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Phase contrast-derived cerebral
blood flow is associated with
neurodegeneration and
cerebrovascular injury in older
adults
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Global cerebral blood flow and the local delivery of blood through the vascular
network are essential to maintain brain and cognitive health throughout the lifespan.
In this cross-sectional study, we examined the association of extracranial blood
flow into the brain, measured with phase contrast magnetic resonance imaging,
with regional brain volumes, cortical thickness, white matter tract integrity, white
matter hyperintensity volume, and cerebral microbleeds. Our study included 311
older adults (mean age: 77 years, standard deviation: 5.6) from the Washington
Heights Inwood Columbia Aging Project (WHICAP), a community-based study
in northern Manhattan. We found that lower extracranial cerebral blood flow is
associated with lower cortical regional volumes, lower white matter tract integrity,
and higher white matter hyperintensity volume. We observed that lower extracranial
cerebral blood flow, quantified by total, anterior, and posterior circulations, is
associated with lower white matter tract integrity in the forceps minor, cingulum
cingulate gyrus, and inferior fronto-occipital fasciculus. Additionally, lower total
extracranial cerebral blood flow is associated with higher white matter hyperintensity
volume, a marker of small vessel cerebrovascular disease. These findings support
our hypothesis that lower extracranial cerebral blood flow is associated with a
greater degree of vascular brain injury and indicators of neurodegeneration and
are consistent with the guiding conceptual framework that diminished extracranial
blood flow could be a factor that promotes or exacerbates neurodegeneration
and cerebrovascular injury in older adults. Future longitudinal studies are needed
to establish causality and temporality.
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1 Introduction

Cerebral blood flow supply to the perfusion-sensitive brain is an
essential factor in maintaining overall brain tissue structure, health,
and function throughout the lifespan (Ginsberg, 2016). Measures of
regional cerebral volumes, cortical thickness, white matter tract
integrity, white matter hyperintensity volume, and cerebral
microbleeds reflect aspects of brain health that are implicated in
cognitive aging and dementia (MacDonald and Pike, 2021; Caunca
etal,, 2019). The brain is a hemodynamically complex organ with both
extracranial and intracranial vascular factors that influence how blood
is circulated throughout its tissue (Meng et al., 2015; Fisher et al., 2022;
Thore et al., 2007; Stefanidis et al., 2019; Shabir et al., 2018; Bia et al.,
2011). Extracranial vascular mechanisms pertain to systemic factors
that influence blood flow of the major arteries, at the level of the neck
and Circle of Willis, that supply the brain, while intracranial vascular
factors pertain to regional blood flow distribution at the level of pial
arteries down to the arteriole-capillary vascular bed. Total cerebral
blood flow could represent or be affected by the combined influence
of all extracranial and intracranial vascular factors. The relationship
between total cerebral blood flow and other markers of brain health
could be bidirectional; for example, lower total blood flow supply
could have downstream impact on brain regions and atrophy of brain
regions could decrease the overall supply needs of the brain. It is
essential to examine total cerebral blood flow, as it may independently
fail to meet the metabolic demands of the brain, influencing both
brain structure and function, as well as regional blood flow patterns.
While numerous studies examined cross-sectional and longitudinal
associations between intracranially-derived total cerebral blood flow
with markers of brain health (Bahrani et al., 2017; Bastos-Leite et al.,
2008; Chen et al, 2013; Staffaroni et al., 2019), the relationship
between extracranially-derived cerebral blood flow and markers of
neurodegeneration and cerebrovascular injury remains unclear. In
theory, measurement of total cerebral blood flow via extracranial or
intracranial approaches should be equivalent, but practical
methodological limitations with current techniques could lead to bias
measurements of flow and inaccurate conclusions. In the current
study, we used phase contrast magnetic resonance imaging (MRI) to
quantify extracranial cerebral blood flow and investigate its association
with markers of small vessel cerebrovascular disease and
neurodegeneration among racially and ethnically diverse older adults.

Phase contrast MRI provides a measure of absolute cerebral blood
flow with minimal methodological assumptions (Zananiri et al., 1991;
Koerte et al, 2013) and is thus practical for cross-sectional and
longitudinal studies in older adults with varying degrees of
cerebrovascular disease. Other MRI-based blood flow measures, such as
those commonly derived with pseudo-continuous or pulsed

Abbreviations: WMH, White matter hyperintensity; MRI, magnetic resonance
imaging; ASL, arterial-spin labeling; TCD, transcranial doppler; WHICAP, Washington
Heights-Inwood Columbia Aging Project; TOF, time of flight; MPRAGE,
magnetization-prepared rapid acquisition gradient echo; FLAIR, fluid-attenuated
inversion recovery; DT, diffusion tensor imaging; SWI, susceptibility weighted
imaging; VENC, Velocity ENCoding value; AD, Alzheimer's Disease; TBSS, Tract-
Based Spatial Statistics; MNI space, Montreal neurologic institute; FA, fractional
anisotropy; MB, microbleed; MAGIC, Microbleed Automated detection using

