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ABSTRACT 

Recent developments of novel nzagnetic resonance intravascular contrast agents with low TI in blood 
and a long intravascular half-life will rapidly position magnetic resonance coronary angiography 
(MRCA) at the threshold of clinical application. This article describes the use of one such intravas- 
cular contrast agent for noninvasive coronary angiography and comparison with routine invasive 
x-ray angiography. Six domestic farm pigs with an artiJicial stenoses at the left circumflex were stud- 
ied. NC1001.50 Injection, a new ultrasmall superparamagnetic iron oxide (Nycomed Amersham I m -  
aging, Oslo, No-rway), was injected using a dose of 5.0 mg Fe/kg body weight. Scanning was done 
using a 1.5-T Gyroscan ACS-NT. A high-resolution electrocardiogram-triggered scan covering the 
entire heart was applied. Navigator echoes were used for respiratory triggering. In all animals the 
location of the stenoses detected with MRCA correlated well with x-ray angiography. The correlation 
factor between the grade of stenoses determined by MRCA and x-ray angiography was 0.993. MRCA 
using NC100150 Injection can depict the major coronary arteries and branches well. Decreases in 
vessel caliber detected by MRCA correlate well with x-ray angiography. The use of such intravascular 
contrast agents show great promise for clinical applications for noninvasive detection of coronary 
artery disease in humans. 
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INTRODUCTION 

Noninvasive delineation of the presence and seventy 
of coronary artery disease in patients represents a major 
thrust of research in magnetic resonance imaging. Over 
1.5 million invasive cardiac catheterizations are per- 
formed yearly in the United States alone, and approxi- 
mately half of those have no subsequent intervention per- 
formed, indicating that substantial cost savings in health 
care could be achieved if a robust noninvasive screening 
test were available. Magnetic resonance imaging appears 
to offer such a tool because it yields excellent images of 
cardiac anatomy, function, valve flow, and even perfu- 
sion. However, its use for noninvasive coronary angiog- 
raphy is a key to its ultimate clinical acceptance as a rou- 
tine diagnostic method. 

Magnetic resonance coronary angiography (MRCA) 
relies on the inflow of blood into coronary arteries during 
the acquisition (1 -8) to produce high signal in the coro- 
nary arteries. In areas of very slow flow, however, satura- 
tion of the signal may occur, leading to an overestimation 
of stenoses. Recently, initial trials with both extracellular 
(9) and intravascular (10) contrast agents have been re- 
ported for MRCA. The use of contrast agents alters the 
approach for MRCA because the signal from blood no 
longer relies on inflow of blood but rather on the presence 
of the contrast agent itself. The use of extracellular con- 
trast agents constrains the data acquisition to occur dur- 
ing the first pass of the injection bkause the contrast 
agent leaks into the interstitial space very quickly, lim- 
iting both spatial resolution and the extend of vessel cov- 
erage. Intravascular contfast agents allow longer acquisi- 
tion times and thereby higher resolution larger volumes 
to be covered because the half-life of some of these 
agents can be several hours (1 1). Simulations have shown 
that the T1 in blood has to be short to make a significant 
improvement in MRCA (12). This article describes the 
use of a new intravascular contrast agent with short Ti 
in blood and a long intravascular half-life that permits 
high-resolution MRCA of the entire heart. 

METHODS 

The study protocol was approved by the institutional 
animal studies committee. Six domestic farm pigs rang- 
ing in weight from 26 to 45 kg were studied. Approxi- 
mately 1 week before imaging a 3-mm hydraulic cuff 
constrictor (13) (In Vivo Metric, Healdsburg, CA) was 
placed surgically around the left circumflex (LCX) via a 
left thoracotomy at the fifth intercostal space. The place- 
ment of the balloon constrictor around the LCX produced 

