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Scientific Stat nt

Noninvasive Coronary Artery Imaging

Magnetic Resonance Angiography and Multidetector Computed
Tomography Angiography
A Scientific Statement From the American Heart Association Committee
on Cardiovascular Imaging and Intervention of the Council on
Cardiovascular Radiology and Intervention, and the Councils on Clinical
Cardiology and Cardiovascular Disease in the Young

David A. Bluemke, MD, PhD, FAHA, Chair; Stephan Achenbach, MD; Matthew Budoff, MD, FAHA;
Thomas C. Gerber, MD, FAHA; Bernard Gersh, DPhil, MD, FAHA; L. David Hillis, MD;
W. Gregory Hundley, MD, FAHA; Warren J. Manning, MD, FAHA; Beth Feller Printz, MD, PhD;
Matthias Stuber, PhD; Pamela K. Woodard, MD, FAHA

S ince the early 1960s, selective x-ray coronary angiogra-
phy has provided the only means of visualizing the
coronary arterial system in vivo. However, it has several
disadvantages. First, the incidence, albeit relatively low, of
so-called major adverse events (death, myocardial infarction,
or stroke) during or within 24 hours of selective coronary
angiography is reported to be 0.2% to 0.3%, and the incidence
of so-called minor complications (most of which are related
to problems with the peripheral vessels through which cath-
eters are inserted) is roughly 1% to 2%.'-3 Second, x-ray
coronary angiography is accompanied by a modest amount of
discomfort, because the placement of catheters is invasive.
Third, it is expensive: the required equipment is costly, and
the performance of the procedure necessitates considerable
time and skill of highly trained physicians and support
personnel. Last, the information obtained via catheter-based
coronary angiography pertains to the coronary arterial lumen
alone. As a result, alternative methods of visualizing the
coronary arterial system that would allow one to avoid these
disadvantages are desirable.

Over the past 15 years, substantial advances have been
made in noninvasive cardiac imaging in general and in
visualization of the coronary arteries in particular. Mag-
netic resonance angiography (MRA) of the coronary arter-
ies was advanced in the early 1990s with the development

of high-speed gradient techniques and dedicated cardiac
coils. The primary advantage of this technique is the
patient’s lack of exposure to ionizing radiation or iodinated
contrast media. Coronary MRA may also be combined
with other magnetic resonance (MR) imaging techniques
for assessment of cardiac function, structure, blood flow,
and viability.*

Electron-beam computed tomography (CT) with iodinated
contrast injection was originally used to perform coronary
angiograms, but this has been supplanted by multidetector CT
(MDCT) scanners that have 16 to 256 rows of detectors.
MDCT can provide visually compelling images of the coro-
nary arterial tree, although at present, the necessary radiation
dose is higher than that associated with x-ray coronary
angiography.

In this statement, we discuss and summarize these two
noninvasive modalities, MRA and computed tomographic
angiography (CTA), which may be used for coronary
artery evaluation. Because the advantages and limitations
of CT to assess the presence and extent of coronary arterial
calcification are discussed in a separate document spon-
sored by the American Heart Association, the assessment
of coronary arterial calcification is not presented in this
statement. For both MRA and CTA, we provide a discus-
sion of technical issues, applications, advantages, and
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limitations, after which we offer recommendations for
current and future uses. To accomplish this, the Writing
Committee conducted a comprehensive review of the
literature published between 1990 and 2006. Literature
searches of the PubMed/MEDLINE databases were under-
taken to identify pertinent articles. Searches were limited
to the English language. The major search terms included
the following: coronary angiography, coronary disease,
coronary vessels, humans, magnetic resonance angiogra-
phy, tomography, and x-ray computed.

MRA of the Coronary Arteries

Technical Considerations for Coronary MRA

Images of the heart must be obtained rapidly and with high
temporal resolution to reduce motion artifacts that could
otherwise cause blurring in coronary MRA images. Unlike
angiographic images obtained via catheter, MRA (and CTA)
images take a long time to acquire; for example, high-
resolution MRA visualization of the entire coronary arterial
tree takes minutes rather than seconds. In addition, cardiac
motion must be accounted for during this time period.

Cardiac Motion
Two sources of motion are associated with coronary MRA:
motion related to intrinsic cardiac contraction/relaxation and
motion attributable to superimposed diaphragm and chest
wall movement during respiration. Because the extent of
motion exceeds the diameter of the coronary artery, blurring
artifacts of the coronary artery lumen will occur unless
adequate motion-suppression techniques are applied. ECG
gating is used to account for intrinsic cardiac motion.
Coronary artery motion occurs in a triphasic pattern during
the cardiac cycle. Mid-diastole is the preferred time for image
acquisition, because cardiac motion is minimized while
coronary flow is high. The patient-specific diastasis period
(of reduced coronary motion) is usually determined by visual
inspection of cine images perpendicular to the long axis of the
proximal/mid-right coronary artery (RCA). Multiple heart-
beats are required to generate a coronary MRA. The beat-to-
beat variation in the duration of the cardiac cycle and the
period of diastasis results in image blurring. (-Blockade
prolongs the period of coronary diastasis and may help to
improve the quality of coronary MRA images.

Respiratory Motion
A straightforward approach to suppressing respiratory motion

involves the use of breath-holding during coronary MRA.
However, breath-holding strategies have several limitations.
First, spatial and temporal image resolution is limited by the
patient’s ability to hold his or her breath. Some patients may
have difficulty sustaining adequate breath-holds, particularly
when the procedure lasts longer than a few seconds. Addi-
tionally, it has been shown that during a sustained breath-
hold, there is up to 1 cm of cranial diaphragmatic (and thus
cardiac) drift.>-7 Thus, at present, breath-hold strategies for
coronary MRA have limited applicability to the broad range
of patients with cardiovascular disease.

To overcome these limitations, so-called navigator ech-
oes®~!! (similar to M-mode echocardiographic beams) can be
used during free-breathing coronary MRA to track a patient’s
diaphragmatic motion. MRA images are acquired only when
the diaphragm is within 3 to 5 mm of its end-expiratory
position. Respiratory blurring is minimized with this method
and may be further reduced by using real-time tracking of the
imaged volume position.®

Free-breathing navigator coronary MRA offers improved
patient comfort as compared with breath-holding techniques
and does not require significant patient motivation. However,
this method prolongs the duration of the coronary MRA,
because image data are collected only when the end-
expiratory position of the diaphragm coincides with the
period of coronary artery diastasis.!?> Typical examination
times for free-breathing 3D navigator coronary MRA are 7 to
15 minutes.

Spatial Resolution
The spatial resolution achievable with 3D MRA imaging (0.7

to 0.8 mm in-plane resolution and 1 to 3 mm through-plane
resolution) is inferior to that obtainable with x-ray coronary
angiography (<0.3 mm).

For MRA imaging, improvement in spatial resolution is
generally accompanied by reduction in the signal-to-noise
ratio (SNR). As the voxel size is reduced toward the resolu-
tion achievable with x-ray angiography, methods to reduce
motion artifacts from both intrinsic and extrinsic motion of
the coronary arteries become increasingly important.'3

Contrast Enhancement in Coronary MRA
Coronary MRA examinations are typically performed with-

out the addition of intravenously administered contrast
agents. The relative signal of the coronary arteries is aug-
mented using fat-saturation prepulses,'* magnetization trans-
fer contrast prepulses,'> or T2 preparatory pulses,'®!7 which
take advantage of natural T2 differences between the blood
and the surrounding myocardium. When these techniques are
used, the coronary lumen appears bright, whereas the sur-
rounding myocardium has reduced signal intensity. The lack
of exposure to ionizing radiation and the absence of exoge-
nous contrast agents facilitate repeat MRA studies when
clinically warranted.

