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Abstract: Methods of noninvasive evaluation of coronary artery

disease—including multidetector row computed tomography,

electron beam computed tomography, magnetic resonance

imaging, and nuclear studies (single photon emission computed

tomography, positron emission tomography)—are reviewed.
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Coronary atherosclerosis continues to be one of the
great killers in the modern world. Coronary athero-

sclerosis and its associated conditions remain a severe
strain on health care spending in developed economies.1

Despite the advancements in diagnosis and treatment of
coronary artery disease (CAD), associated mortality and
morbidity continue to be high.

Invasive catheter coronary angiography is the
reference standard for CAD. It is desirable to have a
noninvasive test for CAD because of its cost and
morbidity. Multidetector row computed tomography
(MDCT), electron beam computed tomography (EBCT),
magnetic resonance Imaging (MRI), nuclear studies
(single photon emission computed tomography, positron
emission tomography) all have roles for noninvasive
evaluation of CAD.

Computed tomography of the heart was unimagin-
able until the advent of EBCT and more recently MDCT
technology. This was because of the fast motion of the
heart and small caliber of the coronary vessels. MDCT
has relatively high spatial resolution and generates images
of near isotropic quality. Although the temporal resolu-
tion of MDCT has not yet matched that of EBCT,
acceptable image quality can be achieved with temporal
resolution as low as 165ms.2–4 Advancements in MDCT
technology (Dual source CT, 256 Slice MDCT) improve
the temporal resolution thereby reducing the motion
artifacts.5–7 However, further advancements in terms of

spatial and temporal resolution are required if MDCT is
to match catheter angiography.

EVALUATION OF ATHEROMATOUS
PLAQUE BY MDCT

Catheter angiography provides accurate informa-
tion about the lumen of the coronary artery but does not
reliably detect noncritical disease because it lacks the
ability to image the wall of the artery. Significant disease
can exist in the coronary arterial wall even though
the lumen is nonstenotic owing to positive remodeling of
the wall. MDCT on the other hand provides information
about the lumen and the wall as well. Theoretically
differences in CT attenuation can be expected for lipid,
fibrous, and calcified plaque because of the inherent
difference in the respective plaque composition and
studies have used this fact in an attempt to classify
plaques by MDCT.8,9 The sensitivity of detection of
calcified plaque is very high; however, the sensitivity of
detection of noncalcified plaque at present is between
50% and 80%. Lumen and plaque area measured on
MDCT correlates well with the intravascular ultrasound
(IVUS) measurements.10 Although the ability of MDCT
to characterize plaque still lacks the accuracy of IVUS, its
noninvasive nature as compared with IVUS makes
MDCT an appealing alternative.9

Calcified Plaque and Calcium Scoring
EBCT has been in use for the detection of coronary

calcium for more than a decade now.11 Wide availability
of MDCT in comparison with EBCT and improvements
in MDCT hardware resulted in MDCT evolving as the
current prime modality of calcium scoring.

Coronary calcium scoring is being increasingly used
for risk stratification of CAD in asymptomatic patients.
Calcium scores show good correlation with the total
coronary atherosclerotic plaque burden and point toward
future adverse cardiac events like myocardial infarction
and sudden cardiac death.12 High absolute calcium scores
in asymptomatic patients greatly increase the chance of
the patient having unfavorable cardiac outcome in future.
Hence high calcium scores currently form one of the
triggers for institution of prophylactic medical therapy to
prevent morbidity and mortality.13 Data are lacking
regarding the validity of calcium scores as a screening tool
in isolation with other risk factors to predict future
adverse cardiac events and also there is no consensus onCopyright r 2007 by Lippincott Williams & Wilkins
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whether CAD risk can be lowered in patients with high
calcium scores.

The calcium scoring system developed by Agatston
et al11 was originally intended for use with EBCT. The
Agatston score was calculated from the coronary calcium
that was greater than 130 HU in density and at least 2
contiguous pixels in area. This score has now been
adapted for use with MDCT. In comparison with the
Agatston score, other representations of calcium burden
such as calcium volume and calcium mass have been
shown to have better correlation with plaque burden and
have low interscan and interobserver variability.14 How-
ever, the Agatston score remains, currently, the primary
way of reporting and interpreting the calcium burden.

