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Abstract

Background Low-frequency oscillations (LFOs) in the brain are increasingly recognized for their role in driving

brain clearance during sleep and drowsiness. However, human studies have largely relied on qualitative assessment.
Quantitative assessments of LFO-driven flow dynamics remain limited, and findings across animal and human studies
are mixed. Some report that ventricular CSF inflow is dominated by LFO activity, whereas others suggest that cardiac
pulsations are the primary driver of CSF motion along its circulation pathways. In this study, we employed real-time
phase-contrast (RT-PC) MRI to quantitatively measure blood and cerebrospinal fluid (CSF) flow rates at the cervical
level. Our goal was to assess contributions of LFOs across vascular and CSF compartments and to examine their
changes between wakefulness and drowsiness.

Methods RT-PC MRI was acquired at the cervical (C2/C3) level in thirty-eight healthy participants to measure arterial,
venous, and CSF flow rates. Each participant underwent two RT-PC sessions: one with eyes open and another with
eyes closed, following a 30-minute in-scanner eyes-closed rest period. Frequency-domain analysis quantified power
within LFO, respiratory, and cardiac bands across artery, vein, net arteriovenous flow (A+V), and CSF signals. Time
domain analysis was used to calculate arterial-to-venous delays (A-V delay) for each pulsation type.

Results Cardiac pulsations dominated the flow rate oscillations, accounting for 95.2%, 85.1%, 81.2%, and 94.2% of the
total power in artery, vein, A+V, and CSF, respectively. LFO contributions were lower, accounting for 3.2%, 4.9%, 3.5%,
and 0.8%. After 30 min of rest, LFO power increased significantly and consistently in all compartments (p <0.01) but
remained a minor component of the overall oscillatory signal. Time domain analysis revealed a longer A-V delay in
the LFO band (318 ms) compared to the cardiac band (82 ms), with both delays showing no change after rest (p>0.1).

Conclusion Quantitative flow analysis demonstrated that LFOs contributed substantially less to blood and CSF flow
oscillations than cardiac pulsations at the cervical level. However, LFO power increased significantly and consistently
after rest in blood and CSF, supporting its role as a driver of fluid circulation during drowsiness. Notably, the detection
of increased LFO power in arterial blood at the cervical level—upstream of cerebral flow—suggests a potential link to
autonomic regulation of vascular tone.
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Background

CSF plays a vital role in the brain’s waste clearance func-
tion, yet the physiological drivers of CSF circulation
remain incompletely understood [1, 2]. Cardiac pulsa-
tions, respiration, and low-frequency oscillations (LFOs)
have been proposed as possible forces influencing CSF
dynamics [3]. Traditionally, cardiac pulsations have been
considered the dominant driver. However, recent mod-
eling studies suggest that cardiac pulsations alone may
be insufficient to generate directional CSF flow [4-6].
In contrast, LFOs have gained increasing recognition as
an important driver of fluid clearance. In rodent stud-
ies, elevated LFOs in vessel wall movements, driven by
neurovascular coupling or autonomic activity, have been
associated with enhanced CSF waste clearance in the
interstitial space during both wakefulness [7-9] and sleep
[10, 11]. Human studies using functional magnetic reso-
nance imaging (fMRI) also support the role of LFOs as
critical drivers of CSF dynamics, particularly during sleep
and drowsiness [12-15].

With the growing interest in LFOs, a deeper under-
standing of their contribution to blood and CSF flow in
awake and drowsy states is needed. Direct and quantita-
tive assessments of LFO-driven flow dynamics remain
limited, and existing studies offer mixed findings on
the magnitude of LFOs in both vascular and CSF flow.
For instance, animal studies measuring vascular diam-
eter have reported strong LFO-related oscillations in pial
artery diameter [7, 16, 17]. In contrast, particle-tracking
studies that quantify CSF rate in the perivascular space
indicate cardiac-dominant CSF flow with minimal LFO
influence [18, 19]. In humans, fMRI-based assessments
at the fourth ventricle have shown dominant LFO oscil-
lations in CSF inflow dynamics during both wakeful-
ness [20, 21] and sleep [12, 15, 22]. Yet, phase-contrast
MRI and dynamic diffusion-weighted studies primarily
attribute CSF flow to cardiac pulsations and respiration
[23-28, 29]. These discrepancies highlight critical gaps
in understanding the relative contributions of LFO, res-
piration, and cardiac pulsations to blood and CSF flow,
as well as how these proportions shift between wake-
fulness and drowsiness. They also reflect the challenges
of interpreting results across various MRI techniques,
particularly between quantitative and qualitative flow
measurements.

