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Review

Noninvasive Cardiac Imaging with
Computed Tomography

Gregory T. Wilson, DO; Prabhakaran Gopalakrishnan, MD; and Tahir Tak, MD, Ph.D

Despite major improvements in the treatment of heart disease, it remains a major source of
morbidity and mortality on a global scale. Currently, invasive coronary angiography remains the
gold standard for identification of obstructive coronary artery disease. However, recent
advances in computerized tomographic (CT) techniques of the heart allow for accurate,
non-invasive characterization of atherosclerotic coronary disease and other cardiac
abnormalities. The calculation of coronary artery calcium scores with electron beam CT has
largely been supplanted by high-resolution CT angiography using multi-slice detectors (MSCT)
which can provide detailed multidimensional visualization of cardiac structures. Although
evaluation of obstructive coronary disease is the primary use of MSCT, its use in identifying
congenital defects, planning thoracic procedures and characterizing cardiac function continues to
grow. Accordingly, appropriate incorporation of MSCT/CT angiography into clinical practice
continues to be defined. Several limitations to MSCT remain which reduce its accuracy, such as
in patients with arrhythmia and in patients with either coronary stents or heavily calcified
coronaries. Despite its current limitations, MSCT remains a rapidly advancing field and an
increasingly valuable tool for the non-invasive evaluation of cardiac pathology.
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Cardiovascular diseases remain the leading cause of
morbidity and mortality in industrialized nations. In spite of
advances in medicine, cardiovascular mortality in the United
States continues to be high at 332.9 deaths per 100,000.
More than half of these deaths are related to coronary artery
disease (CAD). The estimated direct and indirect cost of
CAD for 2006 is approximately 142.5 billion US dollars.!
Invasive coronary angiography (ICA) has been the standard
of reference for diagnosis of CAD. Approximately 1.4
million diagnostic catheterizations were performed
throughout the world in 2003.! Incidence of normal
angiograms has varied from 20% to 27% according to data
from the Society for Cardiac Angiography and
Interventions.2:3 Even though ICA is safe with an in-hospital
mortality rate of <1%, it still carries a potential risk both
from iodinated contrast agents used in ICA and the risks of
arterial catheterization itself. Diagnostic catheterizations
which are not done in conjunction with an interventional
procedure, especially the ones resulting in normal
angiograms, could potentially be replaced by alternate

methods of assessing CAD. Several alternate methods of
assessing CAD have been studied, such as treadmill stress
testing, single photon emission computed tomography
(SPECT), positron emission tomography (PET), and stress
echocardiography. Non-invasive diagnostic tests have their
inherent limitations and do not provide morphological details
of the coronary occlusion. The availability of reliable
noninvasive coronary imaging could potentially decrease the
need for ICA in some patients.

Noninvasive coronary imaging techniques include electron
beam computed tomography (EBCT), multi-slice computed
tomography (MSCT) and cardiac magnetic resonance
imaging (MRI). With MSCT, the addition of multiple
detector rows allowing simultaneous acquisition improves
performance significantly. While single and dual detector
row spiral computed tomography (CT) systems were
available in the mid 1990s, 4-, 8-, 10-, 16-, 32-, 40- and
64-detector row CT scanners have since been developed,
improving the spatial resolution while reducing scan time.
While EBCT technology has been plagued by less
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widespread availability and the technology of cardiac MRI is
still evolving, MSCT angiography appears to be developing at
a rapid pace.

While non-invasive coronary imaging continues to evolve, its
role in current clinical practice is still being debated.
Numerous studies have been done to validate the different
techniques in comparison to ICA, which is still considered the
gold standard. In this review, we give an overview of CT
coronary angiography, the technique, applications, pitfalls
and future directions.

Coronary Artery Calcium

The presence and extent of coronary artery calcification has
been shown to correlate with the degree of atherosclerosis.4
Studies evaluating the clinical utility of EBCT-detected
coronary artery calcification report a high negative predictive
value in negative scans. This finding makes coronary artery
calcification detection with CT a valuable test when ruling
out obstructive atherosclerotic coronary disease.>-8 Due to its
low specificity, calcium scoring is not suitable for the
detection of significant CAD and should not be regarded as a
sole indication for coronary angiography.

