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Abstract

Purpose

Dynamic contrast enhanced MRI of the heart typically acquires 2—4 short-axis (SA) slices
to detect and characterize coronary artery disease. This acquisition scheme is limited by
incomplete coverage of the left ventricle. We studied the feasibility of using radial simulta-
neous multi-slice (SMS) technique to achieve SA, 2-chamber and/or 4-chamber long-axis
(2CH LA and/or 4CH LA) coverage with and without electrocardiography (ECG) gating
using a motion-robust reconstruction framework.

Methods

12 subjects were scanned at rest and/or stress, free breathing, with or without ECG gating.
Multiple sets of radial SMS k-space were acquired within each cardiac cycle, and each SMS
set sampled 3 parallel slices that were either SA, 2CH LA, or 4CH LA slices. The radial data
was interpolated onto Cartesian space using an SMS GRAPPA operator gridding method.
Self-gating and respiratory states binning of the data were done. The binning information as
well as a pixel tracking spatiotemporal constrained reconstruction method were applied to
obtain motion-robust image reconstructions. Reconstructions with and without the pixel
tracking method were compared for signal-to-noise ratio and contrast-to-noise ratio.

Results

Full coverage of the heart (at least 3 SA and 3 LA slices) during the first pass of contrast

at every heartbeat was achieved by using the radial SMS acquisition. The proposed pixel
tracking reconstruction improves the average SNR and CNR by 21% and 30% respectively,
and reduces temporal blurring for both gated and ungated acquisitions.

Conclusion

Acquiring simultaneous multi-slice SA, 2CH LA and/or 4CH LA myocardial perfusion
images in every heartbeat is feasible in both gated and ungated acquisitions. This can add
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confidence when detecting and characterizing coronary artery disease by revealing ische-
mia in different views, and by providing apical coverage that is improved relative to SA slices
alone. The proposed pixel tracking framework improves the reconstruction while adding little
computational cost.

Background

Dynamic contrast enhanced MRI of the heart is becoming a more widespread tool to detect
and characterize coronary artery disease. A standard protocol acquires 2-4 SA slices every
heartbeat during the first pass of contrast agent, under stress and at rest. ECG gating and
breath-holding are commonly employed to suppress motion. However, this acquisition suffers
from limited coverage of the left ventricle myocardium, which can limit the sensitivity and
confidence of detecting and quantifying ischemic regions. And when the ECG signal is poor,
for example in patients with arrhythmias or patients who cannot hold their breath, the scans
can be non-diagnostic.

Several approaches have been developed to address the issue of incomplete left ventricle
coverage. By incorporating parallel imaging and compressed sensing with 2D SMS or 3D
acquisitions [1-4], obtaining more SA slices per heartbeat is achievable. For example, a 2D
radial SMS approach was used to acquire 12 SA slices [4], and a 3D technique was used to
acquire 8 SA slices, but at a lower spatial resolution [2]. However, these studies were focused
on increasing the number of SA slices rather than considering slices oriented differently such
as LA slices. While previous studies that acquired LA slices were controversial on definitive
advantages [5, 6], these studies were acquired at low spatial resolution and the systolic phase
was not guaranteed. With an increased spatial resolution and systolic phase provided by self-
gating, acquisition in different views may be helpful in corroborating ischemia detection and
quantification of the ischemic burden. Seeing a perfusion deficit in two different views could
increase confidence in reading the scan. Also a recent retrospective study using SPECT perfu-
sion images pointed out that a conventional three slice acquisition is likely to fail to detect
ischemia in the apical myocardium [7], and another study concluded that whole left ventricle
coverage (6 SA slices) improves the accuracy in detection of coronary artery disease compared
with acquiring 3 SA slices [8]. Acquiring full left ventricle coverage by SA slices and LA
slices is of great interest; LA slices can probe part or all of the apical myocardium and full cov-
erage of the 17 myocardial segments suggested by the American Heart Association [9] can be
achieved.

In order to address the issues with ECG gating and breath holding, free breathing ungated
acquisitions and motion compensation methods have been studied. In [10-12], retrospective
self-gating was used by selecting a region of interest covering the heart to extract the cardiac
signal and bin the data into near-systolic and near-diastolic cardiac phases. Motion compensa-
tion methods were incorporated into the reconstruction to achieve better image quality, by
using rigid compensation [13], deformable compensation [14], pixel reordering [15] or patch-
based approaches [4, 16].

The aim of this work is to study the feasibility of acquiring multiple views of myocardial
perfusion under both gated and ungated conditions and to develop a fast and motion-robust
reconstruction framework of radial SMS data. Radial controlled aliasing (CAIPI or CAIPIRI-
NHA) SMS [17] combined with undersampling can capture several parallel slices simulta-
neously in a short time (~80ms), which not only snapshots the heart at a certain cardiac phase

PLOS ONE | https://doi.org/10.1371/journal.pone.0211738 February 11,2019 2/22


https://doi.org/10.1371/journal.pone.0211738

®PLOS | one

Multiple-view myocardial perfusion MRI with radial SMS

but also opens new possibilities in cardiac perfusion MRI. We used this technique to acquire
multiple sets of SMS slices with different combinations of SA, 2CH LA and 4CH LA slices,
under both gated and ungated conditions. A preliminary study has been done to acquire SA
and 2CH LA slices with ECG gating [18]. For image reconstruction, the GRAPPA operator
gridding (GROG) method [19, 20] was extended to grid radial SMS data to accelerate recon-
struction. A motion compensated compressed sensing reconstruction framework was devel-
oped to resolve both cardiac and respiration motions, including pixel tracking temporal total
variation and motion states binning.

Methods

Data acquisition

The University of Utah institutional review board approved this study. IRB #00100410. Writ-
ten informed consent was obtained from all the participants in this study. The proposed acqui-
sition uses a saturation recovery radial CAIPI turboFLASH sequence to acquire SMS k-space
during the first-pass of contrast agent [3]. Multiple sets of SMS k-space were acquired within
each cardiac cycle. A CAIPI phase modulation pattern of 0,0,0. . .; 0,271/3, 47/3. . .; 0, 471/3, 27/
3... was applied continuously on golden angle spaced rays to achieve a multi-band factor of 3.
The 90° saturation recovery (SR) pulse was optimized by using a 6-pulse train [21], and was
applied before acquiring one or more SMS sets. 12 subjects were scanned—6 with gated and 6
with ungated acquisitions. For 9 subjects (5 gated and 4 ungated), the stress acquisition was
performed ~60 seconds after regadenoson injection, then aminophylline was injected to
reverse the effects of regadenoson and after ~10 min the rest acquisition was performed. 3
subjects (1 gated and 2 ungated) were scanned only at rest. 10 subjects were scanned on a 3T
Prisma (Siemens) scanner and 2 were scanned on a 3T Skyra (Siemens) scanner. Siemens
spine (32 channels) and body (18 channels) coils were used for acquisition. The channels
were selected by the technologists. A total of 10 male subjects with a mean age of 62 years
(17 years) and 2 female subjects with a mean age of 71 years (+18 years) were scanned in this
study. The subjects were informed of the possibility of joining the study by a cardiologist at the
University of Utah and they may or may not have cardiomyopathies. All acquisitions share
similar parameters: TR/TE = 2.7/1.6msec, FOV = 260mm, ~1.8x1.8x8mm pixel size, 30 rays/
frame and flip angle = 12°. The contrast agent used in all scans was gadoteridol (ProHance,
Bracco Diagnostics, Singen, Germany) at a dose of ~0.075mmol/kg for both rest and stress.
For a few of the datasets, up to 72 rays/frame were acquired in order to study the impact of
undersampling. A complete list of all datasets is shown in Table 1.

