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Summary

The purpose of this work was to validate a parallel imaging (P1) and compressed sensing (CS)
combined reconstruction method for a recently proposed 4D non-breath-held, multiphase, steady-
state imaging technique (MUSIC) cardiovascular MRI in a cohort of pediatric congenital heart
disease patients. We implemented a graphics processing unit (GPU) accelerated CS-PI combined
reconstruction method and applied it in 13 pediatric patients who underwent cardiovascular MRI
after ferumoxytol administration. Conventional breath-held contrast-enhanced MRA (CE-MRA)
was first performed during the first-pass of ferumoxytol injection, followed by the original MUSIC
and the proposed CS-PI MUSIC during the steady state distribution phase of ferumoxytol. Quality
of acquired images were then evaluated using a 4-point scale. Left ventricular volumes and
ejection fractions calculated from the original MUSIC and the CS-PI MUSIC were also compared
with conventional multi-slice 2D cardiac cine MRI. The proposed CS-PI MUSIC reduced the
imaging time of the MUSIC acquisition to 4.6+0.4 min from 8.9+1.2 min. Computationally
intensive image reconstruction was completed within 5 min without interruption of sequential
clinical scans. The proposed method (mean 3.3-4.0) provided image quality comparable to the
original MUSIC (3.2-4.0) (all P=0.42), and better than conventional breath-held first-pass CE-
MRA (1.1-3.3) for 13 anatomical structures (all P< 0.0014) with good inter-observer agreement
(x>0.46). The calculated ventricular volumes and ejection fractions from both original MUSIC
(r>0.90) and the CS-P1 MUSIC (r>0.85) correlated well with 2D cine imaging. In conclusion, Pl
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and CS were successfully incorporated into the 4D MUSIC acquisition to further reduce scan time
by approximately 50% while maintaining highly comparable image quality in a clinically practical
reconstruction time.

Graphical abstract

In this work we implemented and evaluated an accelerated image and fast reconstruction method
for a recently proposed 4D multi-phase, steady state imaging technique on a cohort of pediatric
patients with congenital heart disease. The image reconstruction was carried out on a custom-built
parallelized image reconstruction system that imbedded in the clinical workflow without
interrupting normal clinical practice. Proposed strategy reduced the acquisition time of original
technique to half and achieved similar image quality and quantitative assessment.

First-Pass CE-MRA Delayed-Phase CE-MRA Original 4D MUSIC C5-P1 4D MUSIC

Keywords

ferumoxytol; magnetic resonance angiography; cardiac cine; pediatric MRI; parallel imaging;
compressed sensing

Introduction

Contrast-enhanced magnetic resonance angiography (CE-MRA) is increasingly being used
to complement echocardiography or replace digital subtraction angiography for anatomic
assessment of cardiac and vascular structures in both adults and children (1,2). CE-MRA is
typically performed in a breath-hold during the first-pass of a gadolinium-based contrast
agent (GBCA) and provides excellent definition of extra-cardiac vascular anatomy (3).
Cardiac gating is typically not performed and requires a substantial compromise in
resolution due to the time constraints imposed by breath-holding and the need to capture the
first-pass of the GBCA. As a result, conventional first-pass CE-MRA provides insufficient
definition of pulsatile structures, such as the ventricular outflow tracts, cardiac chambers and
coronary arteries. Therefore, supplemental multi-slice 2D cine imaging is required for
assessment of cardiac anatomy and volumes. However, 2D cine employs relatively thick
slices (3—4 mm), limiting resolution in potentially tiny hearts and precluding useful multi-
planar reformatting.

NMR Biomed. Author manuscript; available in PMC 2018 January 01.
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To address these issues, a recent study proposed a 4D multiphase, steady-state imaging
(MUSIC) (4) technique in pediatric patients undergoing cardiovascular MRI under general
anesthesia and mechanical ventilation. The 4D MUSIC technique acquires multiple cardiac-
phase-resolved volumetric images without breath-holding during the steady-state
intravascular distribution of ferumoxytol, using the ventilator pressure waveform for
respiratory gating. Ferumoxytol, an ultrasmall superparamagnetic iron-oxide (USP10)
particle that is approved by the U.S. FDA for parenteral treatment of iron deficiency anemia
in adults with chronic kidney disease, was used off-label to enhance the MUSIC acquisition
due to its high R1 relaxivity (r; = 9.0 mM~1s71 at 3.0T) and long intra-vascular half-life of
10-14 hours (5). Using 4D MUSIC, a 7-10 minute cardiac- and respiratory-gated scan
provides images with improved resolution parameters for both intra- and extra-cardiac
anatomy than conventional cardiac magnetic resonance (CMR) techniques such as first-pass
CE-MRA or 2D multi-slice cardiac cine imaging (4). In this work, we sought to further
accelerate the 4D MUSIC acquisition without compromising image quality.

