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Validation of 3D Ultra-Short TE (UTE) Phase-Contrast MRI for
Imaging of Steady Flow: Initial Phantom Experiments
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Abstract— Assessment of blood flow is an important factor
in diagnosis of cardiovascular disease. Vascular stenosis result
in disturbed blood flow, flow recirculation, turbulence, and
flow jet. These types of flows cause erroneous quantification of
blood flow using conventional Phase contrast (PC) MRI
techniques. Previous investigations have revealed that shorter
Echo Times (TE) can decrease the quantification errors. In this
paper, we performed phantom studies under steady flow to
validate the UTE technique. Investigation of three different
constant flow rates revealed a significant improvement in flow
quantification and reduction of flow artifacts in comparison to
Cartesian Phase-Contrast MRI.

I. INTRODUCTION

Phase-contrast (PC) MRI is a powerful technique for
quantitative measurement of blood flow in cardiovascular
system. This technique has been employed for blood flow
quantification in the heart [1-2], aorta and aortic valve [3-4],
Carotid vessels [5-6], and various cardiovascular diseases.
Vascular stenosis cause disturbed blood flow, flow
recirculation, turbulence, flow fluctuation, and a jet distal to
the narrowing. With conventional MR imaging techniques,
these high velocities result in signal loss distal to the stenosis
and cause miscalculation in flow quantification [7]. It has
been shown in few studies that various factors can cause
signal loss. Acceleration, higher order flow, and fluid mixing
leading to intravoxel dephasing [8-9], and phase mis-
registration errors due to phase shift between phase encoding
steps [9-10] are the main reasons for signal loss.

One important approach that results in significant impact in
correction of the signal loss is reduction of the echo time
(TE) and gradient duration. Several groups studied the effect
of variation of TE on signal loss and velocity quantification
[11-14]. Reducing the TE decreases the turbulent fluctuation
velocity and intravoxel dephasing, resulting in higher signal
to noise ratio and more reliable estimation of velocity in PC
MRI. In [11], it was shown that the area of signal loss is
increased by decreasing the pixel size and increased TE.
Another study reported that by shortening the TE to 3.1 msec
in MR angiography of Carotid arteries, the signal loss
reduced [12]. However, even with TE=3.1 msec a significant
dephasing and signal loss due to higher order motion and
velocity fluctuation appeared.
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In [13], the effect of TE and other parameters on signal loss
was studied. By varying the TE between 2.7 and 19 msec, it
was demonstrated that the least signal loss was achieved by
TE=2.7 msec. Another study reported that a spiral phase-
contrast sequence is capable of measuring flow in the case of
high flow jet distal to stenosis [14]. The TE was reduced to
1.6 msec in this report but velocity quantification was still
underestimated in comparison to Doppler. Recently, a new
phase-contrast sequence based on the ultra-short TE (UTE)
technique was presented with TE reduced to 0.65 msec [15].
This study proved to be a more reliable technique for
measuring high velocities due to robustness to intravoxel
dephasing and signal loss. However, this technique had some
disadvantages including underestimation of low flow rates.
In this paper, in phantom studies and under steady flow, we
investigate a new 3D UTE PC MRI technique [16-17] with
slightly longer TE compared to [15]. This method obviates
the disadvantages of 2D UTE sequence. Flow assessment
was carried out using an 87% area stenosis phantom under
steady flow and comparison of accuracy of the 3D UTE
technique with both spiral PC MRI and conventional PC
MRI was also made. To evaluate robustness of the method,
three steady flow rates were considered.

II. MATERIALS AND METHODS
A. Conventional (Cartesian) PC MRI

Phase Contrast MRI is based on phase differences of flowing
spins compared to spins of stationary tissue. A flow sensitive
and a flow compensated scan are acquired by applying a
bipolar gradient in the flow direction of interest.
Subsequently, an automatic complex subtraction of these
scans is performed in order to measure the difference in
phase of flowing spins — this phase difference is related to
velocity. Figure 1(I) demonstrates a standard PC MRI
sequences using the Cartesian trajectory. In this sequence,
slice excitation and refocusing (a), flow encoding (b) and
rephasing (c) gradients need to be applied during TE. These
gradients (as long as TE) in Cartesian trajectory (TE is
defined as the distance between the center of RF pulse to the
center of readout window) prolong TE and may lead to phase
errors and velocity miscalculations. K-space lines in
Cartesian trajectory are acquired line by line with a constant
sampling density throughout the k-space.

