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Abstract ECG-gated multislice CT provides a cost-
effective, non-invasive technology for evaluation of the
coronary arteries, as well as for additional clinical applica-
tions, which require morphological assessment of the heart
and adjacent structures with simultaneous evaluation of the
coronary circulation.

The excellent negative predictive value of a normal
coronary CTA (cCTA) examination excludes the presence
of significant coronary disease in the symptomatic
patient. Triple rule-out studies provide evaluation of the
aorta and pulmonary arteries without loss of image
quality in the coronary circulation. The ability to
visualize surrounding vascular structures along with the
coronary arteries is essential in the evaluation of
coronary anomalies.

Cardiac CTA is useful in non-coronary applications,
including evaluation of the thoracic aorta, cardiac valves
and other aspects of cardiac morphology that may require
surgical or percutaneous repair. Although radiation expo-
sure is a limitation of cCTA relative to echocardiography
and MRI, recent technological advances allow coronary
imaging with effective doses as low as 1 mSv.

Recent advances in evaluation of coronary plaque
morphology as well as myocardial perfusion will allow a
more complete noninvasive cardiac assessment in the future
and may provide a highly effective method of cardiac risk
stratification to facilitate preventive cardiac care.
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Introduction

The advent of multislice CT technology with ECG-gating
along with innovations in x-ray tube and CT detector
technology have resulted in revolutionary progress in
cardiac imaging. ECG-gated CT angiography with 64+
slice systems has demonstrated efficacy for the diagnosis of
coronary disease, cardiac morphology, and valvular assess-
ment. Recent studies suggest additional applications of CT
for assessment of myocardial perfusion and cardiac event
risk. Among the clinical applications of cardiac CT, coronary
CT angiography (cCTA) remains the most widespread and
most controversial. Numerous studies suggest that cCTA is a
cost-effective alternative to the nuclear stress test and
diagnostic cardiac catheterization. Although CT angiogra-
phy has replaced conventional arteriography for most
visceral applications, issues related to radiation exposure
and functional versus anatomical information have been
raised as objections to widespread adoption of cCTA. Recent
advances in CT imaging methodology and CT image
reconstruction algorithms address many of these concerns.

This review explores a variety of clinical applications of
cardiac CT. The primary focus is on cCTA with a review
diagnostic accuracy, appropriate clinical indications and
limitations for evaluation of the coronary arteries. Although
the principle indication for cardiac CT is most often for
evaluation the coronary arteries, cCTA is often requested for
the dual purposes of non-coronary and coronary evaluation.
Several of the more common non-coronary applications are
reviewed, although a complete review of these applications
is beyond the scope of this pictoral essay.
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Fig. 1 Volumetric rendering of
a left dominant coronary circu-
lation from cCTA. a Left ante-
rior oblique view demonstrates
the left anterior descending
artery coursing down the
anterior interventricular groove
(black arrowhead) and the
circumflex artery coursing in the
left atrioventricular groove
(white arrowhead). b View of
the base of the heart from the
left side demonstrates the
continuation of the circumflex
artery in the posterior left atrio-
ventricular groove (arrowhead),
extending to the crux of the
heart where it continues as the
posterior descending artery
(white arrow)

Coronary Artery Disease (CAD)

Despite clinical advances in diagnosis and treatment, heart
disease remains the leading cause of death for both men and
women, and is responsible for 26% of all deaths in the United
States [1]. Atherosclerotic disease of the coronary arteries
remains the most important etiology of heart disease.
Coronary computed tomographic angiography (cCTA)
provides a non-invasive alternative to cardiac catheteriza-
tion for direct visualization of coronary anatomy (Fig. 1).
Recent meta-analyses of cCTA studies have demonstrated
high sensitivity (96-99%) and specificity (88-91%) for the
anatomic presence of CAD [2-5]. Although functional
information about wall motion can be obtained during
cCTA, the primary utility of cCTA is for imaging of the
coronary arteries to define the presence of CAD (Figs. 2, 3,
4). The high sensitivity of ¢cCTA for CAD results in an
extremely high negative predictive value, especially in

Fig. 2 Severe stenosis of the proximal left anterior descending artery
(LAD) in a patient presenting with chest pain. a Curved MIP
demonstrates greater than 70% narrowing in the proximal LAD
(arrow). b Straightened lumen MIP again demonstrates severe stenosis
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patients with low to intermediate risk of coronary disease. A
negative cCTA study in this population effectively excludes
the diagnosis of CAD. Although the specificity of cCTA is
limited by arterial calcification, post-processing techniques
using vessel tracking and curved multiplanar reconstructions
are often useful for evaluation of calcified vessels (Fig. 5).
Nonetheless, blooming artifact associated with densely
calcified plaque may preclude visualization of the underly-
ing vascular lumen in the absence of significant stenosis
(Fig. 6).

