat independent and provide complementary information. The results from our 

ROI-based analyses suggest that self-based memory complaints are most strongly 

associated with tau aggregation in the frontal lobes, whereas informant memory 

complaints are most strongly associated with tau aggregation in the parietal lobes. These 

differences in patterns of correlation were enhanced when only amyloid-positive 

participants were included, and significant source-by-region interactions were found in 

both the full analysis and the sub-analysis of amyloid-positive individuals. There were no 
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correlations found when only amyloid-negative participants were included, suggesting 

that the patterns of association found are specifically present in adults at higher risk for 

developing AD, which supports the idea that these subjective memory tools may be 

useful for optimizing screening techniques in the population of at-risk adults. In addition 

to our regional analyses, we evaluated the associations with voxel-wise analyses to lessen 

the bias imposed by our predetermined ROIs. Although these analyses revealed regions 

of overlap between the correlations of tau aggregation with self– and informant memory 

concerns, they resulted in the same general patterns found with the ROI-based analyses. 

Specifically, both self– and informant memory concerns were associated with tau 

aggregation in the frontal and temporal lobes when all participants were included, while 

the informant memory concerns were also associated with tau aggregation in posterior 

brain regions, including the parietal and occipital lobes. When only amyloid-positive 

participants were included, the self-based memory concerns were significantly associated 

with tau aggregation in bilateral frontal lobes and the right temporal lobe, while the 

informant memory concerns were also correlated with tau burden in the left parietal lobe 

and bilateral occipital lobes. 

Our data suggest that self-based memory concerns correlate more strongly with 

tau aggregation in regions typical of conscious internal thought processes (i.e., frontal 

lobe, specifically the medial prefrontal region), while informant memory concerns 

correlate more strongly with tau aggregation in posterior regions typical of more 

progressed MCI and AD patients. These posterior regions may be involved with the more 

outward signs of cognitive decline that can be noticed by an observer who knows the 

individual well. In support of this implication of our results, the voxel-wise analysis 
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revealed that only self-based memory concerns were correlated with tau aggregation in 

the bilateral anterior cingulate, while only informant memory concerns were correlated 

with tau aggregation in the supramarginal gyri. The anterior cingulate has been shown to 

be involved in decision-making,194 while the supramarginal gyrus is involved in language 

perception and processing.195 While correlations within these specific brain regions are 

interesting, future research focused on the relationship between subjective memory 

concerns and regional pathology will be necessary to confirm the relationships that we 

observe here. 

Because both self-based cognitive complaints and pathological changes in the 

frontal lobe have been shown to be correlated with depression,171,174,175,196 we used GDS 

scores as a covariate along with age, sex, and years of education to ensure that depressive 

symptomology was not a confound in the observed correlations. The inclusion of this 

score as a covariate did not significantly change the patterns of association; the self-based 

memory concerns were still significantly correlated to tau in the frontal region (data not 

shown). Individuals' depressive symptoms have been shown to increase informant-based 

cognitive complaints in other studies as well,179,197 but the pattern of association between 

informant based memory concerns and tau was not changed when GDS scores were used 

as a covariate (data not shown). It is still possible that some of the participants 

experienced subtle depressive symptoms that were not reflected in the GDS scores but 

still influenced their perceptions of their own cognitive functioning. Future studies 

exploring the interactions between depression, cognitive concerns, and AD 

pathophysiology are warranted. 
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Overall, our findings suggest that subjective memory concerns have the potential 

to be optimized and used as part of a screening protocol for AD-related pathology and 

disease progression in adults with preclinical or prodromal stages of AD. Along with the 

differing regions of tau association between the two measures of subjective memory 

concern, this finding suggests that using both self- and informant measures together may 

provide important complementary information, such that high scores on both measures 

may suggest a greater overall tau burden in the brain. Finally, these results provide a 

potential biological explanation for the previous finding that using self– and informant 

memory concerns together is a better predictor of future progression to MCI or AD than 

either measure alone.169 

This study does have some potential limitations. First, our sample size, especially 

in the amyloid-positive sub-analysis, was relatively small, which could lead to bias. 

Although we included all available CN, SMC, and EMCI participants in ADNI-2 who 

had tau scans at the time of our analyses, we recognize that the CN group had more 

APOE ε4 carriers than expected in the general population and that the amyloid positivity 

surprisingly did not differ between the diagnostic groups. Second, we also acknowledge 

that there may have been unforeseen selection bias in the ADNI-2 study. Future studies in 

larger samples will help to support the present findings. In addition, the SMC group from 

ADNI-2 was defined on the basis of subjective- or self-based memory complaints but not 

informant-based concerns. Therefore, there was not a group in this study for participants 

who had solely informant-based complaints in the context of normal or above average 

cognitive functioning. Third, this study only evaluated cross-sectional data; future studies 

with longitudinal data are needed to address changes in self- and informant concerns 
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across the disease spectrum and their association with changes in AD pathophysiology. 

Evaluating whether CN individuals who later progress to AD show different patterns of 

self– and/or informant cognitive concerns and differing patterns of association of these 

concerns with AD pathology could further validate quantitative assessment of memory 

concerns as a useful screening tool. Finally, we used Talairach Daemon to define the 

brain regions from our voxel-wise analysis. Although this atlas is not specific to our 

study or to an aging population, we felt that it was the most appropriate tool to use in this 

case. A standardized atlas specific for older adults has not been defined in the literature, 

and our small sample size kept us from producing our own study-specific atlas. We do 

not expect that extensive atrophy should confound the results of the Talairach Daemon 

atlas in our preclinical AD population, and we visually inspected labeled regions for 

accuracy. However, we acknowledge that use of this nonspecific atlas may have caused 

minor labeling issues in our aging participants. 

In summary, we demonstrated that both self– and informant memory concerns are 

associated with tau aggregation in adults at risk for AD. Furthermore, we found that self– 

and informant memory concerns correlate with tau aggregation in spatially different 

patterns of association throughout the brain. Overall, these findings suggest that both 

self– and informant memory concerns have the potential to be used as part of a screening 

process for preclinical AD and that they may also provide complementary information 

about both future conversion and AD-related pathological patterns. Although future 

studies are needed, it may be the case that the discrepancy between self– and informant 

memory concerns could help determine the location of tau aggregation for individuals, 

thus adding information for better detection, diagnosis, and prognosis of future decline. 
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Future studies with larger sample sizes and longitudinal data will help to further elucidate 

which measures of perceived cognitive decline and which patterns of tau aggregation are 

most accurate at predicting progression to AD. 
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Table 22. Demographic and clinical variables of full sample by diagnostic group. 