A variety of fast imaging techniques have been developed for accelerating MR data
acquisition. Traditional parallel imaging (PI) methods such as sensitivity encoding (SENSE)
(6) and generalized auto-calibrating partially parallel acquisitions (GRAPPA) (7) acquire
under-sampled k-space by regularly skipping phase encoding lines. These techniques are
widely used clinically due to the reasonable image reconstruction time and their robustness
at moderate acceleration factors (3—4X). However, as the acceleration factor increases, poor
conditioning of the encoding matrix results in progressively more severe artifacts and noise
amplification in the reconstructed image. Recent developments in compressed sensing (CS)
(8,9) provide another strategy to accelerate data acquisition (10-12). CS theory states that
the image can be recovered from randomly under-sampled k-space data points by using an
optimization-based nonlinear reconstruction algorithm with regularization terms
incorporated (12-14). With proper choice of regularization terms, the image may be
recovered from a higher acceleration factor than using conventional parallel imaging alone.
Although long reconstruction times currently limit the widespread clinical use of CS,
progress has recently been reported (15, 16) in speeding up certain types of CS image
reconstruction algorithms.

In this study, we aimed to take advantage of the high signal-to-noise ratio (SNR) of the
ferumoxytol-enhanced 4D MUSIC data by accelerating the MUSIC acquisition with
prospective random k-space under-sampling and a joint CS-PI reconstruction technique. The
image reconstruction algorithm was implemented in a custom-built parallelized MR image
reconstruction system that allowed for clinically acceptable reconstruction time.

Data Acquisition

The original spoiled gradient recalled echo (GRE)-based 4D MUSIC sequence (4) was
modified in such a way that the center 23 x 17 k-space region of the ky- kzencoding plane
was fully sampled while the outer region was under-sampled using a variable-density
Poisson-Disk distribution (17), as shown in Figure 1. Each sampled point generated a disk
around itself where the probability of a new sample was decreased to ensure maximum
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spread of the sampling over the ky - kzplane. To simulate the variable density sampling, the
disk radius was defined as a function of the distance to the center of k-space (kyc, kzc):

Radius ., (ky, kz)=0.3 % \/(ky—kg/c)2+(kz—kzc)2 1)

To mitigate imaging artifacts and signal interference caused by sudden changes in the
sampled k-space location, the ky - kz plane sampling trajectory started from the most central
portion of k-space and extended outwards. Samples were sorted and ordered according to
their radii and angles to generate a smooth spiral-like, elliptical centric pattern in the ky - kz
plane. This design allowed for sampling of the low frequency data at the beginning of the
acquisition, reducing motion sensitivity (18) and eddy-currents effects from high amplitude
phase-encoding gradients.

Image Reconstruction

Prospectively under-sampled data were reconstructed separately for each cardiac phase by §
-ESPIRIT (19):

N
d=arg min ZHDﬁSid—miH%—i-)\HWdHl
i=1

where & is the Fourier transform; S;are the sensitivity maps estimated from the center
region using ESPIRIT (19); Dis the operator that selects the locations where data have been
acquired; d'is the image to be reconstructed; /;is the acquired under-sampled k-space data
from each of the Nreceiver coil elements; Wis the randomized shifting Daubechies
wavelets used to approximate translation invariant wavelets that avoids blocky structural
artifacts; and A is the regularization weight that trades-off between Pl data fidelity and the
sparsity constraint. In our study, A was optimized in a pilot study of prospectively under-
sampled in vivo data sets acquired on four pediatric congenital heart disease (CHD) patients.
We normalized the data sets prior to reconstruction and varied A from 0.1 to 0.001 in step
size of 0.002 to identify the optimal A value that would provide the best image quality by
visual assessment among the reconstructed images. Based on our pilot study, A was set to
0.004 in our study.

To achieve clinically acceptable reconstruction time, the algorithm was implemented in the
C/C++ language based on the Berkeley Advanced Reconstruction Toolbox (20,21) and
integrated within a custom-built MR image reconstruction framework (22) in which external
computer nodes are connected to the MR scanner directly. K-space data are sent to the nodes
for image calculation and reconstructed images are sent back to the scanner system. Figure
2a shows the schematic outline of the framework. Several algorithmic optimizations were
incorporated into the reconstruction process to minimize reconstruction time (Figure 2b).
First, the coil compression coefficient matrix calculation and 3D coil sensitivity map
estimation were performed immediately after the fully-sampled k-space center was acquired,
while the sequence continued to acquire the peripheral k-space data. Second, to achieve a
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nearly linear reduction of reconstruction time with the number of threads, the non-linear
image reconstruction was parallelized across all of the ky - kzslices using the OpenMP
framework (23) with eight threads after an initial fast Fourier transform (FFT) was
performed in the readout direction.