For gated acquisition, 3-6 sets of SMS k-space were acquired after receiving an ECG trigger
depending on the heartrate, and each SMS set sampled 3 parallel slices that were read out
simultaneously after an SR pulse with ~80ms saturation recovering time (SRT), resulting in
9-18 slices per heartbeat. Subject 1 was scanned with 3 SA, 3 2CH LA and 3 4CH LA slices at
stress, and at rest 3 more SA slices were acquired. Subject 2 was scanned only at rest with 12
SA, 3 2CH and 3 4CH LA slices. For subjects 3-6, 6 SA and 3 2CH LA slices were acquired at
both stress and rest.

Two sequences were tested for ungated acquisitions. The first sequence was similar to the
gated acquisitions in which each SR pulse was applied for each SMS set with SRT ~80ms, but
without ECG trigging, and subjects 7-9 were scanned using this sequence for 3 SA and 3 4CH
LA slices. The second sequence used only one SR followed by reading out of 3 SMS sets (2 SA
and 1 2CH LA) with SRT ~50ms, and subjects 10-12 were scanned using this sequence. The
ungated sequence 2’ provides more slice coverage than the ungated sequence ‘1’ (33 images/
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Table 1. List of all datasets. Gated scans acquired 9-18 slices per heartbeat, and ungated scans acquired 6-9 slices (~20-33 images per second) at 30 rays/frame. The SMS
sets order also indicates the acquisition order after the saturation pulse.

subject Stress/rest SMS sets rays/frame scanner
1 Stress SA + 2CH + 4CH 30 Prisma
Rest SAx2+2CH + 4CH 30 Prisma
2 Rest SA x4+ 2CH + 4CH 30 Skyra
3 Stress 2CH+SAx2 51 Prisma
Rest 2CH +SAx2 51 Prisma
4 Stress 2CH + SAx2 30 Prisma
Rest 2CH + SAx2 30 Prisma
5 Stress 2CH + SAx2 30 Prisma
Rest 2CH + SAx2 30 Prisma
6 Stress 2CH + SAx2 30 Prisma
rest 2CH + SAx2 30 Prisma
subject Stress/rest SMS sets rays/frame sequence scanner
7 Stress SA + 4CH 30 1 Prisma
Rest SA + 4CH 30 1 Prisma
Rest SA + 4CH 72 1 Skyra
9 Rest SA + 4CH 54 1 Prisma
10 Stress LA +SAx2 30 2 Prisma
Rest LA +SAx2 30 2 Prisma
11 Stress SAx2+LA 30 2 Prisma
Rest SAx2+LA 30 2 Prisma
12 Stress LA +SAx2 30 2 Prisma
rest LA +SAx2 30 2 Prisma

https://doi.org/10.1371/journal.pone.0211738.t001

second over 20 images/second) but may cause more artifacts due to slice intersections. Fig 1
illustrates different pulse sequences used in this study.
10-20 proton density images were acquired with 30 rays/image at the beginning of each

scan, using the same sequence but without saturation recovery pulse and with a flip angle

of 2°. Late gadolinium enhanced (LGE) images were acquired ~10 minutes after the last con-
trast injection for all subjects, using a clinical free-breathing single shot inversion recovery

sequence.

Reconstruction

Fig 2 shows a flowchart of the image reconstruction process. The acquired multi-coil radial
CAIPI data was first processed to suppress streaking artifact and compressed to have 8 virtual
coils to speed up reconstruction. Then the radial data was interpolated onto Cartesian space
using the SMS GROG method. The following reconstruction included two stages: In stage 1
the artifact-reduced reference images were reconstructed using spatiotemporal constrained
reconstruction (STCR) [22]. By using these reference images, self-gating was done if ungated,

the time frames were binned into different respiratory states and the inter-frame motion was

estimated. In stage 2 the final reconstruction of motion-preserved images was performed by
applying pixel tracking temporal total variation constraint on the entire dynamic image
sequence (or near-systolic and near-diastolic phases if ungated) and each respiratory motion
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Fig 1. Pulse sequences used in this study. The gated sequence applies an SR pulse (composed of 6 pulses) after an ECG trigger followed by acquisition
of an SMS set. 3-6 SMS sets were acquired depended on the heartrate. The ungated sequences continuously acquire 2 (sequence 1) or 3 (sequence 2)
SMS sets, with one SR pulse applied for each SMS set (sequence 1) or one SR pulse applied for all SMS sets (sequence 2).

https://doi.org/10.1371/journal.pone.0211738.9001

bin. All the processes were done automatically without any manual input. The following sec-

tions describe the reconstruction processes in more details.

Coil unstreaking and compression. Acquired radial k-space data were automatically pro-
cessed to suppress streaking artifact using a coil unstreaking method proposed in [23]. This

Coil unstreaking and

Acquired radial CAIPI data .
compression

Reconstruction stage 2: Pre-processing steps for
PT-STCR, pixel tracking is final reconstruction:

applied on oSelf-gating (if ungated)

*The entire dynamic image *Respiration binning
sequence *Motion estimation

eEach motion bin

Fig 2. Flowchart describing the pre-processing and image reconstruction.

Interpolate radial data
onto Cartesian space
using SMS GROG

Reconstruction stage 1:
STCR with 30 iterations

https://doi.org/10.1371/journal.pone.0211738.9002
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method calculates a streaking ratio based on the difference between an artifact-free image
reconstructed from high number of rays (here 900 rays) and an image reconstructed from a
low number of rays (here 90 rays) for each coil c:

2
streaking ratio, = Z 10 x Image ;5. rov.g0 — Imagec.k.2><FOV.9[]0||2 (1)
3

” Imagec_kﬁl %FOV,900 | ‘ i

The scale factor of 10 (900/90) in Eq (1) was used to compensate images reconstructed
from different numbers of rays. The denominator and numerator use images of different field
of view (FOV) to emphasize the signal from the region of interest. A summation on all simulta-
neously acquired slices k was performed to consider streaking from all slices. Coils that have a
streaking ratio higher than 20 were scaled down by 20/streaking ratio, in order to reduce their
contribution in the final reconstructed images. After scaling of coils, principal component
analysis (PCA) was performed along the coil dimension to compress the coil data by keeping
only the first 8 principal components for reconstructions. This compresses the data to have 8
virtual coils and reduces computational demand without losing image quality [24].

