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Abstract

Purpose—To evaluate the feasibility of improving 3.0T steady-state free precession (SSFP)
whole-heart coronary magnetic resonance angiography (MRA) using short-TR VIPR (Vastly
Undersampled Isotropic Projection Reconstruction).

Materials and Methods—SSFP is highly sensitive to field inhomogeneity. VIPR imaging uses
non-selective RF pulse, allowing short TR and reduced banding artifacts, while achieving
isotropic 3D resolution. Coronary artery imaging was performed in 9 healthy volunteers using
SSFP VIPR. TR was reduced to 3.0 ms with an isotropic spatial resolution of 1.3 x 1.3 x 1.3 mm?.
Image quality, vessel sharpness and lengths of major coronary arteries were measured.
Comparison between SSFP using Cartesian trajectory and SSFP using VIPR trajectory was
performed in all volunteers.

Results—Short-TR SSFP VIPR resulted in whole-heart images without any banding artifacts,
leading to excellent coronary artery visualization. Average image quality score for VIPR-SSFP
was 3.12 £ 0.42 out of 4 while that for Cartesian SSFP was 0.92 + 0.61. A significant
improvement (p < 0.05) in image quality was shown by Wilcoxin comparison. The visualized
coronary artery lengths for VIPR-SSFP were: 10.13 £ 0.79 cm for the left anterior descending
artery (LAD), 7.90 + 0.91 cm for the left circumflex artery (LCX), 7.50 + 1.65 cm for the right
coronary artery (RCA), and 1.84 + 0.23 cm for the left main artery (LM). The lengths statistics for
Cartesian SSFP were 1.57 +2.02 cm, 1.54 £ 1.93 cm, 0.94 £ 1.17 cm, 0.46 £ 0.53 cm
respectively. The image sharpness was also increased from 0.61 + 0.13 (mm™1) in Cartesian-SSFP
t0 0.81 + 0.11 (mm™1) in VIPR-SSFP.

Conclusion—With VIPR trajectory, TR is substantially decreased, reducing the sensitivity of
SSFP to field inhomogeneity and resulting in whole-heart images without banding artifacts at
3.0T. Image quality improved significantly over Cartesian sampling.
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Introduction

SSFP has been the method of choice for coronary MRA at 1.5T because of its intrinsically
high SNR and CNR (1). Studies have demonstrated that SSFP sequences provide excellent
vessel visualization, increased vessel sharpness and increased vessel length compared with
gradient echo sequences (1-3). SSFP coronary MRA has also been attempted at 3.0T (4),
however, due to the increased B, and B4 field inhomogeneities (5) the results were variable.
Many techniques have been developed to address these problems. To compensate for By
inhomogeneities and achieve uniform T, preparation of the magnetization across the imaged
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volume, adiabatic RF pulses were used in the T, preparation scheme (6). Phase-encoding
steps were paired to reduce flow-related phase perturbations (7). A flip angle sweep
according to a Kaiser-Bessel weighted function (8) in conjunction with a fifth-order
binomial pulse (9) proved to be an effective magnetization preparation scheme because it
could provide homogenous excitation across a range of off-resonance frequencies. Schar etl
al. also used localized shimming and resonance frequency determination based on a
measured Bp-map (10) to acquire breath-hold SSFP cine images at 3.0 T.

However, the major challenge for SSFP at 3.0 T is its sensitivity to increased field
inhomogeneity (11-13). This sensitivity is dependent on the repetition time (TR). The signal
passband for SSFP is inversely proportional to TR. In particular, signal nulls occur every 1/
TR in resonance frequency, producing “banding” artifacts in the images. Nayak et. al.
suggested a method to widen the passband of SSFP beyond 1/TR by alternating the
repetition time (14).

Another way is to reduce TR, which will widen the usable bandwidth of SSFP and cover a
broader range of off-resonance frequencies. The method we proposed to achieve this goal is
to use Vastly Undersampled Isotropic Projection Reconstruction (VIPR) trajectory (16,17),
which employs a non-selective RF pulse to reduce TR. So combining VIPR trajectory with
SSFP will result in short TR, which may improve image quality at 3.0 T by increasing the
passband and reduce the banding artifacts. VIPR has previously been used for coronary
MRA at 1.5T (16). The advantages of VIPR for coronary MRA are: i) isotropic spatial
resolution, which allows subsequent reformatting of any slice of interest and results in better
coronary artery visualization (18), ii) capability of undersampling with benign aliasing
artifacts, which allows the imaging time to be reduced significantly, iii) reduced sensitivity
to motion artifacts compared with Cartesian sampling (16).