Geometric Identification Criteria.
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arterial-spin labeling (ASL), are often used to measure total cerebral
blood flow in aging or disease states, but these methods alone cannot
measure total blood flow without bias (Wu et al., 2010; Aslan et al., 2010;
Jung et al., 2010). Phase contrast imaging is more accurate for absolute
flow quantification than most routine velocity- or flow-based
measurement techniques, such as transcranial doppler (TCD) or
pseudo-continuous ASL, especially in conditions where blood flow can
deviate from the idealized behavior assumptions. For example, TCD
measures blood vessel flow velocity, which relies upon an axisymmetric
flow-profile assumption to estimate flow rate (Mynard and Steinman,
2013), an assumption that may not be valid in the context of
cerebrovascular disease and aging (Gelfand et al., 2006). Similarly,
pseudo-continuous ASL-based measurements are dependent on the
velocity of incoming arterial flow, both in terms of MR tagging efficiency
(Wuetal., 2010; Aslan et al., 2010) and in cases of arterial transit artifacts
(Ozpar et al., 2023), which can affect the accuracy of total blood flow
quantification. Overall, intracranial measurements of total cerebral
blood flow commonly derived from pseudo-continuous ASL are
susceptible to bias, including variability in velocity tagging efficiency and
partial volume effects. However, advanced ASL techniques, such as
multi-phase or velocity-selective ASL, can overcome these limitations
(Jung et al., 2010; Wong et al., 2006). Measurements of total cerebral
blood flow obtained through extracranially-based phase contrast
imaging offers reduced susceptibility to bias, making it particularly
adventitious for longitudinal studies or clinical trials designed to
measure within-participant changes in flow, but is also useful across
cross-sectional studies where high variance of cerebral flow rates are
expected amongst the cohort. Therefore, for older adults with varying
degrees of cerebrovascular injury, phase contrast is one of the ideal tools
to quantify absolute flow measurements and to investigate the influence
of extracranial cerebral blood flow on brain health.

In the current cross-sectional study, we examined the association
of extracranial cerebral blood flow, sectioned into total, anterior, and
posterior circulation, with measures of brain health, including
regional cerebral volumes, cortical thickness, white matter tract
integrity, white matter hyperintensity volume, and cerebral
microbleeds in older adults from a racially and ethnically diverse
community-based cohort in New York City. We hypothesized that
lower extracranial cerebral blood flow is associated with a greater
degree of vascular injury and indicators of neurodegeneration.
We formed our hypothesis on the guiding conceptual framework that
diminished extracranial blood flow could be a factor that promotes or
exacerbates neurodegeneration and cerebrovascular injury in older
adults. We expected to observe more pronounced associations in brain
regions with particularly vulnerable vascular supply, and thus greater
susceptibility to chronic hypoperfusion, such as in deep white matter.

2 Materials and methods
2.1 Participants

Participants were selected from the Washington Heights-Inwood
Columbia Aging Project (WHICAP), an ongoing community study of
cognitive aging and dementia that enrolls older adults (65+) residing
in northern Manhattan, New York (Turney et al., 2022; Avila et al.,
2021; Brickman et al., 2021). In 2019, phase contrast imaging was
added to the ongoing WHICAP brain MRI study, and participants

frontiersin.org



Pyne et al.

scanned with this technique between 2019 and 2024 were included in
the study subset. Participants undergo clinical assessments at
longitudinal visits approximately every 2 years (Turney et al., 2022;
Avila et al,, 2021; Brickman et al,, 2021). The WHICAP cohort
comprises the three major race and ethnicity groups that characterize
the community surrounding Columbia University Irving Medical
Center, including non-Hispanic White (White), non-Hispanic Black
(Black), and Hispanic (Latinx) participants. Participants self-report
race and ethnicity. Common vascular risk factors, selected based on
their risk for influencing the vascular health and blood flow of the
brain, were ascertained by self-reported diagnosis of hypertension,
diabetes, and heart disease (arrhythmias, coronary artery disease, and/
or congestive heart failure) (Luchsinger et al., 2005). Each vascular risk
factor was coded as 0 for absent or 1 for present. These dichotomous
variables were summed for a vascular risk factor score that ranged
from 0 to 3. This study was approved by the institutional review board
at Columbia University Irving Medical Center; all participants gave
written informed consent.

2.2 MRI acquisition

Participants were scanned on a General Electric Medical Systems
SIGNA Premier 3 T MRI scanner with a 64-channel head coil. MRI
scanning included phase contrast, vascular angiography, T1-weighted,
T2-weighted, diffusion tensor, arterial spin labeling, and susceptibility
weighted imaging sequences. The phase contrast sequence was used
for extracranial flow-rate measurements of the blood vessels supplying
the brain, including the internal carotid and vertebral arteries
(Zarrinkoob et al., 2015; Wu et al., 2016). The vascular angiography
non-contrast time of flight (TOF) sequence measured vascular
anatomy leading to the brain and helped with positioning of the phase
contrast sequence (Zarrinkoob et al, 2015). The TI1-weighted
magnetization-prepared rapid acquisition gradient echo (MPRAGE)

10.3389/fnins.2025.1538956

sequence was used to measure regional volumes and cortical
thickness. The T2-weighted fluid-attenuated inversion recovery
(FLAIR) sequence was used to measure white matter hyperintensity
(WMH) volume, a marker of small vessel cerebrovascular disease
(Wardlaw et al., 2019). Diffusion tensor imaging (DTT) was used to
measure white matter microstructure integrity (Soares et al., 2013).
The susceptibility weighted imaging (SWI) sequence was used to
detect and count cerebral microbleeds (Greenberg et al., 2009).
Arterial spin labeling (ASL) was used to measure intracranially-
derived total cerebral blood flow for comparison against phase
contrast extracranially-derived measurements. The acquisition
parameters for all sequences are provided in Table 1.

