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Abstract

Purpose—X-ray angiography is currently the standard test for the assessment of coronary artery

disease. A substantial minority of patients referred for coronary angiography have no significant

coronary artery disease. The purpose of this work was the evaluation of the accuracy of a three-

dimensional (3D) breathhold coronary magnetic resonance angiography (MRA) technique in

detecting hemodynamically significant coronary artery stenoses in a patient population with x-ray

angiographic correlation.

Materials and Methods—Sequential subjects (n = 33, M/F = 22/11, average age = 57) who

were referred for conventional coronary angiography were enrolled in the study. The study

protocol was approved by our institutional review board. Each subject gave written informed

consent. Volume-targeted 3D breathhold coronary artery scans with ECG-triggered, segmented

True Fast Imaging with Steady-state Precession (TrueFISP) were acquired for the left main (LM),

left anterior descending (LAD), and right coronary arteries (RCAs). Coronary MRA was evaluated

with conventional angiography as the gold standard.

Results—The overall sensitivity, specificity, accuracy, positive predictive value (PPV), and

negative predictive value (NPV) for diagnosing any hemodynamically significant coronary artery

disease (≥50% diameter reduction) with coronary MRA was 87%, 57%, 72%, 68%, and 80%,

respectively. The sensitivity of the technique in the LM, LAD, and RCA was 100%, 83%, and

100%, respectively. The NPV of the technique in the LM, LAD, and RCA was 100%, 82%, and

100%, respectively.

Conclusions—Three-dimensional breathhold True Fast Imaging with Steady-state Precession is

a promising technique for coronary artery imaging. It has a relatively high sensitivity and NPV.
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Results of this study warrant further technical improvements and clinical evaluation of the

technique.
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Coronary artery disease is the leading cause of death in both men and women in the United

States.1 Cardiac catheterization with conventional coronary angiography is currently the

standard test for the assessment of coronary artery disease. Although various screening tests

are available, a substantial minority of patients referred for coronary angiography have no

significant coronary artery disease.2 A noninvasive and accurate method of directly

detecting functionally significant coronary artery disease would therefore be highly

desirable.

Magnetic resonance imaging (MRI) has recently gained wide acceptance in cardiovascular

disease examinations. Substantial progress has been made in developing MRI techniques for

imaging coronary arteries in the past 10 years. These techniques can be divided into 2 major

approaches based on the methods used for reducing respiration-related motion effects: free-

breathing techniques with navigator echo-guided slice correction and breathhold techniques.

Encouraging results have been shown using the free-breathing approach to detect significant

coronary artery disease.3–5 One of the shortcomings of the free-breathing approach is the

relatively long imaging time per scan. Suboptimal image quality may result if heartbeat or

breathing pattern changes substantially during data acquisition.

With the improved gradient system in recent MRI scanners, it is now possible to obtain

three-dimensional (3D) images within a single breathhold.6 However, with the conventional

gradient-echo sequence Fast Low Angle Shot (FLASH), the signal-to-noise ratio (SNR) and

spatial resolution are limited because of the constraint of the imaging time.7 Administration

of MR contrast media has substantially improved the SNR and contrast-to-noise ratio (CNR)

of coronary arteries.8–12 However, the number of contrast-enhanced breathhold scans in an

imaging session was limited by the total contrast volume allowed per subject. Potential

errors in time delay between contrast administration and start of data acquisition may also

result in suboptimal image quality.

True Fast Imaging with Steady-state Precession (True-FISP) has been widely used in cardiac

MR imaging in recent years.13–15 A fat saturated, segmented 3D TrueFISP technique has

been developed for breathhold volume-targeted coronary artery imaging.16,17 It produces

images with inherently higher coronary artery SNR and CNR than FLASH, and it does not

require the administration of MR contrast media to obtain improved SNR and spatial

resolution. The purpose of this work was to evaluate TrueFISP breathhold coronary MR

imaging in a patient population with x-ray angiographic correlation.

MATERIALS AND METHODS

Thirty-three sequential subjects who were referred for conventional coronary angiography,

and who had no history of previous coronary angioplasty or coronary stenting and no MR
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contraindications were enrolled in the study, including 22 men and 11 women whose

average age was 57 years (range, 38–73 years). Coronary magnetic resonance angiography

(MRA) and conventional angiography were performed within 3 days to 3 months (mean 7.5

days) of each other. There were no clinical events and medication change between the 2

examinations. The study protocol was approved by our institutional review board. Each

subject gave written informed consent.

The MRI examinations were performed on a 1.5 T whole body scanner (MAGNETOM

Sonata, Siemens Medical Solutions, Erlangen, Germany) with a gradient subsystem of

maximum gradient strength of 40 mT/m and maximum gradient slew rate of 200 mT/m/ms.

