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Abstract
Magnetization Prepared Rapid Acquisition Gradient Echo (3D MPRAGE) has been shown to be a
sensitive method to image carotid intraplaque hemorrhage (IPH). Since the MPRAGE sequence
used to identify potential IPH does not utilize cardiac gating, it is difficult to optimize the
inversion times due to the dynamic nature of flowing blood. As a result, a best fit inversion time is
often determined experimentally and then used for in vivo clinical examination. This results in
compromised blood suppression and occasional hemorrhage mimicking flow artifacts. We
demonstrate that a retrospective cardiac correlated reconstruction can be applied to the
conventional MPRAGE sequence (CineMPRAGE) to more accurately identify blood signal. This
CineMPRAGE reconstruction uses the data from a standard non-gated MPRAGE sequence to
generate a full sequence of cardiac correlated images throughout the cardiac cycle and therefore
provides a dynamic view of the carotid artery and a better ability to discern blood signal from
potential intraplaque hemorrhage. In our preliminary study of 35 patients, signal from potential
hemorrhage was constant over the cardiac cycle while any signal from blood flow artifact was
observed as an oscillating signal over the cardiac cycle.
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INTRODUCTION
Patients with stable or inactive carotid plaques may not be at increased risk of stroke and
may be spared intervention if such lesions can be accurately characterized. Studies have
shown that intraplaque hemorrhage (IPH) is highly correlated with neurologic events in
patients with carotid stenosis (1–3). Hemorrhage is therefore an important plaque
component and can be identified using a T1-weighted MRI sequence (4–7). Ota et al.
compared three different T1-weighted sequences and concluded that magnetization prepared
rapid acquisition gradient echo (MPRAGE) exhibited higher diagnostic capability for the
detection and quantification of intraplaque hemorrhage (8). The basic premise of the
MPRAGE sequence is that tissue with long T1 relaxation times (blood and muscle) can be
differentiated from tissue with short T1 relaxation times (hemorrhage and fat) using
inversion recovery (5). When identification of hemorrhage is desired, a variety of methods
are available to suppress or identify the fat signal (9, 10).
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MPRAGE utilizes a non-selective inversion pulse followed by selective excitation after a
prescribed inversion time. However, flowing blood will leave the volume covered by the
inversion pulse after a short period of time and will not experience the same number of
inversion pulses that stationary tissue will. Furthermore, fast flowing blood may not have
experienced any inversion pulse before reaching the imaging volume. Since the velocity of
blood is correlated to the cardiac cycle, the absence of an inversion pulse for flowing blood
depends on the timing of the inversion pulse relative to the cardiac cycle. The inversion time
that minimizes the signal from flowing blood depends on the number of inversion pulses
flowing blood will experience. The optimum inversion time is therefore not a constant single
value throughout the scan, but should be changed during image acquisition depending on the
timing of the inversion pulse relative to the cardiac cycle. Despite this, MPRAGE is
typically applied without cardiac gating and a constant “best fit” inversion time is
determined experimentally to minimize the signal from flowing blood and other non-
hemorrhage tissues to allow for maximum hemorrhage contrast (4, 6, 11–14). Due to the
dynamic nature of flowing blood and differences in velocity profiles across a patient
population, this “best fit” inversion time can fail to null the blood signal in all cases and
result in hemorrhage mimicking flow artifacts.

Even if a “best fit” inversion time were optimized to each individual patient, there is no
guarantee that this method will produce satisfactory results in any given scan due to
variations in that individual’s heart rate. Gating the MPRAGE sequence creates a varying
time between inversion pulses and still requires dynamic computation and changing of the
inversion times throughout the scan. A motion sensitized driven equilibrium preparation
could be added between the inversion pulse and data acquisition to help null any remaining
blood signal (15). However, Wang et al. reported that such a preparation results in a SNR
loss of 12% and many MPRAGE protocols already must acquire multiple averages due to
the low SNR of the sequence. Inflow saturation methods would help but are known to be
less effective in eliminating blood signal in the presence of complicated flow patterns like
those near the carotid bifurcation (16).

