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ABSTRACT
Understanding how body posture influence the cerebrospinal fluid (CSF) and blood flow is crucial for developing effective treat-
ment strategies for neurological diseases. 2D phase contrast (PC) MRI is commonly used to investigate flow dynamics in the 
cerebral aqueduct (CAq) and large blood vessels. However, the measured results are susceptible to head motion and variation in 
slice locations between postures.
We developed a PC-MRI sequence incorporating prospective motion correction (PMC) and consistent slice prescription. Using 
this sequence, we investigated blood and CSF dynamics in young healthy adults in supine and prone postures. Stroke volumes, 
flow velocities, absolute flows, and cross-sectional areas of the CAq, internal carotid artery (ICA), vertebral artery, internal jugu-
lar vein (IJV), superior sagittal sinus, and straight sinus were measured in 14 healthy volunteers in both postures.
Compared to the supine posture, we found no significant change in blood flow in any blood vessels in the prone posture, but 
the ICA (p = 0.009) and IJV (p = 0.049) stroke volume significantly decreased. Meanwhile, the absolute flow (p = 0.005), stroke 
volume (p = 0.001), and velocity variation range Vrange(p = 0.002) of the CAq significantly decreased in the prone posture. There 
were significant positive correlations between the posture-induced stroke volume changes of CAq and ICA (ρ = 0.55, p = 0.044) 
and of IJV and ICA (ρ = 0.76, p = 0.016). The cardiac phase dependent changes in flow velocities were also strongly correlated 
between CAq and ICA.
These findings suggest a close coupling between blood flow and CSF dynamics and a reduction of CSF circulation during prone 
posture. The developed sequence will facilitate longitudinal monitoring of vascular and CSF flow properties during the patho-
genesis of neurovascular diseases.

1   |   Introduction

Disturbances in cerebral hemodynamics and cerebrospinal fluid 
(CSF) dynamics are associated with neurological disorders such 
as stroke and hydrocephalus [1–3]. Therefore, understanding 
the factors that modulate hemodynamic and CSF behavior may 
shed new light on the pathogenesis of these conditions. A variety 

of physiological and behavioral factors have been shown to in-
fluence these dynamics, including respiration [4–8], cardiac 
pulsation [9], blood pressure [10, 11], neural activity [12], physi-
cal movement [13], and body posture [14]. Among these factors, 
body posture has drawn growing attention for its influence on 
fluid physiology in the human body. Postural changes have been 
shown to affect a range of physiological processes, including 
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blood and CSF circulation, heart rate regulation, blood pressure 
modulation, and adaptive responses of the autonomic nervous 
system [14–26].

Supine and prone positions are among the most common pos-
tures in daily life and are also frequently adopted in clinical 
interventions and rehabilitation. For example, prone position-
ing has been widely applied in the treatment of severe respi-
ratory diseases [27], whereas long-term bedridden patients are 
typically maintained in the supine posture. Previous studies 
have shown that CSF circulation is enhanced during sleep, 
facilitating the clearance of metabolic waste [28, 29], and pos-
ture may influence this process. Therefore, comparing CSF 
and blood flow dynamics between supine and prone positions 
is not only important for understanding the regulatory mech-
anisms of posture on brain waste clearance but also has im-
plications for disease management and clinical neuroimaging 
applications.

However, studies that simultaneously assess the effects of pos-
ture on human CSF dynamics, blood flow, and their coupling 
are still lacking. Previous studies have primarily focused on 
examining changes in CSF or blood flow between the upright 
and supine postures [17, 20], or only on comparing blood flow 
changes between the supine and prone postures [23].

The phase-contrast magnetic resonance imaging (PC-MRI) 
sequence is a well-established noninvasive technique for mea-
suring blood and CSF flow [30–33]. By targeting specific ves-
sels, placing the imaging plane perpendicular to the vessels, 
and setting the velocity encoding gradient parallel to the ves-
sels, 2D PC-MRI requires less scan time and allows dynamic 
properties to be measured within a few minutes compared 
to the 4D counterpart [34]. However, if the imaging slice is 
not perpendicular to the blood vessel, the measured flow ve-
locity may be underestimated. In addition, measured veloc-
ity can vary depending on the slice location along the vessels 
[35]. Therefore, to accurately assess the posture dependence, 
it is essential to ensure that the same anatomical location is 
scanned across different postures. Moreover, involuntary 
head movements resulting from prolonged posture mainte-
nance (particularly in the prone posture) may introduce mo-
tion artifacts, which can in turn affect the accuracy of flow 
measurements [36–38].

This study aims to measure CSF and blood flow dynamics at 
cerebral aqueduct (CAq), vertebral arteries (VAs), internal ca-
rotid arteries (ICAs), internal jugular veins (IJVs), superior sag-
ittal sinus (SSS), and straight sinus (SRS) in the supine and prone 
postures in young healthy adults. To ensure consistent slice 
placement across supine and prone postures, a consistent slice 
prescription method was developed based on image registration. 
As the CAq is typically curved, to ensure that the imaging slice 
was perpendicular to the CAq, the slice position and orientation 
were calculated based on CAq masks automatically segmented 
using a 3D U-Net [39]. Furthermore, to reduce motion artifacts 
caused by involuntary head movements, we implemented fat 
navigator (FatNav)-based prospective motion correction (PMC) 
for the PC-MRI sequence. The proposed approach is also suit-
able for longitudinal studies, as it enables consistent slice posi-
tioning across repeated scans.

The Methods and Results sections are each divided into two 
parts. The first part describes the development and validation 
of the slice prescription and PMC methods, and the second part 
reports the study of the posture dependence of CSF and blood 
flow dynamics in CAq and large cerebral blood vessels.

2   |   Methods

All studies were approved by the Ethics Committee of 
ShanghaiTech University. Informed written consent was ob-
tained from each subject prior to MRI scans.

2.1   |   Technical Development

2.1.1   |   CAq Segmentation and Slice Prescription

Because of the curved shape of the CAq, manual slice prescrip-
tion was time-consuming and susceptible to human errors. 
Therefore, we first developed a 3D U-Net based CAq segmen-
tation model to automatically generate CAq masks based on 3D 
T2-weighted images (T2WI), which allowed automatic and ac-
curate determination of the slice position and orientation.