Whereas cCTA provides an anatomic depiction of
coronary stenosis, stress testing provides additional infor-
mation to predict the functional relevance of coronary
stenosis [6, 7]. When c¢cCTA demonstrates no more than
minimal disease of the coronary arteries or when cCTA
demonstrates the presence of high-grade coronary stenosis,
the clinical implication is clear. When cCTA demonstrates
coronary stenosis of uncertain hemodynamic significance, a

of the proximal LAD (arrow). Cross-sectional images of the LAD are
presented above the straightened vessel view. The lumen disappears in
the middle image at the site of maximum narrowing
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Fig. 3 Severe stenosis of the proximal circumflex artery (LCX) in a
patient complaining of chest pain. a Curved MIP demonstrates greater
than 70% narrowing in the proximal LCX (arrow). b Curved MIP in
an orthogonal projection again demonstrates greater than 70%

stress test may be useful to evaluate the functional/clinical
significance of CAD found by cCTA. This difficulty in
defining a “clinically relevant” stenosis is also a limitation of
the “gold standard” conventional arteriography, which
demonstrates the degree of luminal narrowing and can
provide measurements of pressure gradients but does truly
evaluate the impact of coronary stenosis on myocardial
perfusion. In the setting of moderate CAD, cCTA and stress
testing may provide complementary information for the
evaluation of CAD [8].

A recently published decision analytic model for evalu-
ation of the symptomatic patient with chest pain demon-
strates how cCTA may be used to improve diagnostic
accuracy, reduce the effective radiation dose and limit overall
imaging costs for the evaluation of CAD [9]. A workup
strategy that employs stress ECG or stress echocardiogra-
phy prior to cCTA minimizes effective radiation exposure
compared to all other strategies that use cCTA and/or

Fig. 4 Moderate stenosis of the proximal left anterior descending
artery (LAD). a Curved MIP demonstrates calcified plaque in the
proximal LAD (arrow). b Straightened lumen MIP demonstrates the

narrowing in the proximal LCX (arrow). ¢ Straightened lumen MIP
confirms the severe stenosis just proximal to the first obtuse marginal
branch (arrow)

nuclear perfusion scanning. When the pre-test probability of
CAD is below 10%, a strategy that employs stress
echocardiography followed by cCTA before proceeding to
cardiac catheterization will result in an effective radiation
dose that is lower than a strategy that uses stress
echocardiography followed by conventional cardiac cathe-
terization. Imaging costs are minimized by a strategy that
employs stress ECG or stress echocardiography with
follow-up by cCTA for positive stress tests, as the cCTA
can identify false-positive stress tests and eliminate many
negative diagnostic cardiac catheterization procedures.
The most appropriate testing strategy for the workup of
symptomatic CAD depends upon the pre-test probability of
disease, which should be estimated on the basis of
demographics and clinical presentation [10]. The symp-
tomatic patient with a high pre-test probability of CAD
(>50%) may benefit from direct triage to cardiac catheter-
ization. For the patient with a low pre-test probability of

presence of non-calcified plaque at this level with diameter reduction
in the range of 50-70%
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Fig. 5 Minimal calcified plaque
in the proximal left anterior
descending artery (arrowheads)
with no significant stenosis.
Although the calcified plaque
overlies the vessel in the globe
MIP view (bottom right), the
curved MIP and straightened
lumen views are rotated to
project the calcium off the
vessel lumen and demonstrate
that there is no significant
stenosis

disease (<20%), the combinations of stress ECG+cCTA or
stress echocardiography+cCTA provides optimal options as
judged by cost and radiation dose, while stress echocardiog-
raphy + cCTA will result in the lowest rate of negative
cardiac catheterization. As the pre-test probability of CAD is

Fig. 6 Heavily calcified plaque in the right coronary artery. a and b
Orthogonal curved MIP views of the right coronary artery. Because of
the large amount of calcified plaque, the vessel lumen is not visualized
on curved MIP projections. cCTA was not able to clear this vessel,
even though conventional cardiac catheterization did not demonstrate
an area of high-grade stenosis
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increased above 20%, cCTA alone may be a more appropri-
ate option for the diagnostic workup in order to avoid a large
number of false-negative test results that are associated with
stress testing [9]. Based upon the high negative predictive
value, ready availability and rapid diagnostic time of cCTA
for the exclusion of coronary disease, cCTA has been
proved to be a cost-effective examination for evaluation of
low to intermediate risk patients with suspected acute
coronary syndrome presenting to the emergency department
[11, 12].

cCTA examinations are usually performed as a dedicated
study of the coronary arteries, tailored to image the
coronary arteries with a minimum dose of iodinated
contrast and radiation exposure. However, in the setting of
a patient who presents with acute chest pain, the differential
diagnosis often includes other potentially life-threatening
processes such as pulmonary embolism and aortic dissec-
tion. A dedicated cCTA will not include the aortic arch.
Furthermore, contrast injection for a dedicated cCTA is
usually timed with a saline bolus to wash out the right heart
during imaging. In order to optimize imaging of the coronary
arteries, thoracic aorta and pulmonary arteries, a triple rule-
out protocol may be applied [13]. When performed with
proper attention to technique, the triple rule-out study
provides excellent opacification of the aorta and pulmonary
arteries without loss of coronary artery image quality,
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Fig. 7 Triple rule-out study with opacification of the aorta, coronary
arteries and pulmonary arteries. a Oblique sagittal MIP demonstrates
the thoracic aorta (Ao) as well as the bifurcation of the pulmonary
arteries (PA). This scan was acquired in four steps using prospective
ECG-gating to reduce patient dose. A linear artifact is apparent
between each step. b Left anterior oblique coronal MIP demonstrates

although there is an increased radiation dose proportional to
the increased scan length (Fig. 7) [14].

cCTA is currently not recommended for evaluation of
asymptomatic patients [15]. Atherosclerotic CAD is highly
prevalent in the population of developed countries, and
screening for CAD by cCTA is likely to identify many
patients with CAD who might not benefit from interven-
tional therapy. Several recent studies have suggested that
cCTA may be useful for risk assessment in the asymptom-
atic population (see below), but this suggestion must be
tempered by the potential for overtreatment of anatomical
disease, which is found during such “screening cCTA”
procedures. A similar problematic situation arises when
low-risk asymptomatic patients are referred for cardiac
catheterization after a positive stress test in the course of a

the origins of the right coronary artery (arrowhead) and left coronary
artery (arrow). The aortic valve is identified between the left ventricle
and the ascending aorta. ¢ Slightly steeper left anterior oblique
projection demonstrates the classic “C” shape of the right coronary
artery

preoperative or “routine” cardiac evaluation. Such patients
may benefit from a “second opinion” ¢CTA, which may
obviate the performance of an unnecessary invasive conven-
tional diagnostic cardiac catheterization [16].