A cardiac phased array coil with 12 elements (6 anterior, 6 posterior) was used for

radiofrequency signal reception. An ECG-triggered, magnetization-prepared, segmented, 3D

TrueFISP technique with fat saturation was used for imaging the coronary arteries.16

Two targeted scans were acquired in each patient, one to cover the left main (LM) and left

anterior descending (LAD) coronary arteries and the other to cover the right coronary artery

(RCA). For imaging plane localization, one or more overlapping low-resolution 3D

TrueFISP scans were first acquired in a transverse plane at the level of the main coronary

arteries. The parameters for the scans were as follows: repetition time (TR)/echo time (TE) =

2.7/1.0 milliseconds, flip angle = 70 degrees, field of view (FOV) = 255 × 300 mm2, data

acquisition matrix size = 90 × 256, number of lines acquired per heartbeat = 45, readout

bandwidth = 980 Hz/pixel. Asymmetric sampling17 was used to reduce TR, with 48 points

collected before the echo and 128 points after the echo in a 256-point image reconstruction

matrix. A total of 12 partitions (interpolated to 24) were acquired with a slab thickness of 60

mm. The breathhold time was 24 cardiac cycles during suspended inspiration. To determine

the imaging plane orientation and position for a targeted coronary artery, 3 points in the

proximal, mid, and distal segments of the coronary artery were selected manually in 3

different images of the localizer scan. The 3-point plane planning tool prescribes an imaging

plane for the subsequent high-resolution scan. High-resolution coronary artery imaging had

the following parameters: TR/TE = 3.5/1.4 milliseconds, flip angle = 70 degrees, FOV =

(180–250) × (380–400) mm2, acquisition matrix size = (160–175) × 512, lines per cardiac

cycle = 35–43 depending on heart rate, readout bandwidth = 650 Hz/pixel, slab thickness =

18 mm, number of partitions = 6 (12 interpolated), in-plane resolution = (1.0–1.6) × (0.74–

0.78) mm2, scan time = 24–30 heartbeats during suspended inspiration. The number of lines

acquired per cardiac cycle was varied with the R-R interval of the patient to maximize

imaging efficiency and to minimize cardiac motion effects. The total number of heartbeats

required for each scan varied accordingly, within a patient’s comfortable breathhold

duration. All coronary MRA data were transferred to a Siemens workstation (Leonardo,

Siemens Medical Solutions). Maximum intensity projections with a slice thickness of 3–5

mm were created on the workstations. Maximum intensity projections and original raw

images were used for image analysis.

The conventional x-ray coronary angiograms were reviewed by 2 experienced cardiologists

in consensus by using the quantitative coronary analysis method. The presence and site of

any hemodynamically significant stenosis (≥50% diameter reduction) were recorded.
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The coronary MRA images were reviewed by 2 experienced MRA reviewers by consensus,

blinded to the results of the conventional angiography. Image quality was first graded on a

scale of 1 to 5 (1 = very poor, 2 = poor, 3 = fair, 4 = good, 5 = excellent). Images with a

grade 1 or 2 were excluded from further analysis. For images with a quality grade of 3 or

above, the presence and site of any hemodynamically significant stenosis were recorded.

Prevalence, sensitivity, specificity, accuracy, positive predictive value (PPV), and negative

predictive value (NPV) of the MRA in detecting hemodynamically significant stenoses in

the visualized segments of the coronary arteries were calculated using results from the

conventional angiography as the reference.

RESULTS

Four of 33 subjects were eliminated from the study due to either unexpected claustrophobia

or difficulty obtaining a consistent and reliable ECG signal. In the remaining 29 patients, 3

patients had only their LM and LAD vessels imaged by MRI because of time constraints.

Three of 29 LMs, 1 of 29 LADs, and 7 of 26 RCAs had an MR image quality of 1 or 2 and

were eliminated from further analysis. The mean study duration was 45 minutes (range, 20–

61 minutes). The average number of breathholds for each patient was 9 (range, 5–14,

including imaging plane localization and repeating scan for the same vessel due to

suboptimal localization of coronary artery). The average breathhold duration was 22 seconds

(range, 15–33 seconds).

The numbers and lengths of coronary arteries visualized with an image quality grade of 3

and above are shown in Table 1. The prevalence, sensitivity, specificity, accuracy, PPV, and

NPV of MRA for detecting hemodynamically significant disease in the visualized segments

of the coronary arteries are shown in Table 2.

Figures 1 and 2 show normal coronary magnetic resonance angiograms and the

corresponding normal x-ray angiograms of the LM, LAD, and RCA in the same patient.

