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Abstract

Purpose: Standard balanced steady-state free precession (bSSFP) cine MRI often suffers from
blood outflow artifacts. We propose a method that spatially encodes these outflowing spins to
reduce their effects in the intended slice.

Methods: Bloch simulations were performed to characterize through-plane flow and to
investigate how the use of phase-encoding along the slice-select’s direction (“slice-encoding™)
could alleviate its issues. Phantom scans and in vivo cines were acquired on a 3T system,
comparing the standard 2D acquisition to the proposed slice-encoding method. Nineteen healthy
volunteers were recruited for short-axis and horizontal-long-axis oriented scans. An expert
radiologist evaluated each slice-encoded/standard cine pairs in a rank comparison test and graded

"Correspondence to: Peng Hu, PhD, Department of Radiological Sciences, 300 UCLA Medical Plaza Suite B119, Los Angeles, CA
90095, penghu@mednet.ucla.edu.

Supplementary List

Supporting Information Figure S1

Supporting Information Video S1 (Standard bSSFP)
Supporting Information Video S2 (SE bSSFP)
Supporting Information Video S3 (Standard bSSFP)
Supporting Information Video S4 (SE bSSFP)
Supporting Information Video S5 (Standard bSSFP)
Supporting Information Video S6 (SE bSSFP)
Supporting Information Video S7 (Standard bSSFP)
Supporting Information Video S8 (SE bSSFP)
Supporting Information Video S9 (Standard bSSFP)
Supporting Information Video S10 (SE bSSFP)



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alietal.

Page 2

their quality on a one-to-five scale. The grades were used for a nonparametric-paired evaluation
for independent samples with a null hypothesis that there was no statistical difference between the
two quality-grade distributions for a = 0.05 significance.

Results: Bloch simulation results demonstrated this technique’s feasibility, showing a fully
resolved slice profile given a sufficient number of slice-encodes. These results were confirmed
with the phantom experiments. Each in vivo slice-encoded cine had a higher quality than

its corresponding standard acquisition. The non-parametric paired evaluation came to 0.01
significance, encouraging us to reject the null hypothesis and conclude that slice-encoding
effectively works in reducing outflow effects.

Conclusion: The slice-encoding bSSFP technique is helpful in mitigating outflow effects and is
achievable within a single breath hold, being a useful alternative for cases where the flow artifacts
are significant.

Keywords

cardiac cine; bSSFP; signal-profile; out-of-slice (OOS); slice-encoding

INTRODUCTION

Balanced Steady-State Free Precession (bSSFP) is the workhorse in cardiac cine MRI for

a wide spectrum of clinical indications'=. Of the broad family of “steady-state” sequences—
those whose kernel demands repetitions to be short and frequent enough to achieve eventual
equilibrium between the magnetization’s relaxation and recovery®-9— bSSFP has become
the imaging technique of choice for many cardiac MRI applications. The kernel in bSSFP
lacks any net gradient-caused intravoxel phase dispersion and has a = rad/TR incremental
RF-phase ramp, causing off-resonance induced dephasing to be almost completely refocused
midway between pulses®11. This effect credits bSSFP readouts with relatively high signal-
to-noise ratio (SNR) and T,/T; signal-dependence, both of which are useful for enhancing
blood-myocardium contrast12-14,

Unfortunately, the features providing bSSFP with the aforementioned benefits also make it
vulnerable to flow-effects. With balanced gradients, excited spins leaving the slice linger
on, tapering-off via To-decay to ultimately contribute to the bulk signal®. Therefore, a
signal profile originally intended for 2D space spans a 3D volume. This outflowing signal
aliases along the axis it is projected on, as illustrated in Figure 1, causing commonly seen
outflow artifacts in cine imaging.1 These artifacts include a coherent out-of-slice (OOS)
contribution mis-projected onto the intended slice during the readout, often appearing as
an erroneous signal pileup, and “ghosts” or “zippers” that run along the phase-encoding
direction®’.

The extent of the outflowing spins’ impact on the images depends on their off-resonances.
Markl et al. called this coherent sum of the OOS spins “frequency offset-dependent
outflow effects”18: 19 where outflowing spins exhibit noticeable signal enhancement. This
is most particular for isochromats with z rad/TR phase accumulation and is visualized

in Supporting Information Figure S1. The on-resonance spins, by definition, don’t have

Magn Reson Med. Author manuscript; available in PMC 2023 May 16.
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added phase accrual in the rotating frame. The z rad/TR RF-phase ramp will therefore
cause adjacently excited inflowing on-resonance spins to cancel, while causing adjacently
excited = rad/TR spins to add coherently. Outflowing spins are still subject to the MRI
bore’s gradients. As such- as long as they are in the receivers’ sensitivity region-they are
prone to be mis-frequency-encoded, causing their mis-projection onto the resulting slicel®.
Further complications arise if the flow is pulsatile: inconsistent spin-inflow contributes to
signal phase variations between adjacently acquired k-space lines, causing mis-encodings
(“zippers”) along a Cartesian grid’s phase-encoding direction!®. This provides three

main “ingredients” for the flow artifacts in bSSFP cardiac cine imaging: existence

of outflowing spins, those spins having off-resonance, and them having pulsatile time-
varying velocities>-20, The first two ingredients pose issues for the frequency-encoding
direction because any tipped spin in the receiving coils’ proximity contributes to the bulk
signal during the readout!8. The third contributes to phase-encoding issues because the
pulsatile spin-inflow between adjacent k-space lines varies the bulk signal’s phase between
readouts??,

