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ABSTRACT 

Alzheimer’s disease (AD) prevalence and cost of care is expected to triple over the next 

two to three decades. Without a means of prevention these trends will continue unabated. 

Targeting vascular risk factors is proposed as a critical means to prevent AD and related 

dementias; however, few targets for intervention remain. A previous unpublished study 

examining the Piedmont Aging, Cognition, & Exercise Study (PACE) cohort found a 

relationship for the vascular factors arterial stiffness and cerebral blood flow (CBF) with 

mild cognitive impairment (MCI). This study analyzes arterial stiffness and CBF as 

potential pre-clinical factors of AD in the Alzheimer’s Disease Prevention Participant 

Repository (ADPPR) cohort. There was a total of 91 participants from ADPPR with 

measures of multiphase-pseudocontinuous arterial spin labelling (ASL) to capture CBF 

and carotid-femoral pulse wave velocity (PWV) and reflection magnitude (RM) to check 

each individual’s level of arterial stiffness. The mean (standard deviation) age for 

ADPPR was 67.2(8.0) with 74.7% being female. ADPPR consisted of 19.8% individuals 

with mild cognitive impairment (MCI). Arterial stiffness and CBF were not associated in 

ADPPR, and race had no significant impact on the relationship. We observed a 

significant association with lower CBF among cognitively impaired individuals. This 

relationship was not significantly different among cognitively normal individuals. 

Reflection magnitude was significantly associated with poorer cognitive performance on 

Language and Processing Speed domains even after accounting for CBF. This study 

demonstrates the need for further research examining pre-clinical factors in a longitudinal 

study to get a better understanding if PWV and CBF share a relationship and what impact 

that has on cognition. 
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INTRODUCTION 

Dementia is an intractable neurodegenerative disorder characterized by 

progressive cognitive decline. The two most common subtypes of dementia include: 

Alzheimer’s disease (AD) and vascular dementia (VaD), which represent approximately 

85% and 10% of cases, respectively (Alzheimer’s Association, 2017). Historically, the 

vast-majority of AD research has focused on targeting β-amyloid (Aβ), a pathologic 

hallmark of the disease. This Aβ centric view has been called into question given recent: 

1) failure of Aβ targeting treatments among symptomatic individuals (Sacks, 2017; 

Abushouk, 2017); 2) knowledge that up to 30% of individual older adults with Aβ 

deposits often do not display cognitive symptoms of AD (Aizenstein, 2008; Rowe, 2010; 

& Oh, 2011); and 3) as many as, 25% of individuals with a diagnosis of AD do not have 

Aβ deposits (Jack, 2012; Jack, 2016). It is now recognized that AD can occur as a mixed 

pathology with vascular disease, and that this pathology has been noted in as many as 

50% of AD cases (Schneider, 2009), referred to as Mixed AD. Important gaps in our 

knowledge regarding the complexity of ‘Mixed’ AD remain which inhibits prevention 

and treatment strategies for AD and related dementias. The role of vascular disorders in 

AD has been understudied as a potentiating factor for AD pathophysiology and as a target 

to dementia prevention. 

Understanding the vascular contributions to AD is deemed a research priority by 

the NIH and the Alzheimer’s Association (Snyder, 2015). Vascular risk factors are 

identifiable and potentially modifiable which make them an ideal target for prevention; 

vascular risk factor reduction has the potential to substantially reduce the incidence and 

prevalence of AD (Barnes, 2011). To date, we have little evidence for how vascular 
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factors contribute to the initiation and progression of AD pathology. As a result, specific 

vascular targets for AD prevention remain unclear and untested. It is possible that 

cerebrovascular disease may simply be a “second hit,” that weakens an already 

compromised central nervous system in the presence of AD pathology (Provenzano, 

2013). In contrast, vascular disease may directly or indirectly promote cerebral small 

vessel disease (cSVD) and the pathogenesis of late onset AD (Hughes, 2015; Gangoda, 

2018). Further, cSVD is now implicated as a core feature of dominantly inherited 

autosomal dominant form of AD, once thought to be purely driven by the over production 

of Aβ (Lee, 2016). We propose that changes in subclinical vascular biomarkers and 

cerebrovascular dynamics may potentiate changes in AD pathology. One of these 

potential intermediate biomarkers is cerebral blood flow (CBF). 

The vascular hypothesis of AD implicates CBF in the pathogenesis of AD.  

A study on mice found that when hypoperfusion, lowered CBF, is present a 

potential response is increased Aβ production which in turn aids the degenerative process 

through activation of oxidative stress and creation of microinfarcts (Salvadores, 2017). In 

murine models, the natural aging process involves deleterious changes to CBF, brain 

metabolism, and vascular/cognitive functioning (Hoffman, 2017). Both regional and 

global CBF changes have both been associated with dementia; regional CBF differences 

were noted in an early subclinical population of men (Henrikson, 2017). Studies have 

found an association between lowered CBF and cognitive decline (Benedictus, 2017; 

Bertsch, 2009). In models of human endothelial cells, the extent of arterial pulsatility 

drives Aβ production and inflammation of the vascular endothelium (Gangoda, 2018) 

suggesting direct relationships between vascular pulsatility and AD pathology. It is 
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proposed and debated that arterial pulsatility drives the clearance of waste from the brain, 

via the ‘glymphatic system’ (Diem, 2017; Iliff, 2013; Kyrtsos, 2015; Jessen, 2015). 

Perturbations to the physiologic pulsatile range of the arterioles would be expected to 

disrupt this clearance pathway. AD prone brain regions, such as, the anterior and 

posterior cingulate, the caudate, and the superior temporal cortex are susceptible to 

vascular changes during the aging process. These AD prone regions are known to overlap 

with the Default Mode Network and could potentially initiate early functional vascular 

changes (Hays, 2016). Higher cerebral artery resistence along with decreased CBF have 

also been observed with regions of the brain susceptable to AD (Clark, 2015). 

Cerebrovascular resistence has been linked to greater cognitive decline and regional 

atrophy, possibly independent of other AD contributors (Yew, 2017). Lower CBF levels 

have been linked to worsened cognition and a higher risk of dementia; this may be 

modified by hypertension and cSVD (Wolter, 2017). CBF may be a proximal risk factor 

for cognitive decline and dementia pathology. CBF measurements are being evaluated as 

a potential risk biomarker in for pre-clinical AD, such as mild cognitive impairment 

(MCI). Though being studied more in recent years, little is known about CBF in the MCI 

phase. How peripheral and cerebral vascular disorders may contribute to AD pathology 

and cognitive function during MCI is unclear.  

High vascular risk factors are associated with lower CBF. 

