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Abstract
Phase contrast magnetic resonance imaging (PC-MRI) is used routinely to measure fluid and
tissue velocity with a variety of clinical applications. PC-MRI methods require acquisition of
additional data to enable phase difference reconstruction, making real-time imaging problematic.
Shared Velocity Encoding (SVE), a method devised to improve the effective temporal resolution
of PC-MRI, was implemented in a real-time pulse sequence with segmented echo planar readout.
The effect of SVE on peak velocity measurement was investigated in computer simulation, and
peak velocities and total flow were measured in a flow phantom and in volunteers and compared
with a conventional ECG-triggered, segmented k-space phase-contrast sequence as a reference
standard. Computer simulation showed a 36% reduction in peak velocity error from 8.8% to 5.6%
with SVE. A similar reduction of 40% in peak velocity error was shown in a pulsatile flow
phantom. In the phantom and volunteers, volume flow did not differ significantly when measured
with or without SVE. Peak velocity measurements made in the volunteers using SVE showed a
higher concordance correlation (0.96) with the reference standard than non-SVE (0.87). The
improvement in effective temporal resolution with SVE reconstruction has a positive impact on
the precision and accuracy of real-time PC-MRI peak velocity measurements.
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INTRODUCTION
The phase shift caused by moving spins was first described in 1954 (1) and this effect was
used to measure motion in seawater in 1960 (2). The technique of Phase Contrast Magnetic
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Resonance Imaging (PC-MRI) relies on this basic principle and has served for over two
decades as an important clinical diagnostic tool used primarily to measure volume flow and
peak velocities in major blood vessels and through heart valves (3–5). Today, the most
commonly used PC-MRI methods still follow the original approach of acquiring two
gradient echo datasets with different phase sensitivities to velocity. Phase-difference
reconstruction is performed on each complex image data pair to eliminate any residual
nonzero phase variation due to effects other than velocity.

Current PC-MRI methods use ECG synchronization and frequently employ strategies of k-
space segmentation to reduce acquisition time (6,7) to a reasonable breath-hold. However, as
with any ECG triggered pulse sequence, this method requires a reliable ECG signal and
regular cardiac rhythm. Signal-averaging and respiratory gating can be used to suppress
respiratory motion artifacts when breath-holding is not feasible. Furthermore, the velocity
information resulting from a segmented k-space acquisition is a weighted temporal average
of the velocity waveform acquired over multiple cardiac and respiratory cycles; short-term
hemodynamic variations are lost, such as those that occur under pharmacological stress
(8,9), following physical exercise (10,11), or during other physical maneuvers (14,15). Real
time PC-MRI would be desirable for these applications and as an alternative for patients
with irregular cardiac rhythm or inability to breath-hold.

Whereas real-time acquisition of cine images without ECG synchronization or breath-
holding is often used to evaluate cardiac function in patients when conventional ECG-
triggered segmented k-space acquisitions fail, real-time PC-MRI is not commonly utilized
due to its intrinsically slower acquisition rate. Various methods for real-time PC-MRI have
been previously proposed, including the use of alternative k-space sampling trajectories such
as gradient-echo echo-planar (12–16) and spiral readouts (17–19). While these rapid k-space
sampling strategies have successfully demonstrated the feasibility of measuring blood flow
in real time, temporal resolution remains a concern. Temporal data sharing schemes such as
view-sharing are commonly used to improve effective temporal resolution in dynamic
imaging, and have been demonstrated to increase the accuracy of estimation of the left
ventricular end-systolic volume (20). A view-sharing scheme incorporating more frequent
updating of the central lines in a segmented k-space acquisition (21) has been shown to
improve the temporal resolution of PC-MRI (22). However, view-sharing alone may not be
sufficient to achieve adequate temporal resolution with real-time velocity imaging, in
particular at the high heart rates encountered during pharmacological or exercise stress
testing, or when accurate peak velocity measurement is required. Additionally, any data
sharing scheme must be compatible with the desired k-space trajectory (e.g., EPI, radial,
spiral) and parallel imaging method (e.g., GRAPPA, TSENSE). View-sharing methods, EPI,
and parallel imaging can each place competing requirements on k-space trajectories. View
sharing requires flexible phase-encoding line ordering while EPI uses blipped phase-
encoding gradients to step through k-space, making practical combinations of these two
methods potentially unworkable.