Evaluation of Noncalcified Plaque
Unlike calcium scoring, identification of noncalci-

fied plaque requires the presence of contrast in the vessel
lumen. On MDCT, plaque having a typical attenuation
value less than 130HU or according to some authors15

attenuation values less than the attenuation of the
contrast in the vessel lumen can be considered as
noncalcified plaque.

Coronary atherosclerosis manifests as a spectrum of
disease that undergoes change according to time. Histo-
logic classification exists to describe these changes and the
relevance of the changes to likely adverse events.16,17

Studies have attempted to classify the atherosclerotic
lesion by MDCT on similar lines.18–20 Remodeling Index
(RI) is defined as the ratio between cross-sectional area of
the entire vessel at the site of maximum narrowing and
the average of distal and proximal reference vessel cross-
sectional areas. Measurements of RI can be performed on
MDCT. A higher RI is associated with increased
incidence of future adverse coronary events, but there is
no definite cut-off value to identify the vulnerable
patients.15 On MDCT, the typical attenuation values of
the lipid rich plaques and the noncalcified fibrous plaques
are 50 to 70HU and 90 to 116HU, respectively.18–20 The
calcified plaques usually have attenuation values above
130HU. Studies have reported mean attenuation values
of calcified plaque around 390HU.19 There is a subs-
tantial overlap between the attenuation values of different
types of plaque to reliably classify them on the basis of
attenuation differences alone and also the thin fibrous cap
of the vulnerable plaque cannot be resolved at the current
spatial resolution of MDCT.9,18–20

Innovative techniques for the detection of plaque
composition such as fractal textural analysis and wavelet
analysis may help in the characterization of plaque.21–23

Obstructive CAD
The diagnostic accuracy of MDCT to detect

significant coronary artery stenosis has been increasing
with increase in the number of detector rows (4-slice to
16-slice to 64-slice currently) and faster gantry rotation.24,25

Most studies in the past showed a moderate predictive
value for detecting stenosis on per segment analysis
but excluded unevaluable segments for arriving at the

results.26,27 Few studies that evaluated the performance
of MDCT on a per patient basis reported high positive
predictive values (PPVs) for the detection of stenosis on
MDCT.28,29 A recent study using a 64-slice MDCT
reported a high PPV of 93% on per patient basis.25

Another study, similarly, showed a PPV of 98% but
about 8% of the total segments were unevaluable owing
to motion, calcification, or stents.30 Most of the studies,
however, report a high negative predictive value of 95%
to 98%.25,30,31

Despite the advancements in technology, many
limitations in MDCT imaging of coronaries still exist.
Motion is probably one of the most important factors
affecting the image quality of coronary CT angiogram.
Imaging patients with heart rates above 65 bpm and
patients with arrhythmias is currently a challenge.
Artifacts from vessel wall calcifications and stents make
the visualization of adjacent lumen difficult. Visualization
of vessel lumen on CTA is relatively better in patients
with diffuse calcification when compared with those with
clumpy calcification. Some institutions perform a ‘‘check’’
calcium scoring acquisition before CTA and discontinue
the scan if a high calcium score is noted. However, no
consensus exists regarding the cut-off value of calcium
score beyond which CTA is not performed. Variable
contrast enhancement can also be problematic.

MDCT VERSUS CATHETER ANGIOGRAPHY
Catheter angiography is not only more accurate for

the diagnosis of CAD than MDCT, it also guides patient
management. This latter attribute has yet to be addressed
in studies using MDCT. Certainly if MDCT is to replace
diagnostic coronary angiography, it must also be able to
triage medical therapy, percutaneous interventions, and
coronary bypass surgery. Some of the shortcomings
of MDCT may be overcome to a certain degree by
integrating MDCT with other imaging modalities like
PET, MRI, and SPECT to gather complimentary
information.