Abbreviations can be found in the List of Abbreviations (p. xii). 

 

Table 23. Demographic and clinical variables of amyloid-positive subset by diagnostic 

group. Abbreviations can be found in the List of Abbreviations (p. xii). 

 CN (n=15) 
SMC 

(n=4) 

EMCI 

(n=17) 

p-

value 

Significant Pair 

Comparisons* 

Age (years) 
75.93 

(5.56) 

71.25 

(7.18) 
75.71 (8.19) 0.485 None 

Education (years) 
16.67 

(1.54) 

16.50 

(1.73) 
16.18 (2.68) 0.816 None 

Sex (M,F) 5, 10 1, 3 12, 5 0.062 N/A 

APOE ε4 positivity 

(%) 
46.7% 100% 41.2% 0.1 N/A 

Memory Composite 1.39 (0.49) 1.02 (0.91) 0.75 (0.81) 0.05 EMCI < CN 

GDS total 0.93 (1.10) 1.00 (0.82) 1.18 (1.94) 0.904 None 

Self ECog Memory 1.88 (0.89) 1.97 (0.66) 2.24 (0.60) 0.403 None 

Informant ECog 

Memory 
1.38 (0.50) 1.53 (0.57) 2.13 (0.91) 0.02 EMCI > CN 

 

Variable CN (n = 40) SMC (n = 11) EMCI (n = 31) p-value 

Significant 

Pair 

Comparisons* 

Age (years) 76.48 (7.21) 71.55 (5.11) 75.32 (7.29) 0.125 None 

Education 

(years) 
16.03 (2.37) 16.00 (2.49) 17.03 (2.39) 0.184 None 

Sex (M,F) 17, 23 5, 6 22, 9 0.049 N/A 

APOE ε4 

positivity (%) 
42.5 45.5 25.8 0.256 N/A 

Amyloid 

positivity (%) 
37.5 36.4 54.8 0.297 N/A 

Memory 

Composite 
1.23 (0.67) 1.20 (0.63) 0.73 (0.69) 0.007 EMCI < CN 

GDS total 1.21 (1.59) 0.91 (0.83) 1.52 (1.88) 0.527 None 

Self ECog 

Memory 
1.77 (0.66) 1.88 (0.68) 2.11 (0.68) 0.114 None 

Informant 

ECog Memory 
1.41 (0.48) 1.52 (0.50) 2.02 (0.77) <0.001 EMCI > CN 
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Figure 35. Relationships between self and informant memory concerns with frontal and 

parietal tau in the full sample. Both self and informant ECog scores were positively 

associated with frontal and parietal tau aggregation. Informant scores were most strongly 

associated with tau aggregation in the parietal lobe. 
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Figure 36. Relationships between self and informant memory concerns with frontal and 

parietal tau in the amyloid-positive subset. In amyloid-positive individuals, self ECog 

scores were positively associated with frontal and parietal tau aggregation, with the 

strongest association in the frontal lobe. Informant ECog scores were positively 

associated with tau aggregation in the parietal lobe, but the association did not reach 

statistical significance in the frontal lobe.  

D 
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Figure 37. Memory concern source by tau location interaction in the full sample (A) and 

in the amyloid-positive subset (B). In both the full sample and the amyloid-positive 

subset, there was an interaction of memory concern source and tau aggregation region 

such that self ECog scores were preferentially associated with frontal lobe tau 

aggregation and informant ECog scores were preferentially associated with parietal lobe 

tau aggregation.  

 

Table 24. Positive correlations between self-ECog memory scores and voxel-wise tau 

aggregation in the full sample. p < 0.05 with family-wise error correction. 

FWE 

p 

Cluster 

Size 

(k) 

T-

value 

Z-

value 

Cluster 

p 

(unc.) 

Voxel 

p 

(unc.) 

MNI 

Coordinates Nearest Gray Matter Region 

X Y Z 

0.017 844 4.36 4.11 0.001 <0.001 
-

26 
46 14 

Left Medial Frontal Gyrus (BA 

9) 

A 

B 
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  3.92 3.73 0.001 <0.001 
-

36 
38 28 

  2.96 2.87 0.001 0.002 
-

12 
54 6 

Left Medial Frontal Gyrus (BA 

10) 
  2.69 2.62 0.001 0.004 

-

18 
52 14 

  3.67 3.52 0.001 <0.001 
-

30 
50 -4 

Left Frontal Sub-gyral 

  3.32 3.2 0.001 0.001 
-

38 
50 -4 

  3.41 3.28 0.001 0.001 
-

20 
56 -2 

Left Superior Frontal Gyrus 

(BA 10) 

  2.86 2.78 0.001 0.003 
-

32 
40 -8 

Left Middle Frontal Gyrus (BA 

47) 

  3.34 3.21 0.001 0.001 
-

38 
26 36 

Left Middle Frontal Gyrus (BA 

9) 
  3.29 3.17 0.001 0.001 

-

42 
30 28 

  3.15 3.05 0.001 0.001 
-

30 
40 20 

Left Middle Frontal Gyrus (BA 

10) 

  3.14 3.04 0.001 0.001 
-

42 
40 0 

Left Inferior Frontal Gyrus (BA 

47) 
  2.83 2.75 0.001 0.003 

-

44 
36 -8 

  2.83 2.75 0.001 0.003 
-

16 
50 

-

10 

Left Anterior Cingulate (BA 

32) 

<0.001 5889 4.02 3.82 <0.001 <0.001 -2 
-

24 
36 Left Cingulate Gyrus (BA 23) 

  3.45 3.32 <0.001 <0.001 -4 
-

42 
26 

Left Posterior Cingulate (BA 

30) 

  3.47 3.33 <0.001 <0.001 42 44 8 
Right Middle Frontal Gyrus 

(BA 10) 

  3.44 3.3 <0.001 <0.001 52 26 24 
Right Middle Frontal Gyrus 

(BA 46) 

  4.12 3.91 <0.001 <0.001 26 28 38 Right Middle Frontal Gyrus 

(BA 8)   3.96 3.77 <0.001 <0.001 28 36 40 

  3.93 3.74 <0.001 <0.001 30 38 
-

20 

Right Middle Frontal Gyrus 

(BA 11) 

  3.8 3.63 <0.001 <0.001 40 32 38 
Right Middle Frontal Gyrus 

(BA 9) 

