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Observation of intracranial artery
and venous sinus hemodynamics
using compressed
sensing-accelerated 4D flow MRI:
performance at different
acceleration factors

Jiajun Cao', Chang Yuan', Yukun Zhang, Yue Quan,
Peipei Chang, Jing Yang, Qingwei Song and Yanwei Miao*

Department of Radiology, The First Affiliated Hospital of Dalian Medical University, Dalian, China

Objective: To investigate the feasibility and performance of 4D flow MRI
accelerated by compressed sensing (CS) for the hemodynamic quantification of
intracranial artery and venous sinus.

Materials and methods: Forty healthy volunteers were prospectively recruited,
and 20 volunteers underwent 4D flow MRI of cerebral artery, and the remaining
volunteers underwent 4D flow MRI of venous sinus. A series of 4D flow MRI was
acquired with different acceleration factors (AFs), including sensitivity encoding
(SENSE, AF =4) and CS (AF = CS4, CS6, CS8, and CS10) at a 3.0 T MRI scanner.
The hemodynamic parameters, including flow rate, mean velocity, peak velocity,
max axial wall shear stress (WSS), average axial WSS, max circumferential WSS,
average circumferential WSS, and 3D WSS, were calculated at the internal
carotid artery (ICA), transverse sinus (TS), straight sinus (SS), and superior sagittal
sinus (SSS).

Results: Compared to the SENSE4 scan, for the left ICA C2, mean velocity
measured by CS8 and CS10 groups, and 3D WSS measured by CS6, CS8,
and CS10 groups were underestimated; for the right ICA C2, mean velocity
measured by CS10 group, and 3D WSS measured by CS8 and CS10 groups were
underestimated; for the right ICA C4, mean velocity measured by CS10 group,
and 3D WSS measured by CS8 and CS10 groups were underestimated; and for
the right ICA C7, mean velocity and 3D WSS measured by CS8 and CS10 groups,
and average axial WSS measured by CS8 group were also underestimated (all
p<0.05). For the left TS, max axial WSS and 3D WSS measured by CS10 group
were significantly underestimated (p = 0.032 and 0.003). Similarly, for SS, mean
velocity, peak velocity, average axial WSS measured by the CS8 and CS10
groups, max axial WSS measured by CS6, CS8, and CS10 groups, and 3D WSS
measured by CS10 group were significantly underestimated compared to the
SENSE4 scan (p=0.000-0.021). The hemodynamic parameters measured by
CS4 group had only minimal bias and great limits of agreement compared to
conventional 4D flow (SENSE4) in the ICA and every venous sinus (the max/min
upper limit to low limit of the 95% limits of agreement = 11.4/0.03 to 0.004/-5.7,
14.4/0.05 to —0.03/-9.0, 12.6/0.04 to —0.03/-94, 16.8/0.04 to 0.6/-14.1; the
max/min bias =5.0/-1.2, 3.5/-14, 45/-1.1, 6.6/-4.0 for CS4, CS6, CS8, and
CS10, respectively).
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Conclusion: CS4 strikes a good balance in 4D flow between flow quantifications
and scan time, which could be recommended for routine clinical use.
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1 Introduction

4D flow MR, as a kind of novel imaging technique based on
three-dimensional time-resolved phase contrast (PC) MRI, has rapidly
advanced, with its usefulness as a research tool expanding to a broader
clinical role in recent years (Ko et al., 2019; Zhang et al., 2020). By
encoding velocity in three directions, 4D flow MRI can retrospectively
quantify blood flow at any position within the scanned volume. In
addition to the flow rate and velocity obtained by traditional methods
like 2D PC MRI, 4D flow MRI can also provide advanced
hemodynamic indicators such as wall shear stress (WSS), including
axial WSS, circumferential WSS, and 3D WSS, pulse wave velocity,
and relative pressure, which are challenging to obtain using other
imaging techniques (Bjornfot et al., 2021; Kazemi et al., 2022; Ferdian
et al., 2023; Park et al., 2023). In this regard, 4D flow MRI has the
potential to assist clinicians in the comprehensive assessment of
intracranial blood flow (Miller et al., 2019; Marlevi et al., 2021a).
While digital subtraction angiography (DSA) remains the gold
standard for detecting vascular lesions (Vollherbst et al., 2018), 4D
flow MRI demonstrates unique advantages due to its non-invasive,
non-radiative nature, and the absence of the need for contrast agents.
Studies have shown that 4D flow MRI of intracranial arteries and
venous sinuses can guide clinicians in evaluating intracranial
aneurysms, plaque, transverse sinus stenosis, multiple sclerosis,
venous pulsatile tinnitus, and other neurological conditions
(Schuchardt et al., 2019; Ding et al., 2021; Li et al., 2021; Perez-Raya
etal,2021; Zhang et al,, 2021; Li et al., 2022). However, these benefits
are counterbalanced by long acquisition times, especially when
observing intracranial vessels, due to their small lumen diameter and
the need for high spatial resolution (Liu et al., 2017).

Due to the sparse and incoherent nature of MR signals,
Compressed sensing (CS) could accelerate MRI acquisition through
random undersampling of k-space data (Aoike et al., 2022), and then
uses nonlinear reconstruction iterative algorithm to reconstruct
images with insurance of image quality (Benjamin et al., 2020; Kim
et al., 2021). CS has been integrated with parallel imaging (PI) to
further expedite flow imaging (Jaeger et al., 2020; Sodhi et al., 2023).
Although previous studies have demonstrated the feasibility of CS
technology in accelerating the acquisition of 4D flow MRI sequences
(Braig et al., 2020; Garreau et al., 2022; Kilinc et al., 2022; Panayiotou
et al,, 2022), no research has assessed its performance in observing
both intracranial artery and venous sinus hemodynamics at various
acceleration factors (AFs).

