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Abstract

OBJECTIVE—To evaluate the feasibility of performing single breath-hold 3D thoracic non-
contrast magnetic resonance angiography (NC-MRA) using highly-accelerated parallel imaging.

MATERIALS AND METHODS—We developed a single breath-hold NC MRA pulse sequence
using balanced steady state free precession (SSFP) readout and highly-accelerated parallel
imaging. In 17 subjects, highly-accelerated non-contrast MRA was compared against
electrocardiogram (ECG)-triggered contrast-enhanced MRA. Anonymized images were
randomized for blinded review by two independent readers for image quality, artifact severity in 8
defined vessel segments and aortic dimensions in 6 standard sites. NC-MRA and CE-MRA were
compared in terms of these measures using paired sample t and Wilcoxon tests.

RESULTS—The overall image quality (3.21+0.68 for NC-MRA vs. 3.12+0.71 for CE-MRA) and
artifact (2.87£1.01 for NC-MRA vs. 2.92+0.87 for CE-MRA\) scores were not significantly
different, but there were significant differences for the great vessel and coronary artery origins.
NC-MRA demonstrated significantly lower aortic diameter measurements compared to CE-MRA,;
however, this difference was not considered clinically relevant (>3 mm difference) for less than
12% of segments, most commonly at the sinotubular junction. Mean total scan time was
significantly lower for NC-MRA compared to CE-MRA (18.2 + 6.0s vs. 28.1 * 5.4s, respectively;
p <0.05).

CONCLUSION—Single breath-hold NC-MRA is feasible and can be a useful alternative for
evaluation and follow-up of thoracic aortic diseases.
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INTRODUCTION

Contrast-enhanced 3D magnetic resonance angiography (MRA) is routinely used to
diagnose aortic disease because of its high spatial resolution, reliability and potential for
multi-planar assessment (1-3). However, for thoracic MRA, visualization of the aortic root
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and ascending aorta is often hindered by cardiac motion, and orthogonal aortic dimensions
cannot be accurately measured. Electrocardiographic (ECG)-triggered 3D contrast-enhanced
MRA (CE-MRA) of the thoracic aorta can improve vessel wall sharpness, resulting in
higher quality images, particularly of the aortic root and more accurate diagnosis of disease
(4-7). However, the data acquisition window per cardiac cycle needs to be minimized to
avoid cardiac motion artifacts, and this decreases imaging efficiency, imposing limits on
spatial resolution or volumetric coverage for breath-hold (BH) thoracic MRA. In addition,
CE-MRA relies on accurate timing of contrast bolus arrival during acquisition of the center
of k-space. In bradycardic patients, acquisition time may become inordinately long, leading
to respiratory motion, subtraction misregistration, suboptimal arterial contrast, as well as
venous enhancement. In addition, patients with impaired renal function are at risk of
nephrogenic systemic fibrosis (8) associated with gadolinium-based contrast agents (9-11)
with CE-MRA. Therefore, a non-contrast MRA technique of comparable quality and
reliability as CE-MRA is highly desirable.

Navigator-gated, ECG-triggered 3D balanced steady state free precession (b-SSFP) MRA
with T2 preparation and fat suppression is widely used for coronary MRA (12-14), because
of its high signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR). This technique has
been used for thoracic MRA (6-7,15-16), but scan time is on the order of 4-10 minutes.
Modern MRI systems equipped with a 32-element coil array offer the potential for baseline
SNR improvements over traditional coil arrays with fewer elements, and are capable of
multidimensional parallel imaging (17-19) with reduced noise amplification and preserved
SNR compared to 1D accelerations (20). Highly accelerated parallel imaging can be used to
shorten BH duration and/or improve spatiotemporal resolution. The feasibility of ECG-
triggered BH MRA of thoracic aorta using an accelerated 3D b-SSFP was first demonstrated
in volunteers by Niendorf et al. with an acceleration factor 2 and BH duration of 40
heartbeats (21).

We have developed a single BH ECG-triggered MRA pulse sequence using a 32-element
coil array enabling two-dimensional image acceleration and acquisition of both the coil
sensitivity and MRA data within the same heart beats at different cardiac phases (early
systole and mid diastole, respectively) (22). Simultaneous acquisition of the coil sensitivity
and MRA data minimizes registration errors which occur when they are acquired in separate
breath holds (23). The purpose of this study was to evaluate the feasibility of performing
single breath-hold NC-MRA with isotropic spatial resolution using highly-accelerated
parallel imaging and to compare it with ECG-triggered CE-MRA for the assessment of the
thoracic aorta in human subjects.

