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Coupled pulsatile vascular and paravascular

fluid dynamics in the human brain
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Abstract

Background Cardiac pulsation propels blood through the cerebrovascular network to maintain cerebral homeo-
stasis. The cerebrovascular network is uniquely surrounded by paravascular cerebrospinal fluid (pCSF), which plays
a crucial role in waste removal, and its flow is suspected to be driven by arterial pulsations. Despite its importance,
the relationship between vascular and paravascular fluid dynamics throughout the cardiac cycle remains poorly
understood in humans.

Methods In this study, we developed a non-invasive neuroimaging approach to investigate the coupling
between pulsatile vascular and pCSF dynamics within the subarachnoid space of the human brain. Resting-state
functional MRI (fMRI) and dynamic diffusion-weighted imaging (dynDW!I) were retrospectively cardiac-aligned

to represent cerebral hemodynamics and pCSF motion, respectively. We measured the time between peaks (ATTP)
in %f/\/IR/ and dynDWI waveforms and measured their coupling by calculating the waveforms correlation after peak
alignment (correlation at aligned peaks). We compared the ATTP and correlation at aligned peaks between younger
[mean age: 27.9 (3.3) years, n=9] and older adults [mean age: 70.5 (6.6) years, n=20], and assessed their reproducibil-

ity within subjects and across different imaging protocols.

Results Hemodynamic changes consistently precede pCSF motion. ATTP was significantly shorter in younger adults
compared to older adults (—=0.015 vs. —0.069, p < 0.05). The correlation at aligned peaks were high and did not dif-

fer between younger and older adults (0.833 vs. 0.776, p=0.153). The ATTP and correlation at aligned peaks were
robust across fMRI protocols (ATTP: —0.15 vs. —0.053, p=0.239; correlation at aligned peaks: 0.813 vs. 0.812, p=0.985)
and demonstrated good to excellent within-subject reproducibility (ATTP: intraclass correlation coefficient=0.36; cor-
relation at aligned peaks: intraclass correlation coefficient=0.89).

Conclusion This study proposes a non-invasive technique to evaluate vascular and paravascular fluid dynamics. Our
findings reveal a consistent and robust cardiac pulsation-driven coupling between cerebral hemodynamics and pCSF
dynamics in both younger and older adults.
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Introduction

The proper flow of para-arterial cerebrospinal fluid
(pCSF) is essential to maintain cerebral homeostasis by
contributing to the delivery of nutrients and the removal
of waste products throughout the brain [1, 2]. Despite its
importance, the exact mechanisms behind pCSF flow are
not completely understood. Accumulating evidence sug-
gests that vessel wall motion is a major contributing fac-
tor toward the distribution of pCSF throughout the brain
[3—10]. Accordingly, animal studies evaluating conditions
that alter cerebral vascular health including aging [11],
arterial ligation [6], hypertension [5], and cerebral amy-
loid angiopathy have reported evidence of impaired cer-
ebrospinal fluid (CSF) clearance [12, 13]. Therefore, it is
imperative to develop a comprehensive understanding of
the coupling between cerebral hemodynamics and pCSF
flow in humans, particularly given its potential implica-
tions in aging [11, 14] and neurodegenerative pathologies
[12, 15].

Recent animal and human studies have unveiled a close
association between hemodynamics and CSF dynam-
ics. Notably in humans, strong correlations have been
observed between cerebral blood volume (CBV) and CSF
inflow and outflow at the fourth ventricle [3, 4, 16, 17].
However, these studies specifically measure CSF dynam-
ics at the fourth ventricle and may not be reflective of
the coupling between cerebral hemodynamics and CSF
flow within the para-arterial space, which is more rel-
evant to pCSF influx into the brain parenchyma and the
corresponding waste clearance function. Animal studies
utilizing two-photon microscopy have provided compel-
ling evidence of the interplay between pulsation-driven
arterial wall motion and pCSF flow [5, 9, 10]. In humans,
the para-arterial space of the major cerebral arteries has
been identified as a compartmentalized subarachnoid
space [18], and its pulsatile dynamics have been studied
using dynamic diffusion-weighted imaging (dynDWI)
[19-22]. However, the interpretation of data in humans
is currently limited to pCSF dynamics alone and lacks
integration with cerebral hemodynamics. Additional evi-
dence from contrast-enhanced MRI studies suggests that
arterial pulsations contribute to the entry of CSF into
the brain parenchyma through the paravascular spaces
[23]. Nevertheless, these invasive scanning protocols do
not directly provide evidence regarding the dependence
of CSF clearance on vascular mechanics [24]. Overall,
human studies have been limited in their ability to assess
the coupling between cerebral hemodynamics and pCSF
dynamics within subarachnoid spaces.

