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CHAPTER 1°

Introduction

As the population continues to age, the public health impact of age-related cognitive decline,
Alzheimer’s disease (AD), and related dementias (ADRD) is rapidly expanding.! Cognitive
dysfunction associated with normal aging and disease is common among older adults (Table 1.1),
and AD burden is expected to double nationwide? and triple internationally® by 2060 due
increasing numbers and proportions of older adults. In lieu of treatments to effectively manage this
public health crisis, there is a substantial need to better understand modifiable risk factors that
accelerate normal and pathological aging at the earliest stages (i.e., when intervention efforts may
be most effective). Unfortunately, clinical diagnosis, symptom management, and intervention
efforts are significantly complicated by the multifactorial nature of both age-related cognitive
decline and ADRD, particularly the exceedingly high prevalence of cerebrovascular disease

(CVD) in aging.

In recognition of 1) the strong links between cardiovascular disease, CVD, and cognitive
impairment and 2) the fact that it is often difficult to disentangle the cognitive contributions of
vascular factors, the concept “vascular contributions to cognitive impairment and dementia”
(VCID) has been proposed to encompass all vascular-related cognitive disorders regardless of
pathogenesis (e.g., cardiovascular, cerebrovascular, genetic).** Recently, the National Institutes of
Health designated VCID as a critical research priority given the proven ability to prevent and treat
cardiovascular disease and hypertension.® The first large-scale clinical trial investigating

modifiable risk factors for dementia, SPRINT-MIND, revealed that intensive blood pressure

2 This chapter is adapted from “Hemodynamics in Alzheimer’s Disease and Vascular Cognitive Impairment and
Dementia” published in Vascular Disease, Alzheimer's Disease, and Mild Cognitive Impairment: Advancing an
Integrated Approach (edited by Drs. David J. Libon, Melissa Lamar, Rodney A. Swenson, and Kenneth M.
Heilman) and has been reproduced with the permission of the publisher and my co-author, Dr. Angela L. Jefferson.



control was effective at reducing the risk of prodromal dementia but not dementia itself.”
Subsequent analyses of SPRINT-MIND data have revealed that blood pressure variability was
associated with the development of probable dementia despite excellent blood pressure control,
indicating that blood pressure variability has an independent effect on cognition that warrants
further investigation.® Age-related stiffening of the arteries, particularly the aorta, is a primary
driver of blood pressure variability, the development of hypertension, and many other markers of
blood pressure dysregulation during aging.’ The following research will thus investigate the role
of aortic stiffness in cerebrovascular and cognitive dysfunction during aging. Findings will
elucidate the roles of aortic stiffness as a biomarker for identifying individuals at hemodynamic

and cognitive risk and as a potential mechanism leading to worse brain aging outcomes.

Table 1.1: Prevalence of Age-Related Cognitive Dysfunction & Neuropathology

Specific Condition or Disorder a dll;lrt ZV:gIZI(;CgSﬂ General Category
Age-associated Memory Impairment'%!! up to 38%!? Mild-to-modest
Age-associated Cognitive Decline up to 27%'415 cognitive impairment
Mild Cognitive Impairment!'®!” 22%>18 (up to 50% prevalence!'?)
Late Onset Alzheimer’s Disease AL104219
(i.e., 60-80% of dementia cases') Dementia
Vascular Dementia B30, (10-18% prevalence!®20)
(i.e., 15-20% of dementia cases?')
Prevalence
Neuropathology (general population General Category
without dementia)
Amyloid positivity 20-40% —
rtical Infarct -35%2!
I(j;)curclar Infar(c:tz ;-12(?;?;’22 Small Yessel Disease
Microbleeds 15-40%?! Biomarker
' l\jhxed Pathology ' ~50% o
(Alzheimer’s + Small Vessel Disease)

Note. Cognitive dysfunction associated with normal aging is very common (27-38%), and can be clinically applied in
healthy persons as young as age 50.!° Age-associated memory impairment represents the mildest form of age-related
cognitive dysfunction and is characterized by self-perception of memory loss and a standardized memory test score
showing a decline in objective memory performance compared with younger adults.?> As many as 50% of older adults
experience mild-to-modest cognitive impairment that does not interfere with normal daily living but may reduce the



ability to learn new information, slow mental processing and performance speeds, and increase susceptibility to
distractions.!* Dementia is a general term reflecting more severe cognitive impairment that interferes with daily life.
Specific types of clinical dementia include Alzheimer's disease, vascular, mixed, Lewy body, frontotemporal, and less
common forms (e.g., Huntington's disease).

A Alzheimer’s disease dementia estimates reflect the presence of amyloid-beta, tau, and other neuropathology
associated with dementia. Mixed dementia is more common than previously recognized, with more than 50% of people
diagnosed with Alzheimer’s dementia showing co-occurring neuropathology.?*?

BVascular dementia estimates reflect the presence of cerebrovascular disease neuropathology alone.

1.1 Early Cerebrovascular Dysfunction Accelerates Cognitive Aging

Vascular risk factors are a significant contributor to both age-associated cognitive decline and
dementia.?®?® Cerebrovascular pathologies are commonly reported in 50-84% of older adults and
independently relate to cognitive decline, particularly features of cerebral small vessel disease
(SVD).?” In fact, CVD may help partially explain patterns of age-related cognitive decline given
that CVD predominantly affects the same neural systems, particularly the prefrontal cortex and
medial temporal lobe, and patterns of SVD in neurodegenerative diseases are remarkably similar.*°
In the last half-century, a growing body of evidence has shown that the majority of AD pathology
co-occurs with cerebrovascular disease.®' Specifically, up to 80% of clinical dementia cases are
thought to have a cerebrovascular pathological etiology?! and over 56% of autopsy-confirmed AD
cases include cerebrovascular pathology.*? However, it has been incredibly difficult to disentangle

the effects of SVD from AD and other related disease processes.

SVD likely increases the risk for both pathological and clinical AD in its earliest stages (Figure
1.1, top), interacting with neuropathological proteins to lower the threshold for the clinical
expression of dementia and promote more rapid cognitive decline. Co-occurring cerebrovascular
pathologies contribute to earlier clinical onset and more rapid decline in cognition,* lowering the

threshold of AD pathology needed to develop clinical dementia,?*3

and magnifying the effect of
early AD changes. However, whether co-occurring neuropathology interact or independently
affect clinical disease progression remains an open question. Strong evidence suggests each

neuropathology likely contributes to clinical progression along shared pathways. Furthermore, the



clinical impact of co-occurring neuropathology may depend on the severity of AD neuropathology,

with greater effects of co-occurring neuropathology when detectable AD neuropathology is lowest.

SVD pathologies and radiological features likely result from hemodynamic dysregulation
promoted by aortic stiffness, including increasing blood pressure variability and systolic blood
pressure. Specifically, blood pressure dysregulation induces arteriolar wall disintegration (e.g.,
arteriolosclerosis, cerebral amyloid angiopathy) and hemodynamic events (e.g., capillary
dysfunction in the absence of physical flow-limiting vascular pathology?®’), both of which weaken
the vulnerable endothelium of cerebral vessels and capillaries and promote blood-brain barrier
(BBB) permeability.’%4° Confirming this tight relationship between SVD and hemodynamic
dysregulation, the first integrative data-driven model of AD progression demonstrated that cerebral
hypoperfusion is the earliest alteration in the clinical progression of AD (Figure 1.1, bottom).*!
Findings suggest vascular dysregulation may have a role in the early cascade of events associated

with the AD.



Figure 1.1: Cerebrovascular Disease & Cerebral Hypoperfusion Occur Early in AD (from
Kalaria et al., 20213 and Iturria-Medina et al., 2016*")
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SVD features includes changes in vascular function, such as CBF, blood pressure variability, perfusion pressure,
PWYV, and BBB damage, but whether cerebrovascular and hemodynamic markers precede the classically recognized
biomarkers of disease is debatable. Bottom Panel: Iturria-Medina et al., 2016*! published the first integrative data-
driven model of AD progression using Alzheimer’s Disease Neuroimaging Initiative biomarkers (e.g., spatiotemporal
alterations in brain AP deposition, metabolism, vascular, functional activity at rest, structural properties, cognitive
integrity, and peripheral protein levels), which suggested cerebral hypoperfusion is the earliest alteration; their
proteomics findings also indicate peripheral vascular and inflammatory CSF proteins are the strongest protein
alterations (i.e., higher sensitivity to disease progression than CSF A4z and tau), including peripheral inflammation
(i.e., plasma IP-10), peripheral insulin resistance (i.e., plasma proinsulin), and lipid/fatty acid metabolism (CSF
hFABP,* CSF ApoA*) proteins. While interactions between vascular and neurodegenerative processes may not be
understood, findings suggest vascular dysregulation may have a role in the early cascade of events associated with the
AD progression.



1.1.1 Cerebral Hemodynamic Regulation is Normally Protective but Susceptible to Aging

The brain is one of the most metabolically demanding organs in the human body, consuming 20%

4445 and glucose?® metabolism and 10-15% of cardiac output*’*® despite only

of total oxygen
accounting for 2-3% body mass. Since the brain has minimal local energy reserves available, its
metabolism is highly dependent on a continuous supply of blood for access to oxygen and glucose.
Given its high energy demands, the brain is thus one of the highest perfused organs and is
incredibly sensitive to metabolic deficits, with ischemia-hypoxia causing irreversible neuronal
damage within five minutes. To maintain appropriate blood flow levels, the brain has sophisticated
mechanisms of cerebrovascular regulation that 1) ensure consistent cerebral blood flow (CBF)

levels regardless of external, ongoing fluctuations in systemic blood pressure and 2) meet internal,

activity-based fluctuations in metabolic demand for additional blood.

CBEF is tightly controlled by different mechanisms depending on the stimulus, including variations
in steady-state perfusion pressure (i.e., cerebral autoregulation), neural metabolism (i.e.,
neurovascular coupling), and rapid changes in perfusion pressure (i.e., neurogenic control).
Cerebral autoregulation is the primary process that maintains stable CBF in the face of changes in
cerebral perfusion pressure driven by successive cardiac cycles (Figure 1.2A). Autoregulation
mechanisms regulate cerebrovascular resistance to flow by changing cerebral vessel diameters
(i.e., the myogenic response defined by vasoconstriction or vasodilation in response to
intravascular blood pressure).*’ Vasoconstrictions increase resistance to counteract high cerebral
perfusion pressures, while vasodilations reduce flow resistance to supplement low perfusion
conditions. Autoregulation thus protects the brain against central blood pressure fluctuations by
counterbalancing changes in the cerebral perfusion pressure gradient. Cerebral autoregulation is
maintained across the healthy mean arterial pressure (MAP) range of 60-150 mmHg, but
pathological elevations in pressure outside of this range (e.g., hypertension) as well as alterations
in vascular resistance (e.g., head trauma) can lead to a loss of these homeostatic mechanisms

(Figure 1.2B). When cerebral autoregulation is compromised, cerebral perfusion becomes more



affected by central blood pressure and susceptible to pathological changes. In addition to dynamic
changes in diameter determined by the myogenic response, basal cerebrovascular tone is also
influenced by inherent structural properties that alter fluid dynamics, including compliant wall
structures,>® variable blood viscosities,’! and non-laminar flow profiles near vessel branches>? that
promote countercurrent, disorganized, or higher velocity patterns (e.g., vortex and turbulent flow).
Ultimately, age-related compromises in the structural and functional properties of cerebral arteries
compromises the brain’s hemodynamic regulation mechanisms and make it more vulnerable to

systemic hemodynamics (e.g., age-related cardiovascular changes).



Figure 1.2: Hemodynamic Determinants of Cerebral Autoregulation

A. Systemic and Cerebral Drivers of CBF Regulation
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Note. Panel A: Cerebral blood flow (CBF) regulation is based on the balance of cerebral perfusion pressure (CPP)
and cerebrovascular resistance. CPP is driven by mean arterial pressure (MAP), a measure of inflowing blood pressure
determined by systemic cardiovascular function. Cerebrovascular resistance is driven by arterial radius (i.e., myogenic
tone), which is regulated by a combination of cerebral autoregulation, metabolic regulation, chemical regulation, and
neurogenic regulation mechanisms. Panel B: Cerebral autoregulation is the primary mechanism that maintains stable
CBEF in the presence of fluctuating central blood pressure. Although CBF is thought to remain constant over CPP of
60-150 mmHg, conditions such as hypercapnia (end-tidal CO2>45mmHg) and hypertension (blood pressure >130/90
mmHg) may cause shifts in the autoregulatory curve and promote increased vulnerability to hemodynamic
dysregulation.
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1.2 Cardiovascular Dysfunction Increasingly Impacts Brain Health over the Lifespan

As the central blood pump of the human body, the heart plays an essential role in hemodynamic
regulation and determines critical characteristics of initial blood flow, including volume, pressure,
and pulsatility. Like dementia, cardiovascular dysfunction becomes increasingly common with
advancing age, with 28% of older adults experiencing some form of prevalent cardiovascular
disease (e.g., coronary heart disease, angina, heart attack, heart failure, or peripheral artery
disease).>} Furthermore, as many as 97% of older adults also have at least one key cardiovascular
risk factor, including high blood pressure, diabetes, high cholesterol, or smoking, all of which are
associated with a higher burden of subclinical cardiovascular dysfunction.>* Strongest evidence
suggests both mid-life hypertension and obesity are associated with future risk of dementia. It is
clear that alterations in cardiovascular structure and function has implications for brain health,

particularly among older adults with more vulnerable cerebrovascular systems.

Outside of dementia outcomes, severe cardiac dysfunction in the form of clinical heart failure is a

known risk factor for cognitive impairment,’*-® likely through microvascular dysfunction and

61-63 64,65

reduced CBF.>*%° However, evidence from our group®!-%3 and others®+®° suggests even subclinical

reductions in cardiac output are associated with worse cognitive outcomes. Lower cardiac output

61

is associated with worse executive function in aging cardiac patients,”’ worse information

processing speed and executive function in middle-age and older community dwelling adults,5%6
and a higher risk of incident clinical dementia and AD in community-dwelling aging adults.%
Nearly all of these findings persist when excluding participants with heart failure, prevalent

62.63.66 suggesting subclinical changes in cardiovascular

cardiovascular disease, or arrhythmias,
function with advancing age correspond to worse cognition and cannot be explained by shared

vascular risk factors or disease.

Theoretical models linking more severe cardiac dysfunction to AD support reduced systemic

perfusion as a primary driver of reduced CBF (as we have recently observed in a subclinical



setting®’) but further implicate maladaptive neurohormonal changes, inflammation, and
microvascular dysfunction as secondary contributors to impaired CBF.>® These more mild,
prolonged damage pathways are likely larger drivers of cerebrovascular and neuronal dysfunction
in subclinical cardiac dysfunction rather than outright ischemia and neuronal failure. It is important
to note that although cerebral autoregulation mechanisms generally serve to maintain a constant
CBF level (see Section 1.1.2 above), the accumulation of vascular risk factors and vascular
damage with older age may compromise the integrity of these mechanisms.®® Thus, in the setting
of advanced aging with a lifetime of vascular burden exposure, subtle cardiovascular dysregulation
may exert a larger adverse impact on brain health, including the development or progression of

SVD, AD pathology, and neurodegeneration.

1.3 Age-Related Aortic Stiffness Relates to Compromised Brain Aging

Most recently in human studies, age-related aortic stiffness (as assessed by aortic pulse wave
velocity (PWYV)) has been associated with compromised white matter microstructure (e.g.,
demyelination and axonal degeneration biomarkers on diffusion tensor imaging), SVD® (e.g.,
silent subcortical infarcts,’® white matter lesions’®’"), and neurodegeneration (e.g., lower grey
matter volume 77?). While age-related aortic stiffness is purported to drive microvascular tissue
damage via earlier-stage cerebral hemodynamic dysfunction (e.g., increased pulsatility, cerebral
hypoperfusion), this hypothetical link has yet to be well characterized among older adults (Figure
1.3). However, studies at the research forefront suggest broader central arterial stiffness may relate
to numerous determinants of the CBF response (e.g., cerebrovascular resistance among older
adults, blood pressure dysregulation among older adults, cerebrovascular hemodynamic pulsatility
among younger adults, impaired ability to augment blood flow in response to stimuli among older
adults), all of which are likely functional consequences of stiffness-induced target organ damage
(e.g., arterial remodeling, endothelial dysfunction) in theoretical models. Yet, no studies to-date

have examined associations between age-related aortic stiffness and CBF among older adults,



although smaller studies using middle-aged adults or indirect (and severely limited) ultrasound
indices of CBF suggest this may be the case among older adults. Furthermore, most PWV-
cognition studies have relied on cross-sectional approaches and measures of global cognition,’
highlighting the need for longitudinal cognitive studies capable of examining numerous cognitive

domains reflective of distinct region- or network-related brain function.
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Figure 1.3: Purported Effects of Aortic Stiffness on Brain Health (adapted from Jefferson,
Cambronero et al., 20187 and Iulita et al., 20187%)
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Note. Top Panel: (A) A healthy aortic wall is compliant, and vascular
segments gradually stiffen toward the periphery. Mismatch in vascular
wall properties and gradual arterial branching creates beneficial wave
reflection sites that reduce forward pulsatile transmission and reflect
backward waves for cardiac reperfusion. (B) A compliant aorta mediates
continuous blood flow throughout the cardiac cycle and dampens
pulsatility. (C) Blood flow from the heart into the brain is further regulated
by microvascular vasodilation and vasoconstriction. These mechanisms
can ensure adequate delivery of energy substrate to tissue and serve to
dampen pulsatile energy. (D) With advancing age, the aorta thickens and
stiffens, reducing impedance mismatch, increasing transmission of
damaging pulsatility into end organs, and contributing to early retrograde
waves that augment systolic pressure and reduce diastolic flow over time.
(E) These changes may contribute to reduced perfusion in high-flow
vulnerable organs and possibly more turbulent flow throughout the
system. (F) The effect of aortic stiffness on cerebrovascular structure and
function in humans is less well studied. Existing evidence suggests that
aortic stiffness contributes to altered vascular resistance, corresponding
cerebral perfusion pressure, and compromises in blood-brain barrier

integrity, potentially contributing to reduced brain perfusion. Bottom Left Panel: Based on animal studies, proposed
mechanisms by which arterial stiffness leads to cognitive impairment include higher pulsatility of large and medium-
sized blood vessels, increased state of oxidative and inflammatory damage, and disruption of endothelial cell function,
leading to blood-brain barrier permeability, neurovascular uncoupling, and CBF compromises.
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1.4 Patterns of Cerebral Hemodynamic Dysregulation in Aging & AD

1.4.1 Aging-Related Perfusion Changes

Brain structure, activity, blood flow patterns, and cognitive abilities all undergo patterned changes
with normal aging. While AD and other dementias impair daily function, age-associated cognitive
impairments are subtle, including occasional forgetfulness and slower information processing
speeds.” These cognitive impairments reflect similarly subtle structural and functional brain
changes, including tissue perfusion. The earliest CBF studies using gold-standard PET
measurements demonstrated CBF reductions in the aging brain, particularly in limbic or
association cortices.”® More recent studies using arterial spin labeling (ASL) magnetic resonance
imaging (MRI) have reliably confirmed global hypoperfusion with age but also revealed regional
hyperperfusion patterns. Older adults experience decreased perfusion predominantly in precuneus,
superior temporal region, and orbitofrontal region, but they also experience increased perfusion in
caudate, posterior cingulate, anterior cingulate and amygdala.”” Furthermore, flow asymmetry is
inversely related to memory performance in cognitively normal adults,’® suggesting increasingly

asymmetrical perfusion patterns may be a marker of worse cognitive aging.

Unlike neurodegeneration, the mechanisms underlying age-related changes in CBF remain harder
to isolate and largely unclear. Decreased regional CBF (rCBF) in older adults may result from a
reduction in neuronal and synaptic number or activity, which can manifest as brain atrophy and
reduced CBF demand. However, age-related declines in CBF also occur independent of

atrophy,”*-%

and in these cases, decreased rCBF may be due to microvascular damage which can
also act as a primary driver of neurodegenerative processes in aging and AD. Theories in the AD
literature further suggest that hypoperfusion patterns may serve as a remote indicator of medial
temporal cortex damage or a general indicator of functional disconnection.?!:82 On the other hand,

increased rCBF can indicate pathological neural overactivation® or compensation for failing

neighboring regions.
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It is very likely that a lifetime burden of systemic vascular risk factors may contribute to
dysregulation of blood supply, particularly when cerebral autoregulation mechanisms begin to fail.
For example, autoregulation may become compromised in hypertension,** leading to a rightward
shift in the pressure-perfusion curve (Figure 1.2B) for which higher perfusion pressures are
needed to maintain the same level of CBF. Failing autoregulatory mechanisms may make the brain
more susceptible to central hemodynamic changes. Recent research suggests among older adults
with no history of clinical dementia or stroke, subclinical and modest alterations in systemic
hemodynamics, including arterial stiffness’® and reductions in cardiac output,’’ are related to
reductions in CBF independent of co-occurring vascular risk factors (e.g. hypertension, diabetes)
and prevalent cardiovascular disease. These associations are particularly evident in the temporal
lobes. Growing evidence supports widespread relationships between common cardiovascular risk
factors and alterations in CBF. Theoretical models, such as Zlokovic’s “two-hit hypothesis,”
suggest these initial, mid-to-late life vascular alterations may increase the brain’s susceptibility to

oligemic or ischemic injury, cognitive impairment, and AD later in life.%

1.4.2. AD-Related Perfusion Changes

Deviations from normal aging CBF profiles occur early in AD progression, before detectable tissue

atrophy,*!-86

and most noticeably as global hypoperfusion that correlates with cognitive
impairment.®” However, many studies have reported a mismatch in regions affected by cerebral
hypoperfusion and neurodegeneration in AD, indicating that early hypoperfusion may relate to
neurodegeneration through general functional disconnection (e.g., across the default mode
network) or serve as a biomarker of damage in the distal but connected medial temporal cortex.?!
For example, while early hypoperfusion of the medial parietal cortex (i.e., precuneus, posterior

cingulate cortex) and posterior temporoparietal cortex appear to be most consistently implicated

in AD,318889 atrophy of the distant medial temporal cortex (in particular the entorhinal cortex and
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hippocampus™) is the earliest structural change in AD.?! Associations between hypoperfusion in
watershed regions (i.e., precuneus, angular gyrus) and medial temporal cortical atrophy support
their interconnectedness.®! Interestingly, unlike normal older adults, flow territory asymmetry is
positively correlated to memory performance in adults with prodromal AD,”® suggesting flow
asymmetry may further develop as a protective mechanism in early, prodromal AD to recruit
additional resources for tissue operating at maximal cerebrovascular capacity. However, the
question of whether vascular insufficiencies reflect emerging neurodegeneration or pathology,
rather than serving as primary drivers of neurodegeneration in aging and AD, remains highly
debated. Hypoperfusion in AD likely reflects the combined disease burden of neurodegeneration
and SVD,*? and longitudinal evidence in community-dwelling adults suggests lower CBF may
drive brain atrophy over time in adults over age 65.%° Furthermore, watershed cortical infarcts have
been associated with AD, indicating that cerebral hypoperfusion may aggravate the degenerative
process and worsen dementia by inducing cortical watershed microinfarcts in addition to well-
established white matter changes.”* The most prominently featured vascular dysfunction pathways
linked to AD in the literature to-date include BBB breakdown, hypoperfusion-hypoxia, and

endothelial metabolic dysfunction.

