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Phase Contrast MRI with Flow Compensation View

Sharing

Da Wang,"? Jiaxin Shao,' Stanislas Rapacchi,’ Matthew J. Middione,"*

1,2,3 1,2 %

Daniel B. Ennis, and Peng Hu

Purpose: To develop and evaluate a technique for accelerat-
ing phase contrast MRI (PC-MRI) acquisitions without signifi-
cant compromise in flow quantification accuracy.

Methods: PC-MRI is commonly acquired using interleaved
flow-compensated (FC) and flow-encoded (FE) echoes. We
hypothesized that FC data, which represent background
phase, do not change significantly over time. Therefore, we
proposed to undersample the FC data and use an FC view
sharing (FCVS) approach to synthesize a composite FC frame
for each corresponding FE frame. FCVS was evaluated in a
flow phantom and healthy volunteers and compared with a
standard FC/FE PC-MRI.

Results: The FCVS sequence resulted in an error of 0.0% for
forward flow and 2.0% for reverse flow volume when com-
pared with FC/FE PC-MRI in a flow phantom. Measurements
in the common carotid arteries showed that the FCVS method
had —1.16 cm/s bias for maximum peak velocity and —0.019
mL bias in total flow, when compared with FC/FE with the
same temporal resolution, but double the total acquisition
time. These results represent <1.3% bias error in velocity and
volumetric flow quantification.

Conclusion: FCVS can accelerate PC-MRI acquisitions while
maintaining flow and velocity measurement accuracy when
there is limited temporal variation in the FC data. Magn Reson
Med 73:505-513, 2015. © 2014 Wiley Periodicals, Inc.

Key words: phase contrast MRI; velocity encoding; view shar-
ing; flow rate; flow quantification; temporal resolution; tempo-
ral footprint

INTRODUCTION

Phase contrast MRI (PC-MRI) is a well-established tech-
nique for quantification of blood flow velocity and vol-
ume. The typical implementation of PC-MRI for
cardiovascular applications requires a cardiac phase-
resolved acquisition with adequate spatial and temporal
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resolution. These requirements often result in relatively
long acquisition times, especially for four-dimensional
(4D) flow PC-MRI, which appears to be promising for a
number of applications (1,2).

Techniques such as non-Cartesian sampling (3,4), par-
allel imaging (5-7), and compressed sensing (8—10) have
been developed to accelerate PC-MRI acquisitions by tak-
ing advantage of the faster speed of non-Cartesian trajec-
tories, the coil geometry, or the inherent sparsity of PC-
MRI data. In a typical PC-MRI examination, two sets of
images are acquired in an interleaved fashion as shown
in Fig. 1a. These acquisitions typically include the flow-
compensated (FC) and flow-encoded (FE) data, or alter-
nately positive and negative FE data sets (ie, bipolar
flow encoding). The flow velocity is encoded in the
phase difference between the two images. The FC image,
although required for calculating the background signal
phase, typically takes the same amount of time as the FE
acquisition, which effectively doubles the temporal foot-
print (ie, the time span of the data used to reconstruct a
single temporal frame) (11) of each temporal frame and
decreases the temporal resolution (ie, the time between
two successive temporal frames) by 50%. To address this
problem, the shared velocity encoding (12) technique
uses an interleaved bipolar flow encoding strategy such
that the temporal resolution is effectively doubled com-
pared with conventional PC-MRI; however, the temporal
footprint of each frame remains the same as the conven-
tional PC-MRI. Temporal resolution and temporal foot-
print are two important indices that govern, for example,
the measurement accuracy of peak velocity, which is
important for several clinical applications, including the
evaluation of carotid artery stenosis (13,14). Low tempo-
ral resolution is associated with underestimation of the
peak velocity (12) and a long temporal footprint in PC-
MRI also results in underestimation of the peak velocity
due to temporal averaging and blurring of the FE data.