Schar et al. carried out an in-depth evaluation on 3T cine-bSSFP imaging, emphasizing

the importance of localized shimming! to mitigate off-resonance effects. This was similar
to Deshpande et al’s 1.5T work on coronary artery imaging, which proposed pursuing
pre-scans to find the appropriate central frequency to limit the outflow artifact’s extentZ0.
Unfortunately, this method requires a “trial and error” approach for acquiring an image with
minimal outflow corruption. Datta et al. proposed having a net through-plane dephasing
gradient in the bSSFP acquisition in an attempt to cancel out the outflowing spins?L.

The overall outflow signal intensity from the bSSFP stopbands is reduced as a result;
however, the range of off-resonances showing noticeable outflowing signal is widened. The
dephasing gradient also does not discriminate between in-slice versus out of slice, corrupting
the slice’s actual signal. Bieri et al. carried out work to reduce mis-phase-encoding in
bSSFP imaging. Originally intended for eddy current-induced phase-offsets in bSSFP
imaging?2, he attempted to null the bulk-signal’s flow-induced phase offsets with adjacent
readouts. The method assumed adjacent k-space lines would have similar in-flow induced
phase-accrual23. Therefore, bSSFP’s linear RF phase ramp would contribute to cancelling
their phase-accumulation if their readouts were consecutively acquired, minimizing the
appearance of zipper artifacts. However, this method does not address the fact that there

is still unlocalized signal beyond the imaged slice, letting it contribute to the acquisition’s
readout.

Because outflowing spins gives the signal a 3D profile, we hypothesized that their associated
artifacts can be reduced if they are spatially encoded for. As such, we propose adding
through-slice phase-encoding steps (“slice-encoding”) to increase the acquisition’s through-
slice field of view (FOV) beyond the nominal slice-thickness to localize this outflowing
signal. We tested this hypothesis with Bloch-simulations, phantom scans, and on nineteen
healthy volunteers.

Magn Reson Med. Author manuscript; available in PMC 2023 May 16.
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THEORY

Outflowing Signal
To conceptualize outflowing signal, imagine a system of through-plane flowing spins
moving at a velocity v and has already achieved steady equilibrium. Each ensemble of
spins has its own specified off-resonant phase-accumulation per TR @ and will leave the
slice with its magnitude decaying according to!®

Aoosl(1) = Aco s T, ®

where ¢ is the elapsed time from when it left the slice, with magnitude 4,,. This equation
can be expressed in terms of distance downstream from the slice, z = vz. However, to get a
sense of how impactful the OOS signal is to the entire acquisition, it makes sense to convey
Equation 1 in terms of fractional spin-replacement rate, 4s'8. This describes the number
of spins inflowing at each TR as a fraction of the slice’s full capacity. With a nominal
slice-thickness, Sy, the flow’s velocity is related to 4s as:

As e S,

U=T )

The out of slice amplitude from Equation 1 can then be expressed in terms of z:

«Tx
A@os((z)) = Ago® €45 SreT, ©)

This relationship (Equation 3) argues for a more powerful case of the OOS spins’ severity
than a mere % substitution for ¢, showing that even s/owensembles could significantly

corrupt the image if its nominal thickness is small.

It must be noted that this conceptualization is brief in that it discusses only a single
outflowing ensemble. This narration does not analytically define the total acquired signal
as a sum of all the spin ensembles within and outside of the imaging slice; however,

the phenomenon it conveys is the cause of the image artifacts we aimed to remove with
experiments detailed in the Methods section.

Flow-Compensation

Bieri et al. proposed two flow-compensation based techniques to limit flow effects in
bSSFP23: the k-space pairing technique and My nulled gradient waveforms. Both aimed

to eliminate the variable bulk signal phase when imaging with pulsatile flow. Eliminating
this velocity-induced phase accumulation does well to minimize the bulk signal’s phase
variability from line-to-line in k-space, however it does not eliminate the outflowing signal.

Magn Reson Med. Author manuscript; available in PMC 2023 May 16.
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Pulse Sequence

We propose the pulse sequence illustrated in Figure 1 to mitigate the aforementioned
artifacts, which includes Fourier spatial encoding along the slice-select’s direction. The
resulting data has a through-slice resolution, Az, typically chosen as the nominal slice-
thickness. With Nggtotal partitions, the effective through-slice FOV is expanded to Nsg 4,

describing the k-space resolution as 4k, = ﬁ. The incremental gradient-lobe amplitude
SE
needed to achieve such a k-space resolution can be solved as Gz, .. = 2z with

YNspAzTsg’
Tz being its duration. These slice-encoding steps would give the raw data three spatial
dimensions, unlike two for the standard bSSFP sequence. After a 3D inverse Fourier
transform is performed on k-space, the final image unfolded from the outflow artifacts
will be held in the center slice. The additional up-and-downstream slices of the 3D space
will serve as a buffer to tolerate outflow-induced aliasing, before the target image is
contaminated.