1.4.2.1 AD Pathology Promotes Vascular Dysfunction

Cerebrovascular pathology has overlapping and even possibly synergistic effects with amyloid and
tau pathologies, the pathological hallmarks of AD.?* In autopsy series, cerebrovascular pathology
reflects the second most common pathology after AD?! and the most common pathology to co-
occur with AD.”*% Furthermore, vascular dysfunction is common in AD. Both patients with
prodromal AD®7 and transgenic AD mouse models **°° have accelerated BBB breakdown, along
with focal microcirculatory changes, such as string vessels, alterations in capillary density, rises

in endothelial pinocytosis, decreases in mitochondrial content, accumulation of basement
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membrane proteins,'? and loss of tight junctions.®> These prominent AD-related vascular changes
p ght] p g

have intimate interactions with AP and tau pathology, as described below.

Amassing evidence suggest cerebrovascular compromise may contribute to impairments in
amyloid transport across various clearance pathways. AP is eliminated from extracellular spaces
primarily via exchange across the BBB.!! However, a smaller percentage of AP clearance is also
supported by interstitial fluid (ISF) bulk flow pathways, including traditional perivascular
clearance!®? (i.e., CSF drainage through the periarterial space and along smooth muscle cell walls
of capillaries and arteries)!%*1% and glymphatic perivascular clearance (i.e., CSF drainage through
the perivenous space).!?”1% Small vessel injury likely affects AP accumulation across varied
perivascular!!®!!! and BBB!!? clearance pathways. Molecular evidence in AD further indicates
impairments in A receptor expression along the BBB, including increased receptors for advanced
glycation end products involved in A influx into the brain and decreased lipoprotein receptor-
related proteins involved in A efflux into the circulation.'!? In addition to clearance impairments,
hypoperfusion in AD creates a metabolically deregulated environment (e.g., glucose
hypometabolism) and stimulates both entry and aggregation of peripheral A into the vasculature
as well as production and deposition of AB in the parenchyma.!!*!!> Furthermore, although Ap is
known to be produced from neuronal membranes, local AP release from degenerating smooth
muscle cells highlights potentially overlapping roles of cerebrovascular cells in AB production.!!®
Chronic hypoperfusion may promote AP pathology across tissues through aberrant amyloid
precursor protein processing (e.g., increases in B-secretase/y-secretase amyloidogenic activity!!?),
but stronger evidence suggests cerebrovascular dysfunction may promote Ap accumulation more

so through abnormal clearance pathways rather than upregulated production pathways.

Evidence supporting AB-vascular interactions suggests pathological changes in CBF may occur
along shared pathways with AP pathology (Figure 1.4). For example, higher global AP loads are

associated with reduced CBF.!'® Notably, various forms of AP can impair vessel function,
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including parenchymal plaques, toxic soluble oligomers,'!” and widespread vascular deposits (i.e.,
cerebral amyloid angiopathy), the latter of which occurs in 82-98% of AD cases.!? On a cellular
level, AP pathology promotes oxidative stress and inflammation, which cause endothelial and
pericyte damage, basement membrane thickening, and degeneration of smooth muscle cells, a
common feature of AD. This AB-induced cerebrovascular disruption is thought to promote BBB
permeability, inducing angiogenesis as a regenerative (but likely maladaptive) response. However,
alternative hypotheses suggest A may directly stimulate pathological angiogenesis in AD
independent of vascular damage, thereby implicating hypervascularization as the cause (rather
than the effect) of BBB disruption and a potential therapeutic target.!?! Regardless of the
underlying causality, Ap-associated loss of vascular integrity compromises the structural and
functional integrity of cell types involved in hemodynamic regulation, driving BBB transport

impairments, endothelial dysfunction, and CBF dysregulation throughout the arterial tree.
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Figure 1.4: Spatial Progression of AD Neuropathology (from Jucker et al., 2013'22)

Note. AD is characterized by diffuse extracellular, neuritic AP plaques (top left) along with intracellular
neurofibrillary tangles and neuropil threads composed of hyperphosphorylated tau (bottom left). As the level of AP
reaches a tipping point, there is a rapid spread of tau throughout the brain, and the currently most accepted model
indicates AP pathophysiology may be an upstream pathophysiological event that triggers/facilitates downstream tau
pathways (e.g., tau misfolding, tau-mediated toxicity, accumulation in tangles, tau spreading that leads to cortical
neurodegeneration).!” Panel E: The Thal et al., 2002 AB phase (TAP) scoring system describes AP spread from
neocortex, to allocortex, and finally subcortical regions; darker regions indicate continued AP deposition in the same
areas.'?* Preclinical stages (Phases 1-3) include neocortical temporobasal and frontomedial areas (e.g., anterior and
posterior cortical midline structures, lateral temporo-parietal association areas, and the inferior temporal lobe) (Phase
1); allocortex (e.g., entorhinal region, hippocampus CA1) (Phase 2); subcortical regions (e.g., diencephalic nuclei,
striatum, the cholinergic nuclei of the basal forebrain, thalamus) and primary sensory-motor areas (Phase 3). Clinical
stages (Phases 4-5) include brainstem nuclei (e.g., substantia nigra) (Phase 4); and cerebellum and lower brainstem
nuclei (e.g., pontine nuclei, locus coeruleus) (Phase 5).!2* Competing theories propose that AP accumulates i) due to
transmission from a small number of seed regions through neuroanatomically connected regions '** (e.g., retrograde
transport from axon terminals near AB plaques by means such transynaptic spread'?>-'?’) or ii) due to different inherent
regional carrying capacities,'?® wherein A starts in all brain regions simultaneously but regions with higher carrying
capacities will accumulate more amyloid over time (e.g., anterior cingulate gyrus, precuneus, frontal operculum
cortex).!?* Panel F: The six Braak et al.,1991%° tau stages describes tau tangles first in the transentorhinal cortex,
subsequent spread throughout the medial and basal temporal lobes, then into neocortical associative regions, and
finally into the unimodal sensory and motor cortex; darker regions indicate continued hyperphosphorylated tau
deposition in the same areas. Unlike long-term transmission of AP aggregates, tau aggregates are likely successively
re-generated; various tau species spread along neuroanatomically connected regions via prion-like self-propagation,
wherein pathogenic misfolded tau is internalized and acts as “seeds” that recruits soluble endogenous tau into larger
aberrant conformations that continue to propagate across interconnected brain regions.!? While strong evidence
suggests neurofibrillary tangles and neuropil threads occur first in the locus coeruleus (i.c., transentorhinal cortex),
evidence of the earliest regions accumulating amyloid is mixed, including reports of temporal lobe regions'3
(consistent with early neuropathological estimates) and default mode network core regions!*!!33 (i.e., precuneus,
medial orbitofrontal cortex, anterior and posterior cingulate cortex).
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In addition to AP pathology, hyperphosphorylated tau oligomers have been shown to accumulate

in the microvasculature of AD patients'**

and induce blood vessel abnormalities (e.g., spiraling
morphologies, lower vessel density) as well as CBF obstructions.!3> Although cerebrovascular
effects of hyperphosphorylated tau may be a consequence of increased soluble AP around cortical
arteries,!3® hyperphosphorylated tau may also have AB-independent associations with CVD.
Recent evidence indicates that neurofibrillary tau pathology mediates cognitive decline
independent of AP pathology.!*” Furthermore, chronic cerebral hypoperfusion enhances tau

8 including through hypertension-induced vascular dysfunction,'?

hyperphosphorylation,?
suggesting that hyperphosphorylated tau production may also be implicated in early CBF
dysregulation events. Tau pathology is suggested to induce cerebral arterial remodeling prior to

0 and tau alone is known to initiate

AD-related microvascular cerebral amyloid angiopathy,'*
breakdown of the BBB.'"! Although it is not well-established whether tau pathology
predominantly contributes to or is driven by the development of AP pathology, it undoubtedly

serves a pivotal role as the final common pathway for cognitive impairment due to both vascular

and AD pathologies.!*’

The vascular structural abnormalities in AD brains described above likely increase vascular
resistance and contribute to hypercontractility and hypoperfusion. Indeed, recent studies show
increased pulsatility and resistance indices in AD.!*? Moreover, functional deficits in
neurovascular unit signaling may contribute to neurovascular uncoupling, which is well-
documented in AD.!*-146 Age- and AD-related alterations in cerebrovascular structure and

functional reactivity may reduce the efficacy of cerebral autoregulation,!4-148

especially when
vascular risk factors are present.0%147:149-151 Ty this manner, the brain may be more vulnerable to
damage over time, particularly from exposure to subtle age-related alterations in cardiovascular

hemodynamics.
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1.4.2.2 AD Genetic Risk Promotes Cerebrovascular Dysfunction

Classic AD pathology does not fully account for cognitive impairment in clinical AD however, so
other factors, such as cerebrovascular pathologies, likely contribute to a portion of clinical
symptoms (in addition to potential overlapping synergistic effects with existing AD pathology
discussed above). Cerebrovascular risk factors may worsen pathological AD progression or may
be an initial contributor in dysfunction. In particular, the apolipoprotein E (4POE) €4 allele, the
strongest genetic risk factor for AD,!*? is also a well-supported molecular moderator of vascular
damage. Furthermore, APOE €4 is also among the most common AD risk alleles with a 25%

heterozygote prevalence and 2-3% homozygote prevalence.

ApoE is a secreted lipoprotein whose major function is to transport cholesterol and other lipids in
the bloodstream, and the e4 variant of this protein impairs intracellular lipid metabolism, thereby
driving lipid imbalances that impair normal cellular function (e.g., molecular transport, generating
energy).'>? In the brain specifically, ApoE4 (i.e., protein) is primarily expressed by astrocytes and
microglia (i.e., cell types playing key roles in AD pathogenesis) and thus disrupts unique functions
(i.e., lipid buildup in APOE &4 astrocytes'>*).!> While ApoE4 is known to drive AP pathology
through both disruptions in metabolism and aggregation, it also drives disruptions in numerous
AB-independent pathways that include synaptic plasticity, neuroinflammation, and

cerebrovascular integrity and function.!>®

APOE g4 genotype relates to decreased AP clearance and increased deposition,'*® which may drive
vascular damage. However, APOFE €4 carrier status has also been shown to exert stronger effects
than AP positive status on CBF changes in clinical AD and MCI,'>7 suggesting this genetic risk
factor may impact CBF through AB-independent pathways (i.e., outside the context of classical
AD). Furthermore, APOE €4 carrier status strengthens vascular associations with brain health

158

outcomes, including atrophy and white matter integrity.">® Individuals with AD have increased
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blood brain barrier permeability, a pathology which is even more pronounced for APOE &4
carriers” and associated with reduced cortical and hippocampal pericytes.!> Experimental models
in transgenic AD mice suggest cyclophilin A (CypA), a proinflammatory cytokine, is a key target
for treating APOE g4-mediated vascular damage, as astrocyte-derived APOE €4 leads to activation
of the proinflammatory CypA-matrix-metalloproteinase-9 pathway in pericytes, enzymatic
degradation of tight junction proteins, blood brain barrier breakdown, and CBF reductions.!'®® This
damage to cerebrovascular integrity appears to occur prior to neuronal dysfunction.!6%16! Recent
studies also suggest APOEF €4 presence drives pericyte degeneration and accumulation of CypA in

pericytes and endothelial cells.!6?

If individuals at genetic risk for AD experience impaired
angiogenic or vasculogenic potential, they may be more susceptible to hypoperfusion and

compromised vessel reactivity mechanisms.

1.5 Hypoperfusion-Hypoxia Drives Neuronal Dysfunction & Damage

To continuously process neural activity underlying cognition, the brain is highly dependent on
neurovascular coupling to cellular demands, subsequent vascular blood supply, and efficient
nutrient extraction/transport from blood to cells. Hypoperfusion-hypoxia (i.e., insufficient supply
of oxygen relative to the tissue’s metabolic demand due to low blood flow) rapidly increases
vulnerability to cognitive impairment. Longer periods of hypoperfusion-hypoxia induce cell
dysfunction and death that is exacerbated by reperfusion (see Kalogeris et al., 20126 for review
of ischemia cell biology). In short, hypoperfusion-related tissue damage results from metabolic
failure, including impairment of ionic pumps; ionic imbalance and accumulation of cytosolic
sodium and calcium ions and extracellular potassium; resultant water influx into cells and tissue

swelling; and permanent depolarization of cell membranes.'®*

Ischemia-related cell injury
ultimately promotes microvascular dysfunction (e.g., BBB breakdown), cerebrovascular
pathology (e.g., white matter lesions, infarcts), and secondary neurodegeneration along with

network-wide dysfunction.!®> Interestingly, animal models suggest the dominant mechanisms
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underlying vulnerability to both oligemia and ischemia may very across the lifespan, including
both BBB permeability and cellular vulnerability.!%® Across cell types, target cells for damage
include vascular smooth muscle cells, endothelial cells (including BBB junctional complexes),
oligedendrocytes, and neurons with high metabolic demands or within regions predisposed to low
CBF supply (i.e., watershed regions). Among humans, regional differences in vulnerability to

1schemia and tissue infarction also exist.

1.5.1 Regional Patterns of Vulnerability to Cerebral Hypoperfusion-Ischemia

The brain regions most vulnerable to hypoperfusion-hypoxia in normal aging are those with
anatomical susceptibility to global hypoperfusion (e.g., watershed regions where the tissue is
furthest from arterial supply), tissue with high metabolic demands (i.e., lower thresholds for
hypoxic brain injury), and susceptibility for neurovascular unit dysfunction (e.g., neurovascular
uncoupling; BBB permeability; impaired dilation reactivity and capillary tone). Thus, we can
expect patterned susceptibility to hypoperfusion in regions such as lateral frontal and occipital
cortex as well as white matter in the centrum semiovale or corona radiata (i.e., watershed regions);
highly active grey matter; and hippocampus (i.e., sites of early-stage BBB breakdown in
aging!'®”-16%), Additional characteristics that may affect vulnerability to hypoperfusion-hypoxia and
underlie the heterogeneity of the blood oxygen-level dependent signal'® include regional
differences in the determinants of flow (e.g., pressure, resistance, vessel reactivity) as well as
network-wide factors (e.g., reduced collateral support from neighboring regions), but these factors
are less well investigated. Overall, vulnerability to hypoperfusion-hypoxia in aging is likely to

occur due to a combination of intrinsic tissue factors and network-wide characteristics.
Evidence from animal models indicates that neuronal populations selectively vulnerable to

ischemic damage include cortical pyramidal neurons; cerebellar Purkinje cells; subpopulations in

the amygdala, striatum, thalamus and brainstem nuclei; and particularly consistent evidence in
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support of CA1 hippocampal neurons.!’®!7! In addition, oligodendrocytes (i.e., the dominant cell
type of white matter tracts and producers of lipid-rich myelin) are particularly sensitive to brief
global ischemia!”!"17® and targeted by APOE &4 effects.!’® Within white matter, the degradation of
the frontal lobes is one of the earliest detectable changes in aging and AD, suggesting susceptibility
to shared pathways such as vascular dysfunction.!” Immediately outside of the infarct core,
salvaged penumbra may also be affected by selective neuronal loss which hampers functional
recovery.!” Rodent occlusion models generate selective neuronal loss predominantly in the
striatum and cortex,!”> specifically neocortex (layers 3, 5, and 6), the dorsolateral striatum (small

to medium-sized neurons), and the hippocampal CA1 region.!’6:177

Among humans, patterns of regional ischemic vulnerability in the brain can be also be observed
(Figure 1.5). The caudate body, putamen, insular ribbon, paracentral lobule, and precentral,
middle, and inferior frontal gyri are among the top 20% of locations most highly sensitive to
reductions in CBF.!7® In these highly vulnerable locations, approximately 60% reduction in rCBF
distinguishes infarct core compared to approximately 85% in the remainder of the brain, providing
further evidence for regional variations in the hypoperfusion-hypoxia threshold to neuronal
damage among humans.!”® Findings also suggest selective neurophysiologic vulnerability of these
brain regions (e.g., different neurochemical response to ischemia). Taken together, overlapping
evidence from animal and human studies suggest dorsal striatum, frontal cortex, and CAl

hippocampal regions may be most vulnerable to hypoperfusion and ischemia.
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Figure 1.5: Regional Ischemic Vulnerability to Hypoperfusion in the Brain (from
Payabvash et al., 2011'7%)

Note. The spatial patterns of cerebral ischemic vulnerability to hypoperfusion among 90 stroke patients demonstrated
different brain regions had different percent infarction increase per unit rCBF reduction, including highest ischemic
vulnerability to hypoperfusion among caudate body and putamen (i.e., dorsal striatum); insular ribbon (i.e., grey-white
matter differentiation in the insular cortex); paracentral lobule (i.e., spanning frontal and parietal lobes); and precentral,
middle, and inferior frontal gyri regions (i.e., widespread frontal involvement).
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1.5.2 Significance of Oligemia & Early-Stage Neuronal Dysfunction

Prior to irreversible neuronal cell death and overt tissue damage (i.e., infarction), a spectrum of
neuronal changes is induced by hypoperfusion-hypoxia, from mild reductions (i.e., oligemia) to
partial or total restriction (i.e., ischemia) of blood. Stroke literature has revealed that tissue
ischemia results in graded tissue damage, characterized by an infarct core and surrounding
penumbra. The infarct core consists of dead, non-functioning tissue, which can further grow over
time!” due to peri-infarct depolarizations that create spreading waves of neuronal inactivation,
vasoconstriction, and ischemia.!®® Interestingly, spreading depressions are exaggerated in AD
models wherein they promote prolonged hypoxia.'®! However, outside of the infarct core, the
penumbra is composed of reversibly injured brain tissue that is nonfunctioning but still living
(provided blood flow is restored). The outermost region of the penumbra is referred to as oligemic,
and hypoperfused tissue here will either function normally or suboptimally (but will survive
irrespective of improvement in blood supply).!®? Beyond its traditional definition in stroke
literature, oligemia also refers to an episode of low blood flow that causes molecular changes and

subclinical neuronal dysfunction without cell death.

Among aging populations, oligemia sustained for years is often characterized as chronic cerebral
hypoperfusion, a condition which is reflective of normal vascular aging and largely thought to be
asymptomatic at its earliest stages.'®> While these common reductions of CBF are moderate, the
fact that this mild hypoperfusion lasts for several years promotes progressive tissue damage. Thus,
depending on the duration and severity of hypoperfusion (Figure 1.6, top) as well as the age of
the subjects, chronic cerebral hypoperfusion likely promotes progressive cognitive impairment
(e.g., executive dysfunction).'®™ On a cellular level, chronic cerebral hypoperfusion induces a
number of changes affecting the small cerebral vessels (e.g., BBB dysfunction, endothelial
dysfunction), primarily through the promotion of worse tight junction integrity, excitotoxicity,
inflammation, oxidative stress, and expression of matrix metalloproteinases (Figure 1.6,

bottom).!84 Transient oligemia (i.e., short and mild hypoxia—ischemia) has been shown to induce
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subtle changes in highly vulnerable neurons of the hippocampus and parietal cortex despite no
gross tissue damage (e.g., long-term changes in receptor binding densities).'®> Furthermore,
transient oligemia can also promote tau and amyloid-beta (AP) neuropathology, including long-
lasting effects for several weeks post-oligemia.!'® Both the high prevalence of mild hypoperfusion
among older populations and its well-documented contributions to neuronal dysfunction suggest
it may be a potential mechanism underlying early-stage cerebrovascular dysfunction and subtle,

subclinical cognitive impairment.

