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Abstract

Objectives: To test the hypothesis that increased aortic stiffening is associated with
greater cerebrospinal fluid (CSF) evidence of core Alzheimer's disease pathology (AR,
phosphorylated tau (p-tau)), neurodegeneration (total tau (t-tau)), synaptic dysfunction
(neurogranin), neuroaxonal injury (neurofilament light (NFL)), and neuroinflammation
(YKL-40, sSTREM2), we analyzed pulse wave velocity (PWV) data and CSF data among

older adults.

Methods: Participants free of stroke and dementia from the Vanderbilt Memory and
Aging Project, an observational community-based study, underwent cardiac magnetic
resonance to assess aortic pulse wave velocity (PWV, m/sec) and lumbar puncture to
obtain CSF. Linear regressions related aortic PWV to CSF AR, p-tau, t-tau, neurogranin,
NFL, YKL-40, and STREM2 concentrations adjusting for age, race/ethnicity, education,
apolipoprotein (APOE) €4 status, Framingham Stroke Risk Profile, and cognitive
diagnosis. Models were repeated testing PWV interactions with age, diagnosis, APOE-

€4, and hypertension on each biomarker.

Results: 146 participants were examined (72+6 years). Aortic PWV interacted with age
on p-tau (B=0.31, p=0.04), t-tau, (B=2.67, p=0.05), neurogranin (=0.94, p=0.04), and
sTREM2 ($=20.4, p=0.05). Among participants over age 73 years, higher aortic PWV
related to higher p-tau (3=2.4, p=0.03), t-tau (3=19.3, p=0.05), neurogranin (=8.4,
p=0.01), and YKL-40 concentrations (3=7880, p=0.005). Aortic PWV had modest
interactions with diagnosis on neurogranin (3=-10.76, p=0.03) and hypertension status

on YKL-40 (8=-18020, p<0.001).
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Conclusions: Among our oldest participants, age 74 years and older, greater aortic
stiffening is associated with in vivo biomarker evidence of neuroinflammation, tau
phosphorylation, synaptic dysfunction, and neurodegeneration, but not amyloidosis.
Central arterial stiffening may lead to cumulative cerebral microcirculatory damage and
blood flow delivery to tissue, resulting in neuroinflammation and neurodegeneration in

more advanced age.

Keywords: arterial stiffness, pulse wave velocity, cardiac magnetic resonance, CSF

biomarkers, aging
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Clinical Perspective
What is new?

e Greater aortic stiffness quantified from cardiac magnetic resonance is associated
with greater in vivo molecular evidence of neuroinflammation, synaptic
dysfunction, phosphorylated tau, and total tau among the oldest-old participants.

e Aortic stiffness is not associated with amyloid-, suggesting aortic stiffness does
not affect brain health through an amyloidosis pathway.

e Central arterial stiffening may lead to cumulative cerebral microcirculatory
damage and blood flow delivery to tissue, resulting in neuroinflammation and
neurodegeneration in more advanced age.

What are the clinical implications?

e These findings provide greater understanding into how arterial stiffness effects
brain health, identifying molecular pathologies that may contribute compromised
brain structure and function.

e Understanding the molecular pathologies underlying associations between aortic
stiffness and brain health may inform targeted interventions that mitigate the

onset of more severe structural damage or cognitive decline.
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1. Introduction

Age-related arterial stiffening, most commonly assessed with pulse wave velocity
(PWV), is associated with cognitive impairment,! structural brain changes,? and cerebral
small vessel disease.® As elastic arteries, like the aorta, stiffen with age, they are less
able to buffer normal changes in blood pulsatility* throughout the cardiac cycle.® Thus,
greater pulsatile energy is transmitted,® particularly in high flow organs receiving a large
proportion of the blood supply, such as the brain. Increased pulsatility damages the
cerebral microcirculation,’ leading to reductions in blood flow delivery.2 However, the
molecular pathologies incited or exacerbated by microcirculatory changes, possibly
accounting for subsequent cognitive impairment, remain unknown.

Previous research has investigated associations between vascular stiffening and
core Alzheimer’s disease (AD) pathology, hamely amyloid-beta (AB) and
phosphorylated tau (p-tau). Using a proxy measure of arterial stiffness®1° and
tonometry,111? increased stiffness is associated with greater cerebral AR%1:1? and p-tau
deposition.1° Beyond core AD pathology, increased PWV-induced damage to the
microcirculation” and corresponding cerebral blood flow (CBF) reductions® may lead to
neurodegeneration, synaptic dysfunction, and neuroaxonal injury. In animal work,
cerebral hypoxia leads to diminished long term potentiation,® axonopathy,** and
increased total tau'® (t-tau, a marker of AD-type neurodegeneration), suggesting
alternative pathways through which arterial stiffness may affect brain health.
Additionally, given the activation of microglia’® and astrocytes!’ following capillary
damage and blood-brain barrier disruption, it is likely that increased blood pulsatility

incites an inflammatory cascade. Despite growing evidence that these pathologies are
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associated with vascular risk'8-2* and contribute to abnormal brain aging,?%2° it remains
unknown how arterial stiffness relates to core AD pathology and these concomitant
pathways of injury.