Calcium scoring and cCTA for risk assessment

An overwhelming majority of patients presenting with acute
coronary syndrome have calcification in the coronary
circulation. Several large retrospective studies of asymptom-
atic patients have demonstrated that the presence of coronary
calcium is a predictor of cardiac events [17] and risk of death
[18, 19]. Prospective studies have confirmed these results
and demonstrated that coronary calcium scoring provides

Fig. 8 Anomalous left coronary artery with a “malignant” course
between the aorta (Ao) and the right ventricular outflow tract (RVOT).
a Globe MIP demonstrates the course of the left coronary artery
(arrowhead), which originates from the right sinus of Valsalva and
travels between the aorta (Ao) and right ventricular outflow tract

(RVOT). The left coronary artery is seen to branch into the left
anterior descending (LAD) and circumflex (LCX) arteries. b Sagittal
MIP demonstrates compression of the left coronary artery (arrowhead)
into an ovoid shape as it courses between the aorta (Ao) and right
ventricular outflow tract (RVOT)
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Fig. 9 Anomalous origin of the circumflex artery from the right
coronary artery with a “benign” course posterior to the aorta. a
Volumetric-rendering demonstrates the right coronary artery (white
arrowhead) as it courses in the right atrioventricular groove. The
circumflex artery (black arrowhead) branches off the right coronary
artery and courses posterior to the aorta. b Volumetric rendering from

additional prognostic information beyond standard risk
assessment based upon clinical and laboratory tests [20,
21]. Nonetheless, calcium scores are not recommended to
evaluate the patient who presents with acute symptoms.
Coronary calcium imaging does not detect the presence of
non-calcified plaque, and a minority of patients experience
coronary events in the absence of coronary calcification
(Fig. 2) [22, 23].

A recent meta-analysis of 64-slice MDCT studies includ-
ed 10 studies with 5,675 patients. After a mean follow-up of
21 months, major adverse cardiac events occurred in 0.5% of
patients with normal cCTA, 3.5% of patients with non-
obstructive disease on cCTA and 16% of patients with
obstructive cCTA (p=0.0001) [24]. Individual studies have
demonstrated an increasing frequency of cardiac events
based upon both increasing plaque burden and more
proximal location [25]. Although cCTA is not currently
recommended for risk stratification, continued advances in
plaque characterization by CTA may make risk stratifica-
tion by cCTA a reality in the future [26].

CT perfusion imaging

A major limitation of traditional cCTA is the lack of a
functional imaging component to gauge whether the coro-
nary stenosis results in myocardial ischemia. The extent of
inducible ischemia associated with coronary disease is
predictive of the risk of a coronary event as well as the
expected benefit of revascularization compared with medical
therapy [27, 28]. In order for cCTA to serve as a
comprehensive evaluation for coronary disease, the study
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a more superior projection again demonstrates the right coronary
artery (white arrowhead) as it courses in the right atrioventricular
groove. The circumflex artery (black arrowhead) courses between the
aorta (Ao) and left atrium (LA). ¢ Globe MIP again demonstrates the
circumflex artery (black arrowhead), which courses between the aorta
(Ao) and left atrium (LA)

needs to provide both anatomic and functional information
about CAD.

Several groups have used CT to perform perfusion
imaging either as a stand-alone examination or as part of a
cCTA study. A first-pass dynamic evaluation of myocardial
perfusion might be the most accurate technique to quantify
myocardial perfusion, but such an approach requires
repeated scanning of the heart with a relatively high radiation
exposure. Several groups have used a single arterial phase to
estimate myocardial perfusion based upon myocardial blood
pool enhancement during cCTA and a delayed phase to
image late enhancement that may be associated with
infarcted myocardium [29]. Low-dose scans for late
enhancement can provide valuable diagnostic information
on the functional significance of coronary artery disease
[30].

Given the relatively small changes in CT density provided
by enhancement of the myocardium with iodinated contrast
material, various techniques have been proposed to improve
the sensitivity of CT for perfusion imaging. One group has
suggested that ischemic myocardium may be recognized by
a pattern of subendocardial hypoperfusion during systole
with apparent normal perfusion during diastole [31]. Using
this technique, they have demonstrated a sensitivity of 90%
and specificity of 83% for CT detection of myocardial
perfusion defects identified by nuclear perfusion imaging
[32].