We have developed a retrospectively cardiac correlated reconstruction method for traditional
MPRAGE (CineMPRAGE) to more accurately identify blood signal. The basic design of
our study was to 1) establish conditions that potentially produce hemorrhage mimicking
flow artifacts, 2) show that a single “best fit” inversion time does not reproducibly suppress
blood flow, 3) demonstrate the ability of CineMPRAGE to identify flow artifact and 4)
present some cases where CineMPRAGE was applied to patients with known carotid
disease.

THEORY
A pulse oximeter or electrocardiogram was used to record the timing of the patient’s cardiac
cycle during the MR scan. After the data was acquired with a standard MPRAGE sequence,
the acquired k-space lines were retrospectively sorted into Ntcardiac phases based on the
time elapsed since the last systolic trigger (5, 8, 17). The result was an undersampled 4D
data matrix M of size (Nx,Ny,Nz,Nt). The undersampled data was reconstructed using
Robust Principle Component Analysis (18). In this algorithm our data M was decomposed
into a temporally low-rank matrix L and a sparse corruption matrix S:

[1]

Consider a function, ψ, that rearranges a 4D matrix of size (Nx,Ny,Nz,Nt) to a 2D matrix of
size (NxNyNz,Nt). The Robust Principle Component problem is described as a minimization
of:
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[2]

subject to:

[3]

where ‖ ‖* is the nuclear norm (sum of the singular values), ‖ ‖1 is the ℓ1-norm, λ is a
weighting factor, W is a function specifying the sampled lines of k-space, and ℱ is the
Fourier transform. Candès et al. showed that a practical solution is the use of principal
component pursuit by alternating directions (18, 19). We have observed that a good balance
of temporal resolution, computation time and data undersampling artifact was achieved
when data was sorted into 12 cardiac phases (17).

METHOD
All studies were performed on a Siemens Trio 3T MRI scanner with custom designed 4 or
16 element phased array surface coils (20, 21). All human studies were approved by the
institutional review board and informed consent was obtained from all subjects. The first
three objectives of this study were to identify conditions which potentially produce
hemorrhage mimicking flow artifacts, show that a “best fit” inversion time does not
reproducibly suppress blood flow and demonstrate the feasibility of CineMPRAGE to
identify flow artifacts. To investigate these three objectives, a low cost pulsatile flow
phantom was constructed (Appendix A).

Flow Phantom Studies
An axial slice through the phantom (Fig. 1a) shows the general geometry of the three
different compartments of the flow phantom. There was a cylindrical center with a measured
T1 relaxation time of approximately 900 ms and adjacent tubing containing flowing tap
water surrounded by stationary tap water (T1~1500ms). These T1 relaxation times were
similar to those of muscle and blood at 3 Tesla and allowed the same pulse sequence to be
used on the flow phantom as well as human subjects (4, 22). The water travelled through 6m
of tubing from the pump to the foot of the flow phantom where it passed through 7m of
coiled tubing reservoir, in the 3 T field but not necessarily in the 50 cm diameter
homogeneous magnetic imaging field of view, before entering the flow phantom. The coiled
tubing reservoir replicated the effect of blood in the heart before entering the carotid artery.
After flowing through the phantom the water returned straight to the pump reservoir for a
total distance of approximately 20m through 0.5cm tubing. All velocities reported were
measured with a fully sampled cine phase contrast gradient echo MR sequence
(0.75×0.75×3mm resolution, 15° flip angle, 3 averages, 33 measured phases for pulsatile
flow with only the through plane velocity measured). For the pulsatile flow used in this
work, a typical temporal velocity profile at the center of the supply tube is shown in Fig. 1b.