Arterial stiffness is one of the few subclinical vascular risk factors examined that 

has been shown to initiate and accelerate factors of aging, cardiometabolic disorders and 

AD pathology (Hughes, 2015). Arterial stiffness contributes to the progression of 

hypertension, CVD, and end organ damage in the heart, brain, and kidneys (Mitchell, 



4 

 

2015). Arterial stiffness can be measured in several non-invasive ways. The gold standard 

for arterial stiffness is pulse wave velocity (Laurent, 2006). Pulse wave velocity (PWV) 

provides quantitative assessments of the speed at which the pulse wave (generated from 

the heart) travels along arterial beds. The stiffer the artery is the greater the PWV and the 

more pulsatile pressure is transferred to down streams targets (Benetos, 2017). Arterial 

stiffness, measured by PWV, increases monotonically with age and is accelerated by 

hyperglycemia and hypertension (Seidlerova, 2013; AlGhatrif, 2013). The normal 

interplay between central arterial elasticity and distal microvascular resistence and 

function is to control the pulsatile force and constant perfusion before the pulse wave 

reaches passive flow organs, like the kidneys and brain. When progressive central 

stiffness exceeds peripheral tone, central pulsatile energy increases and propagates excess 

pulsatile force along the vascular tree. This likely results in changes in perfusion and 

damage in the brain (Hughes, 2015). The literature provides insufficient evidence for this 

relationship. What is not known is the stage of the disease process in which this 

relationship occurs.  

Recent evidence ties arterial stiffness to cognitive decline (Hazzouri, 2013), 

impairment (Mitchell, 2011), as well as extent of cSVD (van Sloten, 2016) and Aβ 

deposition (Hughes, 2013; Hughes, 2018) and its progression over time (Hughes 2014). 

Further, greater arterial stiffness increases the odds of an older adult for have overlapping 

forms of dementia pathology, especially white matter disease and Aβ deposition (Hughes, 

2013). These relationships appear robust through replication in diverse cohorts of older 

adults (Hughes, 2018). How these relationships evolve over time still remains unclear. 

Further work is needed to gain a better understanding whether these relationships are 
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independent of CBF. Arterial stiffness can also be assessed by aspects of the downstream 

resistence that produces wave reflection. Reflection magnitude (RM) is defined as “the 

ratio of the amplitude of the backward wave to that of the forward wave” and it has been 

linked to all-cause mortality in multiethnic groups (Zamani, 2014).  Relation to PWV, the 

reflected wave returns faster downstream when the artery is stiffer (Butlin, 2017). Wave 

reflection has not been as widely incorporated into brain aging studies. 

We propose that arterial stiffness contributes to cognitive decline through changes 

in CBF in the preclinical phase. Study results regarding the relationship between PWV 

and CBF have been inconsistent (Xing, 2017; Kwater, 2014, refer to appendix table 

below). There have been few studies that have analyzed PWV and CBF, and even fewer 

studies that have been conducted in a multi-ethnic population.  

Health disparities among ethnic minorities remain understudied for how they relate to 

these AD risk factors.  

Multi-ethnic longitudinal cardiovascular studies such as ARIC have shown 

vascular risk factors as a key health disparity (Caughey, 2018) that increases the risk for 

brain disorders by increasing AD pathology (Gottesman, 2017). Disparities in 

socioeconomic status (SES), education, race/ethnicity, and geographic region may be 

linked as possible risk factors for AD (Lines, 2014). Race, while not a health disparity, 

has been found to be in the risk factor profile of those with AD. Evidence of this is 

supported by studies that have shown racial and ethnic differences in vascular (Gepner, 

2017), metabolic disorders (Bahrami, 2008), APOE ε4 allele frequencies (Crean, 2011), 

Aβ deposition (Gottesman, 2016) and AD prevalence and incidence (Tang, 2001). A 

multi-ethnic autopsy study concluded that the brains of African Americans with AD had 
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greater evidence of atherosclerosis, and a more ‘mixed AD’ pathology than the brains of 

their matched white counterparts (Barnes, 2015). Other multiethnic cross sectional and 

prospective cohort studies (Goel, 2017) have shown differences in vascular risk factor 

profiles between Caucasians, Latinos (Qian, 2017), and African-Americans (Chin, 2011); 

however, these risk factor profiles have not been heavily studied. Certain studies have 

shown that the prevalence of AD is twice as high in African-Americans compared to 

whites (Heyman, 1991; Gurland, 1999; Tang, 2001; and Demirovic, 2003), but other 

studies have not shown this increased risk (Fillenbaum, 1998; Fitzpatrick, 2004; and 

Plassman, 2007). Gaps in the literature may be due to a lack of truly multiethnic studies 

containing detailed subclinical cardiometabolic phenotyping that represent underlying 

pathways linking vascular disorders to AD-related pathology. Racial/ethnic comparisons 

across studies are inadequate because of regional differences in racial recruitment. This 

study provides better insight into the relationship between peripheral vascular disease, 

metabolic disorders and CBF particulary in the preclinical phase when participants have 

normal cognitive function and MCI.  

Goals and Objectives of this Project 

The goal of the study is to examine peripheral vascular factors, metabolic 

disorders and CBF in a study completed at Wake Forest School of Medicine. We 

hypothesized that there would be a correlation between higher levels of arterial stiffness 

and lowered CBF. We used data from the cohort Alzheimer’s Disease Prevention 

Participant Repository (ADPPR) at Wake Forest School of Medicine to investigate this 

relationship. A previous unpublished study performed at the Alzheimer’s Center at Wake 

Forest School of Medicine found a relationship between higher PWV and lower CBF 
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(β(SE)= -2.9(1.3); p=0.04) in mild cognitively impaired (MCI) individuals from the 

intervention trial Piedmont Aging, Cognition, & Exercise Study (PACE) cohort. Here we 

seek to replicate these results in a larger, more diverse cohort who consist of MCI, 

dementia, and cognitively normal individuals; we also hope to further extend the analysis 

by adding in RM which was not available in previous studies. We carried out the 

hypothesis within the following aims:  

Aim 1: To determine the relationships between peripheral and cerebral hemodynamics 

and their relation to cognitive function. 

Hypothesis 1a - Greater arterial stiffness (PWV and RM) is associated with lower 

global CBF. 

Hypothesis 1b-  Arterial stiffness (PWV and RM) and CBF are associated with 

cognitive function. 

Aim 2: To examine the role of CBF as a statistical modifier of the observed associations 

between arterial stiffness and brain structure and cognitive function. 

Hypothesis 2- CBF will statistically mediate the associations between arterial 

stiffness and cognitive performance. 

Aim 3: To examine health disparities related to cognitive function and the mechanisms 

that impact it. 

Hypothesis 3- Race will affect the relationship between arterial stiffness (PWV 

and RM), and CBF.    
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The use of the three aims addressed above is to assess the pre-clinical factor, arterial 

stiffness and its relationship with the primary outcome of this study, CBF, within 

ADPPR, which will be further defined below; the aims further examine disparities that 

have been observed in the central nervous system and cardiovascular system. Together 

these aims may shed a new light on vascular factors that can be targeted in pre-clinical 

phases of dementia.  

 

METHODS 

Experimental Design 

This research project will be cross-sectional using secondary data from a clinical 

cohort with and without cognitive impairment in ADPPR. 