2.1.1.1   |   Data Acquisition for Segmentation Model 
Development.  Twenty-nine subjects (aged 20–47 years; 
8 females, 21 males) were scanned using a variable flip angle 
turbo spin echo (TSE) sequence to obtain T2WI for training a 
3D U-Net model for automatic CAq segmentation. Some of them 
underwent multiple scans using identical or different proto-
cols, resulting in a total of 61 T2WI. The sequence parameters 
are summarized in Table 1.

2.1.1.2   |   Segmentation Model Training and Testing.  All 
T2WI data were  cropped to a matrix size of 128 × 128 × 128 
whose center coincided with the center of CAq before input 
into a 3D U-Net model for CAq segmentation [39]. Representa-
tive cropped T2WI slices for training and testing are shown in 
the left column of Figure 1. The U-Net architecture is given in 
Figure 1S. The ground truth CAq mask was manually labeled 
from the bottom of the third ventricle to the top of the fourth 
ventricle, as shown in the middle column of Figure 1.

The segmentation accuracy was evaluated using 10-fold cross-
validation by randomly dividing all subjects into 10 groups 
(1 group with 2 subjects and the remaining 9 with 3 subjects 
each). The training was repeated 10 times with each of the 10 
groups serving as the test set while the remaining nine serv-
ing as the training set. Model performance was assessed using 
three standard metrics: dice similarity coefficient (DSC), sen-
sitivity (SEN), and positive predictive value (PPV), defined as 
follows:

(1)DSC =
2TP

2TP + FP + FN

(2)SEN=
TP

TP+FN

(3)PPV=
TP

TP+FP
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where TP, FP, and FN represent true positive, false positive, and 
false negative voxel counts, respectively, using the manually an-
notated CAq mask as ground truth.

2.1.1.3   |   Slice Prescription.  Based on the manually 
or automatically segmented CAq masks, the following proce-
dure was adopted to obtain the slice prescription. First, the ter-
minal points of the CAq masks were identified using their 3D 
coordinates. Then, the shortest centerline path in the mask that 
connects these two points was obtained using the shortestpath 
function in MatLab. The midpoint of this path was selected as 
the center of the scan plane. Finally, to determine the orienta-
tion of the CAq path, we selected nine voxels including the mid-
dle voxel of the path and four voxels above and four voxels below 
the middle voxel along the path. Principal component analysis 
(PCA) was then applied to the coordinates of these nine voxels, 
and the first principal component was taken as the slice nor-
mal direction. We estimated the maximum deviation of the esti-
mated direction from the true direction as the rotation angle 

around the center which gives rise to a relative displacement 
of one voxel between the two terminals of the nine voxels seg-
ment. Therefore, the error is calculated to be arctan (1/9) = 6°, 
which was used in Section 2.1.2.1 to measure the effect of slice 
direction change on the measured flow velocity. The T2WI 
reconstruction took ~60 s. The CAq segmentation and scan slice 
calculation took 10 s on a workstation equipped with i9-13900K 
CPU and 128 Gigabytes of memory. The workstation was sepa-
rate from the scanner.

2.1.2   |   Consistent Slice Prescription After 
Repositioning

To ensure consistent slice position relative to the head after head 
movement, the slice position of the first scan was used to calcu-
late that of the following scans using a spatial transformation 
matrix obtained by registering the T2WI at the new position to 
the T2WI at the first position. To validate the effectiveness of 

TABLE 1    |    The parameters of the turbo spin echo sequence for obtaining T2 weighted images.

Protocols 1 2 3 4

FOV (mm3) 256 × 240 × 208 336 × 329 × 270 256 × 246 × 200 320 × 300 × 208

Voxel size (mm3) 0.80 × 0.80 × 0.80 0.6 × 0.6 × 0.6 0.8 × 0.8 × 0.8 0.80 × 0.80 × 0.80

TR/TE (ms) 3200/569.6 3000/408 3000/401.72 3200/569.6

Flip angle (°) 21 ~ 180 22 ~ 180 22 ~ 180 21 ~ 180

Accel factor 3.11 5 6 3.83

No. averages 1 1 7 1

Scan time (min:sd) 3:35 5:57 19:00 4:09

No. subjects 14 24 15 8

FIGURE 1    |    (A) and (B) representative T2-weighted images cropped to a matrix size of 128 × 128 × 128 in two subjects. The cropped region cen-
tered on the CAq and was used for training and testing the 3D U-Net model. The middle column shows overlaid manual and U-Net predicted seg-
mentation masks, while the right column shows the manual and calculated slice prescriptions.
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the developed slice prescription method, the flow parameters of 
CAq were repeatedly measured in 12 healthy volunteers (aged 
24–27 years; 2 females, 10 males) with and without subject re-
positioning. Then, the repeatabilities of the parameters were 
compared between the repositioning and no repositioning con-
ditions. The subjects remained in the supine posture during all 
scans in this section.

2.1.2.1   |   Data Acquisition.  The initial slice position was 
automatically determined based on the segmented CAq mask 
from the T2WI obtained prior to the PC-MRI scans, as detailed 
in Section 2.1.1. The T2W1 sequence parameters are shown in 
the first column of Table  1 and the PC sequence parameters 
are shown in the first column of Table 2.

Subsequently, two consecutive PC-MRI scans were performed 
without subject repositioning as a reference. To evaluate whether 
slight deviations in the slice angle would affect measured flow, 
10 of the participants underwent additional one or two scans, 
during which the imaging plane was rotated by 6° in the sagittal 
plane from the original orientation.

Afterwards, 8 of the subjects were asked to exit the scanner and 
rested for 5 min. They then re-entered the scanner in the supine 
posture, and the slice position was recalculated using spatial 
transformation matrices obtained by registering the reacquired 
T2WI to the initial T2WI using the registration module in the 
Insight toolkit (ITK) (v4.6) [40, 41]. The registration module was 
integrated into the PC-MRI scan preparation software such that 
no manual input of the new slice positions was needed. Last, 
one or two scans were performed in the new slice positions. 
Participants were instructed to remain still during all scans.

2.1.2.2   |   Data Analysis

2.1.2.2.1   |   Image Consistency After Repositioning.  All 
data analysis was performed offline. To quantitatively assess 
the consistency of repeated scan positioning, we calculated 
the Structural Similarity Index (SSIM) [42] between the images 
obtained from the first and second scans before repositioning, 
and between the first images before and after repositioning.