PC-MRI enables the quantitative evaluation of flow
dynamics and has yielded significant findings on cardiac-
driven CSF flow through cardiac-gated acquisitions [23,
30]. Recent advancements in high-temporal-resolution
real-time PC-MRI (RT-PC) have facilitated real-time

monitoring of flow rate, providing key insights into respi-
ration-driven CSF dynamics [24, 31-33]. However, most
RT-PC studies use scan durations of less than one min-
ute, limiting the ability to assess the LFO component.

In this study, we leverage high-temporal-resolution
RT-PC to continuously monitor blood and CSF flow at
the cervical level over an extended period. This approach
allows for a quantitative assessment of flow rate oscilla-
tions and their contributions from LFO, respiratory, and
cardiac pulsations. To study whether these contributions
change during drowsiness, we acquired RT-PC scans
under two conditions: one during wakefulness with eyes
open and one during drowsiness after 30 min of in-scan-
ner eyes-closed rest. We hypothesize that (1) LFOs con-
tribute less to blood and CSF flow rate oscillations than
respiration and cardiac pulsations, and (2) LFO contribu-
tion increases during drowsiness.

Methods

Participants

The current study recruited 40 healthy, neurotypical
adults without a history of neurological diseases or can-
cer. They provided written informed consent in accor-
dance with procedures approved by the Institutional
Committee for the Protection of Human Subjects at
Indiana University. Two participants were excluded due
to poor data quality associated with motion. The final
sample included 38 participants (9 males and 29 females)
aged 53.08+13.12 years, with an age range of 35-82
years.

Image acquisition
MRI data were collected using a 3T scanner (MAG-
NETOM Prisma, Siemens Healthineers, Forchheim,
Germany) with a 64-channel head-neck coil at Indiana
University. A three-dimensional magnetization-prepared
rapid gradient echo (MPRAGE, 1 mm isotropic resolu-
tion) sequence was used to localize the cervical level
(C2/C3). RT-PC MRI was acquired at the C2/C3 plane
to capture arteriovenous and CSF flow. Each participant
completed two sessions separated by a 30-minute period
of uninterrupted eyes-closed rest to encourage drowsi-
ness. Session 1 was conducted with eyes open. After the
30-minute eyes-closed rest, session 2 was conducted
with eyes closed (Figure S1). Each session comprised two
RT-PC scans with velocity encoding set to 70 cm/s for
arterial and venous flow and 10 cm/s for CSF flow.

The RT-PC sequence utilized an EPI-based multi-
shot, Cartesian trajectory with parallel imaging accel-
eration and shared velocity encoding [34]. By pairing
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adjacent frames to form velocity estimates, the shared
velocity encoding reduces the number of encodes per
sample—achieving effective temporal resolutions of 48
ms for blood flow and 54 ms for CSE. Additional acquisi-
tion parameters were as follows: field of view = 240 mm,
number of shots per image = 4, voxel size = 1.1 x 1.1 x 10
mm?, flip angle = 10 degrees, 3063 temporal points, and
total scan time = 2 min 27s/ 2 min 46s for blood flow and
CSF, respectively. Due to the maximum allowable tem-
poral points being limited to 1021 (~ 50 s), the extended
scan time was achieved by repeating the ~ 50s sequence
three times consecutively, with ~ 3-second gaps between
repetitions.

To characterize the drowsiness state during both ses-
sions—defined as a transitional condition between
wakefulness and light sleep—Stanford Sleepiness Scale
(SSS) was administered immediately after scanning.
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Participants rated their perceived drowsiness levels for
each session using the 8-point SSS, where 1 indicates
wide awake and 8 represents asleep [35, 36]. The SSS is
a well-established subjective measure of physiological
arousal and has been validated against objective indica-
tors such as EEG and reaction time measures [37-41].
Finger pulse and respiration were monitored using the
scanner’s built-in finger photoplethysmography and res-
piration belt. The extracted physiological metrics com-
prised heart rate, heart rate variability (measured as the
standard deviation of the R-R interval).