  3.85 3.67 <0.001 <0.001 28 32 32 
Right Medial Frontal Gyrus 

(BA 9) 
  3.74 3.58 <0.001 <0.001 12 54 24 

  3.69 3.53 <0.001 <0.001 16 42 32 

  3.68 3.52 <0.001 <0.001 14 14 50 
Right Medial Frontal Gyrus 

(BA 32) 

  3.8 3.63 <0.001 <0.001 14 36 50 
Right Superior Frontal Gyrus 

(BA 8) 

  3.64 3.48 <0.001 <0.001 24 52 14 
Right Superior Frontal Gyrus 

(BA 10) 

  3.73 3.57 <0.001 <0.001 20 28 
-

20 

Right Inferior Frontal Gyrus 

(BA 47) 
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  3.57 3.42 <0.001 <0.001 58 0 14 Right Precentral Gyrus (BA 6) 

  3.67 3.51 <0.001 <0.001 16 
-

38 
54 

Right Precuneus (BA 7)   3.7 3.53 <0.001 <0.001 14 
-

58 
44 

  3.67 3.51 <0.001 <0.001 16 
-

38 
54 

  3.8 3.62 <0.001 <0.001 14 4 58 

Right Cingulate Gyrus (BA 24) 
  4.04 3.83 <0.001 <0.001 4 2 32 

  3.66 3.5 <0.001 <0.001 10 
-

10 
48 

  3.68 3.52 <0.001 <0.001 10 14 44 

Right Cingulate Gyrus (BA 32)   3.57 3.42 <0.001 <0.001 8 20 42 

  3.44 3.3 <0.001 <0.001 10 36 28 

  3.43 3.29 <0.001 <0.001 8 
-

34 
40 

Right Cingulate Gyrus (BA 31) 

  3.59 3.44 <0.001 <0.001 12 
-

42 
54 

  3.46 3.32 <0.001 <0.001 6 
-

46 
24 

Right Posterior Cingulate (BA 

30) 

  3.45 3.32 <0.001 <0.001 22 52 -2 
Right Anterior Cingulate (BA 

10) 

  3.56 3.41 <0.001 <0.001 50 12 18 
Right Insula (BA 13) 

  3.47 3.33 <0.001 <0.001 44 10 22 

  3.46 3.32 <0.001 <0.001 6 
-

46 
24 

Right Posterior Cingulate (BA 

30) 

  3.45 3.32 <0.001 <0.001 22 52 -2 
Right Anterior Cingulate (BA 

10) 

  3.65 3.5 <0.001 <0.001 10 
-

50 
8 

Right Cerebellum Anterior 

Lobe 

0.002 1288 4.29 4.05 <0.001 <0.001 54 -2 
-

24 
Right Fusiform Gyrus (BA 20) 

  3.77 3.6 <0.001 <0.001 60 
-

12 

-

18 Right Middle Temporal Gyrus 

(BA 21) 
  3.64 3.49 <0.001 <0.001 48 4 

-

32 

  3.4 3.27 <0.001 0.001 56 6 -6 
Right Superior Temporal Gyrus 

(BA 22) 

  3.37 3.24 <0.001 0.001 58 0 -6 
Right Superior Temporal Gyrus 

(BA 38) 

  3.32 3.2 <0.001 0.001 60 -2 0 
Right Superior Temporal Gyrus 

(BA 22) 

  3.2 3.1 <0.001 0.001 52 12 
-

16 

Right Superior Temporal Gyrus 

(BA 38) 

  3.85 3.67 <0.001 <0.001 50 
-

20 

-

28 Right Inferior Temporal Gyrus 

(BA 20) 
  3.49 3.35 <0.001 <0.001 46 -8 

-

34 

  3.71 3.55 <0.001 <0.001 46 
-

26 

-

24 

Right Parahippocampal Gyrus 

(BA 36) 

  3.59 3.45 <0.001 <0.001 28 2 - Right Uncus (BA 28) 
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30 

  3.58 3.43 <0.001 <0.001 40 2 
-

34 
Right Uncus (BA 36) 

  3.18 3.07 <0.001 0.001 52 
-

14 

-

20 

Right Temporal Sub-gyral (BA 

20) 

  3.87 3.69 0.001 <0.001 
-

34 
0 32 No Gray Matter Found 

0.029 756 3.8 3.63 0.001 <0.001 
-

36 
6 50 

Left Middle Frontal Gyrus (BA 

6) 

 

  3.6 3.45 0.001 <0.001 
-

24 
0 46 

  3.49 3.35 0.001 <0.001 
-

46 
8 46 

  3.01 2.92 0.001 0.002 
-

34 
8 60 

  3.01 2.91 0.001 0.002 
-

28 
14 60 

  3.07 2.97 0.001 0.001 
-

28 
14 40 

Left Middle Frontal Gyrus (BA 

8) 
  2.74 2.67 0.001 0.004 

-

30 
22 56 

  3.01 2.92 0.001 0.002 
-

48 
2 28 

Left Inferior Frontal Gyrus (BA 

9) 

  3.35 3.22 0.001 0.001 
-

56 
2 26 

Left Precentral Gyrus (BA 6)   3.23 3.11 0.001 0.001 
-

56 
-2 20 

  2.92 2.84 0.001 0.002 
-

50 
6 32 

  3.1 3 0.001 0.001 
-

40 
8 38 Left Precentral Gyrus (BA 9) 

  3.32 3.2 0.001 0.001 
-

60 

-

14 
22 Left Postcentral Gyrus (BA 43) 

  3.53 3.39 0.001 <0.001 
-

22 
10 44 Left Cingulate Gyrus (BA 32) 

  2.92 2.84 0.001 0.002 
-

30 
-6 42 No Gray Matter Found 

 

Table 25. Positive correlations between informant ECog memory scores and voxel-wise 

tau aggregation in the full sample. p < 0.05 with family-wise error correction 

FWE p 
Cluster 

Size (k) 

T-

value 

Z-

value 

Cluster 

p (unc.) 

Voxel p 

(unc.) 

