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Cardiac CT has finally come of age. After nearly 30 years of development and growth, tomo-
graphic X-ray is being embraced by cardiologists as a useful imaging technology. Thirty 
years ago, Doug Boyd envisioned a unique CT scanner that would have sufficient temporal 
resolution to permit motion-artifact-free images of the heart. In the late 1970s, I had the 
good fortune to work closely with Dr. Boyd, Marty Lipton, and Bob Herkens who had the 
vision to recognize the potential of CT imaging for the diagnosis of heart disease. In the early 
1980s, when electron beam CT became available, others, including Mel Marcus, John 
Rumberger (deceased), Arthur Agatston, and Dave King (deceased), were instrumental in 
making clinical cardiologists aware of the potential of cardiac CT.

In 1985, several investigators recognized the potential of cardiac CT for identifying and 
quantifying coronary artery calcium. Now, 20 years later, there is wide recognition of the 
value of coronary calcium quantification for the prediction of future coronary events in 
asymptomatic people. It has been a long and arduous road, but finally, wide-spread screening 
may significantly reduce the 150,000 sudden deaths and 300,000 myocardial infarctions that 
occur each year in the United States as the first symptom of heart disease.

In the late 1970s, it was thought that a 2.4-s scan time was very fast CT scanning. With 
the development of electron beam technology, scan times of 50 ms became possible, giving 
rise to terms such as fast CT, ultrafast CT, and RACAT (rapid acquisition computed axial 
tomography). Now, with the development of multidetector scanners capable of 64, 128, 256, 
and beyond simultaneous slices, spatial resolution is approaching that of conventional cin-
eangiography, and the holy grail, noninvasive coronary arteriography, appears attainable.

In this book, Drs. Matthew Budoff and Jerold Shinbane, preeminent leaders in the field of 
cardiac CT, have described the many and varied uses of the technology in the diagnosis of 
cardiovascular disease. The book clearly documents that cardiac CT has not only arrived but 
has become a very valuable and potent diagnostic tool.

Bruce H. Brundage MD, MACC
Medical Director 

 Heart Institute of the Cascades  
Professor of Medicine Emeritus  

UCLA School of Medicine

Foreword to the First Edition
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It is a testament to the intellect and diligence of the physician-scientists and engineers 
involved in the field of Cardiovascular Computed Tomography that a second edition of this 
text was necessary only four short years after the introduction of the first edition. In the 
Preface to the First Edition of this text, the long pathway to acceptance of cardiac CT was 
described as reminiscent of a quote by the philosopher Arthur Schopenhauer:

All truth passes through three stages.
First, it is ridiculed.
Second, it is violently opposed.
Third, it is accepted as being self-evident.

Cardiovascular CT has now matured into a firmly established subspecialty of radiology and 
cardiovascular medicine with a multidisciplinary society, a board examination, dedicated 
journals, numerous scientific statements from leading national societies, focused national 
and international meetings, and clear education and training pathways. The foundation has 
been provided by a sound medical literature, which continues to grow at an astounding pace. 
We hope that research maintains the same forward momentum fueled by the intellectual 
curiosity and passion to increase the understanding of the cardiovascular system and 
improve patient care. As we look ahead, we also continue to look back and acknowledge our 
debt to the pioneers of this technology who dedicated their careers to forwarding this 
discipline.

Cardiovascular CT has become a powerful risk stratifying tool for the early detection of 
atherosclerosis, a substitute for coronary angiography or noninvasive exercise testing in cer-
tain clinical situations, and a powerful tool to image the heart for congenital heart disease. 
There has been a paradigm shift in its role related to cardiovascular therapies, with progress 
from pre and postprocedure assessment to use in the actual guidance of a variety of invasive 
procedures.

Advances in CT scanners, imaging techniques, postprocessing workstations, and interpre-
tation for diagnostic and therapeutic applications have now made the field relevant to the 
entire spectrum of physicians who diagnose and treat cardiovascular disease. As such,  
a thorough knowledge of cardiovascular CT is required for the thoughtful and individual-
ized application in patient care. We hope that this text will provide the substrate for a detailed 
understanding of the art and science of this technology.

Los Angeles, CA, USA Matthew J. Budoff, MD, FACC, FAHA, FSCCT
 Jerold S. Shinbane, MD, FACC, FHRS, FSCCT

Preface to the Second Edition
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Since its introduction in the early 1970s, computed tomography (CT) has become a robust 
modality to evaluate extracranial, thoracic, and abdominal vascular distributions. It has 
become a gold standard to noninvasively image the aorta, pulmonary arteries, great vessels, 
and renal and peripheral arteries. However, cardiac anatomy evaluation with this modality 
was not possible, due to rapid cardiac motion and slow image acquisition times. Since the 
introduction of the first dedicated cardiac CT scanner, the electron beam CT (EBCT), the 
diagnosis and workup of cardiac structures has become possible. The lack of movement of 
the X-ray source allowed for images at a rate of 20 per second – 100 times faster than conven-
tional CT at that time. Dr. Douglas Boyd, the inventor of EBCT, created this technology spe-
cifically with cardiac imaging in mind, and first published clinical data in 1982 [1]. However, 
limited reimbursement, high cost of acquisition, and very limited industry support kept this 
technology from expanding. The number of EBCT scanners in operation at any time never 
exceeded 100 worldwide, and physician exposure to the technology was very limited. Despite 
these hurdles, functional cardiac analysis (wall motion, cardiac output, wall thickening, and 
ejection fraction), perfusion imaging, noninvasive angiography, and coronary calcium 
assessment were validated, each with at least 10 years of experience. To date, over 1,000 sci-
entific papers have been published in English, and three scientific statements from the 
American Heart Association have been written specifically on this modality. With the advent 
of helical CT in the mid-1990s and multidetector CT (MDCT) in 1999, the widespread avail-
ability of scanners to thousands of centers created a marked increase in utilization of and 
interest in cardiac CT. By 2004, three professional societies were vying for membership of 
potential cardiac CT physicians, and guidelines and credentialing standards were developed 
at a record pace.

Despite coronary calcium reports since 1989, and noninvasive coronary angiographic 
imaging reports with EBCT since 1995 [2], these applications did not gain widespread appeal 
until studies with MDCT became available. The preliminary studies (with subsecond single 
slice “helical” CT) had very limited cardiac applications and significant motion artifacts. The 
comparisons to EBCT were modest at best, and most investigators were quite concerned 
about applying the results of helical CT to clinical patients [3]. The early exposure MDCT, 
specifically the 4-slice scanner, was also disappointing with limited temporal resolution, vol-
ume coverage, collimation, and z-axis imaging. Due to the rapid coronary motion and lim-
ited scan speeds available with these early scanners, accurate and reliable imaging of the 
heart and coronary arteries has been significantly limited [4]. Diagnostic accuracy for car-
diac 4-slice MDCT angiography, the most promising new application of these machines, was 
severely limited. Several studies reported diagnostic rates of only 30%, mostly due to cardiac 
motion [5]. However, evolution of MDCT with increased detectors, allowing for thinner slices 
and improved spatial resolution, has made this the most robust technology. Cardiac CT (with 
either MDCT or EBCT) offers several advantages over other diagnostic methodologies and 
is quite complementary to more common or traditional tests performed today. Clearly, the 
ability to see the lumen and vessel wall adds quite a lot to the assessment of the cardiac 
patient. Yet, cardiac CT does not readily afford functional assessment of the patient under 
stress (exercise), and that information, garnered most commonly with treadmill testing, 

Preface to the First Edition
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stress thallium, or echocardiography, adds vital information to the cardiac assessment. Thus, 
cardiac CT has been seen as a mostly complementary modality, adding anatomic informa-
tion to the functional data acquired with stress testing.

Magnetic resonance imaging garnered quite a bit of interest in the early 1990s with the 
promise of a noninvasive angiogram with high accuracy. However, the next decade brought 
little improvement in the diagnostic accuracy of this technique, most likely due to limita-
tions in slice thickness, and temporal and spatial resolution. As compared to MRI, EBCT and 
MDCT allow for higher spatial and temporal resolution. The ease of use and robustness 
allow for fairly easy application to a variety of cardiac diagnoses. This book will highlight the 
vast array of cardiac (and vascular) applications of CT, updating the reader on the methodol-
ogy employed by a variety of experts with a cumulative 100 or more years of cardiac CT 
experience.

We are forever indebted to the experts (both cardiologists and radiologists) who have 
spent the last 10–20 years of their lives dedicated to studying and publishing in this particu-
lar field of interest. Some of the experts who originated this work in the mid-1980s and 
allowed us to progress to where we are today include Bruce Brundage, William Stanford, 
Ralph Haberl, Geoff Rubin, Robert Detrano, Warren Janowitz, Arthur Agatston, John 
Rumberger, Marty Lipton, and Ruping Dai. This is clearly a very incomplete list, yet these are 
some of the early investigators who had to literally fight against a medical community that 
thought cardiac CT posed a threat to their more traditional tests. There has been significant 
controversy regarding cardiac CT over the years, with raging debates at national meetings, 
and policies by the professional organizations sometimes swayed against the technology 
more by emotion than science.

The pathway that cardiac CT had to endure over the last 20 years is reminiscent of a quote 
by Arthur Schopenhauer. He stated:

All truth passes through three stages.
First, it is ridiculed.
Second, it is violently opposed.
Third, it is accepted as being self-evident.

A prominent cardiologist and past president of the American College of Cardiology recently 
told me that he thought some of the early investigators in the 1980s were clearly out of their 
mind when suggesting the widespread use of cardiac CT, whether for coronary calcium 
assessment as a “mammogram of the heart,” or CT angiography as a possible replacement 
for some conventional angiograms (ridicule stage). Violent opposition to this modality came 
in the late 1990s, when debates at the American College of Cardiology and AHA centered on 
the inappropriate advertising of these tests, rather than the science. Today, we are approach-
ing the third stage, with the acceptance that cardiac CT has an important role in risk stratifi-
cation (coronary artery calcification) and diagnosis of obstructive coronary artery disease 
(CT angiography).

As you will see, cardiac CT has matured significantly. It has become a powerful risk strati-
fying tool for the early detection of atherosclerosis, a possible substitute for coronary angiog-
raphy or noninvasive exercise testing in certain clinical situations, and a powerful tool to 
image the heart for congenital heart disease, pre and postelectrophysiologic testing, and 
peripheral angiography. Future directions include possibly replacing some conventional 
catheterizations and noninvasive tracking of atherosclerosis (progression/regression of 
either calcified plaque or noncalcified or “soft plaque”). The promise of CT includes nonin-
vasive coronary plaque characterization, as well as accurate stenosis identification. It is 
highly likely that, if these goals are obtained, CT coronary angiography may become the 
most valuable tool to evaluate the coronary arteries noninvasively. It is possible that direct 
noninvasive CT visualization of the arteries will partially replace both nuclear cardiology 
and diagnostic angiography in certain clinical situations, with a subsequent increase in coro-
nary revascularizations.

Los Angeles, CA, USA Matthew J. Budoff, MD, FACC, FAHA, FSCCT
 Jerold S. Shinbane, MD, FACC, FHRS
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CAC Coronary artery calcium
CAD Coronary artery disease
CCS Coronary calcium score
CCTA Coronary computed tomographic angiography
CT Computed tomography
CVD Cardiovascular disease
EBCT Electron beam computed tomography
EBT Electron beam tomography
HU Hounsfield unit
ICA Invasive coronary angiography
Kv Kilovoltage
mA milliAmpere/milliAmperage
MDCT Multirow detector computed tomography
MPS Myocardial perfusion scintigraphy
MSCT Multislice computed tomography
PET Positron emission tomography
SPECT Single photon emission computed tomography

Common CT Abbreviations
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ALARA (As Low As Reasonably Achievable) A concept to keep the radiation dose low but 
one should make sure the test remains diagnostic.

Attenuation Brightness of an object, based upon density. Typically measured by use of the 
Hounsfield unit (HU), which is a scale developed by Sir Godfrey Hounsfield that attributes 
brightness of water as a HU of 0, and less dense objects being negative (i.e., air is typically 
−1000 HU), and more dense objects being positive (i.e., metal is typically +1000 HU).

Beam Hardening An artifact with effects on image accuracy primarily due to high–density 
metal or calcium situated near a low-density structure (i.e., soft-tissue or lumen), which 
attenuates the X-ray signal from disproportionately low-energy X-rays.

Blooming An artifact on CT which is caused by severe calcification or metal, which causes 
the bright object to appear larger than it is (due to partial voluming).

Collimation The amount of tissue imaged on one rotation of the detectors, calculated as the 
number of detectors multiplied by the slice thickness (i.e., 64 detectors at 0.625 = 40 mm).

Collimator Shapes the X-ray beam. This controls the width, detector configuration, quality, 
and position of the X-ray beam.

Contrast to Noise Ratio A marker of image quality on CT, with a goal of high contrast 
enhancement to low noise. The worse the ratio, the harder the study is to interpret. Similar to 
signal to noise ratios.

Convolution kernel Defined as the image processing filter applied to the raw data to yield a 
final scan image. The sharpness of the final image is most directly influenced by the type of 
filter employed.

CT Dose Index (CTDI) Dose delivered to a standard reference phantom.

Dissipation How fast the tube can cool down, which is a limiting factor for image quality.

Effective Dose Reported in millisieverts (mSv), is a measure of the overall detrimental bio-
logical effect of a given radiation exposure. It is calculated by weighting the concentrations 
of energy deposited in each organ from a given radiation exposure, taking into account type 
of radiation and the potential for organ-specific damage in a reference individual.

Field of View The scanned field of view represents the entire object scanned within the gan-
try; the displayed field of view is defined as the angular size of the displayed scan on the 
three-dimensional matrix.

Negative Predictive Value The percentage of patients with negative results that are actually 
negative (i.e., free of the disease or condition). The higher the negative predictive value, the 
more accurate the test is at excluding patients that do not have the disease or condition.

Partial Volume Averaging An artifact on CT caused by objects being incompletely imaged 
on an individual slice of data. A small object (i.e., 0.3 mm foci of fat in the vessel) may be seen 
on an individual slice (0.6 mm), but may be somewhat obscured due to averaging with higher 
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density objects around it. Thus, since most imaging on CT is based upon maximal intensity 
projection, the brightest objects (calcium, metal) tend to dominate lower density objects 
(lumen, non-calcified plaque). Newer scanners with the ability to obtain thinner slices there-
fore have less problems with partial voluming.

Peak Tube Voltage (kVp) Is the energy of the X-rays produced, measured in kilovolts.

Pitch Is defined as the ratio of table travel to the beam collimation.