METHODS

Bloch simulations were carried out to prove the proposed hypothesis on a theoretical basis
and phantom experiments were done to show a proof of concept. The sequence’s feasibility
and clinical implications were assessed with results from the healthy volunteer scans. This
study was approved by our institutional review board and each human subject provided a
written informed consent.

Bloch Simulation

Much of the following was based off of the Bloch simulation designed by Markl et al'8. The
Bloch simulations made for this study investigated the physical effects involved and sought
to assess how those effects impact the acquisition. This is illustrated in Figure 2.

The physical effects included in this investigation were through-plane flow, an imperfect
slice excitation-profile, and coil sensitivity. An array of equally spaced spin ensembles

was arranged along the slice-select’s direction. The excitation profile’s full width at half
maximum (FWHM) —the imaging slice— was divided into Aj subslices. The flow’s motion
was modeled by a downstream shift of the ensembles by As Aj subslices per TR. This
simulation had to include all measurable transverse magnetizations in their complex sum for
the bulk signal. Therefore, estimating an appropriate number of downstream subslices, Njys,
must consider the spins’ 7, relaxation. The transverse magnetization loses relevance beyond
3 T, time constants after excitation, suggesting Nys = As N4 7o/ TR.

Parameters were set to have A = 20, TR = 4ms, and bloodlike relaxation properties of 77/ 75
= 1000ms/150 ms. The number of upstream subslices was made equal to the downstream
amount, having N + 2N, = 6000 total subslices with the target slice positioned at the
array’s center. The simulated spins were exposed to an 800us sinc-functioned RF-pulse
designed for a 6-mm slice-thickness, a 60° nominal flip-angle, a 3 time-bandwidth-product
(TBW), and an incremental r rad/TR RF phase-ramp. The imperfect excitation profile was
determined using a detailed Bloch simulation by dividing the sinc-pulse into TPrg = 120

Magn Reson Med. Author manuscript; available in PMC 2023 May 16.
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timepoints. This excitation pulse was carried out on the array of spins, with each spin’s
motion being calculated during each of the pulse’s TPrg timepoints.

The Bloch simulations investigated effects of a constant flowrate with 4s ranging from
0to 1, and pulsatile flow effects with the 4s waveform displayed in Figure 3. For a six
mm slice-thickness, 4s = 1 corresponded to a 1500 mm/s velocity. This was chosen as our
maximum flow velocity because it is amongst the fastest seen in the thoracic area24.

To fill up the k-space along the slice-encoding/select direction, k., an excitation was
dedicated to each of the Nszk-space “lines” after Npre, equilibrium-preparation excitations.
Nprep Was arbitrarily chosen to be 300 for the stationary spin, and 1000 for the pulsatile
case. This led to four total cycles (“heartbeats™) for preparation before an acquisition for the
pulsatile-flow Bloch simulation.

The acquisitions were done at TE = TR/2. Each ensemble’s phase accumulation along the
slice-encoding axis, zsg, included the slice-encoding gradient lobe’s induced dephasing and
the ensemble’s inherent off-resonance:

HSE.TE((Z)) = yksrzse + A@or‘r.rf 4)

where y, ks, and Ag,,, . are the Gyromagnetic ratio, the slice-encoding’s k-space
coordinate, and the off-resonance phase accumulation by TE respectively. Each k-space
element would be the complex sum of all spin-ensembles, weighted by a Gaussian receiver-
sensitivity function?® that had a 10mm standard deviation. This sensitivity function was
included to mimic the effects local phased-array receivers have on an image’s acquisition,
where only transverse spins proximal to the coils make significant contributions to the
k-space readouts. The rest of the T, would be completed with the slice-encode refocusing
lobe to balance the gradients before the next excitation, remaining off-resonant rotation, and
the remaining T2-decay and T1-recovery.

The Bloch simulation’s acquisition scheme worked with a temporal resolution defined as
Tres = VsTx, With Vs being the views per segment. For a given acquisition time, T, the

T'eq

ot Single Vs experiments were done with one,
Res

number of frames acquired was N, =

eight, and twenty-four encoding steps for a theoretical proof of concept of the sequence.

When investigating pulsatile flow effects, it was important to make sure that there was

no outflow aliasing corrupting the nominal slice’s signal. In order to achieve this, we slice-
encoded for a large enough through-slice FOV such that outflow-induced aliasing would not
be an issue. As such, we worked with twenty-four encoding steps because it has multiple
factors to evenly segment the acquisition. Three simulated acquisitions were carried out
with one, eight, and twenty-four VVPS to investigate the pulsatility effects on the proposed
sequence as the VPS was increased. All published simulation results were carried out for the
rt rad/TR isochromats.