MNI 

Coordinates Nearest Gray Matter 

Region 
X Y Z 

<0.001 16758 4.56 4.28 <0.001 <0.001 -44 
-

70 
32 

Left Middle Temporal 

Gyrus (BA 39) 
  4.56 4.28 <0.001 <0.001 -44 

-

70 
32 

  4.24 4.01 <0.001 <0.001 -52 
-

62 
22 

Left Middle Temporal 

Gyrus (BA 19) 

  4.74 4.43 <0.001 <0.001 -48 - 40 Left Superior Temporal 
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56 Gyrus (BA 39) 

  4.81 4.49 <0.001 <0.001 -4 
-

58 
32 

Left Posterior Cingulate 

(BA 31) 

  4.66 4.36 <0.001 <0.001 -6 
-

46 
32 

Left Posterior Cingulate 

(BA 23) 

  4.6 4.31 <0.001 <0.001 -8 
-

64 
34 Left Precuneus (BA 31) 

  4.31 4.07 <0.001 <0.001 -30 
-

66 
48 Left Precuneus (BA 7) 

  5.2 4.8 <0.001 <0.001 -14 
-

74 
40 Left Cuneus (BA 7) 

  4.33 4.09 <0.001 <0.001 48 
-

60 
34 

Right Middle Temporal 

Gyrus (BA 39) 
  4.87 4.53 <0.001 <0.001 50 

-

70 
16 

  4.73 4.41 <0.001 <0.001 42 
-

78 

-

10 

Right Fusiform Gyrus 

(BA 19) 

  4.94 4.59 <0.001 <0.001 4 
-

54 
34 

Right Cingulate Gyrus 

(BA 31) 

  5.13 4.74 <0.001 <0.001 4 
-

46 
24 

Right Posterior 

Cingulate (BA 30) 

  5.06 4.68 <0.001 <0.001 4 
-

44 
28 

Right Posterior 

Cingulate (BA 23) 

  4.61 4.32 <0.001 <0.001 8 
-

52 
28 

Right Posterior 

Cingulate (BA 31) 

  4.45 4.19 <0.001 <0.001 60 
-

48 
24 

Right Supramarginal 

Gyrus (BA 40) 
  4.29 4.05 <0.001 <0.001 62 

-

44 
44 

  4.44 4.18 <0.001 <0.001 40 
-

56 
54 

Right Inferior Parietal 

Lobule (BA 7) 

  4.22 3.99 <0.001 <0.001 46 
-

54 
48 

Right Inferior Parietal 

Lobule (BA 40) 

  4.21 3.98 <0.001 <0.001 42 
-

72 
34 

Right Superior Occipital 

Gyrus (BA 19) 

  4.6 4.31 <0.001 <0.001 44 
-

80 
-4 

Right Middle Occipital 

Gyrus (BA 18) 

  4.35 4.1 <0.001 <0.001 24 
-

50 
64 

Right Precuneus (BA 7) 

  4.2 3.98 <0.001 <0.001 32 
-

46 
62 

  5.15 4.76 <0.001 <0.001 22 
-

68 
40 

  4.79 4.47 <0.001 <0.001 28 
-

50 
48 

  4.15 3.93 <0.001 <0.001 6 
-

70 
36 

Right Precuneus (BA 

31) 
  4.38 4.12 <0.001 <0.001 28 

-

76 
38 

  4.54 4.26 <0.001 <0.001 62 
-

30 
26 Right Insula (BA 13) 

  4.32 4.08 <0.001 <0.001 36 
-

66 

-

18 

Right Cerebellum 

Posterior Lobe 

  4.27 4.03 <0.001 <0.001 52 - 34 No Grey Matter Found 
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42 

<0.001 4893 5.26 4.84 <0.001 <0.001 20 46 32 
Right Superior Frontal 

Gyrus (BA 9) 

  4.95 4.6 <0.001 <0.001 28 32 48 
Right Superior Frontal 

Gyrus (BA 8) 

  3.5 3.36 <0.001 <0.001 16 16 56 

Right Superior Frontal 

Gyrus (BA 6) 

  3.4 3.27 <0.001 0.001 24 52 16 

  3.38 3.25 <0.001 0.001 10 12 60 

  3.29 3.17 <0.001 0.001 14 20 60 

  5.15 4.76 <0.001 <0.001 26 34 38 

Right Middle Frontal 

Gyrus (BA 8) 

  4.89 4.55 <0.001 <0.001 30 28 50 

  4.21 3.98 <0.001 <0.001 32 20 56 

  3.72 3.56 <0.001 <0.001 32 18 44 

  3.99 3.8 <0.001 <0.001 38 30 40 Right Middle Frontal 

Gyrus (BA 9)   4.38 4.13 <0.001 <0.001 40 36 30 

  4.13 3.91 <0.001 <0.001 28 4 52 Right Middle Frontal 

Gyrus (BA 6)   3.51 3.37 <0.001 <0.001 42 0 54 

  3.01 2.91 <0.001 0.002 44 46 14 
Right Middle Frontal 

Gyrus (BA 10) 

  4.32 4.07 <0.001 <0.001 14 40 44 
Right Medial Frontal 

Gyrus (BA 8) 
  4.1 3.89 <0.001 <0.001 12 34 48 

  4.1 3.88 <0.001 <0.001 10 50 40 

  3.38 3.25 <0.001 0.001 28 52 8 
Right Medial Frontal 

Gyrus (BA 10) 
  3.34 3.21 <0.001 0.001 10 62 14 

  3 2.91 <0.001 0.002 16 64 6 

  2.99 2.9 <0.001 0.002 12 2 62 
Right Medial Frontal 

Gyrus (BA 6) 

  3.94 3.75 <0.001 <0.001 46 6 36 

Right Precentral Gyrus 

(BA 6) 

  3.89 3.71 <0.001 <0.001 34 -8 58 

  3.52 3.38 <0.001 <0.001 56 4 36 

  3.39 3.26 <0.001 0.001 38 10 30 

  3.74 3.57 <0.001 <0.001 40 14 42 
Right Precentral Gyrus 

(BA 9) 

  2.95 2.86 <0.001 0.002 56 8 8 
Right Precentral Gyrus 

(BA 44) 

  3.33 3.21 <0.001 0.001 8 20 44 
Right Cingulate Gyrus 

(BA 32) 

  3.25 3.14 <0.001 0.001 22 12 50 
Right Cingulate Gyrus 

(BA 24) 

  3.16 3.06 <0.001 0.001 46 14 22 Right Insula (BA 13) 

  3.18 3.08 <0.001 0.001 24 -2 60 
Right Frontal Sub-gyral 

(BA 6) 

<0.001 1702 5.04 4.67 <0.001 <0.001 -38 6 54 
Left Middle Frontal 

Gyrus (BA 6) 

  4.92 4.57 <0.001 <0.001 -22 28 44 
Left Middle Frontal 

Gyrus (BA 8) 

  3.97 3.77 <0.001 <0.001 -20 38 46 Left Middle Frontal 

Gyrus (BA 9)   3.83 3.65 <0.001 <0.001 -36 42 28 
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  3.42 3.29 <0.001 <0.001 -30 40 38 