Exploring the potential interplay between cer-
ebral hemodynamics and pCSF flow becomes crucial
in understanding the impact of changes in vascular
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stiffening and cerebrovascular reactivity that occur
with aging [25-27]. Studies in mice suggest that aging
is associated with a decrease in both vessel wall pulsa-
tility and CSF clearance [11, 14]. However, in humans,
age-related changes in hemodynamics and CSF clear-
ance have only been independently reported, mainly
due to the challenge of simultaneously assessing both
neurofluid systems. Consequently, the biomechanical
processes underlying the two co-occurring events in
aging remain unclear.

In this study, we hypothesized that arterial hemody-
namics and para-arterial fluid dynamics exhibit a tight
coupling during cardiac pulsation. To investigate this
hypothesis, we used a non-invasive multi-modal imag-
ing protocol to assess the coupling between cerebral
hemodynamics and pCSF motion along the major cer-
ebral arteries of the human brain. We measured cer-
ebral hemodynamics using resting-state functional
MRI (fMRI), interpreting alterations in signal within
the major cerebral arteries as reflective of changes in
hemodynamics [28-31]. To quantify pCSF motion, we
employed a dynDWT technique specifically designed to
measure CSF dynamics in the paravascular space [19].
The coupling between cerebral hemodynamics and
pCSF was assessed across age groups (experiment 1),
with differing fMRI protocols (experiment 2), and for
its reproducibility (experiment 3). In our analysis, we
observed consistent coupling between cerebral hemo-
dynamics and pCSF dynamics throughout the cardiac
cycle, establishing a clear dynamic relationship between
these two neurofluid compartments.

Methods

Human participants

Data from thirty-five participants (25-87 years old, 13
Male/22 Female) were used to complete this study. The
older participants (in experiment 1) were cognitively
normal and did not have a history of significant cer-
ebrovascular disease or malformations, chemotherapy
or radiation therapy, Parkinson’s disease, brain surgery,
brain infection, or significant head injury with loss of
consciousness exceeding 30 min. Cognitive status was
assessed using the Uniform Data Set version 3 battery,
a standardized cognitive assessment tool used in all
National Institute of Aging Alzheimer Disease Cent-
ers [32]. The younger participants (and older partici-
pants in experiments 2 and 3) were graduate students
and research assistants and were not tested for cogni-
tive status or medical history. All participants provided
written informed consent according to procedures
approved by the Institutional Committee for the Pro-
tection of Human Participants at Indiana University.
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Image acquisition

Participants were imaged with a 3 T MR scanner (Mag-
netom Prisma, Siemens Medical Solutions, Erlangen,
Germany) using a 64-channel head-neck coil. Three MR
sequences within the same scanning session were used to
complete this study including a T1-weighted (T1W) ana-
tomical, resting-state fMRI scan, and dynamic diffusion-
weighted imaging (dynDWI). fMRI and dynDWI scans
were completed sequentially in all experiments. T1W
anatomical imaging data were collected using a 3D mag-
netization rapid gradient echo (MPRAGE) with variable
resolutions, including 0.8 0.8 0.8 mm?, 1x1x1 mm?
and 1.1x 1.1x 1.2 mm? voxels.

This study utilized two fMRI protocols with longer and
shorter TRs to assess the reproducibility between pro-
tocols (experiment 2). The first fMRI protocol, fMRI_1,
had the following acquisition parameters: repetition
time (TR)=1200 ms, echo time (TE)=29.8 ms, flip angle
(FA) =65°, voxel size=2.5%2.5%x2.5 mm>, 200 volumes,
multiband factor=3, and acquisition time=4 min. The
second fMRI protocol, fMRI_2, had the following acqui-
sition parameters: TR=366 ms, TE=29.8 ms, FA=35°,
voxel size=2.5%2.5x2.5 mm?, 500 volumes, multiband
factor=38, and, and acquisition time=3 min and 3 s. In
this study, experiment 1 utilized fMRI_1, experiment 2
utilized fMRI_1 and fMRI_2, and experiment 3 utilized
fMRI_2 (experiments are described in experimental
design and statistical analysis).