2.3 Phase contrast MRI sequence

We quantified extracranial blood flow rates of the internal carotid
and vertebral arteries from the 2D phase contrast sequence. Phase
contrast is an MR velocimetry sequence that can be used to measure
voxel-wise velocity maps of a 2D plane or 3D volume (Taylor and
Draney, 2004). We used 2D phase contrast to measure cross-sectional
blood flow of the primary arteries entering the brain (see Figure 1A),
including the internal carotid and vertebral arteries that comprise the
total blood flow into the brain (Zarrinkoob et al., 2015). A visualization
of participant-specific blood vessel anatomy was first generated
through the vascular angiography non-contrast TOF sequence, and a
series of 2D phase contrast imaging planes were manually assigned to
the internal carotid and vertebral vessels. To achieve maximum flow
measurement accuracy, 2D phase contrast imaging planes were
assigned perpendicular to the vessel of interest and away from rapid
vessel curvature and bifurcation points with distal placement preferred
to increase signal-to-noise ratio (Liu et al., 2014; Peng et al., 2015). In
most participants, participant-specific complex arterial anatomy
required that separate phase contrast planes be used to measure

TABLE 1 MR acquisition parameters for all sequences used in this study including T1 MPRAGE, T2 FLAIR, DTI, SWI, TOF, phase contrast (PC), and ASL.

Parameters T1 MPRAGE T2 FLAIR DTI? SWI TOF PC® ASL¢
Dimension 3D 3D 2D 3D 3D 2D 3D
Voxel size (mm?®) I1x1x1 0.94x094 x1 0.88x0.88 x2 0.41 x0.41 x2 0.35x0.35x0.7 | 0.43x0.43 x4 1.75x 1.75 X 6.6
TR (ms) 7.25 8,000 6,000 37.10 24 6.33 4,735-5,197
TE (ms) 2.96 107.31 56.40 22.73 3.40 3.49 49.02

TI (ms) 400 2,161 - - - - 2,025
Flip angle (°) 11 90 90 15 25 25 111
Matrix (pixels) 256 x 256 256 x 256 256 x 256 512 x 512 512 x 512 512 x 512 128 x 128
No. of slices 186 166 68 144 192 1-4¢ 36

No. of volumes 1 1 64 1 1 1-4°¢ 2

FOV (mm) 256 240 224 210 180 220 224
Bandwidth (kHz) 244 390 1953 244 163 244 977

*Additional parameters for DTI include 64 gradient directions at b = 1,000 s/mm?

"Additional parameters for PC include number of averages = 2; cardiac gating with beat rejection; number of temporal phases = 30-32 (dependent on heart rate; approximately 33 ms time-

resolution); Velocity ENCoding value (VENC) = 120 cm/s (internal carotid and vertebral arteries).

At minimum, one slice/volume is taken for coverage of the internal carotid and vertebral arteries. Time-permitting and anatomy-dependent, up to four slices/volumes are taken to fully

characterize extracranial brain blood flow.

4Additional parameters for pseudo-continuous ASL include post label delay = 2025 ms, labeling duration = 1.8 s, number of excitations = 3, number of echos = 1, A = 0.9 mL/g, Tjpjp04 =

1.65 s, and ¢ = 0.85.
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Visualization of internal carotid and vertebral artery flow measurements, representing anterior (green) and posterior (orange) cerebral blood flow, by
phase contrast MRI. (A) The internal carotid arteries (green), representing the anterior circulation, and the vertebral arteries (orange), representing the
posterior circulation are measured using phase contrast. Example 2D phase contrast plane perpendicular alignments are shown for the internal carotid
arteries (green plane) and vertebral arteries (orange plane). The blue lines indicate the approximate target location for blood vessel measurement.

(B) 2D phase contrast MRI produces cardiac-gated magnitude (right) and phase (left) cross-sectional slices. (C) Representation of typical internal
carotid and vertebral blood flow profiles. (D) The sum of internal carotid and vertebral blood flow profiles characterizes extracranial total cerebral

internal carotid and vertebral vessels with the number of planes
ranging from one to four, depending on the complexity. Cases of
vertebral artery aplasia were noted and verified by vascular
angiography manual inspection. To achieve consistently at-rest flow
and pulse wave measurements, the phase contrast sequence was
assigned later in the overall MR sequence protocol. A Velocity
ENCoding value (VENC) of 120 cm/s was sufficient to prevent any
velocity aliasing in the vessels of interest, although at the expense of
reduced signal to noise ratio for lower velocities (Nayak et al., 2015).
Cardiac gating was acquired via pulse-oximeter measurements from
the index finger; 30-32 temporal phases, representing a single
averaged cardiac cycle, were acquired over the duration of the scan
allowing for a time resolution of approximately 33 ms.

