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1 | INTRODUCTION

Alzheimer’s disease (AD) is biologically defined by the National
Institute on Aging amyloid, tau, and neurodegeneration (NIA ATN)
biomarker research framework® consisting of amyloid beta (AB) accu-

mulation (A) and the subsequent development of tau neurofibril-
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Abstract

Introduction: This work investigated the relationship between cerebrovascular dis-
ease (CVD) markers and Alzheimer’s disease (AD) biomarkers of amyloid beta depo-
sition, and neurofibrillary tau tangles in subjects spanning the AD clinical spectrum.
Methods: A total of 136 subjects participated in this study. Four groups were estab-
lished based on AD biomarker positivity from positron emission tomography (amyloid
[A] and tau [T]) and clinical diagnosis (cognitively normal [CN] and impaired [IM]). CVD
markers were derived from structural and quantitative magnetic resonance imaging
data.

Results: Transcapillary pulse wave delay was significantly longer in controls com-
pared to AT biomarker-confirmed groups (A+/T-/CN P < .001, A+/T+/CN P < .001,
A+/T+/IM P = .003). Intracranial low-frequency oscillations were diminished in AT
biomarker-confirmed groups both CN and impaired (A+/T-/CN P = .039, A+/T+/CN
P = .007, A+/T+/IM P = .011). A significantly higher presence of microhemorrhages
was measured in A+/T+/CN compared to controls (P = .006).

Discussion: Cerebrovascular markers indicate increased vessel stiffness and reduced

vasomotion in AT biomarker-positive subjects during preclinical AD.

KEYWORDS
Alzheimer’s disease, amyloid imaging, low-frequency oscillations, vascular imaging, vessel stiff-
ness

lary tangles (T) and neurodegeneration (N). Emerging evidence sug-
gests that once initiated AS accumulation follows a remarkably pre-
dictable time course, % and may be present 20 or more years prior
to the dementia stage of the disease.*> However, the mechanisms
initiating accumulation remain uncertain and the time course of

tau pathology® and eventual symptom expression is heterogeneous
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and moderately predicted by current A markers.” Cerebrovascu-
lar disease (CVD) is considered a major risk factor for dementia.8-1°
Recent evidence indicates that vascular disease can interact with
AB and tau pathology,®1%!! including a mechanistic overlap.’? To
this point, the addition of vascular disease to the ATN framework
has been proposed;!® however, the exact vascular mechanisms that
might influence AD pathology have yet to be fully characterized in
vivo and few non-invasive quantitative markers provide specificity
to CVD.

Magnetic resonance imaging (MRI) provides a unique platform to
probe various aspects of brain pathology and function, including vas-
cular disease. Past and ongoing studies in AD have largely inferred
CVD based on the quantification of white matter hyperintensities
(WMH) seen on T2 weighted fluid-attenuated inversion recovery (T2-
FLAIR);' from measures of cerebral blood flow (CBF) using, for exam-
ple, arterial spin labeling (ASL); and from microhemorrhages seen
on T2* MRI. Many studies using these techniques have found cor-
relations with AD biomarkers and cognition and hypo-perfusion,’®
WMH burden,'® and decreased brain blood flow.}” Recently, white
matter abnormalities have been used to characterize vascular contri-
butions to cognitive impairment and dementia.'® While these stud-
ies have demonstrated potential correlations between CVD and AD,
these measures provide information that is non-specific, hindering
the potential to identify CVD and AD interacting pathways. Both
hypoperfusion and WMH are not specific to CVD pathology, occur-
ring in other diseases and normal aging.!’ Moreover, perfusion is
intrinsically coupled to metabolic demand and thus correlated with
neurodegeneration.2021

To provide vascular markers that are more specific to CVD, quan-
titative 4D flow MRI can be used. This technique allows for dynamic
flow measurements in major arteries and veins. Unlike alternative mea-
surements from transcranial Doppler, 4D flow MRI provides the abil-
ity to quantify velocities and flow rates in any of the intracranial arter-
ies and veins. 4D flow MRI has been used to study clinically diag-
nosed AD subjects.?223 These studies found an association of reduced
blood flow, increased flow pulsatility, and faster flow waveform trans-
mission across the capillary bed. More recent studies have identified
cerebrovascular stiffening?* and decreased low-frequency oscillations
(LFOs)? in clinically diagnosed AD subjects, indicating vascular and/or
tissue stiffening occurs concomitant to AD dementia clinical syndrome.
However, these studies were limited to clinically diagnosed AD sub-
jects and did not characterize cerebrovascular health during the pre-
clinical phase of AD. Preclinical AD begins with the accumulation of
amyloid pathology in the brain and it can last decades.! During this
phase, pathophysiological changes are occurring and it is likely when
therapeutic interventions would be most effective. Therefore, to truly
understand the relationship and interaction pathways between CVD
and AD, studies in preclinical AD biomarker-confirmed populations
(e.g., AB, tau) are necessary. In this study we investigated the rela-
tionship between MRI-based CVD markers including WMHs from T2-
FLAIR, microhemorrhages from susceptibility weighted imaging (SWI),
perivascular spaces from structural images (T 1-weighted), transcapil-

