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Abstract

Purpose—To improve the spatial/temporal resolution of whole-heart coronary MR angiography
(CMRA) by developing a variable-density (VD) 3D cones acquisition suitable for image
reconstruction with parallel imaging and compressed sensing techniques.

Methods—A VD 3D cones trajectory design incorporates both radial and spiral trajectory
undersampling techniques to achieve higher resolution. This design is used to generate a VD cones
trajectory with 0.8 mm/66 ms isotropic spatial/temporal resolution, using a similar number of
readouts as our previous fully sampled cones trajectory (1.2 mm/100 ms). Scans of volunteers and
patients are performed to evaluate the performance of the VD trajectory, using non-Cartesian L-
ESPIRIT for high-resolution image reconstruction.

Results—With gridding reconstruction, the high-resolution scans experience an expected drop in
signal-to-noise and contrast-to-noise ratios, but with L1-ESPIRIT, the apparent noise is
substantially reduced. Compared to 1.2 mm images, in each volunteer, the L1-ESPIRIT 0.8 mm
images exhibit higher vessel sharpness values in the right and left anterior descending arteries.

Conclusion—CMRA with isotropic sub-millimeter spatial resolution and high temporal

resolution can be performed with VD 3D cones to improve the depiction of coronary arteries.

Keywords
coronary imaging; 3D cones; trajectory design; parallel imaging

Introduction

Cardiovascular disease is the leading cause of death in the world and is largely contributed
to by coronary artery disease (1). Coronary artery disease is typically diagnosed using an
invasive X-ray cardiac catheterization procedure. In recent years, there has been an increase
in the use of alternative, non-invasive methods for diagnosis, including multi-detector CT
angiography (CTA) (2). However, highly attenuating coronary calcification causes a
blooming artifact, which is a major factor in reducing the accuracy of CTA (3). Coronary
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MR angiography (CMRA) is not susceptible to such calcium-based artifacts and also
provides a non-invasive, radiation-free method for visualizing coronary arteries (4). In its
current state, CMRA does not yet provide the same spatial resolution as CT-based methods.
Most clinical CMRA protocols image with spatial resolutions in the range of 1.1 — 1.3 mm.
(4-7). High resolution is important for coronary angiography in which vessels are typically
2-4 mm in diameter in proximal segments and smaller in distal segments. For CMRA, the
challenges of higher resolution imaging include a longer scan time, lower signal-to-noise
ratio (SNR), and the requirement for improved motion robustness.

There have been relatively few investigations of sub-millimeter CMRA. Gharib et al.
acquired targeted coronary images with a 0.35x0.35x1.5 mm? spatial resolutionona 3 T
scanner using a Cartesian acquisition with parallel imaging (8). Akcakaya et al. acquired 0.9
mm, isotropic spatial resolution, whole-heart images with a scan time of 6 minutes on a 1.5
T scanner, also using a Cartesian acquisition, but with a compressed sensing reconstruction
(9). In addition to parallel imaging and compressed sensing, non-Cartesian imaging provides
efficient data acquisition for reduced scan times.

Previously, we developed a CMRA protocol with time-efficient and motion-robust non-
Cartesian 3D cones imaging to acquire multi-phasic images of the heart (10). Here we
present a method to 1) design a exible, undersampled, variable-density (VD) version of the
3D cones trajectory for time-efficient, high-resolution, sub-millimeter data acquisition and
2) combine parallel imaging and compressed sensing for iterative 3D non-Cartesian image
reconstruction using a wavelet-based efficient self-consistent parallel imaging reconstruction
(L1-ESPIRIT) method (11).

Three key issues to address when increasing the resolution of our 3D cones CMRA
acquisition are scan time, SNR, and motion.

Free-breathing, whole-heart CMRA scans are typically acquired with 3DFT or 3D
projection reconstruction (3DPR) imaging trajectories. 3DFT is advantageous for the ease
with which it can be implemented on the scanner and its ability to encode anisotropic fields
of view (FOV). It is not largely affected by off-resonance but is susceptible to ghosting
artifacts caused by respiratory motion. Images acquired with the 3DPR trajectory exhibit
less coherent motion artifacts than 3DFT. The center of k-space is acquired every readout,
averaging the effects of motion. However, 3DPR requires undersampling to obtain
reasonable CMRA scan times (7,12). The 3D cones trajectory offers the ability to encode
anisotropic FOVs with good motion robustness while requiring fewer readouts than 3DFT
and 3DPR trajectories (13).