All blood vessel flow measurements were quantified with Medis
QFlow v4.0 software (Burkhardt et al., 2023). A phase contrast scan
consists of two components: a cardiac-gated anatomical cross-
sectional plane and voxel-wise velocity map (see Figure 1B). Briefly,
the post-processing procedure includes eddy current correction and
semi-automatic vessel lumen contour detection after manual
identification of the internal carotid and vertebral vessels, followed by
extraction of velocity information within the contoured vessels with
the calculation of average flow rate. The semi-automatic vessel lumen
contour detection is performed on the first cardiac period, then is
propagated, for each vessel, throughout the cardiac cycle to measure
the time-dependent change in blood vessel area. For each cardiac
phase, the velocity values contained within the blood vessel lumen are
multiplied by the lumen area and summed to calculate out-of-plane
flow rate. The average flow rate, in mL/min, is calculated as the mean
cardiac period flow rate across the cardiac cycle for the blood vessel of
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interest (see Figure 1C). The sum of the internal carotid and vertebral
artery average flow rates produces our measure of total cerebral blood
flow (see Figure 1D).

To further segment extracranial flow patterns beyond total
cerebral blood flow to the brain, driven by the large flow variance and
regional supply differentiation of the carotid and vertebral blood
vessels, we created multiple categories to describe extracranial
circulations. ‘Anterior flow’ was defined as the sum of left and right
internal carotid blood flow rates and represents the extracranial
anterior-driven blood flow to the brain. ‘Posterior flow’ was defined
as the sum of blood flow rates from both the left and right vertebral
arteries, or from a single vertebral artery in cases of aplasia,
representing the extracranial posterior-driven blood flow to the brain.
“Total flow” was the sum of anterior and posterior flow and represents
the extracranial total blood flow to the brain.

All phase contrast data were filtered based on a quality assurance
technique that includes manually checking for significant deviations
from circular cross-sections of blood vessels and regularity of pulse
waveform morphology. Quality issues were commonly due to
participant motion, phase contrast plane misalignment (on a vessel-
by-vessel basis), and/or irregular participant heart rate. The manual
2D plane alignment of the phase contrast MR sequence is difficult to
accomplish across all blood vessels of interest due to complex and
participant-dependent vascular anatomy (Liu et al., 2014). Due to MR
protocol timing constraints, most often, two 2D phase contrast planes
were acquired, with one plane aligned simultaneously to both internal
carotid blood vessels and the second aligned to both vertebral blood
vessels. Measuring flow rates within the internal carotid arteries was
emphasized and, time-permitting, were reacquired if initial plane
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alignment was not optimal. Only phase contrast data that included at
least one set of anterior and posterior circulation measurements that
passed all stringent quality assurance checks were included in this
study, which resulted in the collection of more anterior circulation
phase contrast data than posterior circulation and total flow data.

2.4 MRI processing

Regional volumes and cortical thickness were quantified with
FreeSurfer v6.0' (Dale et al., 1999) with all gray matter, white matter,
and ventricular segmentations verified by visual inspection. Left and
right hemisphere regional volumes and cortical thickness were
summed and averaged, respectively, for a bilateral quantification.
Whole-brain WMH volume was quantified by fitting a single Gaussian
curve to each FLAIR image intensity spectrum of the brain-extracted
volume (Brickman et al., 2018). Then, brain voxels with intensity
greater than the sigma threshold level of 2.1 standard deviations above
the mean intensity value were labeled as WMH, summed, and
multiplied by voxel dimensions to yield total volumes in cm?, and log
transformed. All WMH volumes were verified by visual inspection
with labeling corrected by manual editing if necessary. From the
64-direction DTT sequence, we estimated white matter microstructure
integrity throughout white matter tracts with Tract-Based Spatial
Statistics (TBSS, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS) (Smith
et al., 2004; Smith et al., 2006). After brain registration to Montreal
Neurological Institute (MNI) space, mean fractional anisotropy (FA)
was calculated along a group-averaged FA skeleton of each major
white matter tract. Left and right hemisphere white matter tracts were
averaged for a composite mean value. Cerebral microbleed (MB)
counts were derived semi-automatically, to improve identification
efficiency, with the Microbleed Automated detection using Geometric
Identification Criteria (MAGIC) toolbox applied to the SWI sequence
(Chesebro et al., 2021). All labeled microbleed counts were verified by
visual inspection and binarized to indicate the presence or absence of
microbleeds. Briefly, the MAGIC toolbox uses spherical feature
extraction algorithms to identify the hypointense effects of
hemosiderin/iron deposits. All potential microbleeds were examined
for mimics, such as calcium deposits and bone and blood vessel flow
voids, by using an identification criterion that takes into account the
location, intensity consistency and shape features of the hypointense
effects (Greenberg et al., 2009). Pseudo-continuous ASL processing
was performed following the standard approach recommended in the
ASL consensus guidelines (Alsop et al.,, 2015). During sequence
acquisition, the GE 3 T scanner performed on-scanner subtraction of
control and label images to generate the perfusion-weighted image.
Both the M0 image and perfusion-weighted image were then further
processed using the consensus pseudo-continuous ASL cerebral blood
flow quantification formula to calculate voxel-wise absolute cerebral
blood flow values (Alsop et al., 2015). To ensure numerical stability, a
threshold was applied to the M0 image to exclude voxels with low
signal intensity, avoiding division by near-zero values. Following
quantification, cerebral blood flow maps were registered to each
participants T1-weighted anatomical image using bbregister in