Participants 

The Wake Forest ADPPR was designed to enroll and follow up to 300 

participants characterized as having normal cognitive function, MCI and AD. In 2013-

2016, participants of the Wake Forest ADPPR received brain MRI, clinical and 

neurocognitive exams. Cognitive status was adjudicated by consensus [normal cognitive 

function, MCI, and dementia subtypes, including AD]. This analysis includes 91 

participants from the Wake Forest Alzheimer’s ADPPR cohort that received vascular 

measures and MRI.  The Wake Forest ADPPR focused recruitment of individuals in the 

earliest stages of AD pathogenesis and the contribution of metabolic factors to early AD 

expression. The primary group of interest was middle-aged and older adults (55–80 years 
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old) at high risk of AD owing to prediabetes (defined by oral glucose tolerance test 

(OGTT)) and a parental family history of AD.  

 At entry, eligibility for participants was being aged 55-80 years and must have 

met inclusion criteria for membership in one of four groups that differed according to 

cognitive status and metabolic health. Informed consent was obtained on all participants 

at the time of enrollment in accordance with regulations of the Wake Forest Internal 

Review Board.   

Arterial Stiffness and RM 

The gold standard measure for arterial stiffness is PWV which represents aortic 

elasticity and strain, central pulse pressure, peripheral pulse pressure and pressure wave 

amplification (Laurent, 2006). ADPPR obtained vascular assessments using the 

SphygomoCor Xcel® to obtain blood pressure, Pulse Wave Analysis and carotid-femoral 

PWV measures after a 6 hour fast. Blood pressure and Pulse Wave Analysis were 

measured with a blood pressure cuff placed on the left arm in a seated position after a 5-

minute rest. Pulse Wave Analysis includes central ‘aortic’ estimates of: systolic blood 

pressure, pulse pressure, augmentation index and wave RM (figure 1). Participants were 

then instructed to lay in a supine position and a blood pressure cuff was placed on the 

right thigh to detect flow in the femoral artery. After locating the carotid pulse the 

technician measures the linear distances between the: 1) carotid pulse and the sternum, 2) 

sternal notch to femoral artery, 3) femoral artery to the cuff. The resulting measure yields 

the measured distance from the carotid to femoral artery. A tonometric probe was used to 

detect and record the pulse of the carotid artery. The linear velocity of the pulse wave is 
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measured in meters per second (m/s) with higher speeds representing greater arterial 

stiffness.  

Cerebral Blood Flow 

The most precise way to measure cerebral perfusion is through arterial spin 

labeling magnetic resonance imaging (ASL) which noninvasively and magnetically labels 

the endogenous water in blood; when the magnetically labeled blood water flows into the 

region of interest there is a mixing of blood and brain water which changes the water T1 

of the brain (Muir, 2014).  

ASL was used to collect whole-brain baseline CBF with a whole brain 

multiphase-pseudocontinuous arterial spin labeling (MP-PCASL) sequence (Jung et al., 

2010) the following parameters were used: tagging duration=1.7sec, TI=3.2sec, TR=4sec, 

TE=12ms, reps=81, FOV=22x22 cm, twenty-four 5mm axial slices with a single shot EPI 

acquisition, collecting 8 cycles where each cycle consists of 8 images acquired with 

unique phase offsets, GRAPPA factor of 2, acquisition time=5mins and 32sec. The ASL 

time series were motion-corrected and motion-corrupted images that were filtered using 

an algorithm (Tan et al., 2009) before averaging. The ASL images were quantified using 

a kinetic model described in (Buxton et al., 1998) and the quantified CBF was converted 

to absolute units (ml/100g/min) using the CSF image as a reference signal (Wong et al., 

2005). This results in a calibrated perfusion value for each voxel. 

Cognitive scores 

ADPPR received clinical and neurocognitive exams, including the Uniform Data 

Set version 2 (UDSv2) cognitive battery: Mini Mental State Exam (MMSE), Logical 
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Memory subtest (LM), Digit Span, Category Fluency, Trail Making Test (TMT), 

Wechsler Adult Intelligence Scale-Revised Digit Symbol subtest (DSC), and Boston 

Naming Test (BNT-30)] in addition to the Rey Auditory Verbal Learning Test (AVLT), 

Brief Visual Memory Test (BVMT), and Verbal Fluency. All testing was standardized. 

Cognitive status was adjudicated by consensus [normal cognitive function, MCI, and 

dementia subtypes, including AD].  

Covariates 

 The relationships between arterial measures stiffness and CBF measures were 

assessed in the presence of the following potential covariates: age, APOE carrier status, 

sex, race, and education. Pulse pressure (PP) was created by subtracting diastolic blood 

pressure from systolic blood pressure (PP= systolic BP-diastolic BP). Age was 

dichotomized by median split into <65 years and >=65 years. Systolic blood pressure was 

divided into <140 mnHG and >=141 mmHG. Diastolic blood pressure was divided into 

<80 mmHG and >=81 mmHG. PP was divided into <60 mmHG and >=61 mm HG. 

Education was divided into low education (12 years or less) and high education (13 years 

or more).  APOE ε4 genotype was combined to ε4-positive (ε2/4, ε3/4 and ε4/4) and ε4-

negative (ε2/2, ε2/3 and ε3/3). Due to the small number of dementia in ADPPR (n=6), 

MCI and dementia were combined to maximize power.  

Statistical Analysis  

Demographic characteristics of ADPPR were first compared by T-tests for 

continuous variables and Chi-Square tests for categorical variables then comparisons 

were made adjusting for age and sex. To analyze the relationship of CBF and its 
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predictors we used a general linear models (GLM) adjusted for age and sex. The 

predictors of PWV and RM were assessed by GLM adjusted for age and sex. The 

relationship of CBF with ADPPR cognitive tests were assessed by GLM adjusted for age, 

sex, education, and APOE ε4. The relationship of CBF to PWV, RM, BP, and PP in 

ADPPR was assessed by GLM adjusted for age, sex, and race. Cognitive status was 

included as an interaction term to evaluate effect modification by cognitive status. Race 

was included as an interaction term to evaluate effect modification by race. Two models 

were examined when analyzing PWV and cognition, as well as RM and cognition; in 

both analyses, model 1 was a GLM adjusted for age, sex, and education with model 2 

being adjusted for age, sex, education and CBF. All analyses were conducted using SAS 

v9.4. An alpha of 0.05 was used to determine significance. Given the small sample size 

of these preliminary analyses we did not apply correction factors for multiple testing.  

 

    RESULTS 

Description of the cohort 

 Table 1. Summarizes the demographics the participants in the ADPPR (n=91) 

cohort that had both arterial stiffness and MRI assessments. The 91 ADPPR participants 

included in this analysis had a mean age of 67.1(±8.0) years and three-quarters of the 

cohort with 74.7% were female. The participants were majority Caucasian (90.1%), the 

other 9.9% were African-American. Two-thirds (65.9%) of participants were APOE ε-4 

negative compared to the 34.1% who were APOE ε-4 positive. In this cohort, 72.5% were 

adjudicated to be cognitively normal, 19.8% had MCI and 7.7% had dementia. Mean 
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systolic blood pressure was 131.6(±18.4) with mean diastolic being 71.5(±10.0). Most 

individuals in the study had more than high school education (89.0%) with the average 

number of years of education completed being 16 years (15.8).  