Pre-reconstruction interpolation using SMS GROG. Pre-reconstruction interpolation
methods are promising to speed up iterative reconstructions of non-Cartesian k-space since
the computationally intensive interpolation steps when calculating projections and back pro-
jections can be avoided [20]. Several types of pre-interpolation methods have been proposed
including bilinear interpolation[22], Toeplitz-based approach [25-27] and GRAPPA operator
gridding or GROG [19, 28]. An iterative reconstruction framework of radial SMS data based
on self-calibration GROG was developed to speed up reconstruction in this study.

The self-calibration GROG trains a set of GROG operators (G,, G,) using correlations
among coil data, and then uses these operators to shift non-Cartesian k-space data onto a Car-
tesian grid [19, 20, 28]. Radial CAIPI applies different phase modulations on all simultaneously
acquired slices [3, 17], which changes the data correlation among differently modulated k-
space rays. However, within rays of the same phase modulation, the data correlation is the
same. In order to grid CAIPI k-space data, different GROG operator sets were trained from
different phase modulation k-space rays. In this study, multi-band factor of 3 was used for all
acquisitions, thus for each acquisition 3 sets of GROG operators were trained from 3 sets of
phase modulation k-space rays and applied to grid each set onto an undersampled Cartesian
grid. The new Cartesian k-space instead of the acquired radial data were then used in data
fidelity term as d. During iterations, the Cartesian k-space were demodulated and modulated
back and forth to calculate data fidelity by using a matrix @ as shown in Eqs (2, 3):

dj = cDj*kdk (2)
1 1 1

@, = |1 eFr eF (3)
1 F &F

where c?k represents different phase modulation (represented by k) Cartesian k-space and d;
stands for k-space of different image slices j. These steps are incorporated into the sampling
matrix such that A = @MFS, where S represents coil sensitivity maps, F is Fourier transform,
M is a binary mask that simulates radial undersampling in Cartesian space and @ is the phase
modulation and recombination matrix. The initial estimate of m is calculated by applying the
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Fig 3. Iterative reconstruction using SMS GROG. The acquired radial k-space was first separated into different phase modulations, then within each phase
modulation a set of GROG operators was trained and applied to interpolate the radial k-space onto a Cartesian grid. In the iteration loop, the Cartesian k-space was
demodulated and modulated back and forth to calculate the data fidelity term.

https://doi.org/10.1371/journal.pone.0211738.9003

backward operator A" = S"F~'D@; on the estimated Cartesian data d,. Fig 3 illustrates the
SMS GROG iterative reconstruction framework.

Reconstruction stage 1: STCR. In this reconstruction stage the STCR cost function [22]
shown in Eq (4) was minimized:

lAm —d]f; + 2,

\/(me)2 +(V,m)" +e (4)

+A[|
1

(V,m)2 +e
1

where d is estimated multi-coil Cartesian k-space data (obtained by applying SMS GROG
interpolation method on the radial SMS data), A = ®MFS is the encoding matrix (forward
projector) that includes phase modulation @, sampling mask M, Fourier transform F and
coil-sensitivities S, m represents multi-slice dynamic images to be reconstructed, 4, are tem-
poral and spatial regularization parameters for the temporal and spatial total variation con-
straints respectively and € is a small positive value used to avoid singularity. The back projector
A" = S"F'D@; includes a density compensation matrix D calculated from radial sampling

density which is used to accelerate convergence speed. We used 30 iterations (empirically

PLOS ONE | https://doi.org/10.1371/journal.pone.0211738 February 11,2019 7/22


https://doi.org/10.1371/journal.pone.0211738.g003
https://doi.org/10.1371/journal.pone.0211738

®PLOS | one

Multiple-view myocardial perfusion MRI with radial SMS

determined) in the first stage to reduce the slice aliasing and undersampling artifacts. The
weights were set at A, = 0.1C, A, = 0.03C where the C is the maximum signal intensity in the ini-
tial estimate of m.

Image-based self-gating and respiratory binning. Reference images from reconstruc-
tion stage 1 were used for self-gating and binning into respiratory states. The blood pools are
ideal areas to extract cardiac signal where the intensities are low at pre-contrast frames and
high during contrast arrival, thus two thresholds were used to segment the blood pools in
each slice. First, a maximum intensity map was calculated, then the dynamic images were
normalized by this map and a summation of the first 10 pre-contrast frames was done. The
pixels with the lowest 20% intensities in the summation were selected as mask 1. Then from
the maximum intensity map, pixels that had intensities larger than 0.4 of the maximum
intensity was selected to be mask 2. Mask 1 and mask 2 were combined and filtered by a
Gaussian filter to obtain the final segmentation. The selected areas from all simultaneously
acquired slices were summed to be a 1D signal, then the signal was normalized to a 0-1
range by Eq (5):

signal(t) — lower bound(t)
upper bound(¢)

normalized signal(t) =

(5)

The upper (lower) bound was found by first linearly interpolating the local maxima (min-
ima) of the signal onto all time points, and then fine tuning the bound to be higher (lower)
than the signal at all time points. Finally, all time frames were binned into 3 cardiac phases
(a near-systolic, a near-diastolic and an in-between phase) from the normalized signal. Fig 4
shows this pipeline.

The chest wall is a good indicator of respiratory motion, thus we designed thresholding
methods to segment the chest wall as follows. The dynamic images were first smoothed by
a mean filter of width 3 to remove the overlapping cardiac signal. Then, half of the pixels
with the lowest intensities in the average intensity map were dropped so that the low
signal areas such as lung or background were excluded. Next, to remove the blood pool
areas, the images were normalized by a maximum intensity map, and an average intensity
map was calculated. The blood pools then had low intensities and were removed by drop-
ping half of the pixels with the lowest intensities. All of the remaining pixel time curves were
sorted together and PCA was applied along the pixel dimension, then the component that
had the highest signal at frequency 0.1-0.5 Hz was selected and normalized into a 0-1 range
to be the respiratory signal. From this respiratory signal, all time frames were binned into
4 respiratory states that all have similar number of frames. Fig 5 shows a flowchart of this
process.

Pixel tracking temporal total variation. Temporal total variation constraints have
been applied to reconstruct multiple types of dynamic MRI data successfully [22, 29, 30].
Pixel intensity time curves are assumed to be piece-wise smooth, or the first order derivative
along time dimension is assumed to be sparse. Such an assumption breaks down when inter-
frame motion is present since motion misaligns pixels representing the same feature along
the time dimension. To mitigate this effect, we propose a unique approach to estimate the
motion trajectory for each pixel using deformable registration from the pre-reconstructed
reference images, and then calculate the temporal total variation along the estimated motion
tracks.