dynDWI used a single-shot echo-planar imaging
sequence with Stejskal-Tanner pulsed gradient spin echo
with the following imaging parameters: 134 x 134 acqui-
sition matrix (GRAPPA factor =2, partial Fourier=75%),
field of view=240%x240x140 mm?® TR=1999 ms,
TE=48.6 ms, diffusion time=22.6 ms, and voxel
size=1.8x1.8x4 mm?3 DWIs were collected at three
cardinal diffusion encoding directions (x/y/z) using
the b-value of 150 s/mm?, with each diffusion direction
repeated 50 times. Ten b=0 s/mm? were collected to cal-
culate the apparent diffusion coefficient (ADC). The total
acquisition time was 5 min and 40 s. The dynDWI scan-
ning protocol is discussed in-depth by Wen et al. [19].

Data-driven mask creation for arterial-rich

and paravascular spaces

Creating an arterial-rich mask in the fMRI space

To identify arterial-rich regions in fMRI datasets, we
used a data-driven artery segmentation approach that
locates voxels with highly pulsatile patterns in fMRI,
which is fully is outlined in Wright et al. [33] (preprint
article). We started by applying a voxel-wise high-pass
Butterworth filter with a cutoff frequency of 0.005 Hz to
remove the signal’'s DC offset. Subsequently, we randomly
split the fMRI signals into two temporal subsets and
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retrospectively aligned each to the cardiac cycle resulting
in a voxel-wise cardiac-aligned signal pair. These two car-
diac-aligned fMRI signals were used to compute a voxel-
wise correlation coefficient between each signal pair.
This process was repeated 100 times, and then the mean
voxel-wise correlation was calculated to create a correla-
tion map. A higher correlation coefficient corresponded
to a higher likelihood of arterial regions as these regions
expressed increased pulsatility compared to signals from
the rest of the brain.

We then created a preliminary artery mask by select-
ing voxels with a high correlation coefficient using a
data-driven cutoff, which was based on three standard
deviations from the mean. To refine this preliminary
region, we calculated the mean cardiac-aligned wave-
form within this preliminary region and calculated a final
whole-brain voxel-wise correlation between the voxel’s
cardiac-aligned waveform and the preliminary region’s
mean waveform. The voxels with a high correlation coef-
ficient (>0.5) were considered cerebral vessels. Lastly, to
restrict the mask to arterial-rich regions, the voxel must
be located within the three major cerebral arteries (ante-
rior cerebral artery, ACA; middle cerebral artery, MCA;
posterior cerebral artery, PCA) defined by modifying a
publicly available cerebral artery atlas, referred to as the
UBA atlas [34]. The UBA atlases were transformed into
the participant’s native anatomical space (T1W) (trans-
formations were derived from non-linear registration of
MNI space to T1W space, ANTS: antsRegistration) and
then independently transformed into the fMRI space
(transformations were derived from linear registration
of T1W space to fMRI space, FSL: epi_reg). This process
resulted in a data-driven mapping of the arterial-rich
regions within the native fMRI space (Fig. 1a). The mean
fMRI time-domain signal within the arterial-rich mask is
displayed in Fig. 1b. A 3D projection of the arterial-rich
mask is displayed in Supplemental Fig. 1.

Creating a paravascular CSF (pCSF) mask in the dynDWI
space

The paravascular space mask was created using a previ-
ously developed approach that leverages the pulsatile
characteristics of the pCSF waveform [19]. In an iterative
approach, the algorithm creates a pCSF mask by defining
voxels as paravascular space if they exhibit large differ-
ences in systolic vs. diastolic ADC (>200x107° mm?/s).
The same approach was validated in a publication by
Wen et al. [19]. The final pCSF mask was created by
incorporating the UBA atlas (brought to dynDWTI space
using the same methodology as fMRI) to limit the pCSF
space mask to the regions near the three major cerebral
arteries (ACA, MCA, PCA) to match the locations of
interest in the fMRI space (Fig. le). The mean dynDWI
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Fig. 1 Overall fMRI and dynDWI signal processing approach. a fMRI data-driven mapping of the arterial-rich vessel regions overlaid on T2-weighted