Conditions that potentially produce hemorrhage mimicking flow artifacts were examined
using the flow phantom set to constant flow with velocities ranging from 8cm/s to 63cm/s.
Fully sampled MPRAGE images (200mm×200mm×24mm field of view, 294×256×10
matrix, TI=370ms, TE=2.22ms, 15° flip angle and 1 average) were acquired at multiple
velocities. MPRAGE data was segmented such that 49 phase encode lines were acquired
each TR interval. Six segments were required (each of length TR=667ms) to acquire all the
phase encode lines before moving on to the next partition in the 3D data set. These
experiments were performed twice, once with the coiled tubing reservoir near isocenter and
once with the coiled tubing reservoir about 30cm from isocenter.
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Human Studies
The final objective of this work was to apply CineMPRAGE to in vivo patient studies. For
patient studies, the MPRAGE sequence was configured with a 130mm×130mm×48mm field
of view, 294×256×48 matrix, TR=667ms, TI=370ms, TE=2.22ms, 15° flip angle and 2
averages (6 minute 24 second total scan time). Data was again acquired with 6 segments per
partition encode. A chemical shift fat saturation RF pulse was applied to eliminate
perivascular fat. Each MPRAGE data set was reconstructed using the standard method
(Fourier transform) and the CineMPRAGE technique described above. For the
CineMPRAGE, every line of k-space was sampled in at least one of the cardiac phases and
the initial image estimates, L, are created using linear interpolation in the temporal direction.
The strength of the weight factor λ is a tradeoff between temporal blurring, undersampling
artifact reduction and image noise. Decreasing the factor λ results in improved suppression
of undersampling artifacts but increased temporal blurring with a SNR in each
CineMPRAGE image that approaches that of the standard MPRAGE image. Conversely,
increasing the weight factor can result in poor undersampling artifact suppression but
reduced temporal blurring with a SNR in each CineMPRAGE image that approaches the
SNR of a single average MPRAGE image. The weight factor λ was chosen as suggested in
(18):

[4]

A patient was considered to have a MPRAGE positive signal if any area in the image had a
mean intensity greater than 1.5× the intensity of the sternocleidomastoid muscle. The
intensity of the sternocleidomastoid muscle was measured by drawing a region of interest
(typically 0.25cm2) in an area of the muscle close to the carotid artery. The mean signal in
any 3×3 pixel area was then compared to the mean intensity of the sternocleidomastoid
muscle to determine if it exceeded the threshold for a MPRAGE positive signal. SNR
measurements were calculated by taking the same mean intensity of the sternocleidomastoid
muscle compared to the standard deviation of the noise measured outside of the object.

Other reference data presented in this paper include 3D time of flight
(160mm×160mm×48mm field of view, 512×512×24 matrix, TR=25ms, TE=4.02ms, 50°
flip angle and 1 average), 2D T1 weighted turbo spin echo with inversion recovery dark
blood preparation (130mm×130mm×2mm field of view, 512×512 matrix, TI=500ms,
TR=25ms, TE=9.2ms, echo train length of 9 and 2 averages), and 2D phase contrast
(140mm×140mm×5mm field of view, 256×256 matrix, TR=694ms, TE=4.91ms, 15° flip
angle, 25 cardiac phases and 1 average).

RESULTS
The coverage of the non-selective inversion pulse in the described MPRAGE sequence was
limited by the field of view of the transmit coil and increasing magnetic field inhomogeneity
at large distances from the magnet isocenter. In our scanner, and in many clinical MR
scanners, the non-selective inversion pulse had a maximum effective range of approximately
±25 cm from the magnet isocenter along the bore. In this paper we refer to this 50cm region
as the MRI scanner effective field of view.

The effect of constant velocity on flow suppression with the described MPRAGE sequence
is demonstrated in the plot of Fig. 2 and the images of Fig. 3. In the plot, a negative signal
for flowing water occurred when it was out of phase with the surrounding stationary water.
Signal from the surrounding stationary water (black line in Fig. 2) and the flowing water
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when the coiled tube reservoir was inside the MRI scanner effective field of view (red line
in Fig. 2) were stable across the tested range of velocities. The signal from flowing water
when the coiled tube reservoir was outside the MRI scanner effective field of view (blue line
in Fig. 2) had strong velocity dependence. The flow velocity dependence effect is also
demonstrated in the images in Figure 3. When the coiled tube reservoir was inside the MRI
scanner effective field of view (Fig. 3a to 3c), the signal from flowing water inside the
supply tube was adequately suppressed for all three velocities tested (15cm/s, 27cm/s and
62cm/s). However, when the coiled tube reservoir was outside the MRI scanner effective
field of view, flowing water was hyperintense relative to stationary water for all three
velocities, but was in phase with respect to the stationary water for slower (Fig. 3d) and
higher (Fig. 3f) velocities and out of phase relative to stationary water for the constant
velocity of 27cm/s (Fig. 3e).