The onset of mild (but chronic) cerebral hypoperfusion from vascular risk factors is complicated
as risk factors lead to multiple layers of damage before inducing cognitive dysfunction. However,
as discussed in this chapter’s opening paragraph, there is strong evidence to suggest that blood
pressure dysregulation promoted by aortic stiffness may be a strong candidate precursor.
Ultimately, the degree of association between vascular risk factors and cerebrovascular
dysregulation (including early-stage hemodynamic dysregulation) is dependent on age, lifestyle,

genetic susceptibility, comorbidity of other diseases, and differential brain reserves.
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Figure 1.6: Chronic Hypoperfusion Promotes Cognitive Dysfunction via a Spectrum of
Molecular & Cellular Injury (adapted from Rajeev et al., 2022134)
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Note. Top Panel: The response of neurons to oligemia and ischemia is governed by the severity and duration of
hypoperfusion and by the pathological events that are initiated upon reperfusion.!®® Whereas traditional models
suggest oligemia occurs at CBF <40 mL/100g/min, penumbra occurs at CBF <20 mL/100g/min, and irreversible
ischemic damage occurs at CBF <8 mL/100g/min, duration of exposure may lower these thresholds even more.
Changes in neuronal function occur in oligemic stages (e.g., decreased electroencephalography-based neural firings),
but the clinical consequences of these functional alternations remain unknown. Reversible dysfunction and damage
occur in the penumbric range, while irreversible cell death occurs in the ischemic range. Ultimately, neuronal
dysfunction depends on the level and duration of hypoperfusion-induced hypoxia, a marker of cellular metabolism
that is dependent on baseline energy demands. Bottom Panel: Chronic cerebral hypoperfusion associated with
vascular aging promotes blood-barrier dysfunction through numerous pathways, including directly compromising
tight junctions (e.g., reduced protein expression, weakened assembly) and indirectly promoting microvascular cell
dysfunction (e.g., increased excitotoxicity, inflammation, oxidative stress, expression of matrix metalloproteinases).
Collectively, these effects increase endothelial cell activation, blood-brain barrier permeability, and related
downstream effects of leukocyte infiltration, unregulated transcytosis, damaged pericytes, increased perivascular
space, and astrogliosis.
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1.6 Overarching Rationale

Cerebral hypoperfusion changes with aging are complex and likely interact with vascular risk,
hemodynamic dysregulation, and pathological factors to reach a critical hypoxia threshold for
tissue dysfunction and cognitive impairment. The complex vascular architecture of the brain and
variable mechanisms of blood flow regulation promote region-specific vulnerabilities to
hypoperfusion-hypoxia, particularly among high-demand vulnerable neuronal populations,
regions susceptible to neurovascular unit dysfunction, and low-supply watershed regions.
Ultimately, the effectiveness of tissue perfusion depends on blood supply into the parenchyma via
the macrocirculation as well as the ability of the microcirculation to transport vital substrates
across the blood brain barrier. Strong evidence suggests coexisting vascular abnormalities,
including cardiovascular contributions, may exacerbate the clinical manifestation of AD.
Particularly impactful cardiovascular changes, such as aortic stiffness, should be further examined
as potentially modifiable targets to reduce risk of both normal aging- and AD-related cognitive
decline. As the lifespan expands and chronic vascular risk factors accumulate, the prevalence of
cerebrovascular dysfunction will likely rise as will the incidence of cerebrovascular abnormalities
underlying dementia. More research is needed to examine not just the many vascular pathways to
neuronal death but also the degree to which subtle changes in neuronal dysfunction are related to
blood flow across the spectrum of perfusion. Further research into cerebrovascular pathways to
cognitive impairment are critical for prevention efforts, which is an especially pressing need given

the lack of effective AD treatments.
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CHAPTER 2P

Microvasculature

2.1 Introduction

Arterial stiffness intensifies with age,!®” and its estimates such as PWYV, are associated with
increased incidence of cardiovascular disease!®® and accelerated brain aging, including cognitive
impairment and SVD.%® An elastic aorta is critical for distributing blood and buffering pulsatile
flow.!8? Age-related reductions in aortic wall compliance can contribute to increased transmission
of harmful pulsatile energy into the microcirculation, increased microvascular remodeling, and
impaired oxygen delivery to tissue.'® Highly perfused organs like the brain may be particularly
susceptible. In response to excessive pulsatility, larger cerebral arteries and smaller arterioles
coordinate to limit penetration of pulsatile flow into the capillaries.!®® The consequence of

increased aortic stiffening would thus be reduced cerebral perfusion.

Prior research relating arterial stiffness to cerebral hemodynamics has relied mostly on systemic
measures of arterial stiffness rather than regionally specific aortic measures, low-sensitivity or

global measures of cerebral hemodynamics (e.g., cerebral middle cerebral artery velocity!®?),

young or middle-aged adult cohorts,!!

and cross-sectional analytical approaches that limit
evaluations of aortic stiffness’ predictive value. Limited research has attempted to understand
aortic stiffness in the context of its influence on regional CBF patterns in older adults, including

how AD-related genetic risk and cognitive staging alter relative risk of vascular dysfunction in

aging adults. Using the gold standard measurement of central arterial stiffness by directly

® This chapter is adapted from “Higher Aortic Stiffness Is Related to Lower Cerebral Blood Flow and Preserved
Cerebrovascular Reactivity in Older Adults” published in Circulation and has been reproduced with the permission
of the publisher and my co-authors: Dr. Angela L. Jefferson, Dr. Dandan Liu, Dr. Elizabeth E. Moore, Dr. Jacquelyn
E. Neal, James G Terry, Sangeeta Nair, Dr. Kimberly R. Pechman, Dr. Swati Rane, Dr. L. Taylor Davis, Dr.
Katherine A. Gifford, Dr. Timothy J. Hohman, Dr. Susan P. Bell, Dr. Thomas J. Wang, Dr. Joshua A Beckman, and
Dr. John Jeffrey Carr.
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measuring thoracic aortic PWV on cardiac magnetic resonance imaging (CMR),!”? we related
aortic stiffness to resting CBF in older adults free of clinical dementia or stroke, both at baseline

and longitudinally.

APOE €4 is the strongest genetic risk factor for late-onset, sporadic AD with diverse
neuropathological effects, including toxic effects on both neurons and the cerebrovasculature.
APOE €4 lipid metabolism pathways promote cerebrovascular dysfunction (e.g., molecular
cerebrovascular damage!'®*-162 and BBB dysfunction!®®) and APOE ¢4 carriership enhances the
adverse effects of clinical cardiovascular disease on brain health!**. Given that APOE €4 mediates

1'% and longitudinal CBF changes during aging,'*® aortic stiffness may exert

risk for cross-sectiona
stronger effects and promote compromised cerebral hemodynamics in APOE €4 carriers.

Therefore, we also examined the interaction of aortic PWV and APOE €4 on CBF outcomes.

2.2 Methods

2.2.1 Study Cohort

The Vanderbilt Memory & Aging Project (VMAP)!*7 is a longitudinal study investigating vascular
health and brain aging. Inclusion required participants to be >60 years of age, to speak English, to
have adequate auditory and visual acuity, and to have a reliable study partner. At eligibility,
participants underwent a medical history and record review, a clinical interview (including
functional questionnaire and Clinical Dementia Rating!”® with the informant), and a
neuropsychological assessment for cognitive diagnosis by consensus, including normal cognition
(NC) or mild cognitive impairment (MCI) based on the National Institute on Aging/Alzheimer’s
Association Workgroup clinical criteria.!® Specifically, MCI was defined as (1) a Clinical
Dementia Rating of 0 or 0.5 (reflecting mild severity of impairment); (2) relatively spared activities
of daily living; (3) objective neuropsychological impairment; (4) concern of a cognitive change by

the participant, informant, or clinician based on information obtained during the clinical interview;
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and (5) absence of a dementing syndrome. Participants were excluded for MRI contraindication,
history of neurological disease (e.g., stroke), heart failure, major psychiatric illness, head injury
with loss of consciousness for >5 minutes, and systemic or terminal illness that could affect follow-
up participation. At enrollment, participants completed a comprehensive evaluation, including (but
not limited to) morning fasting blood draw, physical examination, clinical interview with
medication review, neuropsychological assessment, echocardiogram, CMR imaging, and brain
MRI. Identical procedures were repeated at each time point, including 18 months, 3 years, 5 years,
and 7 years for longitudinal follow-up of the cohort. Participants were excluded from the current
study for missing baseline PWV, baseline covariate data, or brain MRI data across all timepoints

(Figure 2.1).

The Vanderbilt University Medical Center Institutional Review Board approved the protocol.
Written informed consent was obtained from all participants before data collection. Because of
participant consent restrictions in data sharing, a subset of data is available to others for purposes
of reproducing the results or replicating procedures. These data, analytical methods, and study

materials can be obtained by contacting the corresponding author.
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Figure 2.1: Participant Inclusion & Exclusion Criteria

Participants Enrolled in the
Vanderbilt Memory & Aging Project
n=335
.| Participants Excluded for Diagnosis at Enrollment
i n=27
R Participants Excluded for Missing CMR Data
' n=25
.| Participants Excluded for Missing Brain MRI Data
’ n=13
w \ NC
Participants Included in CBF Analyses "|_n=155
n=270* NS
"l n=115

Note. Missing data categories are mutually exclusive. CMR indicates cardiac magnetic resonance imaging; MRI,
magnetic resonance imaging; CBF, cerebral blood flow; NC, normal cognition, MCI, mild cognitive impairment.
*Sensitivity analyses excluding cardiovascular disease or atrial fibrillation removed 12 participants with NC and 9
participants with MCI.

2.2.2 CMR Imaging

CMR imaging was acquired at Vanderbilt University Medical Center with a 1.5-T Siemens Avanto
system (Siemens Medical Solutions USA, Inc, Malvern, PA) with a phased array torso receiver
coil. Velocity-encoded flow data were acquired from the ascending and descending thoracic aorta
(Figure 2.2, Left Panel). Under the supervision of a board-certified radiologist (Dr. J. Jeffrey
Carr), trained raters blinded to clinical information (James G. Terry, Sangeeta Nair) used the 2-
dimensional flow sequence to draw contours on the ascending and descending aorta using the
QFLOW 5.6 Enterprise Solution (Medis, Leiden, the Netherlands). The thoracic aorta centerline
length (centimeters) from the ascending aorta to the descending aorta was measured with the
OsiriX (PIXMEO SARL, Bernex, Switzerland). Transit time was calculated with a custom

MATLAB script to calculate the difference in time (milliseconds) at half maximum between the
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leading edges of the ascending and descending aortic flow curves (Figure 2.2, Right Panel). PWV
(meters per second) was calculated as distance traveled across the aorta (meters) divided by time
delay in onset of velocity waves (seconds). Interreader reliability (coefficient of variation, 6.6%)
was determined by independent review of 34 scans by 2 readers (James G. Terry, Sangeeta Nair).
Pulsatile wave transmission increases with decreasing arterial wall elasticity, such that a higher

PWYV indicates higher arterial stiffness.

Figure 2.2: Representative PWV Measurement Across the Aortic Arch (adapted from
Cambronero et al., 2018199)

>

At

Flow Velocity (m/s)

Time (s)

Note. PWYV indicates pulse wave velocity. Left Panel: CMR was used to acquire PWV-encoded flow data across the
ascending and descending thoracic aorta with slice angulation adjusted to maximize perpendicular flow; distance
traveled across the aorta was calculated from the thoracic aorta sagittal view. Right Panel: Aortic flow waveforms
were generated from PWV-encoded flow image data (top right) and transit time was calculated as the time delay
between the ascending and descending aortic flow curves using the difference between their half-maximum points.
PWYV (meters/second) was calculated as distance traveled across the aortic arch (meters) divided by the transit time
(seconds).

2.2.3 Brain MRI

Participants were scanned at the Vanderbilt University Institute of Imaging Science on a 3-T
Philips Achieva system (Best, the Netherlands) using 8-channel phased-array SENSE (sensitivity

encoding) reception. 7;-weighted magnetization-prepared rapid gradient echo (isotropic spatial
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resolution, 1 mm?®) images were postprocessed with an established Multi-Atlas Segmentation

200,201

pipeline with parcellation of 5 regions of interest, including whole brain, frontal, temporal,

parietal, and occipital lobes.

Pseudocontinuous arterial spin labeling (pCASL) MRI (label duration, 1.65 seconds; postlabeling
delay, 1.525 seconds; spatial resolution, 3x3x7 mm?; repetition time/echo time, 3900/13
milliseconds) assessed CBF (milliliters of blood per 100 g tissue per minute) using a reproducible
protocol.”®2%2 Data were corrected for motion and baseline drift with the Functional MRI of the
Brain (FMRIB) Software Library FMRIB’s Linear Image Registration Tool.?> Additional
postprocessing was completed with MATLAB. Images were slice-time—corrected, normalized by
the equilibrium magnetization (MO0), which was calculated from a separately acquired image with
identical geometry but repetition time of 20 seconds, and converted to absolute CBF units
following recommended guidelines.?** This image was coregistered to the anatomic 7;-weighted
map and standard Montreal Neurological Institute template.?®> Transformation matrices were
applied to CBF maps. Region-specific mean resting CBF was calculated in gray matter regions of

interest described above.

2.2.4 Echocardiography

Evaluation of relevant cardiac structure and function variables (i.e., left ventricular hypertrophy,
atrial fibrillation) was performed using standard 2-dimensional, M-mode, and Doppler
transthoracic echocardiography by a single research sonographer (JoAnn Gottlieb) at the
Vanderbilt University Medical Center Clinical Research Center on a Philips IE33 cardiac
ultrasound machine (Philips Medical, Andover, MD). Digital images with measurements were
confirmed by board-certified cardiologists (Dr. Deepak K Gupta, Dr. Lisa A Mendes) using
commercially available software (HeartLab; AGFA Healthcare, Greenville, SC). All raters were

blinded to clinical information.

33



Image acquisition and quantification was performed according to American Society of
Echocardiography (ASE) guidelines.?® Briefly, LV volumes were calculated by the biplane
Simpson’s method. LV mass was calculated from LV linear dimensions using the ASE
recommended formula (0.8 % [1.04[(LV internal diameter during diastole + posterior wall
thickness during diastole + septum wall thickness during diastole)3 - (LV internal diameter during
diastole)3]] + 0.6 g) and indexed to body surface area. LV hypertrophy (LVH) was defined as LV

mass index >115 g/m2 in men or >95 g/m2 in women.

In addition, Early (E) and late (A) transmitral velocities and the E deceleration time were measured
from pulsed wave spectral Doppler images acquired in the apical 4-chamber view with the sample
volume positioned at the tip of the mitral leaflets. Peak lateral and septal mitral annular early
relaxation and atrial contraction velocities were assessed using tissue Doppler imaging. Final
values were taken from measurements of a single cardiac cycle for participants in normal sinus
thythm or the average of three cardiac cycles for those participants in atrial fibrillation. Atrial
fibrillation at the time of echocardiography was determined by the absence of A waves on
transmitral spectral Doppler flow and tissue Doppler mitral annular velocity profiles, as well as

the lack of organized electrocardiographic P waves.

2.2.5 Genetic Testing

As previously published,'”” a TagMan® single-nucleotide polymorphism (SNP) genotyping assay
from Applied Biosystems (Foster City, California, USA) was used on whole blood samples to
determine the two SNPs that define the APOFE €2, €3, and ¢4 alleles. Briefly, APOE alleles are
distinguished by non-synonymous mutations at codon 112 (Cysl12Arg) and codon 158
(Arg158Cys) within exon 4 of the APOE gene on chromosome 19.27 The most common &3 allele

encodes a Cys112-Argl58 protein isoform (defined by SNPs rs429358-T and rs7412-C), while the
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e4 allele encodes Argl12-Argl58 (defined by SNPs rs429358-C and rs7412-C) and the e2 allele
encodes Cys112-Cys158 (defined by SNPs rs429358-C and rs7412-C).2® See Figure 2.3 for
further details. Polymerase chain reaction (PCR) in 5 pl reactions was performed on a Life

Technologies 7900HT real-time PCR machine, and results were analyzed using Life Technologies

SDS 2.4.1 software.

Figure 2.3: Structure of APOE Gene & Protein Isoforms (from Abondio et al., 20192%%)
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Note. APOE indicates apolipoprotein E. Panel A: The APOE gene is located at position 19q13.2 (red) of chromosome
19 and contains 4 exon regions (blue). Exon 4 encodes over 80% of the protein and contains the two most well-known
disease-associated SNPs (indicated by arrows), which result in distinct protein isoform structures. Panel B: Compared
to the wild-type sequence of APOE €3 (Cysl12, Argl58), APOE €4 is produced by a T—C point mutation
(Cys112Arg) and APOE €2 is produced by a C—T mutation (Argl58Cys).
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2.2.6 Covariate Definitions

Based on known associations with cardiovascular function and brain health, a series of covariates
were identified a priori for their potential to confound the analytical models, including age,?”

210211 education,?!? race/ethnicity,?!®* Framingham Stroke Risk Profile (FSRP) (excluding

sex
points for age),?!4?!> and APOE ¢4 carrier status.?!® Body mass index (BMI) was calculated as
weight in kilograms divided by height in meters squared (i.e., kg/m?). FSRP assigned points by
sex for age, systolic blood pressure (accounting for antihypertensive medication use), diabetes
mellitus, cigarette smoking, left ventricular hypertrophy, cardiovascular disease, and atrial
fibrillation.?!> Systolic blood pressure was the mean of 2 measurements. Diastolic blood pressure
was the mean of 2 measurements. Hypertension was defined as antihypertensive medication use,
systolic blood pressure >140 mm Hg, or diastolic blood pressure >90 mm Hg. Diabetes mellitus
was defined as fasting blood glucose >126 mg/dL, hemoglobin Alc >6.5%, or oral hypoglycemic
or insulin medication use. Medication review determined antihypertensive medication use. Left
ventricular hypertrophy was defined on echocardiogram as left ventricular mass index >115 g/m2
in men or >95 g/m2 in women. Self-report or history of atrial fibrillation was corroborated by any
one of the following sources: echocardiogram, CMR, documented prior procedure/ablation for
atrial fibrillation, or medication use for atrial fibrillation. Current cigarette smoking (yes/no within
the year before baseline) was ascertained by self-report. Self-report prevalent cardiovascular
disease with medical record documentation included coronary heart disease, angina, or myocardial
infarction (heart failure was a parent study exclusion). A POE genotyping was performed on whole
blood as described above, and APOE €4 status was defined as positive (e2/e4, €3/e4, €4/e4) or
negative (€2/e2, €2/€3, €3/e3).

2.2.7 Analytical Plan

Before analyses, scatterplots with linear fit and locally weighted smoothing fit were visually

inspected for linearity. Linear regression models with ordinary least square estimates stratified by
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cognitive diagnosis related aortic PWV to resting CBF for whole brain and frontal, temporal,
parietal, and occipital lobes (one region per model). Models were adjusted for age, race/ethnicity,
education, hypertension, modified FSRP score (excluding points assigned for age and systolic
blood pressure accounting for antihypertensive medication use), BMI, APOE €4 status, and
corresponding gray matter region of interest to account for CBF reductions resulting from tissue
volume loss® (e.g., gray matter in the temporal lobe was a covariate for temporal lobe CBF). To
test hypotheses related to cognitive diagnosis, models were diagnostically stratified and then
repeated in sensitivity analyses excluding participants with cardiovascular disease or atrial
fibrillation to assess whether these conditions accounted for any significant results. To test
hypotheses related to APOE €4 status, models were repeated with a PWV x 4POFE &4 interaction
term, with follow-up models stratified by APOE €4 status (carrier, noncarrier). In post-hoc
analyses, significant cross-sectional models were re-analyzed to assess allele dosage effects where
APOE &4 status was defined as zero, one, or two €4 alleles. Finally, the effect of hypertension in
cross-sectional models was examined post-hoc by relating a PWV x hypertension interaction term
to CBF outcomes and stratifying primary models by hypertension status (yes, no). Lower order

terms were retained in the interaction models. Significance was set a priori at p-value<0.05.

Linear mixed-effects regression models related baseline PWV to resting CBF over time for whole
brain and frontal, temporal, parietal, and occipital lobes (one region per model), including an
interaction with time to follow-up between baseline and last follow-up visit (in years) as the term
of interest. We model the trajectory of cognition using these linear mixed-effect regression models,
where terms involving follow-up time capture cognitive decline. Models were adjusted for age,
race/ethnicity, education, diagnosis, hypertension, modified FSRP score (excluding points
assigned for age and systolic blood pressure accounting for antihypertensive medication use),
BMI, APOE ¢4 status, corresponding gray matter region of interest, and follow-up time. To test
hypotheses related to cognitive diagnosis, models were repeated with a PWV x follow-up time X

diagnosis interaction term, with follow-up models stratified by diagnosis (NC, MCI). To test
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hypotheses related to APOE €4 status, models were repeated with a PWV x follow-up time X
APOE &4 carrier status interaction term, with follow-up models stratified by APOE €4 carrier status
(carrier, non-carrier). Lower order terms were retained in the interaction models. Significance was

set a priori at p-value<0.05.

To determine if outliers were driving the cross-sectional or longitudinal results, additional models
were calculated excluding predictor or outcome values >4 standard deviations from the group
mean. For all models, follow-up sensitivity analyses were performed excluding participants with
prevalent cardiovascular disease or atrial fibrillation to test if these conditions accounted for

significant results. All analyses were conducted using R version 3.2.3 (www.r-project.org).

2.3 Results

2.3.1 Participant Characteristics

The sample included 155 participants with NC and 115 with MCI. Participants did not differ on
covariates or global cognitive status (as assessed by the Montreal Cognitive Assessment)
compared with those individuals missing data who were excluded from analyses (n=65). The mean
sample age was 73+7 years (range, 60—92 years); 58% were men; and 86% self-identified as non-
Hispanic white. Baseline aortic PWV ranged from 3.5 to 25.5 m/s. Total sample and diagnostic

group characteristics are presented in Table 2.1.

38



Table 2.1: Baseline Participant Characteristics

Combined NC MCI

0=270) | (m=155) | (m=115) | PvAlue
Demographics
Age, years 73%7 7217 73%7 0.36
Sex, % male 58 59 57 0.83
Race, % White non-Hispanic 86 86 86 0.93
Education, years 1623 1642 1543 <0.001
MOCA, total score 2543 2712 2344 <0.001
APOE €4, % carrier 34 29 41 0.04
BMI, kg/m? 28+5 27£5 2844 0.32
Aortic PWV, m/s 8.243.2 8.243.0 8.243.3 0.74
FSRP score, total* 12.3+4.2 11.9+4.2 12.844.2 0.07
Systolic blood pressure, mmHg 142418 140+17 145+19 0.03
Antihypertensive medication use, % 53 53 52 0.91
Diabetes mellitus, % 18 17 20 0.50
Hypertension, % 74 71 77 0.24
Current cigarette smoking, % 2 1 3 0.43
Prevalent cardiovascular disease,” % 4 4 3 0.87
Atrial fibrillation, % 5 5 5 0.79
Left ventricular hypertrophy, % 4 3 6 0.26
CBF, mL/100g/min
Whole brain 37.3£7.1 37.3+6.6 37.3+7.7 0.72
Frontal lobes 38.0£8.3 37.7£7.4 38.319.4 0.81
Temporal lobes 35.9£8.1 36.3£6.9 35.419.6 0.15
Parietal lobes 39.84£10.3 39.6£9.4 | 40.1+11.4 0.82
Occipital lobes 36.4£10.0 | 36.9£9.8 35.7+10.3 0.25

Note. Values are presented as meantstandard deviation or frequency. NC indicates normal cognition; MCI, mild
cognitive impairment; MOCA, Montreal Cognitive Assessment.; APOE indicates apolipoprotein E; BMI, body mass
index; PWV, pulse wave velocity; FSRP, Framingham Stroke Risk Profile; CBF, cerebral blood flow; mL/100g/min,
milliliters of blood per 100 grams of tissue per minute. *Modified score was included in models excluding points for
age (NC, 6.1£2.8; MCI, 6.8+3.2). "Prevalent cardiovascular disease, n=10; atrial fibrillation, n=13; both, n=1; resulting

in n=22 with prevalent cardiovascular disease, atrial fibrillation, or both.