B. Spiral PC MRI

In spiral method instead of using horizontal lines in k- space,
a spiral read-out trajectory is applied to cover the k-
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Figure 1. Cartesian (I), single-shot spiral (II), and 3D UTE (III) PC MRI
sequences. Gx and Gy in 3D UTE show the radial readout gradients. IIl.a
shows flow encoding gradient as well as slice encoding gradient G, for 3D
acquisition. IIL.b shows radial readout gradient in x and y direction and
IIL.c shows flow compensated gradient in second scan.

space. In this method, the repetition time TR and total scan
time can decrease significantly. The single shot spiral
acquisition technique covers the entire k-space in one
readout causing longer TR. Figure 1(II) demonstrates a
single shot spiral PC MRI which spiral readout gradient in x
and y direction cover the whole k-space in one TR. Single-
shot spiral suffers from severe artifacts due to off-resonance.
Multi-shot or interleaved spiral acquires multiple spiral shots
in each TR. As a result, the whole k-space is collected using
multiple but shorter spirals. This leads to reduction of off-
resonance artifact.

C. 3D UTE PC MRI

Figure 1(IIT) shows the proposed 3D UTE-PC sequence [16-
17] diagram where two back-to-back RF pulses and readout
gradients are used in order to construct one flow sensitive
image and one flow compensated (reference) image in the
slice-select direction. The slice refocusing section of slice
excitation gradient is combined with flow encoding (a) /
compensation gradient (¢) which results in shorter TE. TE is
defined in this case as the distance between the center of the
RF pulse to the beginning of the readout gradient. Sampling
the k-space is started at the rising slope of readout gradient
(b). The radial readout trajectory in 3-D UTE is based on
radial traversal of evenly spaced k-space lines starting from
center of k-space and ending on the surface of cylinder with
radius Kmax determined by spatial resolution in the in-plane
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direction. A 3D non-cartesian trajectories acquisition based
on “stack-of-stars” [18] strategy is employed to collect
multiple slices in a cylindrical volume in flow encoding
direction. The minimum TE for Venc=500 and slice
thickness 4 mm is 0.95 msec which is much shorter than
Cartesian and spiral trajectories.

D. Experimental setup

An idealized rigid model of axisymmetric Gaussian shape
was machined from transparent acrylic. We initially aimed
the occlusion to have a 90% area narrowing at the throat.
However, later, the exact geometry was measured with high-
resolution CT (0.22 x 0.22 x 0.625 mm3) and the narrowing
was determined to be 87%. There were additional
imperfections in fabrication of the phantom which caused the
phantom geometry to not be entirely axi-symmetric. The
stenosis diameter is 25.4 mm at the inlet and narrows down
to 9.04 mm at the throat. To ensure fully developed laminar
flow, devoid of disturbance, at the entrance of the model, a
75-cm long straight rigid acrylic tube was positioned
upstream of the phantom. Fluid viscosity was 0.0043 Pa.s
and fluid density was 1060 kg/m3 at 65 deg. F. Figure 2
shows the stenotic phantom setup in a closed loop flow
system. A CardioFlow 1000 programmable pump (Shelley
Medical Imaging Technologies, London, Ontario, Canada)
was used for generating steady flows.

Three flow rates indicating low (Q= 13.2mL/s), medium
(Q=39.4mL/s), and high (Q=300mL/s) flow rate were
studied. These flow rates translate to the following Reynolds
numbers at the inlet: Re = 160, Re = 480, Re = 3618, and the
following Reynolds numbers at the throat: Re = 440, Re =
1324, Re = 10022, respectively.