The current study examines associations between arterial stiffness and
cerebrospinal fluid (CSF) biomarker evidence of core AD pathology (AB, p-tau), AD-type
neurodegeneration (t-tau), synaptic dysfunction (neurogranin), general neuroaxonal
injury (neurofilament light (NFL)), and neuroinflammation (YKL-40, soluble triggering
receptor expressed on myeloid cells 2 (STREM2)) among older adults free of clinical
dementia and stroke. Unlike most prior studies investigating arterial stiffness, we directly
measure PWV in the aortic arch with cardiac magnetic resonance (CMR). Based on
prior work examining arterial stiffness, AD pathology,®1° and CBF reductions,® we
hypothesize that greater aortic stiffening will relate to increased in vivo molecular
evidence of AD pathology, neurodegeneration, synaptic dysfunction, axonal injury, and
neuroinflammation. Given literature suggesting arterial stiffness may have stronger
associations with pathology among the oldest old,%11?2 and our prior work showing that
cognitive diagnosis, apolipoprotein E (APOE) &4 status, and hypertension modify the
effects of PWV on brain health,%26 we also tested PWV x age, PWV x diagnosis, PWV x

APOE-&4, and PWV x hypertension interactions on each CSF biomarker.
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2. Methods
2.1 Cohort Selection

The Vanderbilt Memory and Aging Project?® is a longitudinal study investigating
vascular health and brain aging. Inclusion required participants be age =60 years, speak
English, have adequate auditory and visual acuity, and have a reliable study partner. At
eligibility, participants underwent medical history and record review, clinical interview
(including functional questionnaire and Clinical Dementia Rating?’ with the study
partner), and neuropsychological assessment for cognitive diagnosis by consensus,
including normal cognition (NC), early mild cognitive impairment (eMCl),28 or MCI?°
based on the National Institute on Aging/Alzheimer’s Association Workgroup clinical
criteria.?® Participants were excluded for magnetic resonance imaging (MRI)
contraindication, history of neurological disease (e.g., stroke), heart failure, major
psychiatric illness, head injury with loss of consciousness >5 minutes, and systemic or
terminal iliness that could impact follow-up participation. At enrollment participants
completed a comprehensive evaluation, including but not limited to fasting blood draw,
physical examination, clinical interview with medication review, cardiac magnetic
resonance (CMR), echocardiogram, and optional lumbar puncture. Participants were
excluded from the current study for missing PWV, CSF biomarker, or covariate data
(Figure 1).

The Vanderbilt University Medical Center Institutional Review Board approved
the protocol. Written informed consent was obtained from participants prior to
commencement of data collection. Due to participant consent limitations in data sharing,

a subset of data is available to others for purposes of reproducing the results or
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replicating procedures. These data, analytic methods, and study materials can be

obtained by contacting the corresponding author.

2.2 CMR Imaging

CMR imaging was acquired at Vanderbilt University Medical Center using a 1.5T
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. Under the supervision of a board-certified
radiologist (JCC), trained raters blinded to clinical information (JGT, SN) used the 2-
dimensional flow sequence to draw contours on the ascending and descending aorta
using QFLOW 5.6 Enterprise Solution (Medis, Leiden, Netherlands). The thoracic aorta
centerline length (cm) from the ascending aorta to descending aorta was measured
using OsiriX (PIXMEO SARL, Bernex, Switzerland). Transit time was calculated using a
custom MATLAB script to calculate the difference in time (milliseconds) at half-max
between the leading edges of the ascending and descending aortic flow curves. PWV
(m/sec) was calculated as distance traveled across the aorta (m) divided by time delay
in onset of velocity waves (seconds). Inter-reader reliability (coefficient of
variation=6.6%) was determined by independent review of 34 scans by two readers
(JGT, SN). Pulsatile wave transmission increases with decreasing arterial wall elasticity,
so higher PWYV indicates higher arterial stiffness. The direct measurement of PWV at
the aortic arch, the vessel primarily responsible for buffering pulsatile flow, with CMR
allows for local assessment of proximal aortic stiffness without the confound of the distal

arterial tree with varied vascular wall properties and tortuosity.
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2.3 Lumbar Puncture and Biochemical Analyses

At baseline, participants were invited to complete an optional fasting lumbar
puncture procedure. CSF was collected with polypropylene syringes using a Sprotte 25-
gauge spinal needle in an intervertebral lumbar space. Samples were immediately
mixed and centrifuged, and supernatants were aliquoted in 0.5 mL polypropylene tubes
and stored at -80°C. Samples were analyzed in batch using commercially available
enzyme-linked immunosorbent assays (Fujirebio, Ghent, Belgium) to determine the
levels of AR (INNOTEST b-AMYLOID@-42), p-tau (INNOTEST PHOSPHO-TAU(181P)),
and t-tau (INNOTEST hTAU). NFL was measured using a commercially available
enzyme-linked immunosorbent assay (UmanDiagnostics). Samples were analyzed
using in house enzyme-linked immunosorbent assays to determine the levels of
neurogranin®® and sTREM2.3? CSF YKL-40 (also called chitinase 3-like 1) concentration
was measured using the Human Chitinase 3-like 1 Quantikine ELISA Kit (R&D
Systems, Inc., Minneapolis, MN). Board certified laboratory technicians processed data
blinded to clinical information, as previously described.2? Intra-assay coefficients of

variation were <10 percent.30-32

2.4 Covariates

Covariates were collected at the enrollment visit and selected a priori for their
potential to confound analytical models. Systolic blood pressure was the mean of two
measurements. Hypertension was defined as current antihypertensive medication use,

systolic blood pressure 2140 mmHg, or diastolic blood pressure 290 mmHg. Diabetes
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mellitus was defined as fasting blood glucose 2126 mg/dL, hemoglobin A1C 26.5%, or
oral hypoglycemic or insulin medication usage. Medication review determined anti-
hypertensive medication use. Left ventricular (LV) hypertrophy was defined on
echocardiogram as LV mass index >115 g/m? in men or >95 g/m? 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 usage for atrial fibrillation. Current cigarette smoking (yes/no within the year
prior to baseline) was ascertained by self-report. Self-report prevalent cardiovascular
disease (CVD) with medical record documentation included coronary heart disease,
angina, or myocardial infarction (heart failure was a parent study exclusion).
Framingham Stroke Risk Profile (FSRP) score assigned points by sex for age, systolic
blood pressure (accounting for anti-hypertensive medication usage), diabetes, cigarette

smoking, LV hypertrophy, CVD, and atrial fibrillation.3* APOE-¢4 status was defined as

positive (£2/€4, €3/e4, e4led) or negative (e2/€2, €2/e3, £3/e3).