When a gradient based algorithm is employed to solve the cost function in (4), seeking an
numerical update for the temporal term of each time frame m; requires its neighboring time
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Fig 4. Self-gating steps for ungated acquisitions. Summation of the first 10 pre-contrast frames was threshold to keep low intensity areas to create
mask 1, and maximum intensity map was threshold to keep high intensity areas to be mask 2. Then these two masks were combined and smoothed by a
Gaussian filter to identify blood pools in all the simultaneously excited slices. The signals in the blood pool masks of all simultaneously acquired slices
were summed together to give a 1D signal that was normalized to be between 0 and 1. Near-systolic and near-diastolic frames were selected from the
normalized signal.

https://doi.org/10.1371/journal.pone.0211738.9004
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Fig 5. Illustration of the respiratory binning process. An average intensity map was first calculated by averaging pixel intensities along the time dimension using
mean-filter-smoothed dynamic images. From this map, the half of the pixels with the highest intensity were kept and then normalized by each pixel’s highest intensity
along time. Another average intensity map was calculated using the normalized data and half of the highest intensity pixels in this map were selected in order to mainly
preserve the chest wall signal. PCA was applied on the selected pixels. The PCA component that has highest intensity in frequency range 0.1-0.5 Hz (within the first 10
principal components) was selected and normalized to be the respiratory gating signal. All time frames were binned into 4 respiratory bins using the normalized signal.

https://doi.org/10.1371/journal.pone.0211738.9005

frames m,_; and m;,;:

dat i1 — My m; —m;_,
m;\p ate i+ i _ i i (6)

\/(mi+1 - mi)z +e \/(mz - mi71)2 +e

In order to calculate this update term along the motion track of each pixel, we reorder the
pixels in the i — 1th and i + 1th frames using reordering matrices P;,;_;and P;,_;_.;:
e — Pimy —m, _ m; —P_,_m;_, (7)
2 2
\/(Pi+1aimi+l —m) +e \/(m, =P m_ ) +e
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Fig 6. Illustration of pixel tracking temporal regularization. (a) The right image shows the signal intensity line profile over time of the red line in the left image.
Standard temporal total variation calculates total variation along the blue line, however pixel tracking temporal total variation calculates total variation along the yellow
line. (b) The blue line shows estimated motion track of one pixel at the edge of blood pool. (c) Pixel tracking regularization is applied on both the entire image
sequence (shown below the time axis), as well as each motion bin (shown above the time axis).

https://doi.org/10.1371/journal.pone.0211738.g006

Similar to the MASTeR approach [31], two sets of motion maps were estimated: forward
motion maps that register frame m;_; to time frame m; and backward maps. The registration
was performed using large deformation kinematics with a greedy algorithm [32], and an inten-
sity correction map was estimated to help registration [33]. Then the reordering matrix P can
be produced from these maps that spatially align each pixel along its time track. Fig 6(a) and
6(b) shows the estimated pixel track in 2D and 3D cases.

Reconstruction stage 2: PT-STCR. Then the following cost function was minimized for
stage 2 reconstruction:

+ 4,

1

lAm — d||; + 7

V(Tm) + (V,m) + e

nbins
+ )“r Z \/ (vrpnmn)2 +e

=1

(V,Pm)* + €
1

(8)

1

where P, P, are the reordering matrices for the entire image sequence and for each motion bin
n, respectively. For ungated acquisitions, m stands for near-systolic or near-diastolic frames
after self-gating since the two phases were reconstructed separately, and the in-between phase
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was excluded in this stage. As shown in Eq (8), the pixel tracking regularization was applied
twice. The third term applies the pixel tracking on all the time frames, while the forth term
applies the pixel tracking on each motion bin 7, and 4 respiratory bins were used for all data-
sets in this study. This reconstruction scheme (later referred as PT-STCR) is shown in Fig 6(c).
The reference images from stage 1 were used as initial estimation for stage 2 reconstruction.

In the reconstruction stage 2, the maximum iteration number was set at 100 and the iteration
were stopped when: (1) backtracking line searching finds a step size smaller than le®or (2)
the cost functional changes less than 1e™. The weights were set at A, = 0.15C, A, = 0.03C where
the C stands for highest intensity in the initial estimate of m. A lower temporal constraint
weight (1, = 0.1C) was used in the first stage to preserve more inter-frame motion when recon-
structing the reference images.

Evaluation of PT-STCR. For both gated and ungated acquisitions, STCR reconstructions
without pixel tracking were performed and compared with the PT-STCR. For ungated acquisi-
tions, the STCR was performed on near-systolic and near-diastolic phases separately after the
self-gating, and the self-gating was done using the previously stated method after 30 iterations.
PT-STCR and STCR reconstructions used the same spatial regularization parameter A; = 0.03
C and for temporal regularization Z; °'™* = 0.15Cand ;'® = 0.3C was used. These
parameters were chosen empirically by visual evaluation. We picked 3 SA, 1 2CH LA and/or 1
4CH LA slices that have the most clinical value from all acquired slices of each scan to calculate
the apparent signal-to-noise ratio (SNR) and the apparent contrast-to-noise ratio (CNR). One
time frame in each slice near the peak-enhancement of myocardium was selected and seg-
mented based on the 17-segment model by American Heart Association [9]. Then the same
segmentation was applied on both PT-STCR and STCR images to calculate the SNR and CNR
using Eq (9):

MYO | 'uLV _ MMYO‘
SI\IRS = O—;VIYO7 CNRS = W (9)

MYO
s

where yM© and ¢™¥© are the mean and standard deviation of each myocardial segment s, and
" is the mean of the left ventricle.

The MATLAB (The MathWorks, Natick, MA) codes used in this study along with multi-
view raw SMS datasets from representative ECG-gated and ungated acquisitions can be found

at https://github.com/gadluru/Multiview-myocardial-perfusion-with-radial-SMS.

Results
Gated acquisition

Fig 7 illustrates selected images of subject 6, where a small perfusion deficit is seen on both
long-axis and short-axis images and matches the enhancement on the LGE images. Fig 7c and
7d show the signal intensity time curves for the ROIs from the short-axis and long-axis slices
respectively. Ischemic regions have reduced signal enhancement compared to the normal
tissues. In the rest acquisition of subject 2 when heart rate was low (~60/s), we were able to
acquire 6 SMS sets with 12 SA, 3 2CH LA and 3 4CH LA slices, which is shown in Fig 8. Corre-
sponding video (S1 Video) can be found in supplementary files.

Ungated acquisition

Fig 9 shows ungated acquisition of subject 9, with 3 SA and 3 2CH slices, at both stress and
rest for near-systolic and near-diastolic cardiac phases. The self-gating method was able to bin
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Fig 7. Results from an ECG-gated stress acquisition with a small perfusion deficit (subject 6). 6 SA slices and 3 2CH LA slices were acquired within each
heartbeat. (a) shows all slices near peak myocardial enhancement. (b) shows a SA slice and a 2CH LA slice closely matching the corresponding LGE images are
shown. A small area of deficit can be seen on both slices pointed by the arrows. This is more clearly seen in the time curves shown in (c), (d) for the corresponding
ROL Model-based registration [34] was performed before image segmentation. The time curves were normalized by proton density images and the pre-contrast

baseline signal was subtracted.

https://doi.org/10.1371/journal.pone.0211738.9007

the time frames into near-systolic and near-diastolic phases. Corresponding video (52 Video)
is provided in supplementary files.
Fig 10 shows signal intensity time curves in a mid-ventricular SA slice from subject 12
acquired at stress. Systolic images were used. The images underwent model based registration
[34] and six regions of myocardium were manually segmented according to the standardized
approach [9]. The curves were normalized by the proton density images and the pre-contrast

baseline signal was subtracted.