  2.84 2.76 <0.001 0.003 -42 20 34 

  4.78 4.46 <0.001 <0.001 -24 16 50 
Left Medial Frontal 

Gyrus (BA 32) 

  3.7 3.54 <0.001 <0.001 -10 46 40 Left Medial Frontal 

Gyrus (BA 8)   3.03 2.93 <0.001 0.002 -8 30 48 

  4.36 4.11 <0.001 <0.001 -14 16 62 
Left Superior Frontal 

Gyrus (BA 6) 

  3.08 2.98 <0.001 0.001 -38 24 42 Left Precentral Gyrus 

(BA 9)   2.95 2.86 <0.001 0.002 -44 2 40 

  4.14 3.93 <0.001 <0.001 -14 54 28 
Left Superior Frontal 

Gyrus (BA 9) 

  3.24 3.13 <0.001 0.001 -10 22 50 
Left Cingulate Gyrus 

(BA 32) 

0.008 978 4.5 4.22 <0.001 <0.001 48 10 
-

38 Right Middle Temporal 

Gyrus (BA 21) 
  4.4 4.15 <0.001 <0.001 64 

-

12 

-

20 

  3.61 3.46 <0.001 <0.001 58 -6 
-

34 

Right Inferior Temporal 

Gyrus (BA 20) 

<0.001 1890 4.33 4.09 <0.001 <0.001 -60 
-

52 
-4 

Left Middle Temporal 

Gyrus (BA 37) 

  3.6 3.45 <0.001 <0.001 -62 
-

38 

-

14 

Left Middle Temporal 

Gyrus (BA 20) 

  3.78 3.61 <0.001 <0.001 -58 
-

60 
2 

Left Inferior Temporal 

Gyrus (BA 19) 

  3.71 3.55 <0.001 <0.001 -42 
-

84 
-8 

Left Inferior Occipital 

Gyrus (BA 18) 

  3.58 3.43 <0.001 <0.001 -54 
-

64 

-

10 

Left Fusiform Gyrus 

(BA 19) 

  3.4 3.27 <0.001 0.001 -58 
-

56 

-

14 

Left Fusiform Gyrus 

(BA 37) 

  3.26 3.15 <0.001 0.001 -30 
-

90 

-

14 

Left Fusiform Gyrus 

(BA 18) 

  3.98 3.78 <0.001 <0.001 -22 
-

64 

-

10 Left Cerebellum 

Posterior Lobe 
  3.87 3.69 <0.001 <0.001 -36 

-

80 

-

16 

  3.54 3.4 <0.001 <0.001 -26 
-

50 

-

10 

Left Cerebellum 

Anterior Lobe 

  3.24 3.12 <0.001 0.001 -26 
-

22 

-

30 

  2.88 2.8 <0.001 0.003 -26 
-

32 

-

24 

  2.75 2.67 <0.001 0.004 -22 
-

36 

-

18 

  2.67 2.6 <0.001 0.005 -16 
-

42 

-

12 
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Table 26. Positive correlations between self-ECog memory scores and voxel-wise tau 

aggregation in the amyloid-positive subset. p < 0.05 with family-wise error correction. 

FWE p 
Cluster 

Size (k) 

T-

value 

Z-

value 

Cluster 

p 

(unc.) 

Voxel 

p 

(unc.) 

MNI 

Coordinates 
Nearest Gray Matter 

Region 
X Y Z 

<0.001 8947 4.76 4.09 <0.001 <0.001 -22 30 
-

20 

Left Middle Frontal 

Gyrus (BA 11) 

  4.32 3.79 <0.001 <0.001 -44 28 30 Left Middle Frontal 

Gyrus (BA 9)   3.82 3.43 <0.001 <0.001 -36 34 38 

  3.77 3.4 <0.001 <0.001 -38 28 44 
Left Middle Frontal 

Gyrus (BA 8) 

  3.91 3.5 <0.001 <0.001 0 30 
-

22 

Left Medial Frontal Gyrus 

(BA 25) 

  3.86 3.46 <0.001 <0.001 -12 56 2 
Left Medial Frontal Gyrus 

(BA 10) 

  4.07 3.61 <0.001 <0.001 -46 20 14 
Left Inferior Frontal 

Gyrus (BA 44) 

  3.88 3.48 <0.001 <0.001 -40 40 -4 Left Inferior Frontal 

Gyrus (BA 47)   3.77 3.39 <0.001 <0.001 -34 38 -8 

  3.74 3.37 <0.001 <0.001 -6 28 
-

14 

Left Subcallosal Gyrus 

(BA 25) 

  3.83 3.44 <0.001 <0.001 -10 42 10 
Left Anterior Cingulate 

(BA 32) 

  3.83 3.44 <0.001 <0.001 42 28 32 
Right Middle Frontal 

Gyrus (BA 9) 

  3.96 3.53 <0.001 <0.001 44 44 8 
Right Middle Frontal 

Gyrus (BA 10) 

  4.83 4.14 <0.001 <0.001 24 30 
-

20 Right Middle Frontal 

Gyrus (BA 11) 
  4.01 3.57 <0.001 <0.001 30 38 

-

18 

  4.08 3.62 <0.001 <0.001 48 30 10 Right Inferior Frontal 

Gyrus (BA 13)   4.88 4.17 <0.001 <0.001 50 34 2 

  4.86 4.16 <0.001 <0.001 56 -2 
-

22 

Right Middle Temporal 

Gyrus (BA 21) 
  4.74 4.08 <0.001 <0.001 40 6 

-

34 

  4.67 4.03 <0.001 <0.001 44 -6 
-

30 

  4.04 3.59 <0.001 <0.001 50 
-

20 

-

28 

Right Inferior Temporal 

Gyrus (BA 20) 

  4.42 3.86 <0.001 <0.001 40 12 40 
Right Precentral Gyrus 

(BA 9) 

  4.37 3.82 <0.001 <0.001 36 10 36 
Right Precentral Gyrus 

(BA 6) 

  3.94 3.52 <0.001 <0.001 6 24 
-

16 

Right Subcallosal Gyrus 

(BA 25) 

  3.75 3.38 <0.001 <0.001 8 36 8 
Right Anterior Cingulate 

(BA 24) 

  3.89 3.48 <0.001 <0.001 30 4 
-

34 
Right Uncus (BA 36) 

  3.75 3.38 <0.001 <0.001 52 10 16 Right Insula (BA 13) 

  4.35 3.81 <0.001 <0.001 28 12 - Right Putamen 
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12 

  4.08 3.62 <0.001 <0.001 24 18 
-

10 

  3.74 3.37 <0.001 <0.001 36 -8 -6 

  4.19 3.7 <0.001 <0.001 26 
-

22 

-

24 

Right Cerebellum 

Anterior Lobe 

 

Table 27. Positive correlations between informant ECog memory scores and voxel-wise 

tau aggregation in the amyloid-positive subset. p < 0.05 with family-wise error 

correction. 