lary pulse wave delay (a measure of vascular compliance) and LFOs

HIGHLIGHTS

* Cerebrovascular blood flow dynamics were characterized
in Alzheimer’s disease (AD) biomarker-confirmed sub-
jects using 4D flow magnetic resonance imaging.

* Asignificantly shorter transcapillary pulse wave delay was
measured across the brain circulation in cognitively nor-
mal (CN) amyloid and tau biomarker-positive subjects.

* Asignificant reduction in internal carotid artery (ICA) low-
frequency flow oscillations (0.01-0.10 Hz) was observed
in CN amyloid and tau biomarker-positive subjects.

¢ Dynamic vascular flow markers indicate that cerebrovas-
cular modifications are occurring parallel to AD patho-
physiological changes during preclinical AD.

RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature
using traditional (e.g., PubMed) sources and meeting
abstracts and presentations. Studies using dynamic vas-
cular imaging markers to characterize cerebrovascular
health in Alzheimer’s disease (AD) biomarker-confirmed
subjects are currently lacking; however, relevant work
including studies on white matter alterations and cerebral
blood flow deficits in AD are appropriately cited.

2. Interpretation: Our findings indicate a high degree of
intracranial vessel stiffness and reduced low-frequency
flow oscillations are present in amyloid and tau biomarker
positive cognitively normal individuals. These results sug-
gest vascular alterations are occurring during the preclin-
ical phase of AD.

3. Future directions: This article proposes the use of novel
vascular imaging methodologies to characterize the type
of interactions between cerebrovascular disease (CVD)
and AD. Future studies will be focused on acquisition of
longitudinal data from magnetic resonance imaging and
positron emission tomography, fluid-based vascular and
AD biomarkers (e.g., cerebrospinal fluid, blood), and cog-
nitive testing to study moderation effects of CVD in the

neuropathologic trajectory of AD.

from 4D flow with AD biomarkers of Af deposition and neurofib-
rillary tau tangles. Positron emission tomography (PET) imaging was
used to quantify AD biomarkers in subjects spanning the AD clinical

spectrum.
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2 | METHODS

2.1 | Study participants and clinical classification

A total of 136 study participants (age = 71 + 5 years) were recruited
from the Wisconsin Alzheimer’s Disease Research Center and Wiscon-
sin Registry for Alzheimer’s Prevention.?¢ Demographic data are sum-
marized in Table 1. Four groups were established based on combina-
tions of PET biomarker status and clinical diagnosis. Three cognitively
normal (CN) groups were defined: (1) amyloid and tau biomarker neg-
ative (A-/T-; n = 68), (2) amyloid positive and tau negative (A+/T-;
n = 33), and (3) amyloid and tau positive (A+/T+; n = 21). A group of
tau positive and amyloid negative (T+/A-) subjects was not included
due to lack of statistical power (n = 2). A fourth group included cog-
nitively impaired (IM) A+/T+ subjects (n = 14; n = 9 mild cognitively
impaired [MCIl], n = 5 dementia). The control group subjects were age
and sex matched to the AT biomarker-positive groups using propensity
scores in R statistical package v4.0.3.27 All participants were diagnos-
tically characterized in multidisciplinary consensus conferences using
applicable criterial2628-31 and blind to AD biomarker status. The Uni-
versity of Wisconsin Institutional Review Board approved all study pro-
cedures and protocols following the policies and guidance established
by the campus Human Research Protection Program. All study proce-
dures were performed according to the Declaration of Helsinki, includ-
ing obtaining written informed consent from each participant. Exclu-
sion criteria included significant medical conditions such as major sys-
temic illness. Cognitively impaired subjects in the fourth group were
excluded if given a consensus diagnosis of a non-Alzheimer’s variant of
dementia. MRI scans were reviewed by two neuroradiologists (H.A.R.,
L.E.) for incidental findings.

