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ABSTRACT 

We present our initial experience on first-pass gadolinium-enhanced coronary artery magnetic reso- 
nance angiography (MRA). Three-dimensional segmented gradient-echo sequences were developed 
to image coronary arteries within a single breathhold during the injection of a double-dose contrast 
agent. Comparisons were made between a short TR of 2.7-msec (n = 5) and a long TR of 5.0-msec 
(n = 3) sequences in terms of the signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR). An 
in-plane resolution of roughly I X I mm' was achieved. Dramatic vascular signal enhancement by 
a factor of 3-5 was obtained in volunteers following the contrast agent injection, allowing for clear 
visualization of proximal coronary arteries. The longer TR scans generally performed better in terms 
of SNR and CNR improvement (approximately 50%) but allowed for less coverage. These preliminary 
results suggest that gadolinium-enhanced MRA is a useful tool to study proximal coronary arteries 
with breathhold, but for a larger coverage, a multiple dose approach may be necessary. 
KEY WORDS: Contrast agents; Coronary artery; MR angiography. 

- 

INTRODUCTION ture and has a limited role in assessing the physiological 
significance of the disease. It is also an invasive and ex- 
pensive procedure associated with certain risks of mor- 
bidity and mortality. In recent years, significant progress 
has been made in imaging coronary arteries using mag- 
netic resonance (MR) imaging techniques (1-8). This im- 
aging procedure can potentially provide both anatomic 
and physiological information in the same study session 

Coronary artery disease is the major cause of death in 
industrialized nations. Conventional x-ray coronary an- 
giography has been considered the gold standard to diag- 
nose the presence and determine the severity of coronary 
artery disease. This technique, however, only determines 
the morphological appearance of coronary artery struc- 

Received February 11, 1998: Accepted May 7, 1998 
Address reprint requests to J. Zheng. 

33 

Copyright 0 1998 by Marcel Dekker, Inc. www.dekker.com 



34 Zheng et al. 

and appears promising in certain clinical applications as 
a noninvasive alternative to cardiac catheterization and 
x-ray angiography. 

The challenge in obtaining high-quality coronary ar- 
tery images using MR imaging comes from several fac- 
tors, including cardiac and respiratory motion, the small 
size of coronary arteries, the highly tortuous course of 
the vessels, and their adjacency to fat and cardiac cham- 
bers. Early clinical studies of MR coronary artery im- 
aging used two-dimensional (2D) techniques (1-33-7). 
Electrocardiogram (ECG) triggering and breathhold were 
used to minimize cardiac and respiratory motion effects. 
However, there are several problems associated with 2D 
methods, including inconsistent breathhold positions, 
leading to misregistration of adjacent slices acquired 
from separate breathholds, and partial volume effects due 
to thick slices. These problems impeded the visualization 
of coronary arteries and the detection of coronary artery 
stenosis. 

Three-dimensional (3D) imaging techniques can po- 
tentially overcome these problems by providing volumet- 
ric coverage of the heart with thin slices (8-10). Coro- 
nary arteries can then be viewed from any angle by 
multiplanar reconstruction. Nevertheless, to collect a 3D 
scan within a single breathhold, the repetition time (TR) 
of the pulse sequence has to be reduced dramatically, re- 
sulting in a high signal bandwidth and a low signal-to- 
noise ratio (SNR). A T1-shortening contrast agent may 
help improve the S N R  of MR coronary angiography (1 1). 
This approach has been successfully used in improving 
the SNR of carotid (12), pulmonary (13), abdominal 
(1 4,15), and peripheral (16) MR angiography ( M U ) .  In 
this report, we present our initial experience on 3D 
breathhold coronary artery imaging with gadolinium- 
based contrast agent and address the practical issues of 
data acquisition timing and sequence parameter optimiza- 
tion. 