Various methods of quantifying coronary artery calcification
have been proposed in order to estimate a patient’s
cardiovascular risk. One of the more widely used methods
was originally proposed by Agatston et al® in 1990 where a
lesion’s area, peak density and mean density were measured
for each segmental lesion. Poor inter-scan reproducibility
with Agatston scoring prompted the development of the
volumetric calcium scoring algorithm by which the volume of
a plaque is measured irrespective of its area or density.!0
Although the volumetric score has been shown to improve
reproducibility in serial scans, the Agatston scoring system is
still frequently used in clinical practice.

Despite initial hopes that coronary calcium characterization
offers a novel, non-invasive tool to identify patients at high
risk for future major cardiovascular events (i.e., myocardial
infarction, unstable angina, death), several meta-analyses
report only a modest prognostic correlation between coronary
calcification and significant cardiovascular outcome.!1.12
One possible explanation for this observation is that
vulnerable coronary plaques are often composed of non-
calcified lipomatous or fibrous tissue, while heavily calcified
plaques are typically less likely to rupture.!3 Additionally,
when compared to other well-validated diagnostic tests such
as stress testing and perfusion imaging, EBCT coronary
calcium scoring does not provide clearly superior diagnostic
or prognostic information.!! Still, the exclusion of coronary
calcifications is associated with a significantly reduced rate
of future cardiovascular events.!'4 Overall, dedicated EBCT
scanners are becoming obsolete.

However, current MSCT scanners also provide calcium
scores equivalent to that of EBCT. According to the American

College of Cardiology/American Heart Association expert
consensus,!! a low coronary calcium scoring makes the
presence of atherosclerosis very unlikely and occurs in the
majority of patients with normal coronary arteries. Therefore,
CT coronary artery calcification measurements may remain a
useful test to rule out significant atherosclerotic coronary
disease.!! A negative predictive value of more than 95% can
be achieved using the existence of any calcium as a
threshold.!5 The recently published cardiac CT
appropriateness criteria suggest that coronary calcium
scoring be reserved for patients with an intermediate or high
risk of coronary disease (Framingham risk criteria), where
risk stratification may aid providers in selecting treatment
strategies, i.e., initiating statin therapy.!® Repeated
examinations within 5 years are not recommended.!6

CT Angiography

Due to the uncertain value of coronary artery calcification
scores, recent emphasis has been on improving contrast
enhanced CT angiography of the coronary arteries using
MSCT. Addition of multiple detectors and improved temporal
and spatial resolution on current CT scanners allow for
reliable, non-invasive detection and characterization of
coronary plaques.!7-23 Early CT scanners using either 4 or 8
rows of detectors were able to provide accurate data on
proximal coronary trunks, while newer generation scanners
demonstrate reliable visualization of all coronary segments
including distal branches.23

Patient Preparation

In order to obtain optimal and nearly motion-free images, the
patient’s heart rate should be regular and preferably <65 beats
per minute, which is often accomplished with a pre-scan beta
blocker.24 Calcium channel blockers can be given in patients
with contraindications to beta blockers. The patient should
avoid caffeine the day of the exam. Although no studies have
evaluated its use in CT angiography, short-acting sublingual
nitroglycerin (2 x 0.4 mg tablets) can be given at the time of
scanning to improve visualization of the coronary lumen.25

Hypersensitivity to iodinated contrast and pregnancy remain
the only true absolute contraindications for CT
angiography.2¢ Relative contraindications for CT angiography
scanning include the inability to hold one’s breath for
sufficient scan time, irregular or rapid (>90) heart rhythm,
significant renal insufficiency and inability to cooperate
during scanning. Other relative contraindications are similar
to those for standard CT scanning.25

Data Acquisition

Using a spiral ECG-gated image acquisition protocol, three
common steps are employed.25 The first step utilizes a low
energy, non-contrast topogram of the chest to define the
volume and boundaries of the scan. The second step involves
either a bolus timing or tracking technique to ensure
appropriate coronary enhancement during scanning. The third
step is the coronary CT angiography itself which covers the
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Figure 1. Three-dimensional volume rendered image of
CT angiogram.

entire heart from proximal ascending aorta to the
diaphragmatic surface in a single breath hold. Total volume of
contrast is typically 80 cc to 100 cc given at a rate of 4 cc/s to
5 c¢c/s.27-29 The average scan time for 64-slice MSCT is
5 seconds to 11 seconds, depending on the vendor.

