<]
TUDelft

Delft University of Technology

Changes in Cerebral Hemodynamics and Progression of Subclinical Vascular Brain
Disease

A Population-Based Cohort Study

Ma, Yuan; Bos, Daniel; Wolters, Frank J.; Niessen, Wiro; Hofman, Albert; Ikram, M. Arfan; Vernooij, Meike
W.

DOI
10.1161/STROKEAHA.124.047593

Publication date
2024

Document Version
Final published version

Published in
Stroke

Citation (APA)

Ma, Y., Bos, D., Wolters, F. J., Niessen, W., Hofman, A., lkram, M. A., & Vernooij, M. W. (2024). Changes in
Cerebral Hemodynamics and Progression of Subclinical Vascular Brain Disease: A Population-Based
Cohort Study. Stroke, 56 (2025)(1), 95-104. Article 047593.
https://doi.org/10.1161/STROKEAHA.124.047593

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1161/STROKEAHA.124.047593
https://doi.org/10.1161/STROKEAHA.124.047593

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



¥20z ‘/T Joquedaq uo Aq Bio'sfeuino feye/:dny wouy papeojumoq

'.) Check for updates

Stroke

ORIGINAL CONTRIBUTION

Changes in Cerebral Hemodynamics and
Progression of Subclinical Vascular Brain
Disease: A Population-Based Cohort Study

Yuan Ma‘®, MBBS, PhD; Daniel Bos®, MD, PhD; Frank J. Wolters(®, MD, PhD; Wiro Niessen, PhD; Albert Hofman2, MD, PhD;
M. Arfan Ikram, MD, PhD; Meike W. Vernooij2, MD, PhD

BACKGROUND: Cerebral hypoperfusion is associated with vascular brain injury and neurodegeneration, but their longitudinal
relationship is largely unknown, especially in healthy older adults.

METHODS: We investigated the longitudinal relationship between cerebral hemodynamics and subclinical vascular brain
disease in community-dwelling older adults without stroke or dementia at baseline. Participants underwent brain magnetic
resonance imaging scans every 3 to 4 years between 2005 and 2016. Cerebral blood flow (CBF) was measured through
2-dimensional phase-contrast magnetic resonance imaging; the cerebrovascular resistance index (CVRI) was defined as
the ratio of mean arterial blood pressure to total CBF. Simultaneous progression in subclinical brain disease was evaluated
through repeated magnetic resonance imaging assessment of white matter hyperintefisitiesi(WMH), cerebral microbleeds,
lacune, and brain atrophy. The longitudinal relationship was estimated using generalized estimating-equations, with adjustment
for age, sex, smoking habits, body mass index, systolic blood pressure (for CBF measures), lipid level, history of diabetes and
cardiovascular disease, and the baseline burden of magnetic resonance imaging markers.

RESULTS: Among 3623 older adults (mean age, 61.4£9.3 years; 54.6% women), large decreases and increases in CBF
and increases in CVRi over time were associated with white matter hyperintensity progression. The risk ratios for white
matter hyperintensity progression were 1.36 (95% Cl, 1.19~1.55) for large decreases in total CBF (lowest quartile), 1.02
(95% ClI, 0.91-1.14) for moderate decreases (second quartile), and 1.28 (95% Cl, 1.14~1.45) for large increases (highest
quartile), compared with stable CBF (third quartile). The corresponding risk ratios for changes in CVRi were 1.13 (95% Cl,
1.00-1.30), 1.25 (95% Cl, 1.09-1.43), and 1.33 (95% Cl, 1.16—1.52) for the second to fourth (versus lowest) quartiles,
respectively, showing a dose-response relationship. The changes in CBF also demonstrate a similar U-shaped association
with the progression of brain atrophy and incident microbleeds, whereas increases in CVRi were associated with lower
microbleed risk.

CONCLUSIONS: Longitudinal changes in CBF and CVRi may capture distinct pathophysiologies linking cerebral hemodynamics
to subclinical brain disease, extending beyond single—time point measurements.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: blood pressure ® brain injuries ® cerebral small vessel diseases B cerebrovascular circulation ® magnetic resonance imaging

brain receives about 20% of the total arterial blood  aging can compromise cerebral autoregulation mecha-

Despite accounting for only 2% of the body weight,the ~ to cerebral hypoperfusion.” Prolonged hypertension and
supply, making it highly perfused and susceptible  nisms responsible for maintaining stable cerebral blood

Correspondence to: Yuan Ma, MBBS, PhD, Department of Epidemiology, Harvard T.H. Chan School of Public Health, 677 Huntington Ave, Boston, MA 02115, Email
yuanma@hsph.harvard.edu; or Meike W. Vernooij, MD, PhD, Department of Radiology and Nuclear Medicine, Erasmus MC University Medical Center, PO Box 2040,
3000 CA Rotterdam, the Netherlands, Email m.vernooij@erasmusmc.nl

Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.124.047593.

For Sources of Funding and Disclosures, see page XXX.

© 2024 American Heart Association, Inc.