In this work, the performance of 4D flow MRI accelerated by CS
technology at four AFs (CS4, CS6, CS8, and CS10) was evaluated
and compared with traditional parallel acquisition technology
[sensitivity encoding (SENSE, AF=4)] in a clinical setting. 4D flow
MRI of the intracranial artery and venous sinus with these different
AFs was used to evaluate the hemodynamics, including flow rate,
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mean velocity, peak velocity, max axial WSS, average axial WSS,

max circumferential WSS, circumferential WSS,

and 3D WSS.

average

2 Materials and methods

2.1 Subjects

Forty healthy volunteers were prospectively recruited. The
inclusion criteria were: (1) age>18years old; (2) No history of
brain diseases, including brain tumors, vasculitis, arterial
dissection, moyamoya disease, cerebral venous sinus thrombosis,
or brain parenchymal trauma, etc., and previously healthy; (3) Able
to tolerate MRI scan for approximately 40 min. The exclusion
criteria were: (1) Contraindications for MRI scan; (2) Metal
implants affecting image analysis; (3) Presence of motion artifacts
or poor image quality. Considering the long acquisition time of
scanning both arteries and veins, ultimately, 20 volunteers
underwent 4D flow MRI of the cerebral artery, and the remaining
volunteers underwent 4D flow MRI of the venous sinus. Written
informed consent was obtained from all participants. The study
was conducted following the Ethics Committee of the First
Affiliated Hospital of Dalian Medical University approvals and
according to the principles expressed in the Declaration
of Helsinki.

2.2 Image acquisition

All participants were scanned using a 3.0 T MR scanner (Ingenia
CX, Philips Healthcare, Best, Netherlands) equipped with a 32-channel
head coil. 4D flow MRI was acquired with different CS acceleration
factors (CS4, CS6, CS8, and CS10), while the control scan was
acquired with SENSE acceleration factor of 4. The other imaging
parameters were: repetition time (TR)/echo time (TE)=5.1/3.0ms;
flip angle =8°; field of view (FOV) =180 x 180 x 46 mm?; acquisition
voxel size=1.6x1.6x1.6mm? reconstruction voxel size=0.8x
0.8 x0.8 mm?; acquisition matrix=112x112; reconstruction
matrix=224x224; and velocity encoding (VENC)=80/60cm/s
(cerebral artery/venous sinus). All 4D flow MRI scans were acquired
with
reconstructed cardiac phases). The overall scanning time varies with

retrospective  ECG-triggering (with 20 retrospectively

the heart rate of volunteers. Taking heart rate of 90 beats per minute
as an example, the scan times for the SENSE4, CS4, CS6, CS8, and
CS10 groups were 7min and 24s, 5min and 47, 3min and 525, 2min
and 54s, and 2 min and 22 s, respectively. For heart rate of 70 beats per
minute, it took 9min and 12, 7min and 25s, 4 min and 58s, 3 min
and 465, 3min and 2s.
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2.3 Image processing and analysis

The analysis of hemodynamics in the target blood vessels derived
from 4D flow MRI was conducted using the cvi42 software (version
5.14, Circle Cardiovascular Imaging, Canada) by 2 physicians (with 8
and 20years of experience in MRI diagnosis, respectively). The
processing steps included data cropping, preprocessing, vessel
segmentation, and hemodynamic measurement. The static tissue and
vessel mask were automatically identified and manually adjusted to
ensure even distribution across the images. Preprocessing involved
offset correction and phase anti-aliasing. To account for the
hemodynamic effect of physiological vascular tortuosity, six arterial
segments were selected: the left and right internal carotid artery (ICA)
C2, C4, and C7 segments (Xie et al., 2024), and four venous sinuses
were selected: the left and right transverse sinus (TS), straight sinus
(SS), and superior sagittal sinus (SSS). Time-resolved flow
quantification was achieved by manually placing three hemodynamic
measurement planes orthogonal to the midline of the selected lumens.
Subsequently, the contour of the vessel cross-section was automatically
drawn and propagated. The contour edge was checked in each time
frame, with manual adjustments made if necessary. Finally, the
hemodynamics of each vessel were described by the mean of the three
planes, including flow rate, mean/peak velocity, average/max axial
WSS, average/max circumferential WSS, and 3D WSS (see Figure 1).

2.4 Statistical analysis

Statistical analyses were conducted using SPSS version 26.0. Inter-
reader measurement consistency was assessed using the intraclass
correlation coefficient (ICC). For all hemodynamic parameters, a
Shapiro-Wilk test was used to evaluate normality. The results are
expressed as mean + SD if the parameters were normally distributed
and as median (interquartile range) if the parameters had a skewed
distribution. An ANOVA test was used for normally distributed
measurement data and the pairwise differences between sequences
were assessed using LSD-t tests. A Friedman Non-normally distributed
continuous variables were analyzed using Friedman tests, with
pairwise differences evaluated using Wilcoxon tests. Bland—-Altman
analysis was performed to compare the hemodynamic parameters
derived from the 4D flow MRI of the control group (SENSE4) and the

10.3389/fnins.2024.1438003

CS groups (CS4, CS6, CS8, CS10) respectively. p-values for multiple
comparisons were adjusted using the Bonferroni correction. The
statistical significance level was set at p <0.05, two-tailed.