RT-PC preprocessing

A semi-automatic segmentation algorithm was utilized
to delineate arteries (internal carotid and vertebral arter-
ies), veins (internal jugular vein), and spinal CSF regions
[42] (Fig. 1A). Aliasing and background corrections were
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Fig. 1 Overview of data collection and signal extraction. A) Regions of interest (ROIs) for the internal carotid arteries (ICA), Vertebral arteries, internal jugu-
lar veins (1JV), and CSF in the spinal canal from one subject. The brown plane in the sagittal T1 image marks the C2/C3 level. Two VENCs were set to mea-
sure blood flow (VENC =70 cm/s) and CSF (VENC =10 cm/s). B) Mean RT-PC flow rate waveforms in the artery, vein, and CSF of a representative participant
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performed using functions from Flow 2.0 [42]. Aliasing
was automatically corrected by detecting aliased vox-
els exceeding VENC and applying a phase-unwrapping
step to recover the true velocity magnitude and sign.
Background offsets were removed by estimating a zero-
velocity reference from surrounding stationary tissue
at each slice and time point and subtracting it from all
voxels. Motion-related ROI drift was assessed via frame-
by-frame visual inspection of vessel ROIs, and manual
adjustments were applied as needed.

Flow rates of arterial, venous, and CSF were computed
from phase data by multiplying the mean flow velocity
within each ROI by the corresponding ROI area, using
a previously validated pipeline [43]. The arterial signal
was computed as the average of the bilateral internal
carotid arteries and vertebral arteries. The venous signal
was derived from the bilateral internal jugular veins. The
CSF signal was obtained from the spinal canal. The net
blood flow (A + V) into the brain was estimated as the
sum of arterial inflow (positive, caudal-to-cranial direc-
tion) and venous outflow (negative, cranial-to-caudal
direction) scaled by a correction factor A, as used in pre-
vious studies [32, 44]. The A was determined by dividing
the mean arterial flow by the mean venous flow, thereby
ensuring a near-zero net flow over a cardiac cycle. In
principle, the arterial inflow should match the venous
outflow over a cardiac cycle. However, measured arterial
flow can exceed measured venous flow, because venous
anatomy varies substantially across individuals and small,
low-velocity venous branches are often not captured at
typical PC-MRI spatial resolution and VENC. Applying A
corrects this mismatch and reduces bias in the net-flow
estimate.

The forecast package in R was then applied to fill in the
3-second gap between repeated RT-PC sequences [45].
This forecast method utilizes the pattern of the known
signal to predict the unknowns and has been widely used
to fill in the missing data in a time series [46—50]. The
signals before and after the gap filling of a representative
participant were shown in Supplementary Figures S2 and
S3, demonstrating the robustness of the methods.

Frequency- and time-domain analysis

Frequency-domain analyses were performed to quantify
oscillation powers in the LFOs, respiration, and cardiac
pulsations. The Fast Fourier Transform was applied to
transfer the demeaned real-time flow rates to the fre-
quency domain. Power spectral density was used to cal-
culate the band power within the LFOs (0.01-0.1 Hz),
respiratory (0.15-0.4 Hz), and cardiac (participant-spe-
cific cardiac frequency + 0.3 Hz) bands (Fig. 2A). In addi-
tion, normalized band power was calculated for each
frequency band by dividing its power by the total power
of all three bands.
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Time-domain analyses were performed to calculate
the A-V delay for LFOs, respiratory, and cardiac oscil-
lations. RT-PC signals of arterial and venous flow rates
were demeaned and bandpass filtered to extract the
signal oscillation in the LFO, respiratory, and cardiac
frequencies. For each pulsation type, the time lag and
correlation coefficient between the artery and vein signal
were acquired by cross-correlation (MATLAB: xcorr). In
addition, the standard deviation of the temporal signals
in LFO, respiratory, and cardiac bands was computed to
evaluate signal fluctuation changes between wakefulness
and drowsiness states.