With the use of intravenous MR contrast agents, the T1
relaxation time for blood can be shortened, which allows for
an increased contrast-to-noise ratio for coronary MRA.18.1°
The extravascular contrast agents that are presently available
in the United States for coronary MRA quickly extravasate
from the coronary lumen. Use of these agents requires rapid
first-pass imaging, which necessitates breath-holding?® and
results in images with reduced spatial resolution (as discussed
in Spatial Resolution, above).

Recent Technical Developments

Technical improvements in coronary MRA include the de-
velopment of MR methods that generate improved coronary
signals and support reduced scanning times while simulta-
neously minimizing the complexity of the examination.
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Steady-State With Free-Precession Coronary MRA
Use of the steady-state with free-precession (SSFP) method

to perform MRA makes it possible to obtain high signal
intensity from the coronary arteries and very high contrast
between the ventricular blood pool and the myocardium
without the need for contrast agents.?! SSFP imaging permits
high-quality coronary MRA during free-breathing with sub-
stantial improvements in SNR, contrast-to-noise ratio, and
vessel sharpness as compared with standard T2-prepared
gradient-echo imaging.??> Therefore, SSFP imaging may lead
to improved identification of significant coronary artery
stenoses. At present, SSFP is being evaluated at many clinical
and research centers.

Phase-Contrast MR Imaging

The phase-contrast technique measures blood-flow velocity??
combined with arterial diameter to yield a quantitative mea-
surement of blood flow (in milliliters per minute). Blood flow
can be determined when a patient is at rest or after he or she
is stressed for measurement of coronary artery blood-flow
reserve.?>24 Although it has been demonstrated in clinical
research, this method can be applied on most 1.5-Tesla and
some 3.0-Tesla MR scanners. Coronary blood flow is mea-
sured along a 2-cm straight proximal or mid-arterial segment
in vessels that are >2 mm in diameter.?’

Parallel Imaging for Coronary MRA

Parallel imaging is an MR method for reducing MR scanning
time by a factor of 2 to 3.26 However, the trade-off for
reduced acquisition time is reduced SNR for visualization of
the coronary arteries.

3-Tesla Coronary MRA
Most coronary MRA examinations are performed on 1.5-

Tesla MR systems. Higher field, 3-Tesla systems provide
better signal and contrast values relative to 1.5-Tesla systems.
The recent availability of 3-Tesla systems equipped with
dedicated cardiac hardware (eg, real-time spectrometer, par-
allel receiver technology with high bandwidth, body radio-
frequency send coil, vector ECG) and software (parallel
imaging, navigators, interactive interface) may provide a
means for substantial coronary MRA improvements in the
future.?’

Whole-Heart Coronary MRA
Until recently, coronary MRA was performed with only

portions of each arterial tree visible in each set of images.?®
This method requires the MR imaging technologist to have
extensive experience and familiarity with coronary artery
anatomy. The recent development of whole-heart coronary
MRA, which is analogous to coronary CTA, allows for
imaging of the entire coronary artery tree in an axially
acquired 3D volume. Postprocessing of the 3D images is
performed in a manner similar to that for coronary CTA. To
collect such large volumetric data sets, spatial resolution is
somewhat lower (usually >1 mm in-plane and through-plane
resolution), data are collected over approximately 100 ms of
each cardiac cycle (with potential for blurring), and scan
times are lengthy (10 to 15 minutes), thereby mandating the

Noninvasive Coronary Artery Imaging 3

Table 1. Coronary MRA for Anomalous Coronary Artery
Evaluation

Correctly Classified

Reference No. of Patients Anomalous Vessels, n (%)
McConnell et al*® 15 14 (93)

Post et al*? 19 19 (100)*

Viiegen et al*®® 12 11 (92)t

Taylor et al® 25 24 (96)

Bunce et al*’ 26 26 (100)

Razmi et al*® 12 12 (100)

*Numbers include 3 patients originally misclassified with x-ray angiography.

tNumbers include 5 patients who could not be classified with x-ray
angiography.

FNumbers include 11 patients who could not be classified with x-ray
angiography.

use of navigator echoes. Nevertheless, the whole-heart coro-
nary MRA approach has gained rapid acceptance on the basis
of promising initial results.?®

Clinical Applications and Results

Anomalous Coronary Artery

Projection x-ray angiography has traditionally been the im-
aging test of choice for the diagnosis and characterization of
coronary artery anomalies. However, the presence of an
anomalous coronary artery origin is sometimes only sus-
pected after the invasive procedure, particularly in the case of
unsuccessful engagement or visualization of a coronary
artery. In addition, the declining use of pulmonary artery
catheters during routine x-ray coronary angiography has
made it more difficult to discern the anterior versus the
posterior trajectory of the anomalous vessels.

Multiple published series exist30-33 of patients who under-
went blinded comparison of coronary MRA with x-ray
angiography (Table 1). Early coronary MRA studies often
used a 2D breath-hold ECG-triggered segmented k-space
gradient-echo approach.*°=3¢ These 2D coronary MRA stud-
ies uniformly reported excellent accuracy, including several
studies in which coronary MRA was determined to be
superior to x-ray angiography.3'-32 At most centers, 3D
coronary MRA is now used, because it offers superior
reconstruction capabilities with similarly excellent results.??
For these reasons, coronary MRA is the preferred test for
younger patients in whom an anomalous artery origin is
suspected or a known anomalous coronary artery origin needs
to be clarified and for patients who have another cardiac
anomaly associated with coronary anomalies (eg, tetralogy of
Fallot).

Coronary Artery Aneurysms/Kawasaki Disease

Although coronary artery aneurysms are relatively uncom-
mon, recent studies indicate an important role for coronary
MRA for assessment of this condition. The vast majority of
acquired coronary aneurysms in children and younger adults
are due to Kawasaki disease, a generalized vasculitis of
unknown etiology that usually occurs in children under 5
years old. Approximately 5% of patients develop coronary
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Table 2. MRA for the Detection of Coronary Artery Stenosis

No. of Negative Predictive

Reference Technique Patients Sensitivity, %* Specificity, %* Value, %* Remarks

Manning et al?® 2D BH 39 90 92 88 Per-artery analysis, proximal and mid
segments

Pennell et al®®” 2D BH 39 85 Per-artery analysis

Post et al?® 2D BH 35 63 89 81 Per-artery analysis, proximal and mid
segments

Woodard et al?® 3D Nav, retro 10 70 Per-artery analysis, proximal and mid
segments

Kessler et al?'’ 3D Nav, retro 73 65 88 92 Per-patient analysis, 52% evaluable
segments

Sandstede et al*" 3D Nav, retro 30 81 89 Per-patient analysis, all segments

van Geuns et al?' 3D Nav, retro 20 73 50 90 Per-segment analysis, proximal and

mid segments

Huber et al*'® 3D Nav, retro 32 50 91 Per-artery analysis, proximal and mid
segments

Sardanelli et al*™ 3D Nav, retro 42 82 89 93 Per-segment analysis, all segments

Wittlinger et al?'® 3D Nav, retro 20 75 100 Per-segment analysis, proximal and

mid segments

Kim et al?'8+ 3D Nav, pros 109 93 42 81 Per-artery analysis, proximal and mid
segments

Weber et al*'’ 3D Nav, pros 15 88 94 96 Per-patient analysis; all segments for

LAD, 70% segments evaluable for
RCA

Sakuma et al® 3D Nav, pros 39 82 91 93 Per-segment analysis, all segments

Dewey et al*® 3D Nav, pros 30 65 74 71 Per-segment analysis, all segments

Jahnke et al?'® 3D Nav, pros 55 78 91 Per-segment analysis, all segments

Regenfus et al*'® 3D BH 50 94 57 80 Per-patient analysis, proximal and

mid segments, 77% evaluable

segments

van Geuns et al®® 3D BH 38 68 97 94 Per-patient analysis, distal segments

for RCA only, 69% evaluable
segments

2D BH indicates 2-dimensional breath-hold; 3D Nav, retro, 3-dimensional navigator, retrospective gating; 3D Nav, pros, 3-dimensional navigator, prospective gating;

3D BH, three-dimensional breath-hold; and LAD, left anterior descending artery.