2.1.2.2.2   |   Reconstruction of Dynamic PC Images.  All 
PC-MRI k-space data were divided into 10 cardiac phases 

according to their acquisition time in the cardiac cycle. Data in 
each cardiac cycle were reconstructed using the GRAPPA algo-
rithm  [43], resulting in 10 × 2 (2 consists of velocity encoding 
gradient on and off) images. We found that increasing the num-
ber of phases would lead to ring-like vessels in the reconstructed 
images in some phases, due to a higher undersampling fac-
tor with an increased number of phases.

The magnitude images of individual coils were combined by 
root sum of squares, and the phase images were calculated from 
the phase of the summed products of the complex images with 
velocity encoding gradient on and the complex conjugate of the 
image with VENC off of individual coils [44].

2.1.2.2.3   |   Definition of CAq and Background ROIs.  CAq 
ROIs were defined using a threshold-based method. As shown 
in Figure  2S (A), a background ROI was defined as a ring 
immediately surrounding the CAq with a width of four pixels, 
and the vessel ROIs were identified as pixels within the ring 
with intensities two standard deviations above the mean in 
the magnitude image, where the standard deviation and mean 
were calculated in the background ROI. The vessel ROIs were 
defined based on the magnitude images averaged across all 
cardiac phases. After generating the ROIs, isolated pixels were 
removed to ensure spatial continuity of ROIs.

2.1.2.2.4   |   Background Phase Correction.  To mitigate 
phase errors induced by eddy currents, background phase was 
estimated by fitting the phase image in the background ROIs 
with a second-order polynomial. The estimated background 
phase was then subtracted from the phase image [45].

2.1.2.2.5   |   Flow Parameters.  Quantitative measures were 
derived from the dynamic flow velocity curves, including abso-
lute flow (Fabs), cross-sectional area, and velocity range (Vrange) 
[46, 47], as follows:

where Vi and S are the velocity of each cardiac phase i and 
cross-sectional area, respectively, and n is the number of cardiac 
phases. The cross-sectional area was calculated the product of 
the number of pixels in the vessel ROIs and square of in-plane 

(4)Fabs=
1

n

n∑

i=1

||Vi||S

TABLE 2    |    The parameters of TOF and PC-MRI sequences.

Sequence PC (CAq)
PC

(VA, ICA, IJV, SSS, SRS) TOF

FOV 210 × 180 (mm2) 220 × 180(mm2) 250 × 190 × 36.8 (mm3)

Voxel size (mm3) 0.66 × 0.66 × 5 0.49 × 0.49 × 2 0.49 × 0.49 × 0.80

TR/TE (ms) 60/15 60/15 35/7

Flip angle (°) 25 50 20

No. averages 20 20 1

Accel factor 2 2 5.04

VENC (cm/s) 15 90/60 N/A

Scan time (min:sd) 3:04 3:59 5:11
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pixel size. Vrange was calculated as the difference between the 
maximum and minimum velocities. The minimal and maxi-
mum positions in the velocity time courses were determined on 
the group-averaged velocity time courses, as their determination 
was susceptible to errors due to the presence of noise in individ-
ual time courses.

To quantify repeatability, the coefficient of repeatability was cal-
culated as

where σd is the standard deviation of differences between re-
peated measurements. The repeatability of Vrange and Fabs of CSF 
within the CAq was evaluated using the Bland–Altman plot, 
comparing continuous scanning without and with reposition-
ing. Furthermore, changes in Vrange and Fabs were calculated after 
changing the slice orientation by 6°.

2.1.3   |   FatNav-Based PMC

PMC was developed for the PC-MRI sequence to reduce motion 
artifacts in images. PMC is achieved by adjusting the position 
and direction of the imaging field of view (FOV) in real-time 
based on motion parameters measured using FatNavs, to ensure 
consistent slice position relative to the head. To evaluate the ef-
fectiveness of PMC, flow parameters were compared between 
conditions of still, head motion without PMC, and head motion 
with PMC. The evaluation was only performed for the CAq, SSS, 
and SRS, as our pilot study found that PMC was not effective for 
cervical vessels ICA, VA, and IJV.

2.1.3.1   |   Data Acquisition.  The FatNav and PC-MRI 
data were acquired in an interleaved manner, similar to 
what has been reported before [48]. The FatNav acquisi-
tion parameters were as follows: matrix size = 56 × 56 × 56, 
FOV = 224 × 224 × 224 mm3, TE = 2.8 ms, TR = 5.0 ms, partial 

Fourier factor = 0.8 along both phase and partition encoding 
directions, acceleration factor = 4 × 4, flip angle = 7°. The ini-
tial FatNav image was continuously acquired at the beginning 
of the sequence with a TR of 5 ms, obtaining fully sampled 
calibration data from the 24 × 24 (PE × PAR) central rectan-
gular region of k-space, so the acquisition time of the initial 
FatNav image was 3.3 s. The subsequent FatNav volumes (121 
lines each) were interleaved into the PC-MRI sequence by dis-
tributing the acquisition across multiple PC-MRI TRs. Since 
the FatNav was applied during the blank period of the main 
sequence, the TR of the PC-MRI did not increase, so the acqui-
sition time of subsequent FatNav volumes is 3.63 s. Therefore, 
the total scan time increase is only ~3.3 s compared to the stan-
dard PC-MRI sequence.

To investigate the potential effects of the FatNav and PMC 
modules on flow quantification, 12 participants (aged 
19–24 years; 4 females, 8 males) were scanned with their 
heads remaining still. Three PC-MRI scans were conducted 
to measure the cardiac phase dependent flow of CAq or blood 
vessels, including a conventional PC-MRI without FatNav or 
PMC, a PC-MRI with FatNav but no PMC, and a PC-MRI with 
FatNav and PMC.

Each participant was first scanned by TSE and time-of-flight 
(TOF) sequences for CAq and blood vessel visualization. The slice 
prescription method of CAq was the same as in Section 2.1.2.1, 
and for other vessels, the slice positions were manually deter-
mined by placing the slices approximately perpendicular to the 
VA/ICA/IJV and SSS/SRS on the TOF and T2WI, respectively. 
The yellow lines in Figure 2 indicate the slice positions for the 
different vessels. The PC and TOF sequence parameters are pro-
vided in Table 2.

