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Abstract

Background Cerebrospinal fluid (CSF) dynamics are increasingly studied in aging and neurological disorders. Models
of CSF-mediated waste clearance suggest that altered CSF dynamics could play a role in the accumulation of toxic
waste in the CNS, with implications for Alzheimer’s disease and other proteinopathies. Therefore, approaches that
enable quantitative and volumetric assessment of CSF flow velocities could be of value. In this study we demonstrate
the feasibility of 4D flow MRI for simultaneous assessment of CSF dynamics throughout the ventricular system, and
evaluate associations to arterial pulsatility, ventricular volumes, and age.

Methods In a cognitively unimpaired cohort (N=43; age 41-83 years), cardiac-resolved 4D flow MRI CSF velocities
were obtained in the lateral ventricles (LV), foramens of Monro, third and fourth ventricles (V3 and V4), the cerebral
aqueduct (CA) and the spinal canal (SC), using a velocity encoding (venc) of 5 cm/s. Cerebral blood flow pulsatility
was also assessed with 4D flow (venc=80 cm/s), and CSF volumes were obtained from T1- and T2-weighted MRI.
Multiple linear regression was used to assess effects of age, ventricular volumes, and arterial pulsatility on CSF
velocities.

Results Cardiac-driven CSF dynamics were observed in all CSF spaces, with region-averaged velocity range and
root-mean-square (RMS) velocity encompassing from very low in the LVs (RMS 0.25+0.08; range 0.85+0.28 mm/s)

to relatively high in the CA (RMS 6.29£2.87; range 18.6+15.2 mm/s). In the regression models, CSF velocity was
significantly related to age in 5/6 regions, to CSF space volume in 2/3 regions, and to arterial pulsatility in 3/6 regions.
Group-averaged waveforms indicated distinct CSF flow propagation delays throughout CSF spaces, particularly
between the SCand LVs.

Conclusions Our findings show that 4D flow MRI enables assessment of CSF dynamics throughout the ventricular
system, and captures independent effects of age, CSF space morphology, and arterial pulsatility on CSF motion.
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Cardiac pulsatility

Background

Neurofluid dynamics are of interest to advance our
understanding of brain physiology, aging, cognitive
decline, and the pathophysiology of neurological dis-
orders. Cerebrospinal fluid (CSF) and interstitial fluid
dynamics, and their exchange, seem to play key roles for
removal of toxic metabolic waste from the CNS [1]. In
Alzheimer’s disease (AD) and idiopathic normal pressure
hydrocephalus (INPH), altered cerebral blood flow [2, 3]
(CBF) and CSF dynamics [4, 5] may develop as a conse-
quence of disease progression. Further, as suggested by
animal studies and models of CSF-mediated waste clear-
ance systems (e.g., glymphatics [1]), altered CSF dynam-
ics and reduced CBF-to-CSF coupling [6, 7] may impair
the brain’s ability remove toxic waste products including
amyloid-p, potentially contributing to proteinopathies
such as AD. However, these observations need verifica-
tion in humans. Importantly, translation from animal to
human studies rely on non-invasive imaging methods
capable of assessing neurofluid dynamics.

In the last decades, human magnetic resonance imag-
ing (MRI) studies have significantly improved our under-
standing of CSF circulation and the role of altered CSF
dynamics in neurological disorders [8]. For instance,
velocity-sensitive 2D phase contrast (PC) MRI studies
have derived non-invasive intracranial compliance [9]
and pressure [10, 11] estimates, and have revealed a tight
coupling between CBF and CSF flow dynamics by com-
paring arterial inflow to CSF flow and venous outflow at
the cervical spine [12, 13], reflecting the near-rigid prop-
erties of the cranium [14] (Monro-Kellie hypothesis [15]).
Further, cardiac-gated 2D PC measures of CSF stroke
volume [4, 16] and CSF flow direction [17, 18] in the
cerebral aqueduct (CA) have shown useful as additional
diagnostic criteria for INPH and other CSF disorders.
More recently, real-time 2D PC has been used to assess
the effects of free breathing on both blood [19] and CSF
[20, 21] flow fluctuations. Quantitative 2D PC MRI pro-
vides high spatiotemporal resolution and test-retest reli-
ability [22]; however, due to lack of volumetric coverage
most 2D PC studies on CSF dynamics have been limited
to spinal canal (SC) and CA.