For the two ungated sequences we tested, the ungated sequence 2’ (as illustrated in Fig 1)
achieves more slice coverage than sequence ‘1’, but it may lead to more artifacts when the
sequentially acquired slice groups intersect. We observed that when LA slices were acquired
after the acquisition of SA slices (subject 11), faint dark bands appear (shown in Fig 11). This
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Fig 8. Illustration of an 18 slice acquisition at rest in subject 2. 12 SA, 3 2CH LA and 3 4CH LA slices were all acquired within one heartbeat for every
heartbeat. For the SA slices, each column was acquired as an SMS set, and the 2CH LA slices or 4CH LA slices were each acquired as separate SMS set.

https://doi.org/10.1371/journal.pone.0211738.9008

is because of the slice intersections with previously acquired SA slices that have experienced
more readout pulses. Even though we did not find increased artifact in the LA-then-SA
approach (subject 10 and 12, as shown in Fig 9 for subject 10), we propose not to use one SR
preparation pulse to sequentially acquire slices that have intersections. The gated sequence
and ungated sequence 1 (as shown in Fig 1) used a SR pulse for each SMS set did not have this
artifact.

Evaluation of PT-STCR

PT-STCR reconstructions resulted an average 21% more SNR and 30% more CNR compared
with STCR reconstructions. Paired t-test resulted in p < 107** for SNR and p < 107>° for CNR,
indicating statistically significant differences between PT-STCR and STCR in terms of SNR
and CNR. A comparison of STCR and PT-STCR reconstructions is shown in Fig 12. SNR and
CNR results for all the subjects are illustrated in Fig 13.

Discussion

In this study we tested the feasibility of acquiring different views of myocardium perfusion by
using radial SMS. We were able to achieve full coverage of 17 myocardial segments suggested
by American Heart Association [9] during first-pass perfusion including the apical segment
typically missed by traditional 3 SA slices coverage. Compared with previous studies on
acquiring LA slices that acquired 3 SA slices and 0-2 LA slices at a spatial resolution 2.7 x 3.6
mm to 3.1 x4.1 mm [5], or acquired 4-7 LA slices at a spatial resolution 3.5 x 1.9 mm [6], the
unique acquisition framework proposed here is able to achieve high resolution (1.8 x 1.8 mm)
multi-view coverage in patients with high heartrate (up to 120 bpm) and also in patients with
poor ECG gating, where both SA and LA slices at systolic and diastolic phases are guaranteed
by ungated acquisitions. These advantages can increase the confidence when reading the
scans. As well, the acquired LA views were matched with other acquisitions like cine, T1 maps
and LGE images during the same scan, which collectively can provide a more confident detec-
tion of cardiac diseases.
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Fig 9. Results from an ungated acquisition (subject 10). Stress and rest images for systolic and diastolic phases are
shown. In each image three slices in a row were acquired simultaneously. Time frames were picked to show peak
myocardial enhancement.

https://doi.org/10.1371/journal.pone.0211738.9009

For most of the datasets in this study, 30 rays/frame were acquired. Acquiring more
rays may result in better image quality, with the trade-off of increased acquisition time and
increased saturation recovery effect on the image contrast. To study these trade-offs, in some
of the datasets as listed in Table 1, we acquired more rays/frame and compared reconstructions
obtained using first 30 rays of each time frame to those obtained using all rays. As can be seen
on Fig 14 (subject 8), the 72 rays reconstruction has slightly better image quality than the 30
rays reconstruction, but both reconstructions have high quality and contrast. Since acquiring
more rays may not lead to more clinical value, we acquire 30rays/frame for multiband 3 radial
SMS cardiac perfusion studies.

An improved self-gating method is used in this study that can successfully bin acquired
time frames into near-systolic and near-diastolic phases. In previous methods [10, 12], a rect-
angular region around the heart was selected after motion correction and sum of pixels in the
region was used as cardiac signal, and all times frames were binned into two cardiac phases
(near-systolic and near-diastolic). In [11], an automatic region of interest selection was per-
formed by using a standard deviation map and finding a circular region that covered the heart,
and only near-systolic frames were selected. The method used here automatically selected the
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Fig 10. Tissue time intensity curves from an ungated stress acquisition (subject 12). The left image shows the selected slice with
six cardiac segments. The right image shows the tissue intensity curves of the corresponding segments.

https://doi.org/10.1371/journal.pone.0211738.9010

Fig 11. Dark band artifacts using overlapping slice positions. Faint dark bands (pointed by blue arrows) can be seen
on all of the simultaneously acquired 2CH LA slices at slice intersections with previously acquire SA slices. Images
were from subject 11.

https://doi.org/10.1371/journal.pone.0211738.g011

PT-STCR

signal intensity

STCR

Fig 12. Comparison of PT-STCR and STCR in subject 4. 3 SA and 1 2CH LA slices were used in the SNR/CNR
analysis are shown (9 slices were acquired). Vertical red lines on the images are used for comparison of signal intensity
line profiles over time. PT-STCR reconstruction preserves the myocardial border better than STCR and has fewer
artifacts. Images showing the signal intensity line profiles over time show that the PT-STCR reconstruction is sharper
than the STCR reconstruction.

https://doi.org/10.1371/journal.pone.0211738.g012
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Fig 13. SNR and CNR results. The results shown here are averaged across all segments of SA, 2CH LA and/or 4CH LA slices from one Gadolinium
injection. For ungated acquisitions, near-systolic and near-diastolic images were included in averaging. PT-STCR reconstructions have higher SNR and CNR
than STCR reconstructions overall.

https://doi.org/10.1371/journal.pone.0211738.g013

left and right ventricles from the pre-contrast frames and the maximum intensity map. Instead
of using geometric masks, the natural shapes of blood pools were preserved which is advanta-
geous in indicating the cardiac signal. Since the ungated acquisition acquired data across all
cardiac phases, some of the frames are acquired outside the systolic and diastolic phases. Con-
sequently, all time frames were binned into three cardiac phases, a near-systolic, a near-dia-
stolic and an in-between phase. The in-between phase was not included into reconstruction
stage 2 to prevent artifacts in the systolic and diastolic data sets. By normalizing the cardiac
and respiratory signal onto a 0-1 range, the self-gating and respiratory binning were efficiently
done by thresholding. Also this normalization can detect small variations on the signal which
were not local maxima or minima, especially for the cardiac signal (e.g. frame 60-70 in Fig 4
before normalization), which could be binned into the wrong phases.