To assess the effectiveness of the PMC module for alleviating 
motion artifacts, 18 participants (aged 23–27 years, 4 females, 
14 males) were instructed to perform head rotations with-
out moving their eyes to follow the movement of a fixation 

(5)Coefficient of Repeatability=1.96∗σd,

FIGURE 2    |    Top row: Reference images for determining the slice prescriptions for imaging different vessels by PC-MRI. The yellow lines indicate 
the slice locations for the phase contrast scans. Bottom row: magnitude images from the phase contrast scans.
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mark displayed on an MR-compatible screen inside the scan-
ner. Participants were asked to perform the same movements 
during scans with and without PMC. The fixation mark and 
their motion patterns are illustrated in Supplementary Material 
Figure  3S (A)–(C), which corresponds to roll, pitch, and yaw, 
respectively. For reference, scans were also performed with their 
heads remaining still and PMC off. Participants performed one 
to three of the motion patterns displayed in Figure 3S with PMC 
on and off. The subjects remained in the supine posture during 
all scans.

2.1.3.2   |   Image Reconstruction and Processing.  FatNav 
images were reconstructed in real-time via an extension mod-
ule provided by the vendor using the GRAPPA algorithm [48, 
49]. The reconstruction time of the first and subsequent FatNav 
images was 4.17 and 0.69 s, respectively. The GRAPPA cali-
bration kernel was calculated from the fully sampled central 
regions of the first FatNav image. The second FatNav image 
was used as a reference for registration, as the first image had 
slightly different contrast. Registration was carried out using 
ITK [40], which took about 0.5 s for each FatNav image. The 
motion parameter reception by the sequence occurred within 
70 ms after the completion of image registration. The cumula-
tive processing time, including image reconstruction (0.69 s), 
registration (0.5 s), and parameter transmission (70 ms), totaled 
approximately 1.26 s.

For the PC images, the reconstruction procedure is the same as 
described in 2.1.2.2.

2.1.3.3   |   Data Analysis.  The definition of blood ves-
sel and background ROIs followed the same procedure as 
for the CAq ROIs. Unlike CAq, other vessels were present next 
to SSS and SRS, which could be included in the background 
ROI. To remove nearby vessels from the background ROI, back-
ground pixels with velocities exceeding 7 cm/s were excluded 
[45]. The resulting blood vessel and background ROIs are shown 
in Figure  2S (B)–(F). Background phase was also estimated 
and subtracted from the vessel phase following the same proce-
dure as for CAq in Section 2.1.2.2. If fewer than six background 
pixels were available after exclusion, the mean background 
value was used instead.

The impacts of the FatNav and PMC on PC images were evalu-
ated using visual assessment and quantitative measures includ-
ing Fabs and Vrange and mean velocity across cardiac cycle. As the 
velocity of CAq exhibits bipolar oscillation, only Vrange was calcu-
lated for CAq, while only mean velocity across cardiac cycle was 
calculated for SSS and SRS.

The impact of FatNav acquisition was evaluated by comparing 
the results obtained under (1) PC-MRI without FatNav or PMC, 
(2) PC-MRI with FatNav but without PMC, and (3) PC-MRI with 
both FatNav and PMC conditions, when the subjects remained 
still. To evaluate the motion correction performance, we com-
pared the Fabs, Vrange, and mean velocity between PMC on and off 
conditions in the presence of motion. The statistical significance 
of the differences between conditions were assessed using the 
Wilcoxon signed rank test.

To assess whether the motion severity was positively correlated 
with its impact on the measured parameters, we calculated the 
absolute relative changes of the parameters under motion and 
PMC off conditions. The relative changes were calculated as the 
differences between the motion and PMC off conditions and the 
still condition, normalized by the values under the still condition. 
The motion severity was quantified by the motion score, which is 
defined as the sum of the root sum of squares of the translational 
parameter ranges (in mm) and the root sum of squares of the ro-
tational parameter ranges (in degrees) during the whole scan.

2.2   |   Posture Dependence

This section applied the techniques developed in Section 2.1 to 
study the CSF flow and blood flow dynamics in CAq and blood 
vessels under supine and prone postures.

2.2.1   |   Data Acquisition

Fourteen healthy adults (aged 24–27 years; 5 females) par-
ticipated in the study. Each participant was first scanned 
by TSE and TOF sequences for CAq and blood vessel visu-
alization in the supine posture. The initial slice positioning 
methods for CAq and the blood vessels are the same as de-
scribed in Section 2.1.1 and 2.1.3. Three PC-MRI scans were 
then acquired that targeted CAq, VA/ICA/IJV, and SSS/SRS, 
respectively. Participants got off the bed and rested for 5 min 
after completing the supine scans, then proceeded with the 
prone scans . A T2WI was first acquired using the same TSE 
sequence. The slice positions for the CAq, VA/ICA/IJV, and 
SSS/SRS in the prone posture were automatically calculated 
using spatial transformation matrices obtained by registering 
the T2WI in the prone posture to that in the supine posture. 
The registration took approximately 8 s.

For the supine position, subjects lay flat on their backs. While 
in the prone position, a sponge cushion was placed under the 
forehead to ensure unobstructed breathing, with the neck kept 
either straight or slightly tilted when necessary to avoid pressing 
the nose and arms kept straight by the side of the body, as illus-
trated in Figure 4S.

2.2.2   |   Data Analysis

The image reconstruction and processing followed the same 
procedures as described in Sections  2.1.2 and 2.1.3. However, 
the width of the annulus for the background ROIs of ICA, IJV, 
and VA was two pixels, as numerous other vessels were present 
in close proximity.

To investigate the impact of posture on CSF and blood flow, Fabs, 
heart rate, stroke volume, mean velocity, Vrange, and area of the 
different vessels were compared between the supine and prone 
postures. The Wilcoxon signed rank tests were used to assess 
the statistical significance of the differences in physiological and 
hemodynamic parameters between the postures. Furthermore, 

 10991492, 2025, 11, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/nbm

.70157 by X
iaopeng Z

ong - C
as - Shanghaitech U

niversity , W
iley O

nline L
ibrary on [18/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



7 of 18NMR in Biomedicine, 2025

the correlations of posture induced changes in stroke volume 
between different vessels were evaluated using scatter plots and 
Spearman correlation analysis.