For higher spatial resolution in MR, a larger volume of k-space is acquired, increasing the
scan time. To maintain the same scan time while increasing the resolution, the data must be
undersampled. An efficient VD 3D cones sampling strategy is essential to minimize the
resulting aliasing artifacts.
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Variable-Density 3D Cones—The 3D cones trajectory consists of 3D spiral trajectories
emanating from the center of k-space along the surfaces of a set of concentric cones to
encode a 3D volume. A single readout of the trajectory is shown in Fig. 1a. The 3D cones
trajectory parameters are specified in terms of its transverse (xy) and longitudinal (z),
components. The main parameters of 3D cones design are the FOVs (FOVyy and FOV,), and
spatial resolutions (resyy and res,).

For whole-heart imaging in an axial slab, the elevation angles of the concentric conic
surfaces are chosen to encode an anisotropic, near-rectangular FOV (14). For the variable-
density design, the set of angles is undersampled by reducing the prescribed FOV (15)

For each conic surface, a spiral trajectory is designed using a gradient twist function, Gyist,
which indicates the degree of rotation in the transverse plane as the k-space radius increases
as shown in Fig. 1a (13, 16). For a standard, fully sampled trajectory, the original equation
describing the gradient twist function for the cone surface n can be written as:

G("ir‘rn k 2msi gn k|F rad,n 2
Gtwist,n(k): — ( ):\Jmax |:< WSln( )| ‘ oV & ) _170:| (1)

Gm,d,n(k) Ln

Geirc and Gyoq are the circumferential and radial components of the trajectory gradient, L is
the number of interleaves projected onto a conic surface with elevation angle 6, k is the k-
space location, and FOV,q is the radial FOV based on the desired shape of the anisotropic
FOV.

In the proposed VD 3D cones design, similar to previous VD 2D spiral design (17), the FOV
(sampling density) encoding varies as a function of [k|. FOV 44 5 in Eq. 1 is replaced with
Prad» Which represents the variable sampling density.

Cruian ()= J o |:(27rSiIl(9n)I|/k|pmd,n(k¢))2_1,0:| o
Sampling up to a larger kyax increases the spatial resolution, which is the goal of the VD
design in this application. When keeping all the other parameters constant, this increases the
readout duration. Because Gyyigt IS the ratio of circumferential to radial components of the
trajectory gradients, for lower Gyyist Values, fewer points are required to reach Kmax. Giwist 1S
proportional to praq, SO by reducing prag, high-resolution data can be acquired without
increasing the scan time. Undersampling occurs when the sampling density prag < FOVyad,
but strategically reducing p as a function of k can result in only subtle aliasing artifacts. An
example of a projected spiral designed for uniform and variable sampling densities is shown
in Fig. la.

SNR—The SNR of an imaging protocol is proportional to the voxel volume; thus, for a 3D
acquisition, an isotropic reduction in the voxel dimensions rapidly decreases the SNR.
Additionally, noise-like aliasing artifacts arise from undersampling the 3D cones trajectory.
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Nonlinear reconstruction with parallel imaging and compressed sensing can help suppress
aliasing artifacts and increase the apparent SNR of the reconstructed images.

Motion—In addition to respiratory-based motion, contractile motion is another factor
affecting the image quality of CMRA. CMRA sequences are triggered to acquire data
typically during an 80 to 150 ms window in the cardiac cycle when the heart is relatively
still, yet some motion does occur. Increasing the temporal resolution can help preserve the
desired spatial resolution by limiting the extent of contractile motion-induced blurring. This
leads to longer total scan times, as fewer readouts are acquired each heartbeat. The time-
efficiency of the VD 3D cones design can help counteract the time penalty incurred from
increasing the temporal resolution.

VD 3D Cones Trajectory Design

Our previous implementation of 3D cones CMRA used a fully sampled trajectory encoding
a 28 x 28 x 14 cm3 FOV with 1.2 mm isotropic resolution. Data were acquired with 9,142
readouts using a 2.8 ms trajectory waveform duration (10). The target resolution for the
proposed method was 0.8 mm isotropic. For this resolution, a fully sampled 3D cones
trajectory required 27,483 readouts.