In certain PC-MRI applications, such as the assessment
of volumetric blood flow in the carotid arteries and the
brain, where physiological motion is small, each tempo-
ral frame of FC data is not expected to change signifi-
cantly, assuming the background phase does not change
significantly over time. In this regard, the conventional
FC/FE PC-MRI acquisition strategy is redundant because
it acquires the FC data for each individual temporal
frame and the FC data does not contain any FE informa-
tion. In the present study, we propose a technique to
accelerate PC-MRI by using sliding window temporal FC
view sharing (FCVS), hence improving both the temporal
resolution and temporal footprint. Flow phantom and in
vivo studies were performed to validate the accuracy of
peak velocity and volumetric flow measurements using
the proposed FCVS technique.
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FIG. 1. The data acquisition scheme of (a) the standard FC/FE PC-

MRI and (b) the proposed FCVS approach. The FCVS approach

approximately doubles the effective temporal resolution by undersampling the FC data by a factor of six.

METHODS

Our institutional review board approved this study.
Informed consent was obtained from all participants in
this study. All the phantom and in vivo study were per-
formed on a 1.5T scanner with six-channel body (flow
phantom study) or head-neck (in vivo studies) coils
(Avanto, Siemens, Erlangen, Germany).

MRI Pulse Sequence

For blood vessels such as the common carotid artery
(CCA), or peripheral vessels, we hypothesize that the
phase of the FC image in a typical PC-MRI scan does not
change significantly during the cardiac cycle because it
only reflects the background phase, which is not
expected to change significantly over time. Therefore, in
this study, we propose a PC-MRI technique that uses
sliding window FCVS as shown in Fig. 1. In our
approach, the FC data is sampled much less frequently
than the FE data, as only the FE data contain the FE
phase information. In the example shown in Fig. 1b, an
FC k-space line is acquired after every five FE lines,
hence the FC data are undersampled by a rate Rpc=6.
To compensate for the undersampled FC data, a sliding
window view sharing pattern is employed to synthesize
a composite FC frame for each corresponding FE frame.
For the case of Rpc=6, FC data from the three cardiac
phases before the current frame and two cardiac phases
after are included to form the composite FC data for the
current frame. Due to the need for FC data acquisition,
the FE data are slightly undersampled at Rpc/
(Rpc—1)=1.2, and this is overcome by using standard
TGRAPPA (15). To calculate the GRAPPA kernel for the
FE data, the nearest number of frames equal to Rpg were
averaged and used as the auto calibration signal. Addi-
tionally, a four by three kernel was used for TGRAPPA
reconstruction. The traditional phase difference was then
calculated between each acquired FE cardiac phase and

its corresponding composite FC frame. In our approach,
a longer temporal footprint is used to reconstruct FC
images due to view sharing. However, this enables a
shorter temporal footprint for the FE phases, which carry
the flow information.

Image Analysis

All phase difference images throughout the cardiac
cycle were calculated by multiplying the FC image by
the complex conjugate of the FE image on a pixel-by-
pixel basis, adding the complex results from all of the
receiver channels, and taking the phase angle of the
sum (16). Region of interest (ROI) contours of the CCA
were drawn based on complex difference DICOM
images (ie, FC - FE) and propagated to all cardiac phase
difference images. The mean flow velocities and peak
velocities for each time point were calculated based on
the mean and maximum phase difference within the
ROI. The maximum mean velocity and the maximum
peak velocity were calculated from the mean flow
velocity and peak velocity waveforms, respectively, at
the time point of the peak during the cardiac cycle. The
mean flow rate was calculated by multiplying the mean
flow velocity within the ROI by the area of the ROI The
volumetric flow was calculated by integrating the mean
flow rate over the cardiac cycle. In the retrospective in
vivo study, the error of the proposed FCVS technique in
mean flow velocity and peak velocity quantification
when compared with the FC/FE reference was calcu-
lated as the root mean square error of all the data points
over the cardiac cycle. A paired t test was used to com-
pare flow measurements with a two-sided P < 0.05 indi-
cating statistical significance.