In the present work, a simple method originally described by Bernstein (23) that we call
Shared Velocity Encoding (SVE) (23,24) is investigated as a means to improve the effective
temporal resolution of PC-MRI. Unlike view-sharing, SVE shares velocity encodings, rather
than portions of k-space, between adjacent frames resulting in a doubling of the effective
temporal resolution. The method does not impose specific requirements on the k-space
trajectory and therefore works seamlessly with EPI and parallel imaging under-sampling
strategies. The aim of the present work is to investigate and demonstrate the advantages and
tradeoffs of the SVE method applied to real-time PC-MRI. Computer simulations are used
to investigate the impact of SVE on the precision of peak velocity measurement, a pulsatile
flow phantom is used to evaluate the accuracy of real-time flow and peak velocity
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measurements, and experiments in normal human subjects are used to demonstrate the
feasibility and effectiveness of real-time PC-MRI utilizing SVE.

THEORY
PC-MRI is typically performed using one of two methods: one-sided encoding (Figure 1a) in
which velocity compensated and velocity encoded data are acquired for each cardiac
phase(25), or two-sided encoding (Figure 1b) in which data with equal and opposite velocity
encodings are acquired (26,27). The SVE concept, illustrated in Figure 1d, is to share one
version of velocity encoded k-space data (k+ or k−) between adjacent frames in two-sided
velocity encoded PC-MRI. In Figure 1d, the odd-numbered frames are identical to the four
frames generated by conventional phase contrast reconstruction (Figure 1b); SVE
additionally intermediate frames (even frames 2, 4, and 6). While each of these additional
(even) frames shares velocity data with the adjacent frames, each contains a unique set of
data that represents a velocity measurement centered at the time between the original
frames. Thus, SVE neither interpolates data between the original frames, nor alters the
temporal window used to sample the flow information. Instead, it uses a sliding window that
advances one full k-space at a time, rather than shifting two full datasets between
reconstructed frames as is done conventionally. SVE can also be applied to segmented
acquisitions, in which case each block in the figures would represent a segment of k-space,
rather than all k-space lines.

Figure 1c illustrates why the SVE method can only be used with two-sided velocity
encoding. In one-sided encoding, there is no velocity information in the velocity
compensated data; the SVE strategy of shifting only one k-space block at a time would
result in new velocity information in only every second reconstructed image; adjacent
frames would carry identical velocity information, as illustrated in Figure 1c.

The intention of the SVE reconstruction scheme is therefore to restore temporal resolution
that is typically lost in two-sided PC-MRI by boosting the effective temporal resolution by a
factor of two. It should be noted that while SVE doubles the effective frame rate, comparing
Figure 1b and Figure 1d reveals that the temporal window of each frame is unchanged with
SVE reconstruction.

METHODS
Sequence Implementation

Real-time gradient-echo echo-planar imaging (GRE-EPI) with SVE reconstruction was
implemented on a 1.5T MR system with 32 receiver channels and maximum gradient
amplitude and slew rate of 45 mT/m and 200 mT/m/ms respectively (MAGNETOM Avanto,
Siemens Healthcare, Malvern, PA). The GRE-EPI sequence was implemented with echo
train length = 15, a center-out k-space acquisition order to minimize effective echo time
(TE), and through-plane velocity encoding as illustrated in Figure 2. A 25° rapid binomial
water excitation pulse (28) was used in conjunction with the EPI readout to provide the fat
suppression needed to avoid off-resonance artifacts. This resulted in a TE of 3.9 ms
(measured from the first pulse of the 1-1 binomial water excitation pulse) and a repetition
time (TR) of 13.75 ms at a VENC of 150cm/s. Four shots per image were used to collect a
total of 60 k-space lines resulting in an acquisition time of 55 ms for each full k-space
dataset. Parallel imaging technique TGRAPPA (29) with acceleration rate 2 was used to
reconstruct 120 lines per image. Other imaging parameters used were: 2405 Hz/pixel
readout bandwidth, 120 × 160 pixel reconstructed matrix, 10 mm slice, 300mm × 400mm
rectangular field-of-view (2.5mm × 2.5mm pixels). Maxwell correction was used to account
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for the effect of concomitant gradients on the phase maps (30). A summary of imaging
parameters is given in Table 1.