2.3.2 Aortic PWYV and Cross-Sectional CBF

Main Effect Models

Aortic PWV associations with cross-sectional CBF are presented in Table 2.2. Among all

participants, aortic PWV related to lower CBF in the whole brain (f=—0.30, p-value=0.04) and
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occipital lobe (B=—0.49, p-value=0.01). Weak evidence (i.e., p-value<0.10) of an association
between aortic PWV and lower frontal lobe CBF (=—0.32, p-value=0.06) was observed, but these

associations did not meet a priori significance.

Aortic PWV x APOE &4 associations with cross-sectional CBF associations are presented in Table
2.3. The aortic PWV X APOE &4 interaction term related to temporal lobe CBF (p=—1.07, p-
value=0.002) such that associations between higher aortic PWV and lower CBF were more

pronounced among APOE &4 carriers compared with noncarriers.

Table 2.2: Aortic PWV & Cross-Sectional CBF

Combined (n=268) NC (n=154) MCI (n=114)
B p-value B p-value B p-value
Whole Brain -0.30 0.04 -0.34 0.07 -0.23 0.34
Frontal Lobes -0.32 0.06 -0.43 0.04 -0.20 0.41
Temporal Lobes -0.16 0.33 -0.36 0.08 0.04 0.90
Parietal Lobes -0.26 0.23 -0.24 0.37 -0.27 0.42
Occipital Lobes -0.49 0.01 -0.40 0.15 -0.70 0.02

Note. PWYV indicates pulse wave velocity; CBF, cerebral blood flow; NC, normal cognition; MCI, mild cognitive
impairment.

Table 2.3: Aortic PWV x APOE t4 & Cross-Sectional CBF

Combined (n=268) NC (n=154) MCI (n=114)
B p-value B p-value B p-value
Whole Brain -0.55 0.08 -1.16 0.047 -0.32 0.47
Frontal Lobes -0.35 0.34 -1.17 0.08 -0.29 0.53
Temporal Lobes -1.07 0.002 -1.81 0.004 -1.20 0.02
Parietal Lobes -0.34 0.47 -0.71 0.40 0.17 0.79
Occipital Lobes -0.44 0.30 -0.64 0.45 -0.19 0.73

Note. PWV indicates pulse wave velocity; APOE, apolipoprotein E; CBF, cerebral blood flow; NC, normal cognition;
MCI, mild cognitive impairment.

NC Diagnosis Stratified Models
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Among participants with NC, aortic PWV related to lower frontal lobe CBF ($=—0.43, p-
value=0.04; Table 2.2; Figure 2.4), results that survived exclusion for CVD and atrial fibrillation.
Weak evidence (i.e., p-value<0.10) of associations between aortic PWV and lower whole brain
CBF (p=-0.34, p-value=0.07) and temporal lobe CBF (f=—0.36, p-value=0.08) were observed,

but these associations did not meet a priori significance.

The aortic PWV x APOE €4 interaction term related to CBF in the whole brain (f=—1.16, p-
value=0.047) and temporal lobe (B=—1.81, p-value=0.004) such that associations between higher
aortic PWV and lower CBF were more pronounced among APOE &4 carriers compared with
noncarriers (Table 2.3; Figure 2.5). Weak evidence (i.e., p-value<0.10) of an association between
aortic PWV and lower frontal lobe CBF (B=—1.17, p-value=0.08) was observed, but these

associations did not meet a priori significance.

In post hoc analyses examining APOE €4 allele dosage effects, APOE €4 allele count did not
improve model fit, likely because small cell sizes limited power. However, visual inspection of
the data suggests an additive effect whereby homozygous carriers of the APOE ¢4 allele may have
lower CBF in the temporal lobe at higher aortic PWV values than heterozygous APOE ¢4 carriers
(Figure 2.6). When participants with atrial fibrillation and CVD were excluded, results were
similar. In post hoc analyses examining the interaction of aortic PWV x hypertension on CBF

outcomes, results were null (p-value>0.57).
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Figure 2.4: Aortic PWV & Cross-Sectional CBF in NC Participants

A Aortic PWV and Frontal Lobe CBF
45
c
£
o 40
b=
2
2
E
e
@
O
3
535
5
c
g
(I
30
4 6 8 10 12 14
Pulse Wave Velocity, m/s

Note. Solid black line reflects fitted linear regression between PWV (x-axis) and frontal lobe CBF outcome (y-axis).
Shading reflects 95% confidence interval. PWV indicates pulse wave velocity; CBF, cerebral blood flow.

Figure 2.5: Aortic PWV X APOE €4 & Cross-Sectional Temporal Lobe CBF in NC
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Note. Solid lines reflect fitted linear regression between the interaction of PWV and APOE &4 status (i.e., APOE €4
noncarrier/negative (black) or APOE €4 carrier/positive (red)) (x-axis) on temporal lobe CBF outcome (y-axis).
Shading reflects 95% confidence interval. PWYV indicates pulse wave velocity; APOE, apolipoprotein E; CBF, cerebral
blood flow.
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Figure 2.6: Aortic PWV x APOE 4 Allele Count & Cross-Sectional Temporal Lobe CBF in
NC Participants
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Note. Solid lines reflect fitted linear regression between the interaction of PWV and APOE €4 allele count (i.e., 0
(black), 1 (red), or 2 (blue) allele copies) (x-axis) on temporal lobe CBF outcome (y-axis). Shading reflects 95%
confidence interval. PWYV indicates pulse wave velocity; 4POE, apolipoprotein E; CBF, cerebral blood flow.

MCI Diagnosis Stratified Models
Among participants with MCI, aortic PWV related to lower occipital lobe CBF (=—0.70, p-
value=0.02), but results were attenuated in a sensitivity analysis excluding participants with atrial
fibrillation and CVD (B=—-0.54, p-value=0.15). Aortic PWV was unrelated to CBF in all remaining
regions (p-value>0.34, Table 2).

The aortic PWV x APOE €4 interaction term related to temporal lobe CBF (B=—1.20, p-
value=0.02) such that associations between higher aortic PWV and lower CBF were more
pronounced among APOE €4 carriers compared with noncarriers. The aortic PWV x APOE €4
interaction term was unrelated to CBF in all remaining regions assessed (p-value>0.47, Table 3).
When participants with atrial fibrillation and CVD were excluded, results were similar. In post-
hoc analyses examining aortic PWV x hypertension on CBF outcomes, results were null (p-

value>0.44).
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2.3.3 Aortic PWV & Longitudinal CBF

Main Effects Analyses
In the combined cohort, baseline aortic PWV was not significantly related to longitudinal CBF in

any region (p-value>0.18). See Table 2.4 for PWV main effect results.

Table 2.4. Aortic PWV & Longitudinal CBF

Combined (n=274)

B p-value
Whole Brain -0.02 0.60
Frontal Lobes -0.02 0.65
Temporal Lobes -0.04 0.18
Parietal Lobes -0.01 0.91
Occipital Lobes -0.01 0.86

Note. PWV indicates pulse wave velocity; CBF, cerebral blood flow.

Cognitive Diagnosis Subgroup Analyses
Cognitive diagnosis did not appear to modify associations between baseline aortic PWV and
longitudinal CBF in any region (p-value>0.09). See Table 2.5 for PWV X diagnosis interaction

effects and Table 2.6 for results stratified by diagnosis.

Table 2.5: Aortic PWYV x Diagnosis & Longitudinal CBF

Combined (n=274)

B p-value
Whole Brain 0.06 0.35
Frontal Lobes 0.07 0.35
Temporal Lobes -0.02 0.75
Parietal Lobes 0.13 0.09
Occipital Lobes 0.08 0.22

Note. PWV indicates pulse wave velocity; CBF, cerebral blood flow.
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Table 2.6: Aortic PWV & Longitudinal CBF Stratified by Diagnosis

NC (n=156) MCI (n=118)
B p-value B p-value
Whole Brain -0.01 0.87 -0.002 0.98
Frontal Lobes 0.003 0.96 -0.01 0.88
Temporal Lobes -0.002 0.97 -0.08 0.14
Parietal Lobes -0.02 0.77 -0.06 0.44
Occipital Lobes 0.004 0.93 -0.04 0.52

Note. PWYV indicates pulse wave velocity; CBF, cerebral blood flow; NC, normal cognition; MCI, mild cognitive
impairment.

APOE &4 Subgroup Analyses

APOE ¢4 status modified the relationship between PWV and longitudinal frontal CBF (=-0.20,
p-value=0.03) (Table 2.7). APOE €4 carriers experienced faster frontal CBF decline at higher
PWYV values compared to non-carriers. When results were stratified by APOE &4 status, PWV did
not significantly relate to longitudinal frontal CBF among APOE €4 carriers ($=-0.16, p-
value=0.10) or APOE €4 noncarriers (=0.007, p-value=0.89), likely due to limited sample sizes

in APOE €4 carrier stratified analyses (Table 2.8).

Table 2.7: Aortic PWV x APOE ¢4 & Longitudinal CBF

Combined (n=274)

B p-value
Whole Brain -0.13 0.07
Frontal Lobes -0.20 0.03
Temporal Lobes -0.10 0.10
Parietal Lobes -0.11 0.25
Occipital Lobes -0.05 0.51

Note. PWV indicates pulse wave velocity; APOE, apolipoprotein E; CBF, cerebral blood flow.

Table 2.8: Aortic PWV & Longitudinal CBF Stratified by APOE &4 Genetic Status

APOE &4 Carrier (n=96) APOE €4 Noncarrier (n=178)
B ‘ p-value B ‘ p-value
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Whole Brain -0.09 0.31 -0.01 0.77
Frontal Lobes -0.16 0.10 0.007 0.89
Temporal Lobes -0.03 0.68 -0.05 0.14
Parietal Lobes -0.05 0.65 0.001 0.98
Occipital Lobes -0.01 -0.87 0.006 0.89

Note. PWV indicates pulse wave velocity; APOE, apolipoprotein E; CBF, cerebral blood flow.

2.7 Discussion

Among community-dwelling older adults, higher aortic PWV related cross-sectionally to lower
CBF across the brain, including lower frontal lobe CBF in NC participants and lower occipital
lobe CBF in MCI participants. Importantly, strongest associations were observed in the interaction
of aortic PWV x APOE &4 status on temporal lobe CBF. Among APOE &4 carriers, higher PWV
was associated with a more pronounced reduction of CBF in the temporal lobes compared to
noncarriers. Moreover, while these associations were present across the combined cohort, they
were most pronounced in NC participants. Cross-sectional results suggest temporal lobe perfusion
may be selectively vulnerable to age-related aortic stiffness, particularly in the context of APOE

€4 genetic risk and in earliest stages of the cognitive aging spectrum.

Longitudinal results demonstrated that associations between aortic PWV and declining CBF is
dependent on APOE ¢4 carrier status. Specifically, modest interactions between PWV and APOE
g4 carrier status on frontal lobe CBF indicate that higher PWV is associated with faster decline in
frontal lobe CBF among APOE ¢4 carriers compared to noncarriers. Since longitudinal results
were not dependent on cognitive status, any emergent associations between higher aortic stiffness
and declining CBF is likely promoted more so by APOE €4 molecular effects (e.g., vulnerable
cerebrovasculature) rather than that of emerging neuropathologies associated with clinical
symptoms (e.g., AD proteinopathy). The predictive power of aortic stiffness as a marker of cerebral

hemodynamic dysregulation may be minimal given the limited associations observed.
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This study is among the first to link higher aortic stiffness (i.e., measured centrally in the thoracic
aorta) to lower cross-sectional CBF and faster declines in CBF in older adult; demonstrate the
importance of APOE &4 genetic risk in promoting significant associations between aortic stiffness
and cerebral perfusion; and highlight regional patterns of cerebral hemodynamic vulnerability to
aortic stiffness (i.e., temporal lobe cross-sectionally and frontal lobe longitudinally). All
associations were determined using gold standard measurements of aortic stiffness and cerebral
hemodynamics, and results could not be statistically explained by common cardiovascular risk

factors or prevalent CVD, atrial fibrillation, or cerebral atrophy.

Elevated aortic stiffness promotes the dysregulation of blood pressure in aging and increases the
transmission of harmful pressure pulsatility into the microcirculation, particularly within high-
flow and low-resistance organs like the brain.”® Consequent changes in cerebral artery structure
and function (e.g., wall thickening and stenosis, endothelial dysfunction, BBB dysfunction,
capillary rarefaction) can impair hemodynamic regulation and cerebral blood flow, as reported
here. Older adults who are carriers of the APOE €4 risk allele may have the highest susceptibility
to the effects of aortic stiffness given that the APOE €4 allele promotes worse cerebrovascular
integrity and protections because of g4-associated cerebrovascular damage. It is noteworthy that
cell sizes for the subset of APOE €4 carriers are small, so stratified models may be underpowered.
In addition to replication, future research is needed to examine the long-term effects of
hypertensive risk factor exposure and other common comorbidities closely related to arterial aging

(e.g., diabetes) on associations between central and peripheral vascular health.

We provide preliminary evidence of significant interactions between PWV and APOE €4 on
temporal lobe hemodynamics cross-sectionally (coupled with more modest evidence of an additive
effect of &4 allele count due to being underpowered with small cell sizes) and frontal lobe
hemodynamics longitudinally. APOE €4 carriers may be more susceptible to cerebrovascular

injury via elevated aortic PWV. In particular, APOE €4 has been shown to contribute to BBB
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dysfunction!® and cerebrovascular damage before neuronal dysfunction, particularly in medial

160,217

temporal lobe regions. Furthermore, APOE €4 carrier status strengthens vascular disease

associations with brain health outcomes,!'%4?18-220

and APOE &4 carriers have more pronounced
reductions in CBF and cerebrovascular reactivity, suggesting more capillary and arteriole damage
and dysfunction.?!” Aortic stiffness may thus exert stronger effects in APOE &4 carriers due to their
more vulnerable cerebrovasculature and contribute to hypoperfusion in regions most susceptible
to early BBB breakdown. The temporal lobe is both selectively susceptible to the earliest markers
of vascular dysfunction (e.g., blood pressure dysregulation) and the location at which AD
pathology first evolves.”® Collectively, cerebrovascular vulnerability to central pressure and
pulsatility changes may be especially pertinent in the presence of conditions in which

84,149 or

autoregulation may be compromised, including chronic risk factors such as hypertension
pathological conditions such as cerebral SVD??! and AD.?*? Further research to better understand

our null results is warranted.

Our study has several strengths, including gold standard methods for noninvasively assessing
aortic stiffness and regional CBF at rest, stringent quality control procedures, and the use of a core
laboratory for processing CMR and brain MRI measurements with blinded raters. The inclusion
of older adults with NC and MCI allows us to speculate about the timing of associations between
aortic stiffness and CBF across the cognitive spectrum, including prodromal AD. Our sample
included predominantly white, well-educated, relatively healthy elders. Although generalizability
to other races, ethnicities, ages, and medical conditions is unknown, we speculate that associations
reported here would likely be stronger in a cohort with worse cardiovascular health. Multiple
comparisons raise the possibility of a false-positive finding and emphasize the need for replication.

Finally, we cannot rule out the possibility of residual confounding.
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2.8 Conclusions

Among older adults free of clinical dementia, stroke, and heart failure, greater stiffening of the
arch of the thoracic aorta was associated with worse cerebral hemodynamics statistically
independent of concurrent cardiovascular risk factors, CVD, and atrial fibrillation. Our study
highlights the importance of the APOEF &4 risk allele in strengthening associations between aortic
stiffness and cerebral hypoperfusion and potential vulnerability of frontal and temporal regions.
Data support a possible mechanism for central nervous system injury secondary to increased aortic

stiffness with age.
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CHAPTER 3

Macrovasculature

3.1 Introduction

Given our observed associations between PWV and CBF (see Chapter 2), we chose to further
investigate potential hemodynamic mediators of these effects. Age-associated increases in
pulsatile flow in the brain is thought to be buffered by large arteries in the Circle of Willis (CoW).
The CoW is an arterial ring at the base of the brain that connects the primary feeding arteries of
the brain (i.e., internal carotid arteries and basilar artery) via communicating artery segments.
While the most common theory suggests the CoW evolved in response to CVD to provide

223 alternative theories suggest the CoW may also have normal

compensatory cerebral blood flow,
physiological roles as a pressure dissipating system, wherein the communicating arteries absorb
and redistribute pressure increases related to cardiac pulsatility.??* Despite its purported roles in

collateral circulation and pressure dampening, relatively little is known about the clinical

significance of variants in CoW structure.

Our previous data suggests morphological variations in these large arteries predict structural
markers of downstream cerebrovascular health, including SVD. In particular, large artery
diameters predict white matter damage and enlarged perivascular spaces among older adults
(Figure 3.1), particularly among older adults at higher risk of AD (Figure 3.2). It is thus plausible
that the effects of PWV-associated pulsatility on the brain could be mediated by harmful changes

to large artery morphology and related changes in vascular resistance to flow.
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In addition to harmful changes to large artery structure associated with increased pulsatility (e.g.,
dilatation, hypertrophic remodeling), there is considerable anatomic variation in the number of
arteries in the CoW, which may create differential risk profiles for reduced blood flow. In fact, a
complete CoW is present in only 14%-45% of individuals, with estimates of CoW patency ranging
14%-45% among autopsy studies?*>-228 and 27%-42% among neuroimaging studies.?**?3* Over
50% of the population has a structural variation (e.g., missing, hypoplastic, incompletely
developed) in at least one of the communicating arteries when assessed by magnetic resonance
imaging, likely since communicating arteries are usually too narrow to enable effective blood flow.
Variations are most common in the posterior half of the CoW,??*!¥° including the posterior
communicating artery (PcoA) variant as well as the fetal-type posterior cerebral artery (FTP)
variant (20% prevalence). These anomalies may alter CVD occurrence, severity of symptoms,

treatment options and recovery from vascular-related cognitive impairment.

3.1.1 Large Artery Mediators of Hemodynamics in the Aging Brain

Since arterial resistance is the major determinant of pressure dissipation and CBF regulation,
increases in large artery resistance along the vascular tree, particularly the CoW, may also increase
regional vulnerability to hypoperfusion. Four major arteries from the heart feed into the brain: (a)
the left and right common carotid arteries that eventually form internal carotid arteries (ICA) in
the brain as well as (b) the left and right subclavian arteries that eventually merge to form the
basilar artery (BA) in front of the brainstem. The BA branches into posterior cerebral arteries
(PCA), which perfuse posterior regions of the brain, and the ICA branches into anterior cerebral
arteries (ACA) and middle cerebral arteries (MCA), which perfuse anterior regions of the brain.?3!
PCA and ICA segments join together near the base of the skull to form the CoW, a structure whose
primary function is thought to be collateral circulation (Figure 3.3, Panel A). However, there is
considerable variation in CoW anatomy across humans, with only 20-25% of individuals

possessing a completely patent structure. The most common abnormalities occurring in the
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posterior regions, particularly the PcoA segments connecting anterior and posterior circulation

segments (Figure 3.3, Panel C).

Figure 3.3: Circle of Willis Structure, Function, & Common Variants
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are present in most adults, most commonly including hypoplastic segments in the posterior circulation; corresponding
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Given the considerable anatomical variability in the CoW and emerging evidence that PcoAs may
not pass collateral flow efficiently even when they are present, newer models suggest the CoW
may also play a central role in flow and pressure pulsatility dampening??* under conditions such

as hypertension.?32-233 Variations in CoW geometry may create both vulnerabilities in blood flow

234,235

distribution or protective increases in collateral flow.?*¢ In addition to missing segments,

alterations in arterial radius and bifurcation angles at the CoW are strong predictors of

237,238

hemodynamic stress. Typical age-related changes in wall morphology of large arteries,
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including stiffening and dilatation,?* are thought to increase damaging pulsatility into downstream
tissue. Indeed, advanced aging and dementia are accompanied by increases in pulsatility in the
brain,?*® which promote vascular remodeling, higher resistance, and microvascular damage. More
recently, CoW arterial aging (e.g., larger arterial diameters and wall thickening of cerebral large
arteries) has been linked to worse clinical outcomes, including worse memory performance®*! and
risk of AD.?* Ultimately, the CoW is one of the largest determinants of innate differences in
cerebrovascular resistance among individuals and variations in its structure likely play a critical

role in mediating microvascular damage.

The structure of large artery networks also predisposes certain brain areas to high risk of
hypoperfusion. Watershed regions, defined as territories supplied by the most distal arterial
segments, are the first to be deprived of sufficient blood flow in the event of global hypoperfusion.
These regions are highly susceptible to ischemic damage and microinfarcts due the fact that they
have the least amount of collateral support from neighboring arterioles. They are primarily located
at the junctures of CoW artery perfusion territories and include both cortical watershed regions
(e.g., ACA-MCA juncture along the lateral frontal-parietal lobe and MCA-PCA juncture along the
lateral temporal lobe) and internal watershed regions (e.g., subcortical white matter along the
lateral ventricle and deep MCA arterial systems) (Figure 3, Panel B). In contrast to distal perfusion
territories, regions supplied by the shortest perfusion branches (e.g., subcortical segments closer
to the CoW such as the hippocampus®**2?43) are also especially susceptible to damage. These
proximal regions likely have less opportunity to dampen pressure and flow pulsatility, as occurs
when blood flow is distributed over the entire cerebrovasculature, and thus experience more severe
blood pressure gradients.?** In addition, age-associated vessel tortuosity may create flow
instabilities and generate vortex flow patterns susceptible to embolism and aneurysm rupture.?4>-246
The combined effect of these large artery structural variations ultimately contributes to

compromises in CBF quality over time and compounds downstream small vessel damage and

disease.
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Damage from common cardiovascular risk factors, such as hypertension, shifts resistance
properties upstream of arterioles and may thus increase the likelihood of prematurely attenuating
downstream blood flow. These changes likely increase resistance as initial compensatory
responses to vascular damage (e.g., cerebral microvascular remodeling) but may eventually lead
to hypoperfusion and microvascular parenchymal damage over time. Thus, upstream large arteries
have been increasingly recognized as a major contributor to cerebrovascular regulation, and
variabilities in their structure may have larger clinical implications in advanced aging than

previously recognized.