1 https://surfernmr.mgh.harvard.edu/
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FreeSurfer, which implements boundary-based registration for high
accuracy alignment. Cortical and subcortical masks derived from the
Desikan-Killiany atlas were then applied to extract lobar and regional
mean cerebral blood flow values. Finally, the sum of regional cerebral
blood flow averages multiplied by regional brain volume and an
assumed brain density estimated intracranially-derived total cerebral
blood flow in mL/min (Su and Peng, 2024).

2.5 Statistical analysis

General linear models tested the association of total, anterior,
and posterior blood flow rates with regional cortical thickness,
regional volumes, total WMH volumes, white matter tract fractional
anisotropy, and age. Separate models were run for each region in
each imaging modality with only cortical thickness and regional
volumes that are perfused by the supplying artery tested for
associations (Liu et al., 2023). The Benjamini-Hochberg adjustment
for multiple comparisons was applied to statistical analyses involving
regional cortical thickness, regional volumes, and white matter
tracts (Chen et al., 2017). Logit regression models tested the
associations of total, anterior, and posterior blood flow rates with
microbleed presence. All statistical models were adjusted for age,
vascular risk factors, intracranial volume, and sex. A regression
adjustment for intracranial volume was chosen over a proportional
or normalization approach (Wang et al., 2024). The Bland-Altman
method was used to compare total cerebral blood flow measurements
obtained from phase contrast MRI and ASL (Giavarina, 2015). The
Bland-Altman analysis included calculating the limits of agreement
and testing for proportional bias between the two blood flow
measurement techniques (Ludbrook, 2010). Statistical analysis was
performed in RStudio 2023.03.1 with R version 4.2.1 and the
additional packages of ‘performance’ and ‘naniar’ for analyses, and
‘ggplot2), ‘ggforestplot, ‘tidyverse, ‘rempsyc, and ‘blandr’ for
visualization. All reported effect sizes and confidence intervals are
standardized values. Logit model reporting includes odd ratios and
p-values calculated from Pearson’s chi-squared test.

3 Results

Table 2 provides the demographic data for the 311 WHICAP
study participants who received phase contrast MRI that passed the
quality assurance checks. Due to quality assurance checks, the number
of participants varied among total (n = 232), anterior (n = 292), and
posterior (n = 241) blood flow measurements, but the demographic
variables and differential missingness between each phase contrast
subgroup were not different.

3.1 Association between extracranial blood
flow and regional cortical thickness

Total, anterior, and posterior cerebral blood flow were not
associated with cortical thickness in any region. Figure 2 displays
effect sizes of the relationship of extracranial total, anterior, and
posterior cerebral blood flow with cortical thickness, with detailed
statistical results provided in Supplementary materials section 2.
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TABLE 2 Demographic data of study participants.

Characteristic

Study participants

(n = 311)°

Age (years)

Mean (SD) 76.6 (5.64)
Sex

Men 97 (31.2%)
Women 214 (68.8%)
Education (years)

Mean (SD) 12.8 (4.70)

Race and ethnicity

Non-Hispanic White 75 (24.1%)

Non-Hispanic Black 73 (23.5%)

Hispanic or Latino/a/x 148 (47.6%)
Other 14 (4.5%)

Vascular risk factors

Mean (SD) 1.27 (0.90)

Hypertension status

No history of hypertension 83 (26.7%)

History of hypertension 228 (73.3%)

Diabetes status

No history of diabetes 221 (71.1%)
History of diabetes 90 (28.9%)
Heart disease

No history of heart disease 230 (74.0%)

History of heart disease 81 (26.0%)

Smoking

No history of smoking 199 (64.0%)

Active and/or history of smoking 81 (26.0%)

BMI

Mean (SD) 27.5(3.83)

*Missing flow data from 79 (25%), 19 (6%), and 70 (23%) participants, respectively, from
total, anterior, and posterior flow.

3.2 Association between extracranial blood
flow and regional volume

Lower extracranial total cerebral blood flow was primarily
associated with lower regional volumes in the caudal anterior cingulate
(£ =0.19, p < 0.05), lateral orbitofrontal (f = 0.11, p < 0.05), precuneus
(f = 0.17, p <0.05), superior parietal (f = 0.13, p<0.05), and
pericalcarine cortices (ff = 0.14, p < 0.05). Lower total cerebral blood
flow was associated with larger third (f = — 0.20, p < 0.05), fourth (5
=—0.19, p < 0.05), and lateral ventricle volumes (f = — 0.13, p < 0.05).