Computer Simulation
Simulations were performed to confirm that the expected improvement in temporal
resolution with SVE yields a more accurate measurement of peak velocity. A velocity
waveform was designed to approximate systolic aortic flow at a heart rate of 75 beats per
minute (800 ms R-R interval). The waveform consisted of a 300 ms half-sine wave followed
by zero velocity for the remainder of the simulated RR interval (see Figure 3a). Acquisition
of k-space data for a single velocity encoding was assumed to take 50ms; this can be
considered as the time to acquire complete image data in the case of real-time imaging, or
one segment of k-space in a segmented acquisition. Two-sided encoding was simulated for
both SVE and non-SVE reconstruction. The alignment between sample points and the
velocity peak was varied and peak velocity calculated over a range of time shifts of the
sampling raster to investigate the influence of SVE on the average and maximum variability
in measured peak velocity.

Phantom
A pulsatile phantom was used to compare SVE with conventional non-SVE reconstruction.
The phantom consisted of rigid pipe with a 0.52″ inner diameter and 0.84″ outer diameter
connected by flexible tubing to a Cardioflow 5000 system (Shelley Medical Imaging
Technologies, London Ontario, Canada). The pipe was positioned along the length of the
magnet bore passing through a transverse imaging slice at magnet isocenter. The servo
motor established a cyclical flow waveform consisting of a 512ms half sine wave with a
peak flow of 100ml/s followed by 512ms of no flow. A transit time ultrasound flowmeter
(Transonic Systems Inc., Ithaca, NY) with the flow probe (ME19PXN) positioned between
the pump and the imaged slice, at the junction of the flexible tubing and the rigid pipe, was
used to record and verify the MRI flow measurements.

Volunteers
This study was approved by our institutional review board (IRB) and was compliant with the
Health Insurance Portability and Accountability Act (HIPAA). Informed consent was
obtained from all volunteers. Thirteen healthy volunteers (mean age 32.5 ± 12.5 years, range
19 to 56; 3 female) with no history of cardiovascular disease were scanned. Through-plane
velocity measurements were made in each volunteer in the ascending aorta and main
pulmonary artery (MPA) immediately distal to the valve at the valve leaflet tips. Multiple
scout planes were used to ensure the velocity measurement planes were perpendicular to the
vessels of interest. Three measurements were made in each vessel. The first and third
measurements utilized a conventional, retrospectively-gated, segmented k-space PC-MRI
acquisition which were averaged to account for physiological drift. This is the same pulse
sequence and scan parameters used in our clinical cardiac MRI lab for velocity
measurements. The second acquisition in each vessel utilized the real-time PC-MRI
sequence. Real-time data were acquired over approximately ten cardiac cycles and the
volunteers were instructed to breath-hold to ensure registration with the segmented k-space
acquisitions. Acquisition parameters (see Table 1) including spatial resolution and temporal
resolution were matched as closely as possible between the segmented k-space and real-time
acquisitions. The real-time sequence used two-sided velocity encoding to enable SVE
reconstruction; the segmented breath-hold scan utilized the standard PC-MRI gradient echo
sequence available on the scanner which incorporated one-sided encoding. The real-time
data was reconstructed both with and without SVE for comparison.
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Flow and Peak Velocity Analysis – Phantom and Volunteer Data
The measurement methods described here were used for both the phantom and the volunteer
data. ROIs were drawn on the vessels of interest in the PC-MRI cines and image analysis
was done using the freely available software Segment version 1.8 (31). Peak velocity and
total flow over the cardiac cycle were measured. From the real-time data, the peak velocity
was manually selected for each heartbeat and then averaged over all cardiac cycles for the
purpose of comparing with the segmented k-space sequence that results in a single
measurement of peak velocity and flow volume for each scan.

The phantom data were analyzed with non-parametric methods due to the non-normality of
the data (as indicated by normal-quantile plots) SVE and non-SVE flow or velocity
measurements were compared to the reference standard through Wilcoxon’s signed rank test
and also compared to one another through Wilcoxon’s rank sum test. SVE and non-SVE
flow measurements were compared to ultrasound flow using Wilcoxon’s signed rank test.