Magn Reson Med. Author manuscript; available in PMC 2023 May 16.
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Phantom Experiments

Flow-phantom measurements were performed on a 3.0 T scanner (Prisma; Siemens Medical
Solutions, Erlangen, Germany) using a birdcage head-coil. bSSFP was performed with a
6-mm slice thickness, 330 x 196 mm?2 FOV, 256 x 146 in plane samples, 977 Hz/pixel
readout bandwidth, 3.61 ms TR, and a sixty-degree nominal flip angle. The scans used
linear top-to-bottom k-space increments. A custom rotary pump pushed tap water through
the tubing. This pump had a time-averaged constant velocity of approximately 36 cm/s,
but because of the pump’s frequency, the fluid behavior was similar to rapid pulses. The
FOV was positioned so that it would intersect perpendicularly with the tube’s ascending
and descending directions. No gating was done in order to see the proposed sequence’s
capability in limiting the zipper artifacts. To investigate slice-encoding’s effectiveness,
images were acquired with twenty-three, fifteen, ten, five, and three slice-encoding steps
and were compared with the standard 2D bSSFP image. This respectively left us with the
following scan times: 12.1s, 7.9, 5.3, 2.6, and 1.6 seconds.

An additional scan was done with a faster pump in order to evaluate how the sequence
performs for near-peak systolic velocities observable in patients. This pump’s velocity
profile was less pulsatile than the custom rotary pump and it generated an approximate
velocity of 140 cm/s. We compared the standard scan with five, ten, fifteen, and twenty
slice-encoding steps. All other scan parameters were the same as the previous phantom’s
scan.

Human Studies

Nineteen healthy volunteers were scanned on a 3T system (Prisma; Siemens Medical
Solutions, Erlangen, German) using cardiac chest and spine coils. The healthy volunteers,
whose ages ranged from 23-35 years, were asked to hold their breath for two TrueFISP
cardiac-gated cine evaluations: one standard 2D bSSFP acquisition and the other being our
proposed technique, using six slice-encoding steps. Horizontal long axis (HLA) and short
axis (SA) views were selected as they have known vulnerabilities to outflowing signal in
bSSFP imaging!®21. The imaging plane had a six-millimeter nominal slice thickness with a
256 x 184 in-plane acquisition matrix, 1.4 x 1.4 mm? in plane resolution, fifty-degree flip
angle, 977 Hz/pixel readout bandwidth, and TE/TR of 1.58/3.61 ms. With 2X GRAPPA, 6/8
partial-Fourier, and 16 views per segment, scans were achieved in under about a twenty-two
second breath-hold for the slice-encoded acquisition and in about 3.66 seconds for the
standard sequence. An additional standard scan with six averages, which shared the same
duration as the slice-encoded experiment, was done on one volunteer to see what impact the
averaging effect provided by the added slice-encoding steps had on the resulting image.

Statistical Analysis

Nineteen standard and slice-encoded cine pairs were randomly selected to have their quality
assessed by an expert radiologist—-who had more than eight years of experience—for two
statistical evaluations. She first performed a rank comparison test, where she compared
each pair in a blinded fashion to deem if one had a superior quality over the other, or

if they simply showed “no visual difference.” In the second evaluation, she graded each
individual cine’s quality on a scale from 1 to 5 with the following criteria: 1: poor image

Magn Reson Med. Author manuscript; available in PMC 2023 May 16.
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quality; flow artifact obscures cardiac structures and distant structures such as chest wall
structures. 2: fair image quality; artifact from vessel flowing perpendicular to the plane

of the image obscures cardiac structures adjacent to the vessel without extending to the
chest wall. 3: mild obscuration of cardiac structures intimate and adjacent to the vessel
flowing perpendicular to the image. 4: minimal obscuration of cardiac structures intimate
to the vessel flowing perpendicular to the plane of the image. 5: no obscuration of cardiac
structures by flow perpendicular to the plane of the image. These image-quality scores were
used for a nonparametric-paired evaluation, a Mann-Whitney Test for independent samples,
to answer if there was any statistical difference between the slice-encoded and the standard
2D bSSFP cines. The two-sided evaluation was done for a = 0.05 for significance.

Bloch-Simulations

Figure 3 shows pulsatile flow Bloch simulation’s results, using the plotted velocity-
waveform. The results confirm Markl et al’s labeled “frequency offset-dependent outflow
effects”, with the z rad/TR isochromats contributing the most to the OOS signall®. This
out of slice contribution and variable in-flow have signal-reception related consequences,
as shown in Figure 4‘s Bloch simulated cine acquisition scheme. This figure displays the
simulated signal of an array of spins with = rad/TR off-resonance, using the velocity profile
shown in Figure 3A. Figure 4A shows the transverse magnetization’s spatial profile at the
simulation’s peak systolic velocity for the z rad/TR spins, for space within and out of

the intended imaging slice. The simulated slice-encoded acquisition results, for a single
VPS, are shown in Figure 4B which displays the peak systolic frames for one, eight, and
twenty-four slice-encoding steps. With one slice-encode (i.e., standard 2D imaging), the
out-of-slice signal shown in Figure 4A are aliased into the imaging slice, corrupting the
signal profile within the intended slice. Figure 4B’s in-slice profile becomes more similar
to Figure 4A’s as the number of slice-encoding steps increases, because the out-of-slice
contributions are better localized. Figure 4C displays the spatial profile at peak systolic
velocity for a simulated acquisition with 24 slice-encodes for one, eight, and twenty-four
VPS. The pulsatile spin inflow adds bulk signal variability for adjacent k-space lines,
impacting the spins’ localization. With 24 VVPS (single shot), the spins are smeared (or
“zippered”) along the slice’s axis, impacting the in-slice signal. The intended slice’s profile
becomes more similar to Figure 4A’s as the temporal resolution increases to a single VVPS,
because the amount through-slice zijppering is heavily reduced.