MATERIALS AND METHODS 

Dynamic Blood T1 Measurement 

The optimal choices of sequence parameters for con- 
trast-enhanced coronary artery imaging, such as the flip 
angle and TR, depend on the T1 of blood in the presence 
of contrast agents. To dynamically measure the arterial 
blood T1 after contrast agent injection, a 2D ultrafast 
gradient-echo sequence (TR 2.4 msec, data acquisition 
matrix 64 X 128, flip angle 20") with a 90" preparatory 
pulse was used to acquire images at the level below the 

aortic arch. To minimize inflow effect on the blood sig- 
nal, ECG triggering was used to ensure that the images 
were acquired during diastole when arterial blood flow 
is relatively slow and constant. Signal intensity of the 
images can be calculated as follows: 

+ cosn-Ia -(n-I)TRml(1 - eTUTl)  sins 1 
where So is a scale factor, n is the number of excitation 
radiofrequency pulses applied before the collection of the 
central k-space line, and TI is the time delay from the 
90" pulse to the start of the data acquisition. Signal decay 
caused by T2* is neglected because of the extremely 
short TE used (TE 1.2 msec). 

First, a precontrast image was acquired with a TI of 
approximately lo00 msec. The T1 of precontrast blood 
is assumed to be 1200 msec. The purpose of the precon- 
trast scan was to calculate the scale factor So using Eq. 
(1). The postcontrast images were then collected consec- 
utively, with a temporal resolution of one image per 
heartbeat, immediately after the start of contrast agent 
injection. The TI of postcontrast data acquisition was re- 
duced to 10 msec because of the dramatically shortened 
blood T1. With known So and TI, the MR signal intensi- 
ties measured from the aorta could be transformed to T1 
values by using Eq. (1). 

To gain knowledge about the blood T1 profile as a 
function of the contrast agent injection duration, one sub- 
ject underwent dynamic imaging twice using the T1 mea- 
surement protocol described above. A 35-ml gadolinium 
contrast agent (Omniscan, Nycomed, New York, NY or 
Magnevist, Berlex, Wayne, NJ) was infused over a period 
of 20 and 40 sec, respectively, in the two studies. The 
contrast material was administrated by hand through a 
22-gauge intravenous catheter in the antecubital fossa. 

Determination of Imaging Start Time 

It is important to match the acquisition of the center 
of k-space to the maximal arterial enhancement (17) in 
first-pass contrast-enhanced studies. Therefore, it is CIU- 

cial to estimate the transit time of the contrast agent from 
the injection site to the coronary arteries, which varies 
for each individual. Because the central k-space line is 
collected at the middle of the data acquisition period in 
our 3D sequence, the delay time between the start of in- 
travenous injection of the contrast agent and start of im- 
age acquisition (TD) was determined by (17) 
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where TPhll and TP,, are the time intervals from the start 
of injection to peak arterial enhancement for the full dose 
and test bolus injections, respectively; TF is the injection 
time of the full-dose contrast agent; and TA is the data 
acquisition time. The scheme of determining TD is illus- 
trated in Fig. 1. 

To determine TP,,,, a series of images were collected 
immediately after the test bolus injection using the se- 
quence for the dynamic T1 measurement with a temporal 
resolution of one image per second. The transverse slice 
was placed below the aortic arch, showing both the de- 
scending and ascending aorta. A curve of signal intensity 

Blood signal intensity 

Central k-space line 
~ T P f + /  

i- 
Start of 20-sec injection 

Figure 1. Scheme to determine timing of data acquisition 
with respect to start of contrast material injection. The blood 
signal intensity curves are actual data acquired from one sub- 
ject. See text and Eq. (2) for the definition of various terms. 
The contrast arrival time of the test bolus appeared slightly 
faster (2-3 sec) than that of the full dose. The bolus of saline 
flushed with the test-bolus injection has a greater effect on 
shortening the circulation time than that with the full-dose in- 
jection because of relatively larger saline-to-contrast agent ra- 
tio. Other contributing factors would include the discrepancy 
in contrast volumes between the test dose and full dose that 
potentially affects maintaining consistent injection rate per- 
formed by manual injection. 

versus time was then plotted for a region of interest (ROI) 
placed within the aorta to determine TP,,,. 