The SVE and non-SVE flow and peak velocity measurements on the 13 volunteers were
compared to the reference standard segmented acquisition using concordance correlation
coefficients (CCCs) and Bland-Altman plots. The CCC measures how closely the SVE/non-
SVE measurements adhere to a 45 degree line (i.e., a line of perfect agreement) when
plotted against the reference standard values, with a value of 1 denoting perfect agreement.
Each analysis required methods to account for correlations between the aorta and MPA
measurements on the same subject. Limits of agreement (bias ± 1.96 s.d.) for the Bland-
Altman analysis were calculated using Bland and Altman’s formula for repeated measures
data (32) while CCCs and their confidence intervals were calculated using King, Chinchilli,
and Carrasco’s method for repeated measures data (33).

RESULTS
Computer Simulation

Figure 3b illustrates the measured peak velocity as a function of the temporal offset between
sample points and the true peak. The results show that both SVE and non-SVE
reconstructions underestimated the peak velocity at any offset between the peak and sample
points due to the implicit temporal averaging of a finite temporal window. For smaller
offsets, SVE and non-SVE showed identical performance; however, when the offset
increased, the additional frames generated by the SVE reconstruction were able to more
accurately capture the peak velocity and reduce the peak velocity error compared to
conventional (non-SVE) reconstruction. SVE showed a 36% reduction in peak velocity error
on average (SVE: 5.59%, non-SVE: 8.81%), and reduced the maximum potential error
caused by temporal misregistration of the velocity peak with sample points by 55% (SVE:
7.76%, non-SVE: 17.30%). Numerical results are listed in Table 2.

Phantom
The two-sided velocity-encoded real-time data was acquired over nine pulsatile cycles.
These were compared to the reference standard obtained using the standard segmented k-
space acquisition, and also to flow measured using the ultrasound flow probe. The median
phantom flow measured using SVE reconstruction (26.96 ml/s) was closer to the reference
standard flow (26.24 ml/s) than non-SVE (22.57 ml/s), though neither median was
significantly different from reference standard (p = 0.16 for SVE and p = 0.43 for non-SVE)
and the measurements were not significantly different from one another (p = 1.00). The
median SVE flow was significantly (p = 0.004) less than ultrasound flow (32.07 ml/s).
Although there was a greater difference between the median non-SVE flow and the
ultrasound flow, statistical significance was not achieved (p = 0.10) due to the high
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variability in the measurements (range = 21.74 – 33.66 ml/s). The median peak velocity
measured using SVE (96.39 cm/s) was not significantly different from the reference
standard peak velocity of 97.85 cm/s (p = 0.18). The median non-SVE peak velocity (95.43
cm/s), on the other hand, was significantly lower than reference standard (p = 0.04),
although it was not significantly different from the median SVE peak velocity (p = 0.14).

Volunteers
Six measurements (real-time SVE, real-time non-SVE, plus the reference standard technique
for both aorta and MPA) were reconstructed in each of the 13 volunteers for a total of 78
velocity waveforms. The number of cardiac cycles for individual real-time scans ranged
from 8 to 15 with a mean of 11.1. Example magnitude and phase images and the resulting
aortic velocity waveforms from each of the measurements in a single volunteer are
illustrated in Figure 4.

SVE and non-SVE measurements were compared to the reference standard using the
concordance correlation coefficient (CCC). SVE and non-SVE measurements of flow
demonstrated similar agreement with the reference standard: the estimated CCCs were close
to one another (0.72 for SVE and 0.71 for non-SVE) and there was a significant amount of
overlap in their 95% confidence intervals ((0.54, 0.84) for SVE and (0.52, 0.83) for non-
SVE). In contrast, the CCC comparing SVE peak velocity with the reference standard (0.96)
was considerably larger than the CCC comparing non-SVE peak velocity to the reference
standard (0.87) and there was no overlap in their 95% confidence intervals ((0.95, 0.98) for
SVE and (0.78, 0.93) for non-SVE), indicating that the SVE peak velocity results more
closely match those of the reference standard.

Agreement with reference standard was also assessed using Bland-Altman plots (Figures 5
and 6). As seen in Figure 5, SVE and non-SVE measurements of flow exhibited similar
levels of bias (−8.93 and −9.49 respectively) and limits of agreement: −27.82 to 9.97 for
SVE and −28.03 to 9.06 for non-SVE. However, as seen in the CCC analysis, SVE and non-
SVE peak velocity measurements exhibited different levels of agreement with reference
standard; as seen in Figure 6, SVE measurements of peak velocity were less biased (0.46
compared to −5.08) and exhibited a narrower agreement interval: −10.07 to 10.98 for SVE
and −20.32 to 10.16 for non-SVE.