2.2 | Neuroimaging protocols

221 | 4D flow MRI

Whole brain, time-resolved 4D flow MRI data were acquired using
3.0T systems (SIGNA Premier and MR750, GE Healthcare) and a
3D radially undersampled sequence.?? Data were acquired with
the following imaging parameters: Venc = 80 cm/s, imaging vol-
ume = 22 x 22 x 10 cm®3, TR/TE = 7.4/2.7 ms, scan time ~7 min,
acquired spatial resolution = 0.7 mm isotropic, flip angle = 8°, band-
width = 250 kHz, number of projections ~11,000.2>32 Cardiac trig-
gers were collected for each subject from a photoplethysmogram on
a pulse oximeter (GE Healthcare) worn on the subject’s finger during
the MRI exam. Additional physiologic monitoring included cuff-based
blood pressures (Veris Vital Signs, Medrad) measured once at the start
of the MRI exam.

Flow images were reconstructed via an offline reconstruction for
all subjects.?22> Magnitude and velocity data were generated using
GPU accelerated (SigPy) iterative SENSE with JSENSE and a local low
rank temporal constraint.2433-3> Two imaging series were generated:

(1) atime-resolved series with a temporal resolution of ~3.8s (0.26 Hz)

Disease Monitoring

(spatial res ~1.72 mm?) for assessment of LFOs and (2) a cardiac-
resolved series with a temporal resolution of ~49 ms (20 Hz; spatial res
~0.7 mm?3) for assessment of transcapillary pulse wave delay (e.g., high-
frequency oscillations). Time series were motion corrected in MATLAB
(Mathworks) using a rigid body registration. The rigid body registra-
tion was performed by setting the magnitude image in the middle of
the time series as the reference image, subsequently each image on
the time series was translationally and rotationally registered to the
fixed image. The registration transformation matrix from each time-
frame was applied to the velocity images. Velocity images were cor-
rected for background phase errors by fitting a second order polyno-
mial to the background tissue, and phase aliasing was corrected using
a Laplacian-based phase unwrapping approach.3¢ Intracranial arter-
ies (internal carotid arteries [ICAs] and basilar artery [BA]) and veins
(posterior inferior portion of the superior sagittal sinus [SSS]) were
segmented automatically in MATLAB using a centerline process with
local cross-sectional cut-planes automatically placed in every center-
line point perpendicular to the axial direction of the vessel.>” Regions
of interest (ROIs) were automatically contoured using a k-means clus-
tering approach under the assumption that any cross section will con-
tain a low-signal background and a vessel region.%” Blood flow rates
were estimated from the product of cross-sectional areas and veloc-
ities from the automatic segmentation. Total CBF was defined as the
sum of blood flow rates in the ICAs and BA and was normalized to total
brain volume (intracranial volume [ICV] - cerebrospinal fluid [CSF] vol-
ume). Transcapillary pulse wave delay (capillary stiffness) was defined
from analysis of the wave propagation using a time maximal upslope
algorithm for determination of the time shift between arteries (ICAs,
BA) and veins (SSS).22 Measurement landmarks included distal cervical
ICAs, BA origin, and the posteroinferior portion of the SSS.
Low-frequency flow range (max-min) and flow standard deviations
(o) were estimated from the time-resolved velocity series as a marker
for LFOs and were normalized to total brain volume. The rationale for
normalizing flow measures to brain volume was to account for brain
volume changes (e.g., metabolism driven perfusion), and search for
other factors that can lead to blood flow changes.2%2! Finally, LFOs
were calculated as follows: time-resolved velocity series were Fourier
transformed, and LFOs were defined as the power spectral density
(PSD) content in the frequency range of 0.003-0.10 Hz. LFOs were
quantified by the summation of PSD in this frequency range.® To com-
pare LFOs’ hemodynamic response between groups, mean PSD were
also estimated. LFOs were assessed in the ICAs and SSS (BA LFOs’ anal-
yses was limited by the lower spatial resolution of the time-resolved
series [spatial res ~1.72 mm?3], a necessary trade-off for the high tem-

poral resolution ~3.8s).