A more conventional approach to identify ischemic
myocardium with CTA uses pharmacologic stress. Given
the limited temporal resolution of CT, the tachycardia
associated with a dobutamine stress study can result is
substantial degradation of image quality. However, adeno-
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sine may be used as a vasodilator for CT stress imaging. One
group has measured a transmural perfusion ratio during
adenosine stress CT (subendocardial attenuation density/
subepicardial attenuation density) to detect myocardial
perfusion abnormalities with a sensitivity/specificity of
86%/92% on a per-patient analysis [33]. Another group
has combined adenosine with first pass stress imaging
followed by rest images, and has demonstrated good
correlation with SPECT myocardial perfusion imaging for
both stress and rest imaging [34, 35]. The combination of
cCTA stress imaging with subsequent rest imaging as well
as a third scan for delayed enhancement can be performed

with an effective radiation exposure similar to that of
SPECT imaging (mean 12.7 mSv) [35].

In order to improve the detection of perfusion defects with
cCTA, dual-energy CT may be useful. A relatively higher
kVp is needed for optimal tissue penetration to optimize
coronary imaging, while a lower kVp is useful to improve
sensitivity for the detection of small differences in myocar-
dial enhancement. A dual-source scanner may be used to
simultaneously provide adequate penetration for coronary
cCTA as well as low kVp imaging to improve detection of
myocardial perfusion. A low energy “iodine perfusion map”
is displayed as a color overlay on the high-resolution

Fig. 10 Patent bypass grafts with narrowing at the origin of the vein
graft to the circumflex distribution. a Volumetric-rendering in the right
anterior oblique demonstrates a vein graft (black arrowhead) coursing
from the aorta to the distal right coronary artery. The superior portion
of the left internal mammary artery (LIMA) bypass is also visible
(white arrowhead). b Volumetric rendering in the left anterior oblique
again demonstrates the vein graft (black arrowhead) from the aorta to
the distal right coronary artery. The left internal mammary artery
(LIMA) bypass (white arrowhead) is seen to course into the anterior

interventricular groove where is anastamoses with the left anterior
descending artery. A second vein graft (arrow) extends from the aorta
to the circumflex territory. ¢ Volumetric rendering in the left lateral
projection viewed from a more inferior approach again demonstrates
the left internal mammary artery (LIMA) bypass (white arrowhead) to
its anastamosis. The anastamosis of a vein graft (arrow) to an obtuse
marginal branch of the circumflex artery is visualized. d Curved MIP
of the vein bypass to the circumflex artery territory. There is greater
than 50% narrowing at the origin of this vein graft (arrow)
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Fig. 11 Type A dissection of the ascending aorta with extension into
the aortic root. a Oblique MIP demonstrates a dissection flap in the
ascending aorta (black arrowheads). The dissection extends down to
the right coronary artery (white arrow). A metallic stent is present in
the proximal right coronary artery, obscuring the underlying vessel. b

coronary CTA image to provide excellent diagnostic
correlation with SPECT imaging (sensitivity: 91%, specific-
ity: 92%) [36]. This same group demonstrated cCTA
detection of reversible SPECT defects without stress
imaging [37]. They have suggested that such defects may
be visible without stress imaging because of the superior
spatial resolution and dynamic range of CT as compared
with nuclear SPECT or secondary to the intrinsic vaso-
dilatory effects of iodinated contrast [38].

Additional applications of cCTA

cCTA provides clear definition of the anatomic course of the
coronary arteries, even when image quality is limited with
respect to assessment of coronary stenosis. Although the
coronary arteries are clearly visualized by conventional
cardiac catheterization, cCTA more clearly demonstrates the
relationship between coronary arteries and adjacent anatom-

Fig. 12 a and b Status post
repair of type A dissection with
a mechanical aortic valve (white
arrowhead) at the aortic annulus
and a tube graft (white arrow) of
the ascending aorta above the
native aortic root. A dissection
flap is present beyond the tube
graft (black arrowheads) with
visible communication between
the true lumen and false lumen
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Oblique MIP again demonstrates a dissection flap in the ascending
aorta (black arrowheads). The communication between the true lumen
and false lumen is visualized as a defect in the dissection flap (black
arrow). The proximal right coronary artery is again visualized (white
arrow)

ical structures such as the pulmonary artery. For this reason,
cCTA is an excellent study to demonstrate various coronary
anomalies (Figs. 8, 9). cCTA is often superior to conventional
arteriography for the diagnosis of coronary variations [39].
cCTA provides a useful roadmap in preoperative planning
for bypass surgery as well as in post-surgical assessment. In
addition to localizing the site of coronary stenosis, cCTA can
be used to assess whether a more distal segment of a
coronary vessel is epicardial in location and is accessible
for bypass grafting [40]. In the postoperative patient, cCTA
can be used to assess the patency of bypass grafts that may
be difficult to cannulate by conventional arteriography
(Fig. 10). Injury to existing bypass grafts is a major risk of
reoperation. cCTA clearly demonstrates the position of
bypass grafts relative to other structures and is therefore
useful for planning of reoperation bypass procedures [41].
The stable patient with a suspected thoracic aortic injury,
dissection or aneurysm is often evaluated with a CT for
preoperative planning as well as a cardiac catheterization to
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Fig. 13 Interruption of the aortic arch with collateral circulation and
graft. Mild coronary disease is identified without a hemodynamically
significant lesion. a Sagittal MIP demonstrates the interruption (arrow)
with a large left common carotid exiting the aortic arch just proximal
to the interruption. There is decreased opacification of the distal
thoracic aorta relative to the ascending aorta. An aorto-femoral graft
extends caudally from the ascending aorta and is visualized in the
retrosternal space (arrowhead). b Coronal MIP demonstrates a large,
tortuous collateral branch (arrow) extending down from the left
external carotid artery to the aortic arch, just beyond the interruption.