3   |   Results

3.1   |   Technical Development

3.1.1   |   CAq Segmentation and Slice Prescription

The middle columns in Figure 1 show a comparison between the 
manually and automatically segmented masks of the CAq in two 
subjects. There is a close match between the manual and automati-
cally generated CAq masks in both subjects. Notably, these images 
were not included in the training of the segmentation model.

DSC of 0.90 ± 0.16, SEN of 0.89 ± 0.02, and PPV of 0.91 ± 0.04 
(mean ± standard deviation) were achieved in 10-fold cross val-
idation. The average distance between the slice centers and the 
average angle between the slice normal directions calculated 
based on the manual and automatic masks were 0.61 ± 0.34 mm 
and 2.33° ± 0.52, respectively.

3.1.2   |   Slice Prescription After Repositioning

Figure 3A and B show representative magnitude images from 
PC-MRI before and after repositioning. The acquired images 
after repositioning exhibit high similarity to the initial images. 

The SSIM between the first scan, repeated scans without re-
positioning and with repositioning were 0.996 ± 0.002 and 
0.994 ± 0.003, respectively.

Figure  4 presents the Bland–Altman plots for Fabs and Vrange 
within CAq from repeated scans without and with reposi-
tioning. As shown in Figure  4A and B, the mean difference 
in Fabs between the two scans without and with repositioning 
was −0.054 mL/min and 0.51 mL/min, with a coefficient of 
repeatability of 1.70 mL/min and 1.35 mL/min, respectively. 
For Vrange, the mean difference was 0.02 cm/s and 0.86 cm/s, 
without and with repositioning, respectively, with the same 
coefficient of repeatability of 2.25 cm/s, as shown in Figure 4C 
and D.

Based on 11 datasets from 10 participants, the 6° deviation in 
slice orientation resulted in changes of −0.11 ± 0.77 mL/min 
(−2.6% ± 11%, p > 0.05) in Fabs and 0.14 ± 1.17 cm/s (−2.7% ± 14%, 
p > 0.05) in Vrange. The absolute changes in Fabs and Vrange were 
0.6 ± 0.4 mL/min (9% ± 8%) and 0.8 ± 0.8 cm/s (8% ± 11%), 
respectively.

3.1.3   |   FatNav-Based PMC

Our pilot study found no clear improvement in vessel clarity 
for VA/ICA/IJV with PMC in the presence of motion, as shown 
in Figure  5S. The corresponding motion traces are shown in 
Figures 6S and 7S, where the head motion ranges were similar 
between the PMC-on and PMC-off conditions.

FIGURE 3    |    (A–B) representative PC-MRI magnitude images acquired in the supine posture in two representative subjects. Scans 1 and 2 were 
obtained consecutively without repositioning, while Scan 3 was acquired after repositioning.
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8 of 18 NMR in Biomedicine, 2025

Figures 5A and 6A present representative phase and magnitude 
images with FatNav off, FatNav on but PMC off, and PMC on, 
respectively, under the head still condition. In the latter two 
conditions, the FatNav module detected minimal motion, with 
a mean translational range of 0.17 mm and 0.23 mm and a mean 

rotational range of 0.17° and 0.21° [48] for CAq and SSS/SRS, 
respectively. Visually, the background signal appeared compa-
rable across all three conditions, with no notable artifacts. The 
SSIM values of magnitude images confirmed high similarity 
between the images: 0.9997 ± 0.0001 (CAq) and 0.9994 ± 0.0001 

FIGURE 4    |    Bland–Altman plots for Fabs and Vrange in the CAq. (A) and (B) show plots of Fabs without and with repositioning, while (C) and (D) 
show plots of Vrange.

FIGURE 5    |    (A) PC-MRI images acquired without FatNav or PMC, with FatNav but no PMC, and with FatNav and PMC, respectively, when the 
head remained still. Top two rows show representative magnitude and phase images. Third row shows magnitude images with adjusted intensity 
window to highlight ghosting artifacts in the background. (B) CSF velocity waveforms in the CAq under the three FatNav and PMC settings.
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9 of 18NMR in Biomedicine, 2025

(SSS/SRS) between FatNav off and FatNav on but PMC off, and 
0.9997 ± 0.0002 (CAq) and 0.9984 ± 0.0007 (SSS/SRS) for FatNav 
off versus PMC on.

CSF and blood flow velocity waveforms over the cardiac cycle 
were extracted from all three acquisition types. The resulting 
waveforms showed high consistency, as shown in Figures  5B 
and 6B, with average correlation coefficients of 0.997/0.769/0.606 
(FatNav off vs. FatNav on but PMC off) and 0.973/0.666/0.511 
(FatNav off vs. PMC on) for the CAq, SSS, and SRS, respectively. 
There was no significant difference between the three con-
ditions in any parameters, as shown in Figure  7A–F, suggest-
ing that the FatNav and PMC modules did not adversely affect 
image quality or flow quantification.

Figures 8 and 9 show representative PC-MRI images acquired 
under still, motion with PMC on and motion with PMC off condi-
tions, respectively. The corresponding motion traces are shown 
in Figures 8S–11S, where the head motion ranges were similar 
between the PMC-on and PMC-off conditions. Compared to 
PMC off, the PC MRI images with PMC on exhibited higher 
boundary clarity of the CAq, resembling more closely to the still 
images.

As illustrated in Figure 10A–F, the mean deviations of Fabs and 
Vrange of CAq in the PMC on condition from the still scans were 
−0.42 ± 2.43 mL/min (p = 0.36) and 0.59 ± 1.34 cm/s (p = 0.0501), 
respectively, whereas the deviations in the PMC off condition 
were 1.68 ± 2.46 mL/min (p = 3.2*10−4) and 2.00 ± 2.33 cm/s 

(p = 2.1*10−4). The mean deviations of Fabs and mean velocity in 
the PMC on condition from the still scans were 16.7 ± 42.7 mL/
min (SSS) and −4.7 ± 27.0 mL/min (SRS) and 0.66 ± 1.68 cm/s 
(SSS) and 0.93 ± 2.84 cm/s (SRS), respectively, whereas the de-
viations in the PMC off condition were 40.98 ± 40.69 mL/min 
(p = 5.9*10−4) (SSS) / 17.8 ± 26.3 mL/min (p = 0.006) (SRS) and 
0.79 ± 1.37 cm/s (p = 0.029) (SSS) /1.12 ± 2.71 cm/s (p = 0.048) 
(SRS). The results between still and PMC off conditions were 
significantly different. However, there was no clear linear cor-
relation between the motion score and the relative changes in 
the measured parameters, as shown in Figure 12S.