Image Reconstruction and Interpretation

Using current generation scanners, scans are obtained with
continuous, spiral image acquisition. Typical reconstruction
slice thickness is approximately 0.5 mm to 0.6 mm with 50%
overlap between images, depending on the scanner.25 Using a
technique termed retrospective image reconstruction, images
can be reconstructed at any point in the cardiac cycle.29:30
Although several types of reconstruction algorithms exist, a
proposed optimal reconstruction window for motion-free
visualization of the coronary arteries is in mid diastole at 60%
to 70% of the R-R interval.30 Three dimensional volume
rendered color images show surface anatomy (figure 1).
Three dimensional maximum intensity projection and two
dimensional multiplanar reformation are used to see inside
the heart and visualize the coronary arteries. Furthermore,
available ECG gating software allows for editing of the
temporal windows to eliminate ECG irregularities, i.c.,
premature ventricular beats.2® The entire dataset obtained
from a single multi-slice CT angiography study is extensive
and can include up to 3000 axial images and 1.5 gigabytes of
data, making timely assessment and data storage
challenging.2

Clinical Applications

Current generation 64-slice scanners, boasting improved
temporal and spatial resolution, demonstrate excellent
diagnostic accuracy for both proximal coronary vessels and

smaller distal vessels.25.28:31-38 MSCT allows an accurate,
non-invasive evaluation of the coronary vessels in those at
intermediate risk for CAD. As stated previously, MSCT
scanners also provide a coronary artery calcium score.

Currently, general screening of asymptomatic populations for
obstructive coronary disease, who are at low or moderate
cardiac risk as determined by Framingham criteria, is not
recommended.!® Concern arises regarding uncontrolled
usage of such testing and the potential for unnecessary
invasive work-up.1¢ Similarly, MSCT is currently not
recommended in patients in whom other diagnostic tests
already suggest high risk.1® Current American Heart
Association/American College of Cardiology
recommendations suggest MSCT angiography in
symptomatic patients with low to intermediate pretest
probability.39

In addition to visualizing the coronary lumen, MSCT allows
characterization of the coronary atherosclerotic plaque and
has shown a good correlation with intravascular
ultrasound.3!:32 A major goal of non-invasive imaging is to
identify vulnerable plaques with the potential to rupture.25.32
The accuracy of plaque characterization seems to vary with
plaque size, as larger plaques tend to be overestimated and
smaller plaques may be either underestimated or not
detected.3? Further technical improvements will likely
enhance the ability of MSCT to characterize coronary
plaques.

MSCT can also provide a measure of left ventricular function
and regional wall motion, information that may prove useful
when assessing patients overall cardiovascular risk.40.16
Recent comparisons have shown that left ventricular function
as determined by MSCT correlates well with data obtained
with echocardiography.40-42

MSCT has also been shown to be a useful tool in evaluating
coronary anomalies and for planning coronary bypass
grafts.16 Thoracic surgeons are able to visualize the course of
vessels, as well as their relationship to adjacent structures
when planning. Similarly, MSCT has been applied to
coronary venous mapping for planning device implantation
(i.e., left ventricular pacing leads) and for evaluating
anatomic variation. Pulmonary venous mapping with CT
angiography has also been useful in planning arrhythmia
ablation procedures.*3