Fig. 14 Normal aortic valve in
short axis. a Closed aortic valve
demonstrates normal coaptation
of the leaflets in diastole at 70%
of the R-R interval. Three raphe
lines are visible within the valve
(arrowheads). b Aortic valve
opens with a triangular shape,
demonstrating three independent
leaflets at 30% of the R-R
interval. The presence of a
trileaflet valve can only be
confirmed by demonstrating
this normal systolic opening

A mild coarctation is visible in the proximal descending aorta (black
arrowhead). This collateral branch and the coarctation were not visible
in the sagittal MIP. ¢ Four-chamber view of the heart demonstrates the
aorto-femoral graft anteriorly (arrowhead). There is an unusual
contour to the right ventricle, which appears to be narrowed in its
mid-portion (arrow). d Curved MIP view of the LAD demonstrates
non-calcified plaque in the proximal portion of this vessel with mild-
moderate—approximately 50%—narrowing (arrow). e Curved MIP
view of the LCX demonstrates eccentric calcified plaque in the mid
portion of this vessel without narrowing (arrow)
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Fig. 15 Mildly thickened aortic
valve with normal motion
pattern. a Closed aortic valve
demonstrates normal coaptation
of the leaflets at the three raphe
lines (arrowheads). b Systolic
image demonstrates a normal-
size opening with mild
myxomatous thickening and
redundancy of the leaflets

assess patency of the coronary arteries. cCCTA can provide
simultaneous evaluation of pathology in the aorta as well as
assessment of the coronary arteries for preoperative
planning (Fig. 11). Following repair of an aortic aneurysm,
cCTA can provide clear anatomic definition of prosthetic
valves, aortic grafts and residual dissection flaps (Fig. 12).
cCTA is also useful for evaluation of complex aortic
anomalies such as coarctation, interruption of the aortic
arch and collateral vascular supply (Fig. 13).

Preoperative planning for aortic valve replacement sur-
gery requires assessment of the ascending aorta for mor-
phology and calcification, assessment of the aortic valve
annulus for appropriate sizing of the replacement valve and
evaluation of the coronary arteries. cCTA is an excellent
modality to assess simultaneously the thoracic aorta, the
aortic valve and the coronary arteries (Figs. 14, 15). cCTA
can provide accurate imaging and measurements of the
aortic annulus and valve for preoperative planning of aortic
valve replacement [42]. Percutaneous valve replacement
procedures are poised to revolutionize the therapy of aortic
valve disease [43]. cCTA provides essential information
prior to percutaneous valve replacement, especially with
respect to the location and extent of aortic root and valve

calcifications and the location of the coronary ostia relative
to the valve plane [44]. The diagnosis of bicuspid valve is
readily apparent on cCTA (Fig. 16), and the presence of
aortic valve thickening and insufficiency may also be
visible (Fig. 17).

When reoperation is required for a prosthetic aortic valve
that has failed, coronary angiography is often contraindi-
cated, especially in the setting of endocarditis when catheter
angiography carries an increased risk of embolization [45].
cCTA can provide high-resolution functional imaging of
prosthetic valves with simultaneous evaluation of the
coronary arteries for preoperative planning. Prosthetic
endocarditis may also be associated with additional compli-
cations including valve malfunction and pseudoaneurysms,
which may be clearly defined by cCTA (Fig. 18).

MRI is generally considered the test of choice for
evaluation of cardiac morphology since this technique does
not require ionizing radiation. However, cCTA has been used
extensively in preoperative planning for ablation procedures
in the left atrium. The pulmonary veins and the intricate
details of the left atrial anatomy are more clearly visualized
by cCTA, which provides superior spatial resolution as
compared to MRI, and their location can be mapped into a

Fig. 16 Bicuspid aortic valve with regurgitation and minimal
restriction of motion. a Diastolic image in short axis of the aortic
valve demonstrates a linear closure of the aortic valve with only two
leaflets (arrowheads). A small regurgitant orifice is visible between the
mildly thick leaflets. The more anterior leaflet is in the position that
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would typically be occupied by the right and left coronary leaflets. b
Systolic image in short axis of the aortic valve demonstrates a “fish-
mouth”-shaped opening of the two leaflets (arrowheads) that is typical
for a bicuspid valve. The overall aortic valve area is minimally
restricted (2 cm? by planimetry)
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Fig. 17 Bicurpid aortic valve with moderate aortic insufficiency and
focal thickening, likely related to endocarditis. a Diastolic image in
short axis of the aortic valve demonstrates incomplete coaptation of the
valve leaflets with a regurgitant orifice (*). Just anterior to this
regurgitant orifice, there is a focal thickening of the valve, representing
a vegetation. b Systolic image in short axis demonstrates a “fish-
mouth” opening of the aortic valve with a visible raphe (arrowhead)

three-dimensional volume that is used during the ablation
procedure (Fig. 19). Integration of CTA image data during
ablation in the left atrium is often useful to shorten
procedure times and improve patient outcome [46]. Al-
though echocardiography and MRI are generally preferred
for evaluation of cardiac morphology, changes in cardiac
morphology (Fig. 20) and the presence of mass lesions
(Fig. 21) can be evaluated by cCTA.