2.2.2 | Structural imaging

T1-weighted, T2-FLAIR images, and SWI data were collected
to derive traditional markers of CVD and brain health.2¢ T1-
weighted and T2-FLAIR data were N4 bias field corrected. ICV
and CSF were segmented from T1-weighted data using SPM12
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(www fil.ion.ucl.ac.uk/spm).3? Hippocampal volume was estimated
using FSL FIRST and normalized by total ICV (sum of gray matter,
white matter, and CSF volumes from SPM segmentation). WMH
lesion volumes were segmented from 3D T2-FLAIR images using the
Lesion Segmentation Toolbox in SPM12.4° This approach estimates
the lesion probability at each voxel, outputting a lesion probability
map. The lesion volume was the sum of voxels in which the probability
was > = 0.5. The output underwent visual quality assessment by
trained reviewers. In addition to WMH lesion volumes, Cardiovascular
Health Study (CHS) and Fazekas scores were also derived from T2-
FLAIR images by an experienced neuroradiologist (L.E.) for a robust
evaluation of WMH lesions. Overall, CHS scores take into account
subject’s age and all white matter involvement, while Fazekas scores
do not take into account subject’s age and can be used for regional
assessment of white matter involvement. In the CHS scale a “0”
represents no evidence of WMH lesion and a “9” reflects involvement
of all white matter.#1-43 Fazekas scores were used to independently
score periventricular and deep WMHs.# In the periventricular WMHs
Fazekas scale a “0” represents a region absent of lesions and a “3”
corresponds to irregular periventricular signal extending into the deep
white matter. In deep WMHSs Fazekas scale a “0” represents absence
of lesions and “3” large confluent areas. In addition, the presence
of microhemorrhages and perivascular spaces were characterized
from SWI and T1-weighted images, respectively, and a score of 1
was assigned in the presence of a lesion, otherwise a rating of O was
assigned. The total number of microhemorrhages per subject was also

estimated.

2.2.3 | PET imaging

Amyloid and tau burden were assessed using 1*C-PiB and 8F-MK-
6240 PET imaging, respectively. Details on PET imaging (Siemens
EXACT HR+) methodology including radiopharmaceutical production,
acquisition protocols, and image reconstruction; processing and quan-
tification of PiB and MK-6240 PET data are extensively described
elsewhere.*>=*/ In short, PiB images were transformed into voxel-wise
parametric images representing PiB binding using the cerebellar cor-
tex as a reference region of negligible binding.*® The cerebellar time
activity curve was extracted from the PET data using a cerebellar
gray matter mask image derived from the co-registered T1-weighted
MRI. PiB distribution volume ratio (DVR) was estimated from a 70-
minute dynamic acquisition using reference Logan graphical analy-
sis ("= 35 min, ko, = 0.149 min~1, cerebellum gray matter reference
region).*® A global cortical DVR average was calculated and used to
classify individuals as amyloid positive or negative using a global DVR
threshold of > 1.19 derived from a composite measurement from eight
bilateral ROIs (SPM12; angular gyrus, anterior cingulate gyrus, pos-
terior cingulate gyrus, frontal medial orbital gyrus, precuneus, supra-
marginal gyrus, middle temporal gyrus, and superior temporal gyrus).*?
The reconstructed MK-6240 PET time series was co-registered to T1-
weighted MRI (SPM12). PET time series MK-6240 standardized uptake

value ratios (SUVRs) were calculated from a 20-minute dynamic acqui-

sition (4 x 5-minute frames) beginning 70 minutes after bolus injection
also using the inferior cerebellum gray matter as a reference region.
Tau positivity was established from a previous analysis as entorhinal
cortex MK-6240 SUVR two standard deviations above the mean of the
AB negative group (entorhinal MK-6240 SUVR > 1.27).4°

2.3 | Statistical analysis

This study included various biomarkers: (1) imaging-based AD
biomarkers (amyloid and tau burden, hippocampal volume), (2) non-
imaging-based CVD markers (heart rate [HR], systolic blood pressure
[SBP], diastolic blood pressure [DBP]), (3) imaging-based CVD markers
(WMHSs, microhemorrhages, perivascular spaces, transcapillary pulse
wave delay, LFOs), and (4) other markers of overall health (body mass
index [BMI]). Both imaging- and non-imaging-based CVD markers
were compared between AT biomarker groups. Linear regression
modeling was used to study the correlation between transcapillary
pulse wave delay, LFOs, and AT biomarkers including PiB DVR and
MK-6240 entorhinal cortex SUVR. Significance of group differences
was assessed using analysis of variance followed by post hoc analysis
using the Tukey-Kramer method. Statistical analysis was performed in
MATLAB. P < .05 was set as the threshold for statistical significance.
Cohen’s d effect size coefficients were estimated for groups with