Pixel A two dimensional measure describing the x- and y-axis resolution of an individual 
datapoint. Using a 512 × 512 matrix, current CT scanners can achieve resolution of an indi-
vidual datapoint of 0.35 × 0.35 mm.

Positive Predictive Value The percentage of patients with positive test results who are actu-
ally positive (i.e., have the disease or condition). The higher the positive predictive value, the 
more accurate the test is at detecting/diagnosing the disease of interest.

Prospective ECG Gating Relies on the scanner initiating imaging only during a pre-specified 
interval of the cardiac cycle (otherwise known as step and shoot).

Retrospective ECG Gating Involves a continuous spiral (helical) feed and scan wherein the 
entire heart volume is covered continuously. Data acquisition occurs from all phases of the 
cardiac cycle.

Sensitivity The percentage of actual positives which are correctly identified by the test 
(or the ability of the test to detect disease at a particular level).

Signal to Noise Ratio A marker of image quality on CT, describing the ratio of the image 
signal (attenuation or brightness) to the background noise level. Increasing radiation doses 
(especially kVp) will increase the signal and decrease the noise.

Spatial Resolution Refers to the ability of an imaging modality to detect two distinct objects 
in space as separate objects, and is expressed in units of distance.

Specificity The percentage of negatives which are correctly identified (or the ability of the 
test to detect the disease or condition of interest).

Temporal Resolution Refers to the ability of an imaging modality to detect two distinct 
events in time as separate events, and is expressed in units of time.

Tube Capacity How much heat a tube can store safely.

Tube Current It is the number of X-rays produced, measured as milliAmperes (mA).

Voxel A three dimensional datapoint on CT (pixel with z axis added). An isotropic voxel 
describes the ability to have all three dimensions with equal spatial resolution (i.e., 0.35 × 
0.35 × 0.35 mm), allowing free rotation of the three-dimensional image without distortion.
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1
Computed Tomography: Overview

Matthew J. Budoff 

Overview of X-Ray Computed Tomography

Sir Godfrey Hounsfield is credited with the invention of the 
CT scanner in late 1960s. Since CT uses X-ray absorption to 
create images, the differences in the image brightness at 
any point will depend on physical density and the presence 
of atoms with a high difference in anatomic number like 
calcium, and soft tissue and water. The absorption of the 
X-ray beam by different atoms will cause differences in CT 
brightness on the resulting image (contrast resolution). 
Blood and soft tissue (in the absence of vascular contrast 
enhancement) have similar density and consist of similar 
proportions of the same atoms (hydrogen, oxygen, carbon). 
Bone has an abundance of calcium and is thus brighter on 
CT. Fat has an abundance of hydrogen. Lung contains air, 
which is of extremely low physical density and appears 
black on CT (HU -1,000). The higher the density, the 
brighter the structure on CT. Calcium is bright white, air is 
black, and muscle or blood is gray. There are over 5,000 
shades of this gray scale represented on CT, centered around 
zero (water). CT, therefore, can distinguish blood from air, 
fat, and bone, but not readily from muscle or other soft tis-
sue. The densities of blood, myocardium, thrombus, and 
fibrous tissues are so similar in their CT number that non-
enhanced CT cannot distinguish these structures. Thus, the 
ventricles and other cardiac chambers can be seen on non-
enhanced CT, but delineating the wall from the blood pool 
is not possible (Figure 1.1). Investigators have validated the 
measurement of “LV size” with cardiac CT, which is the sum 
of both left ventricle (LV) mass and volume [1]. Due to the 
thin wall, which does not contribute significantly to the 
total measured volume, the left and right atrial volumes 
can be accurately measured on noncontrast CT [2].

The basic principle of CT is that a fan-shaped, thin X-ray 
beam passes through the body at many angles to allow for 
cross-sectional imaging. The corresponding X-ray trans-
mission measurements are collected by a detector array. 
Information entering the detector array and X-ray beam 
itself is collimated to produce thin sections while avoiding 
unnecessary photon scatter (to keep radiation exposure and 

image noise to a minimum). The x-ray tube and detector 
array rotate around the patient separated by 180°, allowing 
continuous acquisition of data. The data recorded by the 
detectors are digitized into picture elements (pixels) with 
known dimensions. The gray-scale information contained 
in each individual pixel is reconstructed according to the 
attenuation of the X-ray tube along its path using a stan-
dardized technique termed “filtered back projection.” Gray-
scale values for pixels within the reconstructed tomo-gram 
are defined with reference to the value for water and are 
called “Hounsfield units” (HU; for the 1979 Nobel Prize win-
ner, Sir Godfrey N. Hounsfield), or simply “CT numbers.” 
These CT numbers are the attenuation or brightness of the 
individual pixel (smallest definable unit on CT) of data. A 3D 
pixel is called a voxel. Typical pixel values for studies com-
monly seen on cardiac CT are listed in Table 1.1.

Because contrast resolution uses attenuation or density 
to visualize structures in gray scale, limitations of contrast 
resolution exist even on contrast enhanced studies. These 
include differentiating the cardiac vessels from cardiac 
cavities with same density (such as when the arteries run 
become intra-myocardial) and differentiating non-calcified 
plaque from surrounding low density structures, including 
thrombus. Even with good contrast enhancement, differen-
tiating different types of plaque (lipid-laden and fibrous) 
can sometimes be challenging, although it is always easy to 
differentiate the bright white plaques (calcified) from non-
calcific plaques.

The higher spatial resolution of CT allows visualization 
of coronary arteries both with and without contrast 
enhancement. The ability to see the coronary arteries on a 
non-contrast study depends upon the fat surrounding the 
artery (of lower density, thus more black on images), pro-
viding a natural contrast between the myocardium and the 
epicardial artery (Figure 1.1). Usually, the entire course of 
each coronary artery is visible on non-enhanced scans 
(Figure 1.2). The major exception is bridging, when the 
coronary artery delves into the myocardium and cannot be 
distinguished without contrast. The distinction of blood 
and soft tissue (such as the left ventricle, where there is no 
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air or fat to act as a natural contrast agent) requires injec-
tion of contrast with CT. Similarly, distinguishing the lumen 
and wall of the coronary artery also requires contrast 
enhancement. The accentuated absorption of X-rays by ele-
ments of high atomic number like calcium and iodine allows 
excellent visualization of small amounts of coronary calcium 
as well as the contrast-enhanced lumen of medium-size cor-
onary arteries (Figure 1.3). Air attenuates the X-ray less than 
water, and bone attenuates it more than water, so that in a 
given patient, Hounsfield units may range from −1,000 HU 
(air) through 0 HU (water) to above +1,000 HU (bone cor-
tex) (Table 1.1). Coronary artery calcium in coronary 

atherosclerosis (consisting of the same calcium phosphate as 
in bone) has CT number >130 HU, typically going as high  
as +1,000 HU. It does not go as high as the bony cortex of the 
spine due to the smaller quantity and mostly inhomoge-
neous distribution in the coronary artery plaque. Metal, such 
as that found in valves, wires, stents, and surgical clips, typi-
cally have densities of +1,000 HU or higher.

Cardiac CT

Cardiac computed tomography (CT) provides image slices 
or tomograms of the heart. CT technology has signifi-
cantly improved since its introduction into clinical prac-
tice in 1972. Current conventional scanners used for 
cardiac and cardiovascular imaging now employ either a 
rotating X-ray source with a circular, stationary detector 
array (spiral or helical CT) or a rotating electron beam 
(EBCT). The attenuation map recorded by the detectors is 
then transformed through a filtered back-projection into 
the CT image used for diagnosis. The biggest issue with 
cardiac imaging is the need for both spatial and temporal 
resolution. Cardiac magnetic resonance (MR) has been an 
emerging technique for almost 2 decades, making little 
progress toward widespread utilization over this time. 
Temporal resolution (how long it takes to obtain an image) 
is inversely related to spatial resolution with cardiac MR. 
Improving the MR spatial resolution requires prolonging 
the imaging time. This greatly limits the ability to focus 
with precision on moving objects, as the viewer needs to 
settle for either a high resolution image plagued by car-
diac motion, or a low resolution image with no motion 
artifacts. Cardiac CT does not suffer from this inverse 
relationship, and allows for both high spatial and tempo-
ral resolution simultaneously. Electron beam CT (EBCT – 
described in detail in text to come) allows for high resolution 
imaging at 50–100 milliseconds (ms). Multidetector CT 
(MDCT), with improved spatial resolution, allows for 
rotation speeds now on the order of 260–350 ms. The most 
distinct advantage of cardiac CT over cardiac MR is the 
improved spatial resolution and thinner slice thickness 
achievable with current systems. CT has the ability to 
image every 0.5 mm (submillimeter slices), providing 
high z-axis (through plane resolution). In-plane resolu-
tion is dependent upon the number of pixels that can be 
seen by a given detector array. Resolution of current CT 
systems uses a matrix of 512 × 512, allowing x- and y-axis 
(in plane) resolution down to 0.35 mm. MR systems use a 
matrix of 256 × 256, and flat plate technology currently 
used in advanced fluoroscopy labs and cardiac catheter-
ization labs use 1,024 × 1,024 matrix resolution. The best 
resolution reported by a cardiac MR study (using the 3 
Tesla magnet) demonstrated resolution in the x-, y- and 
z-axes of 0.6 × 0.6 × 3 mm [3]. The best resolution offered 
by cardiac CT is 0.35 × 0.35 × 0.5 mm, which is almost a 
factor of 10 better spatial resolution and approaching the 
ultimate for 3D tomography of nearly cubic (isotropic)) 

Air ~ –1,000 HU
Fat –100 to –40
Water – zero
Non-enhanced myocardium and blood 40–60
Contrast enhanced myocardium 80–140
Calcium >130 (to about 1,000)
Enhanced blood pools (lumen, aorta, LV) 300–500

Metal >1,000

Table 1.1. Typical Hounsfield unit values

Figure 1.1. A non-contrast CT scan of the heart. Quite a bit of information can be garnered with-
out contrast. The pericardium is visible as a thin line (red arrow). The coronary arteries can be seen, 
and diameters and calcifications are present (R). The right coronary artery is seen near the R, and the 
left anterior at the L. The four chambers of the heart are also seen, and relative sizes can be mea-
sured from this non-contrast study. The descending aorta is also present on this image and can be 
evaluated and measured.  Higher levels would allow visualization of the ascending aorta, pulmo-
nary artery and superior vena cava on the same study.  Ao aorta, L left anterior descending artery, 
LA left atrium, LV left ventricle, RA right atrium, RV right ventricle.
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“voxels” – or volume elements (a 3D pixel). As we consider 
noninvasive angiography with either CT or MR, we need 
to remember that both spatial and  temporal resolution is 
much higher with traditional invasive angiography 
 (discussed in more detail later in this chapter).

Reconstruction algorithms and multi-“head” detectors 
common to both current electron beam and spiral/helical 
CT have been implemented enabling volumetric imaging, 
and multiple high-quality reconstructions of various vol-
umes of interest can be done either prospectively or retro-
spectively, depending on the method. The details of each 
type of scanner and principles of use will be described in 
detail.

MDCT Methods

Sub-second MDCT scanners use a rapidly rotating X-ray 
tube and several rows of detectors, also rotating. The tube 
and detectors are fitted with slip rings that allow them to 
continuously move through multiple 360° rotations. The 
“helical” or “spiral” mode is possible secondary to the 
development of this slip-ring interconnect. This allows  
the X-ray tube and detectors to rotate continuously during 
image acquisition since no wires directly connect the 

Figure 1.2. Sequential 3 mm slices from a non-contrast CT scan study (calcium scan). This study depicts the course and calcifications of the left anterior descending (LAD) artery. The white calcifications are 
easily seen (red arrows) and quantitated by the computer to derive a calcium score, volume or mass with high inter-reader reproducibility.

RCA

Ramus

Collateral

LAD

Figure 1.3. A contrast-enhanced CT of the coronary arteries, with excellent visualization of a 
highgrade stenosis in the mid-portion of the LAD. A large collateral vessel is seen from the RCA, but 
this is quite rare, as usually the collaterals are too small to be well seen on cardiac CT. A large ramus 
intermedius is well visualized, and the dominant RCA is present. This is but one view of many that 
can be visualized with cardiac CT, allowing for near-complete visualizations of the coronary tree.
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rotating and stationary components of the system (i.e., no 
need to unwind the wires). This slip-ring technology was 
considered the most fundamental breakthrough for CT, 
allowing advancement from conventional CT performing 
single slice scanning in the 1980s to rapid multislice scan-
ning in the 1990s. With the gantry continuously rotating, 
the table moves the patient through the imaging plane at a 
predetermined speed (table speed). The speed of the gantry 
relative to the rotation of the detectors is the scan pitch. 
Pitch is calculated as table speed divided by collimator 
width. The collimator width is simply the number of detec-
tors multiplied by the individual detector width. A typical 
64 detector system with 0.625 mm detectors will thus have a 
collimation width of 64 × 0.625 mm = 40 mm. Thus, each 
rotation of the detector array will “cover” 40 mm of the 
body. If the pitch is 1, than the table is moving at 40 mm and 
the coverage is 40 mm, allowing for no overlapping data and 
acquisition of 0.625 mm data per slice. Moving the table 
faster will lead to wider slices, as a pitch of 1.5 will infer that 
the table is moving at 60 mm, while the detector array only 
covers 40 mm, so each of the 64 detectors will be responsi-
ble for almost 1 mm of the 60 mm that was covered during 
the rotation. A low pitch (low table speed, typically used in 
cardiac imaging) allows for over-lapping data from adjacent 
detectors. A typical pitch for cardiac CT is 0.25, meaning 
that the table is moved at 10 mm per rotation, while the 
detectors cover 40 mm, allowing thin slice acquisition and 
overlapping datasets. The heart is literally moved only one 
fourth of the way through the detector array each rotation, 
so it takes four rotations to completely cover any portion of 
the heart. The pitch is varied based upon the heart rate of 
the patient, to allow optimal timing of image acquisition. 
Most commonly, physicians use a low table speed and thin 
imaging, leading to a lot of images, each very thin axial 
slices, which are of great value for visualizing the heart with 
the highest resolution. The downside is that the slower the 
table movement (while still rotating the X-ray tube), the 
higher the radiation exposure (See chapter 3).