Stroke is available at www.ahajournals.org/journal/str

Stroke. 2024;56:00-00. DOI: 10.1161/STROKEAHA.124.047593 January 20256 1


http://crossmark.crossref.org/dialog/?doi=10.1161%2FSTROKEAHA.124.047593&domain=pdf&date_stamp=2024-12-05

ORIGINAL CONTRIBUTION

¥20z ‘/T Joquedaq uo Aq Bio'sfeuino feye/:dny wouy papeojumoq

Ma et al

Nonstandard Abbreviations and Acronyms

BP blood pressure

CBF cerebral blood flow

MRI magnetic resonance imaging
pCBF parenchymal cerebral blood flow
tCBF total cerebral blood flow

WMH white matter hyperintensities

flow (CBF),2>* potentially exposing the brain to cerebral
hypoperfusion, hypoxia, ischemia, and consequently,
stroke and dementia.®® Despite epidemiological studies
linking cerebral hypoperfusion to dementia and stroke,
the interrelationship and underlying mechanisms during
the subclinical phase remain unclear.”-'° This knowledge
gap is partly because of the limitations of single—time
point measurements of CBF, which are insufficient to
capture the pathophysiology of cerebral hemodynamics
and overlook the interaction between CBF and arterial
pressure that affects downstream vascular resistance.
Studies linking lower CBF to subclinical brain disease
including brain atrophy and cerebral small vessel disease
are largely limited by small sample sizes and inconsistent
results.”'® Single—time point measurements of CBF
vary substantially between individuals.'®'” Monitoring
changes in CBF over time within the same individuals
may provide valuable insights into its dynamic nature and
enable the detection of subtle progression in cerebral
hemodynamic disturbances. Indeed, CBF is generally
observed to decline with-aging and hypertension;,'®2° but
there is limited data on the relationship between longi-
tudinal changes in CBF and the progression of subclini-
cal brain vascular disease, especially in the unselected
general older population. Understanding this relationship
is crucial for elucidating the cause of stroke and demen-
tia at the early subclinical stages, thus providing more
opportunities for early interventions. Moreover, emerging
data suggest that cerebrovascular resistance of cerebral
arteries and arterioles, a fundamental mechanism for
maintaining stable CBF in response to changes in blood
pressure (BP),?! is more sensitive than CBF for detect-
ing early brain pathologies and cognitive impairment.?223
However, its relationship with subclinical brain disease
in community-dwelling older adults remains to be deter-
mined. In the current study, we investigated the associa-
tion of longitudinal changes in cerebral hemodynamics,
operationalized as changes in CBF and cerebrovascular
reactivity index, with the progression of subclinical brain
disease, leveraging repeated brain magnetic resonance
imaging (MRI) measurements in the Rotterdam Study. We
hypothesized that changes in CBF and cerebrovascular
reactivity index over time would better capture impaired
cerebral hemodynamics and their association with vas-
cular brain injury than single—time point measurements.
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METHODS

Data cannot be made available in a public repository owing to
legal and ethical restraints but can be made available to inter-
ested researchers on request to the data manager Frank J.A.
van Rooij (fvanrooij@erasmusmc.nl). The analytical code is
available from the corresponding author on reasonable request.

Study Design and Participant Selection

The study is embedded in the Rotterdam Study, an ongoing
prospective cohort study initiated in 1990 in Rotterdam, the
Netherlands.?* Briefly, 7983 participants aged >55 years were
recruited in 1990, with 3011 participants aged >55 years
added in 2000 and 3932 participants aged >45 years further
added in 2005. Follow-up visits are performed approximately
every 3 to 4 years. Brain MRI has been implemented in the core
protocol of the Rotterdam Study since 2005, and participants
without MRI contraindications were invited to repeat MRl scans
during follow-up visits every 3 to 4 years.®® As of September
2015, 6216 participants (91% of 6799 eligible invitees) under-
went an MRI exam, out of which, 5680 participants completed
all the MRI sequences and provided usable imaging data. The
present study includes all participants who completed at least
2 MRI scans (n=3744). After further excluding participants
developing dementia or stroke before follow-up MRI (n=121),
3623 participants were eligible for the current study, contribut-
ing to a total of 9282 é&ligible“MRI scans with a median scan
interval of 3.6 years. In addition, for the analyses involving brain
volumetric measures and CBF measures, 97 (2.8%) partici-
pants with supratentorial cortical infarcts or suboptimal MRI
segmentation were excluded (Figure S1). Participants with >2
eligible MRI scans were younger and had healthier vascular
profiles compared with participants with only one eligible MRI
scan (Table'S1).

The Rotterdam Study has been approved by the Medical
Ethics Committee of the Erasmus MC and by the Dutch Ministry
of Health, Welfare, and Sport. The Rotterdam Study has been
entered into the Netherlands National Trial Register (https://
onderzoekmetmensen.nl) and the World Health Organization
International Clinical Trials Registry Platform under shared
catalog number NTR6831. All participants provided written
informed consent to participate in the study and to have their
information obtained from treating physicians. The current
study is reported according to the Strengthening the Reporting
of Observational Studies in Epidemiology guideline.