The reordering operation P in PT-STCR is equivalent to applying a nearest neighbor
interpolation using the estimated deformation map. The advantage of using nearest neighbor
interpolation is that no pixel intensities in the neighboring time frames are changed when cal-
culating total variation, and that the operation is faster compared to applying a more complex
interpolation. The reconstruction speed of PT-STCR is comparable with STCR except for the
extra registration steps. Though not shown here, we tested using bilinear interpolation instead
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72 rays

30 rays

72 rays

Fig 14. Comparison of undersampled reconstructions in a 72 rays/frame dataset (subject 8). Simulated
undersampling was done by keeping only the first 30 rays. The 72 rays reconstruction is slightly better than the 30 rays
reconstruction, however both reconstructions have high quality and contrast.

https://doi.org/10.1371/journal.pone.0211738.g014

of nearest neighbor, and found no visible difference in final reconstructed image quality. We
note that the reordering used in PT-STCR differs from previously proposed reordering meth-
ods such as [15], which performed reordering on both spatial and temporal directions, and
based the reordering on pixel intensities rather than deformation maps.

By binning all acquired time frames into different respiratory bins, we were able to apply
the pixel tracking regularization on each bin (fourth term in Eq (8)) while applying pixel track-
ing on the entire image sequence (third term in Eq (8)). Grouping of frames having similar
motion states together increases the temporal sparsity and leads to better motion preservation.
Using different constraint weights for these two regularizations terms in Eq (8) may result in
better reconstruction. We found that using the same constraint weights was robust across all
12 subjects in this study and no fine tuning was necessary. The robustness of the constraint
weights should attribute to the pixel tracking that by aligning pixels before calculating tempo-
ral total variation, adjacent frames are motion-free such that the weights should be general
when acquiring data in similar circumstances.
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SA, 2CH LA and 4CH LA slices may be combined into an isotropic whole heart 4D image
as has been done in cardiac cine MRI [35]. That work acquired 10-14 slices of each view to
cover the whole heart; afterward all images were registered and a geometric super resolution
reconstruction was applied to reconstruct a whole heart cine image with 1.4x1.4x1.4 mm
resolution. The proposed acquisition here can provide multiple views of the heart during per-
fusion, which may make whole heart isotropic first-pass perfusion MRI possible. Also a simul-
taneous orthogonal slices technique [36] could possibly benefit the multiple-view acquisition
by acquiring 2CH LA and 4CH LA slices simultaneously, but with unavoidable artifact at the
slice intersections.

Conclusion

Our results suggest that acquiring SA, 2CH LA and/or 4CH LA perfusion images using radial
SMS technique is feasible in both gated and ungated myocardial perfusion dynamic contrast
enhanced imaging. Combined SA and LA coverage may add confidence when detecting and
characterizing coronary artery disease by revealing perfusion deficits in different views, and
providing apical coverage that is improved relative to short axis slices alone. The self-gating
and respiratory binning methods can separate acquired time frames into near-systolic and
near-diastolic phases and different respiratory states. The proposed reconstruction framework
using SMS GROG pre-interpolation and a motion robust iterative PT-STCR reconstruction
improves the reconstruction of undersampled cardiac perfusion MRI while adding little
computational cost.

Supporting information

S1 Video. Video corresponds to Fig 8. Video shows a gated acquisition when the patient had
low heart rate (~60/min). 9 SA, 3 2CH LA and 3 4CH LA slices were acquired during each car-
diac cycle.

(MOV)

$2 Video. Video corresponds to Fig 9. Video shows an ungated acquisition case. 6 SA and 3
2CH LA slices were acquired during each cardiac cycle, and both self-gated systolic and dia-
stolic images are shown.

(MOV)

Author Contributions

Conceptualization: Ye Tian, Brent Wilson, Edward V. R. DiBella, Ganesh Adluru.
Data curation: Ye Tian, Jason Mendes, Mark Ibrahim, Ganesh Adluru.

Formal analysis: Ye Tian.

Funding acquisition: Ganesh Adluru.

Investigation: Ye Tian, Brent Wilson, Edward V. R. DiBella, Ganesh Adluru.
Methodology: Ye Tian, Edward V. R. DiBella, Ganesh Adluru.

Project administration: Ganesh Adluru.

Resources: Ganesh Adluru.

Software: Ye Tian, Jason Mendes, Apoorva Pedgaonkar, Ganesh Adluru.

Supervision: Ganesh Adluru.

PLOS ONE | https://doi.org/10.1371/journal.pone.0211738 February 11,2019 19/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211738.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211738.s002
https://doi.org/10.1371/journal.pone.0211738

®PLOS | one

Multiple-view myocardial perfusion MRI with radial SMS

Validation: Leif Jensen, Joyce D. Schroeder, Brent Wilson, Edward V. R. DiBella, Ganesh

Adluru.

Visualization: Ye Tian, Edward V. R. DiBella.

Writing - original draft: Ye Tian.

Writing - review & editing: Ye Tian, Jason Mendes, Apoorva Pedgaonkar, Mark Ibrahim,

Leif Jensen, Joyce D. Schroeder, Brent Wilson, Edward V. R. DiBella, Ganesh Adluru.

References

1.

10.

11.

12

13.

14.

15.

Fair MJ, Gatehouse PD, DiBella EV, Firmin DN. A review of 3D first-pass, whole-heart, myocardial per-
fusion cardiovascular magnetic resonance. J Cardiovasc Magn Reson. 2015; 17:68. Epub 2015/08/02.
https://doi.org/10.1186/s12968-015-0162-9 PMID: 26231784.

Chen L, Adluru G, Schabel MC, McGann CJ, Dibella EV. Myocardial perfusion MRI with an under-
sampled 3D stack-of-stars sequence. Med Phys. 2012; 39(8):5204—11. Epub 2012/08/17. https://doi.
org/10.1118/1.4738965 PMID: 22894445.

Wang H, Adluru G, Chen L, Kholmovski EG, Bangerter NK, DiBella EV. Radial simultaneous multi-slice
CAIPI for ungated myocardial perfusion. Magn Reson Imaging. 2016; 34(9):1329-36. Epub 2016/08/
10. https://doi.org/10.1016/j.mri.2016.07.015 PMID: 27502698.

Adluru G, Mendes J, Tian Y, Wilson B, DiBella E, editors. Ungated myocardial perfusion imaging with
complete left ventricular coverage using radial simultaneous multi-slice imaging. In Proceedings of the
25th Annual Meeting of ISMRM; 2017; Honolulu, Hawaii, USA.

Elkington AG, Gatehouse PD, Prasad SK, Moon JC, Firmin DN, Pennell DJ. Combined long- and short-
axis myocardial perfusion cardiovascular magnetic resonance. J Cardiovasc Magn Reson. 2004; 6
(4):811—6. Epub 2005/01/14. PMID: 15646884.

Wang Y, Moin K, Mathew ST, Akinboboye O, Reichek N. Myocardial first-pass perfusion assessment
using rotational long-axis MRI. J Magn Reson Imaging. 2005; 22(1):53-8. Epub 2005/06/23. https://doi.
org/10.1002/jmri.20351 PMID: 15971187.

Sharif B, Motwani M, Arsanjani R, Dharmakumar R, Fish MB, Germano G, et al. Impact of incomplete
ventricular coverage on diagnostic performance of myocardial perfusion imaging. Int J Cardiovasc
Imaging. 2018; 34(4):661-9. Epub 2017/12/03. https://doi.org/10.1007/s10554-017-1265-1 PMID:
29197024.