The smooth rapid table motion or pitch in helical scan-
ning allows complete coverage of the cardiac anatomy in 
5–25 s, depending on the actual number of multi-row detec-
tors. The current generation of MDCT systems complete a 
360° rotation in about three tenths of a second (300 ms) 
and are capable of acquiring 64–320 sections of the heart 
simultaneously with electrocardiographic (ECG) gating in 
either a prospective or retrospective mode. MDCT differs 
from single detector-row helical or spiral CT systems prin-
cipally by the design of the detector arrays and data acqui-
sition systems, which allow the detector arrays to be 
configured electronically to acquire multiple adjacent sec-
tions simultaneously. For example, in 64-row MDCT sys-
tems, 64 sections can be acquired at either 0.5–0.75 or 
1–1.5 mm section widths or 16 sections 2.5 mm thick (com-
monly used for calcium scoring).

In MDCT systems, like the preceding generation of 
 single-detector-row helical scanners, the X-ray photons are 
generated within a specialized X-ray tube mounted on a 

rotating gantry. The patient is centered within the bore of 
the gantry such that the array of detectors is positioned to 
record incident photons after traversing the patient. Within 
the X-ray tube, a tungsten filament allows the tube current 
to be increased (mA), which proportionately increases the 
number of X-ray photons for producing an image. Thus, 
heavier patients can have increased mA, allowing for better 
tissue penetration and decreased image noise. One of the 
advantages of MDCT over EBCT is the variability of the 
mA settings, thus increasing the versatility for general 
diagnostic CT in nearly all patients and nearly all body seg-
ments. The other variable on the acquisition is the voltage, 
commonly expressed as kilovoltage (kv or kVp). The volt-
age was not varied on cardiac CT for the first 20 years of 
use, but recently it has been noted that by reducing the kV, 
exponential reduction in radiation exposure can be 
achieved. As the kV goes down, image noise goes up, so it is 
important that the kV only be reduced on thinner patients. 
While 120 kV was most typical, now increasingly 100 kV 
and even 80 kV studies are being reported, especially in 
children, where radiation issues are much more acute.

For example, the calcium scanning protocol employed in 
the National Institutes of Health (NIH) Multi-Ethnic Study 
of Atherosclerosis is complex [4]. Scans were performed 
using prospective ECG gating at 50% of the cardiac cycle, 
120 kV, 106 mAs, 2.5 mm slice collimation, 0.5 s gantry rota-
tion, and a partial scan reconstruction resulting in a tem-
poral resolution of 300 ms. Images were reconstructed 
using the standard algorithm into a 35 cm display field of 
view. For participants weighing 100 kg (220 lb) or greater, 
the milliampere (mA) setting was increased by 25%.

However, the kV is typically not currently reduced for 
calcium scoring for two reasons. First, the radiation dose of 
calcium scoring is generally low (approximately 0.7 mSv), 
similar to mammography (0.75 mSv) and lower than annual 
background radiation (3–6 mSv per year). Secondly, as the 
kV is lowered, calcium and contrast appear brighter, and 
this would change the calcium scores, which up until this 
point, have only been obtained using 120 kV acquisitions. 
As more data are available on the algorithms for scoring 
with lower kV scans, calcium scoring may undergo a radia-
tion reduction of up to 40% by lowering the kV from 120 to 
100 for the acquisition.

MDCT systems can operate in either the sequential (pro-
spective triggered) or helical mode (retrospective gating). 
These modes of scanning are dependent upon whether the 
patient on the CT couch is stationary (axial, or sequential 
mode) or moved at a fixed speed relative to the gantry rota-
tion (helical mode). The sequential mode utilizes prospec-
tive ECG triggering at predetermined offset from the 
ECG-detected R wave analogous to EBCT and is the current 
mode for measuring coronary calcium at most centers 
using MDCT, and increasingly being used for CT angiogra-
phy when heart rates are stable and slow. This mode uti-
lizes a “step and shoot modality,” which reduces radiation 
exposure by “prospectively” acquiring images, as compared 
to the helical mode, where continuous radiation is applied 
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(and thousands of images created) and images are “retro-
spectively” aligned to the ECG tracing. In the sequential 
mode, a 64-slice scanner can acquire 64 simultaneous data 
channels of image information gated prospectively to the 
ECG. Thus, a 64-channel system (with 0.625 mm detectors) 
can acquire, within the same cardiac cycle, 40 mm in cover-
age per heartbeat (collimation). The promise of improved 
cardiac imaging from the 64-, 256 or 320 slice scanners is 
mostly larger volumes of coverage simultaneously (up to 
160 mm of coverage per rotation with a 320 slice scanner 
with 0.5 mm detectors), allowing for less z-axis alignment 
issues (cranial–caudal), and improved 3D modeling with 
only 2–5 s of imaging, although each vendor has a different 
array of detectors, with different slice widths and capabili-
ties (Table 1.2). As coverage speeds increase, breath-hold 
and contrast requirements will also diminish.

Modern MDCT systems have currently an X-ray gantry 
rotation time of less than 500 ms. The fastest available 

rotation time is 260 ms. This remains suboptimal in faster 
heart rates (>80 bpm), as imaging during systole (or atrial 
contraction during late diastole) will be plagued by motion 
 artifacts. Reconstruction algorithms have been developed 
that permit the use of data acquired during a limited part of 
the X-ray tube rotation (e.g., little more than one half of one 
rotation or smaller sections of several subsequent rotations) 
to reconstruct one cross-sectional image (described later in 
this chapter). Simultaneous recording of the patient ECG 
permits the assignment of reconstructed images to certain 
time instants in the cardiac cycle. Image acquisition win-
dows of approximately 200 ms can be achieved without the 
necessity to average data acquired over more than one heart-
beat (Figure 1.4). This may be sufficient to obtain images 
free of motion artifacts in many patients if the data recon-
struction window is positioned in suitable phases of the car-
diac cycle and the patient has a sufficiently low heart rate. 
Motion-free segments on four-slice MDCT decrease from 
approximately 80 to 54% with increasing heart rates [5], and 
similar observations have been made with both 16- and 
64-detector systems. Dual source CT, utilizing two X-ray 
tubes and two detector arrays moving simultaneously 
around the body, can utilize partial images from each detec-
tor array to effectively “half” the temporal resolution, allow-
ing motion free images up to heart rates of 70 bpm or more. 
However, the system is limited by 32 detectors, so collima-
tion or coverage is only 19.2 mm per rotation (32 × 0.6 mm).

MDCT Terminology

Isotropic Data Acquisition. The biggest advance that the 
newest systems provide is thinner slices, important for 
improving image quality as well as diminishing partial vol-
ume effects. The current systems allow for slice thick-nesses 
between 0.5 and 0.625 mm (depending on manufacturer 
and scan model). Thus, the imaging voxel is virtually equal 

4-Slice scanner: 4 × 1.0 mm collimation, table feed 1.5 mm/rotation, effective tube current 
400 mAs at 120 kV. Pitch = 1.5/4.0 collimation = 0.375. Average scan time = 35 s

16-Slice scanner (1.5 mm slices): 16 × 1.5 mm collimation, table feed 3.8 mm/rotation, 
effective tube current 133 mAs at 120 kV. Pitch = 3.8/24 mm collimation = 0.16. Averagescan 
time = 15–20 s

16-Slice scanner (0.75 mm slices): 16 ¥ 0.75 mm collimation, table feed 3.4 mm/rotation, 
effective tube current 550–650 mAs at 120 kV. Pitch = 3.4/12 mm collimation = 0.28. 
Average scan time = 15–20 s

64-Slice scanner (0.625 mm slices): 64 ¥ 0.6.25 mm collimation, table feed 10 mm/rotation, 
effective tube current 685 mAs at 120 kV. Pitch = 10/40 mm collimation = 0.25. Average scan 
time = 5 s

Dual source scanner (0.6 mm slices): 32 × 0.6 mm collimation, table feed 6 mm/rotation, 
effective tube current 685 mAs at 120 kV. Pitch = 6/19.2 mm collimation = 0.3. Average scan 
time = 10–12 s

320-Slice scanner (0. 5 mm slices): 320 × 0.5 mm collimation, table feed 12 mm/rotation, 
effective tube current 685 mAs at 120 kV. Pitch = 12/40 mm collimation = 0.3. Average scan 
time = 2–3 s

Table 1.2. Sample protocols for MDCT angiography: contrast-enhanced retrospectively   
ECG-gated scan

Segment: ~250 msec

on LightSpeed16 /Ultra/Plus

Detector 1

Detector 2

Detector 3

Detector 4
Figure 1.4. A typical acquisition using the 
“halfscan” method on multidetector CT (MDCT) 
(Light-Speed16, GE Medical Systems, Milwaukee, 
Wisconsin). This demonstrates an acquisition 
starting at approximately 50% of the R-R interval. 
A scanner with a rotation speed of 200 ms takes 
approximately 250 ms to complete an image, 
as depicted.
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in size in all dimensions (isotropic). The spatial resolution 
of current CT systems is 0.35 × 0.35 mm, and has always 
been limited by the z-axis (slice thickness). Current sys-
tems theoretically allow for isotropic resolution (as recon-
structed images can be seen at 0.4 mm), allowing for no 
loss of data by reconstructing the data in a different plane. 
This is very important for imaging the coronary, periph-
eral, and carotid arteries, as they run perpendicular to the 
imaging plane – each slice only encompasses a small 
amount of data – and to follow these arteries, one must add 
multiple slices together in the z-axis. The old limitations of 
CT (better interpretation for structures that run within the 
plane it was imaged, i.e., parallel to the imaging plane) are 
no longer present. There is now no loss of data with refor-
matting the data with multiplanar reformation (MPR) or 
volume rendering (VR). This differs significantly from MR, 
which due to thick slice acquisition (still >1 mm), does not 
allow free rotation of the resultant in-plane images. Thus, 
acquisition for CT is quite simple, obtaining axial slices 
through the area of interest, with the ability to reconstruct 
a 3D image that can be freely rotated. MR requires acquisi-
tion of data within the plane of interest, so if a short axis 
image of the left ventricle is required, it must be obtained 
in that plane, not reconstructed from the axial data. 
Furthermore, the thinner slice imaging allows for less par-
tial volume artifacts (different densities overlying one 
another, causing a mixed picture of brightness on the resul-
tant scan) and less streaking and shadowing, prevalent 
from dense calcifications and metal objects (such as bypass 
clips, pace-maker wires, and stents).

Pitch. In the helical or spiral mode of operation, a 
64-MDCT system can acquire 64 simultaneous data chan-
nels while there is continuous motion of the CT table. The 
relative motion of the rotating X-ray tube to the table speed 
is called the scan pitch and is particularly important for 
cardiac gating in the helical mode. Increased collimator 
coverage allows for decreasing the pitch, without losing 
spatial resolution. The definition of pitch for the multide-
tector systems is the distance the table travels per 360° rota-
tion of the gantry, divided by the dimension of the exposed 
detector array (the collimation, which is the slice thickness 
times the number of imaging channels). For example, a 
64-slice system, with 64 equal detectors each of 0.625 mm, 
gives a collimation of 40 mm. Thus, if the table is moving at 
40 mm/rotation, the pitch is 1.0. The pitch remains 1.0 if the 
table moves at 60 mm/rotation and the slices are thicker 
(0.975 mm each), or if the number of channels (detectors 
utilized) increases. Moving the table faster will lead to 
thicker slices, which will decrease resolution and lead to 
partial volume effects. If there is no overlap, the pitch is 1. 
If 50% overlap is desired, the pitch is 0.5, as the table is 
moved slower to allow for overlapping images. This is nec-
essary with multisector reconstruction. Typical pitch val-
ues for cardiac work are 0.25–0.4, allowing for up to a 4-fold 
overlap of images. If the collimation with 64-row scanners 
increases to 40 mm, the table can move four times faster 
than the 16-slice scanner, without affecting slice thickness. 

Thus, the coverage with increased numbers of detectors 
can go up dramatically over a short period of scanning 
time, by imaging more detectors and increasing the speed 
of table movement in concert.

Field of View. Another method to improve image quality 
of the CT angiograph (CCTA) is to keep the field of view 
small. The matrix for CT is 512 × 512, meaning that there 
are 512 voxels in the x and y plane for a given field of view. 
If the field of view is 15 cm (small enough to encompass the 
whole heart, but only allows visualization of perhaps 4% of 
the lung field on average), than each pixel is 0.3 mm, which 
maximizes the spatial resolution of the current detector 
systems. Increasing the field of view to 45 cm (typical for 
encompassing the entire chest) increases each pixel dimen-
sion to 0.9 mm, effectively reducing the spatial resolution 
of each data-point 3-fold. Thus, there is a strong need to 
keep the field of view small, to both improve spatial resolu-
tion of the resultant image for interpretation, and decrease 
liability by having less lung, breast, and bone visualized on 
the interpreted scan. This is significantly better than cur-
rent MR scanners (which utilize a 256 × 256 matrix), effec-
tively 50% the spatial resolution compared to CT for each 
the x and y plane. Current flat plate technology for fluoros-
copy allows for 1,024 × 1,024 resolution, 2-fold better than 
CT and 4-fold better than MR in each plane.

Contrast. Finally, the high scan speed allows substantial 
reduction in the amount of contrast material. The high speed 
of the scan allows one to decrease the amount of contrast 
administered; by using a 64-channel unit with a detector 
collimation of 0.625 mm and a tube rotation of 0.35 s (typi-
cal values for a 64-detector CCTA), the acquisition interval is 
around 5–6 s, which allows one to reduce the contrast load to 
approximately 50 mL. For a faster acquisition protocol, the 
contrast delivery strategy needs to be optimized according 
to the scan duration time. Use of a 320 detector scanner 
(which currently has 0.5 mm slices), covers the entire heart 
with one rotation, further reducing the contrast needs 
(although some minimal amount of contrast will be required 
to fill the heart and arteries in question). The general rule is 
the duration of scanning (scan acquisition time) equals the 
contrast infusion. So, if an average rate of 5 mL/s is used, a 
15-s scan acquisition (typical 16 slice scanner) would require 
75 mL of contrast. With volume scanners (64+ detector sys-
tems), the scan times are reduced to 2–6 s, and contrast doses 
are subsequently reduced as well.

Slip Ring. Allows continuous imaging, by transmitting 
power to the rotating frame from the stationary frame, and 
acquiring scan data, and allowing the gantry to rotate con-
tinuously as signals are received from the detector array 
(DAS) assembly, and then passes data from the rotating 
side to the stationary side of the slip ring.

X-ray Tube. CT X-ray tubes are similar to conventional 
X-ray tubes, with some issues related to anode heat capac-
ity and dissipation. More slices and higher mA capacity 
lead to more heat generation by the tube. The tube is lim-
ited by its capacity (how much heat a tube can store safely) 
and its dissipation (how fast the tube can cool down). Most 
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systems use air cooling, while one uses water cooling to dis-
sipate the heat.