Brain MRI Scan

Brain MRI was performed at each time point on a single 1.56T
MRI scanner (GE Healthcare) using a standardized protocol.?®
Four high-resolution axial sequences were obtained, including
a T1-weighted sequence, a proton density-weighted sequence,
a fluid-attenuated inversion recovery sequence, and a T2'-
weighted gradient recalled echo sequence. No contrast mate-
rial was administered. CBF was quantified using 2-dimensionall
phase-contrast imaging as described previously?® In short,
blood flow velocity (mm/s) was measured using manually
drawn regions of interest on the 2-dimensional phase-con-
trast images in both carotids and the basilar artery at a level
just under the skull base. Flow rates were calculated from the
velocity and cross-sectional area of the vessels. Orthogonality
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of the carotid and basilar arteries was ensured by applying the
sagittal 2-dimensional phase-contrast MRI angiographic scout
image to localize the phase-contrast imaging plane perpendic-
ular to the carotid and basilar arteries.?®

Cerebral Hemodynamic Measures

We first assessed CBF and its change over 2 sequential scans
an average of 3.6 years apart. CBF was quantified as total
CBF (tCBF in mL/min) or parenchymal CBF (pCBF in mL-100
mL~"min~"). tCBF was determined by adding flow rates for the
carotid arteries and the basilar artery and expressed in mL/min.
Two independent, experienced technicians drew all the manual
regions of interest and performed subsequent flow measure-
ments. Double rating performed in 533 scans yielded high inter-
rater correlations of >0.94 for all vessels, suggesting excellent
agreement. pCBF (mL'min~"-100 mL~"), which reflects the flow
within a defined volume of tissue, was derived by dividing tCBF
(mL/min) by total brain tissue volume measured at the same
time (per 100 mL, defined as the sum of the volume of gray
matter and white matter). Changes in CBF were defined as the
change in tCBF (or pCBF) over 2 sequential visits divided by
scan intervals. As longitudinal changes in pCBF are determined
by changes in tCBF and brain tissue volume, which can com-
plicate the interpretation, we primarily assessed the change in
tCBF while adjusting for total brain tissue volume as a covariate,
but we also repeated the analyses for changes in pCBF. We
furthermore assessed the cerebrovascular resistance index and
its change across sequential scan intervals. Cerebrovascular
resistance index was defined as the ratio of cerebral perfusion
pressure (=mean arterial BP—intracranial pressure) to tCBF.
Given intracranial pressure is much lower than mean arterial BR,
the cerebrovascular resistance index is estimated as the ratio
of mean arterial BP to tCBF?' Mean arterial BP was derived as
one-third of systolic BP and two-thirds of diastolic BF.

Brain Structural Measures

Supratentorial brain tissue volumes, including gray matter,
white matter, and white matter hyperintensities (WMH), were
quantified using automated brain tissue segmentation and
were inspected visually and corrected manually if needed.?%?”
Total brain tissue volume was defined as the sum of the vol-
ume of gray matter, normal-appearing white matter, and WMH.
To correct for head size, all these volumetric measures were
expressed as the percentage of total intracranial volume (ie,
the sum of gray and white matter and cerebrospinal fluid vol-
umes). Focal markers of cerebral small vessel disease were
visually rated by trained research physicians.?® Specifically,
lacunes were defined as subcortical lesions >3 mm and <15
mm with the same signal intensity as cerebrospinal fluid on all
sequences and a hyperintense rim on fluid-attenuated inversion
recovery sequence in the supratentorial region. Microbleeds
were defined as focal round to ovoid areas <10 mm of low
signal intensity on 3-dimensional high-resolution T2"-weighted
gradient recalled echo sequence.

The progression of subclinical brain vascular disease over a
rolling time window of 2 sequential scans was assessed using
methods similar to those described above for CBF?® Specifically,
the progression of lacunes was defined as having 21 new lacu-
nes on the second scan. The progression of microbleeds was
defined as having >1 new microbleed on the second scan. The
progression of WMH was defined as the rate of increase in
WMH volume (ie, volume changes divided by the scan intervals)

Stroke. 2024;56:00-00. DOI: 10.1161/STROKEAHA.124.047593
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within the highest quartile. Similarly, the progression of brain
atrophy was defined as the highest quartile of the decline rate in
total brain tissue volume. The progression of WMH volume and
brain atrophy were dichotomized for comparable interpretations
with the focal MRI markers of microbleeds and lacunes.

Assessment of Other Variables

Information on demographic characteristics was collected at
the first visit. During each visit, smoking habits, body mass index,
and medication use were assessed with standardized proto-
cols. Two BP measurements were taken on the right upper arm
at each visit after at least 5 minutes of rest in a seated position.
Hypertension was defined as a resting BP exceeding 140/90
mm Hg or the use of BP-lowering medication. Diabetes was
defined as a fasting glucose level of >7.0 mmol/L or the use
of antidiabetic medication. Cardiovascular diseases, including
coronary heart disease, heart failure, and atrial fibrillation, were
assessed via interviews and verified by medical records.242°

Statistical Analysis

We assessed the bidirectional relationship between cerebral
hemodynamic measures and subclinical brain vascular disease
in 3 steps: the relationships between (1) a single measurement
of cerebral hemodynamics and the progression of subclinical
brain vascular disease durifig,the, subsequent scan intervals, (2)
the presence of subclin‘ica Brﬁin“yascular disease at baseline
and changes in cerebral hemodynamics during the subsequent
scan interval, and (3) simultaneous changes in cerebral hemo-
dynamics and subclinical brain vascular disease during the
same scan interval, with details described below.