E. Imaging Protocol

Imaging was performed on an Achieva 1.5T Philips scanner
using a 16-element SENSE knee coil. The Imaging volume
covered ~50 mm of phantom and the scan was repeated 6
times to covers 300 mm of phantom including 50 mm
proximal and 250 mm distal to the center of the stenosis.
Each scan included 17 slices for Cartesian and spiral
trajectories with the slice thickness of 4 mm and 1 mm
overlap between slices and 10 slices for 3D UTE sequence
with the slice thickness of 4 mm and no overlap between
slices. The imaging volume for 3D UTE is 40 mm along z
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Figure 2. Schematic of the experimental setup showing the test section
with 87% area stenosis which was machined in-house from clear
acrylic plastic.



and the iso-center slice corresponds to the iso-center slices in
Cartesian and spiral sequences. For the spiral trajectory, 30
interleaves each with 4ms readouts were used. The other
parameters at Q=300 ml/s for Cartesian, spiral, and 3D UTE
PC MRI are shown in table 1.

III. RESULTS AND DISCUSSIONS

Figure 3 displays the magnitude image as well as the flow
and velocity profiles for flow rate of Q=13.2ml/s 33mm
distal to throat of the stenosis for cartesian, spiral and 3D
UTE PC MRI. No signal loss appears in the magnitude
image and velocity profiles have identical shapes. In order to
compare the proposed 3-D UTE-PC MRI technique with
conventional PC MRI and spiral sequences, the normalized
mean square error (MSE) is calculated. The normalized root
mean square error can be expressed as:

2

)
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where Q. =~ and Q describe measured flow using
Conventional PC MRI and 3-D UTE-PC MRI technique
respectively and N is the number of slices used for error
measurement. The error for measured flow in low flow rate
is shown in table II and Cartesian trajectory has the least
error. Although spiral and 3D UTE reveal more errors
compared to Cartesian, the accuracy of these techniques is
reasonable. It is worth pointing out that the 3D UTE
sequences shows significant improvement in low flow rates -
decreasing the error to ~ 5%; a previously proposed 2D UTE
sequence was reported to have ~ 27% error at Q=100 mL/s
with an average velocity of 44 cm/s at Re=7200 [15]. This

TABLE I.  ACQUISITION PARAMETERS AT Q=13.2,39.4, AND 300 ML/S
FOR CARTESIAN, SPIRAL, AND 3D UTE PC MRI FOR PHANTOM STUDIES.
THE CARTESIAN AND THE SPIRAL ACQUISITIONS WERE MULTI-SLICE 2-D
ACQUISITIONS

Parameter Cartesian PC Spiral PC 3-D UTE-PC
MRI MRI MRI
FOV [mm] 120x120x51 120x120x51 120x120x40
TE in Q=13.2 5 35 25
(ms)
TRin Q=13.2 7.9 9.9 127
(ms)
TE in Q=39.4 44 29 1.9
(ms)
TR in Q=39.4 73 93 3.6
(ms)
TE in Q=300 42 )5 0.95
(ms)
TR in Q=300 73 3.8 57
(ms)
Venc at Q=13.2,
39.4,300 30, 75, 500 30, 75, 500 30, 75, 500
(mL/s)
Spatial 1.5x1.5x4.0 | 1.5x1.5x4.0 1.5x1.5x4.0
resolution(mm)
Flip angle (deg.) 12 12 12
Imaging time
for one FOV 3:07 1:59 2:36
(min)
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Figure 3. Magnitude image (first row), velocity image (second row), and
velocity profile (third row) for low flow rate Q=13.2 mL/s at 33 mm
distal to throat of the stenosis using Cartesian (first column), spiral
(second column), and 3D UTE (third column) PC MRI sequences. The
magnitudes, flows, and velocity profiles are in agreement. Note that in
the first row, the cross section of the phantom is circular. Saline bags
were placed around the phantom to permit the system to determine the
resonance frequency.

improvement is likely due to the phase correction step as
well as less phase error due to eddy current in our 3D UTE
technique [16-17].

Figure 4 displays the measured flow and peak velocity for
the three sequences and at three flow rates along the length
of the phantom. The calculated flow rates along the length of
the phantom for low and medium flow rates using three
sequences are in good agreement and the errors for the non-
Cartesian sequences (shown in table II) are acceptable. In
case of low and medium flow rates, the measured flow rate
using Cartesian trajectory had the most accuracy compared
to the generated flow rate. However, the variability of peak
velocity measured for the Cartesian sequence was higher
than the other two techniques.