an inflammatory response in the tissue surrounding the 
artery due to the manipulation of the artery and underly- 
ing tissue, resulting in a partial stenosis at rest in some 
cases. The balloon was not actively inflated during any 
of the measurements. NC100150 Injection ( I I ) ,  a new 
ultrasmall superparamagnetic iron oxide (Nycomed Am- 
ersham Imaging) was injected in an ear vein at a dose of 
5.0 mg Felkg body weight. Scanning was performed 5 
min after injection to allow the contrast agent to reach a 
steady state within the blood pool. All MR imaging was 
performed at a 1.5-T Gyroscan ACS-NT (Philips Medical 
Systems, Best, The Netherlands). The pigs were mechan- 
ically ventilated and anesthetized during the examination 
using 2-3% isoflurane with oxygen. A three-dimensional 
gradient-echo sequence with a TRITE = 7.U2.7 msec 
and a resolution of 0.9 X 0.9 X 0.9 mm was acquired 
using an 18-cm circular radiofrequency coil. Spectral fat 
suppression was applied. The data acquisition was elec- 
trocardiogram-triggered to mid-diastole using an acquisi- 
tion window of 40-60 msec depending on cardiac fre- 
quency. A flip angle sweep was applied, optimized to 
maintain a maximum constant signal of blood during the 

- acquisition (1 2). Navigator echoes were used for respira- 
tory triggering during continuous ventilation ( 10- 15 
cycles/min). A total of 40-50 slices were scanned de- 
pending on the size of the heart and the total scan time 
varied between 10 and 22 min depending on cardiac and 
respiratory frequency. The wide range in scan times was 
primarily due to differences in the acceptance rate of the 
navigator technique, due to individual variation in the 
range of diaphragm motion. 

X-ray angiography was performed within a few hours 
before the MRCA, in the same anesthesia session. 
Curved image reformats along the vessels were per- 
formed by manual identification of the vessel’s trajectory 
in three-dimensional space and then generating a slice 
along the defined trajectory using standard software on 
an Easy Vision workstation (Philips Medical Systems). 
The visible lengths of the left anterior descending, LCX, 
and right coronary artery were measured by a reviewer 
blinded to the x-ray angiography results. The x-ray and 
MR angiography images were compared qualitatively 
with respect to the position of the constrictor. The per- 
centage of stenosis in x-ray images was classified by an 
experienced observer blind to the MRCA results 
(S.A.W.) into one of the following ranges for x-ray angi- 
ography: 0-25%, 26-50%, 51-75%, 76-99%, and 
100%. The percent stenosis was also measured in the x- 
ray images using a single plane caliper measurement. For 
the MRCA, the percentage stenosis was measured using a 
caliper with the reference diameter measured in a normal 
vessel segment 10 mm from the stenosis. The correlation 
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Figure 1. Images showing x-ray angiography of the left coronary system from two pigs. 

coefficient between the stenoses measured in x-ray and 
MR angiography was calculated. 

MRCA and x-ray angiography as shown in Table 1. The 
correlation coefficient between the two measurements 
was 0.993. In all cases except pig 6, the MRCA showed 
the stenosis within the range classified on x-ray angiogra- 
phy. Pig 6's stenosis was classified to be 76-99% and RESULTS 
- .  - 

was measured to be 69% on MRCA. The mean vessel 
diameter 10 mm from the constrictor was 2.7 2 0.7 mm. 

The visible length (mean 2 SD) of the main coronary 
arteries is shown in Table 2, which indicates excellent 
coverage of the main coronary arteries. 

Figure 1 shows a view of the x-ray angiography for 
two pigs and Fig. 2 the same segments by MRCA. Note 
that also branches of the main coronary arteries are well 
visualized with MRCA. For all pigs, the position of the 
vessel constrictor correlated well between MRCA and 
x-ray angiography. In both MRCA and x-ray angiogra- 
phy, the location of the balloon constrictor is visualized 
as a stenosis in the vessel lumen. On MRCA, the location 
also was detected as signal voids on either side of the 
vessel caused by the air inside the balloon. 

The severity of stenosis correlated well between the 

DISCUSSION 

The long intravascular half-life and short T1 in blood 
obtained with the intravascular contrast agent NC 100150 
Injection (1 1,14) facilitates the depiction of the major 

Figure 2. 
same pigs as in Fig. 1. 