Ma H, Zhang Y, Chen J, Yang J. Whole Left Ventricular Coverage Versus Conventional 3-Slice Myocar-
dial Perfusion Magnetic Resonance Imaging for the Detection of Suspected Coronary Artery Disease.
Acad Radiol. 2018. Epub 2018/06/12. https://doi.org/10.1016/j.acra.2018.05.008 PMID: 29887399.

Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, Laskey WK, et al. Standardized myocar-
dial segmentation and nomenclature for tomographic imaging of the heart. A statement for healthcare
professionals from the Cardiac Imaging Committee of the Council on Clinical Cardiology of the Ameri-
can Heart Association. Int J Cardiovasc Imaging. 2002; 18(1):539—42. Epub 2002/07/24. PMID:
12135124,

Harrison A, Adluru G, Damal K, Shaaban AM, Wilson B, Kim D, et al. Rapid ungated myocardial perfu-
sion cardiovascular magnetic resonance: preliminary diagnostic accuracy. J Cardiovasc Magn Reson.
2013; 15:26. Epub 2013/03/30. https://doi.org/10.1186/1532-429X-15-26 PMID: 23537093.

Sharif B, Arsanjani R, Dharmakumar R, Bairey Merz CN, Berman DS, Li D. All-systolic non-ECG-gated
myocardial perfusion MRI: Feasibility of multi-slice continuous first-pass imaging. Magn Reson Med.
2015; 74(6):1661-74. Epub 2015/06/09. https://doi.org/10.1002/mrm.25752 PMID: 26052843.

Likhite D, Suksaranijit P, Adluru G, Hu N, Weng C, Kholmovski E, et al. Interstudy repeatability of self-
gated quantitative myocardial perfusion MRI. J Magn Reson Imaging. 2016; 43(6):1369—-78. Epub
2015/12/15. https://doi.org/10.1002/jmri.25107 PMID: 26663511.

Zhou R, Huang W, Yang Y, Chen X, Weller DS, Kramer CM, et al. Simple motion correction strategy
reduces respiratory-induced motion artifacts for k-t accelerated and compressed-sensing cardiovascu-
lar magnetic resonance perfusion imaging. J Cardiovasc Magn Reson. 2018; 20(1):6. Epub 2018/02/
02. https://doi.org/10.1186/s12968-018-0427-1 PMID: 29386056.

Adluru G, DiBella EV. Reconstruction with diffeomorphic motion compensation for undersampled
dynamic MRI. SPIE Optical Engineering + Applications; 2013; San Diego, California, United States.

Adluru G, Dibella EV. Reordering for improved constrained reconstruction from undersampled k-space
data. International journal of biomedical imaging. 2008; 2008:341684. Epub 2008/12/20. https://doi.org/
10.1155/2008/341684 PMID: 19096715.

PLOS ONE | https://doi.org/10.1371/journal.pone.0211738 February 11,2019 20/22


https://doi.org/10.1186/s12968-015-0162-9
http://www.ncbi.nlm.nih.gov/pubmed/26231784
https://doi.org/10.1118/1.4738965
https://doi.org/10.1118/1.4738965
http://www.ncbi.nlm.nih.gov/pubmed/22894445
https://doi.org/10.1016/j.mri.2016.07.015
http://www.ncbi.nlm.nih.gov/pubmed/27502698
http://www.ncbi.nlm.nih.gov/pubmed/15646884
https://doi.org/10.1002/jmri.20351
https://doi.org/10.1002/jmri.20351
http://www.ncbi.nlm.nih.gov/pubmed/15971187
https://doi.org/10.1007/s10554-017-1265-1
http://www.ncbi.nlm.nih.gov/pubmed/29197024
https://doi.org/10.1016/j.acra.2018.05.008
http://www.ncbi.nlm.nih.gov/pubmed/29887399
http://www.ncbi.nlm.nih.gov/pubmed/12135124
https://doi.org/10.1186/1532-429X-15-26
http://www.ncbi.nlm.nih.gov/pubmed/23537093
https://doi.org/10.1002/mrm.25752
http://www.ncbi.nlm.nih.gov/pubmed/26052843
https://doi.org/10.1002/jmri.25107
http://www.ncbi.nlm.nih.gov/pubmed/26663511
https://doi.org/10.1186/s12968-018-0427-1
http://www.ncbi.nlm.nih.gov/pubmed/29386056
https://doi.org/10.1155/2008/341684
https://doi.org/10.1155/2008/341684
http://www.ncbi.nlm.nih.gov/pubmed/19096715
https://doi.org/10.1371/journal.pone.0211738

®PLOS | one

Multiple-view myocardial perfusion MRI with radial SMS

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Mohsin YQ, Lingala SG, DiBella E, Jacob M. Accelerated dynamic MRI using patch regularization for
implicit motion compensation. Magn Reson Med. 2017; 77(3):1238-48. Epub 2016/04/20. https://doi.
org/10.1002/mrm.26215 PMID: 27091812.

Yutzy SR, Seiberlich N, Duerk JL, Griswold MA. Improvements in multislice parallel imaging using radial
CAIPIRINHA. Magn Reson Med. 2011; 65(6):1630—7. Epub 2011/02/083. https://doi.org/10.1002/mrm.
22752 PMID: 21287592.

DiBella E, Mendes J, Ibrahim M, Tian Y, Wilson B, Adluru G. Multiple sets of simultaneous multi-slice
(SMS) for improved short and long axis coverage of myocardial DCE perfusion. In Proceedings of the
26th Annual Meeting of ISMRM; 2018; Paris, France.

Seiberlich N, Breuer F, Blaimer M, Jakob P, Griswold M. Self-calibrating GRAPPA operator gridding for
radial and spiral trajectories. Magn Reson Med. 2008; 59(4):930-5. Epub 2008/04/03. https://doi.org/
10.1002/mrm.21565 PMID: 18383296.

Tian 'Y, Erb KC, Adluru G, Likhite D, Pedgaonkar A, Blatt M, et al. Technical Note: Evaluation of pre-
reconstruction interpolation methods for iterative reconstruction of radial k-space data. Med Phys.
2017; 44(8):4025-34. Epub 2017/05/26. https://doi.org/10.1002/mp.12357 PMID: 28543266.

Chow K, Kellman P, Spottiswoode BS, Nielles-Vallespin S, Arai AE, Salerno M, et al. Saturation pulse
design for quantitative myocardial T1 mapping. J Cardiovasc Magn Reson. 2015; 17:84. Epub 2015/10/
03. https://doi.org/10.1186/s12968-015-0187-0 PMID: 26428468.

Adluru G, McGann C, Speier P, Kholmovski EG, Shaaban A, Dibella EV. Acquisition and reconstruction
of undersampled radial data for myocardial perfusion magnetic resonance imaging. Journal of magnetic
resonance imaging: JMRI. 2009; 29(2):466—73. Epub 2009/01/24. https://doi.org/10.1002/jmri.21585
PMID: 19161204.