The purpose of the work was to evaluate the feasibility of whole-heart coronary MRA at
3.0T using SSFP and to verify that short TR with VIPR allows improved coronary MRA.
Volunteers studied were performed to determine whether this technique can visualize the
coronary arteries with better quality than conventional Cartesian SSFP technique.

Materials and Methods

All studies were conducted on a 3.0T Magnetom Trio scanner (Siemens Healthcare,
Erlangen, Germany). The scanner has a bore diameter of 60 cm and is capable of operating
at a maximum gradient strength of 40 mT/m and slew rate of 200 mT/m/ms. Nine healthy
volunteers without known history of cardiac disease (five males, 22—-47 years old, mean age
31 years) were recruited for this study. Written consent was obtained before each study, in
compliance with our Institutional Review Board guidelines.

Sequence Design

The sequence is based on the ECG-triggered, navigator-gated SSFP (19), as illustrated in
Fig.1a. Due to the increased B4 inhomogeneity at 3.0 T, an adiabatic T, preparation (6) was
used to achieve uniform blood-myocardium contrast. It consists of a hard 90° RF pulse,
followed by a pair of adiabatic full-passage refocusing pulses and then another 90° hard tip
up pulse. The duration of the entire To-preparation was 40 ms. It was followed by a
navigator acquisition on the dome of the right hemidiaphram. A + 3 mm acceptance window
and prospective real-time adaptive motion correction was applied with a correction factor of
0.6 in the superior—inferior direction (20). To achieve uniform fat suppression in the
presence of increased B, inhomogeneity at 3.0T an adiabatic full passage Spectral
Presaturation Inversion Recovery (SPIR) (21,22) pulse was employed with an optimized
shift frequency of —750 Hz and flip angle of 110°. Fifteen sinusoidal preparation pulses
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were applied prior to imaging data acquisition to reduce transient signal oscillations (23).
Nonselective RF pulses were used for spin excitation (Fig. 1b). Isotropic coverage of 3D k-
space was obtained by distributing the end points of the projections along a spiral running on
the sphere from pole to equator (Fig.1c) (17). An isotropic spatial resolution of 1.3 mm?3 was
used, resulting in a TR of 3 ms. To minimize the off-resonance artifacts, a frequency
scouting method was used to determine the optimal synthesizer frequency (24).

Three-Dimensional Coronary Artery Imaging

3D whole-heart coronary MRA using VIPR was acquired on each volunteer. For comparison
purposes, whole-heart Cartesian coronary MRA were acquired as well. The order in which
Cartesian and VIPR scans were acquired was randomized to eliminate potential timing bias.

All imaging acquisitions were performed under free breathing with the subjects in a supine
position. Two dimensional (2D) scout images were first obtained in three orthogonal
orientations using low-resolution, single-shot FLASH sequence (TR = 3.2 ms, TE = 1.5 ms,
resolution = 4.2 x 2.1 x 5.0 mm3, in-plane field of view (FOV) = 400x400 mm?2, slice
thickness = 5 mm, flip angle (FA) = 8°). These scout images were used to identify the
position of the heart and diaphragm. A cine scan was then prescribed in the four-chamber
view to determine the quiescent period for coronary artery imaging (25). Parameters for the
cine scout included TR/TE = 4.0/2.0 ms, FOV = 360 x 360 mm?2, resolution = 1.9 x 1.9 x
6.0 mm3, and FA = 15°. Images were acquired with a generalized autocalibrating partially
parallel acquisition (GRAPPA) (26) acceleration factor of 2. Forty cardiac phases were
reconstructed for visual assessment of global cardiac motion to determine the trigger delay
time and the duration of acquisition window per heartbeat. Subject-specific field shimming
and frequency adjustment (10) were also performed.

VIPR—VIPR scans were acquired using a three-dimensional SSFP sequence with radial
sampling. Typical parameter values were as follows: TR/TE/flip angle = 3.0 ms/1.5 ms/50~
60 degrees, bandwidth = 868 Hz/pixel, FOV = 356 mm3, matrix size = 288 x 288 x 288,
spatial resolution = 1.3 x 1.3 x 1.3 mm3, number of projections = 11520 projections
(undersampling factor of 8 compared with Nyquist sampling), readout points per projections
= 288. Navigator was applied prospectively and the acceptance window was 3. All scans
were synchronized to the cardiac cycle using electrocardiography (ECG) gating and
navigator-gated. The total imaging time ranged from 7 to 12 minutes based on heart rate and
breathing pattern.