2.5 Analytical Plan

Linear regressions with ordinary least square estimates related aortic PWV to
each CSF biomarker. Models were adjusted for age, race/ethnicity, education, modified
FSRP (excluding points assigned for age), APOE-¢4 status, and cognitive diagnosis. To
test hypotheses related to age effects, models were repeated with a PWV x age
interaction term and stratified by age groups split by median age (<73 young-old, >73
older-old). Models also tested PWV x diagnosis and PWV x APOE-¢4 interactions on

each CSF biomarker with follow-up models stratified by diagnosis (NC, MCI) and
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APOE-¢4 status (carrier, non-carrier), respectively. In secondary analyses, the effect of
hypertension was examined by relating a PWV x hypertension interaction to CSF
outcomes and stratifying models by hypertensive status (yes, no).

To assess if CVD or atrial fibrillation accounted for any significant results, all
significant models were repeated in sensitivity analyses excluding participants with
these conditions. To determine if outliers were driving the results, additional models
were calculated excluding predictor or outcome values >4 standard deviations from the
group mean. Multiple comparison correction was performed using a false discovery
rate. Significance was set a priori at p<0.05 and analyses were conducted using R 3.4.2

(www.r-project.orq).
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3. Results
3.1 Participant Characteristics

The sample included 146 adults age 60-90 years (72+6), 66% were male, and
94% self-identified as non-Hispanic White. PWV ranged 3.5 to 21.6 m/sec, and 16%
had clinically elevated PWV defined as >10 m/sec.®® See Table 1 for participant

characteristics for the total sample and stratified by age group (young-old, older-old).

3.2 PWV and CSF Biomarkers
Among all participants, PWV was unrelated to all CSF biomarkers (p-

values>0.13, Table 2).

3.3 PWV x Age Interactions and CSF Biomarkers

PWV interacted with age on CSF p-tau (p=0.04), t-tau (p=0.05), neurogranin
(p=0.04), and sSTREM2 (p=0.05). However, results were slightly attenuated when
excluding participants with prevalent CVD, atrial fibrillation, or outliers (p-values>0.09).
Stratified results revealed that among older-old participants (>73 years), higher PWV
related to higher CSF p-tau (p=2.39, p=0.03), t-tau ($=19.31, p=0.05), neurogranin
(B=8.35, p=0.01), and YKL-40 concentrations (=7880, p=0.005). Notably, the
neurogranin and YKL-40 results survived multiple comparison correction. When
excluding participants with prevalent CVD, atrial fibrillation, or outliers, associations with
YKL-40 persisted (p=0.04), but the remaining results were slightly attenuated (all p-
values>0.18). Among the young-old participants (<73 years), higher PWV related to

lower YKL-40 (B=-7230, p=0.02) and STREM2 concentrations (=-169, p=0.04). See
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Figure 2 for illustrations and Table 3 for details. Results were similar when excluding
participants with prevalent CVD, atrial fibrillation, or outliers (see Supplemental Tables
1 and 2) but do not survive multiple comparison correction.

Given the counterintuitive finding between PWV and CSF biomarkers of
neuroinflammation in the young-old participants, post hoc analyses explored potential
interactions. Within the young-old age group, PVW interacted with hypertension on CSF
YKL-40 (p=0.02). PWV x APOE-&4 (p-values>0.71) and PWV x diagnosis (p-
values>0.54) interactions were null for all inflammatory biomarkers. Stratified results
suggested the counterintuitive findings in young-old individuals was present among

normotensives (STREM2 =-307, p=0.04; YKL-40 $=-15914, p=0.01) and APOE-¢4

non-carriers (STREM2 B=-167, p=0.04; YKL-40 =-7230, p=0.02).

3.4 PWV x Diagnosis Interactions and CSF Biomarkers

PWV interacted with cognitive diagnosis on CSF neurogranin (p=0.03). Models
stratified by diagnosis revealed that higher PWV (indicating greater aortic stiffness) was
associated with higher CSF neurogranin (p=7.59, p=0.02) among NC participants
(Table 3), but interaction and stratified results were attenuated when excluding
participants with prevalent CVD or atrial fibrillation or when removing outliers (p-
values>0.42, see Supplemental Tables 1 and 2). Results did not survive multiple

comparison correction.

3.5 PWV x APOE-# Interactions and CSF Biomarkers

PWYV did not interact with APOE-g4 on any CSF biomarker (p-values>0.40, Table
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3).

3.6 PWV x Hypertension Interactions and CSF Biomarkers

PWV interacted with hypertension on CSF YKL-40 (p<0.001), which persisted
when correcting for multiple comparisons (Figure 3). In stratified models, higher PWV
was associated with higher CSF neurogranin (f=6.15, p=0.03) and CSF YKL-40
(B=6469, p=0.006) among hypertensive participants. Higher PWYV related to lower CSF
YKL-40 among normotensive participants (=-12,090, p=0.01). See Table 3 for details.
These results persisted when excluding participants with prevalent CVD, atrial

fibrillation, or outliers (Supplemental Tables 1 and 2).