Cerebral Hemodynamics at Baseline and Subsequent
Progression of Subclinical Brain Vascular Disease

We assessed the association of a single measurement of
cerebral hemodynamics at baseline (defined as the first of 2
consecutive scans) with the progression of individual markers
of subclinical brain vascular disease (including WMH, lacunes,
microbleeds, and brain atrophy as binary outcomes) during the
subsequent scan intervals. Generalized estimating equations
with empirically calculated SEs were used to account for the
correlation of repeated observations within the same partici-
pant® Poisson regression was used to model the incidence
rate of progression for subclinical vascular disease markers
over different time intervals and to estimate the incidence rate
ratio; if lesions regressed, they were entered as zero counts (ie,
absence of progression). Both continuous and quartile-based
categorical variables of cerebral hemodynamic measures were
assessed as the primary exposures. Test for nonlinear trend
was conducted using restricted cubic splines.®! To control for
possible confounding factors, we adjusted for age, sex, smok-
ing habits, body mass index, systolic BP (for tCBF and pCBF
as the exposures), total cholesterol level, history of diabetes
and cardiovascular disease, the baseline level of the individ-
ual MRI marker, and total brain tissue volume (for tCBF and
cerebrovascular resistance index as the exposures) in the final
models. We adjusted for baseline brain MRI markers because
it has been indicated that adjusting for baseline outcome vari-
ables can correctly control regression-to-the-mean effect in
nonrandomized studies in which baseline outcome influences
the exposure.?
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Subclinical Brain Vascular Disease at Baseline and
Subsequent Changes in Cerebral Hemodynamics

Second, we assessed the association of subclinical brain vas-
cular disease at baseline with the rate of change in cerebral
hemodynamic measures during the subsequent scan using lin-
ear regression in generalized estimating equation models as
described above. We built the model for each MRI biomarker of
the subclinical brain vascular disease (including WMH volume,
lacunes, microbleeds, and total brain tissue volume) separately.
We adjusted for age, sex, body mass index, systolic BF, total
cholesterol level, smoking habits, history of diabetes and coro-
nary heart disease, cerebral hemodynamic measurement, and
total brain tissue volume at the time of the initial MRI scan.

Simultaneous Changes in Cerebral Hemodynamics and
Subclinical Brain Vascular Disease

We assessed the association of changes in cerebral hemody-
namic measures with the progression of individual markers of
subclinical brain vascular disease during the same scan using
the same methods as described above for the association
between a single measurement of cerebral hemodynamic mea-
sures with subsequent progression of subclinical brain vascular
disease, with additional adjustment for baseline cerebral hemo-
dynamic measures.

Other Secondary and Sensitivity Analyses

To further account for the potential confounding role of BP
and antihypertensive medication use, we replaced systolic
BP with diastolic BP and antihypertensive medication use
in separate models and performed the analyses stratified by
hypertension status. We additionally adjusted for longitudinal
changes in systolic BP in separate models, given that it could
confound or potentially mediate the association of interest.
Given the interrelationship between CBF and hemoglobin in
maintaining cerebral oxygen supply and their association with
dementia reported in a previous study** we further adjusted
for hemoglobin level. In addition, to account for the potential
selection bias of including participants with repeated brain MRI
assessment in the analyses, we further assessed the associa-
tion employing inverse probability weights constructed using
baseline covariates. Finally, we assessed microbleeds in the
lobar region (indicative of cerebral amyloid angiopathy) and
deep region (indicative of hypertension-related pathology),
respectively. Missing data (ranging from 0% to 9.3% for the
covariates) were handled using a missing indicator approach.
Statistical analyses were performed using SAS version 9.4
(SAS Institute, Inc).

RESULTS

Of 3623 participants, 1978 (54.6%) were women and
the mean (SD) age at the first MRI scan was 61.4 (9.3)
years. Table 1 describes the participant characteristics
and cerebral hemodynamic measures. Both tCBF and
pCBF have a strong inverse correlation with the cerebro-
vascular resistance index, with correlation coefficients of
=—0.82 and =—0.67, respectively. Older age, male sex
(versus female), and a history of diabetes, hypertension,
and coronary heart disease were associated with faster
declines in tCBF over time. Older age, female sex, and

4 January 2025
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a history of hypertension were associated with faster
declines in pCBF over time. In contrast, older age, obe-
sity, and a history of hypertension were associated with
an increased cerebrovascular resistance index (Table S2).

Single-Time Point Cerebral Hemodynamics and
Progression of Cerebral Small Vessel Disease

As shown in Table 2, lower tCBF, lower pCBF, and higher
cerebrovascular resistance index at baseline were all
associated with a higher risk of the progression of lacu-
nes, but none were associated with the progression of
WMH, microbleeds, or brain atrophy. The risk ratio for
developing incident lacunes were 0.81 (95% Cl, 0.69—
0.95), 0.80 (95% CI, 0.69-0.93), and 1.29 (95% ClI,
1.11-1.49) with 1-SD increase in tCBF, pCBF, and cere-
brovascular resistance index, respectively.