Phantom Study

In order to evaluate the performance of § -ESPIRIT (19) within our custom-built
reconstruction framework, fully-sampled and regularly under-sampled data were acquired
using the original 4D MUSIC sequence (4). Prospective randomly under-sampled data were
also acquired using the CS-PI 4D MUSIC sequences on a 1.5 Tesla (T) MRI scanner
(Magnetom TIM Avanto, Siemens Medical Solutions) with a 12-channel body array coil on
a standard American College of Radiology (ACR) MRI phantom. Sequence parameters
were: repetition time/echo time (TR/TE) = 2.9/0.9 ms; flip angle, 25°; bandwidth = 814 Hz/
pixel; matrix size, 256*256*96; resolution, 1mm isotropic. The fully-sampled data was used
as a reference. Three regularly under-sampled data were acquired using three different
acceleration schemes: one dimensional acceleration 3X for the in-plane phase-encoding
direction and two dimensional accelerations of 2 x 2 and 3 x 2 in both in-plane and through-
plane phase-encoding directions. Actual acceleration factors for these three strategies were
2.6X, 3.7X and 5.4X, respectively, due to the fully-sampled center auto-calibration signal.
All three regularly under-sampled data were reconstructed with GRAPPA in the vendor-
provided reconstruction pipeline. The prospective randomly under-sampled data were
acquired in such a way that the acceleration factor was chosen to match the net acceleration
factors of the regularly under-sampled acquisitions with consideration of fully sampled
center reference lines.

In-vivo Study

Thirteen pediatric CHD patients (aged 4 days to 13 years, six male, heart rate: 95-140 bpm,
118.2+ 19.5 bpm) who were referred for clinically indicated cardiovascular MRI
independent of our research study were included in our study. Clinical indications included
preoperative surgical planning or postoperative evaluation. This HIPAA-compliant study was
approved by our institutional review board and written informed consent was obtained from
each patient’s legal guardian(s). As our study requires off-label use of ferumoxytol as an
MRI contrast agent, we submitted an Investigation New Drug (IND) application (IND #
129441) to the U.S. Food and Drug Administration (FDA) after the FDA boxed regarding
ferumoxytol administration in March 2015 and subsequently obtained clearance from the
FDA to proceed with our study (NCT02752191). Out of the 13 patients, 1 patient, who was
more recently enrolled in our study, underwent imaging under our FDA IND. Each patient
either underwent general anesthesia in the MRI suite or was transported directly from the
neonatal intensive care unit (NICU) already intubated and sedated. Anesthesia was
maintained using a mixture of oxygen and sevoflurane while patients from the NICU were
sedated with fentanyl. In all cases, patients were injected with rocuronium bromide as a
muscle relaxant. An MR compatible ventilator (Fabius MRI, Drager Medical, Telford, PA)
was used with positive end expiratory pressure as clinically appropriate.

NMR Biomed. Author manuscript; available in PMC 2018 January 01.
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All 13 patients were scanned on a 3.0 T MRI scanner (Magnetom TIM Trio, Siemens
Medical Solution). Depending on the size of patient, a combination of head coil, flexible
coil, body array coil or knee coil was used to provide optimal anatomical coverage. Based on
previous studies (4, 24-26), ferumoxytol (Feraheme, AMAG Pharmaceuticals, Lexington,
MA\) at a dose of 4 mg elemental iron/kg body weight was used in this study. The agent was
diluted by 4X-8X and injected at a rate of 0.1-1.0 mL/s. The rate was adjusted so that the
bolus duration was approximately 15s, except for one patient who underwent slow infusion
of ferumoxytol over 10 min following the recent FDA recommendations in March 2015. To
determine the delay time between initiation of the contrast injection and the arrival of the
contrast agent in the region of interest, a small bolus of ferumoxytol (0.5 mg/kg) was
injected first and the remaining bolus was injected over 15s followed by a chasing saline
bolus injected at the same rate. For the patients who underwent bolus injection of
ferumoxytol, breath-held CE-MRA was performed under ventilator-controlled breath-
holding (VCBH) during the first-pass of ferumoxytol. The same VCBH CE-MRA
acquisition was repeated during the steady state distribution phase of ferumoxytol, typically
2-3 min after ferumoxytol injection. Parameters for the first-pass and delayed phase CE-
MRA included: TR/TE=2.9/0.9ms; flip angle, 15°; in-plane resolution, 0.9-1.2mm; FOV,
500*300*150 mm; slice thickness, 1.1-1.5mm; GRAPPA acceleration 3X-4X; partial
Fourier acquisition (75%) for in-plane and through-plane phase encoding directions; total
acquisition time: 18-22s. Subsequently, for all 13 patients, the original 4D MUSIC (4) and
the proposed CS-PI 4D MUSIC sequences were performed during the steady state
distribution of ferumoxytol without VCBH using the air pressure signal from the ventilator
circuit for respiratory gating. The data acceptance window was set to the end-expiration
phase and the gating threshold was set to 40% of the respiratory signal’s dynamic range.