3.7 Power Calculations

Due to the numerous significant PWV x age interactions, post hoc power
calculations for the main models and PWV x age interaction models were conducted
based on change in R? using an F distribution. Based on R? ranging from 0.10 to 0.25
(selected after a review of the total R? across all model results) and given the available
sample sizes, the minimum detectable variance (change in R?) explained by PWV in
addition to covariates was calculated with 80% power and a Type | error of 0.05. The
minimum detectable variance explained by the PWV x age interaction was calculated
with the same approach. For example, we can detect 4.6% of variance in CSF YKL-40
explained by the PWV x age interaction term given a total model R? estimate of 0.15.
4.6% of variable in PWV is relatively small, suggesting that our study was possibly

underpowered to detect more robust effects.
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4. Discussion

Among community dwelling older adults, this study found increased central
arterial stiffening was associated with increased in vivo molecular biomarker evidence of
neuroinflammation, synaptic dysfunction, phosphorylated tau, and neurodegeneration,
but not cerebral amyloidosis. Collectively, these findings offer new insights into novel
pathways underlying connections between increased arterial stiffness and adverse brain
outcomes and confirm prior observations focused on neurodegeneration and
amyloidosis outcomes.

This study is among the first to report associations between a gold standard
measurement of central arterial stiffening and in vivo biomarkers of neuroinflammatory
processes and synaptic dysfunction among both adults over age 73 (i.e., the “older-old”
participants) and older adults with hypertension. As arterial stiffness increases with age,
the aorta is less able to buffer pulsatile energy. Harmful pressure is transmitted to the
cerebral microcirculation,® contributing to microcirculatory damage,’ remodeling, and
subsequently lower CBF® (see Figure 4 for theoretical model). Reduced CBF and
subsequent oligemia incite neuroinflammatory cascades,**4! including activation of
astrocytes and microglia, which release YKL-40% and sSTREM2% to aid in tissue repair.
Oligemia also leads to changes in neuronal signaling,®® causing the retraction of
dendritic spines®®:3% and the release of neurogranin into the CSF. These processes are
exacerbated in older age and hypertension, as arteries continue to lose elasticity*® and
inflammatory processes increase.*” Given that 72% of older adults are hypertensive and
the same molecular biomarkers were implicated in both the older-old and hypertensive

participants, results may represent a complex yet highly prevalent pathway to adverse
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brain outcomes in aging. Future research using larger samples should investigate these
potentially complex interactions, including whether these processes are overlapping or
separate pathways of injury.

We also found increased arterial stiffness is associated with greater molecular
biomarker evidence of phosphorylated tau and neurodegeneration (t-tau). While we are
among the first to report an association between higher PWV and increased molecular
biomarker evidence of phosphorylated tau, these results are not unexpected given prior
research linking increased arterial stiffness with smaller cerebral grey matter
volumes®52 and linking increased pulse pressure with increased p-tau deposition.®° In
animal models, reduced CBF leads to increased p-tau via enzyme modification>* and
neurodegeneration,®® possibly accounting for associations reported here. These
pathways may be exacerbated in the older-old who experience more cumulative burden
of arterial stiffness, which aggravates the adverse effects on CBF and results in greater
levels of tau phosphorylation and neurodegeneration.

We did not observe an association between central arterial stiffness and A nor
did we detect APOE-¢4 interactions. These null findings are consistent with each other
given APOE-¢4 exacerbates AB deposition.5” However, our lack of observations
contrasts with some prior work linking CSF AB with pulse pressure,®1° a proxy measure
of stiffness calculated from peripheral blood pressure in the brachial artery. The brachial
artery has different elastic properties than the aorta, so pulse pressure may not reflect
central (aortic) stiffness. Rather, pulse pressure may represent more of a proxy for
vascular biological aging or a later stage of non-specific vascular dysfunction. APOE-&4

is a known moderator of vascular damage, as supported by previous associations
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showing increased arterial stiffness and decreased CBF associations are most robust in
APOE-¢4 carriers.® However, it is plausible APOE-¢4 may not have the same modifying
effect on downstream neuropathological processes, including neuroinflammation,
synaptic dysfunction, and neurodegeneration, and exerts its detrimental effects earlier in
disease pathogenesis. This hypothesis is consistent with work showing APOE-¢4
confers the greatest risk for AD earlier in aging. Collectively, our results suggest that
arterial stiffness does not primarily affect brain health through core AD pathology but
rather through concomitant pathways of injury.

Additional findings merit brief discussion. We observed a modest PWV x
diagnosis interaction on neurogranin, such that associations between increased arterial
stiffness and biomarker evidence of synaptic dysfunction were driven by cognitively
normal participants. This finding is consistent with prior work showing higher aortic
stiffness may affect brain health prior to clinical manifestation of cognitive changes.®
Additionally, we found that among the young-old (<73 years) and normotensive
participants, increased arterial stiffness was associated with decreased biomarker
evidence of neuroinflammation, contrary to expectation. It is plausible this result
represents a selection bias because individuals with increased neuroinflammation in the
setting of increased arterial stiffness would most likely also have hypertension and not
be included in the normotensive participant subset for this analysis. However, these
findings should be interpreted with caution, as they would not survive multiple
comparison correction. Future studies are needed to better understand the nature of