Temporal Resolution. When performing typical cardiac 
imaging, the temporal resolution of a MDCT system is pro-
portional to the gantry speed, which determines the time to 
complete one 360° rotation. To reconstruct each slice, data 
from a minimum of 180° plus the angle of the fan beam are 
required (half scan reconstruction), typically 210° of the 
total 360° rotation. For a 16-row system with 0.40-s rotation, 
the temporal resolution is approximately 0.25 s or 250 ms 
for a 50 cm display field of view. By reducing the display 
field of view to the 20 cm to encompass the heart, the num-
ber of views can be reduced to further improve temporal 
resolution to approximately 200 ms per slice (focusing on 
the central resolution of the image). The majority of MDCT 
systems currently have gantry speeds of 330–420 ms and 
thus resultant temporal resolution of 180–300 ms per image 
when used for measuring coronary calcium or creating 
individual images for CT angiography, as compared to 
50–100 ms for EBCT. The newest scanners now have rota-
tion gantry speeds down to 270 ms for a 360° rotation.

Although physically faster rotational times may be pos-
sible in the future, this is still rotation of an X-ray source 
(with attached detectors) that must rotate around the 
patient. This is subject to the forces and limitations of 
momentum. It is estimated that a conventional CT system 
generates 18 G of force (18 times the force of gravity) and 
weighs over 1 ton currently. It is doubtful that great strides 
will be made on significantly faster rotation speeds, but 
with dual (and potentially more detector arrays), temporal 
resolution of cardiac CT may continue to improve.

Halfscan Reconstruction

A multislice helical CT halfscan (HS) reconstruction algo-
rithm is most commonly employed for cardiac applica-
tions. Halfscan reconstruction theoretically uses scan data 
from a 180° gantry rotation (180–250 ms) for generating 
one single axial image (Figure 1.4). However, more than 
50% of the scan is required to obtain the data for an indi-
vidual slice. Most vendors report their half-scan acquisi-
tion times as 50% of their rotation speed (for example, a 
330 ms scanner reporting temporal resolution of 165 ms). 
This is not true resolution of the entire image, as the fan 
beam must be excluded, requiring longer acquisition times 
to complete the image. Half of the rotation speed is the 
“central time resolution,” or the time needed to create only 
the center of the image. In traditional or single-source sys-
tems, the single X-ray tube rotates around the patient oppo-
site the detector array, allowing for images to be created 
continuously (thanks to the slip ring technology described 
earlier). Dual source scanners take two sets of images 
simultaneously, and “add” the data together, creating an 
image in half the required time (similar to multi-segment 
reconstruction described in text to come, available with 
single source scanners, but images are taken over two 

successive heart beats instead of two sets of images acquired 
during the same heart beat). Either technique (multi-seg-
ment reconstruction or dual source imaging) effectively 
lowers the temporal resolution by a factor of two: thus, cen-
tral time resolution drops from 165 to 83 ms.

The imaging performances (in terms of the temporal 
resolution, z-axis resolution, image noise, and image 
 artifacts) of the heartscan algorithm have demonstrated 
improvement over utilizing the entire rotation (full scan). 
It has been shown that the halfscan reconstruction results 
in improved image temporal resolution and is more 
immune to the inconsistent data problem induced by car-
diac motions. The temporal resolution of multislice heli-
cal CT with the halfscan algorithm is approximately 60% 
of the rotation speed of the scanner. The reason it is not 
50% of the rotation speed is that slightly more than 180° is 
required to create an image, as the fan beam width (usu-
ally 30°) must be excluded from the window (Figure 1.4). 
Thus, approximately 210° of a rotation is needed to recon-
struct an entire image as described. MDCT using the stan-
dard halfscan reconstruction method permits reliable 
assessment of the main coronary branches (those in the 
center of the image field) in patients with heart rates below 
70 beats/min [6, 7]. The necessity of a low heart rate is a 
limitation of MDCT coronary angiography using this 
methodology.

With halfscan reconstruction, the proportion of the 
acquisition time per heartbeat is linearly rising from 20% 
at 60 beats/min to 33% at 100 beats/min. When evaluating 
the diastolic time, the proportion is much greater. Slower 
heart rates have longer diastolic imaging. The diastolic 
time useful for imaging for a heart rate of 60 beats/min is 
on the order of 500 ms (excluding systole and atrial con-
traction). Thus, a 250 ms scan will take up 50% of the dia-
stolic imaging time. Increase the heart rate to 100 beats/
min (systole remains relatively fixed) and the biggest 
change is shortening of diastole. Optimal diastolic imaging 
times are reduced to approximately 100 ms, clearly far too 
short for a motion-free MDCT scan acquisition of 250 ms 
(Figure 1.5, left panel). Thus, heart rate reduction remains 
a central limitation for motion-free imaging of the heart 
using MDCT. This can be partially overcome by multiseg-
ment reconstruction, described in text to come.

Multisegment Reconstruction

The scan window refers to the time when the volume of 
interest is present in the scan field and is therefore “seen” 
by the detector. It is the limiting factor for temporal resolu-
tion. In multisegment reconstruction, it defines the num-
ber of cardiac cycles available and hence the maximum 
number of segments that can be used to reconstruct one 
slice. Multisegment reconstruction utilizes a helical scan-
ning technique coupled with ECG synchronization. (Images 
are retrospectively aligned to the ECG data acquired to 
keep track of systolic and diastolic images.) Multisegment 
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reconstruction can typically use up 2–4 different segments 
correlated to the raw data. By using four heartbeats to 
 create an image, the acquisition time can be reduced to a 
minimum of 65 ms (Figure 1.6).

During retrospective segmented reconstruction, views 
from different rotations are combined to simulate one half-
scan rotation (approximately 210º of data is needed to cre-
ate an image). To calculate the number of segments that 
can be extracted from a scan window, the number of posi-
tions available for reconstruction is determined automati-
cally by a workstation. Each position is extended into a 
wedge so that the combination of all wedges simulates a 
halfscan tube rotation. The raw data acquired in this virtual 
halfscan rotation is sufficient for the reconstruction of one 
slice. The size of the largest wedge (largest segment) defines 
the temporal resolution within the image (Figure 1.6). In 
other words, the subsegment with the longest temporal 
data acquisition determines the temporal resolution of the 
overall image. If the four segments used to create an image 
were of the following size (65, 65, 50, and 100 ms), then the 

temporal resolution of the reconstructed image is 100 ms 
(Figure 1.7).

This method of segmenting the information of one 
image into several heartbeats is quite similar to the estab-
lished prospective triggering techniques used for MRI of 
the coronary arteries [8, 9]. With multisegment reconstruc-
tion, the length of the acquisition time varies between 10 
and 20% of the R-R interval. Since the reconstruction algo-
rithm is only capable of handling a limited number of seg-
ments, the pitch (table speed) is often increased for patients 
with higher heart rates. Thus, fewer images are available 
with higher heart rates, decreasing the potential success 
rate with this methodology.

The use of multisegment reconstruction has allowed for 
markedly improved effective temporal resolution and 
image quality, and is the basis of the Dual Source Scanner 
(Siemens, Erlangen, Germany). Just to be clear about how 
this works, let us use an analogy of a pie. Imagine needing 
just over half of a pie for a picture. To create an image, you 
can either add together one small slice from several pies 
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Detector 4
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Figure 1.6. A demonstration of a theoretical 
image using multisegment reconstruction. The 
resulting image is constructed of four equal seg-
ments from four different detectors. Each is 
reconstructed from the same point in the cardiac 
cycle (approximately 50% in this depiction). Four 
different detectors, each visualizing the same 
portion of the heart in the same portion of the 
cardiac cycle, can be used to add together to 
 create one image. In practice, the segments are 
not always of equal length, and four images are 
not always avail-able for reconstruction.

Figure 1.5. LightSpeed16 CT angiography 
images. On the left is the halfscan reconstruc-
tion. On the right is a reconstructed image using 
the same dataset, using multisegment recon-
struction. There are still some motion artifacts in 
the distal right (green arrow), but much improved 
over the halfscan image, which is not interpre-
table (red arrow).
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(Figure 1.6) or you can take one large piece from one pie 
(Figure 1.4). The advantage of taking small pieces from 
each heartbeat is that the temporal resolution goes down 
proportionally. The difficulty in using this technique is that 
the pieces of the pie must align properly. Patients with even 
very slight arrhythmias (especially atrial fibrillation, sinus 
arrhythmia, or multifocal atrial rhythms), changing heart 
rates (increased vagal tone during breath-holding, cate-
cholamine response after getting a contrast flush, etc.), or 
premature beats will cause misregistration to occur. If the 
heartbeats used are not perfectly regular, the computer will 
inadvertently add different portions of the cardiac cycle 
together, making a non-diagnostic image. Thus, there is 
still need for regular rhythms with CT angiography, 
although with higher detector systems (i.e., 64 detectors), 
the number of heartbeats needed to cover the entire heart 
goes down to 4–8, reducing the chance of significant 
changes in heart rates due to premature beats, breath-hold-
ing, vagal or sympathetic tone. As the detector arrays cover 
the entire heart with one heartbeat (320 Scanner, Toshiba), 
the possibility of imaging patients with arrhythmias and 
variable heart rates becomes a reality.

Multisegment reconstruction has been shown to improve 
depiction of the coronary arteries as compared to halfscan 
reconstruction [10, 11] (Figure 1.5). This methodology 
will improve temporal resolution, but high heart rates will 
still increase the motion of the coronaries, increasing the 
likelihood of image blurring and non-diagnostic images 
(Figure 1.5, right panel still demonstrating some blurring of 
the mid-distal right coronary artery with heart rates of 
70–75 beats/min). It is fairly common for patients with low 
heart rates at rest to increase the heart rate significantly at 
the time of CT angiography. This can occur due to three fac-
tors: anxiety about the examination, the breath-hold, or the 
warmth of the contrast infusion to the patient. Thus, there is 
still a need for somewhat reduced heart rates during MDCT 
angiography with all current reconstruction systems.

Studies examining the image quality of multisegment 
and halfscan reconstruction in CT with four [12] and eight 
[11] detector rows showed similar image quality in both 

phantoms and patients. However, Dewey et al. [13] demon-
strated that the accuracy, sensitivity, specificity, and rate of 
non-assessable coronary branches were significantly bet-
ter using multisegment reconstruction in a 16-slice MDCT 
scanner. The authors attributed the difference to the higher 
image quality and resulting longer vessel length free of 
motion artifacts with multisegment reconstruction. The 
obvious advantage of multisegment reconstruction is 
achieved by reducing the acquisition window per heart-
beat to approximately 160 ms on average, particularly use-
ful for diagnostic images of the right coronary artery and 
circumflex artery (the two arteries that suffer the most 
from motion artifacts) [14]. Therefore, MDCT in combina-
tion with multisegment reconstruction does not always 
require administration of beta blockers to reduce heart 
rate. This improvement simplifies the procedure and 
expands the group of patients who can be examined with 
noninvasive coronary angiography using MDCT. The 
potential is for even greater application with aligning these 
multiple segments together with 64-slice scanners, further 
improving the diagnostic rate with MDCT angiography. If 
the heart rate is unexpectedly irregular (i.e., premature 
ventricular contractions (PVCs) or stress reaction to the 
dye causing increased heart rate during imaging), multi-
segment reconstruction will not be successful and the 
diagnostic image quality will have to rely on the halfscan 
reconstruction.

Retrospective Gating. The ECG is used to add R peak 
markers to the raw data set. A simultaneous ECG is recorded 
during the acquisition of cardiac images. The ECG is retro-
spectively used to assign source images to the respective 
phases of the cardiac cycle (ECG gating). The best imaging 
time to minimize coronary motion is from 40 to 80% of the 
cardiac cycle (early to mid-diastole). The interval between 
markers determines the time of each scanned cardiac cycle. 
Retrospective, phase-specific, short time segments of sev-
eral R-R intervals are combined to reconstruct a “frozen 
axial slice.” During helical scanning, the patient is moved 
through the CT scanner to cover a body volume (i.e., the 
heart). An advantage of the helical acquisition mode is that 

Figure 1.7. The figure on the left demonstrates 
a standard halfscan reconstruction with a rota-
tion speed of 400 ms (approximate 260 ms 
image temporal resolution), with image data 
acquired on a four-channel MDCT system, 
1.25 mm slice collimation, 0.6 gantry speed, and 
a heart rate of 72 beats/min. The image to the 
right demonstrates the same helical scan data, 
but processed with a two-sector reconstruction 
algorithm, resulting in an effective temporal 
resolution of 180 ms. Note how the proximal RCA 
(white arrows), as well as the left circumflex and 
great coronary vein, are now distinguishable 
(white arrowhead) and motion-free on the mul-
tisector reconstructed image.
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there is a continuous model of the volume of interest from 
base to apex, as opposed to the sequential/cine mode in 
which there are discrete slabs of slices which have been 
obtained in a “step and shoot” prospective fashion. The 
obvious detriment to the helical acquisition is the increase 
in radiation dose delivered to the patient, as continuous 
images are created, and then “retrospectively” aligned to 
the ECG tracing to create images at any point of the R-R 
interval (cardiac cycle).

Prospective Triggering. The prospectively triggered 
image uses a “step and shoot” system, similar to EBCT. This 
obtains images at a certain time of the cardiac cycle (see 
Chapter 2), which can be chosen in advance, and then only 
one image per detector per cardiac cycle is obtained. This 
greatly reduces radiation dose, as the scanner is not on con-
tinuously (such as retrospective gating above). This has 
been used for quite a while with coronary calcium scan-
ning, as multiple phases were not required to derive a 
 calcium score. Only recently has this allowed for CT angio-
graphic images, as there is markedly less data available to 
perform reconstructions. With retrospective gating, thou-
sands of images are obtained as the detectors continuously 
acquire data. The resultant images are then ‘retrospectively’ 
aligned with the ECG, to create multiple datasets at each 
portion of the cardiac cycle. With prospective imaging, 
only images at a certain phase (for example 70% of the 
R-R interval, or mid-diastole) would be obtained, and then 
the scanner would move the patient (step), await another 
heart beat (R wave), and then trigger again (shoot) at 70% 
to obtain another set of images (64 images with a 64 
MDCT). This would continue for 3–5 beats until the entire 
heart is covered. With 320 detector scanners, the volume is 
covered within 1 heart beat, at the predetermined phase, 
saving possible reconstruction artifacts when lining up 
volumes of data from subsequent heart beats (step or col-
limation artifacts). However, motion artifacts can still occur 
with more detector arrays, as the motion of the right coro-
nary artery is dependent on the rotation speed (temporal 
resolution), not the number of detectors.