MR imaging. b The mean fMRI time-domain signal defined by the arterial-rich region of interest. c The retrospectively aligned arterial fMRI signal
into 50 cardiac phases. The cardiac-aligned signal was smoothed using a Savitzky-Golay filter. d The derivative of the cardiac-aligned fMRI signal
was calculated and inverted. The inversion of the signal, results in a maximal %f/\/IRl coinciding with cardiac systole. @ dynDWI data-driven mapping
of pCSF regions overlaid on T2-weighted MR images. f The mean dynDWI time-domain signal defined by the pCSF region of interest in three
directions (x/y/z) g The mean retrospectively aligned pCSF dynDWI signal into 50 cardiac phases (mean in all directions). Note: The definition

of cardiac systole is approximated and not used in any data processing. AU arbitrary units, dynDWI dynamic diffusion-weighted-imaging, pCSF

paravascular cerebrospinal fluid, ADC apparent diffusion coefficient

time-domain signal, in x/y/z directions, within the pCSF
mask is displayed in Fig. 1f.

Signal post-processing, interpretation, and analysis
Retrospective cardiac alignment in fMRI and dynDWI
Images were inspected for motion and image artifacts
resulting in the exclusion of four participants because
of motion detected in fMRI scans. The scanner’s built-
in wireless fingertip pulse oximeter was attached to the

participant’s left index finger and recorded throughout
the acquisition of the fMRI and dynDWI datasets. The
first 10 volumes of fMRI data were discarded to allow
for steady-state signal equilibration. Both the fMRI
and dynDWI temporal image sets were retrospectively
aligned to the cardiac cycle by matching the time of slice
acquisition with the time of the acquired pulse oximetry
[19, 35]. The resulting 4D datasets were aligned with the
cardiac cycle in 50 equally spaced phases, where phases 0
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and 1 correspond to consecutive peaks in the finger ple-
thysmography signal.

Signal processing and coupling measurement

Following data-driven masking and cardiac alignment,
the mean fMRI signal within the arterial-rich mask was
computed. The mean signal was smoothed using a
Savitzky-Golay filter (Fig. 1c) (Matlab: smooth, polyno-
mial degree=6, span=0.15). The derivative of the fMRI
signal was taken, and the signal was inverted so that the
peak signal corresponds to the timing of cardiac systole
(%JMRI , Fig. 1d). The %}‘]VIRI waveform represents the
change in hemodynamics with respect to the cardiac
cycle phase (further described in signal interpretation).
The mean dynDWI signal within the pCSF mask was
computed and used for all future analyses (Fig. 1g).

To assess the coupling between %JMRI and dynDWTI,
the time delay between the first peaks in ﬁfMRI and
dynDWI was measured and recorded as delta time to
peak (ATTP). The ATTP was used as a common refer-
ence point that occurs in the %)fMRI and dynDWT wave-
forms to normalize the coupling measure between
participants. Next, a normalized correlation was calcu-
lated between the shifted %JMRI (by ATTP) and
dynDW1I using Eq. 1:

Cx,y,normazli:/:ed(A TTP) = Circshift(x, A TTP) -y

1
\/ Cax(0)Cy,5(0)
(1)

where x=%}f]\/IRI, y=dynDWI, and circshift (Matlab:
circshift) circularly shifts the elements in x by ATTP, the
dynamic range of ﬁf]\/IRI and dynDWI was set to be
from —1 to 1 (min=-1 and max=1) and their autocor-
relations at zero lag were set to equal 1. Finally,
/C\'x’yynorma]ized(A TTP) was reported as the “correlation at
aligned peaks”