Presence of Cerebral Small Vessel Disease
and Subsequent Changes in Cerebral
Hemodynamics

As shown in Figure 1, lower brain tissue volume and
lacune presence at ba_si_ifli were associated with faster

Table 1. Participant Characteristics

Characteristics* Overall
n 3623
Age at first MRl scan, y 61.41£9.3
Women, % 54.6
Body mass index, kg/m? 27.114.0
Smoking status, %

Never 29.5

Past 45.1

Current 25.3
History of cardiovascular disease, % 4.7
History of diabetes, % 8.1
History of hypertension, % 46.6
Systolic blood pressure, mm Hg 132+19
Diastolic blood pressure, mm Hg 8011
Mean arterial blood pressure, mm Hg 98+13
tCBF, mL- min~! 538.1+97.4
pCBF, mL:100-mL~"min~" 56.819.3
Cerebrovascular resistance index, mm Hg-mL™"-min™" 0.19£0.04
Years between cerebral blood flow measurements 3.6 (1.9-4.1)
Change in tCBF per y, mL-min~" —4.0+36.6
Change in pCBF pery, mL:100-mL~"-min™" —0.314.1
Change in cerebrovascular resistance index, 0.006%0.04
mm Hg-mL~"-min~"'

Data are shown in the format of mean£SD, percentage, or median (25th—75th
percentiles). MRI indicates magnetic resonance imaging; pCBF, parenchymal
cerebral blood flow; and tCBF, total cerebral blood flow.

“Characteristics at baseline measurement unless otherwise specified.

Stroke. 2024;56:00-00. DOI: 10.1161/STROKEAHA.124.047593
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Table 2. Single-Time Point Cerebral Hemodynamic Measures and Risk of the Progression of Subclinical Brain Vascular

Disease
Risk ratio (95% CI) by the quartile of cerebral hemodynamic measure Risk ratio (95% CI)
First quartile | Second quartile Third quartile Fourth quartile Per SD increase P value
tCBF, mL/min <469 469-530 530-598 >598
White matter hyperintensities 1 (ref) 1.06 (0.94-1.19) 1.10 (0.97-1.24) 1.11 (0.96-1.28) 1.03 (0.97-1.08) 0.338
Cerebral microbleeds 1 (ref) 1.01 (0.81-1.25) 1.04 (0.84-1.30) 0.98 (0.77-1.25) 1.03 (0.95-1.12) 0.453
Lacunes 1 (ref) 0.68 (0.49-0.94) 0.46 (0.32-0.67) 0.71 (0.49-1.03) 0.81 (0.69-0.95) 0.008
Brain atrophy 1 (ref) 1.02 (0.90-1.16) 1.02 (0.89-1.16) 1.00 (0.86-1.16) 0.99 (0.94-1.05) | 0.744
pCBF, mL:100 mL~"-min~" <51 51-56 56-62 >62
White matter hyperintensities 1 (ref) 1.08 (0.97-1.21) 0.99 (0.87-1.11) 1.08 (0.96-1.23) 1.01 (0.97-1.086) 0.536
Cerebral microbleeds 1 (ref) 1.12 (0.90-1.38) 1.19 (0.96-1.47) 1.00 (0.79-1.26) 1.02 (0.94-1.10) 0.676
Lacunes 1 (ref) 0.70 (0.51-0.98) 0.65 (0.46-0.91) 0.58 (0.40-0.84) 0.80 (0.69-0.93) 0.004
Brain atrophy 1 (ref) 0.97 (0.85-1.10) 0.93 (0.82-1.06) 1.01 (0.89-1.15) 0.99 (0.94-1.04) | 0.624
Total cerebrovascular resistance <0.16 0.16-0.19 0.19-0.22 >0.22
index, mm Hg-mL="-min~"
White matter hyperintensities 1 (ref) 1.08 (0.94-1.25) 1.07 (0.92-1.24) 0.98 (0.82-1.16) 0.97 (0.92-1.03) 0.306
Cerebral microbleeds 1 (ref) 0.92 (0.73-1.17) 0.89 (0.70-1.14) 0.90 (0.68-1.19) 0.98 (0.89-1.08) 0.667
Lacunes 1 (ref) 1.20 (0.80-1.82) 1.50 (0.99-2.27) 2.01 (1.25-3.22) 1.29 (1.11-1.49) 0.001
Brain atrophy 1 (ref) 0.98 (0.86-1.13) 1.10 (0.95-1.27) 1.07 (0.90-1.26) 1.04 (0.98-1.11) 0.213

tCBF (mL/min) was determined by adding flow rates for the carotid arteries and the basilar artery and expressed in mL/min. pCBF (mL'min~"-100 mL~") was derived
by dividing tCBF by total brain tissue volume measured at the same time (per 100 mL, defined as the sum of the volume of gray matter and white matter). MRl indicates

magnetic resonance imaging; pCBF, parenchymal cerebral blood flow; Ref, reference; and tCBF, total cerebral blood flow:

American

“With adjustment for age, sex, smoking habits, body mass index, systolic blood pressure, total cholesterol level, h\story'b;;diéibétes and cardiovascular disease, baseline
level of the individual MRI marker, and total brain tissue volume (for tCBF and total cerebrovascular resistance index as the exposures).

tCBF decline, whereas total WMH volume and cerebral
microbleed presence were not. Each SD decrease in
total brain tissue volume at baseline was associated with
a larger annual decline of 1.8 mL'min~' ([95% CI, 0.8—
2.9] <0.001), and the presence of lacunes was asso-
ciated with a larger annual decline of 3.3 mL'min~" in
tCBF ([95% ClI, 0.05-6.7] P=0.05). Lower brain volume
and lacunes were similarly associated with an increase
in cerebrovascular resistance index, whereas only higher
baseline WMH volume was associated with faster pPCBF
decline over time.