significant differences.”®

3 | RESULTS

Traditional cardiovascular, CVD, and AT biomarkers are summarized in
Table 1. No significant AT biomarker group differences were observed
across traditional systemic cardiovascular metrics including HR, SBP,
and DBP. Structural CVD imaging markers including WMH lesion vol-
umes, CHS and Fazekas scores, and perivascular spaces were not sig-
nificantly different between groups. However, in a supplementary anal-
ysis in which A+/T+/IM subjects were separated into subgroups (e.g.,
A+/T+/MCI [n = 9], A+/T+/dementia [n = 5]; Table S1 in supporting
information), significantly higher WMH lesion volumes were measured
inthe A+ /T+/dementia group compared to the other groups (P =.005),
albeit the sample size of the A+/T+/dementia group was small. A
significantly larger presence of microhemorrhages was observed in
A+/T+/CN (P = .006) compared to controls. In those A+/T+/CN sub-
jects with detectable microhemorrhages (n = 8), blood pressure and
HR were within normal levels (SBP = 125 + 15 mmHg, DBP = 76
+ 10 mmHg, HR = 67 + 14 bpm, age = 72 + 6 years, 2 subjects
with self-report hypertension). The A+/T+/IM group also had a larger
presence of microhemorrhages compared to controls, but not statis-
tically different (P = .280). The number of microhemorrhages in sub-
jects with at least one microhemorrhage were not significantly differ-
ent among groups. Hippocampal volumes were significantly reduced in
tau-positive groups (A+/T+/CN, P =.031; A+/T+/IM, P < .001). Aver-
age times between MRI and PET acquisitions were 1.0 + 9.2 months
(PiB) and 1.6 + 8.2 months (MK-6240; see Table 1).
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Trans-capillary Pulse Wave Delay
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Blood flow and transcapillary pulse wave delay from cardiac-resolved 4D flow magnetic resonance imaging. Data are summarized

for controls and amyloid/tau (AT) biomarker-confirmed groups (amyloid positive [A+], tau positive [T+], cognitively normal [CN], cognitively
impaired [IM]). A, Cerebral blood flow (basilar [BA] + internal carotid artery [ICA]) was normalized to brain volume and was similar between
groups. B, ICA and BA transcapillary pulse wave delay time was significantly longer in the control group (A-/T-/CN) compared to A+/T-/CN (ICA
P <.001; BAP=.001), A+/T+/CN (ICAP <.001; BAP=.050) and (A+/T+/IM; ICA P =.003, BA P =.026) indicating a significantly faster
transmission of the cardiac pulse wave in the intracranial vascular network of AT biomarker-confirmed groups

All study participants had a usable 4D flow dataset for LFO char-
acterization; however, four participants (1f A-/T-/CN, 1f A+/T+/CN,
2 m A+/T+/IM) did not have usable cardiac gating data for transcapil-
lary pulse wave delay assessment because of gating system failure dur-
ing the MRI acquisition. Brain volume normalized total CBF was sim-
ilar between groups (Figure 1A). The rationale for normalizing total
blood flow to brain volume was to account for brain volume changes
(e.g., metabolism), and search for other factors that can lead to blood-
flow reduction.?! However, ICA and BA transcapillary pulse wave delay
(Figure 1B) were significantly different and longer in controls (A-/T-
/CN) compared to AT biomarker-confirmed groups including A+/T-
/CN(ICAP<.001;BAP=.001), A+/T+/CN (ICAP<.001; BAP=.050)
and A+/T+/IM (ICA P = .003; BA P = .026). The effect sizes of group
differences are summarized in Table 1.

Low-frequency vascular markers derived from time-resolved 4D
flow data were negatively correlated with AT biomarkers (Figure 2).
Brain volume normalized arterial (ICA) low-frequency flow range (Fig-
ure 2A) was significantly decreased in the AT biomarker-confirmed
groups A+/T-/CN (P < .001), A+/T+/CN (P < .001), and A+/T+/IM
(P = .004) relative to controls (A-/T-/CN). Flow standard deviations
(o) (Figure 2B) were also significantly lower in the AT biomarker-
confirmed groups A+/T-/CN (P < .001), A+/T+/CN (P < .001), and
A+/T+/IM (P = .005) compared to controls (A-/T-/CN). Venous (SSS)
measurements were diminished in AT biomarker groups; however, dif-
ferences were not statistically different.