To facilitate qualitative and quantitative comparison with the original 4D MUSIC in this
validation study, the CS-Pl 4D MUSIC had the same number of cardiac phases as the
original 4D MUSIC, but approximately half of the total acquisition time. Scanning
parameters were: TR/TE= 2.9/0.9ms; flip angle, 25°; 0.6-0.9 mm true isotropic resolution
without interpolation; FOV, 500*300*150 mm; 6-9 cardiac phases depending on heart rate;
GRAPPA 2X-3X and 75% partial Fourier in both the phase encoding and partition encoding
directions for the original 4D MUSIC, and 7X prospective variable density Poisson-Disk
under-sampling for the CS-PI1 4D MUSIC. Images from the original 4D MUSIC acquisition
were reconstructed immediately with the vendor-provided image reconstruction pipeline,
while data from the CS-P1 4D MUSIC acquisition were reconstructed on an external
computer in less than 5 minutes using our custom image reconstruction framework shown in
Fig. 2. During the 5 minutes where CS-PI 4D MUSIC images were being reconstructed
offline, conventional multi-slice, multi-planar 2D cardiac cine images (20-25 cardiac
phases, temporal resolution: 20-40ms) were acquired per our clinical protocol with VCBH
using a spoiled gradient echo sequence.

Quantitative Measurements and Subjective Score

For our phantom study, both normalized root mean square errors (nRMSE) and structural
similarity index (SSIM) (27) were calculated between each slice of the reference images and
images reconstructed from the under-sampled data. The calculated nRMSE and SSIM were
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averaged across all slices. Whereas reduction in nRMSE indicates greater fidelity to the
original image, perfect identicality is represented by a SSIM value of 1 and the SSIM value
decreases as the images differ.

For our in-vivo study, subjective image quality scores of 13 different anatomical region of
interests (ROIs) were assessed: left/right atria, left/right ventricles, interatrial septum,
interventricular septum, tricuspid valve, mitral valve, left/right ventricular outflow tracts,
pulmonary arteries, ascending aorta and coronary arteries. Anonymized and randomized
first-pass VCBH CE-MRA images, original 4D MUSIC images, and the CS-Pl 4D MUSIC
images were graded by two experienced cardiovascular MRI readers with greater than 2
years of experience in clinical cardiovascular MRI interpretation using a 4-point scale as
outlined in Table 1. Evaluators were blinded to patient information and imaging techniques.
Scores were independently provided by the two readers.

Vessel sharpness was quantitatively measured in the left ventricle and ascending aorta of the
conventional first-pass CE-MRA, the original 4D MUSIC, and the CS-PI 4D MUSIC
images by drawing a linear signal profile, as previously described (4). Specifically,
sharpness is defined as the inverse of the distance (in mm) between the two points at 20%
and 80% of the dynamic range. The end-systolic (ESV), end-diastolic (EDV) left ventricular
volumes and ejection fractions (EF) based on the contrast-enhanced 2D cine short-axis
images, the original 4D MUSIC and the CS-PI 4D MUSIC images were measured using a
commercially available software (QMass, Medis, Netherlands). Note that these three sets of
images were all acquired at end-expiration.

Statistical Analysis

All statistical analyses were conducted using the R software (28) and Excel (Microsoft,
Redmond, WA). The three techniques (CE-MRA, MUSIC and CS-PI MUSIC) were
compared using visual subjective image quality scores (ranging 1-4) in 13 ROIs and
quantitative image sharpness in 2 ROIs. The weighted kappa coefficient was used to evaluate
the inter-observer agreement for the subjective image quality score. The EDV, ESV and EF
measurements were compared using Lin’s concordance correlation coefficient and Bland-
Altman analysis (29). Subjective quality scores from the average of two readers were
compared in two steps per ROI: First, a Kruskal-Wallis test was used to compare among all
three techniques; Second, if there was significant difference among the three techniques,
post-hoc Dunn’s tests would be performed to compare each of the three pairs of techniques
(MUSIC vs. CS-PI MUSIC, CE-MRA vs. MUSIC, CE-MRA vs. CS-PI MUSIC). Both tests
were performed for each of the 13 ROIs using a Bonferroni correction (P<0.05/13=0.0038).
Similarly, quantitative image sharpness were compared in two steps after satisfying
normality assumption: First, a one-way ANOVA test was used to test the differences among
all three techniques; Second, if significant difference was found among the techniques, a
post-hoc Tukey’s honest significant difference (HSD) test would be performed for each of
the three pairs of techniques. Both one-way ANOVA test and Tukey’s HSD test were
performed separately for the two ROIs (left ventricle and the ascending aorta) using a
Bonferroni correction (P<0.05/2=0.025).