Figures 3 and 4 show coronary magnetic resonance angiograms and the corresponding x-ray

angiograms of the LM and LAD with various degrees of stenoses.

DISCUSSION

We have evaluated the 3D breathhold TrueFISP coronary MRA in a patient population with

x-ray angiographic correlation. We found the technique to have high sensitivity and high

NPV for hemodynamically significant coronary artery disease. Coronary MRA has been

shown to be clinically useful in the assessment of anomalous coronary arteries.18–20

However, with respect to the assessment of stenotic coronary artery disease, coronary MRA

is currently regarded as an investigational technique. The relatively high overall sensitivity

and NPV shown in this study are encouraging as a likely future role of coronary MRA

would be to eliminate patients with no significant stenotic disease from further

investigation.2 Our results are similar to those reported in a multicenter study using the free-

breathing, navigator echo-guided slice after approach.4 Nevertheless, our study represents a

single center clinical trial, which makes it easy to control the imaging protocol. Studies in

other institutes are necessary to evaluate the reproducibility of the technique.
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The LM, LAD, and RCA were routinely evaluated in our protocol. The left circumflex

(LCx) artery was not evaluated, which represents a limitation of this study. There are no

fundamental limitations to imaging the LCx using this technique. Based on our own

experience, one of the major challenges in imaging the LCx is finding the appropriate

orientation of the LCx, which applied to both breathhold and free-breathing approaches. The

main purpose of the study was to assess the performance of the 3D breathhold TrueFISP

technique in defining coronary artery stenoses, and we wanted to eliminate the complication

of finding the proper LCx slab orientation in this feasibility evaluation of the technique. In

addition, it has been shown that isolated LCx disease is relatively rare.4,21 Patients with

disease in the LCx are likely to have disease in other coronary arteries. In our study, 4 of 29

patients (14%) had hemodynamically significant disease in the LCx. Of these, all had

significant disease elsewhere in their coronary circulation. Therefore, for the patient group

in this study, visualization of the LM, LAD, and RCA has been sufficient for the potential

decision of whether to direct the patients to conventional angiography. However, this needs

to be assessed in a larger patient population in the future. Prior studies have had low

accuracy for detecting coronary artery disease in the LCx,4,10 and excluding the LCx in this

study may potentially have biased the results of the study favorably. Further studies are

required to assess the capabilities of this technique in defining functionally significant

stenoses in all coronary arteries.

There was a relatively low overall prevalence of hemodynamically significant disease within

the subject population, similar to the previous multicenter study.4 However, this study

population may not necessarily represent a limitation of the study because a likely future

clinical role for coronary MRA is the elimination of patients who undergo conventional

coronary angiography but do not have hemodynamically significant disease.2 Therefore, our

study population may represent the first group of patients to benefit from the clinical

implementation of coronary MRA.

Overcoming the limitation of respiratory motion is the major challenge of coronary MRA.

Although free-breathing technique allows higher spatial resolution than breathhold approach

and a previous multicenter clinical trial using the navigator echo-guided motion-corrected

free-breathing approach reliably identifies (or rules out) LM coronary artery or 3-vessel

disease,4,22 a potential limitation of the free-breathing approach is the relatively long

imaging time, during which inconsistent heartbeat or breathing patterns may result in

suboptimal image quality. Results of this study show that 3D breathhold imaging is a

practical alternative approach to free-breathing imaging.

The major advantages of breathhold imaging are the short imaging time per 3D scan and the

more complete elimination of the respiratory motion effects with cooperative patients. With

the use of TrueFISP for data acquisition, SNR and CNR are generally adequate for

submillimeter in-plane resolution. There is no requirement for contrast agents, so a 3D

breathhold scan can be repeated if the image quality is suboptimal for any reason. However,

the temporal resolution of the technique is limited. In this study, the acquisition period is

122–150 milliseconds (3.5 × 35–43), but for many normal people, the rest duration of

coronary artery is about 90–120 milliseconds when the heart rate is 70 beats per minute, and

the rest duration will decrease if the heart rate increases, so the image quality will be

McCarthy et al. Page 5

Invest Radiol. Author manuscript; available in PMC 2014 August 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



impaired when heart rate increases. Because RCA has more extensive motion radius and

shorter rest duration than other coronary arteries, we got a greater proportion of poor image

quality in RCA in this study. In addition, the technique is susceptible to arrhythmias,

incomplete breathhold, and magnetic field inhomogeneity, which resulted in poor image

quality in 13% of the arteries imaged. A combination of the breathhold and free-breathing

approaches may improve the success rate of coronary MRA.23,24

A shortcoming of the volume-targeted approach is the limited coverage of the coronary tree

for each acquisition, thus accurate volume planning is required. The mean lengths of LAD

and RCA in this study are shorter than that of the studies by Bogaert25 (72 ± 15 and 90 ± 31

mm, respectively) and Kefer26 (66 ± 12 and 115 ± 28 mm, respectively). The reason for this

is that the respiration-gated technique was used in Bogaert and Kefer’s studies.25,26