Predictors of CBF 

Table 2 shows the relationship between demographic factors and CBF (measured 

in ml/100g/min)) in ADPPR. Age was independently significant (p<0.01) with CBF; 

those aged 65 and younger had a mean CBF of 48.1(±9.1) and those over the age of 65 

had a mean CBF of 43.3(±6.9). Adjusting for age, sex was significant in ADPPR 

(p<0.01). Men had a mean CBF of 40.1(±1.5) and women had a mean CBF of 46.9(±0.9). 

When adjusting for both age and sex, MCI was not significant (p=0.16); dementia was 

significant (p=0.02). Those with MCI had a mean CBF of 43.5(±1.8), individuals with 

dementia had mean CBF of 38.5(±2.9), and cognitively normal individuals had a mean 

CBF of 46.4(±0.9).  In ADPPR, PP (p=0.90) and systolic blood pressure (p=0.30) were 

not significant. Diastolic blood pressure was related to CBF (p=0.05) in ADPPR. 

Education was not significant in ADPPR (p=0.98), but race was significant (p=0.02).  

Associations between CBF and cognition  

Table 3 shows the relationships between CBF and cognitive domains and 

individual cognitive tests in ADPPR adjusting for age, sex, APOE ε4, and education. 

Lower CBF was associated with poorer performance on MMSE (p<0.01), Learning and 

Memory domain (p=0.02), AVLT Trial 1 (p=0.02), AVLT Delayed (p=0.04), BVMT-R 

total (p=0.04), Logical Memory-Delayed Recall (p=0.04), and Trail Making Part A 

(p=0.04). CBF was unrelated to remaining cognitive tests and domains (p>0.08). 
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Predictors of PWV and RM 

Table 4 depicts the demographic factors as they related with PWV and RM in 

ADPPR. PWV was shown to be associated with both Systolic (p=<0.01) and Diastolic 

(p=0.03). However, RM was not associated with either blood pressures (p>0.24), or pulse 

pressure (p=0.54). Having less than or equal to 12 years of school was associated with 

PWV (p=0.01), but not RM (p=0.51). Race was not a significant predictor in either PWV 

(p=0.40) or RM (p=0.31). Individuals with less than 12 years of education had a mean 

PWV of 9.9(±1.5) and those with more than 12 years of education had a mean PWV of 

8.3(±1.5), which is a significant difference (p<0.01).  

Associations of demographic factors with CBF in ADPPR 

Table 5 shows the associations of demographic factors and CBF adjusted for age, sex, 

and race. Analysis of the ADPPR cohort did not confirm the relationship between CBF 

and PWV (p=0.86). RM and CBF were not associated (p=0.62). Systolic blood pressure 

was not significant with CBF (p=0.56), but diastolic blood pressure was significant 

(p=0.04). PP did not have an association with CBF in ADPPR (p=0.56). Cognitive status 

(p<0.01) and race (p=0.02) were significant with CBF, see figures 2 and 3 in Appendix. 

An interaction analysis between cognitive status and demographic factors yielded no 

interactions (p>0.24). An interaction analysis between race and demographic factors 

yielded no interactions (p>0.09).  

Associations of demographic factors with cognitive status 

Table 6 shows the relationship between cognitive status and demographic factors in 

ADPPR adjusted for age and sex. Cognitive impairment was not associated with any of 

the demographic factors (p>0.27). Being cognitively normal was associated with diastolic 
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blood pressure (p=0.04), but was not associated with the other four demographic factors 

(p>0.11).   

Association of PWV and cognition 

 Table 7 shows the relationship of PWV with cognitive domains and individual 

tests adjusted for age, sex, and education. PWV was not related to any of the 8 tests or 

domains (p>0.11) when adjusting for age, sex, and education. This was unchanged by 

additional adjustment for CBF (p>0.08).   

Associations of RM and cognition 

 Table 8 shows that higher RM was associated with poorer performance on the 

Language domain (p=0.05), which was driven by poorer performance on, Animal fluency 

(p=0.05). Higher RM was also associated with poorer performance in the domain of, 

Processing Speed (p <0.01), including: Digit symbol coding (p=0.02), and Trail Making 

Part A (p=0.01) when adjusting for age, sex, and education. While RM was not 

associated with performance in the Learning and Memory domain (p=0.09), individuals 

test performance in Logical Memory Immediate and Delayed Recall were associated with 

higher RM (p=0.01; p=0.04, respectively). When adding in additional adjustment for 

CBF, the association between RM and AVLT trial 1 became significant (p=0.05). 

Adjustment for CBF attenuated results for: Language (p=0.04), Animal Fluency 

(p=0.04), Processing Speed (p=<0.01), Digit symbol coding (p=0.03), Trail Making Part 

A (p<0.01), Logical Memory Immediate (p<0.01) and Delayed Recall (p=0.03). RM 

remained unrelated with Trail Making Part B, Boston Naming, MMSE, 

Attention/Working Memory, Digit Span total, Executive Function, Verbal Fluency- FAS, 
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BVMT-R delayed recall, BVMT-R total recall, and Learning and Memory domain 

(p>0.07) in both models.   

DISCUSSION 

 In this analysis of measures of arterial hemodynamics (arterial stiffness and RM) 

with cognitive performance and CBF in ADPPR, we found that PWV was not related to 

CBF. A previous unpublished study from Wake Forest School of Medicine on MCI 

individuals in PACE found that higher PWV was related to lower CBF; although we did 

not confirm this relationship, we did find that higher RM was associated with poorer 

performance on certain cognitive domains and individual tests showing a relationship 

with CBF. Cognition was not related to PWV. Primary factors influencing CBF in this 

study were having dementia, age, sex, race, and diastolic blood pressure. Influencing 

factors of PWV were both systolic and diastolic blood pressure, PP, and having 12 or less 

years of education.   

  Previous studies found a relationship between higher PWV and lower CBF 

(Mitchell, 2011; Jaruchart, 2016, refer to table below). Another study could not get the 

relationship between PWV and CBF to stand (Kwater, 2014). Our study did not find an 

association with PWV and CBF, but our cognitively impaired group showed a trend in 

the correct direction with a mean PWV of 8.8(±1.52) compared to cognitively normal 

group 8.4(±1.53), which was not a significant difference (p=0.25); but the cognitively 

impaired group showed a significant difference (p<0.01) in mean CBF, 41.4(±7.55), 

compared the mean 46.6(±7.99) in the cognitively normal ADPPR group. Though not 

significant, ADPPR did show higher PWV and lower CBF in the impaired group which is 
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what we expected. Further analysis is needed to explore why the relationship did not hold 

up in ADPPR. 

ADPPR underwent MRI to obtain CBF measurements. Previous studies have used 

MRI while others used Trans Cranial Doppler (TCD), ultrasound, to account for 

participant CBF data. Table 9a summarizes multiple studies that used MRI and PWV to 

examine arterial stiffness and CBF. Six studies showed that higher PWV was related to 

lower CBF in community-dwelling adults across various ages who were considered 

healthy participants (Xing, 2017; Turk, 2016; Cooper, 2016; Tarumi, 2013; Michell, 

2011; Tarumi, 2011). Other studies did not find that same relationship between PWV and 

CBF (Zarrinkoub, 2016; Pase, 2016). Inconsistencies in the relationships between PWV 

and CBF (as we observed in PACE and ADPPR) calls for further research on this topic. 