NMR Biomed. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Results

Page 8

Phantom Study

Table 2 shows comparative results of the SSIM and nRMSE between the regularly under-
sampled data reconstructed using GRAPPA and the prospective randomly under-sampled
data of similar acceleration factors reconstructed using  -ESPIRIT (19). The use of Pl and
CS together reduced the error between the fully-sampled reference and the under-sampled
data. Figure 3 shows a slice of the reconstructed images using GRAPPA and § -ESPIRIT
(19) at different acceleration factors. Substantial aliasing artifact is shown in the GRAPPA
reconstructed images; & -ESPIRIT (19) offered reduced reconstruction error, even at higher
acceleration factors.

In-vivo Study

All image acquisitions were successfully performed, with the scan time ranging from 7 to 10
minutes (8.9+1.2 min) for the original 4D MUSIC, and 4 to 6 minutes (4.6+0.4 min) for the
CS-P1 4D MUSIC. Contrast-enhanced 2D multi-slice cardiac cine images were not acquired
in 5 patients due to cardiopulmonary instability and concerns about possible blood oxygen
desaturation during repeated VCBH.

Figure 4 shows a comparison of four images (first-pass, delayed-phase VCBH CE-MRA, the
original 4D MUSIC and CS-PI 4D MUSIC) from a 12-month-old male patient. Intra-cardiac
structures such as the cardiac chambers, trabeculae, and the aortic root were blurred by
cardiac motion due to the lack of cardiac gating in first-pass and delayed-phase CE-MRA.
These structures and other fine structures such as the aortic valve leaflets (dashed black
arrow) were well delineated by both the original 4D MUSIC and the CS-PI 4D MUSIC.
Note that the acquisition time for CS-PI 4D MUSIC was half of the original 4D MUSIC
acquisition. The original 4D MUSIC and the CS-PI 4D MUSIC acquisitions enabled clear
delineation of the left anterior descending coronary artery (Figure 4, bottom row), which
was not possible with conventional first-pass CE-MRA.

The isotropic spatial resolution of both original 4D MUSIC and CS-PI 4D MUSIC allowed
reformatting of acquired images into arbitrary 2D cine plane orientations, such as the four-
chamber views and short-axis views (Figure 5). Comparing with conventional 2D cine
images, both original 4D MUSIC and CS-PI 4D MUSIC images provided uniform blood-
myocardium contrast, which is important for accurate and robust cardiac chamber
segmentation and ventricular volume quantification.

Statistical Comparisons of Three Techniques

Two evaluators had moderate to excellent agreement for subjective image quality score,
depending on the anatomical site (x, range 0.46-0.96, Table 3). The average image quality
scores were used in testing. In right atrium, for example, means (+SE) of the averaged
quality image score were 1.8 (+£0.2) for the first-pass CE-MRA, 3.9 (x0.2) for 4D MUSIC,
and 3.9 (£0.2) for CS-PI MUSIC. The average image quality score provided by the two
readers was significantly different among three techniques in all 13 regions of interest (all
P< 0.000042). The subjective image quality scores of both the original 4D MUSIC and the
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CS-PI 4D MUSIC were significantly higher than first-pass CE-MRA in all 13 regions of
interest (P< 0.0014 for all comparisons). No significant difference was detected between the
CS-P1 4D MUSIC and the original 4D MUSIC (P= 0.42 for all comparisons) despite the
much shorter image acquisition time of the CS-PI 4D MUSIC sequence.

In the quantitative image sharpness, means (£SE) of first-pass CE-MRA, original 4D
MUSIC and CS-PI 4D MUSIC were 0.36 (+0.08), 0.56 (+0.17), and 0.54 (x0.17) in
ascending aorta and 0.22 (+0.07), 0.38 (x0.11), and 0.35 (£0.11) in the left ventricle,
respectively. Image sharpness was significantly different among three techniques in both
ascending aorta and left ventricle (P=0.021 and P=0.003, respectively). Furthermore, both
original 4D MUSIC and CS-PI 4D MUSIC showed significantly improved image sharpness
than conventional first-pass CE-MRA at the ascending aorta and the LV chamber (P< 0.023
for all comparisons, Table 4). No significant difference was found between the original 4D
MUSIC and the CS-PI 4D MUSIC at both the ascending aorta as well as the LV chamber
(P= 0.68 for all comparisons).

Figure 6 shows the LV volume measurements and ejection fractions calculated based on
conventional contrast-enhanced 2D cardiac cine, the original 4D MUSIC and CS-PI 4D
MUSIC on 8 patients in whom short-axis 2D cine images were acquired. 4D MUSIC and
CS-P1 4D MUSIC-derived volume measurements and ejection fractions correlated well with
2D cine MRI-derived measurements (all r>0.90 ad r>0.85, respectively).