Computer Simulation

Computer simulations were performed to study the
impact of temporal resolution and temporal footprint on
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FIG. 2. a: Simulated CCA peak velocity waveform with 170-ms half-sinusoidal waveform and 800-ms R-R interval. b: Theoretical simula-
tion results show influence of temporal offset, temporal resolution, and temporal footprint of FCVS with views per segment=2 and 4 on

the accuracy of maximum peak velocity measurements.

the accuracy of peak velocity measurements. As shown
in Fig. 2a, a 170-ms half-sinusoidal velocity waveform
followed by zero velocity was designed to approximate
systolic CCA waveform at a heart rate of 75 bpm (800-ms
R-R interval). TR was assumed to be 8.5 ms for FC and
FE acquisitions. FCVS PC-MRI signal with views-per-
segment=2 and 4 were simulated for maximum peak
velocity comparison. For PC-MRI, the maximum peak
velocity measurement is also dependent on the temporal
offset between the time point of true peak and the time
point when PC-MR samples are taken. Therefore, the
FCVS signal was simulated for a wide range of temporal
offsets to study this effect.

FC Phase Consistency Study

The proposed approach is based on the hypothesis that
the signal phase of the FC images does not change sig-
nificantly over time for relatively stationary tissues
because it represents a relatively stable background
phase. To test this hypothesis, six healthy volunteers
were imaged using a 1.5T scanner and a standard FC/FE
PC-MRI sequence, which used the following parameters:
through-plane velocity encoding (VENC)=110 cm/s;
flip angle=30°; readout bandwidth=260 Hz/pixel;
echo time (TE)yin=5.22—-6.22 ms; and pulse repetition
time (TR)min=28.5-9.6 ms. Other imaging parameters
used were: acquired matrix=256 x 256; field-of-view
(FOV)=170 x 170 mm? to 200 x 200 mm?; and slice
thickness=5 mm. ROIs within the CCAs were subse-
quently chosen for each subject to measure the change
in the FC phase over the cardiac cycle on a pixel-by-
pixel basis. As the complex signal’s phase is studied,
only data from a single coil channel with the highest
signal-to-noise ratio (SNR) in the carotids area were
used.

Retrospective In Vivo Study

The same six fully sampled data sets acquired for FC
phase consistency study was subsequently used to per-
form flow velocity and volume measurements. The FC k-
space data in these data sets were decimated by the rate

Rpc=6 to mimic an undersampled FC acquisition. The
view sharing technique was used to generate the com-
posite, but fully sampled FC, cardiac phases as described
in Fig. 1b. In our approach, the undersampling rate Rpg
can potentially affect the reconstruction quality and the
resultant quantitative phase (ie, velocity) estimates.
Recently, a PC-MRI technique (FE only [FEO]) has been
described (17) where the FC data are only acquired for
the last cardiac cycle and the same FC data are shared
among all the other FE cardiac phases. FEO effectively
undersampled the FC data acquisition by a factor equal
to the number of cardiac phases. To demonstrate the
effect of using different Rp¢ and using the FEO approach,
the calculated velocity and total volumetric flow based
on Rrc=6 and 10 using our FCVS technique and the
FEO technique were compared with the ground truth
from the fully sampled PC-MRI data.