Another study indirectly assessed arterial stiffness with carotid PP (Tarumi, 2014) and 

found that CBF pulsatility was independently related to carotid PP.  It should be noted the 

studies were cross-sectional which does not allow for causation and most assessed only 

regional CBF.   

Table 9b summarizes studies that examined PWV and TCD. As with MRI, the 

results are inconsistent, though less so. Eight of the nine studies, using PWV for either 

arterial stiffness directly or carotid PP, and TCD showed a correlation between PWV and 

CBF (Xing, 2018; Fu, 2016; Jaruchart, 2016; Turk, 2016; Tarumi, 2014; Xu, 2012; Kim, 

2010; Robertson, 2010). In the ninth study, PWV and CBF were related in the crude 

unadjusted model, but the relationship was no longer significant with the addition of age, 

sex, BMI, hypertension, diabetes, and medication status (Kwater, 2014). Two studies 

used both MRI and TCD for various measures, so they were included in both table 9a and 
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9b (Turk, 2016; Tarumi, 2014).  See appendix for list of studies, measures, results, and 

limitations.  

 Prior studies have shown that lower CBF is associated with individuals with 

cognitive impairment (Roher, 2012; Leijenaar, 2017; Leeuwis, 2017). Among cognitively 

normal participants, CBF has been approximated to be 51mg/100g/min (Lassen, 1985), 

however, a standard deviation was not included and this number should not be 

generalized to the overall population. Individuals with cognitive impairment tend to have 

lower CBF. Individuals with subjective cognitive decline CBF totaled 41mL/100g/min, 

MCI CBF measured at 30mL/100g/min, and AD CBF was measured at 25mL/100g/min 

(Leeuwis, 2017). In our study, the eighteen individuals with MCI had a mean CBF level 

of 43.5(±1.8), the seven individuals with dementia had mean CBF levels of 38.5(±2.9), 

and the ‘normal’ cognitive group had a mean CBF level of 46.4(±0.9). Overall, the 

twenty-five individuals who were cognitively impaired showed a range of CBF levels 

from as low as 27.9mL/100g/min to as high as 57.5mL/100g/min. The range and high 

standard deviation shows these measures to be highly variable; yet, CBF is significantly 

different across the groups. This may reflect changes in cerebral structure and function 

with the disease. These results are cross-sectional and we cannot presume that these 

differences in CBF happen before or after the cognitive impairment. 

 Arterial stiffness has been linked to a multitude of health issues and has been well 

documented to increase by age. In ADPPR, individuals 65 years or younger had a PWV 

of 7.7(±1.5) and those who were older than 65 had a PWV of 8.9(±1.3), which was 

significant (p<0.01). Our analysis supported that PWV increases with age. The results are 

cross-sectional and we cannot presume that these differences in PWV happen before or 
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after cognitive impairment. RM was not associated with CBF in ADPPR. Past studies 

have examined wave reflection and cognition and found that less wave reflection is 

associated with worse outcomes on cognitive performance (Mitchell, 2011). In the RM 

and cognition model, when CBF was added, the cognitive tests and domains remained 

significant which implies that CBF is not in the pathway of RM and cognition. We 

wanted to see if RM showed linearity with the cognitive domains (Table 10 in appendix); 

the six cognitive domains (MMSE, Attention/Working memory, Language, Executive 

Function, Learning and Memory, and Processing Speed) did show linearity with RM in 

ADPPR. RM showed higher numbers in the cognitively impaired group with a mean of 

73.6(±12.9) than the cognitively normal who had a mean of 69.7(±12.8), though it wasn’t 

a significant difference (p=0.24). 

 In this study, we wanted to address race and its role in the risk factor profile of 

cardiometabolic disorders. We found that race was significantly associated with CBF 

with Caucasians having a lower average CBF of 44.6(±0.8) and African-American 

having an average of 50.8(±2.6). This is inconsistent with previous findings which have 

shown African-American’s to have lower CBF than caucasians (Hurr, 2015). Further 

analysis should be conducted to examine the role of cardiovascular disease and AD risk 

factors profiles on the racial differences of CBF. 

 This study had the strength of having a cohort hat both underwent PWV and ASL 

MRI which PACE, the previous study we are comparing too, also underwent which 

allowed for a comparison between the two distinct groups. This study adds to growing 

literature showing that peripheral vascular function is associated with vascular brain 



20 

 

health and cognition and provides RM as a novel potential biomarker of cognitive 

performance. 

Limitations 

 The sample size of our study was relatively small with a limited number of 

African Americans. To be included in the sample the individual had to have PWV and 

CBF measured. The biggest limitation of the study was that it is cross-sectional. Cross 

sectional studies cannot prove causation. Multi-ethnic recruiting in AD research has 

proven to be a challenge across studies, ADPPR under-recruited African-Americans.  

Future Direction 

 Future studies should look at the potential associations between PWV, CBF, and 

cognition in a longitudinal study. Conducting a longitudinal study would allow to see 

changes in PWV, CBF, and cognition together and independently over time. Improving 

recruitment of African Americans in AD studies is difficult and future studies need to 

improve recruitment. Future studies should evaluate how PWV and RM together relate to 

aspects of AD pathology. 

CONCLUSION 

 Finding pre-clinical targets for future research is an essential need for AD 

research. Pre-clinical factors have only recently become a focus of research where past 

studies focused more on clinical disease stage. Prior research found that CBF and PWV 

were associated, our study did not find this relationship. Our results did not show an 

association between PWV and cognition, but another peripheral vascular measure, RM 

was associated with cognition. Our study encourages future research to build off these 
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findings to further examine the relationship of PWV and CBF, as well as RM, and their 

implications in AD. Finding mechanisms that impact brain health in areas prone to AD 

pathology could help show an area that could be targeted as a potential therapy to reduce 

the risk for AD, even if it does not specifically target AD pathology.  
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APPENDIX 

Figure 1 Reflection magnitude 
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Table 1: Summary of ADPPR cohort 

 

Table unadjusted 

ADPPR(n=91)

Age, mean(SD) 67.15(8.00)

Sex, n %

Male 23, 25.27%

Female 68, 74.73%

Race, n %

Caucasian 82, 90.11%

African-American 9, 9.89%

Apoe ε-4, n %

Apoe
-

60, 65.93%

Apoe
+

31, 34.07%

Education,mean(SD) 15.77(2.27)

Blood pressure,mean(SD)

Systolic  131.56(18.38)

Diastolic  71.47(10.04)

Cognitive Status, n%

MCI 18, 19.78%

Dementia 7, 7.69%

Cognitively normal 66 ,72.53%
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Table 2 Predictors of CBF in ADPPR 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Age was unadjusted; sex was adjusted by age; Mean(SE) were adjusted by age; 

