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Abstract.

Background: Vascular health is closely related to Alzheimer’s disease (AD). Vascular function measured by flow mediated
dilation (FMD) or pulsatility index (PI) can be used as marker of peripheral and central vascular health but is poorly
characterized in those at risk for AD.

Objective: To assess the relationship of peripheral and central vascular function with amyloid- (Af) and white matter lesion
burden among cognitively normal older adults.

Methods: We enrolled participants 65 years of age and older. Using Doppler ultrasound, we assessed brachial artery FMD,
and middle cerebral artery (PI). Global A3 burden, quantified using [18F] Florbetapir PET imaging, and white matter lesion
volume (WML) were used as measures of AD pathology and vascular brain injury.

Results: After adjusting for age and cardiovascular risk factors, the data (n=383) showed a negative association between
FMD and A burden (3 =-0.03, p<0.001). FMD at a cut-off of 4.45% had 88% specificity and 75% sensitivity to elevated
AR (AUC=0.86, 95%CI: 0.77-0.95). FMD was not related to WML volume (p =0.8), and PI was unrelated to A burden
or WML volume (0>0.4).

Conclusions: Among cognitively normal older adults, blunted peripheral vascular function, as measured by brachial artery
FMD, is associated with AR burden. These findings provide support for further exploration into the pathophysiological
relationship of vascular health and AD risk as measured by Af3.
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INTRODUCTION

Although amyloid-B (AB) accumulation is a
hallmark of Alzheimer’s disease (AD) pathology,
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increasing evidence indicates vascular health plays
an important role in the development of AD [1-5].
People with AD have increased cerebral pulsatile
flow, which can be measured as pulsatility index (PI)
using transcranial Doppler ultrasound [6]. Higher PI
measured in the middle cerebral artery (MCA) sug-
gests increased resistance distal to the vessel being
measured and can result in reduced cerebral blood
flow and tissue damage [7]. Recently, individuals
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with a diagnosis of hypertension who demonstrated
impaired cognition also demonstrated a significantly
higher PI (above 1.1), while the group with hyper-
tension and normal cognition had a lower PI (below
1.0). Higher PI is closely related to higher white mat-
ter lesion (WML) burden [8], a marker of small vessel
ischemic disease associated with aging and cognitive
decline [9—-12]. Despite the current evidence, the rela-
tionship between PI with AP burden in cognitively
normal older adults is largely unknown.

Cardiovascular risk factors (e.g., hypertension,
diabetes, hyperlipidemia) damage the endothelium
leading to arterial stiffness and over time may reduce
cerebral blood flow [7, 13]. This vascular pathway
may be synergistically contributing to the develop-
ment of AD [13]. Peripheral vascular dysfunction,
resulting from damage to the endothelium, could be
the link between cardiovascular disease risk factors
and AD [1, 14, 15] and may be the earliest event
that triggers AD pathology [14, 16]. For example,
recent published work reported aortic stiffness (using
cardiac magnetic resonance imaging technique) was
related to lower whole brain cerebral blood flow
in individuals (n=155) without cognitive impair-
ment [17] and highlights the importance maintaining
vascular health in older adults. Therefore, identify-
ing peripheral vascular systemic indicators would be
advantageous.

Peripheral vascular dysfunction is considered to be
an important contributor or event in the early stages of
atherosclerosis and can be assessed using a technique
called flow mediated dilation (FMD) typically in the
brachial artery [18]. FMD is used as a biomarker of
vascular disease [19] and has predictive value for
future cardiovascular events [20]. Our prior work
has shown that individuals with high cardiovascular
risk (stroke, diabetes) and associated cardiovascular
risk factors (hypertension, dyslipidemia) have lower
brachial artery FMD values [21-23] than healthy
individuals (low cardiovascular risk) due to delete-
rious effects on vascular function. Older adults with
elevated A (arisk factor for AD) often have higher
cardiovascular risk than those non-elevated [21, 24,
25]. Therefore, linking peripheral vascular health via
FMD to brain health could provide valuable infor-
mation. Currently, there is a paucity of evidence as to
whether older adults with elevated A3 have impaired
peripheral vascular function. To bridge this gap in
knowledge, we sought to evaluate the relationship of
peripheral (FMD) and central (PI) vascular function
with A and white matter lesion burden among cog-
nitively normal older adults. Lower brachial artery

FMD is considered an indicator of peripheral vas-
cular dysfunction [18, 20], while higher MCA PI is
considered an indicator of vascular resistance in the
smaller distal arteries [7]. Therefore, we expected
that brachial artery FMD would be negatively associ-
ated with A3 burden and WML burden. Conversely,
we hypothesized that MCA PI would be positively
associated with A and WML burden.