*Sensitivity, specificity, and negative predictive value based on luminal stenosis >50%.

tMulticenter trial.

artery ectasia or aneurysms despite appropriate therapy.38-40
Good correlation between coronary MRA and x-ray coronary
angiography has also been reported for ectatic coronary
arteries (distinct from Kawasaki disease) among adults.*!

Coronary MRA for Identification of Native Vessel
Coronary Stenoses

The results of coronary MRA in single-center trials are
presented in Table 2. No efficacy data have been reported
regarding “screening” coronary MRA in high-risk
populations.

A multicenter single-vendor study of 3D coronary MRA in
109 patients demonstrated 93% sensitivity, 58% specificity,
and 81% negative predictive value for the identification of
=50% diameter stenosis by quantitative coronary angiogra-
phy (Table 3).28 The sensitivity and negative predictive value
were particularly high for the identification of left-main or
multivessel disease, thereby demonstrating a role for coro-
nary MRA for this subset. Accordingly, coronary MRA may

be valuable for rendering a diagnosis for patients who present
with dilated cardiomyopathy/congestive heart failure in the
absence of clinical infarction and for determining whether the
problem is ischemic or nonischemic. A limitation of this
study for general application of the results was the use of MR
scanners from the same vendor at all sites.

Single-center data obtained from using free-breathing
navigator-gated whole-heart MRA suggest that the whole-
heart approach provides faster acquisitions (<15 minutes)
and superior accuracy,?*#?>-4¢ with sensitivities of 80% to
90% and specificity of >90%. Two comparison studies of
coronary MRA and 16-slice MDCT demonstrated similar
accuracy when compared with free-breathing coronary
MRA#7 and superior results for MDCT when compared with
a combination of free-breathing and lower-resolution breath-
hold coronary MRA.48

At experienced research centers, phase-contrast MR coro-
nary artery flow measurements can provide supplemental
information regarding the physiological importance of coro-
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Table 3. Three-Dimensional Navigator Coronary MRI:
Multicenter Trial Results

Per-Patient Left Main/3-Vessel

Analysis, % Disease, %
Sensitivity 93 100
Specificity 42 85
Prevalence 59 15
Positive predictive value 70 54
Negative predictive value 81 100

Adapted from Kim et al.?'®

nary artery luminal narrowing.**->* Impaired coronary flow
reserve measured by MR identifies coronary arterial luminal
stenosis of >70% in the left-main and proximal coronary
artery segments when the angiographic appearance of the
stenosis is of intermediate severity.#*-5! In individuals who
have undergone percutaneous coronary artery stent placement
in the left anterior descending coronary artery, impaired
phase-contrast MR flow-reserve measurements reliably iden-
tify luminal renarrowing of >50% for symptomatic patients 3
months or more after stent implantation.52>5

The results discussed above were obtained at research-
oriented centers that have the capability to perform high-
quality MRCA in either single-center or single-vendor trials.
The utility of coronary MRA in general practice has not been
established, and multivendor trials have not been conducted.

Coronary MRA for Coronary Artery Bypass

Graft Assessment

Conventional free-breathing ECG-gated 2D spin-echo
MRAS36-%° and 2D gradient-echo MRA®0-¢3 in the transverse
plane have both been used with knowledge of the origin and
touchdown site of each graft to reliably assess bypass graft
patency (Table 4). Additionally, both 3D noncontrast®* and

Noninvasive Coronary Artery Imaging 5

contrast-enhanced coronary MRA have been used for assess-
ment of graft patency,®>-°¢ with slightly improved results. The
accuracy of ECG-gated SSFP sequences appears to be similar to
that of spin-echo and gradient-echo approaches.®”

A practical limitation of coronary MRA bypass graft
assessment is related to local signal loss and artifacts that are
caused by nearby metallic objects (hemostatic clips, ostial
stainless steel graft markers, sternal wires, coexistent pros-
thetic valves and supporting struts or rings, and graft stents).
Although coronary MRA has been successfully used for
identification of graft occlusion, the inability to identify
various degrees of luminal narrowing in diseased yet patent
grafts is also a hindrance to clinical utility and acceptance.

CTA of the Coronary Arteries

CTA Techniques and Technical Issues
Because of the high motion velocity of the coronary arteries,

CT scanners must have sufficiently high temporal resolution
to provide images of the beating heart with minimal motion
artifact. Depending on the patient’s heart rate during the scan
and the phase of the cardiac cycle at which the coronary
arteries are captured, a temporal resolution of 19 to 75 ms is
desirable for coronary CTA.°%:%° Similar to coronary MRA,
coronary CTA temporal resolution is currently lower than is
optimal for coronary artery depiction.

Multidetector Computed Tomography
MDCT scanners (also known as multislice CT) with x-ray

tubes rotating fast enough to allow coronary artery imaging
(500 ms or less per rotation) became available in the late
1990s.7071 The temporal resolution of MDCT is approxi-
mately half the time it takes for the x-ray gantry to complete
a 360° rotation around the patient when a half-segment
reconstruction is used. The nominal temporal resolution can
be improved by a factor of 2 to 3 (depending on the heart rate)
by segmented reconstruction techniques that combine proj-

Table 4. Evaluation of Coronary Artery Bypass Graft Patency by Coronary MRA

Reference Technique No. of Grafts Patency, % Sensitivity, %* Specificity, %* Accuracy, %
White et al®® 2D spin-echo 72 69 86 59 78
Rubenstein et al?? 2D spin-echo 47 62 90 72 83
Jenkins et al??' 2D spin-echo 4 63 89 73 83
Galjee et al®' 2D spin-echo 98 74 98 85 89
White et al%® 2D GRE 28 50 93 86 89
Aurigemma et al® 2D GRE 45 73 88 100 91
Galjee et al®' 2D GRE 98 74 98 88 96
Engelmann et al®® 2D GRE 17 IMA 100 100 100

38 SVG 66 92 85 89
Molinari et al%* 3D GRE 51 76.5 91 97 96
Bunce et al®’ 3D SSFP 23 IMA 96 73 100 74

56 SVG 82 89 40 80
Wintersperger et al®® 3D gad MRA 28 IMA 89 96 67

48 SVG 73 94 85 cee
Vrachliotis et al%® 3D gad MRA 44 68 93 97 95

GRE indicates gradient-recalled echo; IMA, internal mammary artery graft; SVG, saphenous vein graft; and gad MRA, gadolinium MRA.