these associations.
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Our study has several strengths, including gold-standard methods for non-
invasively assessing central arterial stiffening at the level of the aorta, stringent quality
control procedures, and utilization of a core laboratory for processing CSF biomarker
and CMR measurements with blinded raters. Additionally, this is among the first study to
examine diverse molecular biomarkers reflecting neuropathological processes beyond
core AD pathology. Limitations include the cross-sectional, observational design, and
the predominantly White, well-educated, and relatively healthy sample, limiting
generalizability to other races, ethnicities, ages, and medical conditions. Several
associations were influenced by statistical outliers, suggesting associations would likely
be more robust in a cohort more representative of the general population with increased
vascular risk factors and prevalent cardiovascular disease. Multiple comparisons raise
the possibility of a false positive finding and emphasize the need for replication. While
samples sizes were relatively small and possibly underpowered, this study is among the
largest studies to date examining arterial stiffness and molecular biomarkers. Though
many results would not survive multiple comparison correction with a false discovery
rate, associations between PWV and CSF YKL-40 and neurogranin in the oldest-old
participants survive correction, supporting our hypothesis that aortic stiffness

contributes to neuroinflammation and synaptic dysfunction in older age.
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5. Conclusions

Among older-old adults, greater central arterial stiffening was associated with
increased molecular biomarker evidence of neuroinflammation, synaptic dysfunction,
tau phosphorylation, and neurodegeneration. Associations among the oldest-old reflect
the multifactorial nature of associations between arterial stiffness and brain health.
Results support neuroinflammation and synaptic dysfunction as potential concomitant
pathways to injury beyond tau phosphorylation and neurodegeneration. As additional
molecular biomarkers for neuropathological processes are discovered and validated,
our understanding of mechanisms underlying adverse brain outcomes of arterial
stiffness in aging adults at risk for cognitive impairment and dementia will continue to

expand, including potential therapeutic targets.
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Figure 1. Inclusion and Exclusion Criteria

Figure 1. Missing data categories are mutually exclusive. CSF=cerebrospinal fluid;
PWV=pulse wave velocity.

Figure 2. PWV x Age Interactions on CSF Biomarkers

Figure 2. Lines reflect fitted values of each CSF biomarker corresponding to pulse
wave velocity (based on a 73-year-old, non-Hispanic White, APOE-¢4 non-carrier man
with normal cognition, 16 years of education, and a Framingham Stroke Risk Profile
score of 12). Shading reflects the 95% confidence interval. Age groups were determined
based on the median age of this sample. A: Interaction p=0.05. B: Interaction p=0.05. C:
Interaction p=0.04. D: Interaction p=0.15. E: Interaction p=0.05. APOE=apolipoprotein
E; CSF=cerebrospinal fluid; PWV=pulse wave velocity; p-tau=phosphorylated tau;
STREM2=soluble triggering receptor expressed on myeloid cells 2.

Figure 3. PWV x Hypertension Interaction on CSF YKL-40

Figure 3. Interaction p<0.001. Lines reflect fitted values of CSF YKL-40 corresponding
to PWV (based on a 73-year-old, non-Hispanic White, APOE-&4 non-carrier man with
normal cognition, 16 years of education, and a Framingham Stroke Risk Profile score of
12). Shading reflects the 95% confidence interval. Hypertension was defined as
Hypertension was defined as current antihypertensive medication use, systolic blood
pressure 2140 mmHg, or diastolic blood pressure 290 mmHg. APOE=apolipoprotein E;
CSF=cerebrospinal fluid; PWV=pulse wave velocity.

Figure 4. Theoretical model of synaptic dysfunction, and neuroinflammation
induced by aortic stiffness among older adults

Figure 4. As arterial stiffness increases with age, harmful pulsatile energy is transmitted
to the cerebral microcirculation, leading to endothelial cell damage and reduced CBF.
Reduced CBF leads to hypoxia, resulting in glutamate excitotoxicity and dendritic
instability. Glutamate excitotoxicity triggers astrocyte activation and the release of YKL-
40, and dendritic instability causes the release of neurogranin as dendritic spines
retract. CBF=cerebral blood flow.



Table 1. Participant Characteristics

Total Age =73 Age >73
n=146 n=78 n=68 p-value
Demographic & Health Characteristics
Age, years 72+6 67+4 78+3 <0.001
Sex, % male 66 67 66 0.37
Race, % White non-Hispanic 94 91 97 0.08
Education, years 16+3 16+3 16+3 0.63
Diagnosis, % MCI 36 35 38 0.14
Montreal Cognitive Assessment, total 26+3 26+3 25+3 0.001
APOE-¢4, % carrier 31 36 25 0.16
Framingham Stroke Risk Profile, total* 11.8+3.8 9.9+3.1 14.0+3.4 <0.001
Systolic blood pressure, mmHg 142+17 14016 144+17 0.14
Anti-hypertensive medication usage, % 46 41 51 0.21
Diabetes, % 16 18 15 0.60
Current Cigarette Smoking, % 1 1 0 0.35
Prevalent CVD, % 3 4 3 0.76
Atrial fibrillation, % 4 3 6 0.31
Left ventricular hypertrophy, % 3 3 4 0.54
Hypertension, % 70 67 74 0.37
Aortic pulse wave velocity, m/sec 7.912.6 7.6x2.4 8.3+2.8 0.08
CSF Fluid Biomarkers, pg/mL
ABa2 719+246 7394238 6954255 0.32
Phosphorylated tau 61+26 59127 64125 0.12
Total tau 428+230 404+238 454+218 0.04
Neurogranin 198+77 195+80 201175 0.65
Neurofilament light 10701592 9261457 1249+688 <0.001
YKL-40 193,252+65,031 178,693+63,356 209,952+63,320 <0.001
STREM2 3668+1812 3307+1708 4082+1852 0.005