Statistical analyses

Paired t-tests were used to compare differences between
two conditions, such as the power of LFOs versus cardiac
pulsations, or between wakefulness and drowsiness. Then
the Lilliefors test was used to assess normality. For com-
parisons that did not meet the normality assumption,
the Wilcoxon signed-rank test was applied. All statisti-
cal tests were controlled for multiple comparisons using
false discovery rate (FDR) correction, with significance
defined as p < 0.05 (FDR-corrected).

Results

Dominant cardiac and minor LFO oscillations in blood and
CSF flow rate

Frequency-domain analysis revealed that cardiac pulsa-
tions contributed most prominently to flow rate oscilla-
tions across both blood and CSF compartments, whereas
LFO contributions were comparatively minor (Fig. 2A-
C). Specifically, cardiac pulsations accounted for 95.2%,
85.1%, 81.2%, and 94.2% of the total power in the artery,
vein, A +V, and CSF, respectively. In contrast, LFOs con-
tributed 3.2%, 4.9%, 3.5%, and 0.8% in these compart-
ments (Fig. 2C). Respiration contributions were lower
than LFOs in arteries (1.6%), but higher than LFOs in
venous and CSF flow (10.0% and 5.0%, respectively).
When comparing LFOs across flow compartments, LFO
power was significantly lower in CSF compared to vas-
cular compartments (FDR-corrected p <0.001, effect size
d=0.55, 0.71, and 0.64 for artery, vein, and A +V, respec-
tively) (Fig. 2D). Detailed statistical results of Fig. 2 are
presented in Tables S1 and S2.

Longer A-V delays in LFOs compared to the cardiac
frequency

Among the 38 participants, both LFOs and cardiac
signals exhibited consistent A-V delays across indi-
viduals, whereas respiratory oscillations did not show a
consistent pattern (Fig. 3). The average time lag and cor-
relation coefficient were 318 +91 ms and 0.75 for LFOs,
and 82+44 ms and 0.95 for the cardiac band. The A-V
delay was significantly longer for LFOs compared to the
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Fig. 2 Low LFO and high cardiac power in blood and CSF flow during wakefulness. A) Frequency spectra from a representative subject during wakeful-
ness showing LFOs (red), respiration (green), and cardiac (yellow) components across different fluid compartments. B) Group-averaged frequency spectra
(N=38); Lines and shaded area indicate mean and standard error. C) Comparisons of normalized band power across frequency components grouped by
ROIs. D) Comparison of normalized band power across ROIs grouped by frequency components. *p <0.05, **p <0.01, ***p <0.001 using paired t-test with
FDR corrections; A+V: sum of arterial inflow and venous outflow (net blood flow into the brain)

cardiac pulsations (Wilcoxon signed-rank test, z=2.94,
FDR-corrected p<0.01).

LFOs increased from wakefulness to drowsiness in all fluid
compartments

LFO power increased across all fluid compartments
during drowsiness (Fig. 4). Specifically, LFO power
was significantly higher after 30-minute rest in arterial
(d=2.00, FDR p<0.001), venous (d=1.30, FDR p<0.01),
A+V (d=1.40, FDR p<0.01), and CSF flow oscillations
(d=1.58, FDR p<0.01). In contrast, cardiac power signifi-
cantly decreased in venous flow (d = -1.30, FDR p <0.001)

and increased in CSF flow (d=0.48, FDR p=0.02), and
showed no change in arterial flow (Wilcoxon signed-
rank, p>0.1). Respiration power did not change in any
fluid compartment. Additionally, the increase in LFO
power during drowsiness was further confirmed by time-
domain analyses, which demonstrated elevated temporal
signal variability in the LFO band during drowsiness (Fig-
ure S4). A-V delays of LFOs and cardiac bands revealed
no significant changes during drowsiness (Wilcoxon
signed-rank, p>0.1).

All participants reported increased drowsiness after the
30-minute rest, with the Stanford Sleepiness Scale (SSS)
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representative participant. Arterial flow is shown in red, and venous flow is shown in blue. To better visualize the coupling between arterial and venous
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of 318ms for LFOs, significantly longer than the 82 ms delay for cardiac pulsations (Wilcoxon signed-rank test, z=2.94, FDR-corrected p <0.01). Each line
represents one subject. A-V delay in the respiratory pulsation is inconsistent and does not exhibit a coherent group-level pattern

scores significantly elevated (z=5.39, FDR p <0.001) (Fig-
ure S5). Among the evaluated physiological parameters,
heart rate variability demonstrated the most change, with
a trending increase approaching significance after FDR
correction (Wilcoxon signed-rank z=1.84, FDR p=0.09).
No significant association was found between changes in
SSS scores and the level of LFO power increase (results
not shown).