Simultaneous Changes in Cerebral
Hemodynamics and Subclinical Brain Vascular
Disease

As shown in Table 3 and Figure 2, for WMH, both large
decreases and increases in tCBF and pCBF were asso-
ciated with concurrent progression in WMH, exhibiting
U-shaped associations. In contrast, an increase in the
cerebrovascular resistance index over time was asso-
ciated with faster progression of WMH, demonstrating
a clear dose-response relationship. For microbleeds,

WMH (per SD increase)

The difference in total CBF
changes

Presence of microbleeds R ’ :
Presence of lacunes —_— —_— :
Total brain tissue volume —— - ! e
(per SD decrease) : : :
-5.0 -25 0.0 25 1.2 -08 0.4 0.0 -0.004 0.000 0.004 0.008 0.01

The difference in
cerebrovascular
resistance changes

The difference in total
cerebral perfusion
changes

Figure 1. Subclinical brain disease at baseline and subsequent changes in cerebral hemodynamics.

Association estimates were adjusted for age, sex, body mass index, systolic blood pressure, total cholesterol level, smoking habits, history of
diabetes and coronary heart disease, cerebral hemodynamic measurement, and total brain tissue volume at the initial magnetic resonance imaging
scan. pCBF indicates parenchymal cerebral blood flow; tCBF total cerebral blood flow; and WMH, white matter hyperintensities.
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Table 3. Changes in Cerebral Blood Flow Measures and Risk of the Progression of Subclinical Brain Vascular Disease

Cerebral hemodynamic measures (in quartiles)

Risk ratio
(95% CI*

Large decrease

Modest decrease

Stable to modest

Large increase

(first quartile) (second quartile) | increase (third quartile) | (fourth quartile) Per SD increaset | P valuest
Changes in tCBF, mL/min <22 —22to—4 —4to 15 >15
White matter hyperintensities
No. of events/observations 344/1365 350/1361 347/1364 322/1360
Risk ratio (95% CI)* 1.36 (1.19 to 1.55) | 1.02 (0.91 to 1.14) | 1 (ref) 1.28 (1.14 to 1.45) <0.001
Cerebral microbleeds
No. of events/observations 147/1436 140/1435 148/1435 149/1436
Risk ratio (95% CI)* 1.24 (0.98 to 1.57) | 0.91 (0.74 to 1.13) | 1 (ref) 1.26 (1.02 to 1.56) <0.001
Lacunes
No. of events/observations 54/1436 70/1435 72/1435 60/1436
Risk ratio (95% CI)* 1.21 (0.84 t0 1.76) | 1.04 (0.75 to 1.43) | 1 (ref) 0.94 (0.67 to 1.32) | 0.94 (0.75 to0 1.17) | 0.574
Brain atrophy
No. of events/observations 417/1366 309/1361 303/1364 334/1361
Risk ratio (95% CI)* 1.87 (1.63 to0 2.14) | 1.07 (0.93 to 1.22) | 1 (ref) 1.34 (1.17 to 1.54) <0.001
Changes in pCBF, <=2 —2 to —0.3 —0.3t0 1.7 >1.7
mL-100-mL~"-min~"'
White matter hyperintensities
No. of events/observations 348/1363 343/1362 350/1368 322/1357
Risk ratio (95% CI)* 1.39 (1.23 t0 1.59) | 1.01 (0.89 to 1.13) | 1 (ref) 1.24 (1 .JO 10:+:40) <0.001
Cerebral microbleeds Vs
No. of events/observations 141/1374 132/1374 144/1374 140/1374
Risk ratio (95% CI)* 1.25 (0.98 to 1.59) | 0.91 (0.73 to 1.13) | 1 (ref) 1.21 (0.97 to 1.50) 0.001
Lacunes
No. of events/observations 49/1374 63/1374 64/1374 56/1374
Risk ratio (95% CI)* 1.27 (0.87 to 1.88) | 1.08 (0.77 to 1.63) | 1 (ref) 0.96 (0.67 to 1.37) | 0.92 (0.73 to 1.14) | 0.431
Brain atrophy
No. of events/observations 368/1363 304/1362 298/1368 393/1359
Risk ratio (95% CI)* 1.60 (1.38t0 1.84) | 1.05 (0.92 to 1.20) | 1 (ref) 1.568 (1.39 to 1.80) <0.001
Changes in cerebrovascular resis- | <—0.02 —0.02 to 0.01 0.01 to 0.03 >0.03
tance index, mm Hg-mL="-min~"
White matter hyperintensities
No. of events/observations 301/1254 293/1295 312/1282 358/1271
Risk ratio (95% CI)* 1 (ref) 1.13 (1.00 to 1.30) | 1.25 (1.09 to 1.43) 1.33 (1.16 t0 1.52) | 1.10 (1.06 to 1.15) | <0.001
Cerebral microbleeds
No. of events/observations 167/1343 123/1344 128/1344 128/1343
Risk ratio (95% CI)* 1 (ref) 0.75 (0.60 to 0.94) | 0.77 (0.61 to 0.97) 0.72 (0.57 to 0.91) | 0.91 (0.83 to 0.99) | 0.082
Lacunes
No. of events/observations 60/1343 50/1344 65/1344 57/1343
Risk ratio (95% CI)* 1 (ref) 1.22(0.82t0 1.81) | 1.61 (1.10 to 2.36) 1.32 (0.87 to 1.98) | 1.05 (0.92t0 1.19) | 0.456
Brain atrophy
No. of events/observations 331/1255 300/1295 315/1282 336/1272
Risk ratio (95% CI)* 1 (ref) 0.91 (0.79 to 1.05) | 0.98 (0.86 to 1.13) 0.99 (0.86 to 1.13) | 1.01 (0.96 to 1.06) | 0.686