The patient position inside the MR scanner is an important factor in flow suppression with
MPRAGE sequences. When a volunteer was placed with the carotid bifurcation at the
magnet isocenter, there was no MPRAGE positive signal observed (Fig 4a). When the
patient was moved 15cm to the foot of the magnet and rescanned, a hemorrhage mimicking
artifact was observed (arrows in Fig 4b). To help verify the presence of a flow artifact, time-
of-flight (Fig. 4c) and a phase contrast velocity measurements (Fig. 4d) were included. The
3D time-of-flight images had bright signal in the area of suspected flow artifact and velocity
measurements from phase contrast imaging indicated blood flow.

The failure of MPRAGE to identify flow artifact in a patient with carotid disease is
demonstrated in Fig. 5. If potential hemorrhage was identified using a MPRAGE intensity
threshold of 1.5× the intensity of the sternocleidomastoid muscle, then there were several
areas of potential hemorrhage (Fig. 5a). In addition, the same patient was subsequently
reimaged with the identical sequence (patient positioned 4cm closer to the foot of the
magnet) with a greatly reduced flow artifact as shown in Fig. 5b. The signal intensity from
the potential hemorrhage was similar for both scans (compare Fig. 5a to Fig. 5b). To help
verify the presence of flow artifact (Fig. 5a), the images from a time-of-flight and T1w dark
blood turbo spin echo sequences are also shown (Fig. 5c and 5d respectively). The time-of-
flight (Fig. 5c) had a bright signal where the flow artifact was suspected and the dark blood
T1 weighted image (Fig. 5d) was dark in the area of the flow artifact.

The signals from three identified areas of a patient with known carotid disease (arrows in
Fig. 5a) are quantified with the dashed lines in Fig. 6. The signal from the flow artifact (red
dashed line in Fig. 6) was 1.7× the intensity of the sternocleidomastoid muscle and could
therefore be misclassified as potential hemorrhage. The potential hemorrhage signal (blue
dashed line in Fig. 6) was 1.8× the intensity of the sternocleidomastoid muscle. The same
data was then reconstructed with the CineMPRAGE technique described in this work. The
resulting signals of the same regions of interest (arrows in Fig. 5a) are represented by the
solid lines in Fig. 6. The signal intensities from the sternocleidomastoid muscle (black solid
line in Fig. 6) and potential hemorrhage (blue solid line in Fig. 6) were relatively constant
throughout the cardiac cycle. However, the signal from the flow artifact (red solid line in
Fig. 6) varied with the cardiac cycle. The flow artifact intensity ranged from 1.1× to 2.2× the
intensity of the sternocleidomastoid muscle.

Signal from flow artifacts can be discerned by taking the temporal maximum and minimum
intensity projections of the CineMPRAGE reconstruction as shown in Figure 7. In this case,
the described MPRAGE sequence failed to suppress flowing water in a pulsatile flow pump
(Fig. 7a). The minimum and maximum intensity projections (MinIP and MaxIP
respectively) along the temporal direction of the CineMPRAGE reconstruction are shown in
Fig. 7b and 7c respectively. While the stationary water had the same intensity in both
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projections, the flow artifact varied between the minimum and maximum intensity
projections. A color map corresponding to the CineMPRAGE signal variation was overlaid
on the conventional MPRAGE image in Fig. 7d.

Similarly, in patients, a flow artifact which varied across the cardiac cycle had a large
difference between the MaxIP and MinIP CineMPRAGE intensity projections (compare Fig.
8a second and third rows). However, signal from potential hemorrhage was relatively
consistent across the cardiac cycle and minimum and maximum intensity projections of the
CineMPRAGE reconstruction were almost identical (compare Fig. 8b second and third
rows). Color maps corresponding to the CineMPRAGE signal variation were overlaid on the
conventional MPRAGE images on the bottom row of Fig. 8.