3.2   |   Posture Dependence

One SSS/SRS image pairs (supine vs. prone) were excluded be-
cause of the presence of severe motion artifacts. Furthermore, 
IJV and SRS could not be identified in four and two subjects, 
respectively, resulting in 14 sets of heart rate data, 14 CAq data-
sets, 14 ICA datasets, 14 VA datasets, 10 IJV datasets, 13 SSS 
datasets, and 11 SRS datasets for analysis.

3.2.1   |   Consistent Slice Prescription

Figure  11 presents representative magnitude images from dif-
ferent regions in the supine and prone postures, both of which 
exhibited high similarity, with SSIM values of 0.9913 ± 0.004, 
0.9930 ± 0.002, and 0.9875 ± 0.004 for the CAq, VA/ICA/IJV, 

FIGURE 6    |    (A) PC-MRI images acquired without FatNav or PMC, with FatNav but no PMC, and with FatNav and PMC, respectively, when the 
head remained still. Top two rows show representative magnitude and phase images. Third row shows magnitude images with adjusted intensity 
window to highlight ghosting artifacts in the background. (B) Blood flow velocity waveforms in the straight and superior sagittal sinus under the 
three FatNav and PMC settings.
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10 of 18 NMR in Biomedicine, 2025

and SSS/SRS images, respectively. It should be noted that, be-
cause blood flow parameters naturally differ between supine 
and prone postures, their repeatability was not assessed.

3.2.2   |   Heart Rate

Heart rate increased when participants changed from the supine 
to the prone posture. The mean heart rates in the supine and 
prone postures were 68 ± 5 and 75 ± 7 bpm, respectively. The rel-
ative increase was 10% ± 9%, which was statistically significant 
(p = 0.0001).

3.2.3   |   CSF and Blood Flow

Figure 12A–E compares Fabs, stroke volume, area, mean veloc-
ity, and Vrange of different vessels under supine and prone pos-
tures. The mean and standard deviation of each parameter are 
listed in Table 3. Figure 13A–F illustrates the dynamic changes 
in flow velocity within the vessels throughout the cardiac cycle.

No significant difference in mean velocity or area was ob-
served in any vessels between the supine and prone postures 
(p ≥ 0.33). However, stroke volume, absolute flow, and Vrange 
decreased significantly in CAq in the prone posture. Stroke 

FIGURE 7    |    (A–C) show the changes in Fabs in the CAq, SSS, and SRS under three conditions (PC, PC with FatNav, and PC with FatNav and PMC) 
during head-still scans. (D–F) show the corresponding changes in Vrange or mean velocity in Caq, SSS and SRS under the same conditions.

FIGURE 8    |    Representative PC-MRI images acquired under three conditions: still, head motion with PMC, and head motion without PMC in two 
subjects. Green boxes indicate the boundary of the enlarged views displayed adjacent to each image to highlight the CAq at the center.
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11 of 18NMR in Biomedicine, 2025

volume also decreased significantly in ICA and IJV in the 
prone posture.

3.2.4   |   Correlation Between CSF and Blood 
Flow Changes

Significant positive correlations were observed between 
posture-induced stroke volume changes in the ICA and those 
in IJV and CAq, with Spearman correlation coefficients of 

0.76 (p = 0.016) and 0.55 (p = 0.044), respectively, as shown in 
Figure 12F–H. To evaluate the coupling between cardiac phase 
dependent CSF and blood flow dynamics, scatter plots of CSF 
and blood flow velocities at different cardiac phases were ob-
tained. A strong negative correlation was obtained under both 
supine and prone postures, with Spearman correlation coeffi-
cients of ρ = −0.96 (p = 10−50) and ρ = −0.84 (p = 0.004), respec-
tively, as shown in Figure 13G. Note that to account for potential 
delay of CAq flow velocity changes relative to the arterial blood, 
the curve for CAq was shifted leftward by one time point (1/10 

FIGURE 9    |    Representative PC-MRI images acquired under three conditions: still, head motion with PMC, and head motion without PMC. Red 
boxes indicate the regions containing the SRS, and yellow boxes indicate the regions containing the SSS. Enlarged views of these regions are dis-
played adjacent to each image to highlight the vessels at the center.

FIGURE 10    |    (A–C) show Fabs in the CAq, SSS, and SRS under still and PMC and No-PMC conditions during controlled head motion. (D–F) show 
Vrange, or blood flow mean velocity in Caq, SSS, and SRS under the same conditions.
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12 of 18 NMR in Biomedicine, 2025

cardiac cycle). It has been reported that the peak caudal flow of 
CSF lags behind the peak flow in the ICA by approximately 60 
ms, which roughly corresponds to 1/10 cardiac cycle [50].

4   |   Discussion

To simultaneously investigate the differences in CSF and 
blood flow between the supine and prone postures, as well 

as their coupling relationships, this study developed an auto-
matic localization and PMC framework for vessel fluid mea-
surements and applied the developed methods to measure the 
dynamic changes of CSF and blood flow during the supine 
and prone postures. The main findings are summarized as 
follows: (1) 3D U-Net based CAq segmentation allows auto-
matic prescription of PC-MRI slice for measuring CSF flow 
dynamics across CAq. (2) Slice position transformation based 
on registration of 3D images allows consistent imaging of the 

FIGURE 11    |    Comparison of magnitude images from different regions acquired in the supine and prone postures in three representative subjects.

FIGURE 12    |    (A–F) show the variations of flow, stroke volume, Vrange, area, and mean velocity in different blood vessels and CAq under supine and 
prone postures. Data to the left of the dashed line correspond to the left y-axis, while data to the right correspond to the right y-axis. (F–H) show the 
scatter plots between posture-induced stroke volume changes in ICA and IJV, ICA and CAq, and CAq and IJV, respectively. Each color represents a 
different subject. The straight lines are best linear fits.
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13 of 18NMR in Biomedicine, 2025

same brain location in longitudinal studies. (3) FatNav based 
motion correction for PC-MRI is feasible at 3 T and signifi-
cantly increases image quality and the accuracy of velocity 
measurement. (4) Compared to the supine posture, absolute 
flows of CAq, ICA, and IJV significantly decrease in the prone 
posture. (5) Posture-dependent changes in ICA, IJV, and CAq 
stroke volumes were positively correlated.