Signal interpretation

dynDWI waveforms were measured in ADC, which
scales with the pCSF movement providing a measure of
CSF dynamics (Fig. 1g) [19]. Its specificity to pCSF rather
than blood flow is achieved through the blood-nulling
effect of the diffusion gradient, as extensively discussed
in previous research [19]. For fMRI, the fundamental
principles resulting in a change of signal in a large vessel
must be carefully considered. Typically, fMRI signals are
sensitive to changes in deoxygenated hemoglobin levels.
However, since arterial spaces exhibit minimal changes in
oxygen saturation, the fMRI signal changes are unlikely
to be linked to this phenomenon in these experiments.
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Previous studies have shown that fMRI signals are influ-
enced by cardiac-related physiology with a significant
influence on signal modulation near major arterial
regions [36—39]. Hermes et al. [37] and Rajna et al. [40]
both studied fMRI signal fluctuations in arterial regions
and found that the event of cardiac systole resulted in a
decreased fMRI signal. In our analysis, we found a similar
signal drop in arterial-rich fMRI signal during cardiac
systole (Fig. 1c). Overall, the fMRI signal fluctuation is
dependent on various hemodynamic parameters, includ-
ing cerebral blood volume and cerebral blood flow veloci-
ties [28-30, 41, 42]. Furthermore, the %JMRI signal
captures when hemodynamic changes are most promi-
nent in the brain throughout the cardiac cycle.

Experimental design and statistical analysis

Statistical analysis

All statistical analyses were completed using R (version
4.3.1). Data normality was assessed with the Shapiro—
Wilks test. When data normality was present, the mean
and standard deviation were used to summarize the data,
and parametric statistical tests were used to assess dif-
ferences (t-test, ANOVA). When data normality was
not present (in at least one test cohort), the median and
interquartile range were used to summarize the data,
and non-parametric tests were used to assess differences
(Wilcoxon test). All normality tests and summary statis-
tics are summarized in Supplemental Table 1. Statistical
significance was declared if p < 0.05.

Experiment 1

In experiment 1, using the fMRI_1 protocol (TR=1200
ms), the ﬁfMRI and dynDWTI coupling was compared
between younger [n=9; 25-35 years; mean age=27.9
(3.3) years] and older adults [n=20; 58—87 years; mean
age="70.5 (6.6) years].

Experiment 2

In experiment 2, a cohort of nine participants [25—
62 years; mean age=31.6 (11.9) years] was used to com-
pare the %}‘]VIR[ and dynDWI coupling between the
different fMRI protocols (fMRI_1 and fMRI_2).

Experiment 3

In experiment 3, using four repeats of the fMRI 2
(TR=366 ms) and dynDWI scans, the within-participant
reproducibility of the ﬁﬂV[RI and dynDWI coupling was
assessed [n="7; 25-74 years; mean age =39.4 (20.1) years]
with an intraclass correlation coefficient test (two-way
mixed effects, single rater, absolute-agreement).
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Results

Pulsatile hemodynamics and pCSF dynamics were
captured with fMRI and dynDWI

The automated segmentation and mean MR waveforms
of a representative participant (26-year-old) are sum-
marized in Fig. 2. Axial slices of T2-weighted MR
images are overlaid with the data-driven segmentations
of the arterial-rich vessel mask and the pCSF mask
(Fig. 2a, b, respectively). Qualitatively the arterial-rich
mask derived from the fMRI matches closely with the
pCSF mask obtained from dynDWI. It was empirically
observed that the derivative of the cardiac-aligned
fMRI (%/‘MRI ) aligns closely with dynDWI signal,
where the mean (solid line) and standard error of the
mean (SEM, shaded) of %fMRI and dynDWI are dis-
played in Fig. 2c (Note: The cardiac-aligned waveforms
are concatenated to display two cardiac cycles for visu-
alization purposes only). The difference in cardiac
phase between the first peak %ﬁVIRI and dynDWI was
defined as ATTP (Fig. 2c). The %/’MRI was circularly
shifted by ATTP, and the normalized correlation coeffi-
cient was reported as the correlation at aligned peaks
(Fig. 2d). The ATTP and the correlation at aligned
peaks measured in this representative participant were

—0.06 and 0.913, demonstrating that %fMRI led the

a B Artery Segmentation
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dynDWTI signal and had a high coupling when aligning
their first peaks (Fig. 2d).

Hemodynamic-pCSF coupling is substantial

within younger and older participants (Experiment 1)

The mean (solid line) and standard deviation (shaded) of
%}‘]\/[RI and dynDWT of younger [27.9 (3.3) years, n=9]
and older [70.5 (6.6) years, n=20] adult cohorts are sum-
marized in Fig. 3a, b. The %{MRI waveform in the
younger and older participants appears similar. However,
the prominent peak may occur slightly earlier with a
longer ATTP in the older participants than in the
younger participants. In the older participants’ dynDW1I
waveform, a second peak is present that is not as pro-
nounced in the younger participants.