4D flow MRI (time-resolved volumetric PC MRI with
3-directional velocity encoding) has emerged as a pow-
erful extension of 2D PC MRI enabling volumetric mea-
sures of neurofluid dynamics. Previous 4D flow MRI
studies have linked multiple cerebral hemodynamic
parameters to aging [3, 23], small vessel disease [23, 24]
and AD [3, 25, 26], including arterial pulsatility [3, 23],
pulse wave velocity [24, 25] (PWYV), and low frequency

oscillations [26]. More recently, applications of 4D flow
MRI to study CSF dynamics have also emerged [27]
(4D CSF flow MRI), associating altered intracranial CSF
dynamics with hydrocephalus [28-31] and AD [29, 30].
Further, spinal 4D CSF flow MRI have shown potential
for diagnostic aid in Chiari malformations [32, 33], accel-
erated by compressed sensing [34]. Yet, 4D flow studies
on intracranial CSF dynamics are scarce, and the effects
of age, CSF space volumes and CBF dynamics on CSF
motion have not been well-established throughout most
of the ventricular system.

Here, cardiac-resolved 4D flow MRI is used to assess
CSF velocities along the ventricular system in multiple
regions of interest (ROIs), including the lateral ventricles
(LV, L/R), foramens of Monro (FMo, L/R), third ventricle
(V3), CA, fourth ventricle (V4), and the spinal canal (SC).
The root-mean-square (RMS) velocity and the veloc-
ity range are used to provide descriptive characteristics
of CSF dynamics in the various CSF compartments, and
stroke volume is also assessed for the CA. To provide
further understanding of the mechanisms that influence
CSF dynamics, CSF velocities are evaluated in relation to
age, ventricle and CSF space morphology from structural
MRY], and in relation to cerebral arterial hemodynamics,
also obtained by 4D flow MRL

Materials and methods

Participants

Data were analyzed from participants of the Wisconsin
Registry of Alzheimer’s Prevention [35] (WRAP). The
investigated cohort consisted of middle-aged to older
(N=43; age 41 to 83 years; mean age 67+7.5 years; 27
female) participants that were cognitively unimpaired
as determined from multidisciplinary consensus con-
ference [36—41] and AD biomarker negative from PET
[42] and/or plasma [43] at the time of the 4D flow MRI
scans. The University of Wisconsin Institutional Review
Board approved all study procedures and protocols fol-
lowing the policies and guidance established by the cam-
pus Human Research Protection Program (HRPP). Each
participant signed a written informed consent before
participation.

Magnetic resonance imaging

MRI data were acquired on a 3.0T system (SIGNA Pre-
mier, GE Healthcare) using a 48-channel head-coil (GE
Healthcare).
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Structural MRI

3D T1-weighted anatomical images were acquired
using an MPRAGE sequence with field of view (FoV)
25.6%x25.6x20.8 cm® and 1 mm isotropic spatial reso-
lution. T2-weighted anatomical images were acquired
using a cardiac-gated, flow-compensated CUBE sequence
with a FoV of 25.0%25.0x20.5 cm® and 1.0x1.0x 1.6 mm?®
spatial resolution.

4D flow MRI of CSF

4D flow MRI of CSF was acquired using a Cartesian
based product sequence with prospective cardiac gat-
ing using a peripheral photoplethysmography (PPG)
(GE Healthcare) sensor worn on the participant finger.
Imaging was performed sagittal with a FoV set to cover
the spinal canal and ventricular spaces. Relevant param-
eters included: FoV=24.0x4.0x24.0 cm?, acquired reso-
lution=1.0 mm isotropic (interpolated to 0.5 mm), TR/
TE=12/7 ms, flip angle=3°, prospectively cardiac-gated
(10-15 frames collected per cardiac cycle; interpolated
to 20), velocity encoding (Venc)=>5 cm/s, k-t acceleration
using Kat-ARC=8. The scan time was ~ 10 min but var-
ied slightly based on heart rate, with a cohort-averaged
heart rate of 66+9.7 bpm. Example images from a 4D
CSF flow MRI scan are shown in Fig. 1.
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4D flow MRI of CBF