Flow Phantom Study

The FCVS sequence was implemented and tested pro-
spectively using a flow phantom. The FCVS pulse
sequence was compared to the standard FC/FE PC-MRI
sequence to demonstrate that it does not introduce sig-
nificant errors into the volumetric flow and velocity
measurements. A pulsatile, but reproducible flow wave-
form was generated with a computer-controlled flow
pump and used to test the agreement of the two sequen-
ces with the same temporal resolution. The phantom
consisted of rigid pipe with a 25-mm inner diameter and
27-mm outer diameter connected by flexible tubes to a
CardioFlow 1000MR computer-controlled displacement
pump (Shelley Medical Imaging Technologies, Toronto,
Ontario, Canada). The rigid pipe was oriented along the
length of the magnet bore and passed through an axial
imaging slice at the magnet’s isocenter. The flow pump
generated a sinusoidal flow waveform with a peak flow
rate of 290 mL/s and a period of 924 ms. A simulated
retrospective electrocardiography (ECG) signal was used
with a 924-ms cardiac cycle length to synchronize data
acquisition with the gated PC-MRI sequences. Data were
acquired using a standard FC/FE PC-MRI sequence and
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FIG. 3. a: A pixel-by-pixel map of the SD of the FC data phase from a single receiver coil with highest SNR. CCAs (red arrows) had very
small phase variation through time (SD = =0.02%). The large phase variation at locations far away from the coil was due to low SNR. b:
The FC signal phase as a function of the cardiac frames for a randomly selected pixel within the CCA (mean += SD = —2.51 = 0.065).

the FCVS sequence. Both sequences used the following
parameters: through-plane VENC=150 cm/s; flip
angle = 30°; views per segment=1 (FC/FE) or 2 (FCVS);
and readout bandwidth =501 Hz/pixel. Other parameters
used for the flow phantom study were: TE=4.05 ms;
TR=8.25 ms; acquired matrix=384 x 252; and
FOV =319 x 209 mm? which resulted in an in-plane
resolution of 0.83 x 0.83 mm?® with 5-mm slice thick-
ness. The temporal resolution for both sequences were
16.5 ms. Due to the acceleration by FCVS, the total
acquisition time of the FCVS sequence was 50% of the
standard FC/FE.

Prospective In Vivo Study

All scans were acquired during free breathing with retro-
spective ECG gating. The six volunteers recruited in the
retrospective in vivo study were scanned again using the
standard FC/FE PC-MRI sequence and the prospective
FCVS sequence. Both sequences were implemented
using the following parameters: through-plane VEN-
C=110 cm/s; flip angle=30°; readout bandwidth =260
Hz/pixel; TEi =5.22-6.22 ms; and TR,;; = 8.5—9.7 ms.
Other  imaging  parameters included: acquired
matrix = 256 x 256; FOV=170 x 170 to 200 x 200 mm?;
and slice thickness =5 mm. Four data sets were acquired
for each volunteer: 1) FCVS with 4 views per segment; 2)
standard FC/FE with 2 views per segment; 3) FCVS with
2 views per segment; 4) standard FC/FE with 1 view per
segment. ROI contours for the left and right CCA were
drawn for each volunteer and used to compare the mean
flow velocity, peak velocity, and total volumetric flow
between FCVS and FC/FE.

As both FCVS and a recently proposed shared velocity
encoding (SVE) technique increase the temporal
resolution of PC-MRI, six additional healthy volunteers
were scanned to compare FCVS and SVE. A modified
sequence based on the standard bipolar flow encoding

PC-MRI sequence was developed, where the positively
and negatively flow-encoded acquisitions are interleaved
to enable the sliding-window SVE reconstruction. For
each of the six volunteers, our prospective FCVS
sequence and the modified bipolar SVE PC-MRI
sequence were performed in a randomized order. Specifi-
cally the following five data sets were acquired for each
volunteer: 1) SVE with 4 views per segment; 2) FCVS
with 4 views per segment; 3) SVE with 2 views per seg-
ment; 4) FCVS with 2 views per segment; 5) standard
FC/FE with 1 view per segment. The measurements from
the standard FC/FE with one view per segment were
used as reference.