In both age groups, the dynamic changes occurring in
the ﬁﬂVIRI precede the dynamic changes in the dynDWI.
The median (interquartile range) ATTP was significantly
shorter in younger, —0.040 (—0.059 to 0.015), compared
to older adults, —0.069 (—0.079 to —0.059), adults (Fig. 1c,
W =142.5, p<0.05, two-sided, unpaired Wilcoxon sign-
ranked test). The median (interquartile range) correlation
at aligned peaks in younger, 0.833 (0.776-0.867), and
older, 0.776 (0.601-0.844), adults were not significantly
different (Fig. 3d, W =121, p=0.153, two-sided, unpaired
Wilcoxon sign-ranked test). The participant’s heart rate
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Fig. 2 A representative participant’s data-driven segmentations, cardiac-aligned waveforms, and the normalized correlation at aligned peaks
between %f/\/l/?/ and dynDWI. a fMRI data-driven mapping of the arterial-rich vessel regions overlaid on T2-weighted MR imaging. b dynDWI

d

data-driven mapping of pCSF regions overlaid on T2-weighted MR images. ¢ The 7 fMRI and dynDWI waveforms concatenated for two cardiac
cycles (mean—solid line, SEM—shaded). d The ATTP and normalized correlation at aligned peaks between the circularly shifted %f/\/IR/
and dynDWI. pCSF paravascular cerebrospinal fluid, dynDWI dynamic diffusion-weighted-imaging, SEM standard error of the mean, ADC apparent

diffusion coefficient, AU arbitrary units, TTP time to peak
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phases are identical. dynDWI dynamic diffusion-weighted-imaging, ADC apparent diffusion coefficient, AU arbitrary units, TTP time to peak, NS

not significant (p>0.05), *p < 0.05, pCSF paravascular cerebrospinal fluid

between fMRI and dynDWI scans were not significantly
different (Supplemental Fig. 2, V =137, p=0.718, two-
sided, paired Wilcoxon sign-ranked test).

The group averaged waveforms and high coupling
between %}‘]V[RI and dynDWI were used to infer a
potential model linking cardiac-related hemodynamics
and pCSF motion (Fig. 3e). The proposed model is
described by two events: The arrival of the cardiac pres-
sure wave leading to hemodynamic changes (Event 1,
representative of %fMRI ), which precedes an observed
increase in pCSF motion (Event 2, representative of
dynDWI). This model may partially explain the close

coupling observed between cardiac aligned %/MRI and
dynDWIL

Hemodynamic-pCSF coupling is consistent with varying
fMRI acquisition parameters (Experiment 2)

Nine participants underwent two distinct fMRI scans
with varied parameters, referred to as fMRI_1 and
fMRI_2. The mean (solid line) and standard deviation
(shaded) of %}f]\/IRI between fMRI_1 (Fig. 4a) and

fMRI_2 (Fig. 4b) appeared to agree closely. The ATTP
and normalized correlation at aligned peaks did not
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Fig. 4 The coupling between %fMR/ and dynDWI remains consistent with varying fMRI acquisition parameters in nine participants. The mean
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and dynDWI did not differ between fMRI_1 and fMRI_2 protocols. dynDWI dynamic diffusion-weighted-imaging, ADC apparent diffusion coefficient,

AU arbitrary units, TTP time to peak, NS not significant (p >0.05)

significantly differ between acquisitions (ATTP:
t=1.272, p=0. 239; correlation at aligned peaks:
t=0.020, p=0.985; two-sided, paired student’s ¢-tests),
suggesting the coupling was consistent between fMRI
protocols. The mean and standard deviation of the
ATTP were —0.015 (0.062) and —0.053 (0.028), for
fMRI_1 and fMRI_2, respectively (Fig. 4c). The mean
and standard deviation of the correlation at aligned
peaks were 0.813 (0.085) and 0.812 (0.107) for fMRI_1
and fMRI_2, respectively (Fig. 4d). The participant’s
heart rates were not significantly different between
fMRI_1, fMRI_2, and dynDWI scans (Supplemental
Fig. 3, F=0.019, p =0.982, repeated measures ANOVA).