Discussion

In this study, we demonstrated the feasibility of halving the acquisition time for high spatial
resolution 4D (3D cine) ferumoxytol-enhanced MRI, without compromising image quality.
Using a prospective random k-space under-sampling scheme, our CS-PIl combined
reconstruction method allowed for the acquisition of complete 4D datasets in less than 5
minutes, with a similar image reconstruction time. This technique offers the potential to
replace the original 4D MUSIC and may be used to provide temporal resolution that is
closer to standard 2D cine MRI.

With CS-P1 4D MUSIC, we were able to achieve similar, or sometimes better, image quality
compared with the original 4D MUSIC due to several reasons. First, image artifacts caused
by random under-sampling were incoherent rather than structured. This enabled higher
acceleration factors without the structural artifacts that were sometimes observed in the
original 4D MUSIC at higher acceleration factors. With a properly chosen regularization
parameter A that reflects the type of data acquired (MRA in our case) and number of
iterations, the incoherent artifact induced by random under-sampling is gradually reduced as
the iterative reconstruction proceeds. Second, due to the 50% reduction of acquisition time,
drifts in the respiratory waveform as the effects of muscle relaxant wear off are less likely to
occur. Third, the higher SNR provided by ferumoxytol allowed for more accurate coil
sensitivity estimation (19) and effective noise removal with soft-thresholding (11), both of
which support high acceleration factors while maintaining image quality.

NMR Biomed. Author manuscript; available in PMC 2018 January 01.
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Our custom-built, on-line image reconstruction system also improves the practicality of the
proposed CS-PI 4D MUSIC technique in a clinical environment. The in-house system
provided a platform for performing computationally intensive Pl and CS combined image
reconstruction algorithms outside vendor provided pipelines. At the same time, the default
pipeline that includes vendor provided filters enabled reconstructed images to be sent back
to the console with DICOM header information intact. Vendor provided k-space filters and
image space correction ensured an accurate and unbiased comparison between original and
CS-P1 4D MUSIC images, since some of the image correction algorithms, if not performed
properly, may result in noticeable distortion of anatomy. Compared with (30), our iterative
reconstruction was performed on an external computer instead of on the scanner. With our
setup, reconstructions of subsequent clinical acquisitions are not delayed, and images
reconstructed from iterative methods are provided inline and in a clinically acceptable
timeframe (<5 minutes).

Balanced steady-state free precession (bSSFP) is the standard technique for 2D cardiac
imaging at 1.5T due to excellent blood-myocardium contrast (31). Several attempts have
been made to extend its utilization for 3D (32) or 4D (33) cardiac imaging. However, relative
low SNR due to diminished in-flow enhancement in non-contrast bSSFP 3D/4D acquisitions
limits achievable spatial resolution (e.g nominal resolution: 1.5x1.5x3.5 mm3 in (32)) or
prolongs acquisition time (e.g nominal acquisition time: 14 minutes in (33)). In contrast, the
proposed CS-PI 4D MUSIC technique can generate 0.6—-0.9mm isotropic, non-interpolated
resolution in a 4-5 minute acquisition by taking advantage of the higher available signal at
3.0T and strong R1 relaxivity of ferumoxytol.

In our CS-PI MUSIC data set, only 6-9 cardiac phases are reconstructed. For a typical heart
rate of 120 bpm in our patient cohort, this corresponds to a temporal resolution of 50-80ms.
Although such a temporal resolution might not be sufficient for accurate assessment for
myocardial wall motion abnormalities, it appears to be sufficient for cardiac chamber
volume measurements. As chamber volume quantification typically has higher priority than
assessment of wall motion abnormality for our pediatric CHD patient population, we did not
prolong our scan time in this study to achieve more cardiac phases. In this regard,
incorporating k-t constraints in our image reconstruction could further accelerate our
scanning and enable more cardiac phases without prolonging the scan time.

Ferumoxytol is an FDA approved intravenous iron supplement for iron deficiency anemia in
patients with chronic kidney disease and has been used off-label as an MRI contrast agent in
both adult (5, 24-26) and pediatric patients (4, 34-37). In March 2015, the FDA issued a
boxed warning highlighting potential hypersensitivity reactions to ferumoxytol, which now
requires a slow infusion rather than a bolus injection. Although some other iron oxide
formulations are historically associated with risks including anaphylaxis/hypersensitivity
reactions, ferumoxytol appears to be safer than other formulations (38). In a recent study of
8666 chronic kidney disease patients who underwent ferumoxytol administration, two
patients (0.02%) experienced anaphylactoid reactions. There are little data in the literature
regarding the safety profile of using ferumoxytol as an MRI contrast agent in pediatric
patients. In our cohort of 13 pediatric CHD patients, no major or minor adverse reactions
were noted. Experience in a larger cohort of patients is clearly needed to establish the safety

NMR Biomed. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 11

profile of ferumoxytol in the pediatric population. In our study, personnel and procedures
were in place to deal with allergic reaction or other adverse events.