Power spectrum density analysis was used to characterize LFOs
across groups (Figure 3). Overall, higher LFOs were measured in both
arteries (ICA) and veins (SSS) of controls (A-/T-/CN; Figure 3A, B). A
significantly higher amount of LFOs in the range of [0.003, 0.100] Hz
(e.g., sum of power from PSD) was measured in the ICAs of the control

group (A-/T-/CN) compared to AT biomarker-positive groups includ-

ing A+/T-/CN (P =.039), A+/T+/CN (P =.007), A+/T+/IM (P = .011).
In a more limited frequency range, [0.01, 0.10] Hz, still a significantly
higher amount of LFOs was observed in the arteries (ICAs) of the con-
trol group (A-/T-/CN) than in AT biomarker-positive groups including
A+/T-/CN (P=.027), A+//T+CN (P =.046), and A+/T+/IM (P = .046).

Linear regression modeling (Figure 4) showed a relatively weak cor-
relation between ICA transcapillary pulse wave delay and global PiB
DVR and MK-6240 entorhinal cortex SUVR (R? = 0.12, R? = 0.04; Fig-
ure 4A, B). LFOs ([0.003, 0.100] Hz) were also weakly correlated with
PiB and MK-6240 (R2 = 0.11, R = 0.07; Figure 4C, D).

4 | DISCUSSION

This study aimed to improve our understanding of the interaction
between CVD and AD pathologies by cross-sectionally comparing
CVD imaging markers to ATN markers in preclinical and cognitively
impaired AD subjects. We specifically characterized the association
between traditional systemic markers of vascular health and dynamic
CVD imaging markers from MRI with AD biomarkers including A3
and neurofibrillary tau from PET imaging in AD risk-enriched cohorts.
This includes unique and quantitative markers from 4D flow MRI that
provide metrics of cerebrovascular dysfunction dynamics and ves-
sel stiffness in the large vessels and capillaries. Non-invasive meth-
ods and biomarkers for evaluating intracranial vessel health are of
great interest for diagnosis, treatment monitoring, and study of dis-
ease interactions. For example, 4D flow allows assessment of the pulse
wave velocity across the vasculature, which is indicative of vessel
stiffness.24°152 |n our cohort, commonly used traditional CVD mark-
ers (both non-imaging and imaging based) were unable to detect AT

biomarker group differences, with the exception of microhemorrhages
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FIGURE 2

Low-frequency flow range and standard deviations from time-resolved 4D flow magnetic resonance imaging (MRI). A,

Low-frequency flow range and (B) flow standard deviation () measured from time-resolved 4D flow MRI data are summarized for controls and
amyloid/tau (AT) biomarker-confirmed groups (amyloid positive [A+], tau positive (T+), cognitively normal [CN], cognitively impaired [IM)]). Brain
volume normalized low frequency flow range and flow o were significantly lower in the arterial circulation (internal carotid artery [ICA]) in
AT-positive groups (A+/T-/CN, A+/T+/CN, A+/T+/IM) compared to controls (A-/T-/CN; flow range: P <.001, P <.001, P =.004; flow o: P <.001,
P <.001, P =.005) respectively. These results suggest diminished autoregulation-related vasomotion in Alzheimer’s disease biomarker-confirmed
groups. A similar trend of lower flow range and ¢ in AT biomarker-positive groups was observed in the venous circulation
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FIGURE 3

Low-frequency flow oscillation power spectrum density analysis. Group average power spectrum density low frequency

oscillations (LFOs) derived from time-resolved 4D flow data in the internal carotid artery (ICA) (A) and superior sagittal sinus (SSS) (B) for tau

negative (A-/T-/CN, A+/T-/CN) and tau positive groups (A+/T+/CN, A+/T+/IM; cognitively normal [CN], cognitively impaired [IM]). Diminished
frequency content in ICAs and SSS was measured in biomarker-positive groups compared to controls. ICAs’ autoregulation-related LFO content
[0.003,0.100 Hz] was significantly reduced in these groups compared to controls (P =.039 A+/T-/CN; P =.007 A+/T+/CN; P=.011 A+/T+/IM).

The threshold for statistical significance was P < .05

assessment. However, quantitative 4D flow measures of transcapillary
pulse wave delay and LFOs were significantly different between AT
biomarker-confirmed and age-matched control groups. Specifically, a
significantly shorter transcapillary pulse wave delay related to a faster
pulse wave transmission across the brain circulation was measured
in AT biomarker-positive subjects. In addition, lower arterial LFOs
were measured in AT biomarker-positive subjects. These results sug-

gest stiffer vessels and/or capillaries and decreased autoregulation-

related vasomotion in the intracranial vasculature of amyloid- and
tau-positive subjects.24255354 |mportantly, these vascular alterations
were observed in CN AT biomarker-positive subjects. Taken together,
evidence suggests cerebrovascular modifications are occurring parallel
to AD pathophysiological changes during preclinical AD.