A radially undersampled 4D flow acquisition was used
for the assessment of CBF hemodynamics [44, 45]. Imag-
ing parameters: acquisition FoV=22x22x16 cm? TR/
TE=8.6/ 2.5 ms, number of projections~ 11,000, scan
time=>5.6 min, acquired spatial resolution=0.7 mm iso-
tropic, flip angle=8°, and Venc=80 cm/s. Retrospectively
gated cardiac-resolved images were reconstructed offline
to 20 cardiac phases using cardiac triggers recorded dur-
ing the MRI scan using peripheral PPG.

Image analysis

Preprocessing

From the CSF 4D flow MRI scans, a reference anatomi-
cal image was derived by temporal averaging of the mag-
nitude volumes (20 frames per cardiac cycle). FreeSurfer
(v6.0.0) with the T1-weighted volumes as input was used
for segmentation of the CSF space into the third (V3),
fourth (V4), and lateral (LV) ventricular subregions [46].
The T1- and T2-weighted scans, and the FreeSurfer seg-
mentations, were then resampled and co-registered to
the 4D CSF flow magnitude reference using rigid-body
registration and a normalized mutual information (NMI)
cost function in SPM12. In addition, SPM12 was used
to segment CSF probability maps from the co-regis-
tered T2-weighted to further refine and assure minimal
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Fig. 1 Velocity images from a 4D flow MRI scan of cerebrospinal fluid (CSF) shown in the sagittal plane (left) in the anterior-posterior (AP) and superior-
inferior (SI) velocity directions at late diastolic phase of the cardiac cycle, indicating CSF inflow in the third ventricle (V3), the cerebral aqueduct (CA) and
the spinal canal (SC). Velocity streamlines (right) were generated from the same 4D flow dataset using Ansys EnSight (2022R2) at the same cardiac cycle
time frame as the left velocity images. Cardiac-resolved visualizations of the same dataset are provided in the supplementary material (Sup. Vid. 1; Sup.
Vid. 2). Note that the streamline figure in the middle represents a 45-degree rotation of the right figure around the vertical (SI) axis. RL, right-left; V4, fourth

ventricle; FMo, foramen of Monro; LV, lateral ventricle
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inclusion of tissue in the FreeSurfer defined ROIs. Veloc-
ity data from 4D flow scans for CSF and CBF were cor-
rected for phase offsets using 2nd order polynomial fits
to the background field [47] and velocity anti-aliasing
[48].

Ventricular segmentation

The LVs (left and right), V3, and V4 were obtained from
the automatic FreeSurfer segmentations, multiplied with
a CSF mask derived from SPM12 segmentations of the
T2 weighted volumes (CSF probability>0.95). For the 4D
flow MRI analyses, CSF ROIs were also eroded one voxel
to minimize the influence of partial volume effects.

Foramen of Monro segmentation

The foramen of Monros (FMo, left and right) were
defined by considering the LV and V3 intersection, using
an iterative region-growing approach. For each iteration,
the dilated LV and V3 segments were multiplied with a
CSF mask (CSF probability>0.95) to avoid false connec-
tions between the LVs and V3.

Cerebral aqueduct segmentation

The CA was segmented using semi-automatic segmenta-
tions based on user-defined seed points, a contrast mask
from a root-mean-square (RMS) velocity map divided by
the 4D flow magnitude (RMS./Mag) as input, followed by
region-growing and intensity thresholding. Manual seg-
mentations of the CA were also obtained using GyroTo-
ols GTFlow (4.9).

Spinal canal segmentation

The SC was automatically segmented using T2 intensities
over a 2.5 cm coverage at the C2/C3 level of the cervical
spine, using an initial intensity-threshold of 50% of max
within the slice range, and a one voxel erosion to reduce
partial volume effects.