Enlargement of the right heart is often related to
intracardiac shunts. cCTA is an excellent test for identifica-
tion of anomalous pulmonary veins that are not visualized by
echocardiography. Furthermore, we have found cCTA to be a
useful study in the pre-procedure planning for percutaneous

within the anterior leaflet. This raphe is actually a “pseudoraphe” as it
does not open as a normal raphe, but can mimic the appearance of a
trileaflet aortic valve on diastolic imaging. The regurgitant orifice in
diastole appears to be related to the free edge of this pseudoraphae. ¢
Three-chamber view in diastole demonstrates incomplete coaptation of
the aortic valve (black arrowhead), with focal thickening (a vegetation)
associated with the free edge of the anterior leaflet

closure of atrial septal defects (Fig. 22) and ventricular
septal defects (Fig. 23). The superb three-dimensional
anatomical definition provided by CT imaging allows
assessment of the size and location of the defect relative
to adjacent structures such as the aortic root.

Evaluation of the right heart by ¢cCTA is limited by the
mixing of opacified blood from the SVC with unopacified
blood from the IVC. Nonetheless, with appropriate mod-
ifications of the contrast injection protocol, cCTA may be
used successfully to evaluate right ventricular morphology,
as well as for evaluation of the tricuspid valve (Fig. 24) [14].

Given the development of new low-dose CTA protocols
(see below) and the more rapid acquisition time of CTA

Fig. 18 Pseudoaneurysm of the left ventricular outflow tract
following prosthetic valve endocarditis. a Three-chamber view during
diastole demonstrates an open St. Jude's valve in the mitral position
and a closed St. Jude's valve in the aortic position. A pocket of
contrast just anterior to the aortic prosthesis (arrowheads) represents a

pseudoaneurysm of the left ventricular outflow tract. b Axial image
during systole demonstrates an open aortic prosthesis in short axis.
The pseudoaneurysm is visualized to extend as a tubular structure into
the aorto-pulmonary window (arrowheads)
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Fig. 19 Pulmonary venous mapping of the left atrium demonstrates a
compound right inferior pulmonary vein. a Volumetric surface
rendering of the left atrium from a posterior vantage point demon-
strates four pulmonary veins. The right inferior vein consists of
several small branches that unite at the level of the left atrium (arrow).
This information is important when performing an ablation procedure,

as these branches have small orifices that might be damaged with
resulting pulmonary vein stenosis. b Endoluminal rendering demon-
strates multiple small branches entering the left atrium in the location
of the right inferior pulmonary vein (arrow). The orifice of the left
atrial appendage (*) is separated from the two left-sided pulmonary
veins by the warfarin ridge

Fig. 20 Partial absence of the pericardium with herniation of the left
atrial appendage. a Four-chamber view of the heart demonstrates a
mass along the left heart border (arrowheads) adjacent to the left
atrium (LA) and left ventricle (LV). A small amount of contrast
material enters this mass. b Coronal view of the left atrium (LA)
demonstrates that this mass (arrowheads) corresponds to the typical
location of the left atrial applendage. Stagnant flow within the mass
results in slow filling, but no thrombus was visible on delayed views.
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¢ Four-chamber view in a delayed phase demonstrates contrast filling
of the mass. d Coronal view in a delayed phase also demonstrates
homogeneous enhancement of the mass that represents a herniated and
dilated left atrial appendage. e PA view of the chest demonstrates a
bulge in the left cardiac contour. f Lateral view of the chest again
demonstrates the mass corresponding to the herniated and enlarged
left atrial appendage
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Fig. 21 Left atrial myxoma in a
patient with a recent transient
ischemic episode. a Axial image
demonstrates a small focal mass
within the left atrium (arrow-
head). The more common
location for a left atrial append-
age would be along the intera-
trial septum. b Sagittal image
demonstrates that this mass
(arrowhead) extends from the
roof of the left atrium adjacent
to the orifice of the left atrial
appendage

compared to MRI, it is likely that cCTA will play an
increasing role in the evaluation of cardiac morphology and
congenital heart disease. As a full discussion of these topics is
beyond the scope of this pictoral review, the reader is referred
to a recent textbook for more in-depth discussion of these
topics [47].

Limitations of cCTA/alternative studies

cCTA is a powerful diagnostic tool, but necessitates injection
of intravenous contrast material as well as exposure to
ionizing radiation. cCTA is often limited by image quality in
obese patients as well as patients with elevated or irregular
heart rates. The presence of blooming artifact from dense
arterial calcification limits the quality of cCTA and results in
overestimation of the degree of stenosis (Fig. 6). Evaluation
of metallic stents is also limited by blooming artifacts from
the stent struts, though cCTA has been increasingly

successful for evaluation of coronary stents, especially with
stent diameters above 3 mm (Figs. 25, 26). Although a
normal cCTA effectively excludes the presence of CAD,
the finding of moderate disease by cCTA is often of
uncertain clinical significance as it may not be obvious
whether the patient’s symptoms are related to the visualized
CAD. Because of these limitations, competing technologies
for evaluation of suspected CAD—including ECG-stress
testing, stress testing with echocardiography, stress testing
with nuclear perfusion imaging and MRI—may be more
appropriate in specific clinical scenarios. Functional stress
testing may be appropriate to evaluate the clinical signif-
icance of CAD detected by cCTA.