*Sensitivity and specificity based on luminal stenosis >50%.
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ection data acquired during 2 or more cardiac cycles into 1
image.”%72 Currently, MDCT scanners can acquire up to 64
slices simultaneously with a maximum temporal resolution as
low as 83 ms (dual-source MDCT).73

In MDCT coronary CTA, image data are acquired through-
out the cardiac cycle while the patient table continuously
advances through the gantry. Electrocardiographic informa-
tion is used to retrospectively reconstruct images from proj-
ection data acquired during the phase of the cardiac cycle
with the least cardiac motion. The speed of the patient table
relative to the speed of the gantry rotation (called pitch) is
such that each cross-sectional level of the heart is imaged
during more than 1 cardiac cycle. The number of image slices
acquired during each gantry rotation (currently ranging from
16 to 320) determines the overall duration of the MDCT scan
but does not directly influence the temporal resolution.

Spatial Resolution
The smallest x-ray beam collimation possible with a given

CT scanner dictates the minimal thickness of the image slices
that can be reconstructed. The slice thickness affects spatial
resolution. High spatial resolution allows assessment of small
side branches of the coronary arteries, decreases artifacts due
to partial-volume effects, and leads to better assessment of
calcified coronary artery segments and in-stent stenoses.
However, to have sufficiently low image noise with smaller
x-ray beam collimation, a large increase of the x-ray dose is
necessary.

Spatial resolution has improved with each advance in
MDCT technology. Submillimeter resolution has been
achieved in MDCT scanners ranging from 16 to 320 slices.
The spatial resolution of the present 64-slice MDCT scanners
is ~0.4 mm.” This is an improvement over the 0.7-mm
resolution of 16-slice MDCT but not as high as can be
obtained with catheter-based cine angiography (<<0.3 mm).

Contrast Medium Administration
Coronary CTA requires intravenous administration of an

iodinated contrast medium. Power injectors are programmed
to administer 50 to 160 mL of iodinated contrast medium at
a rate of 4 to 6 mL/s through a cannula designed for this
injection rate (typically 18 gauge or greater) that is usually
placed in an antecubital vein. Accurate timing of the CT scan
relative to the start of the contrast injection is the major
determinant of overall image quality and enhancement of the
coronary arteries. To optimize this timing, a test bolus of 10
to 20 mL of contrast medium can be injected to measure the
time to peak enhancement of the aortic root; this time period
is then programmed into the MDCT scanner when the
coronary CTA is performed. Alternatively, the CT scanner
can be set to automatically initiate scanning when the
enhancement of the aortic root exceeds a predetermined
threshold.

The volume of intravenous contrast medium required for
coronary CTA is proportional to the injection rate chosen and
the duration of the CT scan. Approximately 60 to 100 mL of
contrast medium is injected for coronary CTA with present
MDCT scanners.

Pharmacological Patient Preparation

Because of the limited temporal resolution of MDCT scan-
ners, low heart rates are desirable to avoid motion arti-
facts.’>78 Several studies have convincingly shown that
lowering the heart rate to 60 beats per minute or less by oral
administration of B-receptor blocking agents 60 to 90 minutes
before the scan, or intravenous administration immediately
before the scan, or both, can decrease the frequency and
extent of motion artifacts on the coronary CTA scan’>7° by
prolonging the rest period (the time during the cardiac cycle
at which coronary artery velocity is low).3° Image quality on
lower temporal resolution MDCT scanners reveals the greater
benefit of lower heart rates. For example, for scanners with a
temporal resolution of =250 ms, a heart rate of <60 beats per
minute is needed to minimize coronary motion artifacts.”79
For scanners with a temporal resolution of at least 167 ms, a
heart rate of =75 beats per minute results in acceptable image
quality.8! For new dual-source CT scanners, acceptable image
quality of the coronary arteries has been obtained at up to 90
beats per minute.®? Therefore, pharmacological heart-rate
control may not be necessary for many of the patients who
undergo coronary CTA on dual-source scanners.

Some investigators and practitioners of coronary CTA
administer sublingual nitroglycerin immediately before the
scan to achieve vasodilatation.®* The use of nitroglycerin has
been shown to improve image quality in one small study
performed using 16-slice MDCT.33

Radiation Dose
Coronary CTA can expose a patient to considerably higher
amounts of ionizing radiation than standard radiographs, CT
calcium scoring, or x-ray angiography.®* The reasons for the
higher radiation dose are that continuous x-ray irradiation
occurs during the entire 8- to 20-second MDCT scan, and this
is coupled with overlapping slices and specific requirements
for x-ray tube current and voltage. To maintain low levels of
image noise and thus high image quality, x-ray tube current
(mA) and tube voltage (kVp) must be increased with increas-
ing patient body size or decreasing slice thickness or scan
time. For a given slice thickness, radiation dose increases
linearly with tube current and by the square of the ratio
between the original and increased tube voltage setting.®s
The radiation doses for coronary CTA reported in the
literature vary, mostly because of technical differences be-
tween scanner generations (eg, 16 versus 64 slice) and
between scanners from various manufacturers. The most
meaningful parameters of CT dosimetry are the volume CT
dose index (CTDI,,)) and the effective dose (E). The CTDI,,,
expressed in SI units of milliGray (mGy),%° represents the
average radiation dose over the center slice of a CT scan and
is useful for comparing absorbed radiation doses from differ-
ent CT scanning protocols. The CTDI,,, value increases with
decreasing pitch (defined as the patient-table advance relative
to the width of all simultaneously acquired slices and not
relative to the width of a single slice). The CTDI,, is typically
displayed on the CT scanner console once an imaging
protocol has been loaded. E is the radiation dose parameter
most frequently reported in the coronary CTA literature and
is expressed in SI units of milliSievert (mSv).87-8% E cannot be

Downloaded from circ.ahajournals.org by on July 18, 2008


http://circ.ahajournals.org

Bluemke et al

measured but is a rough estimate of the biological risk of a
partial body exposure relative to an equivalent whole-body
radiation exposure. E is typically used to analyze population
dose rather than individual patient dose. The use of E allows
comparisons between the biological effects of exposure to
ionizing radiation from various sources and is not limited to
medical imaging. There are several techniques for estimating
E, and these are generally in good agreement.’”-8% Some
models report a gender-specific E, whereas others average
radiation doses between both genders. At present, the way
that effective dose quantitatively translates into a lifetime risk
of malignancies in subjects exposed to ionizing radiation is a
controversial topic.®®

In general, radiation dose increases with increasing number
and thinner collimation of slices acquired simultaneously
during each gantry rotation, because of detector inefficiency
in the presence of a broader x-ray beam and higher photon
requirements to keep image noise constant if slice thickness is
reduced. E values for vendor-recommended MDCT coronary
angiography scanning protocols range from 10.9 mSv for
male patients and 13.0 mSv for female patients with use of a
4-slice scanner® to 13.0 mSv averaged between male and
female patients with a 16-slice scanner.> For comparison, an
individual receives an ~3 mSv radiation dose each year from
natural background radiation,®' 0.05 mSv for a chest x-ray,
and ~5 to 6 mSv for a diagnostic x-ray coronary angio-
gram.”> With present technology, use of MDCT coronary
CTA in a population that is at very low risk for coronary
artery disease is inappropriate, because the risk associated
with the radiation exposure may exceed the potential benefit
of the CTA.%3

Radiation dose from coronary CTA can be reduced by
using several techniques, not all of which are available on
every MDCT scanner on the market. One technique, termed
ECG-controlled tube-current modulation, decreases x-ray
tube current during systole. Because coronary CTA images
are typically reconstructed from data acquired during diasto-
le, image quality is maintained particularly for lower heart
rates.”*~°¢ ECG-controlled tube-current modulation decreases
radiation dose by 25% to 45%, depending on the patient’s
heart rate during the scan.83949597 A second method for
radiation dose reduction is to reduce the x-ray tube current
while scanning in the anterior-posterior plane compared with
when scanning through the lateral plane.?8%°

In recent clinical studies of 64-slice MDCT coronary CTA,
E has ranged from =~10 to 14 mSv with ECG-triggered
tube-current modulation'® to 13 to 15 mSv for men and 18 to
21 mSyv for women without tube-current modulation.!0!-192 [n
a study of 1035 patients undergoing coronary CTA with
tube-current modulation, radiation dose estimates were 62
and 11*x4 mSv for 16- and 64-slice CTA, respectively.'
Using higher pitch and greater time per cardiac cycle during
which tube current is reduced by tube-current modulation
may substantially reduce the radiation dose received from
coronary CTA with dual-source CT scanners.”?