CSF waveform analysis

Velocity waveforms in the anterior-posterior (AP), left-
right (LR), and superior-inferior (SI) directions were
sampled from the 4D flow MRI data for all CSF voxels.
For each CSF ROJ, principal component analysis (PCA)
was used to estimate a single velocity waveform defined
as the first principal component (PC1) (MATLAB, Math-
Works). This was done by first obtaining individual AP,
LR, and SI waveforms by spatial averaging across all vox-
els within the ROI, and using the AP, LR and SI wave-
forms as input to the PCA. Similar waveforms were also
obtained when using AP, LR, and SI waveforms sampled
from all ROI voxels as input to the PCA (Sup. Figure 2).
Since CSF velocities average to near zero over the car-
diac cycle, the final waveforms were characterized by
the root-mean-square (RMS) velocity and velocity range
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(maximum velocity — minimum velocity). The CA stroke
volume (AV; pl/cardiac cycle) was calculated for the CA
as the range (systolic max — diastolic min) of the cumu-
lative integral of the CA flow rate waveform [12] after
segmentation in GTFlow. Velocity streamlines (Fig. 1;
Sup. Vid. 1; Sup. Vid. 2) were obtained in Ansys EnSight
(2022R2).

4D flow CBF waveform analysis

Arterial waveforms were sampled at the left and right
internal carotid arteries (ICAs), the left and right middle
cerebral arteries (MCAs), and the basilar artery (BA),
using a validated semi-automatic MATLAB based tool
(https://github.com/uwmri/QVT) [49]. One total cere-
bral blood flow (tCBF) waveform was then defined by
adding the ICA and BA waveforms, and single ICA and
MCA waveforms were also defined by adding the right
and left ICAs and MCAs, respectively. The tCBF rate (ml/
min) was estimated from the tCBF waveform, and arte-
rial volume pulsatility (AV * heart rate) and the pulsatil-
ity index (PI) were estimated from the ICA and the MCA
waveforms. Arterial volume pulsatility (AV * heart rate;
ml/min) was calculated as the range of the cumulative
integral of the cardiac flow rate waveform after subtract-
ing the mean flow [12], but was also multiplied by heart
rate to achieve volume pulsations in units of ml/min. The
PI was defined as the flow range (systolic max — diastolic
min) divided by the mean flow rate over the cardiac cycle.

Statistical analysis

Multiple linear regression (MLR) was also used to model
RMS velocity (mm/s) in CSF as a function of age (years),
CSF volumes (ml), and arterial volume pulsatility (ml/
min). The RMS velocities were approximately normally
distributed (skewness 0.21 to 1.10; kurtosis —0.72 to
0.72) for all ROIs, and regression coefficients () from the
MLR models were standardized by z-score (i.e. all input
variables had zero mean and standard deviation one).
Linear (Pearson) correlation was used to assess rela-
tions between CBF dynamics and age. CA stroke volume
was not normally distributed (skewness 1.59); hence,
Spearman’s p was used to evaluate CA stroke volume in
relation to ventricular volume. P-values<0.05 were con-
sidered significant.

Results

Cardiac-pulsatility could be measured from 4D flow MRI
data in all the investigated CSF compartments, as indi-
cated by the group-averaged PCl-velocity waveforms
(Fig. 2) and the group-averaged AP-, LR-, and SI-velocity
waveforms (Sup. Figure 3). The average (+1SD) variance
explained by the PC1l-waveform was highest for the SC
(99+1.0%) and lowest for the LVs (75%9.4), and between
89 and 99% for the other CSF ROIs. Time-resolved
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Fig. 2 Cardiac-resolved CSF velocity waveforms in all CSF ROIs averaged over the entire cohort (N=43), with shaded regions representing+ 1 standard
deviation (SD). The individual velocity waveforms were defined as the first principal component (PC1) of the ROl-averaged x-, y-, and z-velocity compo-
nents. Note that positive velocities indicate CSF inflow to the brain (in the SC-to-LV direction), and negative velocities indicate CSF outflow due to CSF
being pushed out by the inflow of blood during the systolic phase of the cardiac cycle. The cohort-average heart rate was 66 +9.7 bpm

Table 1 CSF morphology and CSF velocity characteristics of the
cohort (N=43)

CSF region CSF vol. CSFfrac. RMSvel. Vel.
(ml) (%) (mm/s) range
(mm/s)