EBCT Methods

EBCT (GE Healthcare, Waukegan, WI) is a tomographic-
imaging device developed over 20 years ago specifically for 
cardiac imaging. To date, and specifically over the past 
decade, there has been a huge increase in diagnostic and 
prognostic data regarding EBCT and coronary artery 
 imaging. In order to achieve rapid acquisition times useful 
for cardiac imaging, these fourth-generation CT scanners 
have been developed with a nonmechanical X-ray source. 
This allows for image acquisition on the order of 50–100 ms, 
and with prospective ECG triggering, the ability to “freeze” 
the heart. Electron beam scanners use a fixed X-ray source, 
which consists of a 210° arc ring of tungsten, activated  
by bombardment from a magnetically focused beam of 
electrons fired from an electron source “gun” behind the 

scanner ring. The patient is positioned inside the X-ray 
tube, obviating the need to move any part of the scanner 
during image acquisition (Figure 1.8). EBCT is distin-
guished by its use of a scanning electron beam rather than 
the traditional X-ray tube and mechanical rotation device 
used in current “spiral” single and multiple detector scan-
ners (requiring a physically moving X-ray source around 
the patient). EBCT requires only that the electron beam is 
swept across the tungsten targets to create a fan beam of 
X-ray, possible in as short as 50 ms per image (20 frames/s). 
The electron beam is emitted from the cathode, which is 
several feet superior to the patient’s head, and then passes 
through a magnetic coil, which bends the beam so that it 
will strike one of four tungsten anode targets. The mag-
netic coil also steers the beam through an arc of 210°. The 
X-rays are generated when the electron beam strikes the 
tungsten anode target, then passes through the patient in a 
fan-shaped X-ray and strikes the detector array positioned 
opposite the anodes. This stationary multisource/split-
detector combination is coupled to a rotating electron 
beam and produces serial, contiguous, thin section tomo-
graphic scans in synchrony with the heart cycle.

There have been four iterations for EBCT since it was 
introduced clinically in the early 1980s. Since its initial intro-
duction in 1982, it has been known as “rapid CT,” “cine CT,” 
“Ultrafast CT©,” EBCT, and “Electron Beam Tomography©.” 
The overall imaging methods have remained unchanged, 
but there have been improvements in data storage, data 
manipulation and management, data display, and spatial 
resolution. The original C-100 scanner was replaced in 1993 
by the C-150, which was replaced by the C-300 in 2000. The 
current EBCT scanner, the e-Speed (GE/Imatron) was 
introduced in 2003. The e-Speed is a multislice scanner and 
currently can perform a heart or vascular study in one half 
the total examination time required by the C-150 and C-300 
scanners. The e-Speed, in addition to the standard 50 and 
100 ms scan modes common to all EBCT scanners, is capa-
ble of imaging speeds as fast as 33 ms. A major limitation of 
this modality currently is the slice width, which is limited 

Figure 1.8. Depiction of the e-Speed electron beam computed tomography scanner. The electron 
source emits a beam, which is steered magnetically through the detection coil, then reflected to 
tungsten targets (A B C D), where a fan-shaped X-ray beam is created and, after passing through the 
area of interest, seen by the detectors.
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to 1.5 mm. Current MDCT scanners can obtain images in 
0.5–0.75 mm per slice. See Figure 1.9.

CT allows for imaging beyond the coronary arteries. 
Assessing wall motion, myocardial mass (utilizing the 
known specific gravity of cardiac tissue), and global and 
regional ejection fraction is easily done [15]. Importantly, 
since blood is being injected into the venous system, simul-
taneous enhancement of the right and left ventricle allows 
for excellent visualization of all cardiac chambers simulta-
neously, and measure of both right and left ventricular func-
tion and structure [16]. Early work with perfusion has 
shown that time to enhancement can be assessed, and actual 
measurement of myocardial perfusion is now possible. 
Images can be obtained for every cardiac cycle to allow for 
perfusion measures. Scanning is initiated before the arrival 
of a contrast bolus at an area of interest (e.g., left ventricular 
(LV) myocardium) and is continued until the contrast has 
washed in and out of the area. Time density curves from the 
region of interest can be created for quantitative analysis of 
flow (Figure 1.10). The filling of different chambers (and 
segments of the myocardial walls) can be visualized sequen-
tially, allowing for visualization of flow into and out of any 
area of interest. It should be noted that early studies dating 
back to 1983 have demonstrated saphenous vein graft pat-
ency with this technique, achieving an accuracy of approxi-
mately 90% as compared to invasive angiography [17]. This 
technique is still commonly employed to detect shunts (see 
Chapter 21), as well as to determine the length of time it 
takes for contrast to travel from the arm vein at the site of 
injection to the central aortic root (allowing for accurate 
image acquisition of the high resolution contrast-enhanced 
images).

Importance of Spatial Resolution

Spatial resolution compares the ability of the scanners to 
delineate fine detail within an image. Spatial resolution is 
important in all three dimensions when measuring coro-
nary plaque. Even if limited to the proximal coronary 

arteries, the left system courses obliquely within the x–y 
imaging planes, while the right coronary artery courses 
through the z imaging plane. Simply put, one axial image 
may demonstrate five or more centimeters of the left ante-
rior descending, while most images will demonstrate only a 
cross-section of the right coronary artery. The in-plane res-
olution of current CT systems is superior to magnetic reso-
nance imaging, echocardiography and nuclear testing, but 

Figure 1.9. A contrast-enhanced CT angio-
gram demonstrating long segments of the LAD 
(arrow). Images such as seen here can be cre-
ated which are much more similar to a conven-
tional coronary angiogram, if desired.
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Figure 1.10. A flow or timing study. This study images the same level over time. A region of inter-
est (in this study, the circle is placed in the ascending aorta) defines the anatomy to be measured. 
The graph below measures the Hounsfield units (HU) of that region of interest on each subsequent 
image. Initially, there is no contrast enhancement, and the measures are of non-enhanced tissue, 
around 50–60 HU. Contrast starts to arrive on this study around 16 s, and peaks at 22 s. The bright 
white structure next to the ascending aorta is the superior vena cava, filled with unmixed contrast.
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lower than invasive angiography. The resolution in z dimen-
sion is determined by the detector width in MDCT (slice 
width). This is a “voxel” or volume element and it has the 
potential to be nearly cubic using MDCT but will always be 
“rectanguloid” or a “rectangular prism” for MRI (slice width 
greater than x–y pixel width), which precludes 3D manipu-
lation of the MR data. Current coronary artery calcification 
(CAC) scanning protocols use 3 mm thickness for EBCT 
and vary between manufacturers from 2.5 to 3.0 mm for 
MDCT. For CT angiography, EBCT utilizes 1.5 mm slices, 
and MDCT obtains images with 0.5–0.625 mm per axial 
slice (submillimeter). Thus, MDCT has a significant advan-
tage in terms of spatial resolution, and results in less partial 
volume averaging. Also the principles of resolution of a  
1 mm vessel require that the slice width be 1 mm or less. 
Partial volume averaging occurs when a small plaque has 
dramatically different CT numbers related to whether it is 
centered within one slice or divided between two adjacent 
slices. Thus, thinner slices will have less partial volume 
averaging. The visualization of smaller lesions is only pos-
sible with smaller slice widths. For MRI and EBCT, the slice 
thickness is 2–3.0 mm, with an in-plane resolution of 
approximately 7–9 line pairs/cm (Figure 1.11). Modern 
MDCT systems permit simultaneous data acquisition in 
64–320 parallel cross-sections with 0.5–0.625 mm collima-
tion each. The in-plane spatial resolution is now as high as 
14 line pairs/cm, increasing further with new High Definition 
CT (General Electric, Milwaulkee, WI). However, conven-
tional CT angiography still has higher temporal and spatial 
resolution, allowing for better visualization of the smaller 
arteries and collateral vessels. Modern angiographic equip-
ment has a resolution of 40 line pairs per centimeter with a 

six-inch field of view, the usual image magnification for 
coronary angiography [18]. Thus, invasive coronary angiog-
raphy still has a three to fourfold better resolution than cur-
rent MDCT systems. It is likely to remain this way until the 
perfection of flat panel detectors for CT – which would be 
akin to the current state of the art in conventional angiog-
raphy devices and under development currently.

Generally, the higher X-ray flux (mAs = tube current ¥ 
scan time) and greater number and efficiency of X-ray 
detectors available with MDCT devices leads to images 
with better signal-to-noise ratio and higher spatial resolu-
tion when compared to other imaging modalities. Early 
detection of calcified plaque is dependent upon distin-
guishing the plaque from image noise. Current MDCT sys-
tems have reduced image noise compared to older CT 
systems (8–18 noise/HU vs. 24 noise/HU). Typical values 
for mA for MDCT angiography is on the order of 300–700. 
While both EBCT and MRI have difficulties with the mor-
bidly obese patient, MDCT can increase the mAs (and kV) 
to help with tissue penetration, while MRI is more limited 
in this clinical setting.

Speed/Temporal Resolution

Cardiac CT is dependent upon having a high temporal res-
olution to minimize coronary motion-related imaging arti-
facts. By coupling rapid image acquisition with ECG gating, 
images can be acquired in specific phases of the cardiac 
cycle. Studies have indicated that temporal resolutions of 
19 ms are needed to suppress all pulmonary and cardiac 
motion [19]. Interestingly, temporal resolution needs to be 
faster to suppress motion of the pulmonary arteries than 
for cardiac imaging. The study by Ritchie et al. demon-
strated the need for 19 ms imaging to suppress pulmonary 
motion (despite breath-holding), while needing 35 ms 
imaging to fully suppress motion for cardiac structures. 
This is most likely due to the accordion motion of the pul-
monary arteries, whereby the motion of the heart causes 
the surrounding pulmonary arteries to be pulled in and out 
with each beat. This has led some physicians to use cardiac 
gating during pulmonary embolism studies to improve 
resolution down to fourth and fifth generation branches of 
the pulmonary system.

Cardiac MR motion studies of the coronary arteries dem-
onstrate that the rest period of the coronary artery (optimal 
diastolic imaging time) varies significantly between individu-
als with a range of 66–333 ms for the left coronary artery and 
66–200 ms for the right coronary artery [20], and that for map-
ping coronary flow, temporal resolution of 23 ms may be 
required for segments of the right coronary artery [21, 22]. 
Current generation cardiac CT systems create images with 
temporal resolution as low as 50–100 ms (EBCT) and 200–
300 ms for prospectively gated MDCT and 100–150 ms for 
Dual Source CT. These systems cannot totally eliminate coro-
nary artery motion in all individuals. Motion artifacts are 
especially prominent in the mid-right coronary artery, where 

Figure 1.11. Spatial resolution as measured on computed tomography. A phantom is imaged, and 
the smaller line pairs per centimeter are evaluated. Somewhat similar to an eye chart, the thinnest 
lines clearly seen define the spatial resolution of the scanner.
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the ballistic movement of the vessel may be five times its diam-
eter during the twisting and torsion of the heart during the 
cardiac cycle (thus, a 4 mm RCA may move up to 20 mm per 
cycle) (Figure 1.12). It should be remembered that the motion 
of the coronary artery during the cardiac cycle is a 3D event 
with translation, rotation, and accordion type movements. 
Thus, portions of the coronary artery pass within and through 
adjacent tomographic planes during each R-R cycle. Blurring 
of plaques secondary to coronary motion increases in systems 
with slower acquisition speeds. The resulting artifacts tend to 
increase plaque area and decrease plaque density and thus 
alter the calcium measurements. The artifacts may make those 
segments of the CT angiogram non-diagnostic, a problem that 
plagued up to 70% of the early four-slice MDCT system stud-
ies [5, 12], and perhaps 1–5% of current 64+ MDCT studies.

The image quality achieved with cardiac CT is deter-
mined not only by the 3D spatial resolution but also by the 
temporal resolution. The spatial resolution is directly related 
to the scan slice thickness and the reconstruction matrix. 
The temporal resolution, which determines the degree of 
motion suppression, is dependent on the pitch factor (which 
is determined by the table speed), the gantry rotation time, 
and the patient’s heart rate during the examination. As 
stated above, utilizing more detectors (i.e., 16- vs. 64- vs. 256 
or 320-detector/channel systems) will not improve the tem-
poral resolution of the images (to lower motion artifacts on 
an individual slice), but will reduce scan time (i.e., breath-
hold time) and section misregistration.

Radiation Dose

Computed tomography utilizes X-rays, a form of ionizing 
radiation, to produce the information required for generat-
ing CT images. Although ionizing radiation from natural 

sources is part of our daily existence (background radia-
tion including air travel, ground sources, and television), a 
role of healthcare professionals involved in medical imag-
ing is to understand potential risks of a test and balance 
those against the potential benefits. This is particularly 
true for diagnostic tests that will be applied to healthy indi-
viduals as part of a disease screening or risk stratification 
program. In order for healthcare professionals to effectively 
advise individuals, they must have an understanding of the 
exposure involved. The use of radiological investigations is 
an accepted part of medical practice, justified in terms of 
clear clinical benefits to the patient which should far out-
weigh the small radiation risks. Diagnostic medical expo-
sures, being the major source of man-made radiation 
exposure of the population, add up to 50% of the radiation 
exposure to the population. However, even small radiation 
doses are not entirely without risk. A small fraction of the 
genetic mutations and malignant diseases occurring in the 
population can be attributed to natural background radia-
tion. The concept of “effective dose” was introduced in 1975 
to provide a mechanism for assessing the radiation detri-
ment from partial body irradiations in terms of data 
derived from whole-body irradiations. The effective dose 
for a radiological investigation is the weighted sum of the 
doses to a number of body tissues, where the weighting fac-
tor for each tissue depends upon its relative sensitivity to 
radiation-induced cancer or severe hereditary effects. It 
thus provides a single dose estimate related to the total 
radiation risk, no matter how the radiation dose is distrib-
uted around the body. Adoption of the effective dose as a 
standard measure of dose allows comparability across the 
spectrum of medical and non-medical exposures:

The effective dose is, by definition, an estimate of 
the uniform, whole-body equivalent dose that would 
produce the same level of risk for adverse effects that 
results from the non-uniform partial body irradia-
tion. The unit for the effective dose is the sievert (Sv). 
(www.fda.gov/cdrh/ct/rqu.html).