Imaging Techniques 

The basic structure of the imaging technique is a 3D 
gradient-echo sequence with segmented in-plane k-space 
acquisition. To evaluate the SNR of coronary artery im- 
Kes as a function of TR, two versions of the sequence 
were used. One sequence took advantage of a three-axis 
gradient overdrive system to achieve a short TR of 2.7 
meo- The other sequence used a conventional gradient 
sygtexn and a larger TR of 5.0 msec. In each cardiac cycle, 
dAta acquisition occurred in mid diastole for a period of 
approximately 125 msec, during which 45 and 25 phase- 
encoding lines were acquired with the short-TR and long- 
TR sequences, respectively. All 3D slabs were acquired 
in the transverse orientation. The thickness of the slab 
was 30-40 mm for the short-TR sequence and 15-20 
mm for the long-TR sequence. The field of view was 
104 X 260 mm2 (phase encoding X frequency encoding). 
Other sequence parameters are shown in Table 1. 

A series of 30 preparatory pulses and a fat saturation 
pulse were applied before data acquisition during each 
cardiac cycle. The purpose of the preparatory pulses was 
to force the myocardial magnetization to reach a steady 
state. This led to suppression of the myocardial signal 
when a large flip angle was used. 

A typical imaging session consists of the following 
steps: scout imaging to locate the roots of the left and 
right coronary arteries, precontrast 3D breathhold coro- 
nary MRA in the transverse plane to cover the proximal 
portions of both left and right coronary arteries, test bolus 
imaging to determine the appropriate delay time between 
the start of intravenous injection of contrast material and 
start of image acquisition, and postcontrast 3D breath- 
hold coronary MRA. 

Two subjects were also imaged by a 3D sequence with 
retrospective respiratory gating (8) (TRITE 8.0/2.7 msec, 
bandwidth 244 Hzlpixel, variable flip angles, 16 parti- 
tions). The spatial resolution was the same as that of 3D 
breathhold scans for comparison of image SNR. 

Subjects 

'Eight healthy volunteers (six men, two women, 21- 
40 years old) underwent gadolinium-enhanced coronary 
artery imaging. Five subjects were scanned using the 
short-TR sequence, whereas the other three were scanned 
using the long-TR sequence. Written informed consent 
was obtained from each subject before scanning. For ev- 
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Table I 

Breathhold Coronary MRA Sequence Parameters 

Zheng et al. 

TR/Flip Acquisition Acquisition Matrix Image Resolution (mm') Imaging Time 
Angle Bandwidth (Hzlpixel) (Ny X N, X N,) (Ay X Ax X Az) , (TA) 

2.7/25" 977 90 X 256 X (12-16) 1.2 X 1.0 X 2.5 24-32 heartbeats 
5.0130' 488 100 X 256 X (6-8) 1.0 X 1.0 X 2.5 24-32 heartbeats 

Ny, N,, N, are the number of points in phaseencoding, frequencyencodiig, and 3D partition encoding directions, 
respectively. Ay, Ax, and Az the voxel sizes in the three directions. 

ery subject, 35-ml gadolinium contrast agent was injected 
intravenously by hand over 20 sec, including a 15-ml sa- 
line flush immediately after the contrast agent injection. 
Although it is more customary to administer the contrast 
agent in a fixed dose per kilogram of body weight, we 
injected a fixed total amount to each volunteer regardless 
of body weight (two vials of contrast agents minus 4-5 
ml for test bolus). ECG'signal was used for triggering 
the scan, and image data acquisition proceeded during 
mid diastole with a trigger delay time of 600-900 msec 
depending on the RR interval of the subject. The subjects 
were instructed to hold their breath during the scan to 
eliminate respiratory motion. 

All studies were performed on a 1.5-T Siemens VI- 
SION system (Siemens AG, Erlangen, Germany). The 
maximum gradient strength was 25 mT/m and the gradi- 
ent rise time was 600 sec with the conventional gradient 
system and 300 sec with a gradient overdrive system. A 
commercial anterior-posterior, four-element, phased- 
array surface coil was used for signal reception. How- 
ever, for all contrast-enhanced studies, only the two ante- 
rior elements were used to allow for a small field of view 
without image warp-around artifacts. 