Feng L, Huang C, Shanbhogue K, Sodickson DK, Chandarana H, Otazo R. RACER-GRASP: Respira-
tory-weighted, aortic contrast enhancement-guided and coil-unstreaking golden-angle radial sparse
MRI. Magn Reson Med. 2018; 80(1):77—-89. Epub 2017/12/02. https://doi.org/10.1002/mrm.27002
PMID: 29193260.

Adluru G, DiBella E. Compression2: compressed sensing with compressed coil arrays. Journal of Car-
diovascular Magnetic Resonance. 2012; 14(1):P242. https://doi.org/10.1186/1532-429x-14-s1-p242

Baron CA, Dwork N, Pauly JM, Nishimura DG. Rapid compressed sensing reconstruction of 3D non-
Cartesian MRI. Magn Reson Med. 2018; 79(5):2685-92. Epub 2017/09/25. https://doi.org/10.1002/
mrm.26928 PMID: 28940748.

Fessler JA, Sangwoo L, Olafsson VT, Shi HR, Noll DC. Toeplitz-Based lterative Image Reconstruction
for MRI With Correction for Magnetic Field Inhomogeneity. IEEE Transactions on Signal Processing.
2005; 53(9):3393-402. https://doi.org/10.1109/TSP.2005.853152

Wajer F, Pruessmann K. Major Speedup of Reconstruction for Sensitivity Encoding with Arbirary Tra-
jectories. ISMRM 9th Scientific Meeting & Exhibition; 2011; Glasgow, Scotland, UK.

Benkert T, Tian Y, Huang C, DiBella EVR, Chandarana H, Feng L. Optimization and validation of accel-
erated golden-angle radial sparse MRI reconstruction with self-calibrating GRAPPA operator gridding.
Magn Reson Med. 2018; 80(1):286-93. Epub 2017/12/02. https://doi.org/10.1002/mrm.27030 PMID:
29193380.

Feng L, Grimm R, Block KT, Chandarana H, Kim S, Xu J, et al. Golden-angle radial sparse parallel MRI:
combination of compressed sensing, parallel imaging, and golden-angle radial sampling for fast and
flexible dynamic volumetric MRI. Magn Reson Med. 2014; 72(3):707—17. Epub 2013/10/22. https://doi.
org/10.1002/mrm.24980 PMID: 24142845.

Todd N, Adluru G, Payne A, DiBella EV, Parker D. Temporally constrained reconstruction applied to
MRI temperature data. Magn Reson Med. 2009; 62(2):406—19. Epub 2009/04/09. https://doi.org/10.
1002/mrm.22012 PMID: 19353648.

Asif MS, Hamilton L, Brummer M, Romberg J. Motion-adaptive spatio-temporal regularization for accel-
erated dynamic MRI. Magn Reson Med. 2013; 70(3):800-12. Epub 2012/11/08. https://doi.org/10.
1002/mrm.24524 PMID: 23132400.

Christensen GE, Rabbitt RD, Miller MI. Deformable templates using large deformation kinematics.
IEEE Trans Image Process. 1996; 5(10):1435-47. Epub 1996/01/01. https://doi.org/10.1109/83.
536892 PMID: 18290061.

Ebrahimi M, Kulaseharan S. Deformable Image Registration and Intensity Correction of Cardiac Perfu-
sion MRI. Statistical Atlases and Computational Models of the Heart—Imaging and Modelling Chal-
lenges; 2015 2015//; Cham: Springer International Publishing.

Adluru G, DiBella EV, Schabel MC. Model-based registration for dynamic cardiac perfusion MRI. J
Magn Reson Imaging. 2006; 24(5):1062—70. Epub 2006/10/13. https://doi.org/10.1002/jmri.20756
PMID: 17031818.

PLOS ONE | https://doi.org/10.1371/journal.pone.0211738 February 11,2019 21/22


https://doi.org/10.1002/mrm.26215
https://doi.org/10.1002/mrm.26215
http://www.ncbi.nlm.nih.gov/pubmed/27091812
https://doi.org/10.1002/mrm.22752
https://doi.org/10.1002/mrm.22752
http://www.ncbi.nlm.nih.gov/pubmed/21287592
https://doi.org/10.1002/mrm.21565
https://doi.org/10.1002/mrm.21565
http://www.ncbi.nlm.nih.gov/pubmed/18383296
https://doi.org/10.1002/mp.12357
http://www.ncbi.nlm.nih.gov/pubmed/28543266
https://doi.org/10.1186/s12968-015-0187-0
http://www.ncbi.nlm.nih.gov/pubmed/26428468
https://doi.org/10.1002/jmri.21585
http://www.ncbi.nlm.nih.gov/pubmed/19161204
https://doi.org/10.1002/mrm.27002
http://www.ncbi.nlm.nih.gov/pubmed/29193260
https://doi.org/10.1186/1532-429x-14-s1-p242
https://doi.org/10.1002/mrm.26928
https://doi.org/10.1002/mrm.26928
http://www.ncbi.nlm.nih.gov/pubmed/28940748
https://doi.org/10.1109/TSP.2005.853152
https://doi.org/10.1002/mrm.27030
http://www.ncbi.nlm.nih.gov/pubmed/29193380
https://doi.org/10.1002/mrm.24980
https://doi.org/10.1002/mrm.24980
http://www.ncbi.nlm.nih.gov/pubmed/24142845
https://doi.org/10.1002/mrm.22012
https://doi.org/10.1002/mrm.22012
http://www.ncbi.nlm.nih.gov/pubmed/19353648
https://doi.org/10.1002/mrm.24524
https://doi.org/10.1002/mrm.24524
http://www.ncbi.nlm.nih.gov/pubmed/23132400
https://doi.org/10.1109/83.536892
https://doi.org/10.1109/83.536892
http://www.ncbi.nlm.nih.gov/pubmed/18290061
https://doi.org/10.1002/jmri.20756
http://www.ncbi.nlm.nih.gov/pubmed/17031818
https://doi.org/10.1371/journal.pone.0211738

o m o
@ : PLOS | ONE Multiple-view myocardial perfusion MRI with radial SMS

35. Odille F, Bustin A, Liu S, Chen B, Vuissoz PA, Felblinger J, et al. Isotropic 3D cardiac cine MRl allows
efficient sparse segmentation strategies based on 3D surface reconstruction. Magn Reson Med. 2018;
79(5):2665—75. Epub 2017/10/04. https://doi.org/10.1002/mrm.26923 PMID: 28971520.

36. Mickevicius NJ, Paulson ES. Simultaneous orthogonal plane imaging. Magn Reson Med. 2017; 78
(5):1700-10. Epub 2016/12/06. https://doi.org/10.1002/mrm.26555 PMID: 27917527.

PLOS ONE | https://doi.org/10.1371/journal.pone.0211738 February 11,2019 22/22


https://doi.org/10.1002/mrm.26923
http://www.ncbi.nlm.nih.gov/pubmed/28971520
https://doi.org/10.1002/mrm.26555
http://www.ncbi.nlm.nih.gov/pubmed/27917527
https://doi.org/10.1371/journal.pone.0211738