MYOCARDIAL VIABILITY ON MDCT
Apart from the morphologic information of the

heart, MDCT can also provide information regarding the
status of myocardial perfusion.32–34 Myocardial defects
can be categorized according to the enhancement patterns
as early defect (ED), residual defect (RD), and late
enhancement.34 These are analogous to descriptions on
MR perfusion imaging of the myocardium. ED is noted
as dark area having significantly lower attenuation than
the normally enhancing myocardium in the early phase
(30 to 60 s) after contrast injection. ED indicates decrease
in myocardial blood flow in the area. RD is noted as a
dark zone with low attenuation with respect to the
surrounding hyperenhanced myocardium in the delayed
phase of imaging (5 to 10min after initial contrast
injection). This represents the necrotic myocardium with
no chance for recovery. Late enhancement is the
hyperenhanced region in delayed phase of imaging
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usually noted surrounding RD. This hyperenhancement
might predict the functional recovery on reperfusion.34

Although many animal models were studied, very few
human studies exist in literature. The main reasons for
this slow progress on MDCT viability imaging are the
increased radiation dose and contrast volume associated
with perfusion imaging. MRI showing the same informa-
tion with no radiation effects and relatively safer contrast
has made MRI the choice in this regard. Some perfusion
information can also be inferred from routine MDCT
angiography.35

MRI OF HEART
MRI of heart can provide useful information about

morphology of coronary atherosclerosis, myocardial
function, and myocardial viability. Unlike MDCT, MRI
does not involve ionizing radiation and the toxicity
associated with MR (gadolinium) contrast is low. This
makes MRI a safer modality in comparison with either
MDCT or SPECT. Unlike MDCT, MRI typically
involves acquisition of multiple datasets with different
sequences or parameters for a single investigation to be
complete and can be time consuming.

Coronary MR Angiography
As with CT, respiratory and cardiac motion is the

major limiting factor for performing a successful MRI of
the heart. Echocardiography (ECG) gating is used to
compensate for the cardiac motion and the respiratory
motion is minified by either breath hold or by navigator
gating with free breathing. The fast gradient echo
2-dimensional sequences that were used previously are
now replaced by 3-dimensional volumetric acquisitions of
the images.36 The steady state free precession (SSFP)
sequences are currently popular for imaging the coro-
naries as they produce high signal to noise ratio with good
contrast and spatial resolution of the coronaries.37 The
volume targeted sequences in which the major arteries are
images in a thin slab are also currently used.

There is no agreement in the existing literature over
the reliability of MRI to detect stenotic lesions largely due
to the variety of techniques. One study reported a
moderate sensitivity and specificity of 82% and 91% in
detecting significant stenosis.36 However, 13% of the
patients were excluded for varying reasons from the
analysis, thereby limiting its application to a real clinical
setting. Another recent study evaluating the SSFP MR
coronary angiography reported a low sensitivity and
specificity of 32% to 65% and 53% to 73%, respectively
for the detection of coronary stenosis and had a high
percentage of unevaluable arteries.37 Low spatial resolu-
tion coupled with poor reliability in the detection of
stenosis limit the use of MR angiography in comparison
with MDCT for coronaries.

Coronary Plaque Assessment by MRI
Atherosclerotic plaque imaging in large caliber

arteries like aorta and carotid has been of interest for a
long time. Cardiac motion, respiratory motion, the deep

location of coronary arteries with respect to surface coils
and low spatial resolution limit the use of MR for the
evaluation of coronary plaque. Typically double inversion
recovery black blood images are used for the investigation
of plaque structure and composition.38 Respiratory
compensation is either by breath hold or navigator gating
and ECG triggering is used for cardiac motion compen-
sation.39 The traditional 2-dimensional imaging sequence
produces an in plane resolution of 0.5mm but has a slice
thickness of 2mm. Usually, cross-sectional images of the
plaque are obtained. Newer 3-dimensional volumetric
acquisitions40,41 are being used to produce a near
isotropic voxels and hence plaque can be assessed in
multiple planes using postprocessing. Reliability
in characterizing coronary plaque is relatively poor in
comparison with IVUS. Newer contrast agents such a
Gadoflourine and molecular imaging with contrast
tagged fibrin-specific molecules may improve the identi-
fication and characterization of plaque in future.42,43