METHODS
Farticipants

We recruited individuals as part of an ongoing
Alzheimer’s and brain aging research program at
the University of Kansas Alzheimer’s Disease Cen-
ter (KU ADC) to characterize cerebral A3 burden in
cognitively normal older adults. For this study, the
KU ADC recruited a convenience sample of indi-
viduals from the community who were interested
in participating in brain aging research. Recruited
individuals had no concomitant diagnosis of other
neurologic conditions and no evidence of stroke
or major head trauma on MRI. Inclusion criteria
for the program were: 1) 65-90 years of age; 2)
classified as cognitively normal/non-demented with
a Clinical Dementia Rating=0 and no clinically
significant evidence of stroke or deficits on neuropsy-
chological testing (defined as no scores greater than
1.5 standard deviations below the mean on two or
more tests in the National Alzheimer’s Coordinating
Center Uniform Data Set); 3) sedentary or underac-
tive lifestyle defined as less than the recommended
150 min of moderate intensity exercise per week
[26]; and 4) completion of [18F] Florbetapir positron
emission tomography (PET) scan within 6 months
of our experimental procedures. Exclusion criteria
were: 1) Diagnostic and Statistical Manual of Men-
tal Disorders-1V defined drug or alcohol abuse within
the prior 2 years; 2) clinically significant depression
or anxiety; 3) insulin-dependent diabetes; 4) myocar-
dial infarction or symptoms of coronary artery disease
within the prior 2 years; 5) acute decompensated con-
gestive heart failure or class IV heart failure; 6) major
orthopedic disability; and 7) inability to exercise due
to pain or restrictions from physician.

The University of Kansas Medical Center Human
Subjects Committee reviewed and approved the
study. All participants provided institutionally
approved written consent prior to study procedures.
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Flow mediated dilation

Brachial artery FMD is an assessment of
endothelial-dependent function in response to reac-
tive hyperemia [18]. FMD is calculated as the peak
increase in arterial diameter from the baseline value in
response to an acute increase in blood flow (reactive
hyperemia) and expressed as percent change [27, 28].
We followed our previous published methods [21, 27,
29] and adhered to published recommendations for
FMD [18]. Participants refrained from caffeinated
beverages for 12h, physical activity for 24 h, and
fasted overnight. All morning medications for blood
pressure were withheld [21]. All study procedures
began between 7:30-9:00 am with FMD being con-
ducted first. Participants rested in the supine position
for 20 min in a quiet and dimly lit room. Room tem-
perature was kept between 22-24°C. HR was moni-
tored continuously using v5 on the electrocardiogram

Images of the brachial artery were obtained with
a 7.5MHz linear array transducer (Siemens Med-
ical Solutions, Malvern, PA). Once a satisfactory
image of near and far arterial walls was obtained, the
transducer was stabilized. Doppler flow angle was
corrected at 60°. Baseline values for vessel diame-
ter and blood velocity were recorded continuously
for 1 min. The automated cuff (SC5D 6 x 83 cm,
D.E. Hokanson, Bellevue, Washington) with a rapid
inflation system (D.E. Hokanson, Bellevue, Washing-
ton) was placed distal to the olecranon process and
then inflated to 200 mmHg and maintained for 5 min.
Diameter and blood velocity recordings resumed 20 s
prior to cuff deflation and continued for 3 min post
deflation. All images were stored on a computer
and analyzed (Brachial Analyzer, Medical Imaging
Applications, Coralville, Iowa).