Although it has many limitations, the effective dose is 
often used to compare the dose from a CT examination, a 
fluoroscopic examination, and the background radiation 
one experiences in a year. Units are either millirem (mrem) 
or millisievert (mSv); 100 mrem equals 1 mSv. The estimated 
dose from chest X-ray is 0.04 mSv, and the average annual 
back-ground radiation in the United States is about 300 mrem 
or 3 mSv [23], increasing as high as 6 mSv per year at places 
at elevation (such as Denver, CO). Table 1.3 shows the esti-
mated radiation doses of some commonly used tests.

The Food and Drug Administration (FDA) in describing 
the radiation risks from CT screening in general used the 
following language (www.fda.gov/cdrh/ct/risks.html):

In the field of radiation protection, it is commonly  
assumed that the risk for adverse health effects from 
cancer is proportional to the amount of radiation dose  
absorbed and the amount of dose depends on the type of  

Figure 1.12. A typical motion artifact seen with calcium scans on MDCT images. The limited 
reproducibility of this technique is due to the star artifacts seen on this image (RCA, white arrow). 
Prospective gating is done, with halfscan reconstruction techniques. In cases of faster heart rates, 
motion artifacts seen here are commonplace. To limit radiation to a reasonable level for this screen-
ing text, no overlap or retrospective images are obtained, so multisegment reconstruction is not 
possible.
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X-ray examination. A CT examination with an effective 
dose of 10 mSv (abbreviated mSv; 1 mSv =1 mGy in the 
case of X rays) may be associated with an increase in the 
possibility of fatal cancer of approximately 1 chance in 
2,000. This increase in the possibility of a fatal cancer from 
radiation can be compared to the natural incidence of fatal 
cancer in the US population, about 1 chance in 5. In other 
words, for any one person the risk of radiation-induced 
cancer is much smaller than the natural risk of cancer. Nev-
ertheless, this small increase in radiation-associated cancer 
risk for an individual can become a public health concern 
if large numbers of the population undergo increased 
numbers of CT procedures for screening purposes.

Since CT is the most important source of ionizing radia-
tion for the general population, dose reduction and avoid-
ance is of the utmost importance, especially for the 
asymptomatic person undergoing risk stratification, rather 
than diagnostic workup. Already, 50% of a person’s lifetime 
radiation exposure is due to medical testing, and this is 
expected to go up with increased exposure to nuclear tests 
and CT scanning. Used as a tool in preventive cardiology, 
cardiac CT is increasingly being performed in the popula-
tion of asymptomatic persons, a priori healthier individu-
als, where use of excessive radiation is of special concern.

The other variable involved in dose is the protocol used. 
EBCT protocols are fairly fixed; the only variable is the use, 
if any, of overlap. All data are acquired by prospective trig-
gering; that is, the X-rays are only on during the acquisition 
of data that will be used for the image. MDCT, however, can 
use prospective triggering or retrospective gating, 100–140 
kilovolts (kV) (with protocols now possible with lower kV 
depending upon future research and tube current improve-
ments), and a wide range of mA. Retrospective gating means 
that the X-rays are on throughout the heart cycle. One draw-
back of MDCT as compared to EBCT is the potential for 
higher radiation exposure to the patient, depending on the 
tube current selected for the examination. The X-ray photon 

flux expressed by the product of X-ray tube current and 
exposure time (mAs) is generally higher with MDCT. For 
example, 200 mA with 0.5 s exposure time yields 100 mAs in 
MDCT, whereas 614 mA (fixed tube current) with 0.1 s 
exposure time yields 61.4 mAs in EBCT. Hunold et al. [24] 
reported a study of radiation doses during cardiac examina-
tions. In millisieverts, calcium scanning leads to an approxi-
mate dose of 1–1.2 mSv for MDCT, and 0.7 mSv for EBCT 
[24]. This is in comparison to a conventional coronary 
angiogram, with effective doses of 2–5 mSv for men and 
women respectively, and background radiation of 3–6 mSv 
annually, depending on the altitude at which one lives.

There are primary three factors that go into radiation 
dosimetry: the X-ray energy (kV), tube current (mA), and 
exposure time. The distance of the X-ray source from the 
patient is a fourth source, but, unlike fluoroscopy, this dis-
tance is fixed in CT. In females, the effective radiation doses 
is another 25% higher than in males due to increased radi-
ation sensitivity in both the breast tissue and lung tissue 
[25]. When MDCT angiography utilizes retrospective imag-
ing, radiation is continuously applied while only a fraction 
of the acquired data is utilized, higher radiation doses 
(doses of 8–15 mSv/study) still play a role in decisions to 
utilize this modality [24, 26].

Theoretically, since narrow collimation (beam widths) 
causes “overbeaming,” the dose efficiency is lower with four-
slice scanners than with more detectors. Estimated efficiency 
goes from 67% with 4 slices (1.25 mm, 5 mm cov-erage) to 
97% with 16 slices (at 1.25 mm, covering 20 mm). However, 
obtaining thinner slices will offset this gain, as obtaining 
more images will lead to higher radiation doses. Furthermore, 
wider collimations (more detectors) will cause less effi-
ciency, as the detector must have enough photons to hit each 
detector. Thus, each increment in detectors will lead to an 
increment in radiation dose (for the same protocol). Typical 
studies with four-slice MDCT scanners obtained 600 images, 
while 16-slice scanners typically produce about 1,200 scans, 
and 64-detector scanners are reporting over 2,000 images 
produced per study. Newer MDCT studies report that radia-
tion doses continue to increase with high levels of multide-
tector scanners [26, 27], and the highest doses will be with 
the 320 scanner (widest collimation, least efficient). Of 
course, use of prospective imaging, will lower doses, but the 
320 scanner using prospective imaging will be a higher radi-
ation dose on average than the 64 detector using prospective 
imaging [27].

The energy (killivolt or kV) used can be altered in MDCT 
studies, and while typical imaging is done in the range of 
100–120 kV, this can be varied with MDCT [27]. The attenu-
ation (densities) of calcium and iodine contrast agents 
increases with reduced X-ray energy (reduced kV settings). 
This can reduce the X-ray exposure, as the X-ray power 
emitted by the tube decreases considerably with reduced kV 
settings. To compensate for the lower power (and resultant 
increased noise of the image), the tube current (mA) can be 
increased. Scans with less than 120 kV tube voltage (i.e., 
80 kV) can potentially maintain contrast-to-noise ratios that 

Test Radiation dose (mSv)

1 Stress MIBI 9 (technetium), 41 (thallium)
1 LC spine 1.3
1 Barium enema 7
1 Upper GI 3
1 Abdominal X-ray 1
1 Dental X-ray 0.7
1 Cardiac catheterization 2.5–10

Radiation dose for  
MDCT (mSv)

Radiation dose for  
EBC (mSv)

Calcium scan 1–1.5 0.6
CT angiography 8–13 1–1.5
CCTA, prospective triggering 2–4 –
Lung CT 8 1.5
Abdomen/Pelvis 10 2
Body scan 12 2.6
Virtual colon 8–14 2–3

Table 1.3. Common tests with estimated radiation exposures
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have been established for coronary calcium and CT angiog-
raphy images, and significant lower radiation exposure. 
Preliminary experiments have demonstrated a reduction in 
radiation exposures of up to 50% with use of 80 kV. Jakobs 
et al. demonstrated that the radiation dose for CAC scoring 
with use of 80 kV may be as low as 0.6 mSv (similar to EBCT 
data) [28]. As the noise will go up with 80 kV imaging, this 
may be too low for CT angiography, except in thin adults and 
children. However, lower kV will cause the contrast to appear 
brighter (raising the contrast or C), and at the same time 
raising the noise (or N), so the net C/N ratio may not change 
much, until heavier or thicker patients are imaged. This 
allows the dose to be reduced without resultant loss of image 
quality [27]. CT angiography protocols are now commonly 
performed with 100 kV protocols, providing a reduction in 
radiation of 30–40%. The reduction of kV leads to an expo-
nential reduction of radiation dose, so a 20% reduction of 
kV will lead to a 40% reduction in dose [27]. There is only 
emerging research on the clinical diagnostic accuracy utiliz-
ing these radiation-dose-reducing options routinely. A lower 
kV is most often used for pediatric patients. Similarly, for 
obese patients, where penetration is important, a kV of 135 
or even 140 can be utilized, but one must keep in mind the 
dose will go up exponentially as kV goes up. The power 
(mAs) used is directly proportional to the radiation dose. 
Higher mAs results in lower image noise, following the rela-
tionship: noise is inversely proportional to the square root 
of the mAs. Thus, limiting mAs can result in lower radiation, 
but higher noise. It is important to remember that reducing 
mAs too much to save radiation will increase noise to the 
point where the scan is non-diagnostic. Most centers use 
either an “automatic” mAs system, which adjusts the mAs 
based upon the image quality, or leave the mAs relatively 
fixed.

Prospective triggering or “sequential” mode is typically 
used and strongly recommended for coronary calcium 
assessment with MDCT, due to the lower radiation doses to 
which the patient is exposed. However, the drawback of 
using MDCT prospective triggering is the inability to per-
form overlapping images, and longer image acquisition 
times. Thus, it is still common for CCTA to be done with 
retrospective image acquisition, despite the higher radia-
tion doses. This is due to the requirement during retro-
spective imaging for slower table movement to allow for 
oversampling, for gap-less and motion-reduced imaging, 
as well as the possibility of multisegment reconstruction. 
Retrospective imaging allows the clinician to have multiple 
phases of the cardiac cycle available for reconstruction, to 
find the portion of the study with the least coronary 
motion. Many clinicians utilize multiple phases for recon-
struction, with different phases used for different coro-
nary arteries (depending on heart rate). However, constant 
irradiation is redundant, as most images are reconstructed 
during the diastolic phases of the heart cycle. Thus, a new 
method for reducing radiation dose with MDCT is to 
implement tube current modulation. Tube current is 
reduced during systole, when images are not utilized for 

reconstruction of images for MDCT angiography, by 80%, 
and then full dose is utilized during diastole. Depending 
upon the heart rate, this may reduce radiation exposure by 
as much as 47% [28], but with slower heart rates, this 
reduction will be less, as systole encompasses a shorter and 
shorter fraction of the cardiac cycle. Dose modulation pro-
tocols reduce radiation doses with MDCT by attempting to 
decrease beam current during systole, when images are not 
used for interpretation, and should be employed whenever 
possible [29]. Most of these protocols turn down the beam 
current (mA) during systole, so that diagnostic images are 
still available from roughly 40–80% of the R-R interval 
(cardiac cycle).

Dose modulation is not universally employed, as it is harder 
to use it with fast heart rates, as the time to ramp up and ramp 
down the radiation dose becomes significant, and the ever 
shortening diastole becomes a smaller target. The routine use 
of beta blockers makes even more sense in this setting, given 
the increased ability to use dose modulation with lower heart 
rates, thus lowering the radiation dose [26, 27, 29]. Clinically, 
dose modulation is used less than expected, as many clini-
cians, nervous about not having a portion of the cardiac cycle 
available for analysis, choose to leave the dose modulation 
feature off. Another issue is the potential loss of wall motion 
and other functional data. If tube current modulation is used, 
systolic images are obtained with less energy, thus have more 
noise per image. Some investigators have reported that no 
functional information can be obtained while using dose 
modulation. This is probably not correct, as an image from 
end-systole (early diastole) and end-diastole can be compared 
to calculated wall thickening, ejection fraction, and cardiac 
motion. Most CT angiography studies performed today 
reported to date have utilized dose modulation routinely.

One must be careful and cognizant of the dose being 
given. In one study using 16-slice MDCT, the pitch was 
reduced based upon the patient being able to hold their 
breath for 20 s, so very high overlap was obtained (very low 
pitch). The mean irradiation dose received by the patients 
during this MDCT angiography study was 24.2 mSv [30]. 
Understanding the physics and implications of higher mAs 
and kV and thinner slices will help the clinician choose the 
necessary parameters, without over-irradiating the patient. 
This concept, called “information/milliSv,” causes one to 
think about the benefit garnered from each mSv given.

Clinical Applications of Cardiovascular CT

Cardiac CT has several unique diagnostic capabilities appli-
cable to the many facets of CAD, worth the radiation expo-
sures and time needed to learn these applications. Each will 
be discussed at length in chapters throughout this book. 
The presence of coronary calcium is invariably an indicator 
of atherosclerosis [31, 32]. Non-contrast studies can accu-
rately identify and quantify coronary calcification (a marker 
of total plaque burden) [33], while contrast-enhanced stud-
ies can define ventricular volumes, ejection fraction, and 
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wall motion and wall thickening with high accuracy [34]. 
Studies can be performed at rest, and during exercise can 
identify reversible ischemia [35].

Coronary angiography during cardiac catheterization is 
the clinical gold standard for definitive diagnosis and 
determination of coronary lesions. Pathologic studies have 
demonstrated that the severity of coronary stenoses is 
underestimated by visual analysis during clinical coronary 
angiography [36–39]. This may result from the limitations 
of resolution based upon fluoroscopy and the 2D imaging 
inherent in coronary angiography, as well as the inability to 
see beyond the lumen with conventional angiography. The 
true promise of cardiovascular CT is to visualize the coro-
nary artery, including the lumen and wall. Three-dimensional 
digital coronary images may provide more accurate repre-
sentation of coronary artery anatomy and be more ame-
nable to quantitation, thereby improving the diagnosis and 
treatment of CAD [40]. There is rapidly accumulating data 
with both MDCT and EBCT to visualize the coronary arter-
ies accurately and reliably (CT angiography) [41–44]. 
Looking beyond the lumen by visualizing the wall and its 
constituents (including fat, calcium, and fibrous tissue) is 
now possible with cardiac CT (Figure 1.13). Coronary 
plaque composition evaluation is being actively investi-
gated [45–47]. This so-called “soft plaque” evaluation may 
prove to have prognostic significance over coronary 
 calcium or risk factors alone, as well as helping to target 
revascularization better than luminography alone.

Future of CT and MR

The strengths of magnetic resonance cardiovascular imag-
ing include greater definition of tissue characteristics, per-
fusion, valvular function, lack of X-ray radiation, and lack of 
need for potentially nephrotoxic contrast media, compared 

to CT technologies. Several studies have been reported com-
paring this modality to coronary angiography [48–50]. 
Limited temporal and spatial resolution [51], partial volume 
artifacts (due to slice thickness limitations) [52], reliance on 
multiple breath-holds, and poor visualization of the left 
main coronary artery [53] all reduce the clinical applicabil-
ity of MR angiography. Reported sensitivities for MR 
angiography range from 0 to 90% [9, 47]. MR angiography 
remains a technically challenging technique with certain 
limitations hindering its clinical use. CT angiography offers 
advantages over MR angiography, including single breath-
hold to reduce respiratory motion, higher spatial resolution, 
reduced slice thickness and overall study time of 35–50 s 
with CT techniques as compared to 45–90 min for MR 
angiography [9]. The rapidity and ease with which CT coro-
nary angiography can be performed suggest possible cost 
advantages compared with MR angiography and selective 
coronary angiography [6, 54]. Thus, for most applications 
(in the absence of renal insufficiency or contrast allergy), CT 
will be the preferred method to evaluate anatomy, be it coro-
nary, renal, carotid, or peripheral vascular beds (Figure 1.14). 
MR, in the foreseeable future, will remain a better test for 
intercranial imaging, as the bony structures cause some 
scatter with CT imaging.