MRl indicates magnetic resonance imaging; pCBF, parenchymal cerebral blood flow; Ref, reference; and tCBF, total cerebral blood flow
“With adjustment for age, sex, smoking habits, body mass index, systolic blood pressure (for changes in tCBF and pCBF as the exposures), total cholesterol level,
history of diabetes and cardiovascular disease, the baseline level of the individual MRI marker, and total brain tissue volume (for changes in tCBF and cerebrovascular

resistance index as the exposures).

tNot presented for estimates that appeared to be nonlinear and U-shaped association.
$P for nonlinearity in the presence of U-shaped association.
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Figure 2. Longitudinal changes in cerebral hemodynamics and progression of subclinical brain disease.

Figure shows the risk of progression of brain magnetic resonance imaging (MRI) markers of subclinical brain disease in relation to changes in
total cerebral blood flow (top), parenchymal cerebral blood flow (middle), and cerebrovascular resistance index (bottom), after adjustment

for age, sex, smoking habits, body mass index, blood pressure level, total cholesterol level, history of diabetes and cardiovascular disease, total
cerebral blood flow measures, total brain tissue volume (for total cerebral blood flow and total cerebrovascular resistance index as the exposures)
at baseline, and baseline level of individual MRI markers. RR indicates risk ratio; and WMH, white matter hyperintensities.

both large increases and decreases in tCBF and pCBF
were similarly associated with a higher risk of incident
microbleeds (ie, a U-shaped association). In contrast, an
increase in the cerebrovascular resistance index was
associated with a lower risk of incident microbleeds in
a dose-response manner. For lacunes, although both
decreases in tCBF and pCBF and increases in cerebro-
vascular resistance seem to be associated with increased
risk of incident lacunes, none of these associations were
statistically significant. For brain atrophy, a U-shaped
association with the progression of brain atrophy was
observed for changes in tCBF and pCBF, whereas no

Stroke. 2024;56:00-00. DOI: 10.1161/STROKEAHA.124.047593

association was observed for the cerebrovascular resis-
tance index. Overall, the association patterns with the
progression of subclinical brain vascular disease demon-
strate clearer associations when cerebral hemodynamics
were assessed by cerebrovascular resistance compared
with tCBF or pCBF.

Other Secondary and Sensitivity Analyses

The association estimates with the progression in
subclinical brain vascular disease did not essentially
change after replacing systolic BP with diastolic BP
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and antihypertensive medication use in separate mod-
els. The association estimates for the changes in tCBF
and pCBF were also similar with additional adjustments
for longitudinal changes in systolic BP (Table S3). When
stratified by hypertension status, the risk of progression
in subclinical brain vascular disease associated with
the change in CBF measures was either U-shaped or
J-shaped essentially in all subgroups, but the relative risk
associated with large decreases and large increases in
CBF measures appeared to differ by hypertension status
and also vary with individual MRI markers, showing an
overall more pronounced U-shaped association in par-
ticipants without hypertension. In contrast, the associa-
tions with the change in cerebrovascular resistance were
similar in those with and without hypertension (Table
S4). Results were also similar after further adjusting for
hemoglobin level (Table Sb) and applying inverse prob-
ability weights in the models (Table S6). The associations
with the change in cerebrovascular resistance index
showed the same direction for incident microbleeds in
the lobar versus deep regions (Table S7).

DISCUSSION

In community-dwelling older adults, we found that lower
CBF and a higher cerebrovascular resistance index at
baseline were associated with incident lacunes but not with
the progression of WMH. The presence of subclinical brain
vascular disease at baseline was also associated with a
subsequent faster decline in CBF and an increase in cere-
brovascular resistance over time. Longitudinally, both large
decreases and increases in CBF over time were associated
with the progression of WMH, brain atrophy, and incident
microbleeds, with varying associations by hypertension
status. Increases in cerebrovascular resistance index
over time were dose-dependently associated with faster
progression of WMH but a lower risk of incident micro-
bleeds, regardless of hypertension status. Our findings
suggest a bidirectional longitudinal relationship between
cerebral hemodynamics and the progression of brain vas-
cular pathology, extending beyond single—time point brain
MRI measurements. Changes in CBF and cerebrovascular
resistance index may capture distinct pathophysiological
mechanisms linking cerebral hemodynamics to subclinical
brain disease, with more consistent association patterns
observed for cerebrovascular resistance index.