During the last decade numerous experiments have posited mech-
anisms in which CVD and AD interact. This includes models suggest-
ing vascular contributions to altered brain waste clearance, and more
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Linear regression modeling of dynamic vascular markers and amyloid/tau (AT) biomarkers. Linear regressions with 95% confidence

intervals showing internal carotid artery (ICA) transcapillary pulse wave delay (A, B) and low-frequency oscillations (LFOs; C, D) as a function of
global Pittsburg compound B (PiB) distribution volume ratio (DVR) and enthorinal cortex MK-6240 standardized uptake value ratio (SUVR) in all
participants (n = 136). Linear correlations were relatively weak with coefficients of R2 = 0.12 (transcapillary pulse wave delay vs. PiB DVR),

RZ = 0.04 (MK-6240 SUVR) and R2 = 0.11 (LFOs vs. PiB DVR), RZ = 0.07 (MK-6240 SUVR). Vertical lines mark global PiB DVR threshold > 1.19 for
A+ (A, C) and entorhinal cortex MK-6240 SUVR threshold > 1.27 for T+ (B, D)

direct interactions through ischemic and inflammatory events. In both
interaction mechanisms, altered vascular dynamics, vascular stiffness,
and vessel wall dysfunction have been indicated as pathologic con-
ditions. High-frequency cardiac pulsations and low-frequency oscil-
latory vasomotion are hypothesized to drive brain metabolite clear-
ance pathways including the glymphatic system and intramural peri-
arterial drainage (IPAD).>>°¢ These clearance systems are hypothe-
sized to remove toxic waste products including Ag from the neuropil
environment and are altered in the presence of vascular dysfunction.
For example, researchers have demonstrated a reduction in glymphatic

flow of CSF through perivascular spaces in hypertensive animal models

with decreased cardiac pulsations.®” Loss of vascular smooth muscle
cells and LFO-reduced vasomotion have been correlated with impaired
clearance of amyloid in cerebral amyloid angiopathy (CAA) models.>®
These studies suggest a synergistic interaction between CVD and AD
leading to exacerbation of AD pathology. Our human study findings
align well with these hypotheses tested on animal models, indicating
both increased intracranial vessel stiffness and LFO-reduced vasomo-
tion in AT biomarker-positive CN subjects.

By combining AT biomarker data and dynamic CVD imaging mark-
ers, a significant reduction of transcapillary pulse wave delay and LFOs

was measured in the cerebrovasculature of AT biomarker-positive
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subjects both CN and impaired. Transcapillary pulse wave delay
describes high-frequency cardiac wave transmission along arteries,
capillaries, and veins and is a proposed marker for vessel and capillary
stiffness.?? Arterial and venous LFOs in a frequency range < 0.10 Hz
can be related to smooth muscle cell-driven vasomotion.3®>? Cere-
bral autoregulation helps maintain relatively constant levels of CBF
within large variations of arterial blood pressure.>? Moreover, dynamic
autoregulation is characterized by both spontaneous physiological
fluctuations in arterial blood pressure and CBF. Frequencies in the
range of 0.01to 0.10 Hz (LFOs/Mayer waves), measured from cere-
bral blood circulation using near-infrared spectroscopy, have been
associated with fluctuations in mean arterial pressure, and dynamic
autoregulation mechanisms.3® LFOs in this range have been found
to be of similar amplitude and synchronized to dynamic autoregula-
tion processes.>? In addition, functional MRI (fMRI) experiments have
found that a proportion of LFOs are due to localized control of CBF
independent of local neural activity.?® Therefore, our study results indi-
cate vessel and capillary stiffness together with reduced autoregula-
tion related vasomotion are concomitant with amyloid and tau accu-
mulation. Data trends indicated vascular burden worsens along the
biomarker trajectory of AD with further reduced arterial LFOs in pres-
ence of tau biomarkers. Although decreased LFOs were observed in
both arteries and veins of AT biomarker-positive subjects, a signifi-
cant drop in LFO amplitude was only observed in the arteries. These
findings might reflect differences in venous and arterial walls, includ-
ing the thinner venous wall compared to the thicker arterial wall
with more smooth muscle and connective tissue. While other stud-
ies have previously characterized the relationship between CVD and
AT biomarkers (e.g., amyloid and tau burden), to our knowledge, this
is the first study that characterizes 4D flow-based cerebrovascular
markers in CN AT biomarker-positive subjects and observed flow-
related vascular alterations on such cohorts.?® These results agree
well with another study that characterized cerebrovascular resistance
from perfusion measures in non-demented (e.g., MCl) amyloid-positive
populations.!? In that study, the researchers found a synergistic rela-
tionship between vascular alterations and amyloidosis that produced
cognitive decline. The presence of vascular dysfunction in preclinical
AD might help explain the heterogeneity that is often observed in
the cognitive trajectories of AD patients. Furthermore, therapies tar-
geting improved cerebrovascular health during preclinical AD might
hold potential to delay the onset of clinical symptoms in subjects
that have begun AS accumulation. To date pharmacology and exer-
cise therapies have found mixed results reducing risk for demen-
tia; however, there are some indications suggesting benefits to brain
health.61-63