Β(SE) and p-value was adjusted by age and sex

                           Cerebral Blood Flow

                                   ADPPR

               N Mean(SE) β(SE) P-value

Age* 91 -0.35(0.10) 0.0010

<65 years 36 48.09(9.14) 4.78(1.69) 0.0057

>=65 years 55 43.30(6.92) *Referent group*

Sex* 91

Men 23 40.05(1.50) -6.89(1.73) 0.0001

Women 68 46.94(0.87) *Referent group*

Cognitive status 

MCI 18 43.46(1.77) -2.64(1.87) 0.1604

Dementia 7 38.45(2.88) -6.76(2.85) 0.0198

Normal 66 46.39(0.93) *Referent Group*

Blood pressure

Systolic 91 -0.05(0.05) 0.2975

<140mmHG 67 45.57(8.06) *Referent group*

>=140 mmHG 24 44.16(8.57) -0.99(1.77) 0.5756

Diastolic 91 -0.15(0.08) 0.0465

<80 mmHG 78 45.71(7.79) *Referent group*

>=80 mmHG 13 42.12(9.97) -3.50(2.17) 0.1105

Pulse pressure 91 0.01(0.06) 0.8947

<60 mmHG 48 45.27(8.09) *Referent group*

>=60 mmHG 43 45.11(8.36) 0.01(1.66) 0.9971

Apoe ε-4

Apoe ε-4+ 31 45.29(1.40) 0.61(1.60) 0.7060

Apoe ε-4- 60 45.14(1.01) *Referent Group*

Education

12 years or less 10 46.57(2.53) 0.08(2.53) 0.9759

13 years or more 81 45.03(0.87) *Referent Group*

Race

African-American 9 50.79(2.55) 6.09(2.48) 0.0158

Caucasian 82 44.58(0.84) *Referent Group*
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Table 3 Relationship of CBF and cognitive tests in ADPPR 

 

*LM= Logical Memory; T-test p-value is unadjusted.  

CBF and cognitive tests β(SE) and p-value adjusted for age, sex, APOE ε4, and education

                       Cognitive Status Cerebral Blood Flow

Cog. ImpairedCog. Normal T-test

mean(SD) mean(SD) P-value B(SE) P-value

MMSE (n=91) 26.44(3.23) 28.91(1.11) 0.0009 1.25(0.37) 0.0010

Attention/Working Memory (n=91) -0.49(0.96) 0.27(1.00) 0.0016 1.21(0.75) 0.1135

    Digit Span Total (n=91) -0.49(0.96) 0.27(1.00) 0.0016 1.21(0.75) 0.1135

Executive Function (n=83) -1.58(2.18) 0.53(1.28) 0.0002 0.59(0.46) 0.2068

    Trail Making part B (n=89) 0.95(1.61) -0.28(0.50) 0.0015 -1.58(0.83) 0.0600

    Verbal Fluency- FAS (n=85) -0.64(0.81) 0.25(1.03) 0.0002 0.14(0.76) 0.8594

Language (n=89) -2.49(3.15) 0.77(1.85)        <.0001 0.38(0.34) 0.2589

    Boston Naming Test (n=90) -0.79(1.62) 0.28(0.42) 0.0032 0.69(0.85) 0.4159

    Category Fluency- Animals (n=91) -0.83(0.98) 0.22(0.95)        <.0001 0.86(0.79) 0.2835

    Category Fluency- Vegetables (n=90) -0.83(1.06) 0.27(0.92)        <.0001 0.86(0.83) 0.3031

Learning and Memory (n=79) -5.47(3.70) 2.29(3.63)        <.0001 0.46(0.18) 0.0150

    AVLT Trial 1 (n=85) -0.53(0.86) 0.26(1.04) 0.0013 1.99(0.79) 0.0135

    AVLT Delayed (n=86) -1.25(0.61) 0.55(0.61)        <.0001 1.72(0.84) 0.0438

    BVMT-R Delayed Recall (n=80) -0.92(0.89) 0.36(0.81)        <.0001 1.58(0.90) 0.0845

    BVMT-R Total Recall (n=80) -1.04(0.75) 0.42(0.82)        <.0001 1.92(0.90) 0.0356

    LM- Immediate Recall (n=90) -0.93(0.89) 0.34(0.89)        <.0001 1.42(0.79) 0.0768

    LM- Delayed Recall (n=89) -0.99(0.89) 0.39(0.81)        <.0001 1.71(0.82) 0.0397

Processing Speed (n=91) -1.26(2.95) 0.42(1.06) 0.0098 0.58(0.43) 0.1800

    Digit Symbol Coding (n=91) -0.61(1.23) 0.22(0.88) 0.0041 0.23(0.83) 0.7806

    Trail Making part A (n=91) 0.66(1.93) -0.20(0.35) 0.0374 -1.47(0.71) 0.0427
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Table 4 Predictors of PWV and RM in ADPPR 

 

*Age was unadjusted; Sex was adjusted for age; M(SE) was adjusted by age;  β(SE) and p-value was adjusted by age and sex.

                        Pulse Wave Velocity            Reflection Magnitude

              N    M(SE) β(SE) p-value                 N     M(SE) β(SE) p-value

Age* 91 76

<65 years 36 7.70(1.54) -1.30(0.30)       <.0001 27 69.70(12.87) -1.68(3.10) 0.5890

>=65 years 55 8.99(1.29) *Referent group* 49 71.39(12.99) *Referent group*

Sex* 91 76

male 23 8.93(1.30) 0.53(0.34) 0.1204 22 71.77(11.49) 1.40(3.29) 0.6711

female 68 8.33(1.58) *Referent group* 54 70.39(13.49) *Referent group*

Blood pressure

Systolic 91 0.03(0.01)       <.0001 76 -0.04(0.08) 0.6262

<140mmHG 67 8.09(1.43) *Referent group* 52 70.83(12.62) *Referent group*

>=140 mmHG 24 9.56(1.27) 1.30(0.31)       <.0001 24 70.71(13.72) -0.22(3.30) 0.9466

Diastolic 91 0.03(0.01) 0.0307 76 -0.17(0.14) 0.2429

<80mmHG 78 8.35(1.50) *Referent group* 63 71.44(13.19) *Referent group*

>=80 mmHG 13 9.25(1.51) 0.97(0.41) 0.0187 13 67.62(11.19) -3.68(3.99) 0.3595

Pulse pressure 91 0.04(0.01)       <.0001 76 0.06(0.10) 0.5346

<60 mmHG 48 7.85(1.15) *Referent group* 41 71.66(12.65) *Referent group*

>=60 mmHG 43 9.18(1.61) 1.20(0.29)      <.0001 35 69.77(13.27) -2.42(3.25) 0.4587

Education 76

12 years or less 10 9.90(1.49) 1.20(0.46) 0.0105 10 69.40(11.86) -3.10(4.65) 0.5066

13 or more years 81 8.30(1.45) *Referent Group* 66 71.00(13.11)  *Referent group*

Race 91 76

African-American 9 8.48(1.71) 0.40(0.48) 0.4025 7 74.29(14.85) 5.42(5.24) 0.3047

Caucasian 82 8.48(1.52) *referent group* 69 70.44(12.74)  *Referent group*
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Table 5 Associations of CBF with peripheral vascular measures in ADPPR 