Lower extracranial anterior cerebral blood flow was associated
with lower regional volumes in the accumbens area region (f = 0.11,
P <0.05), caudal anterior cingulate (# = 0.13, p < 0.05), inferior parietal
(#=0.12, p < 0.05), lateral orbitofrontal (£ = 0.10, p < 0.05), postcentral
(f=0.10, p < 0.05), posterior cingulate (f = 0.13, p < 0.05), precentral
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(#=0.14, p < 0.05), rostral middle frontal (= 0.13, p < 0.05), superior
frontal (f = 0.10, p < 0.05), and precuneus cortices (= 0.15, p < 0.05).

Lower extracranial posterior cerebral blood flow was associated
with lower regional volumes in the cuneus (# = 0.13, p < 0.05),
parahippocampal (f = 0.15, p < 0.05), and cerebellum cortices (f =
0.13, p <0.05). Figure 3 displays associations of extracranial total,
anterior, and posterior cerebral blood flow with regional volumes.
Figure 4 displays effect sizes of the relationship of extracranial total,
anterior, and posterior cerebral blood flow with regional volumes, with
detailed statistical results provided in Supplementary materials section 3.

3.3 Association between extracranial blood
flow and white matter tract integrity

Lower extracranial total, anterior, and posterior cerebral blood flow
were all associated with lower FA in white matter tracts including the
forceps minor (Byotar = 0.14, Banterior = 0-15, Bposterior = 0.13, p < 0.05),
cingulum cingulate gyrus (Byotar = 0.18, Banterior = 0.17, Bposterior =
0.16, p < 0.05), and inferior fronto-occipital fasciculus (Syyz4 = 0.14,
Banterior = 0-12, Bposterior = 0.15, p < 0.05). Additionally, lower total
cerebral blood flow was associated with lower FA in the anterior
thalamic radiation (f = 0.15, p < 0.05). Lower anterior cerebral blood
flow was associated with lower FA in the anterior thalamic radiation (4
=0.14, p < 0.05) and inferior longitudinal fasciculus (f = 0.13, p < 0.05).
Extracranial posterior cerebral blood flow was associated with lower
FA in the cingulum hippocampus (= 0.21, p < 0.05). Figure 5 displays
effect sizes of the relationship of extracranial total, anterior, and
posterior cerebral blood flow with white matter tract integrity, with
detailed statistical results provided in Supplementary materials section 4.

3.4 Association between extracranial blood
flow and WMH volume

Lower total extracranial cerebral blood flow was associated with
greater total WMH volume [0 = — 0.15, 95% CI (—0.28, —0.02),
p <0.05]. Anterior and posterior cerebral blood flow were not
associated with total WMH volume [£5,,¢¢rior = — 0.10, 95% CI (—0.22,
0.01), p > 0.05, Bposterior = 0.10, 95% CI (~0.23, 0.02), p > 0.05].
Figure 6 displays scatter plots with the association of extracranial total,
anterior, and posterior cerebral blood flow with total WMH volume.

3.5 Association of extracranial blood flow
and cerebral microbleeds

Total, anterior, and posterior cerebral blood flow were not
associated with presence of cerebral microbleeds [y = 0.19, 95%
CI (=0.18,0.57), OR = 1.00, p > 0.05, Banterior = 0.16,95% CI (=0.15,
0.48), OR = 1.00, p > 0.05, Bposterior = 0.089, 95% CI (=0.27, 0.45),
OR =1.00, p > 0.05].

3.6 Association of age with blood flow
Older age was associated with lower total and anterior extracranial

cerebral blood flow [ Sy,141 = — 0.13, 95% CI (—0.26, —0.012), p < 0.05,
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Summary forest plot showing the effect sizes of the relationship of extracranial total, anterior, and posterior cerebral blood flow with cortical thickness.
Analyses are adjusted for age, vascular risk factors, intracranial volume, and sex, with corrections applied for multiple comparisons. Each bar represents
the results of a separate linear model. Only regions that are perfused by the supplying artery are tested for associations (Liu et al., 2023). Filled and

open circles represent significant and non-significant associations, respectively.
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FIGURE 3

Illustration showing the significant associations of extracranial total (yellow), anterior (green), and posterior (purple) cerebral blood flow with cortical,
subcortical, and ventricular system regional volume ROls. Regional volume ROIs with nonsignificant associations with extracranial blood flow are
shown in gray. Analyses are adjusted for age, vascular risk factors, intracranial volume, and sex, with corrections applied for multiple comparisons.

PBanterior =— 0.17, 95% CI (—0.28, —0.06), p < 0.05]. Age was not
associated with posterior extracranial cerebral blood flow [Bpesterior
= —0.017, 95% CI (—0.14, 0.11), p > 0.05].