RESULTS
Computer Simulation

Fig. 2b shows the simulated maximum peak velocity
measurements as a function of the temporal offset
between the PC-MRI sample points and the true peak. As
expected, due to the finite sampling window, the maxi-
mum peak velocity is underestimated. Depending on the
temporal shift between true peak and FCVS sampling
point, the error for maximum peak velocity measurement
varied between 0.3% and 1.5% for views per
segment =2, and between 1.5% and 6.3% for views per
segment =4. The relative percentage error was a function
of TR, pulse duration, segment, temporal resolution, and
temporal footprint, but was independent of actual maxi-
mum peak velocity.

FC Phase Consistency Study

A pixel-by-pixel map (Fig. 3a) shows the standard devia-
tion (SD) of the FC signal phase from the receiver chan-
nel with the highest SNR acquired on one healthy
volunteer. The average SD values within the ROIs for the
left and right CCA both were 0.02w. Figure 3b shows the
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Table 1
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Comparison of Percent Errors Introduced by FC Images View Sharing with Different Rec and Using Last FC Frame for All Phase Differ-

ence Calculation (FEO) in Six Volunteers

Maximum Mean
Flow Velocity Error®

Maximum Peak

Velocity Error® Total Flow Error®

Rec =6, LCCA 1.2% (0.2%—2.2%)
Rec =6, RCCA 1.0% (0.1%-1.5%)
Rec =10, LCCA 2.1% (0.2%-3.4%)
Rec =10, RCCA 1.3% (0.6%—-1.5%)?
FEO, LCCA 3.3% (0.1%-5.8%)?
FEO, RCCA 2.0% (0.1%-6.4%)?

1.7% (0.7%—2.3%
1.0% (0.1%-2.0%

) 0.5% (0.2%-1.0%
)
2.4% (0.3%-6.3%)
)
)

( )

0.3% (0.1%-0.4%)

0.7% (0.3%-1.5%)

1.4% (0.2%-2.3% ( )
3.9% (0.1%-6.5%)? ( )
2.5% (0.9-%4.3%)?

0.4% (0.2%-0.6%
4.3% (2.3%-7.9%)
3.5% (1.6%-5.7%)

&P < 0.05 when compared with Rec =6 at the same location (left common carotid artery [LCCA] or right common carotid artery [RCCA]).

PMean percentage error (range of percentage error).

FC signal phase over time for one of the pixels within
the ROL

Retrospective In Vivo Study

The maximum mean flow velocity, peak velocity, and
total volumetric flow errors introduced by using view
sharing with Rpc=6 and Rpc=10, and the FEO tech-
nique is shown in Table 1. The view sharing technique
with Rpg=6 resulted in significantly reduced errors in
the measured maximum mean velocity, peak velocity,
and total volumetric flow compared with FEO (P < 0.05).
The Rpc=6 acquisition had significantly reduced error
in the measured maximum mean velocity compared with
the Rpc=10 acquisition (P<0.05). The average percent
error among all six subjects for the velocity calculations
from Rpc=6 were <2% and <1% for total volumetric
flow volume. Only one in 36 measurements from the
Rrc=10 data had a percent error larger than 5%. For
FEO, nine out of 36 measurements were >5%. Based on
these results, Rpc=6 was used for the prospective in
vivo study.

An example of the measured mean and peak velocity
waveforms over the cardiac cycle for one healthy volun-
teer is shown in Fig. 4. The velocity measurements based
on view sharing (Rrc=6) correlates well with the refer-
ence, with root mean square error of 0.77 cm/s for mean
flow velocity and 1.49 cm/s for peak velocity when com-
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pared with the fully sampled FC/FE reference data. The
FEO technique had a root mean square root error of 1.80
cm/s for mean flow velocity and 3.69 cm/s for peak
velocity.