Whole-brain 1994334  100+0 NA NA

Lateral ventricles 232+126 113+491 025+008 085+028
Foramen of Monro  NA NA 159+0.70 4.88+2.14
Third ventricle 1344052 066+020 133+060 398+1.83
Cerebral aqueduct ~ NA NA 6.29+2.87 186+152
Fourth ventricle 1.59+041 081+£021 120+054 362+165
Spinal canal NA NA 510+208 1524587

Note CSF volumes were segmented using FreeSurfer (lateral, 3rd, and 4th
ventricles) and SPM (whole brain). The CSF fraction (%) was estimated by
dividing the regional CSF volume by the whole-brain CSF volume. The CSF
velocities were assessed by root-mean-square (RMS) and range, calculated from
the region-averaged CSF waveforms. For some of the regions, CSF volume or
velocity was not assessed, indicated by not applicable (NA)

visualizations of the CSF pulsations are provided in the
supplementary material (Sup. Vid. 1-2).

Group-averaged CSF velocities were lowest in LVs
(range: 0.85+0.28 mm/s; RMS: 0.25£0.08 mm/s) and
highest in the CA (range: 18.6%152 mm/s; RMS:
6.29+2.87 mm/s) (Table 1), indicating a wide range
of CSF velocities among regions. Within the group,
region-averaged velocity ranges extended from 0.46 to
1.96 mm/s in the LVs and 2.55 to 34.1 mm/s in the CA,
and RMS velocities from 0.14 to 0.49 mm/s the LVs and
0.85 to 12.36 mm/s in the CA (Sup. Figure 4), also indi-
cating high inter-individual variability in CSF dynamics.

Simultaneous visualization of the group-averaged PC1
CSF waveforms indicated that the systolic outflow and
diastolic inflow velocity peaks appear first in the SC,
later in the V4, and finally in the LVs (Fig. 3). However,
the CA, V3 and FMo waveform peaks appeared relatively
concomitantly, likely reflecting a limited ability to resolve
small time delays with the current temporal resolution.
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Fig. 3 Timing differences in inflow and outflow among CSF spaces, indicating that CSF outflow during the systolic phase of the cardiac cycle starts in the
(SQ), followed by the 4th ventricle (V4), then relatively concomitantly in the cerebral aqueduct (CA), 3rd ventricle (V3) and foramen of Monro (FMo), and
finally in the lateral ventricles (LV) with an outflow delay difference of about 3 frames (~ 140 ms) from the SC. Note that negative PCA velocity here indi-
cates CSF outflow (which occurs several times frames after the systolic onset), due to CSF being pushed out by the inflow of blood. The PC1 waveforms
displayed here were averaged over the entire cohort (N=43), with shaded regions reflecting + 1 standard deviation, and z-scored to facilitate visualization

on different velocity scales

Table 2 Cerebral blood flow characteristics of the cohort
(N=43) and relations to age

Table 3 CSF velocity relations to age, CSF volume and CBF
pulsatility using multiple linear regression

Vessel (s) Mean+SD Correlation to age
tCBF* (ml/min) 491+103 r=-0.30; p=0.051
ICA AV (ml/min) 523+114 r=025p=0.10
ICAPI 1.09+0.19 r=0.63;p<0.001***
MCA AV (ml/min) 319+7.67 r=0.18;p=0.26
MCA PI 1.13+0.22 r=0.58; p<0.001***

Note *The total cerebral blood flow (tCBF) waveform was calculated as the sum
of the internal carotid artery (ICA, left and right) and basilary artery waveforms.
MCA, middle cerebral artery; /\V, arterial volume pulsatility; Pl, pulsatility index

Total cerebral blood flow rate (tCBF) was 491+103 ml/
min (Table 2), with a borderline-significant inverse rela-
tion to age (r=-0.30; p=0.051). Further, arterial PI showed
pronounced age-relations (r=0.63 and r=0.58 for ICA
and MCA; p<0.001) and a Pl-increase of approxi-
mately 1.5%/year, whereas arterial volume pulsatility (A
V) showed non-significant positive age-trends (r=0.25,
p=0.10 for ICA; r=0.18, p=0.26 for MCA).