Hemodynamic-pCSF coupling is reproducible (Experiment 3)
Figure 5a—g illustrates the mean (solid line) and SEM
(shaded) of five younger (26—35 years) and two older
(62 & 74 years) participants for four repeated scan
pairs collected for each participant. Across the partici-
pants with repeated scans, the intraclass correlation
of ATTP was 0.362 (95% CI: 0.014 to 0.798), indicat-
ing poor to good agreement. The intraclass correla-
tion coefficient of the correlation at aligned peaks was

0.976 (95% CI: 0.928 to 0.995, p<0.001), indicating
excellent agreement. The group mean and standard
deviation of ATTP and the correlation at aligned peaks
were —0.065 (0.016) and 0.750 (0.032) (Fig. 5h). The
participant’s heart rate between fMRI and dynDWI
scans were not significantly different (Supplemental
Fig. 4, V="71.5, p=0.830, two-sided, paired Wilcoxon
sign-ranked test).

Discussion

In this study, we combined fMRI and dynDWT to investi-
gate the coupling between cerebral hemodynamics and
pCSF dynamics in humans. Our data unveiled a robust
and reproducible coupling between these two essential
neurofluid compartments along the major cerebral arter-
ies. We observed high levels of coupling between cerebral
hemodynamics and pCSF dynamics in both younger and
older participants. Based on our imaging findings, we
proposed a vascular-pCSF coupling model describing the
arrival of the cardiac pressure wave leading to hemody-
namic changes (captured with %fMRI ), which precedes
an increase in pCSF motion (captured with dynDWTI).
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Fig. 5 Cardiac-aligned %f/\/IRl (fMRI_2) and dynDWI waveforms are reproducible within participants and demonstrate consistent ATTP

and correlation at aligned peaks measures. a—g The mean and SEM (shaded) waveforms for each participant with four repeated scans. h Summary
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While previous human studies have primarily focused
on identifying the coupling between cerebral hemody-
namics and CSF flow specifically at the fourth ventri-
cle [3, 4, 16, 17, 43], our study demonstrates the ability
to assess this coupling at the paravascular space sur-
rounding major cerebral arteries. The results reveal
that both cerebral hemodynamics and pCSF dynamics
exhibit prominent cardiac cycle-driven pulsatility that
are strongly coupled. This coupling has been studied in
an animal model by Mestre et al. [5] using two-photon
imaging, where they observed a close coupling between
vessel wall velocities and pCSF motion. Arterial pulsa-
tion-driven pCSF flow has been suggested as early as
1985 [44] and has gained attention due to the proposed
glymphatic system hypothesis [12, 45, 46]. However, the
majority of evidence has been collected through invasive
animal studies [5-7, 11, 12, 47]. Our study provides non-
invasive evidence in humans that illustrates the fluctua-
tions in cerebral hemodynamics preceding the observed
pCSF dynamics.

The current study provides evidence that the cardiac
pulsations influencing cerebral hemodynamics simi-
larly impact pCSF motion and result in a close coupling
between these two neurofluids, which is consistently
strong across age groups. This observation indicates that
the interaction between hemodynamic and CSF flow
dynamics is essential throughout life, including into old
age. However, it is important to note that this does not
imply that the CSF dynamics remain unchanged with
age. In this study, ATTP was increased in older partici-
pants, suggesting that the response time of pCSF motion
to changes in cerebral hemodynamics is extended in
older individuals. The slower response of pCSF motion
could result from two distinct age-related changes: (1)
an increase in vascular stiffness [25, 26] and/or (2) an
increase in paravacular space. An increase in vascu-
lar stiffness may lead to a less effective force driving
the pCSF flow from the arterial wall motion and, there-
fore, a potentially slower response and reduction in
pCSF motion. This reduction in pCSF motion has been
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observed in acute hypertension mice [5]. The increase in
the paravascular space with aging results in an increase
in CSF surrounding the vessel, which may reduce the
efficiency of the transfer of energy from the arterial wall
motion to the pCSF motion.