Novel techniques like intravascular MRI could provide
better understanding of atherosclerotic plaque in future.44

Cardiac Function on MRI
Gradient echo sequences are used to acquire the

cine images in the short axis or long axis. SSFP sequences
are also alternatively used because of their shorter
acquisition times and higher spatial resolution.45 Cardiac
motion is captured over multiple phases of the cardiac
cycle. Assessment of ventricular function is considered to
be highly accurate and is considered to be the gold
standard for the calculation of ventricular volumetric
parameters such as left ventricular (LV) ejection fraction,
end diastolic volume, stroke volume, and LV mass.46

Contrast administration is not required if the imaging is
solely performed for ventricular functional assessment.
Depending on the pulse sequence used, administration of
contrast may improve image quality.

Analysis of LV wall motion may be performed from
these cine images. Regional hypokinesia, dyskinesia of
ventricular wall segments can be identified and assessment
can be made of the arterial territory involved and the
probable site of the lesion can be inferred. The high
reproducibility has made this a reference standard for
cardiac chamber size and function.47

MYOCARDIAL VIABILITY ON MRI

MR Perfusion Imaging
Myocardial perfusion can be assessed in a number

of ways. Sequences that provide intrinsic contrast such as
blood oxygen level dependent can be used without the
need for gadolinium contrast to provide the information
regarding the myocardial perfusion.48 However, the low
signal to noise ratio limits its widespread use. Dynamic
imaging using gadolinium agents is the method of choice
at present for the MRI of ventricular perfusion.
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Dynamic First Pass Imaging
Blood flow through the myocardial microcirculation

can be evaluated by following the first pass of contrast
through the myocardium and mapping the temporal
change in intensity or enhancement of myocardium either
visually or using complex analysis algorithms. Gradient
echo recalled sequences, echo planar imaging and SSFP
have been used for dynamic first pass imaging.49 These
imaging sequences are typically 2-dimensional with an in
plane resolution of 3mm. This relatively high resolution
in comparison with SPECT allows reliable detection of
subendocardial defects.50

Perfusion imaging is performed in a resting phase
and under a pharmacologic stress (adenosine or dypir-
amidole). Resting perfusion imaging has low sensitivity in
the detection of CAD, though underperfused segments on
rest images correlate with nonviable tissue.51 A resting
perfusion defect after an acute myocardial infarction
correlates to the severity of the LV functional impair-
ment. Stress perfusion is used to detect significant CAD.52

The myocardial perfusion reserve is determined by
separate scans at stress and at rest.53 The patients with
CAD are identified by the abnormal perfusion reserve.
Improvement in perfusion reserve can be used to monitor
the success of revascularization.54 The status of myocar-
dial perfusion is estimated for each of the segments
in a 17-segment model55 of the LV myocardium either
by software (quantitative) or by subjective visual inter-
pretation.

In a study by Al-Saadi et al,53 signal intensity versus
time curves were used to calculate myocardial perfusion
reserve for each of the segments assigned to the coronary
arteries. Perfusion reserve of 1.5 was used as a cut-off
value to diagnose a significant stenosis Z75%. They
reported sensitivity, specificity, and accuracy of 90%,
83%, and 87%, respectively using coronary angiograms
as the reference standard. Most studies evaluating the
efficacy of various MRI techniques for detecting sig-
nificant CAD rely on visual interpretation to characterize
perfusion defect.51,52 Perfusion defects are considered to
be present if persistent delay in enhancement was noted in
at least 3 consecutive temporal images and at least in
2 contiguous images.51 The rest perfusion study alone
gave a sensitivity of 43%, specificity of 89%, and
accuracy of 71% for the detection of significant CAD.
Stress perfusion alone had a higher sensitivity of 81% and
a higher accuracy of 87%.51 Stress perfusion alone was
noted to be more valuable in detecting CAD than rest
perfusion images; however, there was no substantial
difference when a combined stress and rest images were
used when compared with stress alone.51,52 Nevertheless,
rest studies are of value particularly in defining areas
with artifact. Better diagnostic accuracy has been
reported combining delayed enhancement with stress
perfusion.51,52