Phantom Experiment

The custom rotary phantom results are displayed in Figure 5. Figure 5A compares the
standard 2D bSSFP image to the three, five, ten, and twenty-three slice-encoded images.
This motor’s noticeable pulsatility made the acquisition prone to substantial in-flow
variability in the time between adjacent k-space readouts, causing visible zippers in

the standard, three, and five slice-encoded experiments (green arrow). Another clinically
common outflow artifact seen in the standard bSSFP scan is the spatial misregistration along
the readout’s direction (orange arrow), which is expectedly reduced with increasing slice-
encoding steps. By ten slice-encoding steps, both of the artifacts are barely noticeable in

Magn Reson Med. Author manuscript; available in PMC 2023 May 16.
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the target slice and are eliminated from the twenty-three slice-encoded experiment’s center
slice (white arrows). To get a sense of the outflowing signal’s extent, selected slices from the
twenty-three slice-encoded experiment are shown in Figure 5B, with the thirteenth being the
center partition. The complex sum of all non-center slices (bottom right) properly showed all
of the artifacts. In addition to seeing how the readout mis-projections are localized outside of
the slice, Figure 5B shows that the sequence’s through-slice encoding scheme opens another
avenue for the artifacts to “zijpper’ through.

Figure 6A displays flow phantom results with a faster flow velocity of 140cm/s. The readout
mis-projection is the dominant artifact seen in these experiments (orange arrow), which is
significantly reduced as the number of slice-encoding steps increases. Figure 6B displays
images from selected outer partitions and the absolute value of all non-center partition’s sum
from a scan with 20 slice-encoding steps.

In Vivo Experiments

Figure 7A displays three columns comparing slice-encoded (top) and standard (middle)
peak-systolic images from three volunteers, each displaying a particular common outflow
artifact that was reduced in the corresponding slice-encoded image. The third row displays
the absolute value of the complex sum of all non-center slices. Each image-set was
normalized and adjusted to the same level and window-width. The middle row shows the
two commonly seen outflow-related artifacts in bSSFP imaging that Schar et al discussed:
“out of plane coherence artifacts” (red arrow) and the “through-plane flow transient
artifacts” (green arrows). These both hamper the blood-myocardium contrast and reduce
myocardial visualization. The coherence artifacts contribute to a readout mis-projection or
as signal pileups, as shown in columns Il and 111 respectively. Column I’s standard image
shows a heart’s SA view with a green arrow pointing to a zipper. The corresponding
slice-encoded image has the zipper significantly reduced and it better demonstrates the
endocardial border of the left ventricular septum. The third row shows that the zipper was
mostly captured through the outer slices. Column II’s standard scan shows what appears to
be some “false-anatomy”, indicated by the red arrow, which is properly eliminated in its
slice-encoded scan. It is evident that this is false anatomy as this is preserved in the out

of slice’s complex sum. Column 111 shows two severe outflow-related artifacts. The first,
marked with a green arrow, is a misregistered signal between the aorta and the para-aortic
fat, caused by the zipper. A red arrow points to an apparent wave-like, outflow-enhanced
blurring centered within the right atrium, obscuring evaluation of the interatrial septum
and tricuspid valve. These are complicated outflow artifacts, but their impacts are all
substantially reduced in the slice-encoded image. The out of slice complex sum’s row shows
how these artifacts are localized in the outer slices.

Figure 7B shows the outer-slice’s images from Figure 7A’s third column. The fourth
partition is the center, with the higher slices being downstream and the lower three being
upstream. Some of the flow wraps around, however the upstream slices protect the center
partition from the aliased signal. Most of the descending aorta’s corruption in the standard
acquisition was captured in the two downstream slices and the corruption originally around
the right atrium was mostly captured in the upstream slices.

Magn Reson Med. Author manuscript; available in PMC 2023 May 16.
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To see how this technique performs in cine imaging, the previous example’s first eight of
fifteen cardiac phases are displayed in Figure 8. The outflow artifacts are obviously cardiac-
phase dependent, and only have moderate myocardial-wall definition after the fifth frame.
On the contrary, the corresponding slice-encoded images show clear septal, lateral-wall, and
left-ventricular apex definition with minor variations through each frame.

The proposed technique with six slice-encoding steps was compared to the standard
technique averaged six times in a comparison to see what impact the technique’s inherent
averaging had on the outflowing signal’s presence in the resulting image. Figure 9 shows
their comparison along with the standard technique, convincing that simple averaging does
not reduce the flow artifacts.