Note. Values presented as meanzstandard deviation or frequency; *a modified score was included in
models excluding points for age (6x3); Hypertension was defined as antihypertensive medication use,
systolic blood pressure 2140 mmHg, or diastolic blood pressure =290 mmHg; Ap=amyloid beta;
APOE=apolipoprotein E; CSF=cerebrospinal fluid; CVD=cardiovascular disease; MCl=mild cognitive
impairment; sSTREM2=soluble triggering receptor expressed on myeloid cells 2.
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Table 2. PWV and CSF Biomarkers

CSF Biomarker B 95% Confidence Intervals p-value
ABaz 6.92 -6.69, 20.54 0.32
Phosphorylated tau 0.63 -1.02, 2.28 0.45
Total tau 3.79 -10.57, 18.16 0.60
Neurogranin 3.77 -1.14, 8.68 0.13
Neurofilament light 3.30 -33.35, 39.95 0.86
YKL-40 1658 -2452, 5769 0.43
STREM2 -3.3 -117.6, 111.1 0.96

Note. n=146. Models adjusted for age, race/ethnicity, education, Framingham Stroke Risk Profile
(removing points assigned for age), APOE-g4 status, and diagnosis. Note, an additional 5
participants were excluded from models examining neurofilament light. AB=amyloid beta;
APOE=apolipoprotein E; CSF=cerebrospinal fluid; CVD=cardiovascular disease; PWV=pulse wave
velocity; sSTREM2=soluble triggering receptor expressed on myeloid cells 2.



Table 3. PWV x Age, Diagnosis, APOE-g4, and Hypertension Interactions on CSF Biomarkers with Stratification

PWV x Age Interaction

n=146 Age <73 n=78 Age >73 n=68

B 95% ClI p-value B 95% ClI p-value B 95% ClI p-value
ABaz 0.69 -1.82,3.20 0.59 8.11 -11.03, 27.24 0.40 8.38 -12.29, 29.05 0.42
Phosphorylated tau 0.31 0.01, 0.61 0.04 -2.08 -4.56, 0.41 0.10 2.39 0.20, 4.58 0.03
Total tau 2.67 0.06, 5.28 0.05 -20.50 -41.99, 0.98 0.06 19.31 0.34, 38.27 0.05
Neurogranin 0.94 0.04, 1.83 0.04 -3.36 -10.76, 4.05 0.37 8.35 1.82, 14.87 0.01*
Neurofilament light 4.35 -2.34,11.04 0.20 -36.51 -77.15,4.12 0.08 31.83 -30.99, 94.65 0.31
YKL-40 556 -197, 1309 0.15 -7230  -13170, -1293 0.02 7880 2487, 13270 0.005*
STREM2 20.4 -0.4,41.2 0.05 -168.7 -331.8,-5.6 0.04 123.5 -42.6, 289.5 0.14

PWV x Diagni)sis Interaction NC n=80 MCI n=53

n=133

B 95% ClI p-value B 95% ClI p-value B 95% ClI p-value
ABaz 14.26 -12.13, 40.65 0.29 6.70 -12.60, 25.99 0.49 11.11 -8.32, 30.55 0.26
Phosphorylated tau -2.89 -6.22, 0.44 0.09 1.30 -0.67, 3.28 0.19 -0.28 -3.55, 2.98 0.86
Total tau -26.49 -55.68, -2.70 0.07 9.78 -5.68, 25.24 0.21 -5.62 -36.37, 25.12 0.71
Neurogranin -10.76 -20.44, -1.08 0.03 7.59 1.07, 14.12 0.02 -0.23 -8.71, 8.24 0.96
Neurofilament light -58.19 -131.30, 14.87 0.12 24.68 -12.02, 61.37 0.18 -16.98 -97.57, 63.60 0.67
YKL-40 -2294 -1,0080, 5489 0.56 3352 -2285, 8989 0.24 2249 -3925, 8424 0.47
STREM2 -195.4 -420.4, 29.7 0.09 107.8 -57.2,272.8 0.20 -92.9 -265.4, 79.7 0.28

PWV X APCr)]E-lezlelnteraction APOE-g4 Carrier n=45 APOE-¢4 Non-Carrier n=101

B 95% ClI p-value B 95% ClI p-value B 95% CI p-value
ABaz -7.78 -38.56, 22.99 0.62 3.15 -22.57, 28.87 0.81 8.93 -7.80, 25.67 0.29
Phosphorylated tau -1.03 -4.75, 2.69 0.59 -0.43 -4.25, 3.39 0.82 0.86 -0.96, 2.68 0.35
Total tau -13.75 -46.17, 18.66 0.40 -9.93 -44.54, 24.68 0.56 7.06 -8.34, 22.46 0.37
Neurogranin -4.70 -15.77, 6.38 0.40 -1.06 -10.76, 8.63 0.83 4,73 -1.17, 10.63 0.11
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Neurofilament light -28.80 -111.20, 53.65 0.49 -13.28 -83.28, 56.72 0.70 9.72 -35.08, 54.52 0.67
YKL-40 -1547 -10840, 7747 0.74 1985 -5212, 9183 0.58 1501 -3626, 6629 0.56
STREM2 -53.8 -312.0, 204.8 0.68 28.9 -215.7, 273.6 0.81 -1.6 -136.1, 132.9 0.98