A meta analysis of 147 consecutively published reports
of exercise treadmill studies reported a sensitivity of 68%
with a specificity of 77% for the detection of CAD [48].
Diagnostic accuracy is somewhat higher for stress echocar-
diography and stress perfusion imaging, with both of these
tests demonstrating superior diagnostic accuracy as com-

Fig. 22 Atrial septal defect (ASD) with left to right shunt. a Sagittal
MIP demonstrates a posterior left atrium (LA), with a more anterior
right atrium (RA). The superior vena cava (SVC) is identified as it
enters the right atrium. A jet of contrast material (arrowhead) extends
from the left atrium through an ASD into the right atrium, just below
the orifice of the SVC. The proximity of the ASD to the SVC is
clearly demonstrated. b Axial MIP demonstrates the ASD with left to

right shunting of contrast (arrowhead). The proximity of the ASD to
the aortic root (Ao) is clearly demonstrated. The location of the ASD
and the presence of a rim of tissue must be ascertained prior to
attempted percutaneous closure. If the ASD is too close to the aortic
root, the closure device may clamp the root with a possible long-term
complication of erosion into the aortic root
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Fig. 23 Post-infarct ventricular
septal defect. a Four-chamber
view demonstrates a defect in
the distal portion of the
interventricular septum (arrow-
head). Trabeculations within the
right ventricle overlie the defect.
b Short axis view demonstrates
that the defect is larger than
appreciated on the four-chamber
view and extends through the
inferior half of the distal septum
(arrowhead)

pared to the basic ECG stress treadmill test. A pooled
analysis of stress tests for the diagnosis of “significant”
CAD demonstrated a sensitivity/specificity of 80%/86% for
stress echocardiography and 84%/77% for stress perfusion
imaging [49]. Although most studies suggest a relatively
similar diagnostic accuracy for stress echocardiography and
stress perfusion imaging, a recent meta-analysis suggests
that stress echocardiography is superior to stress perfusion
imaging for evaluation of high risk (left main disease and/or
triple vessel) disease because of the greater risk of missing
severe CAD with perfusion imaging (sensitivity 75% versus
94%) [50]. Although echocardiography does not provide
direct visualization of the coronary arteries, stress ECG
combined with echocardiography is a well-established non-
invasive examination for stratifying the risk of CAD and
influencing the decision for subsequent coronary angiogra-
phy and revascularization [51].

Based upon the decision analysis cited above, initial
evaluation of suspected CAD with stress echocardiography
(with ¢cCTA reserved for follow-up of positive stress tests)
may be more cost-effective as compared to an initial cCTA
for the low risk patient [9].

A minority of cardiac imaging procedures are performed
for structural or functional evaluation, unrelated to CAD. For
these examinations, echocardiography is a less expensive
and less invasive technique compared to cCTA. Transtho-

Fig. 24 Ebstein’s anomaly with
apical displacement of the septal
leaflet of the tricuspid valve
(arrowhead), a large, redundant
“sail-like” anterior tricuspid
leaflet (arrow) and marked
enlargement of the right heart.

a Four-chamber view. b Short
axis view

@ Springer

racic echocardiography can be performed portably and does
not generally require administration of intravenous contrast
material. Transesophageal echocardiography can be per-
formed when there is a need for higher spatial resolution or to
visualize parts of the heart—such as the left atrial appendage
—that may be difficult to image from the transthoracic
approach. Echocardiography is superior to CT when the
primary objective of diagnostic imaging is for assessment of
ventricular wall motion, valve morphology and function, as
well as for quantification of flow velocities and pressure
gradients within the heart. Doppler evaluation provides a
simple method to grade the severity of valvular stenosis or
insufficiency, as well as other functional abnormalities such
as tamponade and restrictive physiology. Based upon the
superior temporal resolution of echocardiography, echocar-
diography is often superior to cCTA and MRI for detection
of mobile masses and vegetations within the heart.

MRI is limited by spatial resolution for evaluation of
coronary artery branches, but is an excellent modality for
evaluation of myocardial function, perfusion and viability
[52, 53]. As compared with cCTA, there is no ionizing
radiation and no need for a contrast injection to evaluate
function with steady-state free-precession sequences. The
excellent contrast between the blood pool and the endocar-
dial surface allows clear depiction of cardiac morphology
and reproducible measurements of chamber size. When
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Fig. 25 Curved MIP of the right coronary artery and posterior
descending artery. A patent stent is visualized in the distal RCA
(arrowhead). There is no significant narrowing of the RCA

Fig. 26 Slab MIP of the proximal to mid-right coronary artery
demonstrates an ulcerated plaque at the origin of the RCA (arrowhead)
as well as an occluded stent in the mid-portion of the RCA (arrow)

gadolinium is administered, different patterns of myocardial
perfusion and delayed enhancement may be used to
characterize various types of cardiomypathy and to docu-
ment the extent of viable tissue. MRI may be combined
with pharmacological agents for stress perfusion imaging.
The major clinical applications for cardiac MRI at this time
include imaging of structural morphology and myocardial
evaluation.

Radiation reduction techniques

A major limitation of cCTA compared with stress echocar-
diography and MRI is the exposure to ionizing radiation.
Various strategies have been implemented in order to reduce
this exposure. At the level of CT hardware, there is a constant
effort to produce more efficient detectors. At the level of
image acquisition, newer techniques have been developed
that limit exposure to smaller portions of the cardiac cycle.
Finally, at the level of image reconstruction, newer technol-
ogy is being developed to improve signal to noise in CT
images with fewer photons in the raw data.