Perfusion studies can identify microvascular dys-
function when there is no apparent hemodynamically
significant stenosis in patients with chest pain classified as
syndrome X.56

Microvascular Obstruction
Microvascular obstruction presents a persistent

hypoenhancement over 1 to 3 minutes in the first pass
images and indicates poor prognosis after revasculariza-
tion of the culprit lesion.57 This lack of perfusion in the
reperfused lesion owing to microvascular dysfunction is
known as no-reflow phenomenon and presents as a
persistent subendocardial defect on the first pass images.

Delayed Hyperenhancement
Most of the gadolinium contrast washes out of the

normal myocardium in about 15 minutes. The contrast
reaches equilibrium within the fluid compartments of the
body. The contrast is predominantly present in the
extracellular fluid compartment of the normal myocar-
dium. However, in the infarcted myocardium the extra-
cellular fluid space is increased and the contrast permeates
into the injured cell because of membrane damage. Also,
the contrast washes out slowly from the infarcted muscle.
These effects result in infarcted myocardium appearing
hyperenhanced with respect to the rest of normal
myocardium.

Inversion recovery gradient echo sequences are used
to evaluate for delayed enhancement in the myocardium
10 to 15 minutes after a bolus administration of contrast.
Three-dimensional volumetric acquisition with parallel
imaging may be performed to cover the entire ventricular
myocardium within a single breath hold.58

The area of hyperenhancement correlates with the
size and location of the infarcted region. Infarction of the
myocardium usually begins first in the endocardium and
progresses transmurally to the epicardium because the
blood supply is from the epicardium toward the
endocardium. Because of the high in plane resolution of
the inversion recovery sequence, the transmural extent of
the hyperenhancement can suggest the extent of necrosis
of the myocardium. The transmural extent can be used as
a predictor for functional improvement after revascular-
ization. Lower functional recovery can be expected in the
segment having a greater transmural hyperenhance-
ment.59 Because of the higher spatial resolution of MRI
when compared with SPECT, smaller subendocardial
infarctions can be picked up with greater reliability.

Delayed hyperenhancement is not specific for
myocardial infarction. Conditions such as myocarditis,
tumor invasion, and cardiomyopathy can show delayed
hyperenhancement. Clinical setting, pattern of enhance-
ment, and other findings such as regional wall motion
abnormalities, are needed to assign the noted hyper-
enhancement to myocardial infarction.49

Wall motion abnormalities can be caused either by
true infarction or by myocardial stunning or hibernation.
Absence of delayed hyperenhancement points to the
presence of viable myocardium and predicts functional
recovery.59

Dobutamine Stress Testing by MRI
Important information regarding viability can be

obtained evaluation of regional wall motion under
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pharmacologic stress. Cine MRI can be performed with
infusion of dobutamine to increase the contractility of the
myocardium thereby stressing the myocardium. This is
analogous to the stress echocardiogram.

The acquisition sequences are similar to those
acquired at rest. Gradient recalled echo or SSFP
sequences are used with ECG gating and breath hold.
At least 3 to 4 short axis, a horizontal and a vertical long
axis views are used to cover all the coronary territories.
The 17-segment model of the LV is generally used to
record and interpret the findings.55

Several criteria have been proposed for interpreta-
tion of the stress MRI. A resting wall thickness >5.5mm
or stress-induced systolic wall thickening of at least 1mm
was considered by some as the cut-off for diagnosing
viability.60 A more commonly used definition of viability
on stress MRI is an induced response of 2mm or more in
a previously dysfunctional segment. Others use a baseline
grading of wall motion (0 to 4 grade scale, 0=normal
and 4=dyskinesia) and consider the myocardium to be
viable if there is an improvement in wall motion of at least
1 grade.61 In patients with poor acoustic windows to
perform a stress echocardiogram, MRI is a good
replacement. To improve accuracy, MR tissue tagging
has been proposed.62