In our study, over half of the participants had declining
CBF over 4 years, consistent with previous reports.’83*
The average decline in CBF is comparable to findings
from a previous cross-sectional study among healthy
adults, indicating an overall decline associated with
physiological brain aging.* We observed a U-shaped
association between changes in CBF and the progres-
sion of WMH, microbleeds, and brain atrophy, as well as
an inverse association with incident lacunes that was
not statistically significant. This finding suggests that the
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pathophysiology of lacunes may differ from other vascu-
lar brain lesions, possibly because of greater susceptibil-
ity to cerebral hypoperfusion, whereas other lesions may
be more prone to unstable CBF over time.®® Alternatively,
it may also reflect hypoperfusion in disconnected areas
because of lacune or other ischemic lesions (ie, reverse
causation).>” We observed an association of both large
increases and decreases in CBF with the progression of
brain vascular markers, especially in those without hyper-
tension. An accelerated decline in CBF may indicate
underlying pathophysiological changes associated with
cerebral small vessel disease. In contrast, an increase in
CBF may reflect the fluctuation of CBF over time, or an
intermediate compensatory stage to maintain sufficient
oxygen supply and promote the clearance of toxic sub-
stances preceding decompensation and cerebral hypo-
perfusion.®® This explanation aligns with previous studies
reporting that in cognitively normal participants, CBF was
higher in high-risk individuals, including those with APOE
e4 allele® and cerebral amyloid deposition.®®
Cerebrovascular resistance index and its longitu-
dinal change were observed to be associated with a
higher risk of ischemic-prone lesions and a lower risk of
hemorrhagic-prone lesigns in a dose-response manner
regardless of hyperténgior-status, demonstrating more
consistent association patterns compared with CBF. This
observation is in concert with previous observations indi-
cating a stronger association of cerebrovascular resis-
tance with Alzheimer pathology and neurodegeneration
than CBFalone,???%% as well as studies linking increased
internal carotid artery resistivity to WMH.“® An increase
in-cerebrovascular resistance reflects vasoconstriction
that narrows blood vessel diameter and may result from
increased arterial stiffness and inflammation-induced
endothelial dysfunction.*’ Vasoconstriction has been
associated with impairment in brain amyloid clearance,*?
whereas the use of vasodilators has been suggested as a
potential therapeutic target for facilitating amyloid clear-
ance.”® These data suggest that cerebrovascular resis-
tance could be a susceptibility marker for brain ischemia.
Our results support the bidirectional relationship
between cerebral hemodynamics and subclinical brain
vascular disease. On the one hand, fluctuating CBF may
increase shear stress toward vessel walls, especially
vascular endothelium, contributing to endothelial and
microvascular dysfunction** Large decreases in CBF
may also lead to cerebral hypoperfusion, contributing
to brain ischemia such as lacune and WMH.* On the
other hand, CBF may decline over time as a result of
the reduction in cerebral metabolism demand associated
with ischemia and atrophy or increased cerebral vascu-
lar resistance.'"?%4%47 |mpaired neurovascular function
resulting from cerebrovascular disease and neurode-
generation may also affect CBF*® Our observation that
a history of hypertension, diabetes, obesity, and coronary
heart disease was associated with exaggerated changes
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in these cerebral hemodynamic measures underscores
the importance of primordial prevention of cardiovascular
disease in maintaining normal cerebral hemodynamics
and brain health.

Several limitations of our study need to be noted. First,
the use of 2-dimensional phase-contrast flow measure-
ment limited our ability to assess region-specific changes
in CBF and the underlying pathologies. Second, we
assessed the association of the change in CBF with con-
current instead of subsequent progression in subclinical
disease. Although our finding sheds light on the under-
lying vascular pathology associated with longitudinal
changes in CBF, it limits our ability to inform the temporal
relationship. Third, cerebral microbleeds were assessed
using a 3-dimensional T2*-weighted sequence, which
may be less sensitive than the susceptibility-weighted
imaging sequence in detecting microbleeds. This may
result in nondifferential classification bias and conser-
vative association estimates. Moreover, the assessment
of BP and cerebral hemodynamics at resting position
during the research visits are also subject to random
measurement error and may not adequately capture
the real-time highly variable physiological signals, thus
potentially leading to regression dilution bias and conser-
vative association estimates. As an observational study,
confounding by other factors affecting BP and cerebral
hemodynamics, such as changes in lifestyle and medica-
tion use, is possible. In addition, we were also unable to
effectively assess the impact of different medications on
vasodilatation and the observed relationship. Last, as our
study focused on the longitudinal changes in neuroimag-
ing assessment, only participants who completed 2 MRI
scans were included, which could have introduced selec-
tion bias. Our findings should be viewed as exploratory
and need to be confirmed in future studies that include
region-specific CBF assessment and repeated brain
MRI assessment in diverse older populations.

CONCLUSIONS

Longitudinal changes in CBF and cerebrovascular resis-
tance index may have a bidirectional relationship with
the development of subclinical vascular brain disease
in older adults in addition to single—time point mea-
surements. The cerebrovascular resistance index might
serve as a more sensitive marker than CBF for detecting
associations with subclinical cerebrovascular pathology.
These results offer novel insights into the pathophysi-
ological mechanisms linking cerebral hemodynamics to
subclinical brain disease, and consequently, stroke and
dementia.
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