DISCUSSION
We have shown that the improvement in the effective temporal resolution of real-time PC-
MRI provided by SVE reconstruction resulted in peak velocity measurements comparable to
the conventional segmented k-space acquisition that served as the reference standard. The
segmented acquisition had an acquired true temporal resolution equivalent to the effective
temporal resolution of the real-time sequence using SVE. The results demonstrated in flow
phantom and volunteers were supported by the computer simulation showing that SVE
reconstruction improved peak velocity accuracy when compared with standard
reconstruction. Both SVE and non-SVE somewhat underestimated the peak velocity due to
the temporal averaging inherently caused by the finite length (110 ms) temporal sampling
window. The measured peak velocity was also sensitive to the temporal alignment of the
acquired sample points with the instant the peak velocity occurs. The simulation showed that
when the peak velocity fell between temporal sample points, it was more severely
underestimated. The intermediate frames generated by SVE improved the precision of peak
velocity measurements by reducing the maximum potential misalignment between the center
of the temporal window and the time of the velocity peak. On average, SVE yielded a more
accurate and less variable peak velocity than conventional reconstruction of two-sided
encoded PC-MRI data. Reduced variability is expected to enhance the reliability of peak
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velocity measurements and to improve the evaluation of physiological beat-to-beat
variability in volume flow and velocity. In phantom, and volunteer studies, SVE results
showed a significantly higher concordance correlation with the reference standard than non-
SVE, which tended to underestimate peak velocity as expected from the simulation results.
These results indicate that SVE should be the reconstruction method of choice when two
sided velocity encoding is employed. SVE fully utilizes the velocity information already
encoded into the k-space data set by combining the alternately velocity encoded data set in a
sliding window fashion.

While measurement of peak velocity can be greatly affected by temporal resolution, volume
flow measurement involves integration of flow over the entire cardiac cycle and may not be
as sensitive to it. The flow phantom showed similar volume flow for the reference standard,
SVE, and non-SVE techniques, although all three MRI methods yielded flow measurements
lower than the ultrasound flow probe. In volunteers, flow volumes generated using SVE and
non-SVE reconstructed data agreed well with one another but were nearly 10 ml/s lower
than the reference standard segmented acquisition. One possible source of this
underestimation is the intrinsic sensitivity of flow measurement to small background phase
offsets. As recently pointed out by Gatehouse et al. (34), even small background phase
errors of the order of 1 or 2 cm/s can corrupt volume flow measurements which are based on
the integration of velocities across the entire cross sectional area of the vessel and across all
phases of the cardiac cycle. The use of a segmented echo planar readout with rapid gradient
switching may contribute to greater eddy current generated phase offsets, but this was not
investigated.

A unique advantage of SVE over conventional view-sharing methods is that it can be easily
combined with existing k-space trajectories and undersampling strategies such as EPI and
TSENSE as shown in this study. SVE is a reconstruction technique and could be combined
with conventional echo-sharing to further improve temporal resolution. Note that the
concept of SVE can also be extended to multi-directional flow-encoding. For the balanced
four point encoding scheme that is often used to encode velocity in x, y, and z directions
(26), the effective temporal resolution could potentially be increased by a factor of four
using SVE, since each of the encodings are sensitive to velocity and could be shared using a
sliding-window type reconstruction.

Limitations
It is expected that EPI acquisition may be more sensitive to eddy-current induced phase
offsets; this may explain the difference in flow measured using the EPI sequence (SVE or
non-SVE) compared to the conventional gradient echo standard. Our primary interest was in
the effect of SVE on temporal resolution, which mainly impacts peak velocity
measurements; as such, background phase offsets were not investigated or corrected in this
study. A recognized limitation of two-sided versus one-sided velocity encoding is that two-
sided encoding lacks a flow-compensated image; therefore magnitude images must be
reconstructed using velocity-sensitized data and may be more sensitive to flow artifacts.
However, given that quantitative velocity measurements are the prime objective of PC-MRI,
this is of limited significance. It should also be noted that only healthy volunteers with
normal velocities and normal heart rates were included in the study; imaging large vessels in
normal adult subjects places relatively low demands on spatial and temporal resolution. The
segmented k-space gradient echo sequence used as the reference standard can be configured
to run with higher spatial and temporal resolution than was utilized, although at the expense
of longer breath-hold duration. Higher spatial and temporal resolution would be required in
patients with higher velocity blood flow, such as children with congenital heart disease and
patients with stenotic valves and high jet velocities. It will be important to investigate the
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accuracy of peak velocity measurements using the real-time sequence in these and other
patient populations in the future.