Discussion

This study employed RT-PC imaging to quantify the rela-
tive contributions of LFOs in the CSF and blood flow
during wakefulness and drowsiness. Our findings indi-
cate that LFOs contribute minimally to CSF (~1%) and
blood flow (3-5%) rate oscillations, with their influ-
ence being significantly smaller than cardiac pulsations
(LFOs < <cardiac) in both wakefulness and drowsiness.
However, after 30 min of eye-closed rest, LFOs exhib-
ited the most significant and consistent increase in both
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CSF and blood flows, where respiration and cardiac pul-
sations showed either no detectable changes or incon-
sistent trends. Additionally, while cardiac pulsation
demonstrated an A-V delay of 82 msec, the A-V delay in
the LEOs was notably longer, measuring 318 msec. These
results provide quantitative evaluations of LFO and car-
diac contributions to fluid dynamics, with their broader
implications discussed below.

The smaller contribution of LFOs to flow rate oscillations

LFOs are increasingly recognized as key drivers of CSF
waste clearance [12, 14, 21]. Our findings indicate that
LFOs contribute less than 5% to CSF and blood flow rate
oscillations at the cervical level across different drowsi-
ness states, whereas the cardiac (>75%) component plays
a more dominant role. While this pattern is consistent

with large-arterial flow behavior in the brain [51], it con-
trasts with the strong LFOs of CSF dynamics observed
at the fourth ventricle using fast fMRI [12, 20]. The dis-
crepancy may arise from the distinct contrast mecha-
nisms of PC MRI and fMRI. PC MRI directly measures
flow rate in milliliters per second [52, 53], while fMRI is
sensitive to CSF inflow effects [12]. Specifically, when the
bottom imaging slice is placed at the fourth ventricle or
spinal canal, fMRI signal intensity increases as fresh CSF
enters the slice before being exposed to radiofrequency
pulses. Thus, voxel intensity reflects CSF volume changes
over the repetition time (TR) [54]. Mathematically, vol-
ume change represents the integral of flow rate over time,
meaning that fMRI acquisition acts as a low-pass filter —
amplifying slow oscillations while attenuating faster oscil-
lations such as cardiac and respiratory pulsations. In this
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context, LFOs, although subtle in amplitude, persist over
extended time and can produce substantial cumulative
volume displacements. Therefore, volume-based metrics
of LFOs may detect a higher contribution than flow rate
metrics. Supporting this, a recent study using simultane-
ous RT-PC and fMRI acquisitions at the fourth ventricle
similarly reported a delay between CSF flow rate and CSF
inflow, suggesting that PC-MRI and fMRI capture differ-
ent aspects of CSF dynamics [55]. Furthermore, when a
recent quantitative modeling approach was applied to
convert fMRI inflow fluctuations into estimated CSF flow
rate, the dominant LFO pattern disappeared, and cardiac
pulsations became predominant [56]. Collectively, these
findings highlight distinct contrast mechanisms between
PC-MRI and fMRI that warrant careful interpretation.
Our results reinforce that cardiac pulsation remains the
dominant driver of blood and CSF flow rate dynamics at
the cervical level.

Increased LFOs power from awakefulness to drowsiness
Despite its smaller contribution to flow rate oscillations,
LFO power significantly increased in both blood and CSF
flow at the cervical level during drowsiness. This aligns
with previous reports of elevated LFO power in cere-
bral hemodynamics and ventricular CSF flow using the
fNIRS and fast fMRI [12, 22, 57-61]. Notably, our study
observed an increase in arterial LFO power at the cervi-
cal level —upstream of cerebral flow—suggesting poten-
tial involvement of autonomic regulation.