4.1   |   Technical Development

4.1.1   |   CAq Segmentation and Slice Prescription

The aqueduct mask obtained by 3D U-Net segmentation was 
highly consistent with the manually defined aqueduct mask 
in terms of both position and orientation of the calculated scan 

TABLE 3    |    Mean and standard deviation of Fabs, stroke volume, V range, area, and mean velocity for the CAq and blood vessels. Bold values 
indicate statistically significant differences (p < 0.05).

Posture

Stroke volume 
(mL) Area (mm2) Fabs (mL/min) Vrange (cm/s)

Mean 
velocity 
(cm/s)

Mean 
(SD) p

Mean 
(SD) p

Mean 
(SD) p

Mean 
(SD) p

Mean 
(SD) p n

CAq Supine 0.09 (0.03) 0.001 3.9 (1.4) 1 6.3 (1.9) 0.005 9.2 (2.5) 0.002 N/A N/A 14

Prone 0.06 (0.02) 3.9 (1.4) 5.0 (1.5) 7.2 (2.2) N/A

VA Supine 2.6 (0.7) 0.09 20 (5) 0.76 177 (45) 0.90 13.1 (2.3) 0.76 15 (4) 0.83 14

Prone 2.3 (1.0) 20 (5) 177 (61) 13.5 (3.4) 16 (4)

ICA Supine 6.1 (1.0) 0.009 32 (8) 0.33 407 (72) 0.12 14.8 (5.7) 0.81 23 (7) 0.83 14

Prone 4.7 (2.0) 30 (15) 365 (184) 14.6 (5.0) 23 (9)

IJV Supine 7.3 (1.1) 0.048 57 (19) 0.33 491 (94) 0.23 13.7 (7.5) 0.49 16 (6) 0.83 10

Prone 5.2 (3.2) 39 (24) 403 (294) 15.7 (8.1) 17 (5)

SSS Supine 4.8 (1.0) 0.18 39 (9) 0.33 248 (55) 0.74 4.9 (1.7) 0.27 14 (4) 0.83 13

Prone 4.1 (1.2) 37 (9) 254 (88) 5.5 (2.9) 15 (6)

SRS Supine 1.5 (1.1) 0.07 11 (4) 0.33 100 (37) 0.64 5.7 (3.8) 0.97 15 (6) 0.83 11

Prone 1.1 (0.6) 12 (3) 86 (45) 5.3 (3.0) 11 (7)

FIGURE 13    |    (A–F) Group averaged flow velocity curves across different cardiac phases for the CAq, VA, ICA, IJV, SSS, and SRS, respectively. 
The labelled positions of the maximum and minimum values on the curves were used to calculate the Vrange for each subject. In Figures (A–C) and 
(D–F), positive values correspond to flow toward the head and feet, respectively. (G) shows the scatter plots of the ICA and CAq velocities. Different 
data points represent different cardiac phases. The CAq time course was shifted leftward by one time point before used for making the scatter plot.
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plane. This finding indicates that the localization method based 
on automatically segmented CAq masks eliminates operator de-
pendency. In addition, it improves the consistency and efficiency 
of scan prescription.

4.1.2   |   Consistent Slice Prescription

By applying image registration, the same anatomical location 
can be consistently prescribed across different scans. This ap-
proach reduces operator-dependent variability arising from 
manual adjustments and ensures consistent slice positioning 
across different time points or postural conditions, providing a 
reliable basis for subsequent quantitative analyses.

The images acquired after repositioning were highly similar 
to the initial images, as indicated by the high SSIM values. 
Furthermore, the repeatability of flow parameters measured 
after repositioning was even smaller than that obtained from 
continuous scans without repositioning. The results indicate 
that the slice prescription based on registration can ensure 
consistent flow measurement results. Such consistency is 
particularly important for longitudinal studies, as it ensures 
that flow measurements obtained at different time points are 
comparable, thereby enhancing the reliability of follow-up 
investigations.

Moreover, our results showed that a deviation of approximately 
6° between the imaging plane and the aqueduct axis did not pro-
duce significant differences in flow parameters. Such robustness 
is practically important, as achieving perfect orthogonality be-
tween the imaging plane and the flow direction is often difficult 
in clinical and research settings.

4.1.3   |   FatNav-Based PMC

Our study demonstrates that FatNav-based PMC is also feasible 
at 3 T, despite smaller frequency separation between water and 
fat protons, as the inclusion of the FatNav and PMC modules 
into the PC-MRI sequence did not affect image quality and flow 
parameters. PMC effectively reduces motion-related artifacts, 
enhances the clarity of vascular structures, and improves the 
accuracy of flow dynamics quantification, all without increas-
ing scan time and without the need for additional equipment. 
PMC is particularly relevant to clinical studies, as subject mo-
tion or positional changes during MRI acquisition can introduce 
motion artifacts and variability in quantitative results, partic-
ularly in elderly or pediatric populations where involuntary 
movements are more common [51–53]. The lack of correlation 
between motion score and the relative changes of flow param-
eters may be explained by the dependence of motion effects on 
motion patterns, which is not incorporated into the motion score 
calculation.

4.2   |   Posture Effects

We observed a reduction in stroke volume in ICA but no 
change in blood flow, when switching from the supine to 
prone posture, consistent with previous studies [21–26]. The 

stroke volume reduction was likely due to decreased stroke 
volume from the lower body, as a result of thoracic compres-
sion [54–61]. Interestingly, the VA did not show significant 
changes. This may be related to the protection of VA by sur-
rounding bony structures, which results in less variable flow 
in VA than ICA [62]. In addition, prone posture can stimulate 
sympathetic neural activity  [57], resulting in elevated heart 
rate which compensate the stroke volume reduction and lead 
to stable cerebral perfusion. Although heart rate increased, 
the mechanical contraction of the heart remains physiologi-
cally stable [63]. Therefore, flow, mean velocity, and Vrange in 
the blood vessels may not change significantly.