The high R1 relaxivity and long intra-vascular half-life of Ferumoxytol provide strong and
stable enhancement of blood pool signal. However, ferumoxytol also has a stronger R2
relaxivity than conventional GBCA. To minimize the potential signal loss due to T2
relaxation, we used strong partial-echo readout (56%) to minimize TE (0.9ms in our
protocol). In addition, to maximize the image contrast, which is determined by both T1 and
T2 shortening effect, we carefully chose the contrast dose of 4mg/kg and flip angle of 25°,
which provided satisfactory images for both CE-MRA and 4D MUSIC in our study. Further
contrast dose and flip angle optimization may further improve the SNR of our acquisitions.

Although patients in our study were under anesthesia or sedation at time of imaging due to
clinical need, the CS-P1 4D MUSIC can potentially be applied to patients during free-
breathing using other forms of respiratory motion compensation strategies other than
ventilator gating, such as diaphragmatic navigators or MR self-gating (39,40) techniques.
Although the prospective under-sampling technique was evaluated in the context of
evaluating cardiovascular anatomy, this technique may also be applicable to additional
spatial/temporal resolution limited applications which may benefit from acquisition of
multiple complete 3D volumes within an acceptable acquisition time.
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~3.5 min

Figure 1.
Acquisition trajectory in k-space. A variable density Poisson-Disk k-space under-sampling

pattern is used to accelerate MUSIC. The fully-sampled center and under-sampled outer k-
space result in net acceleration factor of 7X. The trajectory for a single cardiac phase is
depicted with samples colored according to their time of sampling from the start time of the
acquisition. A center-out spiral arrow is added to reflect sampling order.
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Figure 2.
a) Custom-built image reconstruction framework where one or more external computer

nodes can be connected to the default vendor-provided reconstruction pipeline via TCP/IP.
In current implementation, only one external Linux-based computer is connected to pipeline.
b) Timeline of the CS-PI 4D MUSIC reconstruction process. K-space data are sent out to the
external computer nodes once it is acquired during the scan. Immediately after center k-
space region is acquired, pre-processing including coil compression coefficient matrix
calculation and coil sensitivity maps estimation starts. Both are calculated in parallel with
data receiving on external computer, and are usually done before the finish of data
acquisition. It takes 3-5 minutes to reconstruct one 4D dataset (matrix size:
500*300*120*8) and additional 1 minute to send back the images. During the 3-5 minutes
when the external computer processes the data, additional scans such as 2D CINE, 2D
phase-contrast flow imaging may be acquired in parallel because the § -EPSIRIT
reconstruction does not use any resources of the vendor provided reconstruction system.
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Figure 3.
Selected slice of reconstructed images from fully-sampled (a), regular under-sampled (b—d)

and prospective randomly under-sampled data (e—g) with different acceleration factors. ky -
kzunder-sampling patterns are shown at the bottom of each selected slice. It can be seen that
coherent aliasing artifacts and noise amplification increase as acceleration factor increases
with traditional GRAPPA reconstruction, while image quality maintains with the use of § -
ESPIRIT reconstruction on prospective randomly under-sampled data.
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Figure 4.
First-pass, delayed-phase CE-MRA under VCBH (first and second column) versus original

4D MUSIC (third column) and the proposed CS-P1 4D MUSIC (fourth column) (phase #4 is
chosen out of 7 cardiac phases for display) of a 12-month-old, 5.7kg boy. Acquisition times
for the original 4D MUSIC and the CS-PI 4D MUSIC were 7 minutes and 3.75 minutes,
respectively. CS-Pl 4D MUSIC has less structural artifact compared to the original 4D
MUSIC, despite its 50% reduced acquisition time. The artifact observed on original 4D
MUSIC images is caused by high parallel imaging acceleration (GRAPPA 3X with 75%
partial Fourier in ky,kz directions). The cardiac chambers, great vessels, as well as the aortic
valve and the coronary arteries (white arrows) can be visualized in the original and CS-PI
MUSIC acquisitions, but was poorly defined in the conventional first-pass and delayed-
phase CE-MRA. The delayed-phase image was similar to the first-pass acquisition. The lack
of structural artifacts in the CS-MUSIC image enable improved delineation of the aortic
valve leaflets (black dashed arrows) compared to the original MUSIC.
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Figure 5.
Diastolic and systolic phase of reformatted cardiac four-chamber (left two columns) and

short-axis (right two columns) views based on original 4D MUSIC (first row) and CS-PI 4D
MUSIC (second row) in a 6-month-old, 3kg boy. The cardiac chambers were well delineated
for both systole and diastole phases of the cardiac cycle using both the original 4D MUSIC
and the CS-PI 4D MUSIC images, despite the shorter acquisition time of CS-MUSIC (4.8
min vs. 9 min). The 0.9 mm isotropic resolution in this patient enabled selection of arbitrary
visualization plane without the loss of detailed structure.
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Figure 6.