In addition, Supporting Information Videos S1-S10 show five standard and slice-encoded
bSSFP cine pairs, with odd-numbered videos showing a standard 2D cine and the following
even-labeled video showing the corresponding slice-encoded cine. These supporting videos
include the cines whose images were displayed in Figures 7,8 and 9.

In Vivo Experiments: Statistical Analysis

The rank comparison test indicated that all of the slice-encoded images had quality superior
to the standard method. Despite the prolonged breath-hold, we did not observe any added
issues, most likely because we scanned middle-aged, healthy subjects.

The nonparametric test involved the quality-score distribution of the standard 2D bSSFP
and of the slice-encoded cines, with a null hypothesis that the two cine populations had

the same score distribution. The test came to a 0.01 significance, suggesting to reject

the null hypothesis. The reassurance from the rank-comparison test made it clear that the
slice-encoded images provided a superior image quality than the standard 2D bSSFP cines.

DISCUSSION

In this study, we sought to reduce flow artifacts in cardiac cine imaging by introducing slice-
encoding steps in order to spatially localize the outflowing spins. As excited spins leave the
slice, the signal profile no longer spans a 2D space, spreading over a 3D volume. Instead

of having a planar data set we resolve up to an effective 3D FOV along the slice-select’s
direction with the anticipated slice positioned at the center. This treatment is similar to a 3D
acquisition, but without any change to the 2D excitation profile.

This technique was greatly inspired by Lu et al’s SEMAC sequence?® as well as Glover

et al’s 3D z-Shim method?”, which were proposed to resolve through-plane metal-induced
field inhomogeneities. The SEMAC technique uses the slice-encoding technique to correctly
encode 2D excitation slices that are distorted in the slice-select direction by metallic objects.
In our case, the 2D excitation’s slice profile is not necessarily distorted; however, the same
strategy is effective in reducing or eliminating image artifacts caused by OOS signal that
persist throughout successive TR’s, such as from outflowing spins.

Our Bloch simulations established a theoretical basis of our proposed method effectively
reducing much of the outflow-related artifacts by localizing the OOS spins, given a large

Magn Reson Med. Author manuscript; available in PMC 2023 May 16.
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enough encoding FOV. The phantom and the /n vivo images show significant alleviation
from the outflow-related artifacts.

The Bloch simulations showed that the sequence isn’t immune to what causes the “zijppers”,
however this artifact’s significance is reduced with increasing temporal resolution.
Fortunately, temporal resolution isn’t the only avenue for reducing this artifact’s occurrence.
Encoding through the slice’s axis allows the zipper-smearing to occur along that direction
as well, reducing their extent on the center slice. This is evident with the /n vivo scans of
Figures 7, 8, and 9, all of whom had a 57.76 ms temporal resolution. Their OOS complex
sum images show much of their zippers being localized in the outer slices.

Both, the Bloch simulations and the phantom experiments were done more for demonstrative
purposes rather than for figuring proper scanning parameters. The Bloch simulations were
done with an arbitrary pulsatile flow waveform and receiver coil sensitivity. The phantom
experiments were done with tap water, whose 7;and 7,are much larger than blood’s. To
get a sense of the difference, consider cerebral spinal fluid, which is predominantly water.
It has a 3T longitudinal recovery time of over 4528 and a 7, decay around 1.6s2%, while
adult blood has 7;and 7. estimated at around 1-2 seconds and 150 ms respectively3°.
Therefore, one cannot make any inferences on the number of slice-encoding steps needed
to resolve much of the outflowing signal from the intended image in the /7 vivo studies
from these experiments. However, these studies did provide a useful proof of concept free
of any external or unwanted variables, including limited breath-hold duration, motion, and
susceptibility issues.

Our /n vivoresults proved the proposed method to be of promising use. The SA acquisition’s
zipper of Figure 7*s column | disturbs much of the left ventricle and corrupts anatomical
detail of the septum and right ventricular lumen. In a clinical sense, myocardial contraction,
and therefore blood ejection is greatest at peak systole, and the heart’s SA view is often

used for determining ejection fraction. Clear delineation of the endocardial and epicardial
contours is critical for accurate volumetric and mass quantification. Artifacts like these
would impose a barrier for such an evaluation, especially for young-adult subjects. Overall,
the slice-encoded images benefit from improved visualization of the interatrial septum,
tricuspid valve, descending aorta and para-aortic soft tissues.

An argument could be made in favor of 3D-bSSFP imaging with the same slice-thickness
and number of slice-encoding steps as a means to resolve the outflowing signal from

the slice of interest. However, 3D through-slice imaging is known to result in a reduced
blood-myocardium contrast due to reduced fresh blood enhancement that 2D cardiac cine
imaging typically relies on31:32, Another reason for the reduced blood-myocardium contrast
in 3D cine bSSFP imaging is because blood-signal of various spin histories mixes in the
acquisition33:34, Our technique preserves the blood-myocardium contrast of 2D cardiac cine
imaging while removing the outflowing signal artifacts.