We found that, compared with the supine posture, the prone 
posture was associated with reduced CSF stroke volume and 
absolute flow rate. We suspect that the reduction in arterial 
stroke volume may lead to increased sympathetic tone, which 
in turn could elevate adrenaline secretion [58, 64, 65] and 
reduce CSF flow and stroke volume [10, 20, 56, 66], thereby 
impairing the clearance of brain waste products [56, 67]. 
Furthermore, we observed a significant negative correla-
tion between the cardiac-phase-dependent flow velocity of 
the ICA and that of the CSF. This finding is consistent with 
previous reports of spatiotemporal coupling between blood 
and CSF dynamics in the human brain [68], suggesting that 
arterial pulsation plays a key role in driving CSF circulation 
[58]. Therefore, the reduction in ICA stroke volume may also 
lead to reduced driving force for CSF circulation, resulting 
in reduced stroke volume across CAq. Animal experimental 
studies have suggested that CSF circulation and convective 
exchange are closely linked to metabolic waste clearance [29]. 
Thus, a sustained reduction in CSF stroke volume may plau-
sibly impair glymphatic transport. However, direct evidence 
for this mechanism in humans is still lacking and warrants 
further investigation.

Changes in posture and head position (e.g., head rotation) can 
affect the area of cervical vessels [60]. Previous studies have 
reported that these vessels typically show an increased area in 
the prone posture [21, 22]. However, in the present study, this 
change did not reach statistical significance. We speculate that 
two factors may account for this discrepancy. First, the partic-
ipants remained in the prone posture for only a short period, 
which might be insufficient for the slower adaptation of vessel 
area to occur [22]. Second, it was difficult for participants to 
maintain a completely neutral head position in the prone pos-
ture. In fact, five subjects exhibited varying degrees of head 
rotation. Previous studies have shown that head rotation can re-
duce the area of cervical vessels [60, 69]. On the other hand, the 
lack of changes in cross-sectional areas of SSS and SRS may be 
explained by their coverage by the thick dura mater.

4.3   |   Limitations

Our study has the following limitations.

First, the segmentation model in this study was trained only on 
healthy subjects. Since aqueduct morphology may vary substan-
tially in patients (e.g., in hydrocephalus), the current model may 
not generalize directly to pathological populations. Future work 
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15 of 18NMR in Biomedicine, 2025

should incorporate representative patient data into the training 
process and validate the method in clinical cohorts.

Second, in this study, the segmentation-based automatic slice 
prescription was applied only to the CAq. Such an approach 
could also be developed for the imaging slices targeting other 
vessels. However, as multiple vessels are simultaneously mea-
sured in the other slices, the determination of slice position 
should consider the possibility of nonparallelism between the 
vessels.

Third, although our automatic localization method demon-
strated high efficiency and accuracy, it relies on the acquisi-
tion and processing of T2WI, which requires several minutes. 
During this time, subjects may undergo head movements, lead-
ing to suboptimal slice positioning. In the future, implementing 
FatNav-based PMC in the T2WI scan and registering all subse-
quent FatNav images from the PC scans to the first FatNav from 
the T2WI scan can eliminate the slice shift due to inter-scan 
motion.

Fourth, our PMC method is designed for rigid structures, and 
its effectiveness remains limited when applied to nonrigid struc-
tures such as cervical vessels.

Fifth, due to the limited space inside the RF coils, we were un-
able to investigate CSF and CBF dynamics in lateral decubitus 
positions.

Sixth, the cardiac cycle was divided into only 10 phases, which 
is likely insufficient to capture subtle details of the dynamic ve-
locity curves. However, the study is mainly focused on the total 
flow measurement whose accuracy is likely insensitive to the 
number of cardiac phases.

5   |   Conclusions

In conclusion, we demonstrated the utility of PMC and au-
tomatic slice prescription in facilitating 2D PC-MRI in lon-
gitudinal studies. With the developed techniques, we found 
significant postural effects in flow properties in CAq, ICA, and 
IJV. Furthermore, cardiac phase-dependent variations in flow 
velocity and posture-induced changes in stroke volume were 
correlated between CAq and blood vessels. The findings over-
all suggest the important role of arterial pulsation in regulating 
CSF circulation, which might be reduced in prone posture com-
pared to supine.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: The 3D U-Net architecture 
used for CAq segmentation. Figure S2: Threshold based ROI defini-
tions for CAq, VA, ICA, IJV, SSS, and SRS. In each panel, the left image 
shows the original magnitude image, and the right image displays 
outer boundaries of the generated vessel masks (dark blue) and ring-
shaped background (light blue) ROIs. Figure S3: (A)–(C) The three 
visual cues designed for performing three different head movement 
types: roll, pitch, and yaw. Green arrows indicate the motion direction 
of the red fixation mark. (D)–(F) depict the expected motion paradigms 
during the experiment. Figure S4: (A) illustrates the head position of 
the subject in the supine posture. (B, C) illustrate the head positions 
in the prone posture; only one of these positions was used during the 
actual scan. Figure S5: Representative PC-MRI images of the cervical 
vessels acquired under three conditions: still, head motion with PMC, 
and head motion without PMC in two subjects. Blue boxes indicate the 
boundary of the enlarged views displayed adjacent to each image to 
highlight the VA/ICA/IJV at the center. Figure S6: Motion traces from 
two scans of VA/ICA/IJV with and without PMC during which the sub-
ject performed instructed head movement. These traces correspond to 
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the vascular scans shown in Figure  5S(A). Figure S7: Motion traces 
from two scans of VA/ICA/IJV with and without PMC during which 
the subject performed instructed head movement. These traces corre-
spond to the vascular scans shown in Figure 5S(B). Figure S8: Motion 
traces from two scans of CAq with and without PMC during which the 
subject performed instructed head movement. These traces correspond 
to the vascular scans shown in Figure 8(A). Figure S9: Motion traces 
from two scans of CAq with and without PMC during which the subject 
performed instructed head movement. These traces correspond to the 
vascular scans shown in Figure 8(B). Figure S10: Motion traces from 
two scans of SSS/SRS with and without PMC during which the subject 
performed instructed head movement. These traces correspond to the 
vascular scans shown in Figure 9(A). Figure S11: Motion traces from 
two scans of SSS/SRS with and without PMC during which the subject 
performed instructed head movement. These traces correspond to the 
vascular scans shown in Figure 9(A). Figure S12: (A–C) show the re-
lationships between motion-induced changes in Fabs in the CAq, SSS, 
and SRS and the motion scores. (D–F) show the corresponding relation-
ships between motion induced changes in Vrange in CAq or mean blood 
flow velocity in the SSS and SRS and the motion scores. 
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