3.1.2 Study Aims

In this study, we investigate associations between PWV and large artery morphology, specifically
lumen diameter of CoW segments. We further investigate the physiological consequences of the
most common CoW variants among aging adults for cerebral hemodynamics, including missing
PcoA, missing anterior communicating artery (AcoA), and FTP variants. We examine whether
these variants relate to regional CBF alterations. We hypothesize that higher PWV will lead to
large artery dilatation (i.e., increased lumen diameter) due to increased pulsatility. Furthermore,
given the purported role of communicating arteries in protecting downstream microvasculature
from increased pulsatility, we hypothesize that communicating artery variant structures will relate

to lower blood flow, particularly in temporal lobe regions vulnerable to hemodynamic stress.
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3.2 Methods

3.2.1 Study Cohort

See Section 2.2.1 for previously described methods for cohort selection. Note, Chapter 3 analyses
only included only participants with NC diagnosis and excluded participants for missing, pCASL

MRI data, phase contrast magnetic resonance angiography (MRA) data, or covariate data.

3.2.2 CMR Imaging

See Section 2.2.2 for previously described methods for CMR imaging.

3.2.3 Brain MRI

3.2.3.1 Circle of Willis Evaluation

Participants were scanned at the Vanderbilt University Institute of Imaging Science on a 3T Philips
Achieva system (Best, Netherlands) using 8-channel phased-array sensitivity encoding reception.
Vessel wall imaging (VWI) (repetition time=1500 ms, echo time=38.5 ms, spatial
resolution=0.6x0.6x1.0 mm?) and MRA images (repetition time=6.8 ms, echo time=3.8 ms, spatial
resolution=0.35x0.35x0.35 mm?) were acquired as part of the larger multimodal neuroimaging

protocol.

VWI was used to assess the lumen diameter of the CoW by a board-certified neuroradiologist (Dr.
L. Taylor Davis) blinded to clinical information. This novel 3D sequence uses an anti-DRIVE
module with appropriately spaced repetition time to keep CSF magnetization near zero, while
nulling the blood water signal using a long turbo-spin-echo pulse train, allowing visualization of
the vessel walls.!”” CoW basilar artery (BA), supraclinoid ICA (left ICA, right ICA), proximal
MCA (left MCA, right MCA), and proximal ACA (left ACA, right ACA) segments were evaluated

for inner lumen diameter based off manual measurements of single image slices (see Figure 3.4).
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Figure 3.4: CoW Lumen Diameter Evaluation on VWI (from Jefferson et al., 2016'%7)

Note. The dashed line illustrates measurement of the outer diameter of the vessel wall and the solid line illustrates
measurement of the inner diameter of the vessel wall for representative middle cerebral artery (A), anterior cerebral
artery (B), and internal carotid artery (C). CoW indicates Circle of Willis; VWI, vessel wall imaging.

MRA was used to assess the patency of the CoW and all images were reviewed on two separate
occasions by a board-certified neuroradiologist (Dr. L. Taylor Davis) blinded to clinical
information. CoW communicating artery (i.e., AcoA, left PcoA, right PcoA), P1 (left P1, right P1),
and A1 (left A1, right A1) segments were coded based off manual measurements of single image
slices as normal (=0.8 mm), hypoplastic (<0.8 mm), or aplastic (invisible on MRA). All CoW
segments that were coded differently between the two measurements were further assessed by a
separate reviewer (CWB) using 3D MRA reconstructed images in OsiriX (Geneva, Switzerland).
The 3D reconstructed images were used to make a final decision of normal, hypoplastic, or aplastic
on all segments in which discrepancies existed. The entire CoW was then further classified as one
of 4 variants: missing PcoA (unilateral or bilateral aplastic), missing AcoA (aplastic), full FTP
(unilateral or bilateral P1 aplastic), and partial FTP (unilateral or bilateral P1 hypoplasia and

normal ipsilateral PcoA) (see Figure 3.5).
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Figure 3.5: Circle of Willis Patency Evaluation on Magnetic Resonance Angiography

Fully Patent Co\

Missing AcoA.

Full FTP Variant
5 | |
— .

Missing PcoA

—

Note. Variants of the Circle of Willis (left) common in the population were classified into 4 groups (right): missing
PcoA (unilateral or bilateral aplastic), missing AcoA (aplastic), full FTP (unilateral or bilateral P1 aplastic), and partial
FTP (unilateral or bilateral P1 hypoplasia and normal ipsilateral PcoA); CoW indicates Circle of Willis; PcoA,
posterior communicating artery; AcoA, anterior communicating artery; FTP, fetal-type posterior cerebral artery.

3.2.3.2 Cerebral Blood Flow

See Section 2.2.3 for previously described methods for pCASL image collection and processing.
Note, Ti-weighted magnetization-prepared rapid gradient echo (isotropic spatial resolution, 1mm?)
images were post-processed with an established Multi-Atlas Segmentation pipeline??*2°! with

parcellation of 4 regions of interest, including frontal, temporal, parietal, and occipital lobes.
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3.2.4 Echocardiography

See Section 2.2.4 for previously described methods for echocardiography.

3.2.5 Genetic Testing

See Section 2.2.5 for previously described methods for APOE e4 genotyping.

3.2.6 Covariate Definitions

See Section 2.2.6 for previously described methods for defining covariates.

3.2.7 Analytical Plan

Linear regression models with ordinary least square estimates related PWV to VWI-assessed
lumen diameters measured across BA and bilateral ICA, MCA, and ACA segments. Models were
adjusted for age, sex, race/ethnicity, education, FSRP (excluding points assigned for age), APOE

€4 status, and BMI. Significance was set a priori at p-value<0.05.

Linear regression models with ordinary least square estimates were also used to relate AcoA,
PcoA, full FTP, and partial FTP variants to CBF regions of interest (one test per model), adjusting
for age, sex, race/ethnicity, education, FSRP (excluding points assigned for age), APOE &4 status,
and regional tissue volume. To determine if outliers were driving the cross-sectional or
longitudinal results, additional models were calculated excluding predictor or outcome values >4
standard deviations from the group mean. For all models, follow-up sensitivity analyses were
performed excluding participants with prevalent cardiovascular disease or atrial fibrillation to test
if these conditions accounted for significant results. All analyses were conducted using R version

3.2.3 (www.r-project.org).
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3.3 Results

3.3.1 Participant Characteristics

The cohort was composed of 163 NC participants (7347 years, 58% male) (Table 3.1). In line with
the general population, the most common CoW variants occurred at the PcoAs, which had
hypoplastic or missing segments in 78% of participants. The second most common variant
occurred at the AcoA, which had hypoplastic or missing segments in 58% of participants. In
contrast, P1 variants occurred in only 23% of participants, and Al variants occurred in 10% of
participants. Among PcoAs, hypoplastic (42%) and missing (44%) variants occurred at a similar
prevalence, while hypoplastic variants were more common among AcoA, P1, and Al segments.
Partial FTP variants (15%) were more common than full FTP variants (8%). Across all segments,
unilateral variants were more common than bilateral variants. See Table 3.2 for more details on

the prevalence of CoW variants.
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Table 3.1: Participant Characteristics by Communicating Artery Variant

Combined AcoA & PcoAs | Missing Missing Missing
(n=163) Present AcoA PcoA AcoA & PcoA | p-value
(n=79) (n=14) (n=64) (n=8)

Demographic Characteristics
Age, years 73£7 72+7 70+9 73£7 74+6 0.40
Sex, % male 58 50 43 71 62 0.06
Race, % Non-Hispanic White 87 90 71 88 75 0.20
Education, years 16+3 16+3 162 1743 18+2 0.42
APOE €4, % carrier 30 30 29 28 50 0.64
Body mass index, kg/m? 27.6£5 27.8+5 25.8+4 27.545 29.1+4 0.13
Framingham Stroke Risk Profile, total 11.9+4.1 12.1+4.1 11.4+5.1 11.7+4.1 12.9+3.3 0.68
Systolic blood pressure, mmHg 140+17 142+17 136+16 139+19 138+15 0.52
Anti-hypertensive medication usage, % 55 51 57 51 75 0.60
Diabetes, % 16 11 36 17 25 0.12
Cigarette smoking, % current 2 1 7 2 0 0.46
Prevalent cardiovascular disease, % 4 2 0 8 0 0.32
Atrial fibrillation, % 5 5 0 5 12 0.62
Left ventricular hypertrophy, % 3 4 7 2 0 0.63
Grey Matter Volume
Frontal lobes 226781+ 230042+ 209526+ 226227+ 226981+ 012

31781 33330 32299 29448 29193
Temporal lobes 136272+ 137523+ 122252+ 137417+ 137683+ 0.01

15764 15378 11396 15751 17292
Parietal lobes 129620+ 131825+ 117127+ 129567+ 128567+ 0.03

17635 17271 15005 18076 15722
Occipital lobes 90983+ 92650+ 81634+ 90494+ 93565+ 0.004




11119 10590 11823 10752 12027
Cerebral Blood Flow, mL/100g/min
Frontal lobes 37.4+7.5 38.7+7.0 35.9+8.8 36.0+7.8 38.9+6.5 0.10
Temporal lobes 36.1+£6.6 37.1£6.9 35.4£5.0 34.6+6.3 39.1£7.0 0.20
Parietal lobes 39.949.9 41.6£10.3 38.9+12.5 | 38.4£8.5 36.4+8.9 0.27
Occipital lobes 36.7£9.6 39.2+9.0 35.8+13.4 | 34.1+8.8 34.3+9.4 0.01

Note: Descriptive statistics were calculated using mean+standard deviation for continuous variables and frequencies for categorical variables. Between-group
characteristics were statistically compared using rank-based Kruskal-Wallis test for continuous variables and Pearson’s chi-square test for categorical variables.
Framingham Stroke Risk Profile (minus age points) score is 6.2+3.0 for the total cohort. AcoA indicates anterior communicating artery; PcoA, posterior
communicating artery; APOE, apolipoprotein E; mL/100g/min, milliliters of blood per 100 grams of tissue per minute.
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Table 3.2:

Prevalence of CoW Variants

Variant

Individual Segment Normal

Hypoplastic? Missing
PcoA 22.1% (69) 41.7% (130) 44.2% (138)
Unilateral PcoA — 27.2% (85) 23.7% (74)
Bilateral PcoA — 14.4% (45) 20.5% (64)
AcoA 42.0% (131) 41.3% (129) 16.3% (51)
P1 76.9% (240) 16.7% (52) 7.7% (24)
Unilateral P1 — 14.1% (44) 7.4% (23)
Bilateral P1 — 2.6% (8) 0.3% (1)
Al 89.7% (280) 6.7% (21) 3.5% (11)
Unilateral A1l — 6.7% (21) 3.5% (11)
Bilateral A1l — 0% (0) 0% (0)
FTP Variant Normal FTP Variant
Partial FTP Variant 84.6% (264) 15.4% (48)
Unilateral Partial FTP — 12.8% (40)
Bilateral Partial FTP — 2.6% (8)
Full FTP Variant 92.3% (288) 7.7% (24)
Unilateral Full FTP — 7.4% (23)
Bilateral Full FTP — 0.3% (1)

Note. PcoA indicates posterior communicating artery; AcoA, anterior communicating artery; P1, P1 segment of poster
cerebral artery; Al, Al segment of the anterior cerebral artery; FTP, fetal-type posterior cerebral artery, wherein there
is a hypoplastic (i.e., partial FTP) or missing (i.e., full FTP) P1 segment of the posterior cerebral artery.

APer Igbal et al. (2013), hypoplastic vessels were encountered either alone or in combination with other anomalies.?*

3.3.2 PWV & CoW Lumen Diameters

PWYV did not relate to CoW lumen diameter across the 7 segments evaluated (p-values>0.17). See

Table 3.3 for details.



Table 3.3: Aortic PWV & CoW Lumen Diameters

B 95% CI p-value
Left ICA 0.002 0.01 0.91
Right ICA 0.003 0.02 0.86
Left ACA -0.002 0.01 0.87
Right ACA 0.02 0.01 0.18
Left MCA 0.007 0.01 0.53
Right MCA -0.01 0.01 0.54
BA 0.03 0.02 0.13

Note. n=150 participants with normal cognition. CI indicates 95% confidence interval; ICA; internal carotid artery;
ACA, anterior cerebral artery; MCA, middle cerebral artery; BA, basilar artery.

3.3.3 CoW Variants & CBF

Missing PcoAs were related to frontal lobe (p-value=0.04), temporal lobe (p-value=0.01), and
occipital lobe (p-value=0.004) CBF and unrelated to parietal lobe CBF (p-value=0.07). Missing
AcoA was related to occipital lobe CBF (p-value=0.04) and unrelated to frontal lobe, parietal lobe,
and temporal lobe CBF (p-values>0.19). Neither full FTP nor partial FTP variants related to lobar
CBF (p-values>0.08). See Table 3.4 for details.

Table 3.4: CoW Variants & CBF

B 95% CI p-value

Missing PcoA & CBF ROI

Frontal Lobe -2.66 -5.16, -1.60 0.04
Parietal Lobe -3.01 -6.34, 0.31 0.07
Temporal Lobe -2.82 -5.08, -0.56 0.01
Occipital Lobe -4.35 -7.31,-1.39 0.004
Missing AcoA & CBF ROI

Frontal Lobe -2.92 -7.34,1.50 0.19
Parietal Lobe -3.22 -9.14, 2.69 0.28
Temporal Lobe -1.88 -5.98,2.22 0.37
Occipital Lobe -5.44 -1.07, -1.37 0.04
Full FTP Variant & CBF ROI
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Frontal Lobe -1.15 -5.97,3.67 0.68
Parietal Lobe -3.35 -9.67,2.97 0.30
Temporal Lobe -1.93 -6.29, 2.44 0.38
Occipital Lobe -2.22 -7.91,3.47 0.44
Partial FTP Variant & CBF ROI

Frontal Lobe -2.72 -5.81,3.71 0.08
Parietal Lobe -0.36 -4.46, 3.75 0.86
Temporal Lobe -0.69 -3.58,2.19 0.64
Occipital Lobe 0.06 -3.66, 3.79 0.97

Note. n=163 participants with normal cognition. CoW indicates Circle of Willis; CBF, cerebral blood flow; CI, 95%
confidence interval; PcoA, posterior communicating artery; ROI, region of interest; AcoA, anterior communicating
artery; FTP, fetal-type posterior cerebral artery.

3.4 Discussion

While PWYV failed to predict CoW lumen diameter, suggesting large artery morphological changes
likely do not mediate any PWV-CBF associations, differences in CoW variants did appear to relate
to downstream microvascular health. Specifically, among community-dwelling older adults free
of clinical stroke or dementia, missing PcoA variants are related to lower CBF across brain,
including frontal, temporal, and occipital lobes, while missing AcoA variants related to lower
parietal lobe CBF. Furthermore, neither partial FTP nor full FTP variants related to CBF outcomes.
It is noteworthy that effects reported here are statistically independent of many shared vascular
risk factors. Overall results suggest CoW communicating artery variants contribute to subtly
different hemodynamic risk profiles, which may place certain individuals at a higher risk for CBF

disturbances.

In addition to the CoW’s purported role in collateral circulation, it has recently been implicated as
a cerebral pressure dampener that acts to reduces hemodynamic stress and protect downstream
cerebrovasculature.??* While the aorta is the primary segment of the central vasculature that
absorbs and re-distributes cardiac-generated pulsatile energy, the CoW may serve a similar,

secondary function within the cranial cavity. If the CoW acts as a protective pressure diffuser, then
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absent segments of the CoW may contribute to compromised CBF. However, the prevailing
evolutionary hypothesis of the CoW indicates that its development served to overcome the
selective pressure of vascular diseases (e.g., stenosis), implying that it may not play a large role in

normal physiology.

Our findings indicate that even among relatively healthy older adults with a low prevalence of
cardiovascular disease (4%) compared to the general population over age 65 (24% to 37%),>*
missing communicating arteries may relate to compromised cerebral hemodynamics. While it is
not likely that the magnitude of associated CBF reductions would be sufficient to cause outright
tissue damage, these unique CoW variants serve to create distinct hemodynamic risk profiles
which may be more susceptible to emerging age-related pathology as well as microvascular and
tissue dysfunction in vulnerable perfusion areas. A lack of communicating arteries, more so
posterior cerebral artery variants (e.g., FTP variants), may expose cerebral microcirculation to high

stress that might cause arterial wall and blood brain barrier damage, especially during strenuous

conditions.

While we failed to find associations between PWV and CoW morphology as assessed on VWI, it
is possible that pulsatility-driven stress and functional changes (more so than outright structural
changes) may mediate any downstream effects on CBF. In particular, links between increased
pulsatility and markers cellular dysfunction have been well-established in animal models (e.g.,
endothelial dysfunction?*°) although direction of causality remains unclear. Future work should
examine emerging in vivo markers of vascular dysfunction as potential mediation candidates,
including protein biomarkers of BBB dysfunction and novel neuroimaging measures of vascular

reactivity.

There are several strengths of the current project. First, our extensive MRA image review protocol,

including double-review by a primary a board-certified neuroradiologist reviewer (Dr. L. Taylor
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Davis) and subsequent reconciliation of any discrepancies by a secondary reviewer (Dr. Corey W.
Bown), greatly reduces measurement error in CoW assessment. Second, our comprehensive
variant coding, including characterization of single segment variants as well as multi-segment
variants (i.e., FTP), captures a diverse range of the most commonly observed variants. Our findings
thus have large clinical relevance to the general population. Conversely however, it is important
to note that the cohort is not reflective of the general population since participants were older,
predominantly White, well educated, and relatively healthy as mentioned above. Whether such
variables limit the generalizability of our results is unknown, but we purport that in a less healthy
cohort with greater vascular risk factors or more compromised cardiac function, the association
between communicating artery variants of the CoW and CBF among older adults would likely be
stronger. Given the cross-sectional nature of the study, we cannot draw conclusions about causal
relationships or CBF trajectory. Furthermore, multiple comparisons raise the possibility of a false
positive finding and emphasize the need for replication. Further research is warranted to examine
the clinical significance of CoW variations, including the impact of regional CBF compromise on

cognition and whether they occur independently or through a shared pathway.
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CHAPTER 4¢

Cognition

4.1 Introduction

Age-related changes in vascular structure and hemodynamics have increasingly been associated
with cerebrovascular disease, a leading cause of cognitive impairment.2>%-22 Evidence suggests
chronic risk factors for cerebrovascular disease, such as hypertension, may impair autoregulatory
systems responsible for maintaining constant cerebral perfusion and protecting against mean
arterial pressure changes.®* Systemic vascular changes, such as central arterial stiffening, may

further compromise the brain’s autoregulatory mechanisms and affect tissue integrity.>>3

Age-related arterial stiffening is postulated to drive end-organ damage through transmission of
harmful pulsatile energy to the peripheral microcirculation, a phenomenon associated with
microvascular abnormalities in high-flow/low-resistance organs, such as the kidney.?>* The brain,
another vulnerable high-flow and low-resistance organ, may also be particularly susceptible to
pulsatile energy damage, including increased microvascular remodeling and impaired local blood
flow regulation (see Mitchell, 2008!%° for review). Arterial stiffening is often characterized by
increased PWV, a noninvasive measure of arterial wall properties. Higher PWV has been linked
to worse cognitive performance,?? faster rates of cognitive decline,?%%7 and MCL** though

findings have been inconsistent.?”

¢ This chapter is adapted from “APOE genotype modifies the association between central arterial stiffening and
cognition in older adults” published in Neurobiology of Aging and has been reproduced with the permission of the
publisher and my co-authors: Dr. Dandan Liu, Dr. Jacquelyn E. Neal, Dr. Elizabeth E. Moore, Dr. Katherine A.
Gifford, James G Terry, Sangeeta Nair, Dr. Kimberly R. Pechman, Dr. Katie E. Osborn, Dr. Timothy J. Hohman,
Dr. Susan P. Bell, Dr. J. David Sweatt, Dr. Thomas J. Wang, Dr. Joshua A Beckman, Dr. John Jeffrey Carr, and Dr.
Angela L. Jefferson.
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One of the most well-established risk factors for cognitive decline is the APOE €4, an AD genetic
susceptibility marker. APOE ¢4 is thought to promote AD pathogenesis through its roles in lipid
metabolism, accelerating AP deposition, and neuroinflammation. However, increasing evidence
indicates that APOE genotypes also differentially modulate the function of the cerebrovasculature
through direct signaling, indirect effects of peripheral and central pathway modulation, and
exacerbating the effects of additional vascular risk factors (e.g., hypertension, diabetes).?® In

161.261 ywhich can

particular, APOE €4 mediates BBB breakdown'®? and facilitates AR accumulation,
induce cerebrovascular dysfunction, including endothelial damage and changes in vascular
tone.?62263 Such APOE €4 vascular effects purportedly occur prior to neuronal dysfunction and
degeneration.'®® Accordingly, APOE €4 modifies the association between vascular disease and

4 and relates to earlier, more progressive cognitive decline.?** 4POE ¢4

brain abnormalities!”
carriers may thus be susceptible to cerebrovascular injury via subclinical central vascular changes,

particularly elevated PWV.