As previously reported [19], the measured flow using the
Cartesian trajectory at high flow rates exhibits significant
underestimation. This can also be seen in figure 4(11) where

TABLE 1L AVERAGE FLOW RATE MEASURED THROUGH THE
PHANTOM (AVERAGED OVER 85 SLICES - 25 CM OF LENGTH ALONG THE
PHANTOM) — 5 CM PROXIMAL TO THROAT TO 20 CM DISTAL TO THROAT

Low flow Medium flow High flow
13.2mL/s 39.4 mL/s 300 mL/s
Error Error Error
Flow %) Flow %) Flow %)
Cartesian 13.3 1 39.29 0.3 235.09 21.6
Spiral 12.61 4.5 36.55 7.2 254.62 15.1
3D UTE 13.91 53 40.55 2.8 305.99 2
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Figure 4. Measured flow rate (left column) and peak velocity ( right
column) for Cartesian, spiral and 3D UTE PC MRI sequences for
low flow rate Q=13.2 mL/s along the length of the phantom (1),
medium flow rate Q=39.4 mL/s (II), and high flow rate Q=300
mL/s (IIT). Z=0 denotes throat of the stenosis and Z > 0 correspond
to positions downstream of the stenosis.

measured flow and peak velocity using Cartesian trajectory
‘at Q=300 ml/s exhibits significant errors distal to the throat
of the stenosis where a flow jet is present. Although the
spiral PC sequence revealed less flow rate error and also less
variability in the estimated peak velocity compared to the
Cartesian trajectory, the most accurate measurements were
obtained with the 3D UTE sequence.

Figure 5 displays the phantom magnitude and velocity image
as well as velocity profile at high flow rate Q=300 mL/s. The
magnitude image using Cartesian trajectory reveals a high
signal loss while the corresponding velocity image shows
significant phase error and noise at the center of jet due to the
signal loss in magnitude image. Far less signal loss in
magnitude image and phase error in velocity image can be
seen in the spiral trajectory. This is because the shorter TE in

the spiral sequence results in less intravoxel dephasing. In
addition, spiral readout gradients oscillate periodically
around zero and cause less intravoxel dephasing [20]. It
should be noted however that the TE in spiral acquisition is
not short enough to entirely resolve the signal loss and phase
error. On the other hand, the 3D UTE sequence with
significantly shorter TE, demonstrates no signal loss in the
magnitude image and additionally, no phase error can be
observed in the velocity image at the center of flow jet. The
same phenomenon can also be seen in the corresponding
velocity profiles. Note that the phase error in velocity image
around the phantom is due to susceptibility artifact between
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Figure 5. Magnitude image (first row), velocity image (second row), and
velocity profile (third row) for high flow rate Q=300 mL/s at 33 mm distal
to throat of the stenosis for the case of Cartesian (first column), spiral
(second column), and 3D UTE (third column) acquisitions. The magnitudes
images for Cartesian and spiral sequences show signal loss. The velocity
image in the Cartesian acquisition reveals a significant phase error at the
center of jet compared to spiral and 3D UTE. There is negligible signal loss
and phase error in 3D UTE PC MRIL.

phantom wall and surrounding air does not affect the flow
measurement.

IV. CONCLUSIONS

In this paper, we reported on stenotic phantom experiments
with steady flows and studied the accuracy of flow
measurement with different k-space trajectories and echo
times. A novel 3D UTE PC MRI technique [16-17] was
compared with the conventional Cartesian PC MRI
technique as well as with our group’s previously published
spiral PC MRI method [21]. With reduced TE, the spiral
acquisition resulted in reduced signal loss and phase error in
the magnitude and the velocity image. However, in
comparison to the 3D UTE acquisition, a slight signal loss in
the magnitude was still observable in the high flow rate
Q=300 ml/s study. 3D UTE PC MRI resolved the signal loss
and phase error entirely in the setting of high flow rate. In
contrast with previously published 2D UTE sequence [19],
the proposed 3D UTE PC MRI sequence shows less error in
the setting of low flow and performs reliable flow assessment
distal to the stenosis.
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