3.7 Association of extracranial blood flow
with intracranial blood flow measurements

Extracranially-derived phase contrast measurement of total
cerebral blood flow was associated with intracranially-derived ASL
total cerebral blood flow [f = 0.62, 95% CI (0.51, 0.72), p < 0.05]. A
Bland-Altman analysis shows a proportional bias between phase
contrast and ASL-derived total blood flow measures [ = 0.15, 95% CI
(0.02, 0.28), p < 0.05]. The mean bias between methods was 268.78
[72.2% of mean values, 95% CI (259.13, 278.44)] + standard deviation
0f 75.32 (20.2% of mean values) mL/min. The 95% limits of agreement
ranged from 124.13 to 413.45 mL/min [38.9% of mean values, 95%
Cliower  (107.61, 140.65), 95% Clypper (39693, 429.97)].
Supplementary Figures S1 and S2, provided in Supplementary
materials section 1, visualize the total cerebral blood flow
measurement associations and Bland-Altman analysis, respectively.
All intracranially-derived ASL total cerebral blood flow associations
with regional cortical thickness, regional volume, white matter tract
integrity, WMH volume, and age, for comparison with extracranially-
derived phase contrast measurements, are provided with detailed
tables
materials sections 2-6. Intracranially-derived ASL total cerebral blood

statistics in both figures and in Supplementary
flow was not associated with presence of cerebral microbleeds
Brotal_ast = 0.89, 95% CI (—0.35, 0.3), OR = 1.00, p > 0.05]. In
summary, there is a systematic proportional bias with 38.9% of mean
value limit of agreement between measurements of intracranially-
derived pseudo-continuous ASL and extracranially-derived phase
contrast total cerebral blood flow, indicating that the subsequent
associations between blood flow and markers of neurodegeneration

may not be comparable between methodologies.

Frontiers in Neuroscience

4 Discussion

We found that lower extracranial cerebral blood flow is associated
with lower cortical regional volumes, lower white matter tract
integrity, and higher WMH volume in older adults. While we cannot
infer causality, our findings are consistent with the guiding conceptual
framework that decreased extracranial blood flow may be one
important factor that contributes to neurodegeneration and vascular
brain injury in older adults.

The regional volume correlates of extracranial blood flow may
identify gray matter regions of the brain that are particularly
vulnerable to alterations in blood flow supply. Further investigation
into the microvascular beds of these regions could provide evidence
of relatively vulnerable vascular structure and function (Moody et al.,
1990). Additionally, the regional associations we observed could
partially explain reported regional cortical atrophy in aging (Sele et al.,
2020; Thambisetty et al., 2010), and may be related to age-related
cerebrovascular network remodeling (Bennett et al., 2024). The
association between ventricular volume and extracranial blood flow
provides convergent evidence that lower global blood supply may
contribute to brain atrophy (Appelman et al., 2008; Ma et al., 2025),
with the cumulative effect of atrophy being represented in higher
ventricular volume (Madsen et al., 2015).

The white matter tracts associated with extracranial blood flow
were in regions that are potentially susceptible to hypoperfusion in
older adults. Notably, we observed associations between extracranial
cerebral blood flow and many of the white matter tracts we tested,
suggesting that extracranial blood flow may have a whole-brain
impact on white matter microstructure. In particular, deep cerebral
white matter is last-in-line to be perfused in the brain and can have
single-source arterial supply with high variability of vascularization
(Smirnov et al., 2021), potentially making it vulnerable to disruptions
in perfusion. As white matter tracts transcend cerebral arterial
territories, and thus have the potential to be influenced by changes of
blood flow at numerous points along the various perfusion pathways,
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Analyses are adjusted for age, vascular risk factors, intracranial volume, and sex, with corrections applied for multiple comparisons. Each bar represents
the results of a separate linear model. Organized by cortical, subcortical, and ventricular system regions. Only regions that are perfused by the
supplying artery are tested for associations (Liu et al., 2023). Filled and open circles represent significant and non-significant associations, respectively.
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phase contrast MR may be a uniquely suited methodology to
investigate the link between extracranial blood flow supply and white
matter tract integrity. Our findings support the study hypothesis that
extracranial blood flow in older age is coupled with brain-wide white
matter microstructure. We suggest that chronic hypoperfusion may
be one of the mechanisms contributing to white matter disruption,
though causal studies are required to confirm this possibility.
Age-related decreases in fractional anisotropy consistently occur in a
majority of the white matter tracts across the whole brain including
association, commissural, limbic, and sensorimotor tracts (de Groot
etal,, 2015; Pini et al,, 2016), an effect that could be partially explained
by extracranial cerebral blood flow. Our findings on the relationship
between CBF and white matter microstructure align with studies of
normal aging adults. In ASL-measured CBF and DTI-measured white
matter microstructure studies, lower cortical and subcortical CBF
correlated with lower fractional anisotropy (Chen et al, 2013;
Bouhrara et al., 2022) and lower subcortical myelin water fraction
(Bouhrara et al., 2020). These associations were observed at both
whole-brain and lobar levels, even after statistically controlling for age
(Chen et al., 2013; Bouhrara et al., 2022; Bouhrara et al., 2020) and
vascular risk factors (Chen et al., 2013; Bouhrara et al., 2020).
Moreover, a longitudinal study of middle-aged adults found that over
5 years, lower cortical CBF predicted greater decline in fractional
anisotropy across whole-brain and nearly all lobar white matter
regions (Bouhrara et al., 2022). Collectively, these findings reinforce
the hypothesis that white matter microstructure, including myelin
homeostasis and tissue integrity, is particularly vulnerable to
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hypoperfusion (Chen et al., 2013; Bouhrara et al., 2022; Bouhrara
et al., 2020).