CTA Applications

Anomalous Coronary Artery
Multiple published series exist!04-109 of patients who under-

went comparison of coronary CTA data with x-ray angiog-
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Table 5. Coronary CTA for Anomalous Coronary Artery
Evaluation

Correctly Classified

Reference No. of Patients Anomalous Vessels, n (%)
Schmid et al'® 35 35 (100)

Datta et al'® 18 20 (100)

Schmitt et al'% 44 44 (100)*

Sato et al'” 5 5 (100)

Shi et al'® 16 16 (100)

van Ooijen et al'® 13 13 (100)

Ropers et al''? 30 29 (97)

*Numbers include 9 patients who could not be classified with x-ray
angiography.

raphy (Table 5) for anomalous coronary artery evaluation.
The assessment of anomalous coronary origin via cardiac CT
has been shown to be accurate''®-''2 and of benefit in
detecting and characterizing anomalous coronary artery com-
pared with x-ray angiography.!%¢

Coronary CTA for Identification of Native Vessel
Coronary Stenoses
The feasibility of coronary CTA was initially demonstrated

with 4-slice MDCT.52.63.97-106 However, image evaluation
was impaired in many cases owing to limited spatial and
temporal resolution. With the introduction of 16-slice MDCT,
image quality in coronary CTA has become more consistent.
The minimal technical prerequisite for contrast-enhanced
MDCT coronary CTA is 16-slice technology with a gantry
rotation time of <500 ms and slice collimation of <1.0 mm.
Several studies have been published that demonstrated sub-
stantially improved image quality over previous scanner
generations''? and generally improved accuracy for the de-
tection of coronary artery stenoses (sensitivity of 30% to 98%
and specificity of 86% to 98%, Table 6).°7-114-127 Studies that
used 16-slice acquisition and rotation times of <400 ms have
reported sensitivities between 83% and 98% as well as
specificities between 96% and 98%.!!7-121-127

Shorter examination times are possible with 64-slice
MDCT; these scanners also frequently incorporate improved
temporal and spatial resolution compared with 16-slice MDCT.
To date, the sensitivity and specificity of MDCT studies range
from 73% to 100% and 91% to 97%,!00-102.128-131 regpec-
tively (Table 6). Meta-analyses of 64-slice MDCT studies
arrived at sensitivities of 93% and specificity of 96%'32 (in 6
studies) and sensitivities of 86% and specificity of 96%'33 (in
19 studies).

Studies to evaluate the accuracy of coronary CTA for
stenosis detection have been limited by relatively small
patient groups. In early studies, patients were excluded from
enrollment (eg, patients with arrhythmias); also, non-
evaluable segments were often excluded from analysis. These
exclusions limit the applicability of the reported results to the
clinical situation.

Detection of in-stent restenosis has been challenging with
16-slice MDCT, because artifacts caused by stent material
frequently preclude adequate visualization of the stent lumen.
In 5 small studies that compared coronary CTA to invasive
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Table 6. CTA for the Detection of Coronary Artery Stenosis

Not Negative
No. of Evaluable,  Sensitivity,  Specificity, Predictive
Reference Technique Patients % % % Value, % Remarks
Nieman et al'™* 16-slice CT 59 7 95 86 97 Per-artery analysis, all segments
>2.0 mm
Ropers et al''® 16-slice CT 77 12 93 92 97 Per-artery analysis, all segments
>1.5 mm
Kuettner et al''® 16-slice CT 58 72 to 98* 97 to 98* 97 to 100*  Per-segment analysis, all of 13 segments
(in patients with Agatston score <1000%)
Mollet et al*” 16-slice CT 128 92 95 98 Per-segment analysis, all segments
>2.0 mm
Martuscelli et al"” 16-slice CT 64 16 89 98 98 Per-segment analysis, all segments
>1.5 mm
Hoffmann et al''® 16-slice CT 33 63 to 89* 95 to 96* 96 to 97* Per-segment analysis, all of 17 segments
(proximal and mid segments®)
Fine et al''® 16-slice CT 50 2 87 97 98 Per-segment analysis, all segments
>1.5 mm
Kaiser et al'? 16-slice CT 140 23 30 9 83 Per-segment analysis, all segments
Aviram et al'?' 16-slice CT 22 86 98 98 Per-segment analysis, all segments
>1.5 mm
Kuettner et al'?? 16-slice CT 72 7 82 98 97 Per-segment analysis, all of 13 segments
Mollet et al'? 16-slice CT 51 95 98 99 Per-segment analysis, all segments
>1.5 mm
Schuijf et al'* 16-slice CT 45 6 98 97 100 Per-segment analysis, all segments
Hoffmann et al'?® 16-slice CT 103 6 95 98 99 Per-segment analysis, all segments
>1.5 mm
Morgan-Hughes et al'?® 16-slice CT 58 2 1o 37 83 to 89* 97 to 98 97 t0 99* Per-segment analysis, all of 15 segments
(in patients with Agatston score <400*)
Achenbach et al'? 16-slice CT 50 4 94 96 99 Per-segment analysis, all segments
>1.5 mm
Garcia et al?? 16-slice CT 187 29 85 91 99 Per-segment analysis, all segments
>2.0 mm
Cordeiro et al?® 32-slice CT 30 20 76 94 96 Per-artery analysis in patients with
previously known coronary artery
disease, all segments >2.0 mm
Leschka et al'® 64-slice CT 67 94 97 99 Per-segment analysis, all segments
=15 mm
Leber et al'® 64-slice CT 59 Z 73 97 99 Per-segment analysis, segments without
severe motion artifact and vessel
contrast to noise =4
Ehara et al'® 64-slice CT 69 8 90 94 95 Per-segment analysis, segments without
severe motion artifact
Raff et al'% 64-slice CT 70 12 86 95 98 Per-segment analysis, all segments
=1.5 mm
Fine et al'® 64-slice CT 66 4 95 96 92 Per-artery analysis, all arteries =1.5 mm
Ropers et al'®' 64-slice CT 82 4 95 93 99 Per-segment analysis, all segments
=1.5 mm
Mollet et al'”! 64-slice CT 52 2 99 95 99 Per-segment analysis, 15-segment model
Nikolaou et al??* 64-slice CT 72 10 86 95 97 Per-segment analysis, all segments
>1.5 mm
Schlosser et al*® 64-slice CT 61 100 95 100 Per-segment analysis, unevaluable
segments considered stenotic
Muhlenbruch et al®® 64-slice CT 51 87 95 98 Per-segment analysis
Meijboom et al??’ 64-slice CT 104 92 91 99 Per-segment analysis
Schuijf et al*® 64-slice CT 60 85 98 99 Per-segment analysis