Flow Phantom Study

Mean flow velocities within an ROI measured by the
prospective FCVS sequence were compared with meas-
urements acquired with standard FC/FE PC-MRI using
the same temporal resolution, but twice the total acquisi-
tion time. The mean flow velocities over time were
highly correlated (Fig. 5a). The total forward volumetric
flow volume was 40.8 mL using FCVS and 40.8 mL
using standard FC/FE PC-MRI. The total reverse volu-
metric flows were —29.6 mL for FCVS and —29.0 mL for
standard FC/FE PC-MRI method. The forward and
reverse percent error using the FC/FE as the reference
was 0.0% and 2.0%, respectively. Fig. 5b shows the
peak velocity waveforms for the two sequences.

Prospective In Vivo Study

Figure 6 shows an example of mean flow velocity and
peak velocity waveform measurements obtained on a
healthy volunteer with 1) FC/FE PC-MRI with 2 views
per segment and 34-ms temporal resolution, 2) FCVS
with 2 views per segment and 17-ms temporal resolu-
tion, and 3) FC/FE PC-MRI with 1 view per segment
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FIG. 4. Comparison of (a) the mean flow velocity waveform and (b) the peak velocity waveform for left CCA measured by standard FC/
FE PC-MRI (gray curve), view sharing (Rec =6, blue curve; Rec =10, green curve), and FEO PC-MRI (red curve). The view sharing tech-
nique provided accurate measurements of mean flow velocity and peak velocity. As the FC undersampling factor Rgc increased from 6
to 10 and then approaches FEO, the measurement accuracy decreased. In this example, FEO overestimated the mean flow velocity
and peak velocity.
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FIG. 5. Mean flow velocity waveform (a) and peak velocity waveform (b) for the flow phantom study. FCVS (red curve) and standard FC/
FE PC-MRI (blue curve) are shown. The FCVS technique provides accurate flow velocity measurements, albeit only using half of the

acquisition time as standard FC/FE PC-MRI.

with 17-ms temporal resolution. The 34-ms temporal
resolution FC/FE scan failed to capture the maximum
peak velocity at around 75 ms into the cardiac cycle.
The 17-ms FCVS scan provided similar peak velocity
values compared with the 17-ms FC/FE scan albeit at
half of the total acquisition time. The maximum mean
flow velocities and maximum peak velocity for the left
and right CCA from the six volunteers are shown in Fig.
7, where the FCVS technique is compared with FC/FE
PC-MRI with the same temporal resolution (~17 ms), but
twice the acquisition time. A Bland-Altman plot demon-
strates that the bias was 0.03 cm/s, and the 95% confi-
dence interval was [-5.10, 5.17] cm/s for the maximum
mean flow velocity. The bias was —1.16 cm/s and the
95% confidence interval was [—6.13, 3.81] cm/s for the
maximum peak flow velocity. The total volumetric flow
values measured in the left and right CCA in the six vol-
unteers using FCVS with two different temporal resolu-
tions of 17 ms and 34 ms (views per segment=2 and 4,
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respectively) and standard FC/FE PC-MRI (temporal reso-
lution =17 ms, views per segment =1) are shown in Fig.
8. For views per segment =4, the bias was 0.045 mL and
the 95% confidence interval was [—-0.66, 0.75] mL. For
views per segment =2, the bias was —0.019 mL and the
95% confidence interval was [—0.20, 0.24] mL.