Images showing magnetic resonance coronary angiography curved reformats of left and right coronary system from the 
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Table I 

Percent Stenosis X-Ray vs. MRCA 

Stenosis Classified Stenosis Measured Stenosis Measured 
in X-Ray in x-Ray inMR 

AngiOgraPhY AJx&PPhY AngiOgraPhY 
Pig (%) (%I (a) 

~ ~ ~ ~~ ~~ 

1 51-75 72 
2 0-25 14 
3 51-75 70 
4 26-50 38 
5 0-25 0 
6 76-99 82 

60 
10 
63 
30 
6 

69 

coronary arteries and their branches by three-dimensional 
MRCA with high spatial resolution. The long intravascu- 
lar half-life (more than 1 hr in pigs with a T1 less than 
100 msec) and preserved contrast-to-noise ratio (1 1,14) 
also facilitates repeated measurements or measurements 
targeted to small areas of the coronary tree in addition 
to a full heart coverage measurement without losing con- 
trast to noise. Decreases in vessel caliber detected by 
MRCA correlated well with those measured and esti- 
mated by x-ray angiography. A feature with MRCA is 
the possibility to see the entire vascular tree in the same 
image. This is possible because the data acquisition is 
performed when the contrast agent has reached steady 
state in the blood pool. Thus, the contrast agent reaches 
vascular areas with very slow flow but remains at a high 
concentration, whereas x-ray angiography relies on first- 
pass imaging and therefore the vessels with slow flow 
are shown somewhat later in the acquisition. During first- 
pass x-ray angiography, reduction of the concentration of 
the contrast agent may also occur in areas of constricted 
vessels and therefore produce less contrast than that pos- 
sible with MRCA. 

Figure 2 shows not only the left coronary system but 
also the right coronary system. The fact that vascular tree 
from the entire heart is acquired in the same acquisition 
is one of the advantages of three-dimensional MRCA. 

Table 2 

Visible Length of Main Coronary Arteries in MRCA 

Visible Length (mm) 

Left anterior descending 82.6 2 12.6 
LCX 65.5 5 5.30 
Right coronary artery 83.1 -i- 21.1 

Values are means 2 SD. 

This is possible because the concentration of the contrast 
agent is the same in the entire blood pool during the 
steady-state acquisition. 

The resolution used for this study is enough to detect 
small changes in caliber of the vessels at these diameters 
(2.7 2 0.7 mm). Greater accuracy in quantification of 
stenoses may require even higher resolution. This possi- 
bility is perhaps manifest in the slight underestimation of 
the stenosis in pig 6 by MRCA, because the vessel diame- 
ter at the stenoses was smaller than the MR pixel size 
(0.9 mm). There is a trend that the higher grade stenoses 
is underestimated in MRCA as seen not only in pig 6 but 
also in pigs 1 and 3. In patients we can expect the vessel 
diameter of the major coronary arteries to be larger, al- 
though higher resolution may still be required for MRCA. 
This could be achieved by using even more efficient sam- 
pling strategies such as echo planar or spiral imaging. 

The average length of the coronary arteries visualized 
in these small pigs (26-45 kg) indicates that it should be 
possible to depict at least the proximal 100 mm of the 
coronary arteries in humans. The contrast-to-noise ratio 
could be improved further by using a prepulse to null the 
signal of the myocardium. In the present study, the high 
heart rate (100-150 beatshin) precluded the use of a 
prepulse because it would also affect the blood signal, 
leading to reduced signal to noise. However, this strategy 
should be possible in humans. 

One advantage of MRCA is the capability to collect 
three-dimensional information. Availability of isotropic 
three-dimensional data permits curved planar reformat- 
ting that is not possible with two-dimensional projections 
as acquired in x-ray angiography. Previous studies in pe- 
ripheral angiography have shown that three-dimensional 
tomographic acquisition with M R  imaging improves the 
accuracy for quantifying stenoses (15). 

One limitation of the current study is that the location 
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of the stenosis in each animal is clearly identified from 
the signal void due to the air in the vascular constrictor. 
Furthermore, the x-ray angiography measurements were 
made in a single plane only. The main purpose of the 
study, however, was to demonstrate feasibility, not to 
perform a comprehensive evaluation of sensitivity and 
specificity for detection of coronary artery stenoses. 

Further studies in patients are needed to demonstrate 
the clinical potential of this method to detect coronary 
artery disease in humans. This agent has already been 
shown to improve blood-myocardial contrast in func- 
tional MR imaging of the heart (16), and with the long 
intravascular half-life of the agent, one could envision 
using it for both functional and coronary imaging with a 
single injection. The results presented here confirm that 
an intravascular contrast agent with a long intravascular 
half-life and with a short T1 in blood enables high-resolu- 
tion three-dimensional MRCA of the entire heart. 
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