(Continued)
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Table 6. Continued
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Not Negative
No. of Evaluable,  Sensitivity,  Specificity, Predictive
Reference Technique Patients % % % Value, % Remarks
Oncel et al*® 64-slice CT 80 96 98 99 Per-segment analysis
Herzog et al®*® 64-slice CT 50 89 92 97 Per-segment analysis
Ehara et al** 64-slice CT 69 8 90 94 95 Per-segment analysis
Shabestari et al232 64-slice CT 143 2 94 97 97 Per-vessel analysis
Cademartiri et al®® 64-slice CT 72 0 100 98.6 100 Per-segment analysis
Hausleiter et al*** 64-slice CT 114 8 92 92 99 Per-segment analysis, unevaluable segments
considered stenotic
Meijboom et al?*® 64-slice CT 254 88 94 99 Per-segment analysis
Andreini et al?®® 64-slice CT 200 3 99 96 100 Per-segment analysis
Pundziute et al* 64-slice CT 103 3 97 91 98 Per-segment analysis
dual source
Weustink et al**® 64-slice CT 100 95 95 99 Per-segment analysis
dual source
Leber et al*® 64-slice CT 90 90 98 99 Per-segment analysis
dual source
Scheffel et al?* 64-slice CT 30 96 98 99 Per-segment analysis
dual source
Oncel et al* 64-slice CT 15 6-7 80-87 98-99 99 Per-segment analysis in patients with atrial
dual source fibrillation
Johnson et al*? 64-slice CT 35 2 88 98 99 Per-segment analysis in patients with atrial
dual source fibrillation
Ropers et al*® 64-slice CT 100 4 90 98 99 Per-segment analysis in patients with atrial
dual source fibrillation
Heuschmid et al®* 64-slice CT 51 18.5 96 87 99 Per-segment analysis
dual source

*Sensitivity, specificity, and negative predictive value based on luminal stenosis >50% in evaluable segments.

angiography, sensitivity for detection of in-stent restenosis by
16- and 40-slice MDCT was 54% to 100%.'3+135 Up to 49%
of stents were not evaluable.'3>-13° One study that assessed
only stents implanted in the left main coronary artery (mean
stent diameter 3.9 mm) found 4 of 4 stent restenoses.!3* A
recent study performed by 64-slice CT in 64 patients with 102
stents demonstrated that only 58% of stents were evaluable
by CT. In evaluable stents, sensitivity and specificity for
detection of in-stent stenosis was 86% and 98%.'4° However,
in this and other studies, a substantial influence of stent size
and material, as well as of CT system specifications and
image acquisition and reconstruction protocols used on stent
visibility has been documented.!#!-144 Thus, routine assess-
ment of coronary stents has not been shown to be reliable
with present technology.

The presence of hemodynamically relevant coronary artery
stenoses in patients without stents and bypass grafts may be
ruled out by MDCT with a high negative predictive value
(between 98% and 100% in most studies). MDCT for the
diagnosis of hemodynamically relevant coronary artery ste-
noses should be limited to patients who do not have a high
pretest probability. In patients with a high pretest probability
of coronary stenoses, a clinical benefit of MDCT coronary
angiography is unlikely, given the increased likelihood that
interventional treatment (invasive angiography or bypass
surgery) will be necessary. In the case of equivocal stress-test

results, it is conceivable but unproven that MDCT coronary
CTA may facilitate a decision for or against invasive coro-
nary angiography. Screening of asymptomatic individuals
concerning the presence of coronary artery stenoses is not
justified at present.

Coronary CTA for Coronary Artery Bypass
Graft Assessment
Occlusion and patency of arterial and venous bypass grafts

can be assessed with high accuracy (sensitivity of 100% for
detection of bypass occlusion in 3 studies performed with
16-slice MDCT). However, the detection of coronary ste-
noses at the anastomotic site and in the native coronary
arteries after bypass surgery has been difficult with both
16-slice!4>-153 and 64-slice systems.!>* Specifically, overes-
timation of coronary obstruction has been reported in the
presence of coronary calcification'>* (Table 7).

Limitations of Coronary CTA and MRA
Coronary MRA and CTA are purely diagnostic tests that do
not provide an option for immediate intervention and do not
presently serve as the only basis for performing coronary
artery bypass surgery. No outcomes-based analysis has been
performed to establish the usefulness of either modality in a
given clinical situation. The published comparisons between
coronary CTA and MRA on one hand and catheter-based
angiography on the other have generally comprised relatively
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Table 7. Evaluation of Coronary Artery Bypass Graft Occlusion and Patency by 16-Slice and 64-Slice Coronary CTA

Bypass Occlusion

Bypass Stenosis

No. of
Reference Patients Sensitivity, %* Specificity, %* Not Evaluable, % Sensitivity, %* Specificity, %* Not Evaluable, %
Nieman et al'*® 24 100 98 Oto5 60 to 83 88 to 90 51010
Martuscelli et al'* 96 100 100 9to 12 90 100 910 12
Schlosser et al' 51 100 100 12 90 100 12
Chiurlia et al'® 51 100 100 0 96 100 0
Moore et al'®' 50 100 100 0 100 99 0
Burgstahler et al'® 13 100 100 5 100 93 0
Salm et al'®3 25 100 100 8 100 94 8
Anders et al'*® 32 100 98 0 75 to 100 92 t0 93 16
Pache et al'® 31 100 100 3 98 98 3
Malagutti et al'** 52 99t 961 0t
Meyer et al?* 138 97 97 2
Onuma et al? 54 100 100 100 98 5
Feuchtner et al?¥ | 85 95
Ropers et al?*® 50 100 94 0

*Sensitivity and specificity based on luminal stenosis >50%.
tAnalysis of graft stenosis and graft occlusion combined.

small groups of patients who were preselected to undergo
angiography as well as CTA or MRA.

A technical limitation of both CTA and MRA is lower
spatial resolution than is possible with invasive angiography.
It has not been consistently shown that either method accu-
rately grades the degree of luminal narrowing within coro-
nary artery lesions. Because the temporal resolution is low,
motion artifacts can occur that cause false-negative and
false-positive findings. Other image artifacts can be intro-
duced by the patient’s inability to follow breathing com-
mands, involuntary motion of the diaphragm, and arrhyth-
mias that occur during the CTA or MRA scan. Continuous
visualization of the coronary arteries is not possible at present
in patients with atrial fibrillation or frequent ectopy.

Potential risks associated with coronary CTA and MRA
include the use of sublingual nitroglycerin as well as phar-
macological control of heart rate for CTA. The image quality
of coronary CTA has been shown to benefit by the adminis-
tration of B-blocker therapy to slow the heart rate. The
potential for patient self-referral for coronary CTA or MRA
without knowledge of its benefits versus risks expands
questions of risk assessment into the public health and policy
arena.!>>

Limitations Specific to Coronary MRA

Relative to invasive angiography as well as coronary CTA,
the spatial resolution of MRA is significantly lower. This
lower spatial resolution, along with the necessity to average
data from several cardiac cycles to form an image, is probably
one of the primary reasons for the generally lower reported
sensitivity and specificity of coronary MRA compared with
CTA (Tables 2 through 6). However, one recent direct
comparison of MRA and 16-slice MDCT coronary CTA
showed similar sensitivity (75% versus 82%, respectively)
and specificity (77% versus 79%, respectively)*’ despite

these acknowledged differences in spatial resolution between
the two methods.