MSCT remains a potential tool to determine the patency of
both venous and arterial coronary bypass grafts, an asset that
was considered early in the development of non-invasive
imaging (figure 2).4445 According to the recently published
American College of Cardiology Foundation appropriateness
criteria for cardiac CT/cardiac MRI, CT angiography of
bypass grafts should be reserved for symptomatic patients.16
However, it is generally thought that MSCT cannot
consistently visualize distal graft anastomosis and fails to
provide a functional assessment of bypass graft flow.33
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Recently, MSCT has been evaluated for its potential role in
defining in-stent restenosis. Using 4- and 16-slice MSCT, a
major limitation of MSCT has been its inability to adequately
characterize stenosis within a stented segment due to
significant artifact (figure 3).8.27.35 Large diameter stents
(>3 mm) and those with thinner struts improve the accuracy
for detecting and quantifying in-stent restenosis with
MSCT.37 Furthermore, use of high-resolution “kernels”, or
specific reconstruction algorithms, can improve in-stent
evaluation by fine-tuning image resolution.37-38 Still, only
evaluation of stent patency is possible with an adequate
diagnostic accuracy. A reliable assessment of stent stenosis
cannot be expected. Therefore, conventional coronary
angiography should be performed in symptomatic patients
after coronary stent implantation.46

Artifacts and Limitations

Accurate image interpretation can be compromised by several
types of artifacts. One of the more common problems is
motion artifact induced by irregular cardiac rhythms,
breathing, or other patient movement. High resolution MSCT
scanners require nearly motion-free imaging to provide
accurate data; consequently, MSCT is indicated only for
cooperative patients with regular heart rhythms.25 Another
common problem is “blooming artifact” where
high-attenuation structures such as metal clips, stents, and
calcified plaques may obscure adjacent tissue.25 This
phenomenon can significantly limit the accuracy of MSCT in
determining coronary stenosis in a heavily calcified vessel.
Similarly, dense structures or calcification may cause
streaking through an image, a phenomenon termed “beam
hardening” artifact.25 Furthermore, if the timing of the
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Figure 2. Three-dimensional volume rendered image of
angiogram demonstrating coronary artery bypass grafts. VG,
vein graft; RCA, right coronary artery; LIMA, left internal
mammary artery; LAD, left anterior descending artery; R, right.
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Figure 3. CT axial image demonstrating intracoronary stent in
the left circumflex (LCX) artery and the presence of plaque
distal to the stent (LCX plaque).

contrast bolus is not optimal, inadequate enhancement of the
coronary tree results.29

With MSCT, some concern has been raised regarding the
radiation dose administered to patients.#” The effective
radiation dose using a 64-slice MSCT is approximately
6.5 mSv to 15 mSv.48 This value is approximately two to three
times the patient dose during a diagnostic coronary
angiogram.*8:49 Techniques have been developed to reduce
the radiation dose with newer generation scanners, such as
limiting x-ray emission during certain phases of image
acquisition.48

Conclusion and Future Perspectives

MSCT is a promising technique within the realms of
noninvasive coronary imaging. With the advent of 64-slice
MSCT, the diagnostic accuracy of CT coronary angiography
has improved significantly and fares better in comparison to
other currently available methods of noninvasive coronary
imaging. With recent studies validating this, the role of
MSCT in the evaluation of CAD is likely to grow in the
future.

The major development resulting in improved diagnostic
accuracy of MSCT has been the increase in the detector rows.
In continuing this trend, 256-slice MSCT is being currently
studied with the promise of increased accuracy and decreased
scan time.50 In addition to developments in CT technology,
studies looking at combining MSCT with other modalities of
noninvasive cardiac imaging are being done. Protocols are
being developed for combined evaluation of coronary
anatomy and cardiac function with the development of hybrid
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scanners that combine MSCT with PET or SPECT, allowing
simultaneous imaging of coronary tree, perfusion scan,
cardiac metabolism and function.5! Co-registered MRI
myocardial viability mapping and MSCT angiography are
being studied for optimizing surgical revascularization
planning.5? Furthermore, MSCT has been well studied for
detection of pulmonary embolism and aortic dissection. The
possibility of a wider use of MSCT in emergency room
evaluations of chest pain is currently being considered as a
test to achieve the so-called “triple rule out” in patients with
chest pain, essentially excluding aortic dissection, pulmonary
embolism and CAD.25:53
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