 

Adjusted by age, sex, and race

             Cerebral Blood Flow

              N β(SE) P-Value

Pulse Wave Velocity 91 0.10(0.55) 0.8622

Reflection Magnitude 76 0.03(0.06) 0.6166

Systolic BP 91 -0.10(1.72) 0.5641

Diastolic BP 91 -4.54(2.12) 0.0351

Pulse Pressure 91 -0.03(0.05) 0.5599
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Figure 2 Box plot of CBF and cognitive status 

 

 

Boxplot unadjusted. Text box β(SE) and P-value adjusted for age and sex

Cog. Impaired 

β(SE)= -4.41(1.66) 

p-value <.01 
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Figure 3 Box plot of CBF and race 

  

Boxplot unadjusted. Text box β(SE) and P-value adjusted for age and sex

African American β(SE)= 6.16(2.53) 

p-value=0.02.  
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Table 6 Associations of peripheral vascular factors and CBF by cognitive status in ADPPR  

Adjusted by age and sex
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Table 7 PWV and Cognition in ADPPR   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*LM=Logical Memory; Bolded words indicate Domains 

Model 1 adjusted for age, sex and education 

Model 2 adjusted for age, sex, education and CBF 

 

                     Pulse Wave Velocity

              Model 1               Model 2

B(SE) p-value B(SE) P-value

MMSE (N=91) -0.09(0.07) 0.1764 -0.11(0.07) 0.1024

Attention/Working memory (N=91) 0.14(0.14) 0.3053 0.13(0.14) 0.3475

   Digit Span Total (N=91) 0.14(0.14) 0.3053 0.13(0.14) 0.3475

Executive Function (N=83) -0.07(0.09) 0.4425 -0.07(0.09) 0.4156

   Trail making test part B (N=88) 0.06(0.08) 0.4235 0.07(0.08) 0.3500

   Verbal Fluency- FAS (N=85) 0.03(0.15) 0.8474 0.03(0.15) 0.8592

Language (N=88) 0.01(0.19) 0.9438 -.01(0.19) 0.9666

   Boston Naming (N=89) -.005(0.08) 0.9457 -.014(0.08) 0.8535

   Animal Fluency (N=90) 0.04(0.08) 0.6017 0.03(0.08) 0.6759

   Vegetable Fluency (N=90) -0.07(0.15) 0.6397 -0.08(0.15) 0.5911

Learning and Memory (N=78) -0.19(0.37) 0.6113 -.32(0.37) 0.3851

   AVLT trial 1 (N=84) -0.04(0.08) 0.6479 -.06(0.08) 0.4384

   AVLT Delayed Recall (N=86) -0.14(0.15) 0.3696 0.17(0.16) 0.2944

   BVMT-R Delayed recall (N=80) -0.18(0.17) 0.2770 -0.22(0.17) 0.1940

   BVMT-R Total recall (N=80) -0.26(0.16) 0.1118 -0.32(0.17) 0.0613

   LM- immediate recall (N=89) -0.08(0.08) 0.3079 -.098(0.08) 0.2203

   LM-delayed recall (N=88) -0.02(0.08) 0.8348 -.04(0.08) 0.6461

Processing Speed (N=90) -0.09(0.15) 0.5633 -0.098(0.15) 0.5047

   Digit symbol coding (N=90) -0.11(0.08) 0.1634 -0.11(0.08) 0.1688

   Trail Making test part A (N=90) -0.02(0.09) 0.8116 -.01(0.09) 0.9312
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Table 8 RM and cognition in ADPPR 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*LM=Logical Memory; Bolded words indicate Domains 

Model 1 adjusted for age, sex and education 

Model 2 adjusted for age, sex, education and CBF 

 

 

                    Reflection Magnitude

                                         Model 1                       Model 2

   B(SE)     P-value     B(SE)     p-value

MMSE (N=76) -1.01(0.80) 0.2113 -1.20(0.82) 0.1488

Attention/Working memory(N=76) -2.64(1.51) 0.0845 -2.93(1.53) 0.0601

   Digit Span Total (N=76) -2.64(1.51) 0.0845 -2.93(1.53) 0.0601

Executive Function (N=76) -1.11(0.95) 0.2466 -1.11(0.96) 0.2507

   Trail making test part B (N=74) 0.01(0.01) 0.1692 0.01(0.01) 0.1684

   Verbal Fluency- FAS (N=71) -1.08(1.56) 0.4934 -1.06(1.58) 0.5025

Language (n=74) -0.04(0.02) 0.0515 -0.04(0.02) 0.0444

   Boston Naming (n=75) -0.02(0.01) 0.0921 -0.02(0.01) 0.0885

   Animal Fluency (n=76) -0.02(0.01) 0.0455 -0.02(0.01) 0.0388

   Vegetable Fluency (N=75) -2.16(1.53) 0.1621 -2.30(1.54) 0.1399

Learning and Memory (n=65) -0.08(0.04) 0.0847 -0.08(0.04) 0.0669

   AVLT trial 1 (n=71) -0.02(0.01) 0.0710 -.02(0.009) 0.0468

   AVLT Delayed recall (N=72) -2.28(1.60) 0.1577 -2.42(1.63) 0.1428

   BVMT-R Delayed recall (N=66) -1.17(1.76) 0.5076 -1.45(1.79) 0.4231

   BVMT-R Total Recall (N=66) -0.96(1.79) 0.5947 -1.34(1.84) 0.4703

   LM- immediate recall (n=76) -0.02(0.01) 0.0143 -0.03(0.01) 0.0085

   LM-delayed recall (n=75) -0.02(0.01) 0.0369 -0.02(0.01) 0.0301

Processing Speed (n=76) -0.04(0.02) 0.0050 -0.04(0.02) 0.0057

   Digit symbol coding (n=76) -0.02(0.01) 0.0231 -0.02(0.01) 0.0322

   Trail Making test part A (n=76) 0.02(0.01) 0.0111 0.03(0.009) 0.0091
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Table 9a Arterial stiffness by PWV and CBF by MRI  

Author Journal Technique                                                   Results             Limitations 

Xing, CY (2017) 

Journal of 

Cerebral blood 

flow and 

metabolism 

MRI, Carotid-

PWV 

Authors found that women had higher CBF and lower cardiac output than men. 

Age and cf-PWV had negative correlations with CBF unadjusted.  
 

Turk, M. (2016) 

Journal of 

Stroke and 

cerebrovascula

r disease 

MRI and 

Carotid-PWV, 

ultrasound 

The authors found that their ischemic leukoaraiosis (ILA) group showed lower 

systolic and diastolic blood pressures, along with lower regional cerebral perfusion 

in the MCA, and had an increase in the stiffness of their carotid arteries. 

Advantage- ultrasound is 

readily available and non-

invasive 

 

Disadvantage- Small sample 

size 

Zarrinkoub (2016) 

Journal of 

cerebral blood 

flow and 

metabolism  

MRI, aortic-

PWV, TCD 

The authors found a cerebral artery dampening in both young and elderly subjects 

with the younger subjects having a higher rate.  PWV was not correlated with 

cerebral arterial pulsatility index. 