For cardiovascular CT in general, better workstations 
(ease of use and diagnostic capabilities), as well as improve-
ments in both spatial and temporal resolution will continue 
to push this diagnostic tool to the forefront of cardiology. 
For MDCT, increased numbers of detectors (64-320 slice 
systems are now available) will allow for better collimation 
and spatial reconstructions. Having more of the heart visu-
alized simultaneously will also allow for reductions in the 
contrast requirements and breath-holding, further improv-
ing the methodology. Multi-sector reconstruction (com-
bining images from consecutive heart beats) and dose 
modulation (to reduce radiation exposure during systole, 

Figure 1.13. A contrast-enhanced (left image) and non-contrast study (right image) of the left 
main and proximal LAD. The soft plaque is visible (dark region, representing fat density) with calci-
fied plaque (white regions). A computer program can be applied (Acculmage, San Francisco, CA) to 
the individual pixels to measure lower density (pink squares, fat density), intermediate density 

(red squares, fibrous density), and high density (white squares, calcified plaque). This can theoreti-
cally quantitate the volume of soft plaque, fibrous plaque, and calcified plaque in any given CT 
image.
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when images are not used for reconstruction) are increas-
ingly being applied, which will continue to improve the 
image quality and diagnostic rate of these machines, while 
lowering the risks.
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Introduction

The heart can be visualized in gross form on any standard 
chest computed tomography (CT), but for detailed evalua-
tion of cardiac anatomy exacting specifications of scanner 
hardware and software must be in place because: the heart 
is continually in motion, the structures of interest (i.e., cor-
onary arteries) are small, and their curvilinear course 
requires multiplanar reformatting for analysis.

For these specifications to be met, the scanner hardware 
must be robust, the scanner must be fitted with ECG-
monitoring equipment, and cardiac-specific software and 
image reconstruction servers must be installed.

Elements of Scanner Design

The general design of a CT scanner equipped for cardiac 
imaging is the same as that of any modern scanner: an 
X-ray tube mounted on a rotating gantry opposite a detec-
tor array generates X-rays which are emitted across the 
bore, are attenuated as they pass through the patient’s chest, 
and are scintillated by the detectors as the gantry rotates 
around the patient obtaining attenuation data from multi-
ple view angles. These data are transmitted to an image 
reconstruction server which then computes the axial 
images. To perform cardiac CT, however, a number of addi-
tional capabilities are required, [1, 2] namely, high spatial 
resolution, high temporal resolution, and fast scan speed, 
while delivering an acceptable radiation exposure.

Special Design Considerations 

for Cardiac CT

Spatial Resolution

Spatial resolution is the product of multiple variables includ-
ing detector characteristics and collimation, sampling rate, 

and reconstruction methods. State of the art scanners use 
thin 0.5–0.625 mm collimation. This reduces volume averag-
ing thus increasing image detail of small objects, and allows 
reconstruction of isotropic datasets, thereby preserving 
z-axis resolution and permitting multiplanar reformatting 
necessary for analysis of cardiac anatomy.

GE Healthcare has focused their system development on 
spatial resolution, developing a new detector scintillation 
material with a fast decay time (30 ns), minimal afterglow 
(one-quarter that of conventional Gd

2
O

2
S crystals), and 

increased efficiency [3]. This new detector is one element of a 
multipronged approach to increasing image resolution, which 
also includes new electronics that permit increased sam-
pling,[4] and a new iterative reconstruction algorithm [5, 6] 
(Figure 2.1). These innovations increase spatial resolution by 
3–4.5 line pairs per centimeter (lp/cm), which is substantial 
given that current resolution of systems is approximately 
12–15 lp/cm. The enhanced resolution is particularly useful 
for imaging stented and/or calcified coronary arteries.

Temporal Resolution

In order to reconstruct an axial image, attenuation data 
from multiple view angles that encompass half a rotation 
around the patient are required. The amount of time 
needed to obtain these data is the nominal, heart-rate 
independent temporal resolution of the scanner. Hence, a 
gantry that requires 330 ms to make one complete rota-
tion has a baseline temporal resolution of 165 ms. This is 
analogous to shutter speed: just as shutter speed must be 
sufficiently fast to capture motion-free images of a mov-
ing subject, temporal resolution must be sufficiently fast 
to capture the data needed for image reconstruction 
within the relatively brief period of cardiac diastasis. If 
temporal resolution is insufficient, motion artifact occurs 
(Figure 2.2). A temporal resolution of 165 ms is relatively 
slow for cardiac imaging, so systems overcome this by 
various means: faster gantry rotation, multicycle recon-
struction, and a second X-ray tube.
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Currently, the fastest gantry on the market resides in the 
Philips iCT, which has a rotation time of 270 ms using an 
innovative frictionless design in which the gantry is actu-
ally suspended in air [7]. As this design has only recently 
been released, it is likely that future iterations will allow 
even faster rotation.

Multicycle reconstruction combines data from multiple 
contiguous heart beats to complete the half-scan of views 
(Figure 2.3). This technique is heart-rate dependent: it can 
only be used within certain ranges of heart rates, since the 
cardiac cycle and gantry rotation must be asynchronous.

An approach adopted by Siemens in 2006 uses two X-ray 
tubes mounted on the gantry at 90° angles; therefore, only a 
quarter turn of the gantry is required to collect the 180° of 
attenuation data (Figure 2.4). Hence, a dual-source system 
with a gantry rotation time of 330 ms has a baseline central 
temporal resolution of approximately 85 ms. This obviates 
the need for multicycle reconstruction, making the system 
less susceptible to variation in heart rate, and providing 
high heart rate independent temporal resolution. Initial 
reports demonstrated very good image quality, [8] and, in a 
comparison of 64 MDCT and DSCT scans, the dual-source 

Figure 2.1. Increased sampling improves image quality. Axial images of line-pair phantom dem-
onstrating improved spatial resolution using increased sampling density (on the right) compared to 
standard sampling frequency (on the left). Note the improved edge detail and resolution of the line 

pairs of the image derived from the high density sampling dataset. (Reproduced with permission 
from Chandra [4]).

Figure 2.2. Better temporal resolution improves image quality of moving structures. 3D volume 
reconstructions of the right coronary artery in three CT scans representing three generations of CT 
scanner (4-, 16-, and 64-slice, from left to right, respectively), possessing temporal resolution of 400, 
250, and 180 ms from left to right, respectively. Note that the vessel appears distorted and dis-

jointed, due to motion artifact, when temporal resolution is insufficient (far left), while motion 
artifact is minimally present, and small anatomic details are clearly imaged when temporal resolu-
tion is improved (far right). (Reproduced with the kind permission from Springer Science + Business 
Media from Hurlock et al [2]).
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system produced better image quality at higher heart 
rates [9]. Image quality is still improved, however, by reduc-
ing heart rate before scanning. Siemens recently announced 
a new scanner with an even faster (280 ms) gantry which is 
capable of a central temporal resolution of 75 ms [10].

Detector Coverage and Scan Speed

Since the advent of multislice CT, manufacturers have 
increased z-axis coverage by the addition of more rows of 
detectors. By increasing coverage, scan times have been 
reduced to just a few seconds, and even to single-beat scan-
ning. This has been achieved by Toshiba’s Aquilion One scan-
ner, which currently has the largest z-axis coverage [11]. This 
scanner has 320 rows of detectors, with 0.5 mm collimation, 
16 cm of coverage, and can perform an axial 1-beat acquisi-
tion of the entire heart when the rate is well controlled.

The Philips iCT is a 128-row scanner with 8 cm of cover-
age, which allows axial acquisition of the entire heart  
in 2 beats [7]. GE offers a 64-row scanner with 4 cm of 

coverage. The current Siemens system is a 32-row scanner, 
with approximately 2 cm of coverage, but Siemens has 
recently announced a new 64-row scanner offering approx-
imately 3.8 cm of coverage.

Radiation Exposure

Traditional cardiac CT uses a helical scan mode and very 
low pitch to perform retrospective ECG-gated reconstruc-
tions. This delivers an undesirably high radiation exposure, 
so various methods have been designed to reduce radiation 
exposure.

One of the first was ECG-based tube current modulation, 
which fluctuates tube current in sync with the heart rate, 
maintaining high tube current during diastasis and provid-
ing best image quality in that phase, then lowering tube 
current during other phases when high-resolution detail is 
not required (Figure 2.5). This results in a dose savings of 
approximately 40%.

A great advance in dose reduction was made with the 
advent of prospective, ECG-triggered, axial cardiac CT 
(Figure 2.6). By keeping the X-ray tube off during most of the 
scan, and only turning it on during diastasis, as triggered by the 
ECG, radiation exposure is dramatically reduced (Figure 2.7). 
GE first published results using this method [12] with good 
clinical results and radiation doses of 1–2 mSv, [13] and this 
approach is now offered by all manufacturers. Using a 64-slice 
system, the entire heart can be covered in 3–4 acquisitions; 
however this leaves the system vulnerable to fluctuations in 
heart rate and rhythm during the scan. Larger coverage miti-
gates this vulnerability by reducing the number of beats 
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Figure 2.3. Multicycle reconstruction. Single cycle recon (a) the duration of the acquisition win-
dow (gray bar) is approximately equivalent to one-half the gantry rotation time, since this is the 
time required to obtain 180° of attenuation data. Multicycle recon (b) When multiple detector rows 
are present, the axial slice position in the z-position can be imaged at multiple different times, using 
multiple, shorter, acquisition windows distributed across multiple contiguous beats. These data can 
then be combined to provide 180° of attenuation data and used to reconstruct the axial image. 
Temporal resolution of the image is improved because the duration of the each acquisition window 
is shorter. (Reproduced with permission from Wolters Kluwer from Vembar et al [1]).

Figure 2.4. Dual source CT. Schematic diagram of dual-source CT scanner: two X-ray source and 
corresponding detector arrays are offset by approximately 90°. In this way, the half-scan of data 
required for axial image reconstruction can be acquired over a quarter-rotation of the gantry, 
thereby halving the nominal heart rate independent temporal resolution of the scan. (Reproduced 
with permission from the RSNA from McCollough et al [22]).
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required for data acquisition. However, larger coverage lends 
to higher radiation doses, as the detectors are less efficient 
when having to expose a wider detector array. Hence, Philips’ 
128-row iCT system can cover the entire heart in 2 beats, with 

a reported radiation exposure of 3–5 mSv [7]. Toshiba’s 
 320-row Aquilion One scanner can cover the entire heart in 
one beat, with a reported radiation exposure of approximately 
6 mSv. However, lower radiation doses and dependable coro-
nary scanning using 1-beat acquisition requires heart rate 
reduction. At higher heart rates (>65 bpm), optimal image 
quality requires a 2- or 3-beat acquisition (and use of multi-
cycle recon) which increases radiation exposure to approxi-
mately 13 (2-beat) to 19 (3-beat) mSv [14, 15]. Acquiring with 
a wide exposure window (“padding”) can ensure the capture 

Table move

75% 75%

Figure 2.6. Prospective ECG-triggered acquisition method. Cardiac rhythm is monitored while 
table remains stationary. When cardiac cycle reaches predetermined acquisition phase (in this case 
75%, diastolic, phase), X-ray source is briefly turned on (<1 s, blue bars) and acquires attenuation 
data of a length equivalent to the craniocaudal coverage of the detector array, and is then turned off. 
The table is advanced almost the length of craniocaudal coverage (minus a small amount of over-
lap), and the process repeats again. Depending on the craniocaudal coverage of the scanner, the 
entire heart can be scanned in 1–4 acquisitions. (Reproduced with the kind permission from 
Springer Science + Business Media from Weigold et al [7]).
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Figure 2.7. Prospective cardiovascular computer tomographic angiographty (CCTA) reduces 
radiation dose. Histogram of effective radiation dose, grouped by acquisition method. Using pro-
spectively gated axial scanning, average effective dose is dramatically reduced to 2–3 mSv. Even the 
highest dose PGA scan still delivers a lower effective dose than the lowest-dose RGH scan. PGA 
prospectively gated axial; RGH retrospectively gated helical. (Reproduced with permission from 
RSNA from Earls et al [13]).
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Figure 2.5. ECG-based tube current modulation 
reduces radiation exposure. Once the desired 
acquisition phase is determined, based on heart 
rate, in this case 75% phase, scanning proceeds 
with maintenance of 100% tube output during 
that phase, while tube current is reduced outside of 
that phase. This can reduce effective radiation dose 
by 40% or more; however, note that images recon-
structed from the low tube output phases (left 
image) will be excessively noisy, and are usually 
considered unusable for coronary interpretation. 
(Reproduced with permission from Wolters Klower 
from Vembar et al [1]).
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of motion-free data, but increases radiation exposure 
(Figure 2.8). A narrower exposure window can be used with 
preservation of image quality if heart rate is  controlled [16] 
and reduces radiation exposure.

Siemens has recently introduced a new innovative scan-
ning method using a high pitch helical mode which takes 
advantage of the dual-source design [17, 18] (Figure 2.9). 
The high pitch (3.2–3.4) would normally produce gaps in 
the attenuation data using a single-source system, but, in a 
dual-source system, these are compensated for by data 
gathered from the second detector. Scan time is less than 

1 s, with a radiation exposure of approximately 2 mSv. 
Initial studies performed on the first-generation dual-
source system proved the feasibility of the method, though 
the authors noted that these first-generation systems are 
not suitable for this high pitch technique. High pitch scan-
ning with their new scanner, with faster gantry rotation 
(280 ms) and larger coverage (64 rows), has been reported 
to produce very good coronary image quality with radia-
tion exposure of approximately 1 mSv [10]. Of note, in this 
initial investigational phase, low heart rates (<60 bpm) are 
absolutely required, as the entire data collection takes place 
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Figure 2.8. Prospective CCTA phase selection 
and padding. Acquisition phase and padding 
depend on heart rate: For low heart rates (a), 
target late diastole (75% phase) for prospective 
acquisition, but if heart rate is high (b) 
(>75 bpm), target end-systole (40% phase) 
which is more likely to produce motion-free 
images. By restricting acquisition to the mini-
mum exposure window (dark gray), radiation 
dose is minimized, but ability to reconstruct 
adjacent cardiac phases is obliterated. Widening 
the acquisition window (“padding,” light gray 
shading) allows reconstruction of a small num-
ber of additional phases, which can help inter-
pretation of motion artifact, but increases the 
radiation dose. (Reproduced with the kind per-
mission from Springer Science + Business Media 
from Weigold et al [7]).