PWV X Hyperltqe:nlzign Interaction Hypertensive n=102 Normotensive n=44

B 95% CI p-value B 95% ClI p-value B 95% ClI p-value
ABaz -3.53 -36.46, 29.40 0.83 8.01 -7.73, 23.74 0.31 -414  -40.23, 31.95 0.82
Phosphorylated tau -2.48 -6.45, 1.48 0.22 1.52 -0.33, 3.36 0.11 -2.47 -6.66, 1.71 0.24
Total tau -19.65 -54.27, 14.97 0.26 10.88 -4.81, 26.57 0.17 -22.88 -61.10, 15.33 0.23
Neurogranin -8.38 -20.17, 3.41 0.16 6.15 0.50, 11.80 0.03 -4.69 -16.25, 6.87 0.42
Neurofilament light -28.68 -116.50, 59.17 0.52 13.23 -29.49, 55.96 0.54 -35.30 -127.50, 56.91 0.44
YKL-40 -18020 -27370, -8668 <0.001* 6469 1898, 11040 0.006* | -12090 -21490, -2693 0.01
STREM2 -180.3 -453.5, 92.9 0.19 534 -84.0, 190.9 0.44 -231.2 -479.4,17.0 0.07

Note: Models adjusted for age, race/ethnicity, education, Framingham Stroke Risk Profile (removing points assigned for age), APOE-g4 status, and
diagnosis. An additional 5 participants were excluded from models examining neurofilament light. Hypertension was defined as antihypertensive

medication use, systolic blood pressure 2140 mmHg, or diastolic blood pressure 290 mmHg. *indicates p-values that would survive a false

discovery rate correction for multiple comparisons. Ap=amyloid beta; APOE=apolipoprotein E; Cl=confidence interval; CSF=cerebrospinal fluid;
MCIl=mild cognitive impairment; NC=normal cognition; PWV=pulse wave velocity; STREM2=soluble triggering receptor expressed on myeloid cells

2.
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Supplemental Table 1. PWV x Age, Diagnosis, and Hypertension Interactions on CSF Biomarkers with

Stratification, Excluding Participants with Prevalent CVD or Atrial Fibrillation.

PWV x Age Interaction

n=137 Age <73 n=74 Age >73 n=63

B 95% ClI p-value B 95% ClI p-value B 95% CI p-value
ABa42 1.20 -1.74,4.13 0.42 4.45 -16.70, 25.59 0.68 4.81 -21.42, 31.03 0.71
Phosphorylated tau 0.19 -0.15, 0.53 0.27 -2.64 -5.36, 0.08 0.06 1.04 -1.68, 3.75 0.45
Total tau 1.70 -1.33, 4.74 0.27 -23.79 -47.55, -0.04 0.05 10.39 -13.51, 34.30 0.39
Neurogranin 0.48 -0.53, 1.49 0.35 -5.57 -13.70, 2.57 0.18 2.38 -5.41, 10.17 0.54
Neurofilament light 3.60 -4.21,11.41 0.36 -31.04 -75.65, 13.57 0.17 31.15 -48.19, 110.50 0.43
YKL-40 419 -442, 1281 0.34 -7976 -14380, -1571 0.02 7758 1054, 14460 0.02
STREM2 20.7 -3.6,45.1 0.09 -203.5 -383.7, -23.4 0.03 113.1 -98.8, 325.0 0.29

PWV x Diagni)sis Interaction NC n=73 MCI n=51

n=124

B 95% ClI p-value B 95% ClI p-value B 95% ClI p-value
ABa42 18.87 -13.60, 51.34 0.25 0.24 -26.01, 26.50 0.99 9.54 -11.56, 30.64 0.37
Phosphorylated tau -1.19 -5.21, 2.82 0.56 -0.48 -3.01, 2.05 0.71 -0.45 -4.00, 3.10 0.80
Total tau -15.13 -50.82, 20.56 0.40 -2.38 -22.64, 17.88 0.82 -6.41 -39.94, 27.12 0.70
Neurogranin -4.71 -16.22, 6.81 0.42 0.68 -7.57,8.94 0.87 -1.20 -10.41, 8.00 0.79
Neurofilament light -60.97 -150.90, 28.98 0.18 37.00 -11.75, 85.75 0.13 -8.23 -95.91, 79.46 0.85
YKL-40 -2667 -11950, 6620 0.57 3736 -3372, 10840 0.30 1872 -4858, 8601 0.58
STREM2 -186.0 -463.6, 91.6 0.19 108.8 -114.2, 331.7 0.33 -93.3 -281.3,94.6 0.32

PWV X Hyper:]e:nlséi;)n Interaction Hypertensive n=95 Normotensive n=42

B 95% Cl p-value B 95% Cl p-value B 95% Cl p-value
ABaz -1.75 -38.43, 34.93 0.93 5.41 -14.16, 24.98 0.58 -4.19 -41.65, 33.28 0.82
Phosphorylated tau -0.89 -5.13, 3.35 0.68 -0.28 -2.47,1.90 0.80 -2.22 -6.65, 2.21 0.31
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Total tau -7.96 -45.52, 29.59 0.68 -1.97 -20.84, 16.91 0.84 -20.27 -60.59, 20.04 0.31
Neurogranin -3.04 -15.44, 9.35 0.63 -0.32 -6.90, 6.26 0.92 -4.36 -16.62, 7.90 0.47
Neurofilament light -36.43 -133.90, 61.08 0.46 25.82 -26.07, 77.71 0.33 -29.88  -125.90, 66.13 0.53
YKL-40 -16191 -26550, -5834 0.002* 6369 692, 12050 0.03 -9990 -19450, -535 0.04
STREM2 -191.2 -493.7,111.4 0.21 54.7 -114.0, 223.4 0.52 -234.8 -497.7, 28.1 0.08