Respiration-gated coronary MRA allows larger volume slab and higher resolution. A whole-

heart coronary MRA approach has been developed in recent years which covers the entire

coronary artery tree with a single acquisition.27–29 However, the acquisition time of the

whole-heart technique is still rather long, although the acquisition time has been

substantially reduced with improved parallel acquisition techniques and radiofrequency

coils.30

This technique is undergoing continuous technical improvements. Possible approaches to

improving spatial resolution with 3D breathhold coronary artery imaging include parallel

imaging,31,32 partial Fourier reconstruction,33,34 and undersampled projection

reconstruction.35,36 These methods can potentially achieve higher spatial resolution without

increasing breathhold time. It is also possible to institute physiological approaches such as

administering oxygen to increase breathhold duration and improve spatial resolution.37

Newly developed blood pool contrast agents potentially allow improved SNR and CNR with

repeated scans.38–40 Finally, higher field strengths, such as 3.0 T imaging systems, offer the

potential for further improvement in SNR, spatial resolution,41 and imaging speed.42,43

Further investigations are necessary to evaluate the possible benefits of these methods in a

patient population.

An alternative approach to minimally invasive coronary artery imaging is multislice

computed tomography, which has been practically used.22 The state-of-the-art 64-slice

computed tomography has shown very high diagnostic accuracy and image quality.44 In

addition, multislice computed tomography allows identification of atherosclerotic plaque

components which is an important indication of plaque vulnerability.45 A study comparing

multislice computed tomography and MRI for coronary angiography showed that multislice

computed tomography had higher sensitivity and similar specificity for detecting significant

stenosis.46 However, multislice computed tomography has the disadvantages of requiring

the use of a potentially nephrotoxic contrast agent and ionizing radiation.

In this patient study, we achieved a relatively high sensitivity and NPV for

hemodynamically significant stenosis using a 3D breathhold MRA approach. TrueFISP

allows for 3D coronary artery imaging with submillimeter in-plane resolution within a single

breathhold and does not require contrast agent administration. TrueFISP has inherently high

SNR and therefore is particularly suitable for combination with techniques which improve
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spatial resolution with a reduction in SNR. Results of this study warrant further technical

improvements and clinical evaluation of the technique.
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FIGURE 1.
Coronary angiograms of the LM and LAD in a 45-year-old with palpitations and a positive

stress echocardiogram. A, The MRA image of the normal LM and LAD. B, The

corresponding normal x-ray angiogram. D1 is the first diagonal branch of the LAD

(arrowhead).
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FIGURE 2.
Coronary angiograms of the RCA in the same subject as Figure 1. A, The MRA image of the

normal RCA. B, The corresponding normal x-ray angiogram.
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FIGURE 3.
Coronary angiograms of the LM and LAD in a 54-year-old asymptomatic male marathon

runner who was referred for further evaluation of a high calcium score detected on screening

computed tomography. A, The MRA image, and B, The x-ray angiogram. There is a 30%

stenosis in the proximal LAD (solid arrows) and a 60% stenosis in the mid LAD (broken

arrows).
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FIGURE 4.
Coronary angiograms of the LM and LAD in a 67-year-old man with unstable angina and a

positive stress test. A, A coronary magnetic resonance angiogram. B, The x-ray angiogram.

There is a 40% stenosis in the proximal LAD (solid arrows) and a 50% stenosis in the mid

LAD (broken arrows).
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TABLE 1

Numbers, Mean Lengths, and Range of Lengths of Coronary Vessels Visualized by Coronary Magnetic

Resonance Angiography

Artery Number Mean Length Visualized (cm) Range (cm)

RCA 19 6.4 2.9–10.3

LM 26 Full length Full length

LAD 28 5.0 2.0–9.0
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TABLE 2

Diagnostic Accuracy of Coronary Magnetic Resonance Angiography

Variable
Left Main Coronary

Artery
Left Anterior Descending

Coronary Artery Right Coronary Artery
Any Coronary Artery

Disease

No. true negatives 23 9 11 8

No. true positives 1 10 3 13

No. false negatives 0 2 0 2

No. false positives 2 7 5 6

Prevalence (%) 4 43 16 52

Sensitivity (%) 100 83 100 87

Specificity (%) 92 56 69 57

Accuracy (%) 92 68 74 72

Positive predictive value (%) 33 59 38 68

Negative predictive value (%) 100 82 100 80
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