3D Cartesian Sampling—3D Cartesian sampling scans were then performed using a
three-dimensional single-slab SSFP sequence with the identical imaging parameter as
previous 3D radial sampling except it followed the 3D Cartesian trajectory. The 3D k-space
data were collected with a centric ordering scheme in the phase-encoding direction, and
linear order in the partition-encoding direction. Eighty transverse slices were acquired. The
spatial resolution was 1.3 x 1.3 x 1.3 mm3. To speed up the image acquisition and keep
imaging time comparable to VIPR, parallel data acquisition (GRAPPA) was used in the
phase-encoding direction with an acceleration factor of 2. Other imaging parameters were:
TR/TE/flip angle = 3.6 ms/1.8 ms/50~60°, readout bandwidth = 868 Hz/pixel. The total
imaging time ranged from 7 to 13 minutes based on heart rate and breathing pattern.

To assess the field distribution of the heart, a 2D dual-echo gradient-echo sequence was used
to calculate the phase image. Parameters for this sequence were: TR =290.0 ms, TE; = 2.4
ms, TE, = 4.8 ms, (when water and fat are in-phase), segments = 48, readout bandwidth =
628 Hz/pixel, resolution = 1.8 x 1.8 x 3.0 mm3, FOV = 229 x 330 mm?, slice thickness = 3
mm, FA = 15°.
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Data Analysis

Results

Image Reformatting—VIPR image reconstructions were performed off-line using Matlab
(Version 7.0, The Mathworks, Inc., Natick, MA). For image comparison, Multi-planar
reconstructions (MPRs) were performed using the standard software in the Siemens imaging
system. Whole-heart coronary MRA images were reformatted with the CoronaViz software
(Siemens Corporate Research, Princeton, NJ, USA) to project multiple vessels onto a single
image (27).

Statistical Analysis—To compare the image quality between VIPR and Cartesian
trajectories, two MRI physicians with extensive coronary experiences blindly scored the
images per patient based on a 4-point scale (28). The scoring scale and criteria for
evaluation were as follows: 1 = poor delineation or uninterpretable coronary vessels
(coronary artery with markedly blurred borders or edges), 2 = good (coronary artery vessels
visible, but moderately blurred), 3 = very good (coronary artery clearly visible but blurring
is still mildly present), and 4 = excellent (coronary artery visible, well delineated and
sharply defined with no visible artifacts). The final quantitative results of these images are
determined as the mean of grading. In addition, the lengths of visualized coronary arteries
and image sharpness were measured using previously described methods (29,30). At last
among 9 paired-slices between VIPR and Cartesian, Wilcoxin test was used to evaluate the
differences in image grades between images acquired with VIPR sampling pattern and with
Cartesian sampling. P-value < 0.05 was considered statistically significant. SNR and CNR
analysis were not measured in this work because parallel data acquisition was used in
Cartesian sampling, which made calculation of SNR and CNR unreliable.

Major coronary arteries from nine volunteers were successfully visualized. To show the
image quality that can be acquired using SSFP with VIPR trajectory at 3.0T and better
visualize coronaries, reformatted images from two volunteers are show in Fig 2. The LAD,
LCX and RCA are clearly depicted. Good contrast between blood and myocardium plus
strong blood signal intensity are achieved. There are no banding artifacts present.

Fig. 3 shows two axial slices from the same volunteer using the VIPR trajectory (b and d)
and Cartesian trajectory (a and c¢). The significantly decreased off-resonance artifacts with
the VIPR trajectory are evident. For the Cartesian case (a and c), the image quality varies
significantly and although the blood signal and contrast are reasonable due to use of SSFP
sequence, off-resonance artifacts impede the visualization of the coronary arteries. In
contrast, the VIPR trajectory (b and d) presents substantially better image quality,
homogeneous blood pool signal and sharp delineation of the coronary arteries.

The off-resonance frequency map in the heart in one sample slice is shown in Fig. 4. The
frequency in this slice ranges from —167 to 149 Hz. This exceeds the SSFP passband of
+138 Hz (for a 3.6 ms TR with Cartesian sampling), but is still in the SSFP passband of
+166.5 Hz (for a 3.0 ms TR with VIPR sampling).

The average image quality score for VIPR sampling was 3.12 + 0.42 suggesting very good
image quality, and that for Cartesian sampling was 0.92 + 0.61suggesting poor image
quality. In 9 volunteers, Wilcoxin test of the difference between VIPR and Cartesian
sampling showed a highly significant increase (p < 0.05) in image quality. The visualized
coronary artery lengths and image sharpness using both VIPR SSFP and Cartesian SSFP are
summarized in Table 1. The depicted length and sharpness of coronary arteries were also
significantly improved with VIPR trajectory,
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Discussion

Contrast-enhanced whole-heart coronary MRA with gradient echo readout (31,32) has been
proven to be a very promising technique at 3T. However, emerging evidence that links
gadolinium-based contrast agents to nephrogenic systemic fibrosis (NSF) (33) has spurred a
resurgence in non-contrast coronary MRA techniques, even though their quality is not yet
comparable to contrast-enhanced imaging. SSFP is the method of choice for non-contrast
MRA because of its intrinsically high SNR and CNR. But due to its high sensitivity to field
inhomogeneities, SSFP has not yet been successfully applied for whole-heart imaging at 3T.
This work described an initial attempt to improve whole-heart non-contrast SSFP imaging at
3.0T by employing VIPR trajectory with SSFP acquisition.