Previous studies have proposed that the LFO increase
during drowsiness may arise from two mechanisms:
one involving change in electrocortical activity, where
increased delta (0.5-4 Hz) and decreased alpha (8-13
Hz) EEG power promote blood and CSF LFOs through
neurovascular coupling [12]; and the other involving
autonomic-driven mechanisms, where changes in cere-
bral vascular tone are mediated by autonomic nervous
system activity [15, 62]. Our observation of increased
LFO power in cervical arterial blood supports the auto-
nomic mechanism. As vigilance declines, parasympa-
thetic activity (associated with calm and rest) increases,
reflected by increased heart rate variability as observed
in our participants, which may directly promote sys-
temic low-frequency oscillations throughout the vascu-
lar networks [63]. Nevertheless, these two mechanisms
are likely interrelated, collectively contributing to the
observed increase in LFO power in CSF during drowsi-
ness. Our findings support the potential role of LFOs as a
driver of fluid clearance during rest.

A-V delay

By simultaneously assessing arterial and venous flow
dynamics, we identified a mean A-V delay of 82 ms in
the cardiac band and 318 ms in the LFOs band, whereas
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respiratory oscillations did not exhibit a reliable delay.
The observed 82 ms cardiac-band delay falls within the
range reported in prior studies, which documented
delays between 43 ms and 171 ms [64—69]. In contrast,
the 318 ms A-V delay in the LFOs band was significantly
longer than the cardiac-band delay (318 ms vs. 82 ms).
This difference reflects the slower propagation veloc-
ity of vasomotion-driven waves compared to cardiac
pulse waves. A prior human study estimated vasomotion
waves propagating along facial blood flow at 3.8 mm/s
[70], whereas cardiac pulse waves travel at 4 m/s in the
arteries [71]. Notably, the 318 ms A-V delay in the LFOs
band was substantially shorter than the few seconds delay
previously reported in fMRI studies for the blood transit
time from cerebral arteries to veins [72, 73]. This discrep-
ancy reflects differences in the physiological properties
captured by fMRI vs. PC-MRI. In fMRI, the observed
time lag represents blood transit through the vasculature,
encompassing oxygen exchange at the capillary level and
subsequent venous drainage, similar to tracking a con-
trast bolus [74]. In contrast, A-V delay measured in PC-
MRI reflects the mechanical propagation of a pressure
wave through the intracranial system: arterial volume
expansion transiently increases intracranial blood vol-
ume, which must be promptly offset by venous outflow
to maintain pressure homeostasis, consistent with the
Monro-Kellie doctrine. To our knowledge, the 318 ms
A-V delay in LFO measured by RT-PC is reported here
for the first time. The high cross-correlation between
arterial and venous LFO signals (r = 0.75) and the delay
direction supports the notion that venous LFO pulsations
originate from arterial system fluctuations. Moreover,
our findings indicate that A-V delays in both cardiac-
band and LFO-band remain stable between wakeful-
ness and drowsiness, despite an overall increase in LFO
amplitude.

Limitations

The study has several limitations. First, blood and CSF
flows were acquired separately using two VENC settings,
precluding direct analysis of their dynamic interactions.
Multi-VENC PC MRI or intermediate-VENC approaches
represent promising tools for simultaneous assessment
of blood-CSF coupling [75, 76]. Second, the drowsiness
level was evaluated by the self-report scores without EEG
monitoring, which prevented objective assessment of
drowsiness levels. Third, due to sequence limitations, two
~ 3-second gaps occurred during the 3-minute phase-
contrast scans. While undesirable, these gaps accounted
for less than 4% of the total data and were interpolated
using a machine learning—based gap-filling technique to
further minimize potential impact on power estimates.
Finally, our scan duration yielded a frequency resolu-
tion of ~ 0.0067 Hz, limiting precise characterization of
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ultra-low components near 0.01 Hz. Longer acquisitions
would improve frequency resolution and enable more
reliable evaluation of these ultra-low oscillations.

Conclusions

By quantitatively evaluating LFOs, respiratory, and
cardiac oscillations in CSF and blood flow, our study
demonstrated that LFOs contributed little to flow rate
oscillations at rest, with cardiac pulsation being the dom-
inant driver. However, LFOs increased most significantly
and consistently during drowsiness across all fluid com-
partments, suggesting a potential role in driving CSF cir-
culation. Notably, the detection of increased LFO power
in arterial blood at the cervical level—upstream of cere-
bral flow—suggests a potential relationship to the auto-
nomic regulation of vascular tone.
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