3 Results

A total of 40 participants (25.63 +2.71yrs, female/male, 24/16)
were included in the analyses, with 20 participants (25.15+ 1.31yrs,
female/male, 12/8) undergoing 4D flow MRI of the cerebral artery for
hemodynamic analyses of ICA C2, C4, and C7 segments (left and
right). The remaining participants (26.10 +3.58 yrs, female/male, 12/8)
underwent 4D flow MRI of the venous sinus for analyses of the
transverse sinus (left and right), straight sinus, and superior sagittal
sinus. A total of 20 hemodynamic parameters of ICA C2 and C4
segments (left and right), right TS, SSS, 19 hemodynamic parameters
of ICA C7 segments (left and right) and SS, and 18 hemodynamic
parameters of the left TS were analyzed in the research due to
anatomic variations or technical problems. The inter-observer
consistency of all hemodynamic parameters of all vessels of interest in
both SENSE and CS sequences were all good (all ICC>0.80, all
p<0.05).

3.1 Cerebral artery

In the vascular area measurement, for the left ICA and right ICA
C7, the area measured by CS10 group were statistically overestimated
compared to the SENSE4 scan (p < 0.05). For the right ICA C2 and C4,
the area measured by CS6, CS8, and CS10 groups were statistically
overestimated compared to the SENSE4 scan (p <0.05).

No significant difference was observed in all flow quantifications
obtained for the left ICA C4 and left ICA C7, as well as the flow rate,
peak velocity, average and max axial WSS, average and max
circumferential WSS for bilateral ICA C2, the flow rate, peak velocity,
max axial WSS, average and max circumferential WSS for the right
ICA C4 and C7 among 4D flow MRI scans with different AFs
(p>0.05). However, for the left ICA C2, the mean velocity measured
by CS8 and CS10 groups, and the 3D WSS measured by CS6, CS8, and
CS10 groups; for the right ICA C2, the mean velocity measured by the
CS10 group, and the 3D WSS measured by the CS8 and CS10 groups

FIGURE 1

orientations

Selected arterial segments (using the right side as an example) (A) and venous sinuses (B) with measurement planes placed perpendicular to the vessel
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were statistically underestimated compared to the reference (SENSE4)
scan (p <0.05). Meanwhile, for the right ICA C4, the mean velocity
measured by the CS10 group, and the 3D WSS measured by the CS8
and CS10 groups; and for the right ICA C7, the mean velocity and 3D
WSS measured by the CS8 and CS10 groups, and the average axial
WSS measured by the CS8 group were also statistically underestimated
compared to the reference scan (p <0.05) (see Table 1 and Figure 2).

3.2 Venous sinuses

In the vascular area measurement, for the SS, the area measured
by CS8 and CS10 groups were statistically overestimated compared to
the SENSE4 scan (p <0.05).

No significant difference was observed in all flow quantifications
obtained for the right TS and SSS, as well as the flow rate, mean
velocity, peak velocity, average axial WSS, and average/max
circumferential WSS for the left TS, and the average/max
circumferential WSS for the SS among 4D flow MRI scans with
different AFs (p>0.05). However, for the left TS, the max axial WSS
and 3D WSS measured by the CS10 group were significantly
underestimated. Similarly, for the SS, the mean velocity, peak velocity,
average axial WSS measured by the CS8 and CS10 groups, the max
axial WSS measured by the CS6, CS8, and CS10 groups, and the 3D
WSS measured by the CS10 group were significantly underestimated
compared to the reference (SENSE4) scan (p <0.05) (see Table 2 and
Figures 3, 4).

Bland-Altman analysis revealed that the hemodynamic
parameters measured by the CS4 group had only minimal bias and
great limits of agreement compared to conventional 4D flow (SENSE4)
in the ICA and every venous sinus (the max/min upper limit to low
limit of the 95% limits of agreement=11.4/0.03 to 0.004/-5.7,
14.4/0.05 to —0.03/-9.0, 12.6/0.04 to —0.03/-9.4, 16.8/0.04 to
0.6/—14.1; the max/min bias=5.0/—1.2, 3.5/—1.4, 4.5/-1.1, 6.6/—4.0
for CS4, CS6, CS8, and CS10, respectively). With the increase of AFs,
the consistency of the other groups decreased to varying degrees (see
Figure 5 and Supplementary file).

4 Discussion

4D flow MRI has emerged as a promising technique for visualizing
and quantifying blood flow in the heart and major blood vessels. It
enables simultaneous velocity encoding in all three directions and
offers 3D volume information resolved over time (Demirkiran et al.,
2022). The feasibility of 4D flow MRI in cardiac and macrovascular
imaging has been well-established (Moersdorf et al., 2019; Marlevi
et al., 2021b). However, neurovascular imaging presents unique
challenges due to the complex anatomy and blood flow patterns
involved. Previous studies have highlighted the importance of keeping
the scanning time of a single sequence within 10min for clinical
acceptance, aligning with clinical workflow and patient comfort
(Boussel et al., 2009). However, the scanning time of non-accelerated
4D flow MRI for intracranial vessels often exceeds this limit, making
it impractical for clinical use. CS technology offers a solution by
significantly reducing scan time while preserving image quality
(Meister et al., 2023; Sui et al., 2023; Zhang et al., 2024). A study
focusing on hemodynamic analysis of intracranial aneurysms (IAS)
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demonstrated that 4D flow MRI accelerated by CS provided
comparable qualitative and quantitative evaluation to the reference
(accelerated by GRAPPA) in volunteer studies. Moreover, higher
temporal resolution improved the capture of flow features in IAS
patients, highlighting the potential of CS-accelerated 4D flow MRI in
neurovascular imaging (Liu et al., 2017). However, the sparse and
random sampling of k-space in CS technology can lead to
underestimation in flow and velocity data (Ma et al., 2019a). Therefore,
the selection of AFs is crucial and requires achieving a delicate balance
between clinical feasibility and maintaining image and data quality.