Isotropic spatial resolution whole-heart coronary MRA with short-TR SSFP VIPR at 3.0 T is
proven to be feasible. Compared to conventional Cartesian SSFP, VIPR requires similar or
even shorter imaging time. Image quality, image sharpness and depicted vessel length are
significantly improved by VIPR trajectory. With TR decreased to 3.0 ms banding artifacts
are substantially reduced as compared to Cartesian imaging at 3.0 T.

Several methods have been proposed to alleviate SSFP sequence-related imaging artifacts,
such as optimizing synthesizer frequency to reduce off-resonance-related image artifacts
(25), minimizing field inhomogeneity by employing localized shimming (10), or improving
uniformity of T2 preparation using adiabatic T2 preparation pulse (6). These methods have
improved SSFP sequence at 3.0T to a certain degree. However, there are limitations to these
modifications and the image quality of 3.0T coronary MRA with Cartesian SSFP remains
variable.

Volunteer studies in this work show that with short-TR SSFP VIPR, consistent coronary
MRA image quality can be obtained at 3.0T. The main reason for improved image quality
with VIPR is that due to the non-selective excitation TR is reduced. For banding-free
imaging, the range of tolerable off-resonance frequencies has to be confined to +1/(2TR).
With TR decreasing from 3.6 ms for Cartesian to 3.0 ms for VIPR, the passband increases
from 277 Hz to 333 Hz. Schar et al (34) suggested that whole-heart peak-to-peak field
inhomogeneity differences at 3.0 T could be as large as 287.3Hz. Increased passband with
VIPR allows coverage of the entire off-resonance frequency range, effectively eliminating
the banding artifacts and substantially improving the image quality. To further reduce TR,
asymmetric sampling along the readout direction can be considered. Another advantage of
VIPR trajectory is its motion insensitivity. A comparative study on 1.5T shows that radial
SSFP reduces mation artifacts and improves vessel delineation as compared to Cartesian
SSFP (35).

Like other whole-heart techniques, one of the main problems with VIPR coronary MRA is
the long acquisition time, particularly at relatively high image resolution. Parallel imaging
should be employed to reduce imaging time and reduce potential artifacts related to cardiac
and respiratory motion. With improved imaging speed, further improvement in spatial
resolution to sub-mm will be possible.

In conclusion, whole-heart coronary MRA at 3.0 Tesla using short-TR SSFP VIPR is
feasible and it results in whole-heart images without any banding artifacts, leading to
excellent coronary artery visualization.
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Figure 1.

(a) Schematic of the pulse sequence used for SSFP VIPR whole-heart coronary MRA.
Adiabatic T,-prep, Navigator (Nav), and Spectral Presaturation Inversion Recovery (SPIR)
fat saturation pulses were applied prior to imaging. Fifteen sinusoidal preparation pulses
were applied prior to imaging to reduce transient signal oscillations. (b) Gx, Gy and Gz
between RF hard pulse represent gradients along the three orthogonal axes forming the
VIPR trajectory. (c) k-space coverage with the VIPR trajectory. Black dots represents signal
acquired.
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(a) (b}

Figure 2.

Reformatted coronary artery images in healthy volunteers. (a) 47-year-old, 185-pound male
volunteer. (b) 24-year-old, 125-pound female volunteer. Note that images show good image
quality, and no apparent off-resonance or motion artifacts.
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Figure 3.

Comparison between Cartesian (a, ¢) and VIPR (b, d) trajectory in two healthy volunteers.
The Cartesian images (a, ¢) show severe off-resonance artifacts and poor image quality. In
contrast, the VIPR images (b, d) show no obvious artifacts, have homogeneous blood pool
signal, good image quality and sharp depiction of the LAD and LCX.
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Figure 4.

Off-resonance frequency map with contour lines in one sample slice from a volunteer. A
low-pass filter was applied to the frequency map before contouring to reduce the sharp
phase change in the region of air. Frequency ranges from -167 Hz to 149 Hz in the heart
region (the dashed circle) of this chosen slice.
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