Using the best available non-invasive assessment of central arterial stiffening that directly
approximates PWV across the proximal aorta, the current study evaluates how APOF €4 interacts
with PWV to modify the association between PWV and neuropsychological performance at
baseline and longitudinally among community-dwelling older adults free of clinical dementia and
stroke. Our hypothesis is that APOE €4 will modify the association between PWV and
neuropsychological performance, such that APOE €4 carriers will have stronger associations
between elevated PWV and poorer cognitive performance as well as faster cognitive decline when
compared to non-carriers. We predict that PWV x APOE g4 associations will be strongest in
participants with prodromal dementia (i.e., MCI) because they may be more susceptible to APOE
g4 effects. Based on prior findings, we further hypothesize that these effects will be especially

255,265

prominent in the domains of information processing speed,>>’ executive function, and

episodic memory measures, 0236265
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4.2 Methods

4.2.1 Study Cohort

See Section 2.2.1 for previously described methods for cohort selection. Participants were
excluded from the current study for missing baseline PWV, baseline covariate data, or

neuropsychological data across all timepoints (Figure 4.1).

Figure 4.1: Participant Inclusion & Exclusion Criteria

Participants Enrolled in the
Vanderbilt Memory & Aging Project
n=335

Participants Excluded for Diagnosis
at Enrollment
n=27

Y

Participants Excluded for Missing Data

Y

n=25
Cardiac MRI Unusable Aortic
Acquisition PWV Measurement
n=2 n=23

Y

Participants Included in Current Study Pi?f:ﬁ:?g&'ﬁgtg;[)

n=283 n=23

Y

Y Y

NC MCI
n=162 n=121

Y Y Y Y
APOE-¢4 APOE-¢4 APOE-¢4 APOE-¢4
Carriers Non-carriers Carriers Non-carriers
n=47 n=115 n=51 n=70

Note. Missing data categories are mutually exclusive. MRI indicates magnetic resonance imaging; PWV, pulse wave
velocity; CVD, cardiovascular disease; NC, normal cognition; MCI, mild cognitive impairment; APOE,
apolipoprotein E.
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4.2.2 CMR Imaging

See Section 2.2.2 for previously described methods for CMR imaging to capture PWV, a gold-

standard non-invasive measure of aortic stiffness.

4.2.3 Neuropsychological Assessment

All participants completed a common, comprehensive neuropsychological protocol assessing
language, information processing speed, executive functioning, visuospatial skills, and episodic
memory (see Table 4.1 for list of assessment tools). Measures were carefully selected to preclude
floor or ceiling effects. Note, these measures were not used as part of the screening or selection of

participants into the study.

4.2.4 Echocardiography

See Section 2.2.4 for previously described methods for echocardiography.

4.2.5 Genetic Testing

See Section 2.2.5 for previously described methods for APOE e4 genotyping.

4.2.6 Covariate Definitions

See Section 2.2.6 for previously described methods for defining statistical covariates.

4.2.7 Analytical Plan

Before analyses, scatterplots with linear fit and locally weighted smoothing fit were visually
inspected for linearity. Covariates were selected a priori for their potential to confound the
analytical models. Linear regression models with ordinary least square estimates related PWV to

neuropsychological test performance (one test per model). Models were adjusted for age,
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race/ethnicity, education, APOE €4 status, BMI, and FSRP (excluding points assigned for age). To
test hypotheses related to cognitive diagnosis, models were diagnostically stratified (NC, MCI)
and then repeated in sensitivity analyses excluding participants with cardiovascular disease or
atrial fibrillation to assess whether these conditions accounted for any significant results. To test
hypotheses related to APOFE €4 status, diagnostically stratified models were repeated with a PWV
x APOE €4 interaction term. In post-hoc analyses, significant cross-sectional models were re-
analyzed to assess allele dosage effects where APOE €4 status was defined as zero, one, or two &4
alleles. Lower order terms were retained in the interaction models. Significance was set a priori at

p-value<0.05.

Linear mixed-effects regression models related baseline PWV to longitudinal neuropsychological
performance (one test per model), including an interaction with time to follow-up between baseline
and last follow-up visit (in years) as the term of interest. We model the trajectory of cognition
using these linear mixed-effect regression models, where terms involving follow-up time capture
cognitive decline. Models were adjusted for age, race/ethnicity, education, FSRP score (excluding
points assigned for age), BMI, APOE &4 status, and follow-up time. To test hypotheses related to
cognitive diagnosis, models were repeated with a PWV x follow-up time x diagnosis interaction
term, with follow-up models stratified by diagnosis (NC, MCI). To test hypotheses related to
APOE €4 status, models were repeated with a PWV X follow-up time x APOE €4 carrier status
interaction term with follow-up models stratified by APOE €4 carrier status (carrier, non-carrier).
Lower order terms were included in all interaction models. Significance was set a priori at p-

value<0.05.

To determine if outliers were driving the cross-sectional or longitudinal results, additional models
were calculated excluding predictor or outcome values >4 standard deviations from the group
mean. For all models, follow-up sensitivity analyses were performed excluding participants with

prevalent cardiovascular disease or atrial fibrillation to test if these conditions accounted for
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significant results. To account for the effect of multiple comparisons, the Benjamini-Hochberg
procedure®®® was used to control the false discovery rate (FDR); thresholds were set at Q=0.05 for
main models and Q=0.10 for APOE €4 interaction models. All analyses were conducted using R

version 3.2.3 (Www.r-project.org).

4.3 Results

4.3.1 Participant Characteristics

The analytical sample was composed of 283 participants (7347 years, 59% male), including 162
NC and 121 MCI participants. 283 participants included in the study were seen at baseline with a
mean follow-up period of 4.88 years. The mean sample age at baseline was 73 + 7 years (ranging
60-92 years), 58% were men, and 87% self-identified as non-Hispanic white. At baseline, PWV
values ranged 3.5 to 25.5 m/s (8.243.2) and did not differ between NC and MCI participant groups
(p-value=0.87). At least one APOE &4 allele was present in 35% of the cohort, with higher APOE
¢4 allele prevalence in the MCI (42%) compared to the NC group (29%, p-value=0.02). See Table

4.1 for more details on participant characteristics.
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Table 4.1: Baseline Participant Characteristics

Total (n=283) ‘ NC (n=162) MCI (n=121) p-value
Demographic Characteristics
Age, years 73x7 7217 73%8 0.39
Sex, % male 59 59 58 0.81
Race, % Non-Hispanic White 87 87 86 0.79
Education, years 16+3 1612 1543 <0.001
MOCA, total 25+3 27+2 23+3 <0.001
APOE €4, % carrier 35 29 42 0.02
BMI, kg/m? 27.6%5 27.4%5 27.845 0.24
FSRP, total 12.244.2 11.844.2 12.844.2 0.06
Systolic blood pressures, mmHg 141+18 139+17 144+18 0.02
Anti-hypertensive medication usage, % 52 52 52 0.95
Diabetes, % 18 16 21 0.24
Cigarette smoking, % current 2 1 2 0.43
Prevalent cardiovascular disease, % 4 4 3 0.86
Atrial fibrillation, % 5 5 5 0.00
Left ventricular hypertrophy, % 5 4 6 0.41
Aortic PWV, m/s 8.243.2 8.243.0 8.313.4 0.87
Neuropsychological Performance
Boston Naming Test, 30-Item 26.913.0 27.9+2.0 25.613.6 <0.001
Animal Naming 18.9+5.4 20.8+4.8 16.4+5.1 <0.001
WAIS-IV Coding 52.8£13.0 57.4£11.7 46.6+11.9 <0.001
DKEFS Number Sequencing, s* 41.8+£19.4 36.0£12.8 49.6123.6 <0.001
DKEFS Letter-Number Switching, s* 115480 87£35 153+£105 <0.001
DKEFS Tower Test 14.7+4.7 16.0+4.3 13.0+4.7 <0.001
DKEFS Color-Word Inhibition, s 68.5+£24.2 59.9£14.1 79.8429.5 <0.001
Letter Fluency (FAS) Test 39.1£11.8 42.9+11.6 33.949.8 <0.001
Hooper Visual Organization Test 24.5+3.0 25.3+2.5 23.5+3.4 <0.001




CVLT-II Total Immediate Recall 40.5+£12.2 46.919.7 32.0+9.8 <0.001
CVLT-II Delayed Recall 8.1+4.4 10.4+£3.4 4.943.5 <0.001
CVLT-II Recognition 2.4%1.0 3.0£0.7 1.6+0.9 <0.001
BFLT Total Immediate Recall 114442 137430 83136 <0.001
BFLT Delayed Recall 27+11.0 3347.6 19+10.1 <0.001
BFLT Recognition 0.720.2 0.8+0.2 0.6:0.2 <0.001

Note. NC indicates normal cognition; MCI, mild cognitive impairment; MOCA, Montreal Cognitive Assessment; APOE, apolipoprotein E; BMI, body mass index;
FSRP, Framingham Stroke Risk Profile; PWV, pulse wave velocity; WAIS-IV, Wechsler Adult Intelligence Scale, 4th edition; DKEFS, Delis-Kaplan Executive
Function System; CVLT-II, California Verbal Learning Test, 2" edition?*’; BFLT-II, Biber Figure Learning Test.

Descriptive statistics by baseline diagnosis were calculated using mean + standard deviation for continuous variables and frequencies for categorical variables.
Between-group characteristics were statistically compared using Wilcoxon test for continuous variables and Pearson test for categorical variables. Bolded values

represent significant findings. All neuropsychological performance values are total correct excluding timed tasks measured in seconds (s).
*Higher values in speeded test results reflect worse performance.
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As expected, the MCI group had worse neuropsychological performances compared to the NC
group (p-values< 0.001) (Table 4.1) and greater annual longitudinal decline across all measures

compared to NC participants (Table 4.2).

Table 4.2: Annual Change in Neuropsychological Performance

Neuropsychological Test Total NC MCI p-value
(n=283) (n=162) (n=121)
Boston Naming Test, 30-Item 26.913.0 27.912.0 25.613.6 <0.001
Animal Naming 18.915.4 20.814.8 16.415.1 <0.001
WAIS-IV Coding 52.8£13.0 57.4£11.7 46.6£11.9 | <0.001
DKEFS Number Sequencing, s* 41.8+£19.4 36.0£12.8 49.6123.6 | <0.001
DKEFS Letter-Number Switching, s? 115+80 87£35 153+£105 <0.001
DKEFS Tower Test 14.7+4.7 16.0+4.3 13.044.7 <0.001
DKEFS Color-Word Inhibition, s 68.5£24.2 59.9£14.1 79.8£29.5 | <0.001
Letter Fluency (FAS) Test 39.1£11.8 42.9+11.6 33.949.8 <0.001
Hooper Visual Organization Test 24.513.0 25.3%2.5 23.513.4 <0.001
CVLT-II Total Immediate Recall 40.5£12.2 46.919.7 32.019.8 <0.001
CVLT-II Delayed Recall 8.1+4.4 10.4+3.4 4.9£3.5 <0.001
CVLT-II Recognition 2.4%1.0 3.0£0.7 1.6:0.9 <0.001
BFLT Total Immediate Recall 114142 137+30 83136 <0.001
BFLT Delayed Recall 27£11.0 33+7.6 19£10.1 <0.001
BFLT Recognition 0.7+0.2 0.8+0.2 0.60.2 <0.001

Note. NC indicates normal cognition; MCI, Mild Cognitive Impairment; WAIS-IV, Wechsler Adult Intelligence
Scale, 4th edition; DKEFS, Delis-Kaplan Executive Function System; CVLT-II, California Verbal Learning Test, 2™
edition?®’; BFLT-II, Biber Figure Learning Test.

Neuropsychological performance values represent the difference between last follow-up visit and baseline visit
performances. p-values are presented for comparisons between NC and MCI groups using Wilcoxon test. Bolded
values represent significant findings. All neuropsychological performance values are total correct excluding timed
tasks measured in seconds (s).

*Higher values in speeded test results reflect worse performance.



4.3.2 Aortic PWV & Cross-Sectional Neuropsychological Performance

PWYV Main Effects Analyses
In the combined cohort, PWV was unrelated to all neuropsychological performances (p-

values>0.23). See Table 4.3 for PWV main effects results in the total sample.

Table 4.3: Aortic PWV & Cross-Sectional Neuropsychological Performance

‘ B ‘ 95% CI ‘ p-value

Combined Sample, n=283

Boston Naming Test, 30-Item 0.01 -0.09, 0.11 0.87
Animal Naming 0.10 -0.08, 0.28 0.27
WAIS-IV Coding -0.06 -0.49, 0.37 0.79
DKEFS Number Sequencing, s* 0.24 -0.43, 0.90 0.49
DKEFS Letter-Number Switching, s* 1.69 -1.09, 0.15 0.23
DKEFS Tower Test -0.02 -0.19, 0.15 0.82
DKEFS Color-Word Inhibition, s 0.28 -0.57, 1.13 0.52
Letter Fluency (FAS) Test 0.24 -0.18, 0.66 0.26
Hooper Visual Organization Test 0.02 -0.09, 0.12 0.78
CVLT-II Total Immediate Recall 0.14 -0.23,0.52 0.44
CVLT-II Delayed Recall -0.0003 -0.13, 0.13 >0.99
CVLT-II Recognition -0.001 -0.03, 0.03 0.96
BFLT Total Immediate Recall 0.26 -0.97,1.49 0.68
BFLT Delayed Recall 0.06 -0.27,-0.39 0.71
BFLT Recognition -0.002 -0.01, 0.01 0.67

Note. PWYV indicates pulse wave velocity; CI, confidence interval; WAIS-IV, Wechsler Adult Intelligence Scale, 4th
edition; DKEFS indicates Delis-Kaplan Executive Function System; CVLT-II, California Verbal Learning Test, 2™
edition®®’, BFLT-II, Biber Figure Learning Test.

All neuropsychological performance values are total correct excluding timed tasks measured in seconds (s).

*Higher values in speeded test results reflect worse performance.
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Cognitive Diagnosis Subgroup Analyses
In results stratified by cognitive diagnosis, PWV was unrelated to all neuropsychological
performances among NC participants (p-values>0.09) and MCI participants (p-values>0.35). See

Table 4.4 for cognitive diagnosis subgroup results.

Table 4.4: Aortic PWV & Cross-Sectional Neuropsychological Performance Stratified by
Cognitive Diagnosis

‘ B ‘ 95% CI ‘ p-value

NC Participants (n=162)

Boston Naming Test, 30-Item 0.05 -0.05, 0.15 0.32
Animal Naming 0.14 -0.11, 0.39 0.28
WAIS-IV Coding 0.17 -0.42, 0.76 0.58
DKEFS Number Sequencing, s 0.27 -0.34, 0.88 0.39
DKEFS Letter-Number Switching, s* 1.07 -0.58, 2.73 0.20
DKEFS Tower Test -0.01 -0.25,0.22 0.93
DKEFS Color-Word Inhibition, s 0.24 -0.50, 0.98 0.52
Letter Fluency (FAS) Test 0.53 -0.09, 1.15 0.09
Hooper Visual Organization Test 0.07 -0.06, 0.20 0.27
CVLT-II Total Immediate Recall 0.08 -0.44, 0.60 0.76
CVLT-II Delayed Recall -0.02 -0.20, 0.17 0.86
CVLT-II Recognition -0.01 -0.05, 0.03 0.67
BFLT Total Immediate Recall 0.50 -1.09, 2.08 0.54
BFLT Delayed Recall 0.04 -0.37, 0.45 0.85
BFLT Recognition -0.004 -0.01, 0.004 0.31
MCI Participants (n=121)

Boston Naming Test, 30-Item -0.01 -0.21, 0.18 0.89
Animal Naming 0.09 -0.18, 0.36 0.51
WAIS-IV Coding -0.31 -0.95, 0.34 0.35
DKEFS Number Sequencing, s* 0.13 -1.18, 1.44 0.84
DKEFS Letter-Number Switching, s? 2.50 -3.33,8.32 0.40
DKEFS Tower Test -0.03 -0.30, 0.25 0.85
DKEFS Color-Word Inhibition, s? 0.32 -1.38,2.02 0.71
Letter Fluency (FAS) Test -0.12 -0.68, 0.45 0.69
Hooper Visual Organization Test -0.06 -0.24,0.13 0.55
CVLT-II Total Immediate Recall 0.24 -0.32, 0.80 0.39
CVLT-II Delayed Recall 0.02 -0.18, 0.22 0.82
CVLT-II Recognition 0.01 -0.04, 0.06 0.57
BFLT Total Immediate Recall 0.22 -1.80, 2.23 0.83
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BFLT Delayed Recall 0.16 -0.40, 0.72 0.57
BFLT Recognition 0.003 -0.01, 0.02 0.69

Note. PWV indicates pulse wave velocity; CI, confidence interval; NC, normal cognition; MCI, mild cognitive
impairment; WAIS-IV, Wechsler Adult Intelligence Scale, 4th edition; DKEFS, Delis-Kaplan Executive Function
System; CVLT-II, California Verbal Learning Test, 2" edition?®’; BFLT-II, Biber Figure Learning Test.

All neuropsychological performance values are total correct excluding timed tasks measured in seconds (s).

2 Higher values in speeded test results reflect worse performance.

APOE &4 Subgroup Analyses

APOE €4 status modified the relationship between PWV and neuropsychological performance on
Boston Naming Test (=—0.29, 95% CI —0.51 to —0.07, p-value=0.01), Delis-Kaplan Executive
Function System (DKEFS) Tower Test (f=—0.44, 95% CI —0.82 to —0.07, p-value=0.02), and
Biber Figure Learning Test (BFLT) Total Immediate Recall (B=—3.07, 95% CI —5.70 to —0.43, p-
value=0.02) (Table 4.5). For each test, APOE &4 carriers experienced worse neuropsychological
performances at higher PWV values compared to non-carriers (see Figure 4.2 for illustrations).
Of these APOE €4 interaction results, none survived FDR adjustment. In sensitivity analyses,
results were no longer statistically significant after exclusion for cardiovascular disease or atrial
fibrillation though effect sizes were comparable to significant observations detected in the primary
models. See Table 4.5 for complete PWV x APOE €4 interaction results. When models were
stratified by APOE €4 status, PWV was related to neuropsychological performances on the DKEFS
Tower Test among APOE &4 carriers (f=—0.43, 95% CI —0.79 to —0.07, p-value=0.02). Among

APOE €4 non-carriers, PWV was unrelated to neuropsychological performance (p-values>0.14).

Table 4.5: Aortic PWV x APOE €4 & Cross-Sectional Neuropsychological Performance

‘ B ‘ 95% CI ‘ p-value

Combined Sample, n=283

Boston Naming Test, 30-Item -0.29 -0.51, 0.07 0.01
Animal Naming -0.12 -0.52,0.27 0.53
WAIS-IV Coding 0.33 -0.61, 1.26 0.49
DKEFS Number Sequencing, s -0.61 -2.06, 0.83 0.40
DKEFS Letter-Number Switching, s* 3.76 -2.23,9.75 0.22
DKEFS Tower Test -0.44 -0.82, -0.07 0.02
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DKEFS Color-Word Inhibition, s? 0.29 -1.55,2.13 0.76
Letter Fluency (FAS) Test 0.11 -0.80, 1.02 0.81
Hooper Visual Organization Test -0.23 -0.46, 0.004 0.05
CVLT-II Total Immediate Recall -0.14 -0.94, 0.66 0.73
CVLT-II Delayed Recall -0.12 -0.40, 0.17 0.42
CVLT-II Recognition -0.03 -0.10, 0.03 0.32
BFLT Total Immediate Recall -3.07 -5.70, -0.43 0.02
BFLT Delayed Recall -0.69 -1.40, 0.02 0.06
BFLT Recognition -0.01 -0.03, 0.002 0.08

Note. PWV indicates pulse wave velocity; APOE, apolipoprotein E; CI, confidence interval; WAIS-IV, Wechsler
Adult Intelligence Scale, 4th edition; DKEFS, Delis-Kaplan Executive Function System; CVLT-II, California Verbal
Learning Test, 2" edition®*’; BFLT-II, Biber Figure Learning Test.

Bolded values represent significant findings. All neuropsychological performance values are total correct excluding
timed tasks measured in seconds (s).

*Higher values in speeded test results reflect worse performance.
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Figure 4.2: Aortic PWV x APOE ¢4 & Cross-Sectional Neuropsychological Performance
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?_’ -
E 8] g
3 3
(&) w
ke 8 @A
e & "
B 7
2 =
= =
c ® ™
= © 2 ~ 7
E 8 8
=z (7
E
g 3 S o
L” T T T T I“/ T T T T
0 4 8 12 16 0 4 8 12 16
Pulse Wave Velocity, m/s Pulse Wave Velocity, m/s
C. BFLT Trials 1-5 Total Learning
o
‘(_9 S
o
- O S —
c = .
d 9 I APOE-£4 Carrier
o I S
s
(=]
| ot —
o Yes
o
B & No
s
=
g
o &
L’ T T T T

0 4 8 12 16

Pulse Wave Velocity, m/s

Note. Panel A: p-value=0.01. Panel B: p-value=0.02. Panel C: p-value=0.02. Lines reflect fitted linear regression
models between the interaction of PWV and APOEFE €4 status (i.e., APOE €4 carrier/positive (solid) or APOE &4
noncarrier/negative (dashed)) (x-axis) on neuropsychological test performance outcomes (y-axis). Shading reflects
95% confidence interval. PWV indicates pulse wave velocity; APOE, apolipoprotein E; DKEFS, Delis-Kaplan
Executive Function System; BFLT, Biber Figure Learning Test.
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When APOE &4 interaction models were stratified by cognitive diagnosis, PWV x 4APOE &4 was
unrelated to neuropsychological performances in the NC cohort (p-values>0.09) (Table 4.6). In
the MCI cohort, APOE &4 significantly modified the relationship between PWV and BFLT Total
Immediate Recall (B=—4.11, 95% CI —7.88 to —0.34, p-value=0.03) (Table 4.6). When adjusting
for FDR, this result did not remain significant, but it did persist after exclusion for cardiovascular

disease or atrial fibrillation (p-value=0.049).