In the vascular area measurement, the overestimation of the area
occurred in the high acceleration factor groups (CS > 6) and the blood
vessels with smaller diameter (SS). We speculated that the possible
reason was the higher acceleration factor increased the noise of the
image, and the negative impact of noise on the evaluation of smaller
lumens was greater. The noise around the blood vessel was identified
by the software as a false area.

No significant difference in the flow rate for all arteries and veins
included in this study was observed among 4D flow MRI scans with
different CS-AFs, compared to the reference scan. Gottwald et al.
(2020) reported that stroke volumes and peak flow rate values from
highly accelerated 4D flow MRI imaging (CS-AF=20-30) were
similar to those obtained with 2D flow MR imaging, providing context
for our results. However, the mean velocity was significantly
underestimated at the left ICA C2, right ICA C7, and SS by CS8 and
CS10 groups, and at the right ICA C2 by the CS10 group compared to
the SENSE4 group. Additionally, compared to the reference, peak
velocity was significantly underestimated at the SS measured by the
CS8 and CS10 groups. Furthermore, with the increase of AFs, the
underestimation mentioned above became more pronounced. Similar
underestimations of flow velocity have been described in previous
studies using a CS-based acceleration approach (Harloff et al., 2019;
Pathrose et al., 2020). Neuhaus et al. (2019) found no significant
difference in flow parameters when the CS-AF was 6. However, as the
AFs increased to 8 and 10, statistically significant underestimations
were observed in major blood flow parameters such as net flow, peak
flow, and peak velocity, similar to our findings. Building upon these
observations, we further evaluated the impact of CS acceleration on
WSS, including axial WSS, circumferential WSS, and 3D WSS, and
found more severe underestimation compared to fundamental flow-
derived parameters. To be specific, the following parameters were
significantly underestimated compared to the reference: the average
axial WSS at the right ICA C7 (measured by the CS8 group) and SS
(measured by the CS8 and CS10 groups), the max axial WSS at the left
TS (measured by the CS10 group) and SS (measured by the CS6-CS10
groups), and the 3D WSS at the left ICA C2 (measured by the CS6-10
groups), right ICA C2, C4, C7 (measured by the CS8 and CS10
groups), left TS, and SS (measured by the CS10 group). Similar to the
underestimation of flow parameters, the higher the AFs, the greater
the underestimation of WSS. Image-based WSS estimation is greatly
affected by speed coding, speed resolution, and spatial resolution
(Petersson et al., 2012). Peper et al. (2020) observed a slight decrease
in mean WSS during peak systole for higher acceleration factors, with
the decrease becoming more pronounced as AF increased. Pathrose
etal. (2020) also noted the effect of CS on peak 3D WSS and speculated
that the underestimation phenomenon of WSS is related to
spatiotemporal undersampling. In our WSS analysis, we observed
different performance between bilateral TSs at different AFs, with the
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TABLE 1 Comparison between the flow rate, mean/peak velocity, average/max axial/circumferential WSS, and 3D WSS of cerebral arteries derived from

conventional 4D flow and CS-accelerated 4D flows at different acceleration factors.