MATERIALS AND METHODS

This study protocol was HIPAA compliant and approved by our Institutional Review Board;
all subjects provided written informed consent. We prospectively enrolled 17 subjects (7
healthy subjects, 10 patients, 13 males (mean age 39 + 18.5 years; range 23-79 years)) to
undergo thoracic aorta MRA with a 1.5-T whole-body MRI system (MAGNETOM Avanto,
Siemens AG, Germany) using a 32-element cardiac coil array (Invivo, USA). For evaluation
of thoracic aortic disease, NC-MRA followed by CE-MRA sequences were performed in all
subjects.

Imaging Technique

Imaging parameters for BH NC-MRA using b-SSFP were: TR/TE 2.3/1.6ms, flip angle 70°,
FOV 300x400mm?, Matrix 192x256, slice number 40~52, A-P phase encode direction, true
voxel size 1.6x1.6x1.6 mm3, bandwidth 500Hz/pixel, k-space lines per cardiac cycle 48, T2
preparation pulse with preparation time 40ms, fat suppression pulse, 2D parallel imaging
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with a generalized auto calibrating partial parallel acquisition (GRAPPA)(19) acceleration
of 3 in the phase encode direction and 2 in the partition direction, 6/8 partial Fourier in both
phase encode and partition directions, and partition oversampling 20%. Both coil sensitivity
(early systole) and MRA (mid diastole) data were acquired in the same BH, as shown in
Figure 1.

Pre- and post-contrast ECG-triggered CE-MRA using a 3D gradient-echo fast low-angle
shot (FLASH) pulse sequence was performed with similar parameters as NC-MRA to
achieve the same spatial resolution: TR/TE 3.5/1.1ms, flip angle 17°, FOV 300x400mm?,
Matrix 192x256, slice number 40~52, A-P phase encode direction, true voxel size
1.6x1.6x1.6 mm3, bandwidth 330Hz/pixel, 1D GRAPPA acceleration factor 2, 6/8 partial
Fourier in both phase encode and partition directions. Before acquisition of the post-contrast
CE-MRA data set, a pre-contrast 3D FLASH image set was acquired as a mask and
subtracted from the contrast-enhanced 3D FLASH data set to eliminate background signal in
case the subtracted images needed. A standard test-bolus acquisition, using 1-ml of contrast
material (Gd-DTPA, Magnevist, Berlex, Schering AG), was performed to determine the
contrast arrival time in the ascending thoracic aorta. Post-contrast 3D CE-MRA was then
performed under suspended respiration following administration of Gd-DTPA 0.15 mmol/kg
at 2cc/sec followed by 20 cc saline flush at the same rate with image acquisition timed based
on timing bolus (24). Image acquisition time was recorded for each patient for both CE-
MRA and BH NC-MRA.

Image Analysis

For both techniques, source images were anonymized and randomized for blinded review,
by a cardiologist and a radiologist (with 8 and 5 years’ experience respectively) for image
quality, artifacts and pathology in 8 vessel segments (sinuses of Valsalva, sinotubular
junction, ascending aorta, aortic arch, descending aorta, diaphragmatic aorta, coronary artery
origins and great vessel origins), as shown in Figure 2. Images were reviewed on a 3D
workstation capable of multi-planar reformation, maximum intensity projection and volume
rendering (Leonardo, Siemens Healthcare). Image quality was graded on a 5 point scale:
0=non-diagnostic, 1=poor, 2=fair, 3=good, 4=excellent, and artifact severity was graded on
a 5 point scale: 0=non-diagnostic, 1=severely limiting, 2=mildly limiting, 3=not limiting,
4=no artifact. Aortic dimensions outer wall to outer wall were measured using bi-orthogonal
planes for each sequence at 6 standard sites (sinuses of Valsalva, sinotubular junction,
ascending aorta at right pulmonary artery level, arch proximal to the left subclavian artery,
descending aorta at left pulmonary artery level and diaphragmatic aorta).