For the proposed VD trajectory, full sampling was prescribed up to k;=90 m=2 (14% of
Kmax) to provide the calibration data for L1-ESPIRIT. The sampling density function shown
in Fig. 1b was parameterized as a 10th order polynomial with a sampling density of 0.59 at
Kmax also used as the undersampling factor for the number of conic surfaces. The parameters
were manually adjusted to generate a trajectory with a similar number of readouts as our
previous implementation. The resulting VD trajectory, comprised of 9,591 readouts, had a
corresponding acceleration factor of 2.9 compared to a fully sampled trajectory. Imaging
with 3DFT and 3DPR trajectories using the same FOV, spatial resolution, and the number of
readout parameters would require acceleration factors of 6.4 and 12.2, respectively.

Iterative Reconstruction

Previously, CG-SENSE (18) and SPIRIT (19) reconstructions have been applied to arbitrary
k-space trajectory acquisitions. ESPIRIT, a recently developed method, can also easily be
combined with a sparsity constraint. Referred to as L1-ESPIRIT, this method provides
efficient parallel imaging reconstruction with compressed sensing (11). Previously,
successful results have been achieved with compressed sensing for non-Cartesian center-out
trajectories such as 2D spirals and 3DPR (20, 21).

The first step of L1-ESPIRIT is the computation of coil sensitivity maps based on a fully
sampled calibration region at the k-space origin. For the 3D cones trajectory, acquired data
is gridded in k-space and cropped to the calibration region then input to the coil sensitivity
calculation algorithm. Following coil sensitivity calculation, images are reconstructed
iteratively by setting up the data acquisition process as the inverse problem:

Magn Reson Med. Author manuscript; available in PMC 2016 September 01.
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N
. 2

argm%ng [|yi—ASim|5+A[Tm|| (3)
=

With a set of N coil sensitivity maps S, an image m is reconstructed using a regularized CG-
SENSE-like algorithm (18). y is the multi-channel, acquired data, and A is the inverse
gridding operation. A wavelet transform W is used for the sparsity constraint and is weighted
by a constant A. Figure 2 outlines the reconstruction procedure adapted for VD 3D cones
CMRA.

The calibration data were run through the Software Toolbox and Programming Library for
Compressed Sensing and Parallel Imaging to generate a single set of coil sensitivity maps
(22). A wavelet-based reconstruction method based on the fast iterative soft-thresholding
algorithm (FISTA) (23) was implemented to perform Lq-regularized iterative reconstruction
(20). At each step, soft-thresholding was applied to randomly shifted Cohen-Daubechies-
Feauveau (CDF) 9/7 wavelets of the current image estimate (24, 25). The computational
demand for the high-resolution 3D images prevented subband-dependent thresholding.
Modifications to the freely available MATLAB (MathWorks, Natick, MA) code were made
to support 3D processing [http://bigwww.epfl.ch/algorithms/mri-reconstruction/].
Conditioning in the form of density compensation for the non-Cartesian acquisition was
included in the processing to increase the convergence rate of the reconstruction algorithm.
Uniformly calculated sample density weights were calculated using a GPU implementation
of the convolution method over four iterations using a four-lobe kernel (26,27). Post-
processing ran on a Linux system with dual 2.6 GHz Xeon x5650 CPUs and 72 GB RAM.
Coil sensitivity estimation took 4 min, and the fast wavelet-based reconstruction method
took approximately 30 min for one cardiac phase.

In-Vivo Studies

Scans were run on 1.5 T (GE Signa Excite and Signa Twinspeed) scanners with an 8-
channel cardiac array coil using an alternating TR-SSFP sequence (10). Scan parameters
were set to TE/TR1/TR, = 0.57/1.15/4.33 ms, 70° flip angle, and 2.8 ms readout waveform
durations. Three cardiac phases with 12 readouts per phase per cardiac cycle were acquired
with a temporal resolution of 66 ms, a 1.5-fold improvement over our previous temporal
resolution of 100 ms. 2D iNAVs were acquired each heartbeat for respiratory-based motion
tracking. A sagittal iINAV was acquired preceding the 3D cones acquisition and a coronal
iNAV was acquired following the 3D cones acquisition. A 3D translation motion trajectory
was extracted from the series of 2D iNAVs using a multiple reference iNAV method (28).
Retrospective motion correction was executed using linear phase modulation (10). To
account for eddy current-based trajectory errors, the gradient systems were characterized
with linear time-invariant models to estimate the trajectories produced by the scanners (29).