FWE 

p 

Cluster 

Size (k) 

T-

value 

Z-

value 

Cluster 

p (unc.) 

Voxel 

p 

(unc.) 

MNI 

Coordinates 
 

Nearest Gray Matter 

Region 

      X Y Z  

<0.001 2106 5.92 4.81 <0.001 <0.001 -22 36 46 Left Middle Frontal 

Gyrus (BA 8)   4.18 3.69 <0.001 <0.001 -36 28 44 

  4.7 4.05 <0.001 <0.001 -36 20 34 Left Middle Frontal 

Gyrus (BA 9)   3.64 3.29 <0.001 <0.001 -36 44 28 

  4.15 3.67 <0.001 <0.001 -40 4 52 
Left Middle Frontal 

Gyrus (BA 6) 

  4.47 3.9 <0.001 <0.001 -20 10 56 
Left Medial Frontal 

Gyrus (BA 6) 

  3.3 3.03 <0.001 0.001 -12 44 40 
Left Medial Frontal 

Gyrus (BA 8) 

  4.27 3.76 <0.001 <0.001 -22 18 48 Left Superior Frontal 

Gyrus (BA 8)   3.92 3.5 <0.001 <0.001 -6 36 48 

  3.9 3.49 <0.001 <0.001 -14 16 60 
Left Superior Frontal 

Gyrus (BA 6) 

  3.55 3.22 <0.001 0.001 -16 52 30 Left Superior Frontal 

Gyrus (BA 9)   3.52 3.2 <0.001 0.001 -18 52 24 

  3.53 3.21 <0.001 0.001 -42 10 34 
Left Inferior Frontal 

Gyrus (BA 9) 

  3.8 3.42 <0.001 <0.001 -26 6 60 Left Frontal Sub-Gyral 

(BA 6)   3.59 3.26 <0.001 0.001 -20 8 62 

  3.8 3.42 <0.001 <0.001 -44 -2 48 

Left Precentral Gyrus 

(BA 6) 

  3.46 3.16 <0.001 0.001 -36 4 30 

  3.39 3.11 <0.001 0.001 -38 8 32 

  3.1 2.87 <0.001 0.002 -46 0 40 

  3.09 2.86 <0.001 0.002 -50 4 36 

  3.23 2.97 <0.001 0.001 -8 26 44 
Left Cingulate Gyrus 

(BA 32) 

<0.001 11032 4.22 3.72 <0.001 <0.001 -42 -70 32 
Left Middle Temporal 

Gyrus (BA 39) 
  3.94 3.52 <0.001 <0.001 -48 -66 30 

  3.86 3.46 <0.001 <0.001 -36 -60 38 

  4.88 4.17 <0.001 <0.001 -48 -58 38 
Left Superior Temporal 

Gyrus (BA 39) 

  3.94 3.52 <0.001 <0.001 -4 -22 28 
Left Cingulate Gyrus 

(BA 23) 

  4.25 3.75 <0.001 <0.001 -6 -54 18 
Left Posterior Cingulate 

(BA 29) 

  4.22 3.72 <0.001 <0.001 -8 -46 32 
Left Posterior Cingulate 

(BA 23) 
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  4 3.57 <0.001 <0.001 -14 -60 20 
Left Posterior Cingulate 

(BA 30) 

  5.12 4.32 <0.001 <0.001 -4 -60 32 
Left Precuneus (BA 31) 

  3.83 3.44 <0.001 <0.001 -20 -70 30 

  4.95 4.22 <0.001 <0.001 14 -62 62 
Left Precuneus (BA 7) 

  4.25 3.74 <0.001 <0.001 -22 -60 58 

  5.58 4.61 <0.001 <0.001 -12 -70 42 Left Cuneus (BA 7) 

  4.82 4.13 <0.001 <0.001 -12 -78 38 Left Cuneus (BA 19) 

  4.59 3.98 <0.001 <0.001 50 -68 16 Right Middle Temporal 

Gyrus (BA 39)   4.03 3.58 <0.001 <0.001 50 -60 36 

  4.41 3.86 <0.001 <0.001 58 -48 28 Right Supramarginal 

Gyrus (BA 40)   3.94 3.52 <0.001 <0.001 58 -48 38 

  4.02 3.58 <0.001 <0.001 56 -22 40 
Right Postcentral Gyrus 

(BA 2) 

  4.01 3.57 <0.001 <0.001 46 -26 58 Right Postcentral Gyrus 

(BA 3)   3.97 3.54 <0.001 <0.001 50 -20 48 

  4.31 3.78 <0.001 <0.001 6 -54 36 
Right Cingulate Gyrus 

(BA 31) 

  4.87 4.16 <0.001 <0.001 4 -58 22 
Right Posterior 

Cingulate (BA 23) 

  4.37 3.82 <0.001 <0.001 6 -46 22 Right Posterior 

Cingulate (BA 30)   3.89 3.48 <0.001 <0.001 8 -26 28 

  4.02 3.58 <0.001 <0.001 12 -50 32 
Right Posterior 

Cingulate (BA 31) 

  4.85 4.15 <0.001 <0.001 16 -64 36 
Right Precuneus (BA 

31) 

  4.76 4.09 <0.001 <0.001 34 -46 62 

Right Precuneus (BA 7)   4.56 3.96 <0.001 <0.001 22 -52 66 

  4.04 3.59 <0.001 <0.001 28 -50 48 

  3.98 3.55 <0.001 <0.001 60 -28 22 Right Insula (BA 13) 

  4.42 3.86 <0.001 <0.001 40 -78 -12 
Right Cerebellum 

Posterior Lobe 

<0.001 3884 5.48 4.55 <0.001 <0.001 34 22 54 Right Middle Frontal 

Gyrus (BA 8)   4.52 3.93 <0.001 <0.001 26 34 48 

  4.78 4.1 <0.001 <0.001 42 24 36 

Right Middle Frontal 

Gyrus (BA 9) 

  4.61 3.99 <0.001 <0.001 40 20 38 

  3.49 3.18 <0.001 0.001 40 38 28 

  3.17 2.93 <0.001 0.002 34 38 32 

  4.35 3.81 <0.001 <0.001 42 0 52 

Right Middle Frontal 

Gyrus (BA 6) 