Transcranial doppler ultrasound

After the FMD procedure, participants sat upright
and were fitted with a head frame and TCD ultra-
sound 2 MHz probe (RobotoC2MD, Multigon). If
left MCA signal was not obtainable, the right side
was used. Once the optimal signal was identified,
recording commenced for 8 min. Data were sampled
at 500Hz. To analyze, the data were divided by
R-to-R cardiac interval. For each cardiac cycle,
systolic and diastolic velocities were identified, and
the MCAvpean Was calculated as area under the
curve (cm/s). The MCAv data were then interpolated
to 0.5Hz using shape-preserving, piecewise cubic
interpolation. The PI was calculated as the differ-

ence between MCA systolic and diastolic velocity
divided by mean velocity for each cardiac cycle [30]
during the 8 min data acquisition. Study personnel
performing the TCD and FMD data collection were
blinded to the AP status of participants.

[18F] Florbetapir PET and AB burden analysis

PET images were obtained on a GE Discovery ST-
16 PET/CT scanner. Two 5 min duration PET brain
frames were acquired continuously, approximately
50min after [18F] Florbetapir (370 MBq) adminis-
tration. Head movement was minimized by use of
self-adherent wrap across the forehead. PET frames
were summed and attenuation corrected. To increase
tissue uptake specificity, we calculated standardized
uptake value ratios (SUVR) in several individual-
ized regions using a custom processing pipeline
in SPM12 (http://www.fil.ion.ucl.ac.uk/spm). First,
the PET image was co-registered to the native T1-
weighted MRI (see next section). Next, we performed
VBMS unified segmentation and normalization of
the anatomical T1-weighted MRI. Images were then
smoothed usinga 5 x 5 x 5 mm FWHM kernel. Gen-
eral regions of interest (ROI) from the Wake Forest
Pick Atlas (anterior cingulate, posterior cingulate,
precuneus, inferior medial frontal cortex, lateral tem-
poral cortex, superior parietal cortex) were chosen for
their relationship to AR accumulation [31]. The gen-
eral ROI were transformed to native anatomical space
using the inverse parameters from the unified segmen-
tation process, then crossed with each individual’s
gray matter probability map (threshold >0.5). The
co-registered PET image was divided by the mean
SUV of the whole cerebellum, creating an SUVR
image. Mean SUVR in each individualized gray mat-
ter ROI was extracted. A global A burden index
was calculated as the mean of the 6 ROI. Individuals
were classified as elevated if they had global A3 bur-
den >1.1 as this threshold has been associated with
moderate-to-frequent neuritic plaques [32, 33].

MRI and WML

On a separate day, high-resolution MRI were
acquired using a Siemens Skyra 3.0 Tesla scanner,
including T1 (MP-RAGE; 1.0%1.0¥*1.2mm vox-
els; TR=2300ms, TE=2.98 ms, TI =900 ms, FOV
256 mm, 9° flip angle) and T2-weighted images
(FLAIR 0.9%0.9*5.0mm voxels; TR: 9000 ms,
TE=91ms, TI=2500ms, FOV 240 mm, 150° flip
angle). We then used the Lesion Segment Tool,
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Version 2.0.13 [34], to generate total lesion vol-
ume maps. Briefly, the LST algorithm co-registered
FLAIR images to the native space anatomical image.
FLAIR intensity distribution was calculated for each
tissue class, and these distributions were summed to
create belief maps. Based on pilot work and visual
inspection, as suggested by the developer, we selected
an appropriate threshold, k = 0.125, as the cutoff point
on the gray matter belief map. This threshold was
independently corroborated in a separate cohort on
the same scanner (data not shown). The LST algo-
rithm generates the white matter lesion segments and
total lesion volume (mL) and count based on the
selected k threshold [35]. Lesion volume (mL) was
the primary WML burden measures used for analysis.