Note: Models adjusted for age, race/ethnicity, education, Framingham Stroke Risk Profile (removing points assigned for age), APOE-¢4 status, and
diagnosis. Hypertension was defined as antihypertensive medication use, systolic blood pressure 2140 mmHg, or diastolic blood pressure =290
mmHg. An additional 5 participants were excluded from models examining neurofilament light. *indicates p-values that would survive a false
discovery rate correction for multiple comparisons. Ap=amyloid beta; APOE=apolipoprotein E; Cl=confidence interval; CSF=cerebrospinal fluid;
CVD=cardiovascular disease; MCI=mild cognitive impairment; NC=normal cognition; PWV=pulse wave velocity; STREM2=soluble triggering receptor
expressed on myeloid cells 2.
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Supplemental Table 2. PWV x Age, Diagnosis, and Hypertension Interactions on CSF Biomarkers with
Stratification, Excluding Outliers.

PWV x Age Interaction Age <73 Age >73

B 95% ClI p-value B 95% ClI p-value B 95% CI p-value
ABaz 0.59 -2.18, 3.36 0.67 8.11 -11.03, 27.24 0.40 2.77 -22.28, 27.83 0.83
Phosphorylated tau 0.15 -0.17, 0.47 0.36 -2.08 -4.56, 0.41 0.10 0.94 -1.64, 3.53 0.47
Total tau 1.35 -1.23, 3.93 0.30 -19.04 -37.00, -1.08 0.04 10.03 -12.67, 32.73 0.38
Neurogranin 0.28 -0.66, 1.23 0.56 -3.36 -10.76, 4.05 0.37 2.27 -5.15,9.70 0.54
Neurofilament light 1.78 -3.77, 7.33 0.53 -36.51 -77.15,4.12 0.08 -3.52 -48.43, 41.39 0.88
YKL-40 321 -503, 1145 0.44 -7230 -13170, -1293 0.02 6828 274, 13380 0.04
STREM2 17.4 -5.6, 40.3 0.14 -168.7 -331.8, -5.6 0.04 100.5 -101.5, 302.6 0.32

PWYV x Diagnosis Interaction NC MCI

B 95% ClI p-value B 95% ClI p-value B 95% ClI p-value
ABa42 20.79 -8.55, 50.13 0.16 -0.72 -23.94, 22.51 0.95 11.11 -8.32, 30.55 0.26
Phosphorylated tau -0.88 -4.51, 2.75 0.63 -0.63 -2.88, 1.63 0.58 -0.28 -3.55, 2.98 0.86
Total tau -9.54 -38.67, 19.60 0.52 -3.51 -21.43, 14.42 0.70 -2.34 -28.71, 24.03 0.86
Neurogranin -3.42 -13.80, 6.97 0.52 041 -6.92, 7.73 0.91 -0.23 -8.71, 8.24 0.96
Neurofilament light -64.66 -123.40, -5.96 0.03 15.03 -16.17, 46.23 0.34 -37.92 -94.38, 18.54 0.18
YKL-40 1006 -7577, 9589 0.82 11.42 -6688, 6711 1.00 2249 -3925, 8424 0.47
STREM2 -161.3 -412.2, 89.6 0.21 73.0 -126.8, 272.8 0.47 -92.9 -265.4, 79.7 0.28

PWV x Hypertension Interaction Hypertensive Normotensive

Excluding Outliers B 95% ClI p-value p 95% ClI p-value B 95% ClI p-value
A4z -1.51 -35.52, 32.51 0.93 6.02 -12.05, 24.08 0.51 -4.14 -40.23, 31.95 0.82
Phosphorylated tau -1.08 -5.06, 2.89 0.59 0.13 -1.91, 2.17 0.90 -2.47 -6.66, 1.71 0.24
Total tau -6.64 -38.31, 25.04 0.68 0.32 -17.14, 17.77 0.97 -13.18 -42.48, 16.11 0.37
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Neurogranin -2.92 -14.47, 8.62 0.62 0.76 -5.31, 6.82 0.81 -4.69 -16.25, 6.87 0.42
Neurofilament light -18.17 -86.67, 50.32 0.60 -3.51 -42.64, 35.61 0.86 -46.63 -96.61, 3.35 0.06
YKL-40 -17167 -26820, -7516 <0.001* 5889 641, 111,400 0.03 -12090  -21490, -2693 0.01
STREM2 -147.3 -428.7, 134.2 0.30 25.4 -132.1, 182.9 0.75 -231.2 -479.4,17.0 0.07

Note: Models adjusted for age, race/ethnicity, education, Framingham Stroke Risk Profile (removing points assigned for age), APOE-¢4 status, and
diagnosis. Hypertension was defined as antihypertensive medication use, systolic blood pressure 2140 mmHg, or diastolic blood pressure =290
mmHg. An additional 5 participants were excluded from models examining neurofilament light. In the entire sample, 1 PWV, 1 t-tau, and 3 NFL
outliers were excluded. *indicates p-values that would survive a false discovery rate correction for multiple comparisons. Ap=amyloid beta;
APOE=apolipoprotein E; Cl=confidence interval, CSF=cerebrospinal fluid; CVD=cardiovascular disease; MCl=mild cognitive impairment; NC=normal
cognition; PWV=pulse wave velocity; STREM2=soluble triggering receptor expressed on myeloid cells 2.