Since CSF velocity ranges and RMS velocities were very
highly correlated (R=0.95 to R=0.99) for all CSF ROIs
(Sup. Figure 4), only RMS velocities were considered
in multiple linear regression (MLR) models. The MLR
results indicated an age-related increase in CSF veloc-
ity for most ROIs (FMo, V3, CA, V4), but an age-related

RMS vel. (mm/s) Effect of age Effect of CSF  Effect of
volume CBF pul-

satility

Lateral ventricle B=-042; B=-047; =029
D <0.001%** p<0.001%* p=0.020*

Foramen of Monro B=041,p=0.007** NA B=017;

p=044

3rd ventricle 3=039;p=0013* R =-040; 3=0.24;
p=0012*% p=0.093

Cerebral aqueduct f=034;p=0.029* NA 3=0.06;

p=0.69

4th ventricle 3=030;p=0.035* (=019 3=031;
p=0.16 p=0.030*

Spinal canal B=-007,p=065 NA 3=039;
p=0.012%

Note The [ represents a standardized estimate. The effect of CSF volumes
corresponds to local CSF space volume of the corresponding ROI (i.e., where
velocities were analyzed). Effect of CBF pulsatility corresponds to arterial
volume pulsatility (/A V; ml/s) in the MCA

decrease for the LVs, as well as inverse CSF space vol-
ume-velocity relationships in the LVs and V3 (Table 3).
Further, in 3/6 ROIs (LV, V4, SC), there was an expected
positive CBF-CSF dynamics association, whereas the
others showed non-significant positive trends.
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Stroke volume in the CA ranged from 1.32 to 49.5
(13.7+11.6) pl per cardiac cycle (Fig. 4), indicating very
large interindividual variability. Stroke volume was also
evaluated against ventricular volume (Sup. Figure 5),
showing a positive association (p=0.53; p<0.001).

Discussion

We demonstrated the feasibility of 4D flow MRI as a
method for simultaneous, quantitative assessment of
cardiac-related CSF dynamics throughout the ventricular
system. We further provided descriptive values of RMS
velocities and velocity ranges across multiple ROIs in a
cognitively healthy aging cohort. As an initial study, we
also showed 4D CSF flow MRI dynamics to be influ-
enced by age, CSF space morphology, and cardiac-related
CBF pulsations. These findings provide valuable data to
inform future studies on disease progression, including
information to aid in the selection of imaging param-
eters (e.g. Venc) and inform the overall study design (e.g.
controlling for age, CSF volumes, and CBF). Our stud-
ies also highlight the potential of 4D flow MRI to inves-
tigate CSF flow changes associated with aging, altered
CBE-CSF coupling, INPH, AD, among other neurological
disorders.

Cardiac pulsatility was measurable in all CSF compart-
ments with a venc of 5 cm/s, although the presence of
noise was much more prominent in the LVs compared
to other CSF spaces, as both indicated by the waveforms
(Fig. 2) and by the variance explained by the first prin-
cipal component (i.e., ~75% in the LVs vs. 99% in the
SC). Considering that region-averaged LV ranges were
<1 mm/s on average, the protocol velocity encoding of
5 cm/s is likely sub-optimal for this CSF space. Stadlbauer
et al. [28] reported 4D flow dynamics in the LVs with
maximum peak velocities of 7.6+2.2 mm/s; however, the
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study does not describe the landmark location for the
LV measurements (e.g. inlet plane vs. region-averaged),
which can largely influence the reported velocities. In our
study, we observed a substantially lower region-averaged
velocity range (0.85+0.28 mm/s), but high peak veloci-
ties could still be observed in single voxels (~20 mm/s).
While LV velocities may be high near the inlet, complex
flow patterns and high variability in velocity within the
LVs can be expected, creating a challenge to define stan-
dardized landmarks for velocity measurements. Never-
theless, the current 5 cm/s setting appeared suitable for
high-velocity compartments such as SC and CA, and
still managed to capture ventricular dynamics related to
age, ventricle volume, and CBF pulsations. Previous 4D
CSF flow studies have selected widely different velocity
encodings depending on the application, with most stud-
ies ranging from 5 to 20 cm/s [27]. Future 4D CSF flow
MRI studies should consider lower or dual-venc settings
suitable for the LVs velocities.