The techniques for coronary MRA vary based on the MR
vendor and software availability. Coronary MRA may not be
widely available, particularly at community imaging centers.
Patients who have implanted electronic devices such as
internal defibrillators are generally excluded from receiving
MR imaging. Metal in the chest from sternal wires or from
coronary stents may preclude visualization of coronary arter-
ies near the metal. Claustrophobia occurs in 1% to 5% of
patients who undergo MR imaging. This can be controlled by
the administration of anxiolytics, but substantially altered
breathing patterns and reduced ability to cooperate may
negatively affect the quality of the examination. Nondiagnos-
tic MRA examinations may occur in patients with highly
irregular breathing patterns. Coronary MRA examination
time in experienced labs should be ~30 minutes using a 2D
breath-hold strategy. Using 3D whole-heart imaging, similar
scanning times are reported.

Limitations Specific to Coronary CTA

Calcifications within the coronary arteries can cause false-
negative and, more frequently, false-positive findings''® con-
cerning the presence of coronary artery stenosis. Coronary
artery segments with substantial calcification may not be
evaluable with respect to the presence of a hemodynamically
relevant stenosis. The coronary lumen is generally not well
observed in the region of a coronary stent.

Coronary CTA requires intravenous injection of iodinated
contrast media. Because patients may subsequently require
invasive angiography, those with compromised renal function
are generally excluded from coronary CTA. In addition to
nephrotoxicity, intravenous administration of iodinated con-
trast media may also be associated with anaphylactoid
reaction.!>6-16!
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Table 8. Reporting of Coronary CTA and MRA Results

Indication for examination

Imaging technique used
Administration of contrast agents (type, dose, route)
Vasodilator or B-blocker
Workstation methods for image reconstruction
Complications

Description of findings
Overall description of image quality/diagnostic confidence
Anomalies of coronary origin
Right or left dominant system
Location and size of any coronary artery aneurysm/dilatation

Description of atherosclerotic narrowing for vessels =2 mm in diameter
(CTA)

Location of atherosclerotic narrowing by anatomic landmarks
Diffuse or focal disease description

15-Segment model may be used for description

Noncardiac findings (eg, adjacent lung fields, aorta)

Ventricular size and function when requested if appropriate software is
available

Limitations of the examination
Heavy calcification (CTA)
Motion abnormalities, arrhythmia
Difficulties with contrast injection
Summary statement/impression and recommendation

The predominant risk of coronary CTA is radiation expo-
sure (as discussed in Radiation Dose). Recent improvements
in spatial and temporal resolution of MDCT have made
coronary CTA feasible in infants and children, particularly
for delineation of anomalous coronary artery origin and
course. However, the projected lifetime cancer mortality that
is attributable to radiation exposure from CT is significantly
higher in children than in adults.'®> Bismuth-coated latex
shielding placed over breast tissue has been suggested to
decrease breast radiation exposure by 40% without signifi-
cant image degradation during CT of female children.'®3 High
heart rates and the potential need for sedation further com-
plicate the expansion of MDCT to the pediatric population.

Reporting of Coronary CTA and MRA Results
The coronary CTA or MRA report (Table 8) should provide
as much information as possible using terminology similar to
that used in the reporting of catheter-based angiography.
Compared with MRA, coronary CTA is more frequently
performed for clinical evaluation of atherosclerotic coronary
artery disease. Coronary CTA can assess the presence of
noncalcified and calcified coronary artery plaque, whereas
coronary MRA cannot easily differentiate between the two.
Although the additional performance of high-resolution imaging
of the coronary artery wall may assist in plaque-component
characterization,'®* this technique is still in its infancy.

A comment should be made in the report regarding the
technical quality of the examination, especially if it is poor or
adversely affected by respiratory motion, cardiac motion, or
poor contrast opacification. Unlike x-ray angiography, both
CTA and MRA examinations will image the valves, great
arteries, myocardium, pericardium, and adjacent lung tissue.
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A comment should be made in the report if an abnormality in
these surrounding structures is present.

In reporting results of both coronary CTA and MRA, the
physician should comment on the origin and course of
the epicardial vessels. Particular mention should be made if
the origin or course of an artery is anomalous. In addition,
comment should be made as to whether the coronary artery
system is right or left dominant. This may be determined by
identifying whether the posterior descending artery and left
posterior ventricular branch receive blood supply from the
right (RCA) or left (usually left circumflex [LCX]) coronary
artery system or both.

The report should state the presence, location, and size of
any coronary artery aneurysmal or pseudoaneurysmal dilata-
tions. The location and patency of coronary artery bypass
grafts can be assessed with either method,'>%1%> and this
information should be reported.

For coronary CTA, vessels of =1.5 to 2 mm in diameter
can be assessed for atherosclerotic narrowing.'®® Reporting
should include all coronary arteries of this size, including
epicardial vessels (left main, left anterior descending, left
circumflex, RCA) and their branches (diagonals, obtuse
marginals, left posterior ventricular branch, posterior de-
scending artery, etc).

Images of the coronary arteries should be assessed on a
workstation that allows for interactive manipulation and
postprocessing of the acquired data set. Images should first be
assessed on the transversely acquired source images, and the
presence and location of coronary artery atherosclerosis
should be noted. Most studies have used combinations of at
least 2 types of image displays.'¢7-198 Coronary arteries should
be assessed by multiplanar reformations or curved multipla-
nar reformations perpendicular to one another at the vessel
center. Thin maximum-intensity projection images may be
useful for assessment but should not be the only data assessed
for reporting purposes given the potential for missing coro-
nary lesions due to overlapping high-density structures that
may obscure lumen narrowing.

The location of the atherosclerotic lesions, namely, proxi-
mal, mid-, and distal for the RCA, and by anatomic land-
marks for the left anterior descending and left circumflex
arteries (ie, just prior to first diagonal), should be described in
addition to whether the disease is diffuse or focal. For x-ray
angiography, some investigators have described using a
15-segment model,'® and this reporting design may be used
for coronary CTA.

With coronary CTA, images may also be reconstructed to
obtain accurate functional cardiac information,!”° such as left
ventricular end-diastolic volume, end-systolic volume, and
ejection fraction. This information may be helpful to the
clinician and may be included if the analysis software for this
purpose is available.

Future Directions in Noninvasive Coronary
Artery Imaging With CT and Magnetic
Resonance Imaging

Imaging of Atherosclerotic Plaque
Catheter-based angiographic studies have shown that myo-
cardial infarction may result from rupture of a vulnerable
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plaque in the absence of a significant luminal stenosis. Other
markers of vulnerability include presence of inflammatory
cells, a thin fibrous cap, and a large lipid core.!>°-163 These
rupture-prone plaques, which are 7 times more likely to
ulcerate than the more severe, extensive plaques, are not
visible on 2D x-ray angiography.!”!-!7> Thus, techniques for
noninvasive imaging of atherosclerotic plaque with MR or
CT have been of great interest.