  3.75 3.38 <0.001 <0.001 36 8 46 

  3.14 2.91 <0.001 0.002 26 2 52 

  3.12 2.89 <0.001 0.002 34 -4 48 

  3.33 3.05 <0.001 0.001 48 18 22 
Right Middle Frontal 

Gyrus (BA 46) 

  4.84 4.15 <0.001 <0.001 20 36 46 
Right Medial Frontal 

Gyrus (BA 8) 
  4.18 3.69 <0.001 <0.001 8 48 42 

  3.31 3.04 <0.001 0.001 8 30 52 

  4.68 4.04 <0.001 <0.001 24 34 38 
Right Medial Frontal 

Gyrus (BA 6) 

  3.22 2.97 <0.001 0.001 14 16 54 
Right Medial Frontal 

Gyrus (BA 32) 

  4.8 4.12 <0.001 <0.001 20 46 34 Right Superior Frontal 

Gyrus (BA 9)   3.12 2.88 <0.001 0.002 12 56 30 

  4.63 4 <0.001 <0.001 24 26 50 Right Superior Frontal 
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Gyrus (BA 8) 

  3.72 3.36 <0.001 <0.001 14 22 62 
Right Superior Frontal 

Gyrus (BA 6) 

  4.68 4.04 <0.001 <0.001 52 6 30 
Right Inferior Frontal 

Gyrus (BA 9) 

  4.5 3.92 <0.001 <0.001 28 0 66 
Right Frontal Sub-Gyral 

(BA 6) 

  4.26 3.75 <0.001 <0.001 36 -6 62 Right Precentral Gyrus 

(BA 6)   3.94 3.52 <0.001 <0.001 34 -12 68 

  2.78 2.61 <0.001 0.005 42 -14 64 Right Precentral Gyrus 

(BA 4)   2.78 2.61 <0.001 0.005 44 -18 64 

  4.78 4.1 <0.001 <0.001 44 20 42 
Right Precentral Gyrus 

(BA 9) 

  3.56 3.24 <0.001 0.001 26 12 48 
Right Cingulate Gyrus 

(BA 32) 

  2.84 2.66 <0.001 0.004 54 12 20 Right Insula (BA 13) 

 

  



 

    144 

  

  

 

Figure 38. Visualization of positive correlations between self-ECog (A&C) and 

informant (B&D) ECog scores with voxel-wise tau aggregation in the full sample (A&B) 

and the amyloid-positive subset (C&D). In the full sample, self ECog scores were 

positively associated with tau aggregation in frontal, temporal, cingulate, and 

parahippocampal regions, precuneus, insula, uncus, and cerebellum (A). Informant ECog 

scores were positively associated with tau aggregation in frontal, temporal, 

temporoparietal, parietal, occipital, and cingulate regions, insula and cerebellum (B). In 

the amyloid-positive subset, self ECog scores were positively associated with tau 

aggregation in frontal, temporal, and cingulate regions, putamen, uncus, insula, and 

cerebellum (C). Informant ECog scores were positively associated with tau aggregation 

in frontal, temporal, cingulate, and parietal regions, precuneus, cuneus, insula, and 

cerebellum (D).  
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Chapter 5: Implications of Findings and Future Directions 

In this dissertation, I present our work investigating the relationships between 

CBF, known and potential AD risk factors, AD pathologies, and cognitive function in 

nondemented older adults. We found that CBF is affected by hypertension, self-identified 

race, APOE ε4 positivity, and amyloid beta and tau aggregation. We also suggest that 

each of these relationships may be affected by the other factors. These relationships and 

their interactions will be critical to thoroughly understand for the use of CBF as an early 

biomarker for AD. 

Our systematic review of published literature (Chapter 1) showed that CBF is 

generally decreased but can sometimes be increased in certain brain regions in AD, and 

especially in early stages such as MCI. This review also highlighted that more 

characterizations of CBF in early stages of AD are needed and that potential confounding 

factors should be included in these analyses. In our original work, we found that 

hypertension is associated with decreased CBF especially in anterior brain regions 

(Chapter 2), and that African Americans have regions of both decreased CBF and 

increased CBF compared to non-Hispanic white Americans that is not explained by the 

greater prevalence of hypertension in African Americans (Chapter 2). Similar results with 

respect to the overall spatial patterns of decreased and increased CBF in African 

Americans were found in an independent sample. CBF in the fusiform, one region with 

decreased CBF in African Americans, was positively correlated with delayed memory 

function, suggesting that decreased CBF in this region is related to cognitive decline 

(Chapter 2). Additionally, we found that CBF is negatively correlated with both global 

cortical amyloid and medial temporal lobe tau measured by PET, and that both 
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hypertension and APOE ε4 may affect these correlations (Chapter 3). The clearest effect 

was of hypertension on the relationship between CBF and global cortical amyloid. There 

was a positive association between CBF and amyloid in hypertensive individuals and a 

negative association between CBF and amyloid in normotensive individuals (Chapter 3). 

Finally, we found that the spatial distribution of tau is related to subjective memory 

concerns. Self-concern was related to tau in frontal brain regions, while informant 

concern was related to tau in parietal brain regions (Chapter 4). Together, our findings 

provide evidence of complex and potentially interacting relationships between CBF and 

AD risks, pathologies, and symptoms that warrant further investigation so that CBF can 

be utilized as an effective early biomarker of AD. 

In Chapter 2, we report an association between hypertension and decreased CBF 

in all of our a priori hypertension-related regions chosen from previous literature and in 

widespread frontotemporal regions and a region of the occipital lobe in voxel-wise 

analyses in a diverse sample of older adults without dementia. Although the number of 

African Americans in our sample was relatively small, this suggests that hypertension’s 

effect on CBF is similar in African Americans and non-Hispanic white Americans. We 

also found that hypertension did not fully explain the difference in CBF between African 

Americans and white Americans, even though there was a higher prevalence of 

hypertension in the African American group. This is in agreement with Clark et al68 and 

was true for both independent samples studied. In Chapter 3, we report negative 

correlations between CBF and medial temporal lobe tau pathology, and a nonsignificant 

trend of negative associations between CBF and global cortical amyloid in older adults 

without dementia. While both positive and negative correlations have previously been 
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reported in this population, the overall pattern of correlations between CBF and AD 

pathology is not yet conclusive in preclinical stages of AD. CBF in medial temporal 

regions was negatively correlated with medial temporal lobe tau, and CBF in similar 

regions was negatively associated with global cortical amyloid. In AD, tau pathology 

begins in the medial temporal lobe, and this corresponds with memory problems often 

being the first symptoms to appear in AD. Our findings also conceptually align with 

previous evidence that tau pathology more closely tracks both spatially and temporally 

with cognitive symptoms than amyloid beta pathology does in AD.  