CSF velocity increased with age in 4/6 regions (FMo,
V3, CA, V4), whereas an inverse age-relation was found
for the LVs. In a previous study comparing INPH patients
with hypermotile CSF flow to controls, INPH patients
showed elevated velocities in V4, CA, V3 and FMo,
whereas no differences where observed in LV veloci-
ties between the groups [28]. The regression model in
our study included age, LV volume and arterial volume
pulsatility, suggesting an age-effect independent of ven-
tricular expansion, or a non-linear effect such as altered
tissue mechanics properties. Regarding the CBF-CSF
associations, a significant positive relation was found in
3/6 CSF regions (LV, V4, SC), supporting the notion that
CBF pulsations drive CSF flow motion. Previous studies
have shown a close relationship between the CSF wave-
form and the difference between the arterial inflow and

25 T T T T T

20F

=43)

Participants (N

0 10 20 30 40 50
CA stroke volume (ul)

Fig. 4 Group-averaged cerebral aqueduct (CA) CSF flow waveform after manual segmentations performed in GyroTools GTFlow, with patched region
corresponding to + 1 standard deviation (SD). The average stroke volume was 13.7+11.6 ul per cardiac cycle from N=43 participants
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the venous outflow waveforms, reflecting the near-rigid
properties of the skull [14, 15]. Further, a 2D PC MRI
study found high correlation (r=0.75) when comparing
arterial inflow vs. jugular vein plus CSF outflow in the
cervical spine [12]. The smaller effects of CBF pulsations
on CSF velocities in our data ($=0.06 to 0.39, or r=0.06
to 0.38) may partially be attributed to the lower temporal
resolution of the 4D CSF flow scan (prospectively gated
with 10-15 cardiac phases) compared to the CBF 4D flow
scan (retrospectively gated to 20 cardiac phases), and
partially due to the lack of jugular vein measurements
(e.g. venous outflow).

In line with previous findings, arterial PI increased with
age, with approximately 1.5% per year; a relatively large
effect compared to previous cross-sectional [50] and lon-
gitudinal [23] age-effects of 1.0-1.2%. The large age-PI
effect and the borderline-significance of the age-tCBF
effect likely reflects the small sample size of the current
study. However, no age-association was found for the
arterial volume pulsatility measures. This likely reflects
that while AV goes up as blood flow becomes more pul-
satile with older age, the age-related tCBF decline causes
a concomitant reduction in AV. Hence, the net effect of
age on AV is expected to be relatively small.

CSF velocities were mainly assessed using principal
component analysis with region-averaged AP, LR, and SI
velocity waveforms as input, although flow rate (ul/min)
and stroke volume (ul) using cross-sectional cut planes
were also assessed for the CA. While defining orthogonal
planes is straightforward for some CSF ROIs (e.g., the SC
and CA), positioning of planes is less obvious for larger
CSF spaces [51] (V4, V3, and LVs). Further, segmentation
of tight conduits (FMo and CA) could cause partial vol-
ume errors with relatively large impact on flow rates. In
contrast to CBF studies where semi-automatic flow tools
[49] are evaluated and easily accessible, a combination of
fully automatic (FreeSurfer) and semi-automatic in-house
tools was used for CSF segmentation, potentially caus-
ing some user-dependent variability. With an increasing
number of studies showing the feasibility of CSF dynam-
ics imaging, post-processing tools for CSF segmentation
and CSF motion analysis need to be developed and evalu-
ated. In the CA, the region-averaged velocity range was
18.6+£15.2 mm/s, which was surprisingly far below the
venc (50 mm/s). Using 2D PC MRI, Eide et al. observed
min and max velocities of -44.6 and 36.9 mm/s in the CA
of the reference group [18] and Lee et al. observed peak
systolic velocities of 33.0£16.1 to 40.7£20.2 mm/s along
CA segments of healthy volunteers [52]. Moreover, our
CA stroke volumes of 13.7+11.6 pl were also relatively
low compared to 2D PC studies by Balédent et al. [13]
(51£25 pl), Wahlin et al. [12] (32+19 pl) and Sakhare et
al. [22] (38%17 ul). Our relatively low CA velocities and
stroke volumes compared to other 2D PC studies can
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potentially be attributed to our lower spatial and tem-
poral resolutions (1.0 mm acquired voxel size; 10-15
acquired frames/cycle), making it difficult to detect peak
velocities in narrow conduits. Furthermore, region-aver-
aging and PCA filtering of the CSF waveforms also likely
contributes to our observed lower velocity measurements
(compared to 2D planes). A recent 4D flow MRI study
also underestimated velocities compared to 2D studies,
reporting velocity amplitudes in the upper and lower CA
of 7.8+£5.0 mm/s and 9.417.0 mm/s respectively [31]. To
understand these discrepancies, PC MRI studies charac-
terizing the sources contributing to 4D flow and 2D PC
CSF velocity differences are warranted. Nevertheless, in
our study CA velocities and stroke volume were related
to age and ventricular volume, agreeing with previous
findings [53].