To assess the improvement in spatial resolution for high-resolution VD 3D cones imaging,
three volunteers were scanned both at a 1.2 mm isotropic resolution with a standard 3D
cones trajectory and a 0.8 mm isotropic resolution with the proposed VD 3D cones
trajectory. For each volunteer, both datasets were acquired in the same exam. In addition to
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the volunteer subjects, four patients suspected of coronary artery disease were scanned with
the high-resolution trajectory only. Subjects gave written consent approved by the
Institutional Review Board. The patient ages ranged from 50 to 67 with one patient being
female. The high-resolution CMRA scan was added to the patients’ standard clinical exam
protocols, which included the administration of gadobenate dimeglumine. The CMRA
sequence was run following the injection of the contrast agent to take advantage of the
increased blood signal. Depending on the exam, the post-contrast CMRA scan commenced 1
to 15 minutes following contrast injection.

Phantom Study

To provide a reference to the in-vivo studies, a resolution phantom containing vials with
varying diameters was imaged with the 1.2 mm fully sampled and 0.8 mm VD 3D cones
trajectories (30). The phantom contained five groups of five vials of nickel-chloride-doped
water. The diameters in each group were 0.75, 1.5, 2.25, 4, and 6 mm. Phantom images were
acquired in two modes. First, data was acquired continuously without ECG triggering.
Second, data was ECG triggered to a simulated heart rate of 80 beats per minute while the
scanner table was programmed to move cyclically over a maximum distance of 20 mm with
a period of 4.5 sec. 2D iNAVs were acquired in the same manner as the in-vivo case for
retrospective motion correction that was tracked from additional cylindrical, rectangular,
and GE resolution phantoms imaged along with the vials. For the phantom study, 1.2 mm
images were reconstructed with gridding and 0.8 mm images were reconstructed with Lq-
ESPIRIT.

In addition to the scanner images, images were simulated at the two resolutions based on the
analytic forms of the Fourier transform of a cylinder (31). The simulated images were based
solely on the spatial resolutions and not on the corresponding 3D cones trajectories.

Vessel Sharpness

For CMRA, the image sharpness of coronary arteries is often calculated as the inverse of the
average transition width of the coronary lumen profile (32, 33). The transition width is
defined as the distance along a profile from 20% to 80% of the peak to minimum signal of
the lumen. For this metric, higher values indicate sharper edges.

Vessel sharpness values were calculated for 1.2 mm resolution images reconstructed with
gridding and 0.8 mm resolution images reconstructed with L-ESPIRIT using the CoroEval
software (34). Before processing with CoroEval, images were interpolated to an isotropic
resolution of 0.4 mm. In-vivo measurements were made in the right coronary arteries (RCA)
and left anterior descending arteries (LAD). Measurements were also made in the phantom
and simulated images.

Signal and Contrast

The SNR and blood to myocardium contrast-to-noise ratios (CNR) were measured for 1.2
mm and 0.8 mm in-vivo images reconstructed with gridding only. Measurements of the
signal intensity were made in regions of interest (ROI) in the left ventricle (LV), right
ventricle (RV), myocardium, and background.

Magn Reson Med. Author manuscript; available in PMC 2016 September 01.
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In comparing the 1.2 and 0.8 mm volunteer acquisitions reconstructed with gridding, there is
a significant decrease in SNR at the higher resolution, as demonstrated in Fig. 3. The SNR
loss is from the 74% decrease in voxel volume and trajectory undersampling, which
produces noise-like aliasing artifacts. Figure 4 shows the measured SNR and CNR in the LV
and RV of the subject studies. In the volunteers that were imaged at both spatial resolutions,
the ratio of the SNR in the 0.8 mm gridded images to that in the 1.2 mm gridded images is
0.35+0.01 in the LV and 0.32+0.02 in the RV. The ratio of CNRs is 0.22+0.03 in the LV
and 0.26+0.04 in the RV. The ratios of SNR are slightly higher than the theoretical
prediction of 0.26. After iterative reconstruction, the image noise is less apparent, but with
nonlinear processing, the SNR of L1-ESPIRIT images cannot be directly compared to
images reconstructed with gridding.