Table 4.6: Aortic PWV x APOE €4 & Cross-Sectional Neuropsychological Performance
Stratified by Cognitive Diagnosis

‘ B ‘ 95% CI ‘ p-value
NC Participants, n=162
Boston Naming Test, 30-Item -0.15 -0.47,0.18 0.37
Animal Naming 0.43 -0.39, 1.24 0.30
WAIS-IV Coding 0.47 -1.44,2.38 0.63
DKEFS Number Sequencing, s* 0.58 -1.41,2.57 0.57
DKEFS Letter-Number Switching, s? -0.93 -6.29, 4.43 0.73
DKEFS Tower Test -0.66 -1.41,0.10 0.09
DKEFS Color-Word Inhibition, s? -1.88 -4.22,0.47 0.12
Letter Fluency (FAS) Test 1.10 -0.90, 3.10 0.28
Hooper Visual Organization Test -1.10 -0.90, 3.10 0.28
CVLT-II Total Immediate Recall 0.82 -0.86, 2.49 0.34
CVLT-II Delayed Recall 0.17 -0.42,0.76 0.56
CVLT-II Recognition 0.01 -0.12,0.14 0.86
BFLT Total Immediate Recall -1.26 -6.37, 3.86 0.63
BFLT Delayed Recall -0.17 -1.49, 1.15 0.80
BFLT Recognition -0.005 -0.03, 0.02 0.74
MCI Participants, n=121
Boston Naming Test, 30-Item -0.33 -0.69, 0.03 0.07
Animal Naming -0.30 -0.81, 0.21 0.25
WAIS-IV Coding 0.96 -0.25,2.17 0.12
DKEFS Number Sequencing, s® -1.05 -3.54,1.44 0.41
DKEFS Letter-Number Switching, s? 5.00 -6.06, 16.07 0.37
DKEFS Tower Test -0.51 -1.01, 0.003 0.05
DKEFS Color-Word Inhibition, s 0.90 -2.34,4.13 0.58
Letter Fluency (FAS) Test -0.002 -1.09, 1.08 >0.99
Hooper Visual Organization Test -0.23 -0.58, 0.11 0.19
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CVLT-II Total Immediate Recall -0.62 -1.68, 0.44 0.25
CVLT-II Delayed Recall -0.24 -0.62, 0.14 0.21
CVLT-II Recognition -0.06 -0.15, 0.04 0.24
BFLT Total Immediate Recall -4.11 -7.88,-0.34 0.03
BFLT Delayed Recall -0.90 -1.95,0.15 0.09
BFLT Recognition -0.02 -0.04, 0.004 0.11

Note. PWV indicates pulse wave velocity; APOE, apolipoprotein E; CI, confidence interval; NC, normal cognition;
MCI, mild cognitive impairment; WAIS-IV, Wechsler Adult Intelligence Scale, 4th edition; DKEFS, Delis-Kaplan
Executive Function System; CVLT-II, California Verbal Learning Test, 2™ edition?*’; BFLT-II, Biber Figure Learning
Test.

Bolded values represent significant findings. All neuropsychological performance values are total correct excluding
timed tasks measured in seconds (s).

*Higher values in speeded test results reflect worse performance.

In follow-up analyses examining APOE €4 allele dosage effects, APOE €4 allele count modified
the relationship between PWV and neuropsychological performance in the combined cohort on
Boston Naming Test (p-value=0.02) (Table 4.7). Participants with two copies of the APOE &4
allele performed worse at higher PWV values than participants with one copy of the APOE &4
allele (Figure 4.3). This APOE ¢4 allele count result did not survive FDR adjustment nor did it
persist after exclusion for cardiovascular disease or atrial fibrillation or when excluding
participants with APOE €2/e4 genotype. APOE €4 allele dosage did not modify the relationship

between PWYV and neuropsychological performance in diagnostically stratified results (Table 4.8).
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Table 4.7: Aortic PWV x APOE €4 Allele Count & Cross-Sectional Neuropsychological

Performance
‘ B ‘ 95% CI ‘ p-value

Combined Sample, n=283

Boston Naming Test, 30-Item -0.22 -0.41, -0.03 0.02
Animal Naming -0.03 -0.37,0.31 0.87
WAIS-IV Coding 0.39 -0.41, 1.19 0.34
DKEFS Number Sequencing, s® -0.49 -1.72,0.74 0.43
DKEFS Letter-Number Switching, s? 2.09 -3.05, 7.22 0.42
DKEFS Tower Test -0.27 -0.59, 0.05 0.10
DKEFS Color-Word Inhibition, s? 0.45 -1.13,2.04 0.57
Letter Fluency (FAS) Test 0.22 -0.56, 1.01 0.58
Hooper Visual Organization Test -0.18 -0.38, 0.02 0.08
CVLT-II Total Immediate Recall -0.001 -0.69, 0.69 >(0.99
CVLT-II Delayed Recall 0.006 -0.25, 0.24 0.96
CVLT-II Recognition -0.01 -0.07, 0.05 0.79
BFLT Total Immediate Recall -1.91 -4.17, 0.35 0.10
BFLT Delayed Recall -0.32 -0.92, 0.29 0.30
BFLT Recognition -0.01 -0.02, 0.005 0.22

Note. PWV indicates pulse wave velocity; APOE, apolipoprotein E; CI, confidence interval; WAIS-IV, Wechsler
Adult Intelligence Scale, 4th edition; DKEFS, Delis-Kaplan Executive Function System; CVLT-II, California Verbal
Learning Test, 2" edition®*’; BFLT-II, Biber Figure Learning Test.

Bolded values represent significant findings. All neuropsychological performance values are total correct excluding
timed tasks measured in seconds (s).

*Higher values in speeded test results reflect worse performance.
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Figure 4.3: Aortic PWV x APOE ¢4 Allele Count & Cross-Sectional Neuropsychological

Performance
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Note. p-value=0.02. Lines reflect fitted linear regression between the interaction of PWV and APOE &4 allele count
(i.e., 0 (black), 1 (blue), or 2 (red) allele copies) (x-axis) on Boston Naming Test performance outcome (y-axis).
Shading reflects 95% confidence intervals. PWV indicates pulse wave velocity; 4POE, apolipoprotein E.

Table 4.8: Aortic PWV x APOE €4 Allele Count & Cross-Sectional Neuropsychological
Performance Stratified by Cognitive Diagnosis

‘ B ‘ 95% CI ‘ p-value

NC Participants (n=162)

Boston Naming Test, 30-Item -0.07 -0.33,0.19 0.59
Animal Naming 0.49 -0.15,1.13 0.13
WAIS-IV Coding 0.64 -0.86,2.14 0.40
DKEFS Number Sequencing, s* 0.33 -1.22, 1.87 0.68
DKEFS Letter-Number Switching, s? -0.70 -4.89, 3.50 0.74
DKEFS Tower Test -0.45 -1.04, 0.14 0.14
DKEFS Color-Word Inhibition, s? -1.12 -2.97,0.73 0.23
Letter Fluency (FAS) Test 1.49 -0.08, 3.05 0.06
Hooper Visual Organization Test -0.08 -0.41, 0.25 0.63
CVLT-II Total Immediate Recall 0.61 -0.70,1.93 0.36

85



CVLT-II Delayed Recall 0.16 -0.30, 0.63 0.49
CVLT-II Recognition 0.02 -0.09, 0.12 0.72
BFLT Total Immediate Recall -0.94 -4.95, 3.07 0.64
BFLT Delayed Recall -0.20 -1.23,0.83 0.70
BFLT Recognition -0.004 -0.02, 0.02 0.70
MCI Participants (n=121)

Boston Naming Test, 30-Item -0.26 -0.57, 0.05 0.10
Animal Naming -0.22 -0.66, 0.22 0.33
WAIS-IV Coding 0.67 -0.39, 1.72 0.21
DKEFS Number Sequencing, s® -0.85 -2.98, 1.28 0.43
DKEFS Letter-Number Switching, s? 2.87 -6.63, 12.36 0.55
DKEFS Tower Test -0.28 -0.72,0.16 0.21
DKEFS Color-Word Inhibition, s? 1.11 -1.67,3.89 0.43
Letter Fluency (FAS) Test -0.17 -1.11,0.77 0.72
Hooper Visual Organization Test -0.18 -0.48,0.12 0.24
CVLT-II Total Immediate Recall 0.38 -1.29, 0.53 0.41
CVLT-II Delayed Recall -0.09 -0.41, 0.23 0.59
CVLT-II Recognition -0.02 -0.10, 0.06 0.62
BFLT Total Immediate Recall -2.44 -5.68, 0.81 0.14
BFLT Delayed Recall -0.32 -1.21, 0.57 0.47
BFLT Recognition -0.01 -0.03, 0.01 0.28

Note. PWV indicates pulse wave velocity; APOE, apolipoprotein E; CI, confidence interval; NC, normal cognition;
MCI, mild cognitive impairment; WAIS-IV, Wechsler Adult Intelligence Scale, 4th edition; DKEFS, Delis-Kaplan
Executive Function System; CVLT-II, California Verbal Learning Test, 2™ edition?*’; BFLT-II, Biber Figure Learning
Test.

All neuropsychological performance values are total correct excluding timed tasks measured in seconds (s).

*Higher values in speeded test results reflect worse performance.

4.3.3 Aortic PWV & Longitudinal Neuropsychological Performance

PWYV Main Effects Analyses

In the combined cohort, PWYV related to longitudinal neuropsychological performance on DKEFS
Number Sequencing ($=0.40, p-value=0.0002) (Table 4.9). Participants experienced faster
cognitive decline at higher baseline PWV values. In sensitivity analyses, results remained
statistically significant when excluding for outliers (p-value=0.001) and participants with

cardiovascular disease or atrial fibrillation (p-value=0.001).
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Table 4.9: Aortic PWV & Longitudinal Neuropsychological Performance

Nobs ‘ B ‘ p-value
Combined Sample (n=283)
Boston Naming Test, 30-Item 1068 -0.01 0.55
Animal Naming 1069 -0.01 0.55
WAIS-IV Coding 1062 -0.03 0.42
DKEFS Number Sequencing, s* 1056 0.40 0.0002
DKEFS Letter-Number Switching, s* 1023 0.30 0.32
DKEFS Tower Test 1067 0.01 0.56
DKEFS Color-Word Inhibition, s? 1036 -0.08 0.75
Letter Fluency (FAS) Test 1068 -0.06 0.08
Hooper Visual Organization Test 1069 -0.02 0.19
CVLT-II Total Immediate Recall 1066 -0.04 0.32
CVLT-II Delayed Recall 1066 -0.02 0.18
CVLT-II Recognition 1065 -0.001 0.68
BFLT Total Immediate Recall 1062 -0.08 0.50
BFLT Delayed Recall 1060 -0.01 0.84
BFLT Recognition 1057 0.0001 0.93

Note. PWV indicates pulse wave velocity; Nobs, Number of observations; WAIS-IV, Wechsler Adult Intelligence
Scale, 4th edition; DKEFS, Delis-Kaplan Executive Function System; CVLT-II, California Verbal Learning Test, 2™
edition?®’; BFLT-II, Biber Figure Learning Test.

Bolded values represent significant findings. All neuropsychological performance values are total correct excluding
timed tasks measured in seconds (s).

*Higher values in speeded test results reflect worse performance.

Cognitive Diagnosis Subgroup Analyses
Cognitive diagnosis did not appear to modify associations between PWV and longitudinal

neuropsychological performance (p-values>0.15) (Table 4.10).

While weak evidence (i.e., p-value~0.10) of an interaction between aortic PWV and cognitive
diagnosis on DKEFS Number Sequencing was observed ($=0.30, p-value=0.15), these
associations did not meet a priori significance; results stratified by cognitive diagnosis indicated
that PWV was associated with longitudinal DKEFS Number Sequencing performance in both NC
(B=0.30, p-value=0.003) and MCI participants (=0.60, p-value=0.02) (Table 4.11).
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Table 4.10: Aortic PWV X Diagnosis & Longitudinal Neuropsychological Performance

Nobs ‘ B ‘ p-value

Combined Sample (n=283)

Boston Naming Test, 30-Item 1068 -0.02 0.65
Animal Naming 1069 0.01 0.77
WAIS-IV Coding 1062 0.05 0.55
DKEFS Number Sequencing, s* 1056 0.30 0.15
DKEFS Letter-Number Switching, s* 1023 0.80 0.28
DKEFS Tower Test 1067 -0.04 0.25
DKEFS Color-Word Inhibition, s? 1036 -0.80 0.28
Letter Fluency (FAS) Test 1068 -0.06 0.43
Hooper Visual Organization Test 1069 -0.02 0.59
CVLT-II Total Immediate Recall 1066 -0.09 0.27
CVLT-II Delayed Recall 1066 -0.004 0.90
CVLT-II Recognition 1065 -0.004 0.52
BFLT Total Immediate Recall 1062 -0.10 0.65
BFLT Delayed Recall 1060 -0.04 0.53
BFLT Recognition 1057 -0.001 0.63

Note. PWYV indicates pulse wave velocity; Nobs, number of observations; WAIS-IV, Wechsler Adult Intelligence
Scale, 4th edition; DKEFS, Delis-Kaplan Executive Function System; CVLT-II, California Verbal Learning Test, 2™
edition?®’; BFLT-II, Biber Figure Learning Test.

Bolded values represent significant findings. All neuropsychological performance values are total correct excluding
timed tasks measured in seconds (s).

*Higher values in speeded test results reflect worse performance.

Table 4.11: Aortic PWV & Longitudinal Neuropsychological Performance Stratified by
Cognitive Diagnosis

Nobs ‘ B ‘ p-value

NC Participants (n=162)

Boston Naming Test, 30-Item 666 -0.01 0.48
Animal Naming 667 -0.04 0.12
WAIS-IV Coding 664 -0.05 0.19
DKEFS Number Sequencing, s* 662 0.30 0.003
DKEFS Letter-Number Switching, s* 659 0.16 0.35
DKEFS Tower Test 667 0.03 0.18
DKEFS Color-Word Inhibition, s? 645 0.20 0.01
Letter Fluency (FAS) Test 667 -0.05 0.16
Hooper Visual Organization Test 667 -0.01 0.15
CVLT-II Total Immediate Recall 669 -0.002 0.97
CVLT-II Delayed Recall 669 -0.01 0.40
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CVLT-II Recognition 667 0.0004 0.90
BFLT Total Immediate Recall 665 -0.03 0.84
BFLT Delayed Recall 664 0.02 0.64
BFLT Recognition 664 0.001 0.32
MCI Participants (n=121)

Boston Naming Test, 30-Item 402 -0.02 0.61
Animal Naming 402 -0.03 0.50
WAIS-IV Coding 398 0.004 0.97
DKEFS Number Sequencing, s* 394 0.60 0.02
DKEFS Letter-Number Switching, s* 364 1 0.31
DKEFS Tower Test 400 -0.01 0.70
DKEFS Color-Word Inhibition, s? 391 -0.50 0.35
Letter Fluency (FAS) Test 401 -0.09 0.32
Hooper Visual Organization Test 402 -0.03 0.46
CVLT-II Total Immediate Recall 397 -0.10 0.11
CVLT-II Delayed Recall 397 -0.02 0.31
CVLT-II Recognition 398 -0.004 0.56
BFLT Total Immediate Recall 397 -0.14 0.50
BFLT Delayed Recall 396 -0.04 0.52
BFLT Recognition 393 -0.0003 0.87

Note. PWV indicates pulse wave velocity; Nobs, number of observations; NC, normal cognition; MCI, mild cognitive
impairment; WAIS-IV, Wechsler Adult Intelligence Scale, 4th edition; DKEFS= Delis-Kaplan Executive Function
System; CVLT-II= California Verbal Learning Test, 2" edition**’; BFLT-1I= Biber Figure Learning Test.

Bolded values represent significant findings. All neuropsychological performance values are total correct excluding
timed tasks measured in seconds (s).

*Higher values in speeded test results reflect worse performance.

APOE &4 Subgroup Analyses

APOE €4 status modified the relationship between PWV and longitudinal neuropsychological
performance on Hooper Visual Organization Test (f=-0.09, p-value=0.03) (Table 4.12). APOE ¢4
carriers experienced faster cognitive decline at higher PWV values compared to non-carriers.
When models were stratified by APOE ¢4 status, PWV related to longitudinal neuropsychological
performances on Hooper Visual Organization Test among APOE €4 carriers (f=-0.11, p-
value=0.03) (Table 4.13). Among APOE €4 noncarriers, PWV did not relate to longitudinal
neuropsychological performances on Hooper Visual Organization Test (p-values>0.17). In

sensitivity analyses, APOE €4 carrier stratified results remained statistically significant after
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exclusion for cardiovascular disease or atrial fibrillation (f=-0.12, p-value=0.03) and when

excluding for outliers (f=-0.11, p=0.03).

While weak evidence (i.e., p-value<0.10) of an interaction between aortic PWV and APOE &4
status on Boston Naming Test (B=-0.08, p-value=0.08) (Table 4.12) was observed, these
associations did not meet a priori significance; results stratified by 4POFE €4 status indicated that
PWYV was not associated with longitudinal Boston Naming Test performance in either APOE &4
carriers (f=-0.08, p-value=0.18) or APOE ¢4 noncarriers (f=-0.01, p-value=0.56) (Table 4.13).
Weak evidence (i.e., p-value~0.10) of an interaction between aortic PWV and APOE &4 status on
DKEFS Number Sequencing ($=0.40, p-value=0.11) (Table 4.12) was observed (p=0.30, p-
value=0.15), and results stratified by APOE €4 status indicated that PWV was associated with
longitudinal DKEFS Number Sequencing performance in both APOE €4 carriers (f=0.70, p-
value=0.02) and APOE €4 noncarriers (f=0.40, p-value=0.001) (Table 4.13).

Table 4.12: Aortic PWV x APOE €4 & Longitudinal Neuropsychological Performance

Nobs ‘ B ‘ p-value

Combined Sample, n=283

Boston Naming Test, 30-Item 1068 -0.08 0.08
Animal Naming 1069 0.03 0.57
WAIS-IV Coding 1062 -0.09 0.41
DKEFS Number Sequencing, s* 1056 0.40 0.11
DKEFS Letter-Number Switching, s* 1023 -0.90 0.32
DKEFS Tower Test 1067 0.01 0.89
DKEFS Color-Word Inhibition, s? 1036 -0.70 0.28
Letter Fluency (FAS) Test 1068 -0.13 0.16
Hooper Visual Organization Test 1069 -0.09 0.03
CVLT-II Total Immediate Recall 1066 -0.04 0.67
CVLT-II Delayed Recall 1066 0.01 0.81
CVLT-II Recognition 1065 -0.003 0.68
BFLT Total Immediate Recall 1062 -0.09 0.76
BFLT Delayed Recall 1060 -0.04 0.64
BFLT Recognition 1057 -0.001 0.70
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Note. PWYV indicates pulse wave velocity; APOE, apolipoprotein E; Nobs, number of observations; WAIS-IV,
Wechsler Adult Intelligence Scale, 4th edition; DKEFS, Delis-Kaplan Executive Function System; CVLT-II,
California Verbal Learning Test, 2™ edition?®’; BFLT-II, Biber Figure Learning Test.

Bolded values represent significant findings. All neuropsychological performance values are total correct excluding
timed tasks measured in seconds (s).

*Higher values in speeded test results reflect worse performance.

Table 4.13: Aortic PWV & Longitudinal Neuropsychological Performance Stratified by
APOE £4 Genetic Status

Nobs ‘ B ‘ p-value
APOE €4 Carriers (n=98)
Boston Naming Test, 30-Item 365 -0.08 0.18
Animal Naming 365 -0.02 0.76
WAIS-IV Coding 363 -0.13 0.38
DKEFS Number Sequencing, s* 359 0.70 0.02
DKEFS Letter-Number Switching, s* 342 -0.20 0.84
DKEFS Tower Test 365 0.01 0.75
DKEFS Color-Word Inhibition, s? 356 -0.80 0.42
Letter Fluency (FAS) Test 365 -0.18 0.11
Hooper Visual Organization Test 366 -0.11 0.03
CVLT-II Total Immediate Recall 363 -0.09 0.45
CVLT-II Delayed Recall 363 -0.01 0.45
CVLT-II Recognition 364 -0.004 0.64
BFLT Total Immediate Recall 362 -0.20 0.54
BFLT Delayed Recall 362 -0.06 0.49
BFLT Recognition 362 -0.001 0.52
APOE €4 Noncarriers (n=185)
Boston Naming Test, 30-Item 703 -0.01 0.56
Animal Naming 704 -0.05 0.02
WAIS-IV Coding 699 -0.04 0.19
DKEFS Number Sequencing, s* 697 0.40 0.001
DKEFS Letter-Number Switching, s? 681 0.60 0.03
DKEFS Tower Test 702 -0.001 0.98
DKEFS Color-Word Inhibition, s? 680 0.15 0.07
Letter Fluency (FAS) Test 703 -0.07 0.06
Hooper Visual Organization Test 703 -0.01 0.18
CVLT-II Total Immediate Recall 703 -0.04 0.25
CVLT-II Delayed Recall 703 -0.02 0.09
CVLT-II Recognition 701 -0.002 0.55
BFLT Total Immediate Recall 700 -0.17 0.08
BFLT Delayed Recall 698 -0.02 0.58
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BFLT Recognition 696 -0.0003 0.62

Note. PWYV indicates pulse wave velocity; APOE, apolipoprotein E; Nobs, number of observations; WAIS-IV,
Wechsler Adult Intelligence Scale, 4th edition; DKEFS, Delis-Kaplan Executive Function System; CVLT-II,
California Verbal Learning Test, 2™ edition?’; BFLT-II, Biber Figure Learning Test.

Bolded values represent significant findings. All neuropsychological performance values are total correct excluding
timed tasks measured in seconds (s).

*Higher values in speeded test results reflect worse performance.