Statistical analysis

The data were analyzed using SPSS version 24.0
(SPSS Inc., Chicago, IL, USA). All data were tested
for normal distribution using Shapiro-Wilk. Chi-
square and Welch tests were used to analyze between
group differences (AP elevated, non-elevated) for
categorical and continuous variables. If the data had
skewed distribution, we used Mann-Whitney U tests.
Multiple linear regression analyses were performed
by making adjustment for participant age, sex, and
a summed score of cardiovascular risk factors as
defined by the American College of Sports Medicine

(hypertension, family history of heart disease,
obesity, sedentary lifestyle, age referenced to sex,
diabetes, hyperlipidemia, and current smoking) [36]
to determine the independent effect of FMD and PI
on AP burden. Continuous variables with normal
distribution were expressed as the mean = standard
deviation. p values <0.05 were considered statis-
tically significant. Previous work suggested that a
FMD value below 5% is impaired and a marker
of cardiovascular disease [37]. Therefore, we used
receiver operating characteristic curves (ROC) to
determine if a specific threshold of FMD would
prove sensitive and specific for elevated A3 status.

RESULTS

Participant characteristics

Participants included 83 adults who had complete
datasets for all outcome measures (MRI, PET, FMD,
and TCD). The time between the PET scan and the
subsequent experimental protocol for TCD and FMD
was 58.3 £43.1 days. Those with elevated A3 were
older (p=0.03) with no difference between cardio-
vascular risk factors (Table 1).

Flow mediated dilation

FMD was negatively associated with AP burden
(B=-0.03, p<0.001) after adjusting for cardiovascu-

Table 1
Participant demographics

All cohort n=83

AR elevated n=20 AP non-elevated n=63 P

Age,y 71.1+£52
Female, n (%) 56 (67.5)
Education, y 16.7+2.7
BMI, kg/m? 26.7+4.0
Systolic BP (mmHg) 1325£153
Diastolic BP (mmHg) 76.0 £ 8.0
Mean arterial BP (mmHg) 73.8+11.6
Total cholesterol (mmol/L) 183.8+33.5
Hypertension, n (%) 31(37.3)
Diabetes, n (%) 3(3.6)
CVD, n (%) 5(6.0)
Dyslipidemia, n (%) 46 (55.4)
Smoking, n (%) 2(24)
ACE inhibitors, n (%) 6(7.2)
Calcium channel blocker, n (%) 10 (12.0)
Beta blockers, n (%) 12 (14.5)
Angiotensin II antagonist, n (%) 10 (12.0)
Alpha adrenergic blocking, n (%) 2.4
Antihyperlipidemic, n (%) 39 (47.0)
Sex hormones, n (%) 14 (16.9)
Thyroid, n (%) 21(25.3)
Bronchodialator, n (%) 5(6.0)

73.746.1 70.3+£4.6 0.03
14 (70.0) 42 (66.7) 0.78
1654323 168425 0.65
26.1 4.1 26.8+4.0 0.53
135.0 £ 16.5 131.74£ 149 0.41
75.5+6.8 76.2+8.4 0.73
73.1£103 740+ 12.0 0.69
172.6 £27.9 186.8 +34.4 0.13
10 (50.0) 21 (33.3) 0.18
1(5.0) 2(32) 0.70
3(15.0) 2(3.2) 0.05
10 (50.0) 36 (57.1) 0.58
0 (0) 2(3.2) 0.42
2(10.0) 4(6.3) 0.58
3(15.0) 7(11.1) 0.64
5(25.0) 7(11.1) 0.12
3 (15.0) 7(11.1) 0.64

0 (0) 2(3.2) 0.42

12 (60.0) 27 (42.9) 0.18
1(5.0) 13 (20.6) 0.10

8 (40.0) 13 (20.6) 0.08
1(5.0) 4(6.3) 0.83

BMI, body mass index; BP, blood pressure; CVD, cardiovascular disease; ACE, angiotension converting enzyme.
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Fig. 1. Multiple linear regression of flow mediated dilation (FMD) and pulsatility index (PI) against A burden. A) There was a negative
correlation between FMD and A burden across groups (p <0.001, B =—0.03) after adjusting age, sex, and cardiovascular risk. B) There was
no significant correlation between PI and A burden across groups (p =0.415) after adjusting age, sex, and cardiovascular risk.