The scan times of the in-vivo, high-resolution scans were 13.4+2 min, similar to 12.9+4.3
min scan times in the 131 patient CMRA trial by Sakuma et al. (4). The high-resolution
datasets were reconstructed with gridding and L;-ESPIRIT. Figure 5 shows the resulting
images from four subjects. For each subject, the images are displayed with an identical
window level.

Figure 6 shows the in-vivo vessel sharpness measurements for all the subjects. The values
vary by subject and by coronary artery. For each volunteer imaged with both resolutions, the
average vessel sharpness value is higher in the L1-ESPIRIT 0.8 mm image than in the 1.2
mm image. The factor increase is 1.22+0.01 in the RCA and 1.16+0.01 in the LAD. To
visually demonstrate the vessel sharpness improvement at the higher resolution, in the
bottom row of Fig. 3, a branch of the RCA in volunteer A can be observed more clearly with
0.8 mm resolution than with 1.2 mm resolution.

The results of the phantom experiment are shown in Fig. 7. Aside from the presence of air
bubbles and banding artifacts mainly in the larger vials, the phantom images in Fig. 7b
closely resemble the simulated images in Fig. 7a including the effects of Gibb’s ringing.
Both the absolute vessel sharpness and improvement in vessel sharpness from increasing the
spatial resolution vary in the phantom by vial diameter as shown in 7c. The 0.75 mm
diameter vials exhibit the highest vessel sharpness, while the 4 and 6 mm diameter vials
exhibit the largest improvement from increased resolution. Acquiring the phantoms in the
presence of motion reduces the measured vessel sharpness. The blurring effect is larger for
the 0.8 mm resolution acquisitions, which show an average loss in vessel sharpness of 16%
compared to 5% in the 1.2 mm images. The average improvement in vessel sharpness with
increased spatial resolution is 1.37+0.10 in simulation, 1.28+0.07 in the stationary phantom,
and 1.13£0.06 in the phantom with motion.

Discussion

A high-resolution CMRA method has been presented using a variable-density 3D cones
acquisition in combination with L1-ESPIRIT to obtain images with 0.8 mm isotropic
resolution. The acceleration factor of 2.9 for a 0.8 mm VD 3D cones trajectory is lower than

Magn Reson Med. Author manuscript; available in PMC 2016 September 01.
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acceleration factors of 6.4 for 3DFT and 12.2 for 3DPR required to image in the same scan
time.

The initial high-resolution images reconstructed with gridding do not exhibit large coherent
aliasing artifacts. Rather, the presence of artifacts is noise-like. Figure 3 shows both the
increased image noise and the improved vessel clarity from the previously implemented 1.2
mm resolution to the proposed 0.8 mm resolution. Compared to gridding, with L;-ESPIRIT,
the appearance of noise is reduced. For context, the RCA diameter at the slice shown in the
Fig. 3 is 3 mm as measured with the CoroEval software. Compared to the lower resolution
image, the signal intensity across the lumen of the RCA is more uniform in the high-
resolution image. This agrees with the vessel sharpness value which in this case was a factor
of 1.24 larger for the 0.8 mm resolution image.

In this study, vessel sharpness is measured based on the transition width of the lumen signal
intensity profile. Although, this provides a measure of the achieved resolution, the goal of
the proposed method is to better assess the degree of stenosis. However, no stenoses were
found in the relatively small sample size of patients imaged in this preliminary study.

As the phantom study shows, the main factor affecting image quality improvement with the
proposed method is the occurrence of motion. With motion present, the measured vessel
sharpness decreases in every case with a larger penalty at the 0.8 mm resolution. Possible
causes may include insufficient motion estimate precision from the 3.2 mm resolution 2D
iNAVs interpolated to 1.6 mm or temporal interpolation error between 2D iNAVs preceding
and following the acquisition window. One possible option is to apply the trajectory design
and iterative reconstruction methods from the proposed VD 3D cones framework for 2D
spiral imaging to improve the resolution of the 2D iNAVSs and the precision of the motion
estimates. In-vivo, the retrospective motion correction uses 3D translational motion and does
not directly correct nonrigid motion of the heart. An autofocus correction method has been
proposed that has the ability to optimize correction in different regions of the heart, but has a
high computational demand and cannot easily be combined with iterative reconstruction
(30).