We also reported an interaction effect of global cortical amyloid and hypertension 

on CBF; amyloid pathology and CBF positively correlated in individuals with 

hypertension and negatively correlated in individuals without hypertension. To our 

knowledge, this interaction has not been previously reported. This suggests that 

hypertension status must be taken into account when utilizing altered CBF as a biomarker 

and that cerebral vascular function is differentially affected by AD pathology in older 

adults depending on whether their cardiovascular risk factors during preclinical stages of 

disease. We expected that hypertension would exacerbate the decreased CBF in 

individuals with amyloid pathology; future studies are needed to better understand this 

interaction effect. There were weaker interactions of APOE ε4 and amyloid beta and tau 

pathology, as well as of hypertension and tau pathology, on CBF. Future studies with 

larger sample sizes are needed to determine whether these interactions have meaningful 

effects on CBF in this population. 

The original research reported in Chapter 2 is the first to directly compare CBF 

between African Americans and non-Hispanic white Americans in two independent 
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samples and to report both regional increases and regional decreases in CBF in African 

Americans relative to white Americans. This new information is important alongside 

previous reports of decreased global CBF in African Americans; certain brain regions 

might be more affected than others, and CBF in some brain regions might be preserved or 

even increased. This is important because CBF in different brain regions will have 

different effects on cognition, which could lead to distinct presentations of AD in African 

Americans. It also means that the classical pattern of hypoperfusion attributed to AD 

might be specific to those of European descent. At the same time, sociological and 

environmental factors likely contribute to these differences, so brain regions with more 

greatly reduced CBF may be those most susceptible to the effects of these stressors. The 

concept of the Weathering Hypothesis100 previously mentioned may not be as simple as a 

brain that uniformly ages more quickly, but perhaps some brain regions age prematurely 

while compensatory mechanisms are active in other brain regions. 

To our knowledge, no previous studies have compared the relationships between 

tau PET and self-based and informant memory concerns. We found that self-based 

memory concerns were most strongly correlated with frontal lobe tau, while informant 

memory concerns were most strongly correlated with parietal lobe tau. These 

discrepancies may indicate the degree to which different brain regions are related to 

insight, or they may represent spatial patterns of tau pathology that correspond to AD 

subtypes. Either way, the concept that the location of tau pathology relates to one’s 

perception of their own cognitive functioning further relates tau pathology to cognition in 

the earliest preclinical stages of the AD. While we report a correlation between medial 

temporal lobe tau and CBF in Chapter 3, Chapter 4 suggests that the spatial distribution 
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of tau will also be critical to consider when assessing the prognosis of early stage AD 

using CBF as a biomarker. 

Of course, many scientific questions remain. It will be important to continue to 

elucidate the prognostic and mechanistic role that hypertension plays in AD risk, both in 

the context of better understanding AD etiology and in better understanding AD 

biomarkers and disease trajectories in those with hypertension compared to those without. 

CBF may be an especially sensitive marker to hypertension-related vascular damage and 

may thus help to identify hypertension-dependent subtypes of AD in the future. For 

example, it may be the case that individuals with hypertension have a distinct pattern of 

pathology related to brain regions’ relative vulnerabilities to hypertension-related 

damage. The relationships between CBF, amyloid and tau pathology, genetic, 

demographic, and environmental risk factors, and presentation of cognitive decline add 

further complexity to the potentially many subtypes of AD. With better understanding of 

these relationships, especially in preclinical disease stages, early biomarkers such as CBF 

may be able to categorize cases based on how these risk factors and pathologies interact 

with one another. It may be that each case of AD is biologically unique. As more medical 

fields move towards precision medicine, it becomes reasonable to consider that in the 

future, individualized treatments based on one’s specific presentation of AD may become 

available. It will be important to disentangle the reason(s) for differences in CBF between 

African Americans and non-Hispanic white Americans that has been previously reported 

and is reported here. Whether genetic, socioeconomic, cultural, stress-related, 

cardiovascular factors or a combination of some or all of these causes these differences, 
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we may be able to model “typical AD” patterns of altered CBF that are more accurate for 

individuals or groups of people based on their presence or absence of those factors.  

Finally, the focus on early stages of AD should be broken down into subphases as there 

are brain regions with increases and regions with decreases in CBF during that time, and 

changes may occur quickly. It will be important to study individuals longitudinally and to 

measure CBF frequently over that time, as well as to find which factors can predict how 

CBF will change. 

In order to begin to answer these remaining questions, larger and more diverse 

samples are required, and longitudinal studies will be best. Larger and more diverse 

samples will allow for individuals to be grouped into more specific categories based on 

multiple factors so that CBF can be compared between and among them. Studies 

comparing various ethnoracial groups likewise must be large enough to take into account 

individual differences in socioeconomic status, quality of education, stress experienced in 

various life stages, health risks, and specific ancestry based on genetics rather than self-

reported race alone. Hypertension should likewise be more specifically defined, including 

factors like age at and duration of hypertension, as well as level of pharmacological or 

lifestyle-based control of blood pressure during that time. Methodologically, the use of 

tau PET and amyloid PET alongside ASL MRI would be ideal to retain the spatial 

information of all three modalities to see where in the brain these pathologies overlap and 

where they are distinct. This may result in a finite number of spatial patterns across 

individuals that can would potentially although us to predict spatial patterns of amyloid 

and tau pathology from the spatial pattern of altered CBF.  
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Overall, the relationships between CBF and AD risk factors, pathologies and 

symptoms are complex. Due to various demographic, clinical, and environmental factors, 

these relationships will most likely differ between individuals or groups of people. Future 

studies to characterize CBF in relationship to these factors could allow us to quickly and 

noninvasively determine which AD pattern or subtype an individual has using ASL MRI. 

This method will also allow for frequent assessment of CBF so that we can determine 

how it changes in relation to other pathologies and factors over time and thus eventually 

determine who is most in need of preventative care. Additionally, CBF as an early 

biomarker for AD could be used to choose participants for targeted clinical trials, to track 

the prognosis of the disease over time, and to measure treatment efficacy. CBF may even 

be a modifiable target for treatment; maintaining CBF may slow the onset or progression 

of AD. In conclusion, further characterization of CBF as an early biomarker of AD is 

warranted and could potentially help to develop effective treatments for AD in the near 

future. 
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