We found an association of lower total extracranial cerebral blood
flow with higher WMH volume. Our findings are consistent with
other studies (Bisschops et al., 2004; Han et al., 2022; Vernooij et al.,
2008), though pulsatile-based phase contrast measures may be more
strongly associated with (Pahlavian et al, 2021). White matter
hyperintensities in the context of aging are indicative of small vessel
cerebrovascular disease and are caused by, among other factors,
hypoperfusion (Laing et al., 2020). Additionally, regions of WMH are
associated with lower localized cerebral blood flow (Bisschops et al.,
2004; Brickman et al., 2009; Promjunyakul et al., 2015) and the degree
of cerebral blood flow decline is associated with WMH progression
(Han etal., 2022). While our findings only demonstrate an association
between extracranial cerebral blood flow and WMH volume, prior
studies using longitudinal and mechanistic evidence support a
potential causal link, suggesting that both global and regional cerebral
hypoperfusion may promote or exacerbate small vessel
cerebrovascular disease.

Our observed relationship between age and blood flow is
consistent with previous reports. Previous reports observe decreases
in total cerebral blood flow, measured with phase contrast MRI, with
increasing age (Zarrinkoob et al., 2015; Zhao et al., 2007; Amin-
Hanjani et al., 2015; Tarumi et al., 2014; Buijs et al., 1998), driven by
both anterior and posterior circulations (Zarrinkoob et al., 2015; Zhao
et al., 2007; Amin-Hanjani et al., 2015). While we did not observe
age-related decreases in the posterior circulation, the age-related total
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unadjusted values.

Scatter plots displaying the association between extracranial total, anterior, and posterior cerebral blood flow and total WMH volume. Linear regression
curves, with 95% confidence intervals, are adjusted for age, vascular risk factors, intracranial volume, and sex. Scatter plot datapoints are visualized on

cerebral blood flow difference was about —2.28 mL/min per year,
driven by the anterior blood flow, and is similar to the rate of decrease
found in other studies (Zarrinkoob et al., 2015; Zhao et al., 2007;
Amin-Hanjani et al., 2015; Tarumi et al., 2014; Buijs et al., 1998).

This study has some limitations to be considered. The accuracy
and reliability of blood flow quantification using phase contrast MRI
has been questioned in previous research (Dolui et al., 2016). However,
our protocol incorporated recommended quality assessment steps to
uphold high standards for accuracy of flow measurement (Peng et al.,
2015; Wentland et al., 2013), but these steps led to unequal numbers
of participants with total, anterior, and posterior cerebral blood flow
measurements and thus statistical comparisons are not equivalent
across flow type. Alignment of a dedicated 2D phase contrast plane
for each blood vessel individually could improve participant inclusion.
Further, a phase contrast velocity encoding value of 120 cm/s was
sufficient to prevent any phase aliasing but came at the expense of
signal to noise ratio for measurement of lower velocities. Another
study limitation is the cross-sectional design, which limits our ability
to infer causality and temporality. While a causal framework guided
the research design, we cannot exclude the possibility of reverse
causality or bidirectional relationships between extracranial cerebral
blood flow and markers of neurodegeneration and cerebrovascular
injury (Ma et al., 2025; Zonneveld et al., 2015).

In summary, we observed that lower extracranial cerebral blood
flow, quantified by total, anterior, and posterior circulations, is
associated with lower white matter tract integrity in multiple tracts,
including the forceps minor, cingulum cingulate gyrus, and inferior
fronto-occipital fasciculus. Additionally, each flow type exhibits
distinct tract-specific associations. Lower total extracranial cerebral
blood flow is associated with higher WMH volume, a marker of small
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vessel cerebrovascular disease. Lower total and anterior extracranial
flow are associated with lower regional volumes in the caudal anterior
cingulate, lateral orbitofrontal, and precuneus cortices, with all flow
types showing additional region-specific volumetric associations.
Older age is associated with lower total and anterior extracranial
cerebral blood flow.

The measurement of extracranial cerebral blood flow, through
phase contrast MRI, is particularly useful in the investigation of wide-
spanning indices of brain health such as white matter tract integrity
and WMH. Additionally, consideration of extracranial brain
perfusion is necessary to fully understand and characterize local
blood flow and its neurobiological and behavioral correlates. The
bridge between extracranial and local blood flow is influenced by
individual-, aging- and pathology-specific interdependent vascular
factors, including cerebral blood vessel network remodeling (Fisher
et al., 2022; Thore et al., 2007; Bia et al., 2011), cerebral perfusion
pressure (Meng et al., 2015), dynamic cerebrovascular blood vessel
behavior (Stefanidis et al., 2019), and neurovascular coupling (Shabir
et al, 2018). Our findings of a proportional bias between
extracranially-derived and intracranially-derived measures of total
cerebral blood flow indicate that pseudo-continuous ASL
measurements may not be a reliable proxy for phase contrast
measurements of total cerebral blood flow. Separate measurements
of intracranially-derived regional flow and extracranially-derived
total flow may be a complementary configuration of techniques to
characterize blood flow of the brain. Further investigation into the
relationship among white matter damage, such as white matter tracts
and WMH, extracranial cerebral blood flow, regional perfusion, and
cognition is needed in the context of aging and neurodegenerative
diseases. In particular, regions of increased vulnerability to alterations
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in cerebral blood flow, such as regions of deep white matter, are a
target to be investigated further.
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