Signal-to-noise, hemorrhage/SCM and Flow artifact/SCM ratios are summarized in Table 1.
Patients 1 through 3 have images shown in Fig. 8a to 8c respectively. The SCM SNR is
higher in Patient 1 because a 16 channel receive coil was used instead of the 4 channel
receive coil used with patients 2 and 3. Most of the 35 total patients were imaged using the 4
channel receive coil. The average SNR of the sternocleidomastoid muscle was about 15%
higher in the MPRAGE image compared to the average SNR of each individual
CineMPRAGE image. In the preliminary patient population studied, 22 of the 35 cases had
an MPRAGE positive signal indicating potential hemorrhage. In all these cases, the
CineMPRAGE sequence identified the positive MPRAGE signal and never produced a
positive signal when one was not present on the standard MPRAGE images. While about
half of the 35 patients exhibited flow artifact to some degree, only 5 had a flow artifact that
would be potentially misclassified as hemorrhage. In these 5 cases, the traditional technique
(MPRAGE) would misidentify flow artifact as potential hemorrhage but CineMPRAGE was
able to make the distinction (see summary for all patients in Table 1).

DISCUSSION
The results presented here demonstrate that the suppression of blood signal in conventional
MPRAGE can be inconsistent and in this study this inconsistent suppression resulted in a
range of intensities of blood signal from dark to sufficiently bright to mimic hemorrhage.
The primary cause of poor blood suppression was the coverage and timing of the non-
selective inversion pulse.

With carotid MPRAGE studies, if the heart is entirely inside the MRI scanner effective field
of view, there is a low probability that non-inverted blood will reach the imaging volume
during the inversion recovery period. However, with larger distances from the carotid
bifurcation to the heart, the heart may not be entirely within the MRI scanner effective field
of view since the bifurcation is normally placed near isocenter in carotid imaging. As a
result, blood in the heart may not experience some (or any) inversion pulses and non-
inverted blood will reach the imaging volume during the inversion recovery period. Typical
inversion times for MPRAGE hemorrhage imaging vary from about 300 ms to greater than
900 ms and the inversion time of 370 ms used in this work was not uncommon (4, 6, 11–13).
For this inversion time, and when the heart is not entirely within the MRI scanner effective
field of view, any blood with an average velocity greater than 68 cm/s during the inversion
recovery period would not be inverted when it reached the imaging volume. This average
velocity would be lower for the longer inversion times employed in other studies (6, 11, 12).
This is clinically significant since peak systolic blood velocity in the common carotid artery
frequently exceeds 80 cm/s (23–25).

Although the imaging volume could be moved from isocenter to ensure the heart is entirely
within the MRI scanner effective field of view, this can cause image degradation due to
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gradient non-linearity and increasing magnet field inhomogeneity at large distances from
isocenter. In addition, when MPRAGE is applied to the head region, it may not be a
possibility to have the entire heart and the imaging volume both inside the MRI scanner
effective field of view. In these cases, when the entire heart is not within the MRI scanner
effective field of view, the amount of non-inverted blood in the imaging volume is strongly
correlated with blood velocity and with the timing of the inversion pulse in the cardiac
cycle.

Our results confirmed this velocity dependence of flow suppression (Fig. 2) using a flow
phantom. When the heart is not entirely within the MRI scanner effective field of view, the
number of inversion pulses experienced by slow flowing blood is velocity dependent.
Consequently, the optimal inversion time for blood suppression is therefore also velocity
dependent. An inversion time that suppresses stationary blood may fail to adequately
suppress slow flowing blood (Fig. 3d). There is also a range of intermediate velocities where
flowing blood will experience just a single inversion pulse before reaching the imaging
volume. Again, an inversion time that suppresses stationary blood may fail to adequately
suppress blood flowing at these intermediate velocities (Fig. 3e). If the T1 relaxation time of
blood is estimated to be 1500ms, then any inversion time less than one second will result in
blood being out of phase with the surrounding tissue. Imaging sequences such as slab-
selective phase-sensitive inversion-recovery (SPI) take advantage of this phase difference to
better discriminate between blood flow artifact and hemorrhage (13, 26). When the velocity
of blood is above a critical velocity, blood flowing into the imaging volume will not be
inverted at all. As with the previous cases, an inversion time optimized to suppress
stationary blood will fail to suppress this high velocity blood (Fig. 3f).