Conventional cCTA is performed with an ECG-gated
helical image acquisition to reconstruct an image during the
quiescent phase of the cardiac cycle, usually in mid-diastole.
In order to obtain sufficient data for reconstruction, helical
scans are performed with a pitch in the range of 0.2—0.3. This
low pitch provides sufficient overlap between successive
helical rotations of the detector array such that adequate data
are obtained in each portion of the cardiac cycle for image
reconstruction. Unfortunately, the low pitch also results in
relatively high radiation exposure. The data obtained from
the quiescent portion of diastole are used to reconstruct high-
resolution images of the coronary arteries, while data
obtained from the remainder of the cardiac cycle are used
to reconstruct lower resolution functional images that may be
used to demonstrate valve motion and ventricular contrac-
tion. However, much of the data acquired during the non-
quiescent portions of the cardiac cycle is not needed. A
technique known as tube-current modulation has been
developed to adjust the current to the x-ray tube such that
the full dose is delivered during the quiescent phase of the
cardiac cycle for high-resolution imaging, while a much
reduced dose is delivered in other phases of the cycle to
allow reconstruction of lower resolution functional images.
At a heart rate of 60 beats per minute, tube current
modulation may result in a dose reduction of greater than
50% without loss of image quality [54].

Prospective ECG-gating with an axial “step and shoot”
technique has been introduced to further reduce radiation
dose. This technique acquires images in axial mode during
a single, short (usually mid-diastolic) interval. The entire
heart is acquired in one or more axial steps (Fig. 7). The
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prospective gating technique relies on a stable heart rate to
predict the time for mid-diastole and to trigger the x-ray
tube only during that interval for imaging. Evaluation of
cardiac motion is not possible with standard step-and-shoot
acquisition since image data are not obtained during the
systolic portion of the cardiac cycle. Furthermore, image
quality may be adversely impacted if a variable heart rhythm
results in image acquisition during a suboptimal phase of the
cardiac cycle. Nonetheless, a recent multicenter international
study included 685 patients, with 99 patients evaluated using
prospective ECG-gating and 586 patients evaluated with a
standard helical approach. Mean radiation dose was reduced
by 68%, from 11.2 mSv for the helical mode to 3.6 mSv for
the step-and-shoot technique, without loss of image quality
[55].

High pitch spiral acquisition is a new variation on helical
scan technology that can be used to acquire cCTA of the
entire heart in a single spiral acquisition for patients with a
sufficiently low heart rate. Rapid table motion is timed so
that the entire heart is imaged during the quiescent phase of a
single cardiac cycle. A recent study of 100 patients
comparing prospective ECG-gating with step-and-shoot
technology to prospective ECG-gating with a high pitch
spiral mode (pitch 3.4) demonstrated diagnostic image
quality in over 98% of coronary artery segments with no
significant difference in image quality between the two
methods [56]. Mean effective radiation dose was 1.4+
0.4 mSv for prospective ECG gating with step-and-shoot
technology and 0.94+0.1 mSv for prospective ECG gating
with high-pitch spiral mode.

Most contemporary CT scanners utilize a mathematical
technique called filtered back projection to reconstruct CT
images. Iterative reconstruction is another category of
techniques that has recently gained popularity for recon-
struction of CT images with decreased image noise. Iterative
reconstruction techniques employ an initial estimate of voxel
attenuation to predict projection data; estimates of voxel

Fig. 27 lterative reconstruction
illustrated for a curved MIP of a
normal RCA scanned with very
low dose technique. a Standard
reconstruction with filtered back
projection demonstrates a noisey
image related to inadequate
signal-to-noise characteristics. b
Iterative reconstruction using
iDose (Philips Medical Systems)
with the same raw data demon-
strates improved signal-to-noise
characteristics with improved
definition of the smaller distal
RCA branches
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attenuation are iteratively adjusted to minimize the differ-
ence between the predicted projection data and the measured
projection data. These techniques are more computationally
intensive as compared to filtered back projection, but can
result in reduced image noise; alternatively, iterative techni-
ques may be used to maintain an acceptable signal-to-noise
ratio and image quality with reduced radiation (Fig. 27). A
recent study suggests that iterative techniques may allow a
reduction in effective radiation exposure by approximately
50% [57]. Based upon the doses recorded from studies of
prospective ECG-gating and high pitch helical technique,
new acquisition techniques combined with iterative recon-
struction should routinely provide cCTA imaging with
effective radiation exposures of 1 mSv or less.

Conclusion

Advances in CT technology over the past decade have
resulted in marked improvements in cCTA image quality
along with reduction in effective radiation dose. We have
reviewed the application of ECG-gated CTA of the heart to
various clinical applications, including evaluation of the
thoracic aorta, aortic valve, bypass grafts, left atrium and
various structural cardiac abnormalities. However, the major
indication for cardiac CT is cCTA for evaluation of CAD in
symptomatic patients with low to intermediate risk of CAD.
High-risk symptomatic patients should be triaged directly to
cardiac catheterization. In patients with a risk of CAD below
20%, stress echocardiography may present the most cost-
effective study for initial evaluation. cCTA is useful in these
patients to follow-up on positive stress tests in order to avoid
catheterization of patients with false-positive stress test
results. As the pre-test probability of CAD in a symptomatic
patient rises above 20%, cCTA provides a cost-effective
initial evaluation. Stress perfusion imaging may be useful as
a secondary study in these patients when moderate stenosis
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(50-75% diameter reduction) is identified on cCTA. New
developments that allow myocardial perfusion imaging with
cCTA are likely to result in a single comprehensive CT
examination for CAD in the future.
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