The likelihood of plaque rupture is based on plaque
composition rather than plaque volume.!'”"!73 It has been
observed that unstable plaques are generally higher in lipid
content than stable plaques. Most ruptures occur in plaques
containing a soft, lipid-rich core covered by a thin, inflamed
fibrous cap.'” A thin fibrous cap is on the order of 70 wm,
which is 10 times beyond the present in-plane resolution of
MDCT (750 wm) and magnetic resonance imaging (MRI;
500 to 780 wm).!75

Noncalcific Plaque Detection With Coronary CTA
Improved spatial and temporal image acquisition with sub-

millimeter slice collimation has facilitated atherosclerotic
plaque detection via MDCT. Preliminary studies suggest that
CT has the potential to distinguish between fat tissue, fibrous
tissue, and calcium. The lowest CT density values correlate
well with lipid-laden plaque on intravascular ultrasound
(IVUS), whereas intermediate densities correlate with fibrous
lesions. However, overlap between densities makes distinc-
tion between fibrous and soft plaques more problematic.!7® At
present, assessment of noncalcified plaque remains limited to
studies of very high image quality and may not pertain to
average clinical applications.!77-179

CT technology has been compared with intravascular
ultrasound in the classification of plaque composition with
cardiac CT.!77-180-184 Ip the largest MDCT study that evalu-
ated 875 coronary segments, sensitivity values for hypo-
echoic, hyperechoic, and calcific plaques were 78%, 78%,
and 95%, respectively, whereas specificity was 92%.!8!
However, this study demonstrated that optimal diagnostic
image quality was not obtained for 15% of coronary vessels.
The investigators also conceded that noncalcific plaque visu-
alization is limited by plaque and vessel size. The smaller
plaques located in smaller coronary sections were not accu-
rately characterized. Advances in spatial resolution in future
generations of CT may help overcome these limitations.

Quantification of coronary atherosclerotic plaque burden
using CT technology is presently limited. In the study by
Achenbach et al,'”” MDCT substantially underestimated
plaque volume per segment as compared with IVUS (24£35
versus 4360 mm®, P<<0.001). In other comparisons between
MDCT and IVUS, plaque areas showed moderate correlation
(r=0.55) between the two methods, with a significant ten-
dency toward overestimation by MDCT (8.3*+4.8 versus
7.3%3.1 mm’, P<0.001).'85 Plaque volumes in the proximal
coronary arteries were found to correlate significantly be-
tween 64-slice MDCT and IVUS, with a correlation coeffi-
cient of r=0.83.17° However, interobserver variability for
plaque volume measurements by MDCT have been as high as
37%.17° The Scientific Statement on Cardiac CT published by
the American Heart Association discusses the applications of

soft-plaque detection and the relationship to calcified
plaque.!8¢

Noncalcific Plaque Detection With MR
The coronary artery wall may be evaluated with MR using

“black-blood” pulse sequences that do not require iodinated
contrast media or ionizing radiation.!”®-!87 Black-blood MR
has been used extensively for imaging plaque in the carotid
wall.'88-197 At present, the maximum resolution of the
method is 500 to 780 pm.

The wall thickness in MR corresponds to intima, media,
and adventitial layers, with increased wall thickening in
atherosclerosis occurring primarily in the media.!9%-198.199 [n
patient studies, coronary wall MR identified increased coro-
nary artery wall thickness with preservation of lumen size in
patients with nonsignificant coronary artery disease, which is
consistent with a Glagov type of outward arterial remodel-
ing.'”® MR of coronary arteries in patients with >40%
stenosis as assessed by x-ray angiography revealed localized
wall thickness; the difference in maximum wall thickness
between the normal subjects and patients was statistically
significant (P=0.0001).'8° Individuals with mild yet angio-
graphically detectable coronary artery disease had a wall
thickness as measured by MR of 1.7%0.3 mm; wall thickness
in healthy subjects was 1.0+£0.2 mm.!78

Intravascular MR Contrast Agents

Current FDA-approved contrast agents for MR in the United
States are extracellular agents that leak rapidly (within
seconds) out of the vessel lumen into the extracellular spaces.
This leakage reduces enhancement of the vessel lumen.
Newer intravascular agents (the so-called blood-pool agents)
that are based either on gadolinium (eg, B22956 and MS-325)
or iron oxide (eg, AMI 227) have been developed.!819,200-202
The use of intravascular agents has the advantage of allowing
image acquisition over longer time periods. Because the
signal of blood remains relatively constant for a prolonged
time after a single injection, navigator approaches or multiple
breath-holds can be used after a single injection.'® Initial
results for these contrast agents in improving vessel sig-
nal?03:204 and sharpness?°3205 have been reported.

Summary and Recommendations
Noninvasive coronary CTA and MRA represent substantial
advances that may ultimately be valuable for diagnosis of
significant coronary artery disease. The chief advantages of
coronary CTA compared with MRA are wider availability,
higher spatial resolution, and more consistent, shorter exam-
inations with better patient adherance. Advantages associated
with coronary MRA are a lack of ionizing radiation and a lack
of administration of iodinated contrast material. Both tests are
presently suboptimal for patients with atrial fibrillation and
other arrhythmias, and image quality may be further reduced
by high body mass.

Specific recommendations for use of these technologies are
expected to change along with advances in scanner hardware
and software. At present, the following general statements
represent the consensus opinions of the writing group:
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Classification of recommendations and levels of evidence
are expressed in the American College of Cardiology/Amer-
ican Heart Association (ACC/AHA) format as follows:

® (Class I: Conditions for which there is evidence for and/or
general agreement that the procedure or treatment is
beneficial, useful, and effective.

® Class II: Conditions for which there is conflicting evi-
dence and/or a divergence of opinion about the usefulness/
efficacy of a procedure or treatment.

o Class IIa: Weight of evidence/opinion is in favor of
usefulness/efficacy.

o Class IIb: Usefulness/efficacy is less well established
by evidence/opinion.

® (lass III: Conditions for which there is evidence and/or
general agreement that the procedure/treatment is not
useful/effective and in some cases may be harmful.

® Level of Evidence A: Data derived from multiple random-
ized clinical trials.

® Level of Evidence B: Data derived from a single random-
ized trial or nonrandomized studies.

® Level of Evidence C: Only consensus opinion of experts,
case studies, or standard of care.

1. Neither coronary CTA nor MRA should be used to
screen for coronary artery disease in patients who have
no signs or symptoms suggestive of coronary artery
disease. (Class III, level of evidence C)

2. No multivendor trial data are available for coronary
MDCT CTA or for present whole-heart coronary MRA.
Thus, the applicability of these methods beyond the
reporting research centers is unknown. Ideally, both mul-
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tivendor and additional multicenter validation of these
methods should be performed. (Class I, level of evidence C)

. The potential benefit of noninvasive coronary angiography

is likely to be greatest and is reasonable for symptomatic
patients who are at intermediate risk for coronary artery
disease after initial risk stratification, including patients
with equivocal stress-test results. (Class Ila, level of
evidence B) Diagnostic accuracy favors coronary CTA
over MRA for these patients. (Class I, level of evidence
B) Concerns regarding radiation dose limit the use of
coronary CTA in high-risk patients who have a very low
pretest likelihood of coronary stenoses; patients with a
high pretest likelihood of coronary stenoses are likely to
require intervention and invasive catheter angiography for
definitive evaluation; thus, CTA is not recommended for
those individuals. (Class III, level of evidence C) Pro-
nounced coronary calcification may negatively impact
interpretability and accuracy of coronary CTA and thus,
the usefulness of CTA is uncertain in these individuals.
(Class IIb, level of evidence B)

. Anomalous coronary artery evaluation can be per-

formed by either CTA or MRA; radiation-protection
concerns indicate that MRA is preferred when it is
available. (Class Ila, level of evidence B)

. Reporting of coronary CTA and MRA results should

describe any limitations to the technical quality of the
examination and the size of the vessels, descriptions of
coronary anomalies, coronary stenosis, and significant
noncardiac findings within the field of view. (Class I,
level of evidence A)

. Continued research in cardiac CT and MR imaging is

encouraged to determine the potential of these non-
catheter-based modalities to detect, characterize, and
measure atherosclerotic plaque burden, as well as its
change over time or as the result of therapy. (Class I,
level of evidence C)
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