Examples of peak velocity waveform comparisons
obtained on a healthy volunteer with: 1) FCVS (4 views
per segment), SVE (4 views per segment), and FC/FE (1
view per segment) and 2) FCVS (2 views per segment),
SVE (2 views per segment), and FC/FE (1 view per seg-
ment) are shown in Fig. 9. The maximum peak velocity
of FC/FE with 1 view per segment was 95.0 cm/s, which
was used as the reference. Maximum peak velocities
measured by FCVS (90.5 cm/s and 4.7% error for 4 views
per segment, and 96.0 cm/s and 1.1% error for 2 views
per segment) were more accurate than SVE (80.2 cm/s
and 15.6% error with 4 views per segment, 87.4 cm/s
and 8.0% error with 2 views per segment). Based on
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FIG. 6. Mean flow velocity waveforms (a) and peak velocity waveforms (b) from the standard FC/FE PC-MRI (gray curve) with a temporal
resolution of 17 ms and an acquisition time of 214 s, FCVS (blue curve) with a temporal resolution of 17 ms and an acquisition time of
106 s, and standard FC/FE PC-MRI (red curve) with a temporal resolution of 34 ms and an acquisition time of 107 s. The FCVS results
are highly correlated with the measurements from standard FC/FE PC-MRI at the same temporal resolution, but FCVS only requires
50% of the acquisition time. The standard FC/FE PC-MRI fails to capture the peak velocity at ~75 ms or the transient dip at 320 ms
when its temporal resolution is halved to match the total acquisition time of FCVS.
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FIG. 7. a: Bland-Altman plot of the maximum mean flow velocities between standard FC/FE PC-MRI and FCVS. b: Bland-Altman plot of
maximum peak velocities between standard FC/FE PC-MRI and FCVS. The standard FC/FE PC-MRI had the same temporal resolution
as FCVS, but double the acquisition time. The interval between the upper and lower limits of agreement (LOA) is also known as the

95% confidence interval.

data from the six subjects scanned, the average (range)
percentage errors were 2.24% (0.03%-5.62%) for FCVS
(2 views per segment), 6.08% (1.04%-11.71%) for SVE
(2 views per segment), 3.74% (0.11%-9.03%) for FCVS
(4 views per segment), and 9.84% (3.83%—-25.72%) for
SVE (4 views per segment).

DISCUSSION

In this study, we propose the FCVS technique for accel-
erating PC-MRI by undersampling the FC k-space and
performing a view-shared sliding window reconstruction
of the FC data. This was feasible because the FC data
only represent a background phase that does not contain
dynamic FE information and hence are not expected to
vary significantly over time, as demonstrated in Fig. 3.
Our strategy results in a two-fold acceleration compared
with standard FC/FE PC-MRI while maintaining accu-
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racy of in vivo blood flow velocity and volume measure-
ments. Therefore, the proposed technique appears to be
promising for flow quantification of blood vessels where
there is no significantly physiological motion, such as
carotids arteries and intracranial and peripheral blood
vessels.

Similar techniques for performing view sharing of the
FC data have been previously applied to PC-MRI of the
thorax (18), whereas we focus on the CCAs and poten-
tially extend to intracranial or peripheral blood vessels.
Many of the blood vessels in the thorax are subject to
significant physiological motion and variations in vessel
diameter due to the pulsatility of the blood flow. As a
result, the FC phase for thoracic vessels likely has greater
temporal variation compared with the carotid arteries.
Therefore, further studies are needed to study the applic-
ability of FCVS in the thorax and abdomen. Compared
with the previous study (18), our study provides a more
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FIG. 8. Bland-Altman plot of total volumetric flow measurements between standard FC/FE PC-MRI (1 view per segment) and FCVS with
two different temporal resolutions: in the left and right CCA in six volunteers for a total of 12 flow measurements. a: 4 views per seg-
ment FCVS and 1 view per segment FC/FE. b: 2 views per segment FCVS and 1 view per segment FC/FE. In panel b, the standard FC/
FE PC-MRI had the same temporal resolution as FCVS, but double the acquisition time.
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FIG. 9. Example peak velocity waveforms from the left CCA of one volunteer. a: Standard FC/FE PC-MRI (gray curve) with 1 view per
segment, FCVS (blue curve) with 4 views per segment, and SVE (red curve) with 4 views per segment. b: Standard FC/FE PC-MRI (gray
curve) with 1 view per segment, FCVS (blue curve) with 2 views per segment, and SVE (red curve) with 2 views per segment. The SVE
tends to underestimate the maximum peak velocity due to its longer temporal footprint.

detailed validation using both retrospective and prospec-
tive PC-MRI data, which can potentially bring the FCVS
techniques presented in our study and the aforemen-
tioned study (18) closer to clinical utility.