Unfortunately, when a patient’s heart is not entirely within the MRI scanner effective field
of view, the random timing of the MPRAGE inversion pulse in the cardiac cycle can lead to
all three of the scenarios described above. If the inversion pulse occurs just before systole,
placing the time of maximum blood velocity in the inversion recovery time, most of the
inverted blood will have already passed through the imaging volume during the inversion
period. However, if the inversion pulse occurs just before diastole, most of the blood in the
image volume will have been inverted. Each case would require a different optimal
inversion time for suppression of flowing blood and a single inversion time will result in
hemorrhage mimicking flow artifacts (Fig. 4 and 5).

Our preliminary results suggest that these hemorrhage mimicking flow artifacts will be
present in a significant portion of MPRAGE studies. A CineMPRAGE reconstruction
utilizes the data from a standard non-gated MPRAGE sequence to generate a full sequence
of cardiac correlated images throughout the cardiac cycle. This provides a dynamic view of
the carotid artery and an increased ability to discern blood signal from potential intraplaque
hemorrhage. A CineMPRAGE reconstruction was used to differentiate potential hemorrhage
from flow artifact in one of two ways. The first method was to observe the whole dynamic
series of images throughout the cardiac cycle. In this case, the signal intensity from potential
hemorrhage was constant over the cardiac cycle while any signal from blood flow artifact
oscillated over the cardiac cycle. The signal from flowing blood could be accurately
identified by considering the dynamics of the signal as seen in Fig. 6. The second method
was to consider a flow artifact mask created by comparing the minimum and maximum
intensity projections in time through the CineMPRAGE sequence (Fig. 7b and 7c). The
difference in signal intensity between the minimum and maximum intensity projections
corresponds to the amount of flow artifact A color map corresponding to the CineMPRAGE
signal variation was overlaid on the conventional MPRAGE image to help identify flow
artifacts (Fig. 7d).
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When we consider the 35 patients imaged, the average hemorrhage/SCM ratio was similar
between conventional MPRAGE and maximum/minimum CineMPRAGE intensity
projections (Table 1). However, when a flow artifact was present (as seen on conventional
MPRAGE images), the average flow artifact/SCM ratio was seen to vary significantly
between the maximum and minimum intensity projections of the CineMPRAGE
reconstruction (Table 1). For example, the minimum and maximum intensity projections
were seen to differ significantly for the flow artifact in Fig. 8a while the signal from
hemorrhage was relatively unchanged in Fig. 8b and 8c. These results suggest that it is
sufficient to observe two projections from the CineMPRAGE reconstruction to better
identify hemorrhage mimicking flow artifacts.

The CineMPRAGE reconstruction appears to be robust in the presence of cardiac
arrhythmias. For example, the patient in Fig. 8c had a heart rate of 50± 8 beats per minute
with very irregular R-R intervals. Ideally, the sampled data should be distributed evenly
across each CineMPRAGE cardiac phase. An arrhythmia tends to concentrate the data more
toward the first systolic cardiac phases and leaves the later diastolic bins more sparsely
filled. The CineMPRAGE data used in Fig. 8c had 12 cardiac phases filled at [18% 18%
20% 20% 20% 18% 18% 18% 18% 18% 9% 5%]. Luckily, the later diastolic cardiac phases
tend to have less dynamic information from phase to phase and therefore are more robust to
being undersampled (and therefore more temporally blurred) than the earlier and more
dynamic systolic phases.

Another benefit of the CineMPRAGE reconstruction is that blurring due to cardiac motion is
greatly reduced since data from across the entire cardiac cycle are not averaged into one
temporal frame. This has the potential to improve spatial resolution which Kampschulte et
al. reported to be one of the two main reasons for misclassification of intraplaque
hemorrhage and juxta-luminal hemorrhage/thrombus (27). Novel contrast agents have been
proposed for molecular imaging of thrombus (28). Such agents typically shorten the T1 of
blood making it more difficult to distinguish blood from hemorrhage and other plaque
components. The use of CineMPRAGE to identify flowing blood would be beneficial in
these instances. Finally, there is evidence that intraplaque hemorrhage nodes are associated
with higher plaque wall stress and increased vulnerability of plaque rupture (29). The
dynamic information about hemorrhage available with the CineMPRAGE reconstruction
might aid in predicting future neurologic events.