SENSE4 CS4 CS6 CS8 Cs1
Area (mm?) Left ICA C2 18.81+4.66 22.49+5.09 23.10£7.39 22.95+7.39 25.92+11.33%
Left ICA C4 19.61 (17.09, 23.00) 22.15 (15.04, 27.80) 22.13 (18.37,24.28) 22.38 (18.22,27.29) 24.40 (19.61, 26.90)*
Left ICA C7 14.82+4.46 16.51+4.37 16.81£4.65 16.64+5.11 19.09 £8.03*
Right ICA C2 17.59 (14.45, 20.05) 20.18 (16.53, 23.03) 21.40 (17.06, 24.71)* 21.68 (17.80, 25.00)* 25.77 (21.88, 31.74)*
Right ICA C4 16.98 (15.05, 20.80) 19.44 (17.08, 23.55) 21.50 (18.73,23.71)* 20.61 (18.58, 25.30)* 23.30(17.72, 31.42)*
Right ICA C7 12.50 (11.65, 13.62) 13.90 (11.77, 17.82) 14.00 (10.94, 17.41) 14.83 (12.83, 16.46) 15.31 (13.33,17.01)*
Flow rate (mL/s) Left ICA C2 3.24+1.44 3.61+1.73 3.50+1.56 3.63+£1.70 3.44+1.76
Left ICA C4 5.18+0.69 5.83+0.79 5.50+0.96 5.45+0.93 5.03+1.15
Left ICA C7 1.86 (1.53, 3.52) 2.49 (1.31, 3.90) 2.46 (1.59, 4.36) 2.40 (1.40, 4.06) 2.37(1.53,3.71)
Right ICA C2 297+1.12 3.30+1.33 3.35+1.41 3.11+1.34 3.46+1.48
Right ICA C4 4.83+0.81 5.38+0.88 5.06+1.00 5.17+£0.92 5.13+0.96
Right ICAC7 248+1.21 245+1.32 249+1.17 2.35+£1.05 241+1.16
Mean velocity (cm/s) Left ICA C2 30.40 (27.33, 33.77) 28.90 (24.04, 31.03) 27.85 (24.59, 31.65) 28.42 (25.67, 30.59)* 25.65 (22.50, 30.51)*
Left ICA C4 29.46+4.84 27.78+4.28 28.96+4.68 28.27+4.84 27.43+6.54
Left ICA C7 41.93+£7.90 36.89+6.67 38.42+6.37 37.91+£6.82 35.62+8.92
Right ICA C2 30.86+£7.03 28.86+6.87 29.29+7.13 26.81+£6.46 24.30+6.28*
Right ICA C4 30.74£5.75 28.03+4.93 28.82+4.88 27.77+5.26 26.20+£5.17%
Right ICA C7 38.87 (37.02, 43.51) 39.64 (35.33,41.31) 39.62 (31.56, 44.29) 37.73 (34.82, 43.08)* 37.65 (31.63, 42.78)*
Peak velocity (cm/s) Left ICA C2 47.30+7.79 46.85+8.82 46.63£9.65 46.54+9.39 45.87+9.37
Left ICA C4 44.06+6.43 43.68£6.51 44.58 £6.70 45.15+6.37 48.02+£6.97
Left ICA C7 59.35+£8.92 57.11£8.59 57.71+8.39 56.92+8.45 56.51+1.00
Right ICA C2 44.52+9.47 43.50+£10.39 44.00£10.05 41.27£9.06 40.70£8.50
Right ICA C4 45.35+7.70 44.74+8.35 45.05+8.16 45.37+8.00 46.03£8.10
Right ICA C7 58.41+7.94 56.54+8.00 56.88+7.43 56.45+9.03 58.57+9.36
Average axial WSS (Pa) Left ICA C2 0.36+0.12 0.38+0.13 0.34+0.10 0.37+0.14 0.33+0.12
Left ICA C4 0.49+0.13 0.55+0.15 0.50£0.13 0.49+0.13 0.45+0.12
Left ICA C7 0.49 (0.32, 0.66) 0.57 (0.40, 0.75) 0.45 (0.37, 0.72) 0.44 (0.37,0.74) 0.40 (0.27, 0.60)
Right ICA C2 0.29 (0.23, 0.39) 0.32 (0.25, 0.46) 0.32(0.21, 0.44) 0.31(0.21, 0.41) 0.28 (0.23,0.39)
Right ICA C4 0.55 (0.43, 0.68) 0.47 (0.42, 0.60) 0.53 (0.45, 0.69) 0.57 (0.46, 0.70) 0.60 (0.51, 0.73)
Right ICA C7 0.56 (0.36, 0.74) 0.51 (0.33, 0.62) 0.44 (0.36, 0.55) 0.44 (0.28, 0.68)* 0.46 (0.30, 0.69)
Max axial WSS (Pa) Left ICA C2 0.71+0.20 0.77+0.24 0.69+0.18 0.73+£0.23 0.70+0.22
Left ICA C4 0.83+0.16 0.96+0.19 0.87+0.17 0.88+0.19 0.87+0.21
Left ICA C7 0.91+0.37 1.01+£0.36 0.97+0.36 0.93+0.26 0.84+0.31
Right ICA C2 0.55 (0.43, 0.65) 0.64 (0.41, 0.71) 0.59 (0.41, 0.71) 0.57 (0.40, 0.67) 0.53 (0.47, 0.75)
Right ICA C4 0.91+£0.20 1.00£0.22 0.90£0.20 0.95+£0.19 0.92+0.15
Right ICA C7 0.84 (0.69, 1.24) 0.82 (0.58, 1.09) 0.76 (0.60, 0.97) 0.73 (0.55, 1.05) 0.84 (0.50, 0.99)
Average circumferential Left ICA C2 0.35+0.09 0.35+0.09 0.35+0.09 0.35+0.09 0.31+0.08
WSS (Pa) Left ICA C4 0.19 (0.18, 0.22) 0.18 (0.16, 0.25) 0.19 (0.17, 0.21) 021 (0.18, 0.24) 0.19 (0.17, 0.22)
Left ICA C7 0.50+0.16 0.53+0.17 0.54+0.19 0.51+0.16 0.49+0.20
Right ICA C2 0.34+0.09 0.34+0.10 0.34£0.10 0.31+0.08 0.31+0.10
Right ICA C4 0.18 (0.16, 0.23) 0.18 (0.14, 0.22) 0.18 (0.15, 0.23) 0.19 (0.16, 0.23) 0.17 (0.15, 0.24)
Right ICA C7 0.51+0.17 0.58+0.22 0.53+£0.20 0.53+0.17 0.50+0.17
(Continued)
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0.82+0.23
0.47 (0.41, 0.50)
1.06+0.33
0.71+0.17
0.43 (0.33,0.53)
1.00+0.37
0.62 (0.55, 0.76)*
0.76+0.20
0.98+0.22
0.71+0.26
0.80+0.20

1.01£0.20

0.82+0.20
0.52 (0.44, 0.58)
0.97+0.30
0.66+0.15
0.44 (0.36, 0.59)
1.01+0.30
0.68 (0.49, 0.81)*
0.73+0.21
0.95+0.27
0.65+0.24*
0.72+0.23*