& W £ ®
Mean EDV: CS-PI MUSIC & Cine

® w 3 % 7
Mean of EF: CS-PI MUSIC & Cine

Comparison of the left ventricle (LV) a): end-systolic volume (ESV), b): end-diastolic
volume (EDV) and c): ejection fraction (EF) derived from conventional 2D cardiac cine,
original 4D MUSIC and CS-P1 4D MUSIC on eight patients. Good correlation and
agreement were found, as shown in the regression plot (top) and Bland-Altman analysis

(middle and bottom).
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Table 1

Image quality scoring criteria.

Atria and Ventricle

1: Not evaluable due to gross motion artifact and borders not defined

2: Non-uniform blood pool signal and wall motion artifact precludes confident evaluation of luminal contents
3: Uniform blood pool signal with mild wall motion artifact adequate for confident visualization of luminal
contents

4: Uniform blood pool signal with no motion artifact such that the ventricular walls, septum, papillary muscles
and trabeculae are sharply defined

Interatrial and
Interventricular septum

Not visualized

Presence of septal tissue is seen

Probable septal continuity but small defects cannot be confidently excluded
Definite septal continuity and small defects can be confidently excluded

Tricuspid valve and Mitral
valve

Not visualized due to gross motion artifact

Annulus visualized but borders poorly defined and cannot be confidently measured
Annulus clearly visualized and can be confidently measured but leaflets blurred
Annulus sharply defined and can be confidently measured and leaflets clearly visualized

LVOT, AV, and proximal
aortic root

RVOQT, PV, and proximal
MPA

Not evaluable due to gross motion artifact and borders not defined.

Outflow tract and annulus visualized but borders poorly defined and cannot be confidently measured
Outflow tract and annulus sharply defined and can be confidently measured but leaflets blurred

Outflow tract and annulus sharply defined and can be confidently measured and leaflets clearly visualized

Ascending aorta and
Pulmonary artery

Not evaluable due to gross motion artifact with non-uniform luminal signal
Uniform luminal signal with poor definition of the wall due to motion
Uniform luminal signal with mild blurring of the wall due to motion
Uniform luminal signal with no motion blurring and sharply defined wall

Coronaries

Not evaluable due to gross motion artifact with visualization

Only origin of RCA and left main coronary can be identified

Origin and proximal course of RCA and LAD can be confidently visualized

Origin, proximal, and mid course of the RCA and LAD and proximal takeoff of LCx can be confidently
visualized

RN REONR RN | RONRE | RONME

AV aortic valve; LAD left anterior descending artery; LCx left circumflex artery; LVOT left ventricular outflow tract; MPA main pulmonary
artery; PV pulmonic valve; RCA right coronary artery; RVOT right ventricular outflow tract

*
Scores of 1 or 2 are considered non-diagnostic whereas scores of 3 or 4 are considered diagnostic

NMR Biomed. Author manuscript; available in PMC 2018 January 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Zhou et al.

Table 2

Page 22

Normalized root-mean square errors (nRMSE) and structural similarity index (SSIM) average values between
fully-sampled reference image and images reconstructed from GRAPPA-accelerated/prospectively random
under-sampled data. The background noise was excluded from measurement by using only pixels within the

upper 90% intensity scale for both calculations.

NRMSE | SSIM

GRAPPA 3x 0.045 0.877
GRAPPA 2x2 0.069 0.802
GRAPPA 3x2 0.098 0.737
L1-EPSIRIT 2.6x 0.029 0.982
L1-EPSIRIT 3.7x 0.035 0.945
L1-EPSIRIT 5.4x 0.048 0.902
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Zhou et al.

Vessel sharpness (mm~1) measured in the ascending aorta and left ventricle of the conventional first-pass CE-

Table 4

MRA, the original 4D MUSIC, and the CS-PI 4D MUSIC.

Ascending Aortic (Mean * SE)

Left Ventricle Chamber (Mean * SE)

First-pass CE-MRA

0.36+0.08

0.22+0.07

Original 4D MUSIC

0.5620.17(%)

0.3820.11("

CS-PI1 4D MUSIC

0.54+0.17(*)

0.35+0.11(*)

*
) denotes statistical significance (P<0.05/2=0.025) when compared with ferumoxytol-based first-pass CE-MRA.
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