CONCLUSION
While MPRAGE is a successful direct thrombus imaging technique it can suffer from
hemorrhage mimicking flow artifacts. This work has shown that retrospectively cardiac
correlated CineMPRAGE can be used to identify blood signal and reduce hemorrhage
misclassification due to flow artifacts. Even for patients where flow artifacts are not an
issue, the CineMPRAGE image reconstruction can provide additional information about
carotid dynamics. Since the CineMPRAGE utilizes the same measurement data as the
standard non-gated MPRAGE sequence, no additional scan time or sequence modifications
are required. The only additional requirements are that the patient’s cardiac information
(pressure pulse or ECG) be recorded during the scan and a modest increase in image
reconstruction time.
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APPENDIX A: Flow Pump Construction and Operating Characteristics
A low cost flow pump was constructed to simulate the variable flow in a vessel over the
cardiac cycle. The flow is driven by a 7L/min DC brushless water pump (ColdfusionX
EWP-3806) which allows variable input voltages up to 12 volts. The water pump voltage is
provided by a computer controlled motor controller (Pololu Simple Motor Controller 18v7).
This controller has a maximum output voltage of 30 volts and a continuous maximum output
current of 7 amps. Custom software written in C++ allows complete control of the shape and
power of the voltage waveform supplied to the water pump. This motor controller also
allows for reverse polarity which would be useful in mimicking retrograde flow, however,
the water pump selected only works in one direction. The voltage to the water pump is
monitored with a 555 timer in monostable mode. When a threshold voltage is reached a TTL
trigger pulse is produced which can be used as a trigger pulse for MRI sequences. While the
water pump is situated near the edge of the patient bed in the scan room, the controller and
computer interface are located in a separate control room. Connections between the two are
through a RF filtered pass panel.