4.4 Discussion

Among community-dwelling older adults free of clinical stroke or dementia, PWV demonstrated
cross-sectional associations with cognitive performance dependent on APOE €4 carrier status.
Specifically, modest interactions between PWV and APOE &4 carrier status on multiple cognitive
domains indicate that higher PWYV is associated with worse lexical retrieval, visuospatial memory
encoding, and executive function performance among APOFE €4 carriers compared to noncarriers.
Moreover, among APOE €4 carriers, the association between PWV and executive function
performance may be most pronounced (regardless of €4 allele dosage), while the association
between PWV and lexical retrieval performance may be most pronounced among homozygous
APOE &4 carriers specifically. Finally, interactions between PWV and APOE ¢4 carrier status on
visuospatial memory encoding performance may be most pronounced among MCI participants.
Cross-sectional results suggest APOE €4 carriers experience pronounced lexical retrieval and
executive function deficits at higher PWV values, and in the context of prodromal AD, APOE &4
carriers additionally experience pronounced visuospatial memory encoding deficits at higher PWV

values.

Longitudinally, higher PWV at study entry relates to faster decline in processing speed over the
mean 4.9-year follow-up period; weak evidence suggests these widespread associations may be
even more pronounced among NC participants and APOE €4 noncarriers (i.e., healthy aging
phenotype). In addition, higher PWV is associated with faster decline in visuoperceptual skills

among APOE g4 carriers compared to noncarriers. Longitudinal results suggest higher baseline
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aortic stiffness is associated with faster declines in processing speed among all participants
(particularly in healthy agers) and faster declines in visuoperceptual processing among APOE &4

carriers specifically.

Taken together, results suggest that aortic stiffness among older adults may be predictive of faster
declines in processing speed, a hallmark of cognitive aging and key cognitive resource underlying
performance in various cognitive domains. Importantly, processing speed is supported by both
frontal grey matter and global white matter, both of which are significantly vulnerable to
microvascular damage, cerebral ischemic vulnerability, and thus the hemodynamic stress
theoretically perpetuated by aortic stiffness. Second, results suggest that among individuals at
genetic risk for AD (i.e., APOE €4 carriers), higher aortic stiffness may be a marker of worse
lexical retrieval and executive function (i.e., cognitive processes supported by frontotemporal
networks of the brain) and potentially predictive of faster declines in visuoperceptual processing.
Notably, our measure of visuoperceptual skills (i.e., HVOT) is multifactorial and supported by
numerous core processes, including executive functioning (i.e., a primary driver of HVOT
performance in NC participants), lexical retrieval (i.e., a primary driver of HVOT performance in
MCI participants), and perceptual integration. Thus, it is plausible that the effects of the interaction
between aortic stiffness and APOE €4 may be more localized to frontotemporal networks at
baseline, and these early stiffness-related network alterations may be a harbinger of
visuoperceptual processing declines as the effects of aortic stiffness worsen over time. It is
noteworthy that all reported effects are statistically independent of many shared vascular risk
factors, only modestly attenuated by cardiovascular disease or atrial fibrillation, and equivalent to
over 3 years of accelerated cognitive aging when comparing the effect of one year of aging to the

effect of PWV x APOE €4 on cognition in cross-sectional results at baseline.

In theoretical models, age-related central arterial stiffening results in increased PWV, transmission

of damaging pulsatile energy, and microvascular dysfunction, including decreased blood flow to
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high-demand organs as purported by Mitchell (2008).!%° The impact of cerebral hypoperfusion
may have the greatest impact in distal vascular territories where tissue is farthest from blood
supply, in regions susceptible to mechanical stress due to supply from the most direct perfusion
branches (i.e., watershed regions, including grey matter border zones and internal white matter
tracts), or in the most metabolically active regions that are particularly sensitive to hemodynamic
deficits, such as frontal cortex.?%® Watershed microinfarct pathologies associated with cerebral

hypoperfusion have been linked primarily to deficits in core cognitive abilities, including

0 0

processing speed,?® working memory,>’® and visuospatial abilities?’® in community-dwelling
older adults. Thus, the longitudinal implication of processing speed and APOE g4-dependent
visuoperceptual processing (as well as multiple component processes of visuoperceptual
processing in cross-sectional analyses) is consistent with previous evidence. The additional
implication of memory encoding tasks in cross-sectional findings further fits into this framework,
as memory encoding processes are highly dependent on medial temporal lobe structures that are
both susceptible to reduced oxygen/glucose and age-related cerebrovascular dysfunction (e.g.,

BBB breakdown). Lastly, executive function is highly dependent on regions and tracts particularly

vulnerable to hypoperfusion, including frontal cortex, parieto-occipital cortex, and white matter.?>?

The presence of APOE €4 may intensify the effects of age-related aortic stiffness to produce
detectable neuropsychological changes due to APOE e4-related vascular dysfunction (e.g., BBB
dysfunction and increased susceptibility of microvasculature to hemodynamic stress; compromises
in protective autoregulatory mechanisms due to elevated systolic blood pressure and emerging
neuropathology). Thus, the APOE €4 genetic backdrop may allow associations between aortic
stiffness and worse brain health to emerge at PWYV levels that may not be as harmful or clinically
manifest among APOE &4 noncarriers. Recent cerebrovascular regulation studies in advanced
aging and MCI suggest that if cerebrovascular responses to central vascular changes are
compromised, then the brain may experience lower perfusion levels and compromised

autoregulation, changes that are related to end-organ damage.%”-*! If cerebrovascular responses to
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central vascular changes are compromised, then end-organ damage in the brain may yield worse

cognitive and behavioral outcomes.

A majority of findings were weakened in the sensitivity analyses excluding participants with
prevalent cardiovascular disease or atrial fibrillation. Such attenuation suggests PWV and APOE
g4 status may relate to cognition in more pathological cardiovascular states, such that
cardiovascular disease or atrial fibrillation are potential contributors.?’! Cardiovascular disease
conditions impair structural integrity and vessel health, while rhythm issues, such as atrial
fibrillation, increase stroke risk by elevating clotting factors and relate to hippocampal atrophy,?’?
cognitive impairment, and dementia.?’> However, it is important to note that effect sizes from the
primary models and the sensitivity models excluding cardiovascular disease or atrial fibrillation

were comparable suggesting the null sensitivity models might be explained by decreased power

due to fewer available participants.

There are several strengths of the current project. First, direct CMR assessment of PWV across the
aortic arch greatly reduces measurement error introduced by traditional measures (e.g., carotid-
femoral PWV), which reflect mixed vascular properties along the arterial tree. CMR more
accurately assesses the aortic path, which is uniquely implicated in peripheral health since it
contributes an estimated 60-70% of total systemic compliance.?’”* Second, our comprehensive
neuropsychological protocol captures a diverse range of outcomes. Third, APOE &4 genotyping
and aortic PWV data were processed in batch in a core laboratory by technicians blinded to clinical
information. Conversely, it is important to note that the cohort is not reflective of the general
population since participants were older, predominantly White, well educated, and relatively
healthy with a low prevalence of CVD (4%) compared to the general population over age 65 (24%
to 37%).2*® Furthermore, participant drop-out over time occurred more frequently among MCI
participants, limiting the sample sizes in this diagnostic group. Whether such variables limit the

generalizability of our results is unknown, but we purport that in a less healthy cohort with greater
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vascular risk factors, more compromised cardiac function, or more cognitively impaired, the

association between PWV and cognition among older adults would likely be stronger.

Results provide evidence that pulse-wave velocity assessment could be a useful tool to identify
individuals at high risk of cognitive decline or early stages of cognitive decline and to implement
interventions aimed at slowing the progression to dementia.?®> However, limited longitudinal
effects suggest the aortic stiffness may not exert extensive direct effects on brain health among
older adults. Measures of aortic stiffness may thus be more useful as a marker of accumulated
vascular damage among older adults and should be examined at earlier age ranges (e.g., mid-life)
to further investigate if any direct casual effects exist. Follow-up analyses will facilitate future
examination of PWV and APOE &4 interactions on the rate of cognitive decline as well as the
underlying pathophysiology of subclinical vascular changes to declining cognition, particularly

microvascular integrity and hemodynamic disturbances in the brain.
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CHAPTER 5

Summary & Conclusions

5.1 Overarching Summary

Longitudinal results indicate that CMR measurements of aortic stiffness are predictive of declines
in information processing speed (associated with global white matter integrity?’>) among all
participants and further predictive of declines in frontal lobe CBF and visuoperceptual skills
(associated with occipito-temporal networks?’62’7) among APOE &4 carriers during a nearly 5-year
mean follow-up period. Longitudinal results did not depend significantly on cognitive diagnosis
(i.e., NC vs. MCI), suggesting that cognitive and hemodynamic vulnerability to aortic stiffness
among older adults (i.e., aged 65+) may not be related to emerging AD neuropathology. The lack
of associations between aortic stiffness and perfusion over time in the combined cohort may
indicate that observed vulnerabilities of processing speeds domains likely occur through perfusion-
independent arterial aging pathways (e.g., endothelial dysfunction, BBB dysfunction, neurotoxic
inflammation and oxidative stress); they may also reflect the fact that our perfusion measures did

not capture white matter, which is the primary anatomical driver of processing speed performance.

Importantly, our most pronounced longitudinal associations occurred among APOE €4 carriers,
which supports our hypotheses that APOE €4 and aortic stiffness combine synergistically to
exacerbate brain aging outcomes.?®® While vulnerability of the frontal lobe to vascular dysfunction
is well-established in vascular dementia, the implication of occipito-temporal network dysfunction
(i.e., declines in visuoperceptual skills) was somewhat surprising. However, these cognitive
associations may be partially explained by the regionally-specific cerebrovascular effects that
APOE ¢4 is purported to exert, including BBB dysfunction in temporal lobes!62?7® and greater
CBF declines in frontal, parietal, and temporal cortices in normal aging.!”® Thus, aortic stiffness

and APOE €4 synergistic effects appears to be most relevant for CVD-vulnerable frontal-
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subcortical cerebrovascular function as well as APOE g4-vulnerable temporal network
neurovascular function. The lack of anatomical alignment between frontal perfusion and occipito-
temporal network dysfunction results is likely explained either through independent aortic stiffness
damage pathways (e.g., SVD in frontal regions vs. BBB dysfunction in temporal regions) or
through observations that hypoperfusion-related frontal and parieto-occipital white matter changes

are particularly associated with hippocampal atrophy.?”

Cross-sectional findings indicate that higher aortic stiffness is associated with subtle global blood
flow reductions, including more pronounced associations in the temporal lobe among APOE €4
carriers without cognitive impairment (i.e., NC). However, aortic stiffness associations with
cognitive impairment (i.e., lexical retrieval, executive function, visuospatial memory encoding)
were most pronounced among APOE &4 carriers with early-stage AD (i.e., MCI). These results
support the early involvement of APOE €4 in temporal lobe cerebrovascular dysfunction among
cognitively unimpaired older adults (as described above) and provide additional evidence for the
necessity of AD-related pathological changes to promote cognitive dysfunction, in particular a
three-way synergistic interplay between systemic vascular risk (i.e., aortic stiffness), APOE &4
neurotoxic effects (e.g., directly through neuroinflammation pathways, indirectly through APOE
g4-associated cerebrovascular dysfunction), and AD-related pathological processes and proteins
(e.g., AP, tau).?® The particular vulnerability of the temporal lobe perfusion in cross-sectional
results compared to frontal lobe in longitudinal results may reflect either that aortic stiffness exerts
its strongest effects on temporal lobe hemodynamics earlier in the lifespan (i.e., prior to study
enrollment) or that aortic stiffness and temporal lobe hemodynamic dysregulation may co-occur
downstream of a tertiary variable (discussed further below). Previous literature suggests the
temporal lobe cerebrovasculature may experience overlapping vulnerability to blood pressure-
related hypoxic-ischemic injury, AD-related BBB breakdown, and cortical microinfarcts, but
additional research is needed to clarify temporal sequencing of these earliest-stage changes as well

as their cause-effect relationships. Regardless, longitudinal results suggest some utility of aortic
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stiffness in predicting declines in frontal-associated cerebral perfusion and cognitive networks

among APOE g4+ older adults, although associations were limited.

Investigations into the potential roles of the cerebral macrovasculature in mediating hemodynamic
dysfunction revealed that, while theoretical models suggest aortic stiffness may promote cerebral
hypoperfusion through increased vascular remodeling and resistance to flow, aortic stiffness is not
significantly related to large artery wall remodeling (i.e., thicker walls, narrow lumens). Findings
support emerging evidence that microvascular function (e.g., endothelial dysfunction, BBB
dysfunction) may play the largest role in associations between aortic stiffness and worse
cerebrovascular and cognitive aging. Future research investigating the causal or intermediate roles
of microcirculatory changes along our purported damage pathways is needed. Interestingly,
exploratory investigations into the role of other macrovascular characteristics in age-related
cerebrovascular dysfunction revealed that differences in CoW patency are associated with
compromises in cerebral hemodynamics. Specifically, common communicating artery variant
structures were associated with frontal and occipital lobe hypoperfusion. While these early-stage
findings warrant further investigation, results suggest CoW structural variants may represent
another type of pre-existing risk factor for worse arterial aging (i.e., beyond APOE &4 genetic risk)
that place certain individuals at higher risk for hypoperfusion with higher aortic stiffness. Multiple
interpretations likely exist for the observed results and additional research is needed to investigate
the involvement of other hemodynamic characteristics promoted by atypical arterial structures
(e.g., changes in time-to-peak, pressure variability, and non-laminar flow profiles) and more
detailed risk stratification to understand the relevance of these factors across subpopulations as

well as how they interact with existing comorbidities commonly found in older adult populations.

99



5.2 Overarching Discussion

As detailed in Chapter 2, a direct pathway from aortic stiffness to compromised neurovascular
health, including CBF and related neuropsychological functions, may exist due to increased
transmission of harmful pulsatile energy into the microvasculature, which compromises both their
structural integrity and function. While a direct pathway between cardiovascular changes and brain
health is plausible, cardiovascular dysfunction may also relate to worse brain health as a
consequence of emerging neuropathology (i.e., a brain to heart pathway). Several reports indicate
that evolving pathology and neurodegeneration in the AD brain may drive disruptions of
autonomic control circuits responsible for heart rate and blood pressure control. Indeed, autonomic

280-286

dysfunction has been repeatedly described in AD patients , including impaired cardiovagal

287.288 and vasomotor sympathetic dysfunction 2%. Although Braak and

parasympathetic function
Braak staging criteria do not include evaluation of the brainstem, a central regulator of autonomic
function, its early involvement in AD suggests emerging relevance 2*°. AD pathophysiology may
cause a disruption of essential brainstem circuitry responsible for cardiovascular control, upstream
autonomic control centers responsible for integrating peripheral signals and regulating the

) 291,292

brainstem (e.g., hypothalamus and insula , and cortical modulators of these autonomic

293 Moreover, cholinergic signaling pathways associated with cerebral and peripheral

circuits
nerve dysfunction may be particularly vulnerable in AD 2$22%4, Ultimately, varied abnormalities in
brain structures and networks subserving autonomic regulation may impair cardiovascular
function in AD, accounting for previously reported connections between cardiovascular function

and abnormal brain changes 61-63:66:67.295,

It is also possible that the link between cardiovascular and brain dysfunction is an epiphenomenon.
In support of this hypothesis, pleiotropy between AD and cardiovascular risk-associated genes has
been increasingly established. For example, variants in the presenilin-1 gene, the same gene
associated with early-onset AD, have been reported in idiopathic dilated cardiomyopathy 2%,

These variants appear to reduce protein expression of the presenilin 1 protein, likely compromising
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¢ rather than

its direct roles in calcium signaling 2°7?® and excitation-contraction coupling
amyloid processing. More recent genetic studies have indicated that the polygenetic component of
AD is also enriched for cardiovascular risk factors, particularly lipid-associated factors potentially
linked to BBB damage and pathological cholesterol metabolism in the brain 2%, In addition to
a common genetic profile affecting the heart and brain, studies of cardiovascular protein
abnormalities in AD have further demonstrated a common molecular profile. In AD patients,
biochemically similar AP deposits have been shown to co-exist in the heart and brain, and
myocardial AP deposits appear to contribute to early diastolic dysfunction, as defined by impaired
left ventricular relaxation 3°!. While cardiovascular amyloid is likely common in advanced age 3>

301 The possibility

304 cardiovascular AB4o and APz expression is particularly increased in AD
that AP aggregates may directly drive cardiomyocyte defects is strengthened by findings that
myocardial AP oligomers promote changes in calcium homeostasis that likely mediate
cardiomyocyte toxicity and contractile dysfunction in idiopathic dilated cardiomyopathy 2%,
Future genetic, biochemical, and molecular studies will likely continue to shed light on the shared

mechanisms underlying declines in heart and brain health, as well as whether these declines occur

independently or through a shared pathway.

5.3 Clinical Significance

Arterial stiffness has been known as a sign of cardiovascular risk since the 19th century. Despite
this, accurate measurement and clinical utility have only emerged in recent times. Arterial stiffness
and its hemodynamic consequences are now established as predictors of adverse cardiovascular
outcome. The present research findings provide some evidence that aortic PWV may serve as a
novel and accessible biomarker of early-stage cerebrovascular dysregulation in aging, including
the occurrence of subtle cerebral hemodynamic dysregulation and cognitive dysfunction. Central
arterial stiffness may predict age-related cerebrovascular dysfunction earlier and with greater

ability than other measures of central arterial aging, including systolic blood pressure, pulse
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pressure, and augmentation index. Our results add to this body of literature to support CMR-
assessed PWV as a potential predictor of brain-related outcomes in aging adults, particularly
carriers of the APOE &4 risk allele. Aortic PWV may thus serve as a useful clinical screening tool

with novel (although limited) predictive value for age-related cerebrovascular dysfunction.

As a screening tool to identify worse cerebrovascular aging in its early stages, aortic PWV
evaluations would promote earlier diagnostic evaluation; more effective risk factor management
or intervention at earlier stages; and more comprehensive tracking of vascular disease course and
intervention efficacy within both patient populations and research studies. When using the most
common techniques for central arterial stiffness assessment (e.g., distal pressure sensors like
mechanotransducers or high-fidelity applanation tonometers; distension waves obtained from the
high-definition echotracking devices), there is a need to consider methodological confounds,
including comorbidities that may delay or attenuate the pressure waveform (e.g., aortic, iliac, or
proximal femoral stenosis) or make distance measurements inaccurate (e.g., metabolic syndrome,
obesity, diabetes, peripheral artery disease). Since these distal pressure sensor techniques are based
on peripheral pulse pressure, they are ultimately a poor reflection of central aortic pressure.’®®
Furthermore, while ultrasound-based and MR-based methods require estimation of aortic wall
thickness and diameter for indirect measurement of aortic stiffness, this is not a concern with CMR
assessment of aortic stiffness. While assessment of aortic PWV via cardiac imaging provides a
more accurate assessment of true aortic PWV compared to carotid-femoral PWV (thereby avoiding
many of the transit time and distance measurement limitations), cardiac imaging is often
underutilized due to perceived costs, limiting patient factors and comfort, and longer examination
periods.? Thus, using both carotid-femoral PWV as an initial screening tool in conjunction with
cardiac imaging may help provide more accessible initial detection coupled with high-sensitivity
refinement of clinical diagnosis, prognosis, and subsequent treatment plans. Screening for higher
aortic stiffness among APOE €4 carriers may help predict cerebrovascular dysfunction, a well-

known early-stage contributor to accelerated cognitive aging in healthy and ADRD populations.
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Earlier and more sensitive identification of patients at high-risk for cerebrovascular dysfunction

may in turn facilitate improved patient outcomes with respect to cognitive aging.

5.4 Future Directions

5.4.1 Immediate Follow-up Questions within Human Datasets

Numerous opportunities for extending our research findings using immediately available data
exist, including (1) assessing whether hemodynamic patterns account for associations between
aortic stiffness and cognition (e.g., the degree to which stiffness-cognition associations are
attenuated by inclusion of perfusion covariates or creating mediation models with perfusion as the
mediator variable of interest); (2) assessing alternative mediators of stiffness-cognition
associations, such as fluid biomarkers of BBB dysfunction and neuroinflammation; (3) further
deconvolving aortic stiffness associations with brain health variables by examining contributions
of other hallmarks of arterial aging (e.g., hypertension) and comorbidities known to modify the
effects of aortic stiffness (e.g., diabetes); (4) more in-depth risk factor characterization (e.g.,
interactions between aortic stiffness and sex) to further refine high-risk identification; (5)
investigating aortic stiffness effects on interrelated characteristics of early-stage hemodynamic
dysfunction (e.g., mean blood pressure vs. pulsatility, hypoperfusion, cerebrovascular reactivity,
temporal flow characteristics such as time-to-peak); and (6) further investigating the implications
of exploratory CoW-CBF research findings (Chapter 3) within the larger framework of systemic
arterial aging (e.g., introducing communicating artery variants as a potential modifier of
associations between aortic stiffness and cerebral perfusion; developing a data-driven approach to
determine which variant structures may be most relevant to risk of microcirculatory damage and

dysfunction).

103



5.4.2 Long-term Follow-up Questions within Human Datasets

Outside of the data currently available within the Vanderbilt Memory & Aging Project, significant
questions still need to be resolved to understand the casual vs. correlative roles of aortic stiffness
and the magnitude of its potential effects on brain health, including (1) the effects of aortic stiffness
over the lifespan, particularly in mid-life where the effects of many systemic vascular variables
are expected to be greatest; (2) the relative contributions of aortic stiffness to cerebral perfusion
and cognition compared to alternative biomarkers of arterial aging-related damage that may
demonstrate more predictive value as intermediate endpoints (e.g., measures of impedance
matching between aorta and carotids; true flow pulsatility, which is the purported direct
mechanism of damage to microcirculation); (3) the effects of different AD biomarker profiles (e.g.,
CSF fluid protein abnormalities) across time on observed associations; and (4) potential effects of
aortic stiffness on more subtle and sensitive measures of neuronal dysfunction (i.e., prior to tissue
infarction or CVD). Developing a deeper understanding of the effects (or unrelated cooccurrence)
of aortic stiffness with early cerebrovascular dysfunction will require a sophisticated approach to
identifying high-risk baseline or age-related differences in demographics (e.g., APOE €4 genetic
risk, CoW variant structures, sex, cardiovascular comorbidities, racial/ethnic differences, and other
factors related to social determinants of health), high-risk exposure windows (e.g., older age,
midlife), and the correct downstream targets to develop intervention strategies in the case that

aortic stiffness does directly promote accelerated brain aging.
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