0.94+0.21%

0.89+0.29
0.49 (0.41, 0.55)
1.00+0.38
0.70+0.19
0.40 (0.37, 0.58)
0.99+0.34
0.60 (0.43, 0.74)*
0.71+0.28
0.83+0.30
0.52+0.21%
0.65+0.24*

0.90+0.21*

Max circumferential Left ICA C2 0.80+0.21 0.74+0.15

WSS (Pa) Left ICA C4 0.47 (0.44, 0.52) 0.47 (0.41, 0.55)
Left ICA C7 0.96+0.28 1.02+0.31
Right ICA C2 0.69+0.17 0.7140.18
Right ICA C4 0.44 (0.39, 0.55) 0.43 (0.36, 0.51)
Right ICA C7 0.96+0.32 1.11+0.41

3D WSS (Pa) Left ICA C2 0.76 (0.66, 0.91) 0.69 (0.61,0.84)
Left ICA C4 0.82+0.87 0.7140.18
Left ICA C7 1.03+0.22 0934025
Right ICA C2 0.80+0.25 0714023
Right ICA C4 0.89+0.23 0.76+0.19
Right ICA C7 1.10£0.17 1.00+0.18

*There was a statistically significant difference compared with the SENSE4 group.

FIGURE 2

blood vessels is visible (indicated by the white arrow).

Representative hemodynamics visualization of the ICA with different AFs from the same HC, displaying clear visualization of the straight sinus. Panels
(A—E) show velocity flow visualization from the SENSE4, CS4, CS6, CS8, and CS10 groups, respectively. In the CS10 group, increased noise around

70cm/s

hemodynamic parameters of the left TS appearing more susceptible
to high acceleration. We speculate that in the case of the TSs, the right
vessel was consistently dominant and easier to measure, while the left
vessel was often smaller and exhibited flat, low flow rates—resulting
in poor repeatability (Morgan et al., 2023). Larger lumen sizes typically
lead to easier and more repeatable measurements for flow
quantification, which is why the hemodynamic indexes of the SS are
more likely to change under different AFs compared to other
Venous sinuses.

Using Bland-Altman plots, we observed good consistency and
correlation between the two methods for conventional SENSE-
accelerated and CS-accelerated 4D flow hemodynamic parameters.
Whether it was flow derivative parameters such as flow rate and flow
velocity or WSS, the hemodynamics measured by the CS4 group
exhibited minimal bias and great limits of agreement compared to the
reference in all blood vessels included in this study. With the increase
of AFs, the consistency of the other groups decreased to varying

Frontiers in Neuroscience

degrees. The scan times for all 4D flow acquisitions in our study
showed a wide range, attributed to changes in subjects’ heart rates over
time and individual differences. For comparison and description
purposes, we selected the scan time of 90 heart rates as an example to
compare the differences in acquisition times between groups. The scan
times for the SENSE4, CS4, CS6, CS8, and CS10 groups were 7 min
and 24s, 5min and 47 s, 3min and 52 s, 2 min and 54s, and 2 min and
22s, respectively. Compared to the SENSE4 group, the percentage
reduction in scanning time of the CS-accelerated methods were 21.85,
47.75, 60.81, and 67.57% for CS4, CS6, CS8, and CS10, respectively.
While high acceleration is advantageous for shortening the acquisition
time, CS4 strikes a delicate balance between time-saving and high-
quality hemodynamic measurements of both arteries and veins.
Specifically, compared to the reference, there was no statistical
difference in any hemodynamic parameters of any blood vessel with
CS4. Therefore, CS4 could be a practical choice for routine
clinical scanning.
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TABLE 2 Comparison between the flow rate, mean/peak velocity, average/max axial/circumferential WSS, and 3D WSS of venous sinuses derived from

conventional 4D flow and CS-accelerated 4D flows at different acceleration factors.

SENSE4 CS4 CSé6 CS8 CS10

Area (mm2) Left TS 2490 (17.17,4120) | 2653 (17.35,4458) | 2391 (16.25,39.86)  22.35(17.71,49.61) | 28.14(20.06, 44.83)

Right TS 33.44414.49 35.40+15.09 33.47414.59 35.84+16.24 33.60+14.67

ss 10.24 (7.90, 14.35) 10.40 (8.87, 13.02) 10.95 (9.03, 15.50) 13.61(9.76,17.83) % | 13.42(9.33,19.79) *

$sS 312547.71 32.96+8.73 32424803 30.94+8.17 317741012
Flow rate (mL/s) Left TS 3.00 (1.67, 5.85) 2.98 (1.89, 6.02) 2.54 (1.70, 5.95) 2.47 (1.56,6.18) 2.27 (1.57, 5.56)

Right TS 331152 3.40+1.44 321151 327+1.56 3.14+1.46

ss 1.40 (1.35, 1.90) 150 (1.28, 1.94) 1.28(1.18,1.93) 1.43 (1.13, 1.68) 138 (0.97, 1.55)

$sS 4724112 5.13+1.09 523+1.16 5.05+1.18 4974112
Mean velocity (cm/s) Left TS 16.17£3.71 14.9243.72 1570 £4.37 14.97+3.26 14.23+4.01

Right TS 17.36£4.77 16.80+4.63 17.33+4.80 16.41+4.45 16.58 +4.66

ss 16.95+3.51 15.90+3.34 14.56:+3.58 12,57 £3.81% 11.93 £4.52%

$SS 17.58+4.87 17.68+4.85 18.18 £4.70 18.49+5.22 18.17+4.94
Peak velocity (cm/s) Left TS 26.02+6.00 25.17+6.42 25.74+7.01 2470+5.58 24.97+7.16