Conclusion
The SVE reconstruction method demonstrated real gains in temporal resolution that resulted
in more accurate peak velocity measurements. With SVE reconstruction, real-time velocity
measurement becomes practical with the temporal resolution approaching that of
conventional segmented PC-MRI. SVE enables real-time velocity imaging that is not limited
by patient cooperation or breath-holding abilities, or regular cardiac rhythm, and is expected
to become an important clinical imaging tool.
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Figure 1.
The top two diagrams illustrate conventional one-sided (a) and two-sided (b) velocity
encoding. The red bars in all diagrams show the data included in the reconstruction of each
frame. One-sided velocity encoding (a) utilizes pairs of velocity encoded (ke) and velocity
compensated (k0) k-space data. Two-sided encoding utilizes k-space data pairs with positive
(k+) and negative (k−) velocity sensitivities (b). The proposed method of shared velocity
encoding (SVE) image reconstruction is illustrated in (d). SVE cannot be combined with
one-sided encoding as shown in (c) since image pairs sharing the same velocity encoded
data (ke) would be redundant.
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Figure 2.
Pulse sequence diagram illustrating details of the segmented EPI acquisition with velocity
encoding on the slice-select gradient axis. Center-out encoding is used for every echo train.
The diagram accurately depicts the sequence timing used in this study, although only 2 of
the 4 shots used for each image are shown. Echo train length of 15, 4 shots per image, and
TGRAPPA acceleration factor of 2 resulted in 120 reconstructed lines.
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Figure 3.
On the left (a) is a plot of simulated aortic velocity vs. time. The velocity is modeled with a
half wave sine with R-R interval = 800ms and pulse duration = 300ms. Graph on the right
(b) shows the results of theoretical, SVE, and non-SVE peak velocity measurements over a
range of temporal offsets expressed in milliseconds relative to simulated half sine wave. The
error function is periodic.
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Figure 4.
Example magnitude and phase-velocity images for segmented k-space (a), real time non-
SVE (b), and real time SVE (c) of the thoracic aorta in a volunteer showing typical image
quality. Aortic velocity waveforms are shown from one volunteer acquired using segmented
k-space, real-time SVE, and real-time non-SVE (d). Note the degradation in peak velocity
when real-time acquisition is used without SVE reconstruction.
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Figure 5.
Bland-Altman plot of flow for reference standard versus SVE (a) and reference standard
versus non-SVE (b). Both SVE and non-SVE show similar bias in flow measurements.
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Figure 6.
Bland-Altman plot of peak velocity for reference standard versus SVE (a) and reference
standard versus non-SVE (b). SVE shows reduced bias in peak velocity measurements
compared to non-SVE.
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Table 1

Imaging parameters used for phantom and volunteer scans.

Reference Standard (segmented) SVE and non-SVE (real time)

Temporal Resolution (ms) 55 55 (SVE)
110 (non-SVE)

VENC (cm/s) 150

Parallel Acceleration 2×

Flip Angle 25°

Acquisition Segmented Gradient Echo 5 lines per segment Real Time Gradient Echo EPI 4 shots per image

Echo Train Length 1 15

Read Direction

 FOV (mm) 400

 Pixel Number 160

 Pixel Size (mm) 2.5

 Bandwidth (Hz/pixel) 600 2405

Phase Direction

 FOV (mm) 300

 Pixel Number 120

 Pixel Size (mm) 2.5

TR 4.6 ms 13.75 ms

TE 2.0 ms 2.5ms
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Table 2

Computer simulation error in peak velocity measurement expressed as percentages of true peak velocity.

non-SVE SVE

minimum error 4.51% 4.51%

maximum error 17.30% 7.76%

error range 12.79% 3.25%

average error 8.81% 5.59%
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