Additionally, the pCSF motion in older participants
displayed a prominent widened peak waveform which
was absent in the younger participants. This finding is
consistent with the previous study by Wen et al., which
demonstrated that the pCSF motion in humans is altered
with aging [19]. The widened peak likely indicates a more
chaotic pCSF motion, corresponding to a less effective
CSF pumping. These pCSF alterations may be impacted
by various age-related brain changes such as altered ves-
sel wall mechanics, enlarged paravascular space, or a
reduction in the downstream exchange between pCSF
and interstitial fluid, as observed in mice [11]. This find-
ing suggests that while the coupling persists with aging,
the pCSF’s response to hemodynamics is altered, indicat-
ing additional factors may influence pCSF alterations in
the aging brain. However, understanding the determi-
nants impacting pCSF motion remains to be explored in
future research and is out of the scope of this work.

Although there was no significant difference in cor-
relation at aligned peaks between younger and older
participants, the lowest correlations in the study were
observed in the older participants. This suggests that a
reduced correlation at aligned peaks may be observed
in pathological conditions. Ischemic stroke can lead to
reduced cerebral blood delivery [48], disrupted blood—
brain barrier function [49], vascular wall breakdown
[50], and increased paravascular spaces [51], all of which
may impact cerebral hemodynamics and pCSF flow. Our
proposed neuroimaging methodology may be sensitive
to these changes. Additionally, our technique provides
the opportunity to investigate vascular involvement in
Alzheimer’s disease (AD) and other neurodegenerative
diseases, including the potential vascular deficiency-
related hypoperfusion that may trigger events contribut-
ing to AD [52]. Notably, previous MR studies observed a
reversed cardiac pulse propagation in participants with
AD [53], which our coupling method can further explore
to assess its impact on pCSF flow.

The present study demonstrates that the coupling
analysis is consistent between different fMRI protocols
and reproducible within subjects. This study focused on
the reproducibility of fMRI protocols because the repro-
ducibility of dynDWI acquisition (i.e. impact of vary-
ing b-value 50-300 s/mm? and imaging resolutions) has
been previously demonstrated [19]. The differing fMRI
acquisition parameters in the cardiac-aligned fMRI sig-
nal appeared to have a negligible impact on the meas-
ured coupling with dynDWT because similar results were
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observed in participants who underwent both fMRI pro-
tocols. Hermes et al. similarly reported robustness in car-
diac-aligned fMRI waveforms when comparing protocols
[37]. In future cardiac-related coupling studies, either
fMRI acquisition is suitable for retrospective cardiac
binning. However, faster imaging will adequately sam-
ple cardiac-related signal changes at resting heart rates
(60—80 beats per minute), allowing spectral analyses to
study cardiac, respiratory, and low-frequency signal com-
ponents simultaneously.

This study has certain limitations that warrant future
investigation. First, the total number of participants is
limited, and additional studies with larger samples are
needed to draw further conclusions. Another limita-
tion pertains to the spatial resolution of the MRI stud-
ies conducted in this research. At the current spatial
resolution fMRI evaluation of major arteries may suf-
fer from signal contamination from the paravascular
CSE. To address this, we performed an analysis dem-
onstrating that our data-driven arterial mask effec-
tively isolates arterial-rich regions, ensuring fMRI
signals predominantly from arterial blood with mini-
mal CSF contamination (Supplemental Fig. 5). Imaging
at a higher resolution would further mitigate this issue
and allow for the investigation of smaller pial arteries.
Additionally, it is important to consider physiological
components beyond the influence of only cardiac pul-
sation. Factors such as respiration and low-frequency
oscillations have been shown to drive CSF flow in other
regions of the brain [3, 4, 16, 54], and their impact on
vascular-pCSF coupling within these specific regions
should be explored in future investigations.

In conclusion, our proposed method provides a non-
invasive and clinically feasible (combined acquisition
time<10 min and fully automated post-processing)
approach to studying the crucial coupling between the
cerebral vascular system and paravascular CSE. Our
results reveal a consistent coupling between the cardiac
pulsation-driven cerebral hemodynamics and pCSF
dynamics within the subarachnoid space. Notably, this
coupling remained consistently high with increasing
age. Altogether, this work supports the feasibility of
non-invasive evaluations of neurofluid dynamics cou-
pling and may be expanded to assess various disease
conditions.

Abbreviations

pCSF Para-arterial/paravascular cerebrospinal fluid
fMRI Functional magnetic resonance imaging
dynDWI  Dynamic diffusion weighted imaging

CSF Cerebrospinal fluid

CBV Cerebral blood volume

TIW T1-weighted

MPRAGE  Magnetization rapid gradient echo

TR Repetition time
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AU Arbitrary units
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