We chose to work with six encoding-steps in our /n vivo experiments thanks to our Bloch
simulations’ results (Figure 4). This choice was made knowing that our simulation took
account for a 1500 mm/s peak systolic velocity that is typically seen in healthy young
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adults?4 recruited in our study. If this were to be used in the clinical case, the number of
necessary encoding steps would need to be adjusted based on the approximate flow velocity
of each patient. If the flow velocity is expected to be substantially lower than 1500 mm/s,
then reducing the number of slice-encoding steps would result in significant acquisition time
savings.

Our results from Figure 9 indicate that no averaging effects are assisting the removal of
outflow artifacts. However, all three of the experiments were done with a 57 ms temporal
resolution, which provides ample opportunity for pulsatile through-plane flow transient
artifacts. A standard 2D cine acquisition with six-times higher temporal resolution may
reduce the extent of the transient artifacts, as indicated by Figure 4C, however will not be
immune to the coherent out-of-slice sum projecting onto the image.

Regarding the three “ingredients” to outflow artifacts, the proposed sequence localizes the
artifacts from the outflowing signal, thereby reducing the extent of readout mis-projections
and signal pileups in the intended slice. The added slice-encodes provides an additional
dimension for pulsatile-induced zippers to smear along, also reducing their extent in the
intended image.

Using our proposed technique, scan time will be longer due to the slice-encoding steps.

In this work, our goal was to demonstrate the technique using relatively conservative
acceleration rates. Further developments to accelerate the scan are clearly warranted.
Because this involves encoding in three directions, one could exploit a radial means of
undersampling and spread the incoherence in the transform domain into three dimensions3®.
There has been work in a similar domain, using 3D radial bSSFP for whole heart coronary
imaging3® that is compatible with our slice-encoded 2D method. This application of the
undersampling technique is intriguing for two reasons - not only could this serve as a
potential means of reducing the scan time, but it could do so with an expanded effective
through-slice FOV, further minimizing aliasing effects.

CONCLUSION

We propose a slice-encoding technique for 2D bSSFP cardiac cine imaging to effectively
reduce or eliminate several types of commonly seen flow-dependent artifacts. The types

of flow-related artifacts are not seen on every clinical case at our center, but occur with
enough frequency, particularly in younger patients, and at higher field imaging, to warrant
development of a pulse sequence to correct for these artifacts. Therefore, our technique
would be a useful supplemental technique for patients whose blood flow results in artifacts
on standard cardiac cine images.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A
Horizontal Exponentially decaying
Long-Axis signal flowing out of the
Acquisition slice corrupts the image.
Adding slice-encoding
steps enables localizing
this outflow signal away
on Profile —— from the intended slice.
fffect  ———
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Figurel.
An overview describing our proposed sequence. (A) The slice intended to be acquired

is positioned through a heart’s horizontal-long axis (HLA), which is penetrated by the
descending aorta. Any through-plane flow from the aorta will have signal tapering off via
T2 decay. Having this unaccounted for will have the out-of-slice signal corrupting the final
image as indicated by the red arrow. (B) Our proposed sequence is displayed: adding slice-
encoding steps to treat the signal as a 3D space, without any change to the 2D excitation’s
profile. Upon a 3D IFFT the final image will be found in the center-partition without any
influence from the out-of-slice spins, which will be spatially encoded to their respective
locations.
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Figure2.
A visual narration describing how our Bloch simulations were carried out. The entire

k-space-segmented cardiac cine acquisition was simulated along with the time-varying
through-plane blood flow —indicated by the fractional spin-replacement rate for each

TR (4ms), as—and the time-varying B; excitation (described in “METHODS: Bloch
Simulation”). The 4s pulsatile flow waveform used during the cardiac cycle is illustrated

in Figure 3 and the B; excitation for each repetition had a linear z rad/TR phase ramp,

as is standard in bSSFP acquisitions. The steps involved in simulating the acquisition of
each k-space line is shown in the bottom of the figure. After each excitation, the spins

are shifted downstream by N, 4s, with i being the excitation’s index, to simulate the through-
plane blood flow. At mid TR, after the appropriate T2-decay, T1-recovery, and rotations
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from off-resonances and slice-encoding gradients, the spins’ transverse magnetizations were
weighted by a spatial Gaussian coil-sensitivity function in a sum to fill the appropriate
k-space element. The appropriate T2-decay, T1-recovery, remaining off-resonant rotating,
and gradient refocusing were done before the start of the next excitation. The Gaussian
weighting was included to mimic a reception coil’s spatial sensitivity, artificially removing
some out of slice signal that’s further away from the slice, as in the clinical case when using
localized phase-array coils. HB: heartbeat.

Magn Reson Med. Author manuscript; available in PMC 2023 May 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 19

A B " \ C
: : MRI Signa
. Velocity Profile Magnitude 0 rad/TR 7 rad/TR
0.07 !
100
200 0.06
300 10.05
? 400
£ 0.04
o 500
E
~ 600 0.03
" 0.02
800
0.01
900
1000
0 0.5 1 -t 0 =« 0 0.05 0.1 0 0.05
As AD
Figure 3.