Statistical Analysis

All results are summarized as mean + standard deviation (SD). CE-MRA and NC-MRA
were compared with respect to qualitative ordinal image quality and artifact severity scores
using the Wilcoxon matched-pairs signed ranked test, and a paired-sample t-test was used to
compare the two MRA techniques in terms of scan time and aortic diameter at each
anatomical site, with the mean of the 2 orthogonal measurements used for statistical
analysis. The mean paired difference and 95% confidence interval (CI) were calculated for
the true mean difference between methods in terms of diameter measures averaged over all
subjects. The percentage and number of times the absolute value of the difference exceeded
the threshold value of 3mm was also calculated to determine if the difference was clinically
relevant (1,25-27). Bland-Altman analysis was used to compare the aortic dimensions
measured from the CE-MRA and NC-MRA. SPSS (v.13, Chicago IL) was used for all tests
and statistical significance was defined as p < 0.05 level.
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Of 17 subjects studied, mean total scan time was significantly lower for NC-MRA compared
to CE-MRA (18.2 £ 6.0s vs. 28.1 + 5.4s, respectively; p < 0.05). In the 10 patients studied,
CE-MRA diagnosed 5 aneurysms, 2 dilated aortic roots, 1 coarctation, 1 aortic valve
replacement and 1 normal. NC-MRA identified the same pathology and was in agreement
for all subjects. Typical images are shown in Figure 3 and 4.

In total, 136 vascular segments were scored for image quality and artifacts for the 17
subjects imaged with each technique. Image quality and artifact severity scores are
summarized in Table 1. Overall 16 segments from both readers for CE-MRA and 13
segments from both readers for NC-MRA were considered non-diagnostic or degraded by
severe artifact. There was no significant difference in overall image quality (3.21+0.68 NC-
MRA vs. 3.12+0.71 for CE-MRA, respectively; p=0.145) and overall artifact scores
(2.87£1.01 NC-MRA vs. 2.92+0.87 for CE-MRA, respectively; p=0.287) between the 2
techniques for all evaluated thoracic aortic segments. There were statistically significant
differences in image quality in the great vessel origins (3.58+0.49 for CE-MRA vs.
2.39+0.78 for NC-MRA, respectively; p=0.0001), where signal loss due to susceptibility
with b-SSFP readout was noted as shown in Figure 3, and coronary artery origins (1.53+0.50
for CE-MRA vs. 2.31+0.93 for NC-MRA, respectively; p=0.013) where increased motion
artifact was noted for CE-MRA compared to NC-MRA. The difference was not statistically
significant (2.86+0.56 for CE-MRA vs. 3.11+0.65 for NC-MRA, respectively; p>0.05) at
the level of aortic root.

In total, 102 segments were measured for aortic diameter for each technique. Mean aortic
dimensions from CE-MRA and NC-MRA images are summarized in Table 2. Overall, there
was a systematic bias for lower dimension measurements with NC-MRA compared to CE-
MRA. Clinically relevant differences (>10% difference) were noted for less than 12% of
segments, most commonly at the sinotubular junction. Bland-Altman analysis (Figure 5)
revealed a overall mean difference (NC-MRA minus CE-MRA) in aortic diameter between
the two techniques of —0.073 + 0.144 cm, and upper and lower 95% limits of agreement
were 0.210 cm and —0.357cm, respectively.

DISCUSSION

In this study, we evaluated a single breath-hold NC-MRA against CE-MRA of the thoracic
aorta, and demonstrated the feasibility of performing highly accelerated single BH NC-
MRA with isotropic spatial resolution and diagnostic image quality. Compared with ECG-
triggered CE-MRA, NC-MRA has potential benefits of shorter scan time and repeatability
without the need for exogenous contrast agent, providing rapid, safe and entirely non-
invasive assessment of the thoracic aorta with similar diagnostic image quality of the
readers.

In 17 subjects, we found no significant difference in overall aortic image quality. At the
segmental level, NC-MRA compared to CE-MRA demonstrated significantly superior
image quality for visualizing the coronary artery origins but inferior image quality for
visualizing the great vessel origins. NC-MRA demonstrated significantly lower aortic
diameter measurements compared to CE-MRA,; however, this difference was considered
clinically relevant (>3mm difference) for less than 12% of segments, most commonly at the
sinotubular junction.