IMAGE FUSION AND COREGISTRATION
MRI provides accurate physiologic data regarding

the myocardium. The representation of this data is
commonly made on a 17-segment model that assigns
each segment to corresponding major coronary arteries.
However, this is an arbitrary assignment and may not
hold well in all cases because of varied coronary anatomy.
This can be important for presurgical decision making.
Setser et al63 used the segmented coronary tree and LV
contours from MDCT to coregister with MRI. A total of
17% of the myocardial segments differed in their assign-
ment. Apical lateral, midanterolateral, and apical inferior
segments were discordant in most cases. In their study,
surgical planning was improved in 83% of the patients
because of the additional information provided by the
coregistration.

Image fusion and coregistration has been attempted
with other combinations of imaging modalities that
provide functional and structural information about
CAD separately. These include coregistration of SPECT
and catheter angiography, SPECT and MDCT coronary
angiography.64,65 Integrated cardiac PET-CT uses hybrid
hardware to acquire the structural and functional
information in the same sitting.66

The functional significance of stenosis can be
estimated in a limited way by invasive angiography. For
this reason, fractional flow reserve may be performed to
gain information regarding the significance of the
stenosis.67 MDCT coronary angiography, optimally, can
be expected to perform no better than invasive angio-
graphy. Thus the combination of anatomy with func-
tional measures can be expected to be important.

INTEGRATED PET-CT
The 2 imaging modalities each have certain limita-

tions. The diagnostic performance of MDCT decreases
substantially in the presence of stents, calcification, high
heart rates, and irregular rhythms. Evaluation of distal
smaller caliber coronary vasculature cannot be accurately
evaluated at present by MDCT. And importantly no data
regarding the functional significance of lesions detected
on MDCT exist in the current literature to guide further
patient management. MDCT does not provide informa-
tion regarding the perfusion status of the microvascular
bed and status of collateral circulation and tends to
overestimate the degree of stenosis. Conversely, PET
underestimates the true anatomic extent of atherosclerosis
in subclinical patients but identifies the critically under-
perfused territory.66,68 Stress perfusion imaging by PET
provides excellent information regarding the severity of
CAD and takes into account the collateral circulation and
true physiologic effect of atherosclerosis on myocardial
microvascular perfusion. Balanced hypoperfusion from
multivessel disease can be a problem. On integration, the
complimentary nature of these modalities is expected to
minimize their respective individual shortcomings.

Thus PET-CT can provide accurate diagnostic
information even in patients with suboptimal MDCT
situations and also identify extensive subclinical CAD
apart from guiding management with excellent anatomic
and physiologic information regarding the culprit
lesion.66,69 However, further studies are needed to
establish PET-CT as a single study alternative for
evaluation of CAD.

CONCLUSIONS
Noninvasive modalities like MDCT, EBCT, MRI,

and PET-CT provide important diagnostic information
in the assessment of CAD. However, no single modality
gives all the necessary information needed for patient
management for the spectrum of CAD. As these
noninvasive modalities are complimentary to each other
with some providing structural detail and others
functional data, a combined approach may be a reliable
noninvasive alternative to catheter angiography in future.
Coregistration of SPECT and MDCT or MRI and
MDCT images may be a useful combination. Alterna-
tively, integrated hardware such as PET-CT allows a
combined acquisition in a single sitting. With further
advances in hardware and software, these noninvasive
imaging modalities can be expected to make a significant
contribution toward diagnosing and understanding CAD.
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ERRATUM
In ‘‘Notes From the 2005 Annual Meeting of the Korean Society of Thoracic Radiology’’ (J Thorac Imaging.
2006;21:245–249), the authors’ names are displayed incorrectly. The correct format for the authors’ names is as
follows:

Goo, Jin Mo; Im, Jung-Gi; Lee, Kyung Soo.

We regret the error.

1. Goo JM, Im JG, Lee KS. Notes From the 2005 Annual Meeting of the Korean Society of Thoracic Radiology.
J Thorac Imaging. 2006;21:245–249.
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