The group-averaged CSF waveforms also indicated time
delays between subsequent ROIs, with spinal CSF peaks
preceding the other CSF peaks, with a particularly long
delay (~140ms or ~15% of the cardiac cycle) to the lat-
eral ventricles. Similar delays were also reported in a 2D
PC study of young participants (27 %4 years) by Balédent
et al., observing short propagation times between arterial
and spinal peaks (~ 5% of the cardiac cycle), and relatively
long delays (~21% of the cardiac cycle) between arterial
flow and the aqueduct, corresponding to a CSF flow delay
of ~16% from the SC to the CA [13]. The slightly higher
propagation speed in our study may partially be attrib-
uted to an elderly cohort. One 4D flow study used cor-
relation mapping and a reference region approximately at
the basilar artery level to assess CSF propagation to the
V4, V3 and LVs, with age-dependent time delays corre-
sponding to 7.03—-12.01% and 4.56-5.22% of the cardiac
cycle in healthy young and elderly, respectively [54].
These relatively small time delays compared to our data
and Balédent et al. [13] are likely attributed to a differ-
ence reference region, further superior in the intracranial
CSF space. Overall, it is plausible that CSF outflows from
SC first during systole due its location at the interphase
between the cranium and the neck, where blood inflows
to the cranial cavity, and in a similar fashion CSF inflows
first through the SC as it returns from the body to the
cranium during diastole.

This study has a few limitations. Different 4D flow
sequences were used to study CBF and CSF dynamics,
partially because of challenges associated with the lon-
ger T1 of CSF and utilization of a sagittal acquisition to
image the CSF ventricular space. Further, the CBF 4D
flow scan had higher temporal resolution than the CSF
4D flow scan (retrospective vs. prospective cardiac gat-
ing), leading to broadening of the CSF waveform peaks.
Moreover, the spatial coverage of the CBF scan was opti-
mized for the circle of Willis arteries and did not capture
jugular veins blood flow, making it difficult to assess total
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venous outflow. Hence, venous flow was not considered
in this study. Furthermore, CBF and CSF dynamics were
collected in separate scans, potentially leading to heart
rate variability between scans. Together, this limited the
study of CBF-CSF coupling. Finally, only cardiac gating
(i.e., no real-time or respiratory gating) was considered in
the current study, making it impossible to detect low-fre-
quency CSF dynamics induced by slow vasomotion [55]
or respiration [20, 21, 56]. Assessment of low-frequency
CSF dynamics using 4D flow is challenged by the low
velocities and long T1 times of CSE, likely leading to pro-
hibited scan times. While real-time and/or respiratory
gated 4D flow approaches should be explored leveraging
recent advancements in hardware, acquisition and recon-
struction, real-time 2D PC approaches are likely better
suited, albeit with limited coverage.

In conclusion, 4D flow MRI is feasible for assessing
cardiac-related CSF velocities throughout the ventricu-
lar system in a single scan. Like for CBF pulsatility, car-
diac-related CSF dynamics increased with age for most
CSF compartments, although the LVs showed an inverse
age-association. In multiple linear regression models,
CSEF velocity could be described as a function of age, CSF
morphology, and arterial volume pulsatility. These find-
ings suggest a complex relationship where multiple fac-
tors influence CSF flow dynamics, something that needs
to be considered in future studies attempting to elucidate
the role of CSF dynamics in the context of brain aging
and neurological disorders.
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