Compared to non-gated CE-MRA, ECG-triggered 3D CE-MRA of the thoracic aorta can
improve visualization of the ascending aorta and aortic root (4), but is challenging due to
competing demands of high spatial resolution and high temporal resolution within a breath-
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hold. In addition, its performance relies on accurate timing of contrast bolus arrival during
the acquisition of the center of k-space. Navigator-gated and ECG-gated NC-MRA has been
shown to provide better visualization of the aortic root, ascending aorta, and coronary
arteries, compared with CE-MRA, but with significantly longer imaging times (16). The
approach used in this study was able to provide diagnostic image quality (22) within a
breath-hold, without gadolinium contrast. The relative advantage of CE-MRA is arguably
superior vascular delineation due to the contrast enhancement. Conversely, due to its shorter
acquisition window (110 ms vs. 216 ms; NC-MRA vs. CE-MRA, respectively, p<0.05) and
shorter overall acquisition time which minimize effects of cardiac and respiratory motion
respectively, single BH ECG-triggered NC-MRA is relatively less susceptibile to motion
artifact.

Of note, the difference in aortic diameter measurement at the sinotubular junction segment
was relatively high (23.5% with >3mm difference). This was probably caused by use of
different trigger delay time or the difference in acquisition window per cardiac cycle. Outer
wall to outer wall measurements using CE-MRA were challenging due to relatively low
contrast between the arterial wall and surrounding fat with high flip angle T1 GRE imaging.
This may have led to systematic measurement error at CE MRA, and could explain why
NC-MRA measurements were smaller.

A major limitation of NC-MRA is its sensitivity to off-resonance (e.g., signal loss of great
vessel origins) (28). Local shimming of the ascending aorta and arch region has been
reported to be useful (6). Another limitation of this study is that no comparison was made
with other angiographic methods such as digital subtraction angiography or computed
tomography. Also due to the nature of b-SSFP weighting (29), bright venous signal was
present at NC-MRA. However, because of the large caliber of the thoracic aorta and central
veins, this did not impact readers’ image quality assessments as evidenced by similar image
quality scores for NC-MRA and CE-MRA. Finally, our preliminary investigation had a
relatively small number of patients with a limited variety of pathology and sequences were
always performed in the same order (non-randomized) to ensure that NC-MRA was truly
non-contrast enhanced.

Planned work includes minimizing off-resonance artifact using local shimming, and a
comparison between ECG-gated CE-MRA and NC-MRA using the same (2D) acceleration
factors. We also plan further assessment of discrepancies in vessel caliber between CE-
MRA and NC-MRA with phantom testing.

In conclusion, highly-accelerated NC-MRA with b-SSFP is a highly promising method for
rapid, noninvasive assessment of thoracic aorta diseases, especially in patients with poor IV
access or contraindications to gadolinium contrast. Further experience in a larger clinical
population would be invaluable to assess its clinical applicability and accuracy.
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Figure 1.

Schematic of NC-MRA using ECG-triggered, T2-prepared, Fat-saturated, segmented b-
SSFP with the coil sensitivity and image data acquired at two different cardiac phases (early
systole and mid diastole, respectively) in the same cardiac cycle within a single BH, in order
to increase the acceleration efficiency and avoid the misregistration due to varying breath

hold positions.
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Figure 2.
Diagram of the thoracic aorta demonstrates the segments used for the evaluation of image

quality and the levels used for the measurement of aortic dimensions.
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Figure 3.

MR images in a 59-year-old patient suffering from aneurysm of the aorta root obtained with
NC-MRA (Right) and CE-MRA (Left) sequence. The relative merits of each technique are:
CE-MRA provides superior vascular delineation due to the enhancement by contrast;
whereas the single BH ECG-triggered NC-MRA is relatively free from motion artifact, so
cardiac morphology is more clearly visualized, with sharper delineation of the aortic root
and better assessment of coronary artery origins, due to its much shorter acquisition window
(110 ms vs. 216 ms; NC-MRA vs. CE-MRA, respectively).
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Figure 4.

A) MR images in a 79-year-old patient with tortuous thoracic aorta obtained with NC-MRA
(Right) and CE-MRA (Left) sequence. The reconstruction planes clearly demonstrate
sharper delineation of the aorta root and other aorta segments with high image quality for
NC-MRA. B) Multiplanar reformatted images from NC-MRA (Right) and CE-MRA (Left)
at the mid-descending aorta: sagittal, coronal and axial images.
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Figure 5.

Bland-Altman plot shows that overall measurements made with 3D NC-MRA and CE-MRA
data sets were in good agreement with no significant difrerence in measured values. Bland-
Altman analysis revealed a mean measured difference (NC-MRA minus CE-MRA) in aortic
diameter between the two techniques of —0.073+/—0.144 cm upper and lower 95% limits of
agreement = 0.210 and —0.357, respectively.
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