Data Analysis 

Multiplanar reconstruction was performed to view 
coronary arteries at different angles. For each subject, 
blood signal measurements were performed on pre- and 
postcontrast images on the left main coronary artery 
(LM) and right coronary artery (RCA). To measure the 
SD of noise, an ROI was placed in the air. Using the 
fact that the SD of the noise is the mean intensity of 
the background Rayleigh noise divided by 1.25 (18), 
the blood SNR and the contrast-to-noise ratio (CNR) 
between blood and myocardium were calculated as fol- 
lows: 

blood signal intensity 
mean intensity of background 

blood and myocardium 
mean intensity of background 

SNR = 1.25 

signal difference between (3) 

CNR = 1.25 

RESULTS 

Dynamic Blood T1 Measurement 

Figure 2 shows the calculated longitudinal relaxation 
rate (Rl) of blood based on an ROI measurement in the 
aorta after a 20- and a 40-sec contrast agent injection. 
The T1 values at the peak effect of the 20- and 40-Sec 
injections were calculated to be 38 and 55 msec, respec- 
tively. The full-width at half-maximum (FWHM) of the 
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Figure 2. Blood R1 after a 35-ml contrast agent injection with 
20- and 40-sec injections for the same subject imaged at differ- 
ent days. Blood T1 at the peak effect for 20- and 40-sec injec- 
tions are 38 and 55 msec, respectively. 
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Figure 3. Simulated signal intensities as a function of flip 
angle for the TR of 2.7-msec gradient-echo sequence with a 20- 
sec and 35-ml contrast agent injection. It appears that a flip 
angle of 25" offers maximal contrast between blood (TI 40 
msec) and myocardium (T1 800 msec). 

20-sec injection is approximately 30 sec, whereas the 40- 
sec injection has a FWHM of 60 sec. Because the 
breathhold imaging time was approximately 24-32 sec, 
a 20-sec injection was chosen for all subjects in the sub- 
sequent coronary artery imaging studies because it re- 
sulted in a much shorter blood T1. 

The flip angle of our 3D gradient-echo sequence was 
determined by theoretical simulations for the maximal 
contrast between enhanced arterial blood (T1 -40 msec) 
and myocardium (T1 -800 msec). Figure 3 shows the 
simulated signal intensities with the short-TR sequence 
as a function of flip angle. On the basis of this calculation, 
a flip angle of 25" was chosen for the short-TR sequence 
and 30" for the long-TR sequence to maximize arterial 
blood contrast relative to myocardium. 

Gadolinium-Enhanced Coronary MRA 

In all eight subjects, the LM, the proximal portions 
of left anterior descending artery (LAD), and RCA were 
consistently visualized on the postcontrast images. Figure 
4 shows typical pre- and postcontrast images obtained 
using the short-TR sequence. In the precontrast image, 
both blood and myocardial signals were heavily saturated 
and no coronary arteries were visible. With contrast agent 
infusion, blood signals in cardiac chambers and coronary 
arteries were significantly enhanced, whereas the myo- 
cardium remained dark. 

Figure 5 illustrates a maximal intensity projection im- 
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a b 

C d 

Figure 4. 3D transversal images acquired by the TR 2.7-msec 
sequence. No coronary arteries are visible in the precontrast 
image (a) because all tissues we heavily saturated because of 
the use of the short TR and relatively large flip angle. In post- 
contrast images (b and c), the LM (b) and the root of RCA (c) 
are clearly visible. By performing multiplanar reconstruction - 
on the postcontrast 3D data set, a relatively long portion of the 
proximal LAD is delineated (d). AO, aorta; RVOT, right ven- 
tricular outflow tract. 

age created from the postcontrast 3D dataset using the 
long-TR sequence. This image sl~ows well-enhanced LM, 
LAD, left circumflex, and a small portion of the diagonal 
branch. Figure 6 compares images acquired using the 
short-TR and long-TR sequences on two subjects, respec- 
tively. Clearly, the SNR of the LM in the long-TR image 

Figure 5. Maximum intensity projection image created from 
a postcontrast 3D dataset obtained using the TR 5.0-msec se- 
quence. Marked enhancement of the LM, LAD, and left circum- 
flex (LCx) are clearly shown. 
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a b 

Figure 6. Comparison between images acquired by the short-TR (a) and long-TR (b) sequences. SNR of LM is 3.4 on (a) and 
5.6 on (b). 