Table 2
Flow-mediated dilation between two groups
All cohort n=83 A elevated n=20 AP non-elevated n =63 P
Baseline diameter (mm) 3.74+0.6 3.74+0.6 3.74+0.6 0.79
Peak FMD (%) 6.1£2.8 38+1.8 6.8+£2.7 <0.01
Time to peak FMD (s) 58.5+£35.2 72.1+£36.4 54.1£33.9 0.05
Peak Velocity (m/s) 14+03 14+02 14+03 0.21

FMD, flow mediated dilation.

lar risk factor score and age, such that for every 1%
FMD increase, the SUVR of AP decreased by units of
SUVR 0.03 (Fig. 1A). The FMD response was signif-
icantly lower in the elevated A group (3.8% versus
6.8%, p<0.01) and time to peak FMD was slower
in the elevated AR group (p=0.05). Peak velocity
was not different (Table 2). By ROC analysis, an
FMD of 4.45% had 88% specificity and 75% sensitiv-
ity to elevated AR (AUC=0.86, 95%CI: 0.77-0.95)
(Fig. 2). FMD was not associated with WML volume,
p=0.83.

Pulsatility index

PI was not associated with A3 burden (p=0.67,
Fig. 1B) or WML volume (p =0.42). PI was not sig-
nificantly different between A3 groups, (1.18 versuss
1.06, p=0.14) (Table 3).

DISCUSSION

The main finding of this study revealed impaired
brachial artery FMD was significantly associated
with increased A3 burden among cognitively nor-
mal older adults. For every 1% FMD increase, the

FMD is a sensitive and specific predictor of elevated Af

1.0

0.8

Sensitivity
0.6

04

AUC =0.86

0.2

0.0

T T T T T T
0.0 0.2 0.4 0.6 0.8

1 - Specificity

Fig. 2. FMD is a sensitive and specific predictor of elevated AR.
By ROC analysis, the optimal cut point of FMD associated with
elevated AP was 4.45%, with 88% specificity and 75% sensitivity
to elevated AR (AUC =0.86, 95%CI: 0.77-0.95).

AR SUVR decreased by 0.3 independent of age and
vascular disease risks. A 1% decrease in FMD is
meaningful given that after the 4th and 5th decade
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Table 3
Vascular parameters and WML burden
All cohort (n=83) AP elevated (n=20) AR non-elevated (n=63) P
PI of MCA 1.09+£0.24 1.18 £0.30 1.06 +0.21 0.11
WML volume (mL) 33438 3.7+4.0 32437 0.47
WML number 16.0£7.5 17.3+£6.8 15.6+7.8 0.22

PI, pulsatility index; WML, white matter lesion.

of life, FMD has been reported to decrease by
0.21-0.49% with each additional year of normal
aging [38]. Additionally, we found that an FMD of
4.45% was sensitive and specific to A elevation.
This value is close to the 5% FMD threshold, which
is used as the biomarker for cardiovascular disease.
Our data suggests that peripheral vascular function is
concomitantly impaired with higher brain A accu-
mulation.

There is some existing evidence that brachial artery
FMD is impaired in those with AD. One study com-
pared 25 patients with AD and 24 older adult control
participants [39]. Individuals enrolled were free of
cardiometabolic disease, hypertension, and stroke,
and were not taking medications that affected arte-
rial vasodilation. Their results showed significantly
impaired FMD in AD patients compared to controls
(3.4% versus 8.4%, p <0.01). The authors concluded
that peripheral vascular dysfunction exists in those
with AD without existing cardiovascular disease and
associated risk factors further supporting that AD
may be a “consequence of poor vascular pathology”
[39] such as endothelial dysfunction. Further, these
findings were independent of age and an inverse rela-
tionship between FMD and stage of AD using the
Clinical Dementia Rating scale.

In the present study, our findings support and
extend previous work to include peripheral vascular
dysfunction in cognitively normal individuals with
and without elevated AB. We found those with the
elevated A3 (highest risk for AD) had significantly
attenuated FMD when compared to the non-elevated
group (3.8% versus 6.8%, p<0.01). Although our
FMD results are similar to prior work,[39] our partic-
ipants presented with existing cardiovascular disease
and associated risk factors, which integrate the role
of lifestyle and vascular health.