Right TS 29.62+7.61 28.94+7.36 29.16+7.44 28.65+6.90 28.47+7.75

ss 26.89+547 26.06+5.38 23.99+525 22.38 +4.75+ 21.12+5.40%

$SS 30.10+7.27 31324735 3148+7.63 31224831 31.01£7.70
Average axial WSS (Pa)  Left TS 027 (0.22,0.31) 0.25 (0.21, 0.30) 0.24(0.19, 0.30) 0.23 (0.19, 0.28) 0.21 (0.15,0.27)

Right TS 0.26+0.09 0.25+0.08 0.25+0.09 0.23+0.07 0.24+0.08

ss 0.53 (0.46, 0.55) 0.51 (0.44, 0.56) 0.49 (0.36,0.53) 0.38 (033, 0.46)* 0.37 (0.25, 0.41)*

$S$ 0.44+0.15 0.44+0.15 0.43+0.14 0.42+0.16 0.41+0.15
Max axial WSS (Pa) Left TS 0.48 (038, 0.53) 0.45 (0.34, 0.49) 0.40 (033, 0.52) 0.37 (0.34, 0.49) 0.36 (0.29, 0.47)*

Right TS 0.46+0.14 0.44+0.14 0.43+0.14 0.41£0.12 0.42+0.13

ss 0.67 (0.57,0.75) 0.65 (0.60,0.77) 0.61 (0.50, 0.69)* 0.58 (0.48, 0.63)* 0.49 (0.36, 0.58)*

$SS 0.73 (051, 0.97) 0.75 (051, 0.98) 0.75 (0.5, 1.00) 0.64 (0.51,0.91) 0.58 (0.47, 0.95)
Average circumferential | Left TS 0.16 (0.13,0.19) 0.15 (0.11,0.19) 0.15 (0.1, 0.20) 0.13 (0.12,0.19) 0.13 (0.10,0.19)
WSS (Pa) Right TS 0.21+0.08 0.20+0.07 0.20+0.06 0.18+0.06 0.18+0.06

ss 0.08 (0.06, 0.09) 0.06 (0.05, 0.09) 0.07 (0.05, 0.08) 0.07 (0.06, 0.08) 0.06 (0.05, 0.08)

$sS 0.08 (0.07,0.11) 0.08 (0.05,0.10) 0.08 (0.06, 0.09) 0.07 (0.06, 0.09) 0.08 (0.06, 0.09)
Max circumferential Left TS 0.34 (026, 0.41) 0.32 (0.23,0.39) 0.31 (0.24, 0.44) 0.31 (0.24,0.43) 0.28 (021, 0.44)
WSS (Pa) Right TS 043+0.14 042+0.14 043+0.14 039+0.12 038+0.13

ss 0.14 (0.11,0.16) 0.12 (0.10,0.16) 0.13(0.11,0.17) 0.13 (0.12,0.16) 0.12 (0.10,0.15)

$sS 0.19 (0.15, 0.22) 0.19 (0.15, 0.22) 0.17 (0.15,0.21) 0.17 (0.15, 0.20) 0.18 (0.15, 0.23)
3D WSS (Pa) Left TS 0.34(0.26,0.43) 0.30 (0.25,0.39) 0.30 (0.25,0.39) 031 (0.23,0.35) 0.27 (0.23, 0.35)*

Right TS 0.38+0.14 0.36+0.13 0.38+0.14 0.34+0.13 0.34+0.13

ss 0.43+0.14 0.43+0.13 0.40+0.14 0.36+0.12 0.23+0.13*

$sS 0.39+0.13 0.38+0.14 0.40+0.15 0.40+0.14 0.35+0.13

*There was a statistically significant difference compared with the SENSE4 group.

Previous studies on the effect of spatial resolution of 4D blood
flow MRI on aortic hemodynamic parameters have found that flow
velocity and wall shear stress (WSS) are sensitive to changes in spatial
resolution (Kweon et al., 2016; Montalba et al., 2018). El Sayed et al.
(2023) found that when using 4D flow MRI to evaluate the
hemodynamics of the ICA, compared to CFD, too low or too high
isotropic spatial resolution will have a negative impact on velocity
estimation. Low spatial resolution (0.5mm isotropic) showed the

Frontiers in Neuroscience

presence of noise in the measurements, including velocity values
outside the vessel lumen, while high spatial resolution (>1.5mm
isotropic) blurred out the skewing of the velocity profile. Many studies
in the literature have described an underestimation of WSS
measurements acquired using 4D flow MRI (Potters W. et al., 2014;
Potters W. V. et al., 2014; Cibis et al., 2016). The results show that the
WSS values quantified by 4D flow MRI scan are underestimated by 12,
24, 45, and 73% compared to CFD at spatial resolutions of 0.74, 1.00,
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FIGURE 3

Representative hemodynamics visualization of venous sinuses with different AFs from the same HC, displaying bilateral TS and SSS. Panels (A—E) show
velocity flow visualization from the SENSE4, CS4, CS6, CS8, and CS10 groups, respectively. There is good similarity between the velocity magnitude
distribution in the images, with some underestimation at vessels with smaller diameters (indicated by the white arrow).