[Fig. 6(b)] is substantially higher than that in the short- 
TR image [Fig. 6(a)]. 

The S N R  and CNR of contrast-enhanced coronary ar- 
teries measured from the eight subjects are shown in Fig. 
7. Compared with precontrast, postcontrast images show 
a 300-500% improvement in SNR and CNR. Both S N R  
and CNR of coronary vessels imaged by the long-TR se- 
quence are approximately 50% higher than those imaged 
by the short-TR sequence ( p  < 0.05). 

In Fig. 8, images acquired using contrast-enhanced 3D 
breathhold MRA sequences are compFd with those ob- 
tained using the 3D retrospective respiratory gating se- 

TR: 2.7msec 5.0msec 2.7msec 5.0msec 
(SNW (CNR) 

quence. High-quality coronary artery images were ob- 
tained using the respiratory gated sequence [Fig. 8(a) and 
(c)], but the acquisition time was long (over 8 min). The 
short-TR breathhold image [Fig. 8(b)] had a substantially 
lower SNR (4.9) in the RCA than the respiratory gated 
image [SNR 9.4, Fig. 8(a)]. On the other hand, the long- 
TR breathhold image Fig. 8(d)] had a similar SNR (6.7) 
as the respiratory gated image [SNR 7.8, Fig. 8(c)] in the 
LM. Nevertheless, both breathhold images have higher 
CNR than the respiratory gated images because the 
myocardial signal was suppressed in contrast-enhanced 
breathhold scans. 

a b 

C d 

Figure 8. Comparison of retrospective respiratory gated im- 
ages without contrast agent (a and c) and gadolinium-enhanced 
breathhold images acquired with the short-TR sequence (b) and 
the long-TR sequence (d). 

Figure 7. Comparison of the coronary artery SNR (a) and 
CNR (b) obtained using the two sequences of different TRs 
with contrast agents. 
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DISCUSSION 

A major challenge in coronary artery imaging using 
MR imaging has been to account for respiratory motion. 
The respiratory gated techniques (7,8,10,19) are patient 
friendly but usually require a regular breathing pattern 
and a rather long imaging time (5-10 min per 3D scan). 
Breathhold can, in principle, completely eliminate respi- 
ratory motion artifacts (9,11,20,21). However, spatial 
resolution and volume coverage in a 3D breathhold scan 
could be limited because of the short imaging time. Re- 
ducing TR is one way to increase the number of phase- 
encoding lines per cardiac cycle, thus increasing the spa- 
tial resolution, but the SNR will be reduced accordingly. 
Moreover, with 3D imaging, spin saturation effects may 
further reduce blood signal, particularly for slow blood 
flow and short TR. 

An initial attempt of 3D breathhold coronary MRA 
during the first pass of gadolinium injection has been re- 
ported recently (1 1). With markedly reduced T1 of blood, 
the SNR of coronary arteries increased by a factor of 4 
to 5 .  Because the blood signal on contrast-enhanced 
MRA relies mainly on the TI shortening effect inshead 
of the inflow effect, imaging volume could be oriented 
along any desired direction to cover vessels of interest 
without the saturation problems associated with time-of- 
flight MRA. 

In this article, several issues are addressed to further 
improve 3D breathhold contrast-enhanced MRA of coro- 
nary arteries: a systemic investigation of the dynamic 
change of blood T1 during the first-pass of gadolinium 
injection, the evaluation of the time-to-peak enhanc'ement 
after a test bolus and full-dose contrast agent injection in 
the same subject, the use of segmented in-plane phase 
encoding strategy to improve in-plane resolution to ap- 
proximately 1 X 1 mm2, and the comparison of the image 
SNR and CNR obtained by using sequences with differ- 
ent TR values. 

Our dynamic T1 measurement has a temporal resolu- 
tion of one image per heartbeat and appears to be consis- 
tent with that previously reported (22,23). Although the 
exact T1 values may vary among different individuals, 
this measurement, nevertheless, provides a guidance for 
optimization of flip angles of our imaging sequences. 