Small sample size (n=94) 

  

Study findings were 

inconsistent with others in 

that the authors found no 

correlation between PWV and 

Cerebral artery pulsatility 

index.  

 

Pase, MP (2016) Hypertension MRI, CF-PWV 

In the authors adjusted model, they found that the midlife participants in their 

observational study did not show a relationship with arterial stiffness and lateral 

ventricular volume. 

 

Arterial stiffness of the Aorta was associated with cognition in young to middle-

aged adults.  

Observational study so 

causality could not be shown.  

 

Not racially diverse, so not  

generalizable. 
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Author Journal Technique                                                    Results Limitations 

Kim, YB (2016) Atherosclerosis 
MRI and ba-

PWV 

The authors found brachial ankle PWV (ba-PWV) associated with both acute and 

chronic small vessel disease (SVD) 

 

Advantage: large sample size.  

Cooper, L. (2016) Hypertension 
MRI, and 

CFPWV 

Authors found that CF-PWV was related to a poorer memory score.   

 

Authors showed that cerebrovascular resistance was associated with cf-PWV and 

was also related to memory. 

 

Cross-sectional design-

causality cannot be 

determined. 

  

Not racially diverse in study 

population, so not 

generalizable to population.  

Tarumi (2014) 

Journal of 

cerebral blood 

flow and 

metabolism 

MRI and 

Transcranial 

Doppler.  

CFPWV 

Authors found that total CBF decreased with age. Sex related differences in total 

CBF with women having higher totals than men. 

 

The authors also found that there were both age and sex differences in CBF 

pulsatility which were independently associated with carotid PP and wave 

reflection  

Arterial pressure was not 

measured during MR imaging. 

 

Small sample size.  

 

Cross-sectional design: no 

causality proven 

Tarumi (2013) 
Journal of 

hypertension 

aortic pulse 

wave velocity 

and carotid 

ultrasound, 

MRI. 

Authors found that less stiffening of the carotid arteries was related to better 

neuropsychological outcomes when they accounted for age, sex, and education. 

They also found that less arterial stiffness was related to having higher CBF in the  

occipitoparietal 

 

Mitchell (2011) Brain 
MRI, and 

CFPWV 

The authors found that CF-PWV was associated with greater amounts of white 

matter hyperintensities.  

 

They also found that total CBF, along with white and grey matter volumes were 

associated with arterial pulsatility index.  

 

CF-PWV, wave reflection, was related to poorer cognitive performance.  

 

The authors studied an 

exclusively older sample—

limits generalizability.  

 

Study was cross-sectional- 

can’t prove causality.   
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Author Journal Technique                                                         Results Limitations 

Tarumui (2011) 

American 

journal of 

hypertension 

Arterial spin 

labelling (ASL), 

CFPWV 

Authors created 2 groups by establishing a median split of cfPWV time: median cf-

PWV was 1,090 cm/s.  

 

When the authors examined the group that consisted of the high cf-PWV they 

found that arterial stiffness was assoicated with lower CBF in several regions of 

the brain including the frontal lobe, parietal lobe, the white matter, and the 

hippocampus. 

Cross-sectional design- can’t 

show causality. 
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Table 9b Arterial stiffness by PWV and CBF by TCD 

 

Author             Journal Technique                                    Results                     Limitations 

Xing, 2018 Hypertension Ca-PWV and TCD  Authors found that aging was associated with higher cf-PWV and 

lower mean CBF.  

Cross-sectional study- no causality.  

 

Only healthy participants- hurts 

generalizability 

Fu, X. (2016) Journal of atherosclerosis 

and thrombosis 

Ba-PWV, ca-PWV, TCD The authors found that women had faster regional CBF in the 

Middle Cerebral Artery (MCA) than men. 

 

They alos, measuring carotid pulse pressure by ca-PWV, found 

that MCA pulsatility index increased as carotid PP increased.  

 

Jaruchart, T. 

(2016) 

Experimental gerontology  Ba-PWV and TCD Authors found that arterial stiffness was associated with age-

related differences in cerebrovascular conductance. 

Cross-sectional design- no causality can 

be proven.  

 

Small sample size.  

 

Authors didn’t take into account 

hormonal changes during younger 

women’s menstrual cycles  

Turk, M. (2016)

  

 

Journal of Stroke and 

cerebrovascular disease 

MRI and Carotid-PWV, 

ultrasound 

The authors found that their ischemic leukoaraiosis (ILA) group 

showed lower systolic and diastolic blood pressures, along with 

lower regional cerebral perfusion in the MCA, and had an 

increase in the stiffness of their carotid arteries.  

Advantage-  ultrasound is readily 

available and non-invasive  

 

Disadvantage- Small sample size 

Tarumi (2014) Journal of cerebral blood 

flow and metabolism 

MRI, TCD, and CFPWV Authors found that total CBF decreased with age. Sex related 

differences in total CBF with women having higher totals than 

men. 

 

The authors also found that there were both age and sex  

differences in CBF pulsatility which were independently 

associated with carotid PP and wave reflection 

Arterial pressure was not measured 

during MR imaging. 

 

 

Small sample size 

 

 

Cross-sectional design- no causality  
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Author Journal Technique                                          Results                       Limitations 

Kwater, 2014 Journal of Human 

Hypertension 

Ba-PWV and TCD The authors found sex-related differences in mean CBF levels.  

 

They also found an inverse relationship between age and mean 

CBF. 

 

After the authors adjusted for confounders, they found that PWV 

and mean CBF were not related.  

 

Xu (2012) American Journal of 

Hypertension 

TCD, and CFPWV Authors found that pulsatile pressure, which they stated was a 

measure of arterial stiffness, was related to regional blood flow in 

the MCA.  

 

Kim (2010)

 

  

European neurology TCD, MRI, and BaPWV The authors found that the Pulsatility index, which they used as a 

measure of CBF, of the MCA was correlated with ba-PWV 

 

 

They also found in an adjusted model that aging and ba-PWV 

were independently associated with pulsatility index of the MCA 

 

Robertson 

(2010) 

Journal of human 

hypertension 

Doppler ultrasound 

and baPWV 

The authors found a positive correlation between ba-PWV and 

Cerebrovascular Resistence index in an elderly population.  

Cross-sectional- no causation could be 

proved.  

 

Small sample size. 



51 

 

Table 10 Linearity plots for RM and cognitive domains  

A)  

 

B)    

 

C)      

 
 

 

 

 

 

 

 

 

  

D)    

 
 

 

 

 

 

 

 

 

  

Reflection magnitude and Mini Mental State Reflection magnitude and Working Memory 

Reflection magnitude and Executive Function Reflection magnitude and Language 
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E)   

 
 

 

 

 

 

 

 

 

 

                   

F)    

 
 

 

 

 

 

 

 

 

 

  

 

A-F: Unadjusted Linearity models of Reflection magnitude and Cognitive Domains. 

Reflection Magnitude and Learning and Memory Reflection Magnitude and Processing Speed 
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