Traditional markers of cardiovascular disease including blood pres-
sure and heart rate were similar between groups. Self-reported use
of hypertension- and cholesterol-reducing medications was compa-
rable between groups (P > .05). Moreover, total CBF as measured
in the arteries was also similar between groups after adjusting for
brain volume, demonstrating that after accounting for neurovascular
coupled metabolic demand by brain volume normalization, no global

cerebral perfusion deficits could be detected.?! Markers of CVD such

as WMH burden and perivascular spaces, which are derived from
structural imaging and are typically used to characterize CVD, were
also not significantly different between AT biomarker groups. How-
ever, a significantly higher number of microhemorrhages was detected
in A+/T+/CN subjects compared to controls. Microhemorrhages are
markers of CAA and hypertensive small vessel disease and can char-
acterize post CVD and AD changes. Our results indicate CAA as a
primary cause of the microhemorrhages observed in the A+/T+/CN
group. The observation of a significantly higher presence of microhe-
morrhages in the CN/A+/T+ group, but not in the cognitively impaired
A+/T+ group, supports the notion that CAA presence increases with
AD pathology burden (A+/T+), followed by increased neurodegenera-
tion and cognitive decline. However, by the onset of cognitive impair-
ment development of new CAA-induced microhemorrhages might be
diminished, marking advanced neurodegeneration. In this study, the
lowest hippocampal volumes were measured in cognitively impaired
A+/T+ subjects. Perivascular spaces were not significantly different
among groups. Others have found perivascular spaces strongly cor-
relate with clinically diagnosed subcortical vascular cognitive impair-
ment, but not with amyloid burden from PiB-PET.¢* This suggests
perivascular markers are sensitive to advanced vascular dysfunction in
the brain not yet present in our cohort.

Flow-based CVD imaging markers including transcapillary pulse
wave delay and LFOs were significantly different between biomarker-
negative and AT biomarker-positive subjects; however, measures such
as mean blood flow and WMHSs were not. The lack of group differences
in WMHSs might reflect the limitations of structural measures to detect
subtle CVD modifications. Others have also detected vascular alter-
ations in the cerebral macro- and micro-circulation including changes
in the hippocampus using 4D flow and resting-state fMRI in healthy
older adults, but no significant differences in WMH burden.®® These
results demonstrate dynamic markers of cererbrovascular health can
provide access to unique information otherwise not accessible with
WMHs or perfusion. Nonetheless, markers of white matter alterations
are still useful to quantify CVD burden contributions to cognitive
decline.’®

This study has a number of limitations. Capillary stiffness was
probed globally using transcapillary pulse wave delay transit times;
however, markers that can regionally probe the capillary bed are desir-
able. All groups including controls were risk enriched for AD including
high incidence of parental family history of dementia due to AD; how-
ever, apolipoprotein E €4, a known gene that increases the risk of AD,

was more present in AT biomarker-positive groups.

5 | CONCLUSION

In this work noninvasive quantitative MRI revealed cerebrovascular
dysfunction was correlated with AT biomarker levels from PET imaging
during preclinical AD. Traditional CVD markers (both non-imaging and
imaging based) were insensitive to vascular alterations with the excep-
tion of cerebral microhemorrhages. Significantly shorter transcapillary

pulse wave delay transit times and weaker LFOs were measured in the
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intracranial arteries of AT biomarker-confirmed groups. These mark-
ers indicate presence of vascular and capillary stiffness and reduced
autoregulation-related vasomotion. Longitudinal studies are necessary
to elicit CVD and amyloid chronicity interactions.
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