The FCVS technique accelerates the PC-MRI acquisi-
tion by taking advantage of an inherent property of the
background phase in PC-MRI. In this study, we demon-
strate its use in PC-MRI with FE only in one direction.
The same technique could potentially be applied to 4D
PC-MRI where three FE directions are sampled. It is
noted that the potential acceleration achievable for 4D
PC-MRI is approximately 4/3-fold instead of two-fold for
2D PC-MRI. Nevertheless, considering the often prohibi-
tively long acquisition time of 4D PC-MRI, the 4/3-fold
acceleration would likely achieve significant and useful
savings in time. FCVS can be combined with other fast
MRI techniques such as parallel imaging, compressed
sensing, or non-Cartesian readout to enable even faster
PC-MRI sequence beyond what is achievable using other
acceleration techniques alone. The extra acceleration
could improve applications such as real-time single-
directional flow encoding MRI.

The background phase of the FC data is not expected
to change over time, but in practice, there might be slight
variations for several reasons. Besides the aforemen-
tioned potential FC phase variation due to physiology
motion in certain body regions, the flow-related phase is
not perfectly compensated for in the FC data due to
small residual first- or second-order gradient moments,
which might cause phase variations in the presence of
pulsatile flow. Nevertheless, in our study, the phase var-
iations in the FC data were all minimal, similar to Fig. 3.

The recently reported SVE approach effectively dou-
bles the temporal resolution of PC-MRI by using a bipo-
lar FE strategy and a sliding window reconstruction
technique. Although SVE, FEO, and FCVS can all be
used to improve the temporal resolution, there are
important differences between them. Although SVE dou-
bles the effective temporal resolution of conventional
PC-MRI, its temporal footprint is twice as long as the
temporal resolution, because both the positive FE and

negative FE data carry FE information. Therefore,
although the temporal frame rate is doubled in SVE, the
estimated velocity in each temporal frame is the mean
velocity averaged over two temporal frames, which
results in underestimation of maximum peak velocity, as
shown in Fig. 9. FEO only acquires the FC data for the
last cardiac cycle, and the same FC data is shared among
all the other FE cardiac phases. FEO effectively improves
the temporal resolution and temporal footprint by a fac-
tor of 2. However, as shown in Fig. 3b, even though FC
data are relative consistent over time, they still have
slight temporal variations. Any errors in the last FC
frame will be propagated to all other FE temporal frames,
which may result in errors on both peak velocity and
volumetric flow estimations. Furthermore, although there
is not significant bulk motion at the carotid arteries, it is
possible that the carotid vessel diameter can expand or
shrink slightly during the cardiac cycle. This can at least
partially compensate for using our sliding window FC
approach but is expected to cause greater error using the
FEO approach, which may explain why our FCVS
approach has better flow estimation accuracy than FEO
as shown in Fig. 4a. In FCVS, the temporal footprint of
the FC frames is much longer than the FE frames due to
the sliding window view sharing; however, only the FE
echoes carry FE information. Therefore, the temporal
footprint of FCVS is defined by the temporal footprint of
the FE data, which is the same as the temporal resolu-
tion. Therefore, our FCVS approach improves both the
temporal resolution and temporal footprint, which is of
clinical importance for accurate velocity and flow quan-
tification. However, because FCVS relies on ECG gating,
its application in patients with arrhythmia can be lim-
ited, although the same limitation is also true for the
conventional PC-MRI as well as the SVE and FEO
approaches. Furthermore, when more views are sampled
per k-space segment in FCVS, the temporal footprint of
the FC data will inevitably become longer, which
increases errors for both maximum peak velocity and
volumetric flow measurements. In our study, the flow
measurement bias errors associated with views per
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segment =4, which is commonly used in PC-MRI, were
still relatively small.
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