The richness of the 3D cones trajectory permits a wide range of VD designs, not yet
demonstrated in this work. The transverse and longitudinal components of the trajectory can
be individually parameterized, thus the sampling density could be a function of both k,, and
k,. Also, it is possible to trade-off the sampling density of the projected spirals with the
degree of undersampling of the conic surfaces, which could have implications for the
resulting aliasing patterns.

The multi-phasic acquisition performed in our CMRA protocol provides additional
information that could be taken advantage of in the reconstruction process. Currently,
images are reconstructed individually by cardiac phase. Strategies combining data from the
various phases could be beneficial in improving the image quality of the iterative
reconstruction process (35).

Magn Reson Med. Author manuscript; available in PMC 2016 September 01.
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Conclusion

Using a novel VD 3D cones trajectory accelerated by a factor of 2.9 compared to a fully
sampled trajectory, the isotropic spatial resolution of our CMRA scan run on a 1.5 T scanner
with 8 receiver channels was increased from 1.2 to 0.8 mm and the temporal resolution was
increased from 100 to 66 ms. Using L1-ESPIRIT, images were reconstructed displaying
sharper vessels than at the previous spatial and temporal resolutions despite the reduction in
SNR. Future work includes integration with advanced motion correction techniques and
validation of the method in the clinical setting.
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Figure 1.
The path of the 3D cones trajectory on each conic surface is determined based on Gyyist,

which is the ratio of circumferential to radial movement (a). A variable-density trajectory is
generated by reducing Gyyist, Which increases the spacing between loops of the projected
spiral. A single readout path from fully sampled and variable-density trajectories is
displayed. The sampling density functions for the two trajectories are also displayed (b).
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Figure2.
L1-ESPIRIT adapted for VD 3D cones CMRA. The left of the diagram illustrates the 2D

image-based motion correction. The right of the diagram illustrates the calculation of coil
sensitivity maps. Iterative reconstruction is performed using a method based on FISTA in
the final step.
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branch
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g ~
Figure3.

A comparison of reformatted, maximum intensity projection (MIP), volunteer images of the
LAD (a—c) and RCA (d-h) acquired with 1.2 and 0.8 mm isotropic resolutions. The 1.2 mm
resolution images were reconstructed with gridding and the 0.8 mm resolution images were
reconstructed with both gridding and L-ESPIRIT. An additional reformat (g,h) is displayed
at both resolutions showing a branch of the RCA.
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SNR and blood-to-myocardium CNR measurements in the left ventricle (LV) and right
ventricle (RV) in gridded images with 1.2 and 0.8 mm resolution. Measurements from all
three cardiac phases are included. The error bars indicate the standard error of the mean.
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Figure5.
Reformatted, 0.8 mm resolution, MIP images reconstructed with gridding (left) and L1-

ESPIRIT (right).
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Right coronary (RCA) and left anterior descending (LAD) artery vessel sharpness measured
in volunteers (V) and patients (P). Measurements are based on a single cardiac phase of 1.2

mm resolution images reconstructed with gridding and 0.8 mm resolution images

reconstructed with L1-ESPIRIT. Patients were scanned with the high-resolution trajectory

only. The CoroEval software evaluates the vessel sharpness along an artery in 1 mm

segments. The error bars on the plot indicate the standard error of the mean. Higher values

correspond to a sharper vessel depiction.
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Figure?7.
0.75, 1.5, 2.25, 4, and 6 mm diameter cylindrical phantoms simulated (a) and imaged (b)

with 1.2 and 0.8 mm resolutions. Phantom images are displayed for the stationary case. Air
bubbles and banding artifacts are present in the larger vials, and low signal regions within
these vials are a result of Gibbs phenomenon. Vessel sharpness measurements are shown for
simulated images and phantom images with and without motion present at both resolutions
(c). The error bars indicate the standard error of the mean.
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