4a : ! ' 4b
4d

FIGURE 4

visible (indicated by the white arrow)

Representative hemodynamics visualization with different AFs from the same HC, displaying the superior SS. Panels (A—E) show velocity flow
visualization from the SENSE4, CS4, CS6, CS8, and CS10 groups, respectively. In the CS10 group, significantly increased noise around blood vessels is

30cm/s

4CJ I

Ocm/s

4e
A"

1.50, and 2.00 mm’, respectively (El Sayed et al., 2023). Considering
the balance between scanning time and image quality, we chose
1.6 mm isotropic for 4D flow MRI scanning, the reconstruction matrix
size was varied to improve the spatial resolution (reconstruction voxel
size=0.8 mm isotropic), which basically meets the spatial resolution
requirements of the above research. However, such voxel size seems
to be still quite poor for the assessment of blood vessels with smaller
lumens, such as the anterior cerebral artery and the posterior cerebral
artery. In addition, we observed that high acceleration had a greater
impact on smaller blood vessels in the process of image reconstruction,
like the middle cerebral artery (MCA). When CS>6, most of the
subjects had different degrees of truncation or deletion in the
reconstructed MCA images. When calculating the 3D WSS, this effect
became more obvious.

Current 4D flow MRI protocols are mainly based on measuring
blood flow using a single predefined velocity encoding (VENC), as in
our study, the 4D flow MRI scans were performed with two separate
VENC:s, one for arteries and the other for veins. However, this may lead
to unexpectedly high velocity aliasing or high noise in slow flow rates
and limit the ability of 4D flow MRI to fully capture the dynamic range

Frontiers in Neuroscience

of the velocity in the measured vessel (Schnell et al., 2016). The dual-
VENC or multi-VENC methods proposed in recent years is an
alternative method to solve this limitation, which uses a shared
reference scan to obtain both low-VENC and high-VENC data. In this
approach, high VENC data is used to correct the velocity aliasing in
low VENC data to generate a single dual-venc dataset with a high
velocity-to-noise ratio (Schnell et al., 2017). Mahinrad et al. (2022)
showed excellent interobserver agreement for measurement of
intracranial flow velocity using dual-VENC 4D flow MRI and
demonstrated the feasibility of dual-VENC 4D flow MRI for
quantitative assessment of intracranial hemodynamics and had
moderate consistency with transcranial Doppler ultrasound.
Compared to the high-VENC scan in arteries and the low-VENC scan
in veins, the dual-VENC acquisition resulted in excellent correlation
of net flow and peak velocity (Schnell et al., 2017). The current
implementation requires 7 TRs for low VENC and high VENC data
acquisition, which results in 75% longer scan time than a single VENC
acquisition, but in applications where two 4D flow MRI scans at
low-and high-venc are typically acquired, such as in the liver or brain,
both venous and arterial blood flow are of interest, resulting in an
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overall scan time would actually be shorter (Schnell et al., 2017). Multi-
VENC acquisition is optimized based on dual-VENC method, in vivo
and vitro results indicate that triconditional triple-VENC algorithms
proved superior to dual-VENC algorithms in correctly unwrapping
aliased voxels, the quality of 4D flow MRI was further improved (Ma
et al.,, 2019b).

As a prospective study, our research has several limitations. Firstly,
it involves a small sample size, conducted at a single center, using a
single MRI scanner, and employing a single post-processing software.
Therefore, the applicability of our results needs verification in studies
with larger sample sizes, across multiple centers, utilizing scanners
from different manufacturers, and employing various post-processing
software programs. Previous studies have reported differences in the
repeatability and reproducibility of different 4D flow MRI post-
processing software programs (Oechtering et al., 2023). And due to
the inherent lack of spatial resolution of 4D flow MR, our study only
included arteries and venous sinuses with relatively large lumen for
further analyses. Secondly, due to concerns about patient tolerance for
long-term repeated scans, our study did not include patients. Future
research should recruit individuals with relevant diseases to evaluate
the applicability of CS-accelerated 4D flow MRI in pathological states.
Thirdly, the four CS 4D flow scans were consistently acquired after the
conventional SENSE-accelerated 4D flow acquisition. Changes in
subjects’ heart rates and minor head movements due to intolerance to
prolonged scanning may introduce bias to our results, which cannot
be entirely avoided or controlled. In addition, we did not collect
detailed heart rate data of the subjects during the examination, as well
as some basic demographic data, such as blood pressure, body mass
index (BMI). Fourthly, manual intervention is required by the
operator for segmentation of blood vessels of interest, noise reduction,
and placement of measurement planes due to the characteristics of
post-processing software. Although we placed three measurement
planes in each blood vessel to mitigate this issue to some extent,
further efforts are needed to enhance the accuracy and reliability of
measurement results. Finally, our study did not systematically analyze
the effects of different temporal resolutions on CS 4D flow image
quality or hemodynamics, despite evidence suggesting their impact
on hemodynamic estimation, including WSS. Although the shortest
repetition time allowed by the system with CS acceleration varies
compared to traditional SENSE acceleration, we ensured that the
methods we used were compared with the same temporal window to
maintain consistency and minimize the potential impact of temporal
resolution on our conclusions.

In conclusion, this study demonstrates that 4D flow MRI accelerated
by CS4 of the cerebral artery and venous sinuses yielded data with
excellent agreement compared to conventional SENSE-accelerated 4D
flow MRI, with no statistical underestimation of hemodynamics
observed in any vessel. Therefore, CS4 is recommended for non-invasive
hemodynamics evaluation of both intracranial arteries and veins,
serving as a high-throughput method that can replace parallel
acquisition acceleration methods in routine clinical practice.
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