Pulsatile flow Bloch simulation results. (A) The simulated velocity profile is given in terms
of the fractional spin-replacement rate, 4s, as a function of time. (B) The simulated MRI
signal magnitude for the range of off-resonances 42/ € | - 2z,2z|. (C) The simulated

MRI signal magnitude for the isochromats with 0 and = rad/TR off-resonance frequencies,
indicated by the pink and red colors, respectively, are plotted on the right. Just as Markl et
al discussed?8, coherent signal enhancement is most pronounced for « rad/TR isochromats,

shortly after peak-systolic speeds.
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Figure 4.
Bloch-simulated transverse signal magnitude of the pulsatile spin movement. The nominal

slice is indicated by the grey bars. (A) shows the ground truth transverse magnetization’s
spatial distribution at peak systole (see Figure 3). The figure is zoomed in to —10 to 20

mm from isocenter. There is minimal signal upstream of the slice, whereas downstream out-
of-slice spins contribute substantial signal hundreds of mm distal from the nominal imaging
slice. Parts (B) and (C) show the signal’s spatial distribution according to the simulated
acquisition outlined in Figure 2 using various combinations of the number of slice-encodes
and views-per-segment (VPS). Part (B) shows single VVPS results with one, eight, and
twenty-four slice-encoding steps. Notice how the transverse signal profile is more properly
resolved with increasing encoding steps; whereas using one slice-encode (i.e., conventional
bSSFP) resulted in an aliased and corrupted signal profile. The simulation results using
eight and twenty-four slice encodes in this example generated within-imaging-slice signal
profiles similar to the ground truth in A. Part (C) shows twenty-four slice-encoding results
for one, eight, and twenty-four VPS. The time-varying velocity adds an additional signal
sum variability between adjacently acquired k-space segments, resulting in a the “zipper”
phenomenon discussed by Schar et al®. In this example, simulations with eight and one
VPS can properly resolve the within-imaging-slice signal profile, while twenty-four VPS
resulted in a corrupted in-slice signal profile.
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A pulsatile flow phantom experiment, with a speed that averaged at 36 cm/s. The two tube
cross-sections are of the same hose, with one flowing into and the other flowing out of the
plane. The stationary phantom was placed to help load the coil. (A) Results that compare the
standard 2D bSSFP scan image to the center slice of the slice-encoding approach with three,
five, ten, fifteen, and twenty-three encoding steps, respectively. The standard acquisition
shows pulsatile zigpers (green arrow) and a readout mis-projection (orange arrow). Both of
these artifacts are reduced with increasing number of slice-encoding steps (white arrows).
(B) Selected slices of the twenty-three-slice-encoding experiment. The bottom image is the
complex sum of all signals from all non-center slices. It can be seen that the zipper is
smeared along the through-slice axis and the mis-projection is localized in the non-center

slices, limiting their extent in the center image.
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Figure 6.
A phantom experiment was done to evaluate the sequence’s performance with constant

flow, with its velocity running at a speed of approximately 140 cm/s. Just as in Figure 5°s
setup, the two tubes’ cross-sections are of the same hose, and the stationary phantom was
used to load the coil. (A) A standard 2D bSSFP comparison with five, ten, fifteen, and
twenty slice-encoding steps. The out of slice coherent sum mis-projected during the readout
(orange arrow) is the main artifact seen in this experiment’s standard acquisition (with some
minor pulsatile phase-encoded zjppers), which is significantly reduced with increasing slice-
encoding steps (white arrow). (B) Selected slices of the twenty slice-encoded experiment,
with the right furthest image being the complex sum of all non-center slices. This complex
sum image shows how a significant portion of the readout’s mis-projection was localized in
the non-center slices, relieving that artifact from the center image.
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(A) Peak systolic image comparison between three six slice-encoded experiments (top)
and their corresponding standard 2D bSSFP scan (middle). The bottom row of 7A is the
image of the non-center slices” complex sum. The slice-encoded image shows significant
reduction in outflow artifact across short axis, vertical long axis, and horizontal long
axis imaging. Green arrows point to Schar et al’s “through-plane flow transient artifacts”
(“zippers”) and the red arrows point to the coherent sum outflow artifacts, resulting in
readout mis-projections. (B) All of panel I11’s image partitions. Partitions five and six
capture the downstream slices. Notice how partitions five and six capture much of the
standard acquisition’s artifacts. The movies for each of these standard and slice-encoded
cines are included in the supplementary material.
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Figure 8.
The first eight out of fifteen cardiac phases of Figure 7 I11’s acquisition. The proposed

sequence produces cine results with fewer outflow disturbance. Much of the standard
acquisitions’ artifacts are captured in the outer partitions. The full cine for the standard
and the slice-encoded methods are shown in the supplementary material.
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Figure9.
Comparisons between the standard acquisition with six averages, six slice-encoding steps,

and the standard 2D bSSFP sequence. Minimal changes between the added averages and
the standard technique shows that the feature of the slice-encoding sequence reducing the
artifact’s extent is a result of the outflow’s localization instead of signal-averaging.
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