While the water pump selected is a brushless type, to further reduce any RF noise in the
scanner the entire water pump was enclosed in a copper Faraday cage. In house testing has
shown a decrease in SNR of about 5% when the flow pump is running. While the input
waveform to the water pump can be shaped to any waveform with a 1ms resolution, the
actual velocity will be damped due to the system. A sample output velocity profile is shown
in Fig. 1b for a square input voltage pulse of 300ms. The total cost of building the pulsatile
flow pump was about $100.
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Figure 1.
Flow phantom used in this work. A 2D axial gradient echo image through the flow phantom
is shown in (a) with the arrows indicating the supply and return tubes on the left and right
respectively. The phantom has an inner cylindrical compartment with a T1 of 900ms while
the tap water flowing inside and the stationary tap water surrounding the tubes has an
approximate T1 of 1500ms. The waveform in (b) shows the velocity measured in the supply
tube when a 300ms square voltage pulse is supplied to the pump with a frequency of 1 Hz.
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Figure 2.
Velocity dependence of signal suppression in a flow phantom with the described 3D
MPRAGE. The flow signals (red and blue lines) were measured as the mean signal across
the supply tube (left arrow in Fig. 1a) while the surrounding stationary water (black line)
was the mean signal over a 1cm field of view near the supply tube. Negative flow signal
intensity indicates that flowing water was out of phase with the surrounding water. When the
coiled tube (red line) was inside the MRI scanner effective field of view there was nice
suppression of flow signal over the entire range of velocities. However, when the coiled tube
was outside the MRI scanner effective field of view, there was a potential for hemorrhage
mimicking artifacts across a wide range of flow velocities.
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Figure 3.
The supply tube (left arrow in Fig. 1a) is shown from a select partition of a 3D MPRAGE
axial slab for various flow velocities. The magnitude image is displayed above the phase
image for each of (a) through (f). The images (a–c) have the coiled tubing reservoir inside
the MRI scanner effective field of view while (d–f) have the coiled tubing reservoir outside
the effective magnetic imaging field of view. The images shown are for flow velocities of
15cm/s (a and d), 27cm/s (b and e) and 62cm/s (c and f).
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Figure 4.
In vivo example of MPRAGE hemorrhage mimicking flow artifact at different volunteer
positions. When the volunteer was placed with the carotid bifurcation at the magnet
isocenter, there was no MPRAGE positive signal observed (a). When the patient was moved
15 cm to the foot of the magnet and rescanned, a hemorrhage mimicking artifact was
observed (arrows in b). The flow artifact is verified by the bright signal in the time-of-flight
image (c) and the velocity profiles (d). The red line indicates the velocity profile in the left
internal carotid artery while the black line indicates the velocity profile in the right external
carotid artery.
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Figure 5.
In vivo example of hemorrhage mimicking flow artifact with 3D MPRAGE. A patient was
imaged and had a suspected hemorrhage mimicking flow artifact (a) which was absent when
the patient was rescanned (b). The time-of-flight (c) had a bright signal where the flow
artifact was suspected and the dark blood T1 weighted image (d) was dark in the area of the
flow artifact.
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Figure 6.
In vivo example of hemorrhage mimicking flow artifact with 3D MPRAGE. The signal
intensities from select regions (labeled in Fig. 5a) are shown with the dashed lines
representing the standard MPRAGE reconstruction and solid lines representing the
CineMPRAGE reconstruction. The signal intensities from the flow artifact are shown in red,
potential hemorrhage in blue and the sternocleidomastoid muscle in black. In the standard
MPRAGE reconstruction (dashed lines), the intensity of the flow artifact is larger than 1.5×
the sternocleidomastoid muscle (a common threshold to identify potential hemorrhage).
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Figure 7.
Identification of flow artifact using minimum and maximum intensity projections with
CineMPRAGE. The described MPRAGE sequence failed to suppress flowing water in a
pulsatile flow pump (a). The minimum and maximum intensity projections along the
temporal direction of the CineMPRAGE reconstruction are shown in (b) and (c)
respectively. A color map corresponding to the CineMPRAGE signal variation is overlaid
on the conventional MPRAGE image in (d).
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Figure 8.
Identification of potential hemorrhage and hemorrhage mimicking flow artifacts using
CineMPRAGE image reconstruction. A patient with flow artifact is shown in (a) while
patients with potential intraplaque hemorrhage are shown in (b) and (c). The top row is the
MPRAGE images reconstructed using the standard MPRAGE technique. In all cases there
are pixels with signal intensities above 1.5× sternocleidomastoid muscle. The maximum and
minimum intensity projections (taken along the temporal direction) of the CineMPRAGE
reconstruction are shown in the second and third rows respectively. While the potential
hemorrhage signal is constant, the flow artifact is varies across the cardiac cycle as
evidenced by the difference in the maximum and minimum intensity projections. Color
maps corresponding to the CineMPRAGE signal variation are overlaid on the conventional
MPRAGE images on the bottom row.
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Table 1

Patient data signal-to-noise, hemorrhage/SCM and Lumen/SCM ratios.

Patient 1a Patient 2b Patient 3b 35 Patients

SCM SNR (MPRAGE) 53.2 26.0 21.0 22.6 ±15.7

SCM SNR (Cine MPRAGE) 39.0 23.3 19.4 19.1 ±11.4

Hemorrhage/SCM Ratio (MPRAGE) N/A 1.7 2.0 2.3±0.9

Hemorrhage/SCM Ratio (MaxIP CineMPRAGE) N/A 1.7 2.1 2.4±0.9

Hemorrhage/SCM Ratio (MinIP CineMPRAGE) N/A 1.7 1.8 2.1±0.8

Flow artifact/SCM Ratio (MPRAGE) 1.7 N/A 1.3 1.7±0.3

Flow artifact/SCM Ratio (MaxIP CineMPRAGE) 2.4 N/A 2.2 2.6±0.4

Flow artifact/SCM Ratio (MinIP CineMPRAGE) 0.6 N/A 0.6 0.8±0.4

a
Acquired with a 16 channel receive coil.

b
Acquired with a 4 channel receive coil
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