Based on our experience and the literature (24-26), 
the appropriate timing of data acquisition with respect 
to contrast injection is critically important for successful 
contrast-enhanced MRA. The acquisition of the central 
k-space should be synchronized to the peak arterial con- 
centration of the contrast agent to achieve maximal blood 

signal enhancement. The time from injection to peak en- 
hancement needs to be determined for each subject be- 
cause it depends on individual cardiovascular parameters 
(cardiac output, total blood volume, etc.). Previous stud- 
ies investigated this issue with respect to their specific 
applications, and several methods have been proposed to 
detect the arrival of contrast material and to trigger data 
acquisition (24,25,27). We currently used the peak time 
for the test bolus to predict for a full dose. A theoretical 
model and computed tomography studies (28) demon- 
strated that the peak time of a full-dose injection is de- 
layed approximately half of the infusion time from the 
peak time of the test bolus, which was verified in our 
study. This method appears to have worked well in our 
studies. 

The in-plane segmentation strategy allowed us to 
achieve a higher in-plane resolution (1 X 1 mm2) than 
previous studies (1 1). The conflict of the high in-plane 
resolution requirement and the limited gradient capability 
could be eased. The problem is the small number of parti- 
tions andfor relatively long breathhold time per scan. 
With the long TR sequence, we only acquired six to eight 
partitions within 24-32 lieartbeats. This is a major limita- 
tion of the first-pass contrast-enhanced MRA. One way 
to alleviate this problem is to orient a localized 3D slab 
along the vessel axis, which may be adequate to cover a 
major portion of one side of the coronary artery system 
(29). particularly for the RCA system. However, for the 
Short-TR sequence, oblique scans could not be obtained 
currently in our system because of the use of the gradient 
overdrive system in three axes. Thus, only a transverse 
slab with 12-16 partitions could be acquired, which may 
be useful to cover left coronary arteries but may not be 
the appropriate orientation for imaging right coronary ar- 
teries. Half Fourier data acquisition (1 1) may also help 
improve 3D volume coverage and/or in-plane resolution 
without increasing the breathhold time. 

One aim of our studies was to compare SNR and CNR 
of images acquired with different TRs. It became clear 
that even with the help of double-dose contrast agents 
and data acquisition during first pass, SNR of the coro- 
nary arteries in the TR of 2.7-msec sequence is still infe- 
rior to that obtained using the retrospective respiratory 
gated sequence, which has a TR of 8.0 msec and a much 
lower bandwidth. By using a longer TR and a lower band- 
width, the SNR of the contrast-enhanced scan was im- 
proved by about 50% and became comparable with that 
using the respiratory gated sequence without contrast 
agent injection. However, the tradeoff of the contrast- 
enhanced long-TR sequence is the reduced number of 
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slices available in a breathhold. Moreover, it seems that 
greater SNR may still be needed for this method to be- 
come clinically useful. 

An important practical issue in first-pass imaging is 
that the failure of ECG triggering may cause severe dete- 
rioration of image quality. First, some cardiac cycles may 
be skipped, leading to an increase in data acquisition 
time. Thus, the collection of the central k-space may not 
be properly timed to the peak concentration of the con- 
trast agent. Second, subjects may not be able to hold their 
breath for an unexpected longer acquisition time, and re- 
spiratory motion artifacts may occur. This problem needs 
to be carefully addressed to ensure consistent image qual- 
ity and blood signal enhancement. 

In conclusion, our study suggests that 3D breathhold 
contrast-enhanced MRA has the potential to become a 
useful technique for imaging coronary arteries. Further 
improvement in SNR, resolution, and volume coverage is 
essential to visualize distal portions of coronary arteries. 
Optimization of contrast agent injection mode and use of 
more SNR efficient coils will help improve SNR. Other 
techniques such as partial Fourier data acquisition (1 l), 
simultaneous acquisition of spatial harmonics technique 
(30), and segmented echo planar acquisition (9,31) will 
help speed up data acquisition, improve resolution, and 
increase volume coverage. Finally, intravascular contrast 
agents offer greater relaxivity and longer data acquisition 
window and will prove more appropriate for coronary 
MRA than conventional extravascular contrast agents 
used in this study. 
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