Globally, there is increasing interest in the role
of lifestyle factors (physical activity) and vascular
health (blood pressure) to promote healthy brain
aging [40]. This topic is of interest since injury
to cerebral blood vessels including cerebral ves-
sel pathology over the lifespan negatively affects
the blood brain barrier and can increase inflamma-
tion [41]. Over time, blood brain barrier dysfunction

and the alteration of neurovascular function such
as cerebral endothelial dysfunction may accelerate
AR accumulation by reducing perivascular clear-
ance from the brain [41, 42]. The role of a healthy
cerebrovascular system is essential to AP clear-
ance. Reports suggest that the cerebrovascular system
clears ~80-85% of AP peptides and that damage
to brain endothelial cells particularly at the capillary
level results in a loss of key clearance A[3 receptors
such as p-glycoprotein and lipoprotein receptor-
related protein 1, which leads to A accumulation
in the brain and further cerebrovascular impairment
[41, 43-45].

Our previous work suggests in older cognitively
intact adults with varying AR levels, a negative
inverse relationship exists between cerebrovascular
response during exercise and global A burden,
which may suggest cerebrovascular impairment is
present before changes in cognition [46]. How-
ever, we only studied middle cerebral artery velocity
and not other measures of cerebrovascular impair-
ment such as PI. A higher PI has been reported in
most of intracranial arteries in those with cognitive
impairment [7] and AD [47, 48] when compared to
nondemented individuals. In our study, PI was not
associated with global AR burden and PI was not
significantly different in those with elevated A. A
potential explanation may be that PI was not sensitive
to detect differences in those in the earliest stages of
pathology or the number of individuals with highest
global AR burden was too small. We further acknowl-
edge that our overall sample size was small and
more individuals were characterized as non-elevated
(n=63) compared to those with elevated A (n =20).

Aging and arterial stiffness of the cerebral vessels
can lead to increased PI and resultin WML [8, 49, 50]
especially with increased duration (in years) of hyper-
tension [7]. The possibility exists that the individuals
in this present study had experienced hypertension
for a shorter duration of time or were well-controlled
by medication resulting in no differences for PI and
WML burden, which could be influenced by the pres-
ence of higher education and lack of racial diversity in
our sample of participants. This topic warrants further
exploration.
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Our study has several strengths. First, our partici-
pants were well characterized as cognitively normal
older adults, and we used PET imaging for to quantify
global A burden. Second, we used a gold standard
measurement (FMD) for peripheral vascular function
and used a rigorous, well-controlled FMD protocol
that followed the published recommendations [18].
FMD has the advantage of being noninvasive and
feasible in clinical ultrasound settings. Additionally,
study personnel who conducted FMD and TCD mea-
surements were blinded to A3 status. In our analyses,
we controlled for potential confounders including
age, sex, and cardiovascular disease. As reported
previously, advancing age may influence peripheral
vascular function and is an important factor to control
in data analysis [39].

Despite these strengths, our study has limitations
that should be considered. Although these data are
cross sectional, the possibility exists that higher A3
burden may be a downstream consequence of poor
vascular health. Future research should target mid-
dle age cohorts free of cognitive impairment and
assess vascular health with longitudinal follow up.
This would allow for a more robust assessment of
vascular health and whether the result in A accu-
mulation over time exists. Second, our conclusions
are limited by the homogeneity of our sample which
was predominantly white, educated, cognitively typ-
ical and free of severe large vascular disease, stroke,
transient ischemic attack, or traumatic brain injury.
Third, we were unable to evaluate the importance
of genetic risk factors such as the APOE4 allele,
the strongest genetic risk factor for late-onset, spo-
radic AD [51]. APOE4 carriers demonstrate more
evidence of neurovascular insult such as white matter
hyperintensities and microbleeds than non-carriers
[52]. APOE appears key to maintaining cerebrovas-
cular integrity independent of Af3 deposition [53],
and the APOEA4 allele may accelerate blood-brain bar-
rier degradation [54]. Future work in this area should
look at the role of APOE4 and other genetic factors
on both central and peripheral vascular function.

Conclusions

In conclusion, the present study provides support
that impaired peripheral vascular function was signif-
icantly associated with increased A3 burden. Those
with lower FMD are more likely to have elevated A3
than those considered non-elevated. These findings
provide further support for the important role of vas-
cular health in older adults, and the need for additional

exploration of the pathophysiological relationship of
vascular health and A accumulation.
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