83ms

Figure 2.9. Method of high-pitch coronary CCTA. Single source helical CT requires a pitch 1.5; a 
faster pitch results in gaps in the data (left panel). A dual-source system can scan at a higher pitch 
(up to 3.2), using the second X-ray source-detector system to fill in what would otherwise be gaps 
in the data. Since the table speed is so high, the entire heart can be imaged in a fraction of a second, 

from data derived from a single heartbeat (right panel). If the image acquisition is triggered appro-
priately to synchronize acquisition with diastasis, and the heart rate is sufficiently low, motion-free 
images can be obtained with a very low radiation dose. (Reproduced with permission from Elsevier 
from Achenbach et al [18]).
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within a 250–270 ms acquisition window of one heart beat; 
hence diastasis must be at least this long to provide motion 
free data acquisition, and therefore the requirement for a 
very low heart rate.

The previously described new detector and reconstruc-
tion system offered by GE aims to lower radiation exposure 
by preserving image quality while scanning with less radia-
tion (<1 mSv), because images are of higher resolution and 
lower noise than would otherwise be achievable with a low-
exposure scan.

Future Directions

Future scanner designs are closely guarded industry secrets, 
but some concepts have been openly discussed. Flat-panel 
volume CT systems replace detector rows with a large area 
detector, and provide coverage of the entire heart in one 
axial acquisition and extremely high spatial resolution of 
up to 26 lp/cm, comparable to invasive angiography [19] 
(Figure 2.10). However, the contrast resolution is inferior to 
that of multidetector CT, a high radiation exposure is needed 
to achieve a sufficient contrast-to-noise ratio, and scintilla-
tion times are slow and temporal resolution insufficient for 
cardiac imaging.

Dual energy scanning is being developed by all vendors 
by various means, including rapid fluctuation of tube 
energy, stacked detectors, or the dual-tube design in which 
each tube emits photons of different energy levels. Dual 

energy CT could take the field to a new level of diagnostic 
power if it can be used for refined tissue characterization, 
such as differentiating plaque characteristics. This is diffi-
cult to do in the coronary arteries, and initial studies have 
not yielded any breakthroughs, but at the least it has the 
potential to enhance coronary lumen visualization in heav-
ily calcified vessels by differentiating calcium and iodine 
[20] (Figure 2.11). Dual-energy CT may also yield new 
applications for noncoronary imaging, such as imaging of 
myocardial perfusion [21].

Conclusions

Since the turn of the twenty-first century, there has been an 
explosion in technological development of cardiac CT sys-
tems, with concomitant gain in reliability and accuracy, 
especially of coronary imaging. The theme has been one of 
progressively improved spatial and temporal resolution, 
reduced scan time, and, most recently, a focus on driving 
down radiation exposure. In appropriately selected patients, 
using careful technique, it is easily achievable to perform a 
cardiac CT using less radiation exposure than that of a 
standard chest CT or an invasive coronary angiogram. The 
goal of future systems will be to make this more widely 
achievable in a larger group of patients without requiring 
patient selection or stringent patient prep. Given the his-
tory of rapid technological advancement, we can expect to 
see this goal achieved in the near future.
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Figure 2.10. Flat panel CT. Schematic of flat 
panel scanner: In a flat panel system, the tradi-
tional multirow detector array is replaced by an 
area detector consisting of millions of detector 
elements, each with dimensions <0.2 × 0.2 mm. 
Large coverage allows whole-organ imaging 
with tremendous spatial resolution (up to 
150 m). Limiting factors of these prototypes 
for cardiac imaging have been insufficient tem-
poral resolution, and requirement of high radia-
tion dose. (Reproduced with permission from the 
RSNA from Gupta et al [19]).
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Figure 2.11. Dual energy CT. Dual energy CT 
can be used to characterize tissue: vessel cross-
sectional images derived from high- (140 keV) 
and low-energy (90 keV) attenuation profiles (a, 
b) demonstrate the influence of photon energy 
on photoattenuation. The contrast-filled lumen 
(arrow) exerts greater photoattenuation on low-
energy photons, and hence appears brighter in 
(b), while calcification (asterisk) appears high-
density in both images. In the subtracted image 
(c), dense calcification has been “removed.” By 
adding in the low-energy (90 keV) attenuation 
data to this subtracted image, depiction of the 
lumen edge is enhanced (because of reduced 
contrast blooming), and visualization of a small 
side branch (arrowhead) is improved (d). 
(Reproduced with permission from Wolters 
Kluwer from Boll et al [23]).
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Radiation Safety: Radiation Dosimetry  
and CT Dose Reduction Techniques

Kai H. Lee 

Introduction

The ability of modern multidetector CT scanners with 
submillimeter resolution, subsecond rotation time, and 
large volume imaging has resulted in widespread utiliza-
tion of  cardiovascular computed tomographic angiogra-
phy (CCTA) [1]. However, the widespread use of CCTA 
has also raised concerns about the radiation dose to the 
patients. The National Council on Radiation Protection, 
NCRP Report No. 160, reported that the radiation expo-
sure to the United States population due to medical 
sources increased more than 7 times in the 20 years 
between 1986 and 2006 [2]. Although in 2006 CT consti-
tuted about 10% of the diagnostic examinations that uti-
lize X-rays, it contributed to nearly 50% of the population 
dose [2–4]. Based on our current knowledge of radiation 
biology, the deleterious effects of radiation are cumula-
tive and medical radiation is increasingly a significant 
contributor to the amount of radiation accumulated in a 
person’s lifetime [1, 2, 5]. The risk of cancer from radia-
tion exposure is especially worrisome in children and 
young women who received multiple CT examinations 
early in their lives. For example, studies found that one 
CT examination of the female chest gives as much radia-
tion as 10 mammograms to each breast [6]. Therefore, 
the practitioners of CT must be constantly aware of the 
risks of radiation and strive toward applying the lowest 
dose to the patient consistent with the clinical study.

One of the difficulties confronting physicians when 
evaluating the radiation safety of a CT procedure is the 
plethora of terms used to quantify the amount of radia-
tion given to the patient. Thus, this chapter has two aims. 
The first aim is to explain the fundamental concepts of 
radiation dosimetry relevant to cardiac CT examinations. 
The second aim is to describe the techniques that physi-
cians may exercise to control radiation dose to their 
patients.

Fundamentals of Radiation Dosimetry

Absorbed Dose

The International System unit (SI units) of radiation dose 
measurement is the Gray (Gy) [7]. However, Gray is a large 
unit of radiation. When evaluating radiation dose from CT 
examinations, two smaller divisions of the Gray are com-
monly used. The two subunits of Gray are the milliGray 
(mGy) and the centiGray (cGy):

 
-31mGy 10 Gy  

 
-21cGy 10 Gy.

 

In the United States, the SI units are quoted in the litera-
ture, but the traditional unit rad is utilized in routine radia-
tion safety practice [7]. The unit rad is an acronym for 
radiation absorbed dose. The conversion between the tra-
ditional and the international systems of radiation dose 
measurements is simple: 1 Gy = 100 rad. It follows that 
1 cGy = 1 rad.

Equivalent Dose

The severity of biological damage depends not only on the 
amount of radiation absorbed. It also depends on the type 
of radiation absorbed. For example, 1 Gy of neutron radia-
tion is 10 times more damaging than 1 Gy of X-rays [8]. A 
unit of measurement is required that takes into account the 
effectiveness of different types of the radiation in produc-
ing biological damages. The biological equivalent unit used 
in radiation protection is the Sievert (Sv), and the tradi-
tional unit is the rem (acronym for radiation equivalent 
man). In SI units, the biological equivalent dose H is equal 
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to the radiation absorbed dose D measured in Gy multi-
plied by the radiation damage weighting factor W

r
, i.e.,:

when using the traditionally units, the biological equiva-
lent dose in rem is equal to the absorbed dose in rad multi-
plied by the quality factor Q, i.e.,:

where the quality factor Q serves the same function as W
r
 to 

account for the relative effectiveness of different types of 
radiation in producing biological damage. The numerical 
values of Q and W

r
 are in fact identical for the same type of 

radiation. Some typical weight factors are given in Table 3.1.
The values of W

r
 or Q are proportional to the density of 

ionization created by the incident radiation along its path 
of travel in tissue. For X-rays, gamma rays, beta particles, 
and electrons from radioactive materials, the density of 
ionization created in tissue is relatively low. The weighting 
factor W

r
 equals to 1. Thus, when working with X-rays from 

CT, the equivalent dose and absorbed dose are numerically 
equal, i.e., 1 Sv = 1 Gy, and 1 rem = 1 rad. For neutrons, the 
weighting factor W

r
 = 10. The equivalent dose for 1 Gy of 

neutron absorbed dose equals to:

This example shows that neutrons are 10 times more dam-
aging to the human body than X-rays for the same absorbed 
dose. In other words, 1 Gy of neutron produces 10 times 
greater risk than 1 Gy of X-ray.

For radiation protection purposes, subunits of Sievert 
and rem are used. Subunits of Sievert and rem are the mil-
liSievert (mSv), and millirem (mrem), respectively. Since 
both the traditional and SI units are used in the US, it 
should be noted that 1 mSv = 100 mrem. A convenient 
method to convert an equivalent dose given in SI unit to 
the traditional unit is to multiply the SI values by 100 and 
change the unit name from Sv to rem but leave the numeric 
prefix unchanged.

In summary, absorbed dose is the quantity of radiation 
energy deposited per unit volume of tissue. The equivalent 
dose is a measure of biological damage equal to the 
absorbed dose modified by a weighting factor according 
the relative effectiveness of the incident radiation to pro-
duce biological damage.

Given this metric to quantify radiation, Table 3.2 lists 
the average equivalent dose received annually to the total 
body by workers in the various occupations [9–12]. The 
table also gives the natural background radiation and the 
regulatory limits on radiation exposure as reference to 
occupational exposures. It is interesting to note that airline 
flight crews, who are not classified as occupational radia-
tion workers, receive annual equivalent dose from the cos-
mic rays of nearly twice as much as the nuclear medicine 
technologists who routinely handle radioactive materials 
on the job.

Effective Dose

Unlike the absorbed dose and the equivalent dose, the 
effective dose is not a physically measurable quantity. The 
effective dose is an imaginary total body dose. It is calcu-
lated from the absorbed dose given to any part or parts of 
the body. That is, the effective dose is the equivalent whole 
body dose if the radiation given to a partial body exposure 
such as a CCTA study was spread uniformly across the 
entire body. The purpose of the effective dose is to translate 
a partial body exposure such as a cardiac CT scan to an 
equivalent uniform total body dose to assess the risk of 
carcinogenesis and genetic defects.

It is important to calculate the effective dose from a given 
medical procedure, such as CCTA, because our current 
knowledge of the risk of radiation-induced carcinogenesis 
and genetic defects is based on data collected from the total 
body exposed uniformly to certain doses of radiation. In 
order to estimate the risk resulting from CT of the chest for 
example, one must translate the partial body irradiation to 
an equivalent whole body exposure in order to utilize the 
database for risk estimates. To do so, a mathematical model 
is used to compute the doses to all other organs resulting 
from radiation scattered from CT of the chest. These com-
puted organ doses are then multiplied by a risk factor 
according to the sensitivity of each organ to radiation. 
Summation of the product of these computed organ doses 
and their associated risk weighting factor is called the 
effective dose. That is, the effective dose E is computed 
using the equation:

(Sv) (Gy) ,rH D W

(rem) (rad) ,H D Q

Sv 1 Gy 10 10Sv.H

Type of radiation Weighting factor

X- and gamma rays, electrons, positrons 1
Neutrons 10
Protons 2
Alpha particles 20

Table 3.1. Radiation weighting factors

mSv mrem

Nuclear medicine technologists 1.2 120
Airline flight crews 2.2 220
Nuclear power plant workers 5.5 550
Interventional radiologists 18 1,800
Interventional cardiologists 16 1,600
Natural background radiation 2.5 250
Regulatory limit on the occupational  
workers

50 5,000

Regulatory limit on the general public 1 100

Table 3.2. Typical annual whole body radiation dose
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where E is the effective dose, H
i
 is the dose equivalent to a 

given organ, and w
i
 is the risk weighting factor for that 

organ.
The effective dose is thus a weighted sum of the com-

puted doses to all organs in the body. A table of weighting 
factors for different body organs is given in a report by the 
International Commission on Radiation Protection [8, 13].

One may interpret the effective dose as a calculated equiv-
alent dose of radiation given to the entire body that would be 
required to produce the same risk of cancer and genetic 
damages as a dose of radiation delivered to a localized region 
of the body as in a CT examination. In other words, the risk 
from a part of the body exposed to a given dose of radiation 
is the same as the total body uniformly receiving the effective 
dose. Thus, the effective dose is an extrapolated whole body 
dose from a partial body dose. As such, the effective dose is a 
computed value rather than a physically measurable quan-
tity. The effective dose is calculated to serve as a common 
denominator for comparison of stochastic risk between dif-
ferent medical or nonmedical exposures to radiation.

With an understanding of the concept of the absorbed dose, 
equivalent dose, and effective dose, the next step is to learn 
how to calculate the effective dose from CT examinations.

CT Dosimetry

Special dosimetric techniques have to be developed for mea-
suring CT doses because the geometry of the X-ray field 
employed in CT scans is very different from the conditions 
of conventional radiographic exposures [14, 15]. The funda-
mental parameter developed for CT dosimetry is the 
Computed Tomography Dose Index (CTDI). From the CTDI, 
the dose-length product (DLP) is calculated and then used 
to derive the effective dose (E) for risk comparison.

CTDI

The CTDI, or specifically the CTDI
100

, is measured using a 
dosimeter of 100 mm length in a cylindrical acrylic phan-
tom of 16- or 32-cm diameter to simulate a head or body 
(Figure 3.1). Four measurements are made in the periphery 
and one in the center of the phantom. The four peripheral 
measurements and the central measurement are used to 
compute the weighted average of the CTDI

100
 in the phan-

tom as follows:

where CTDI
w
 is the weighted average of CTDI

100
 in the 

phantom.

The factor 0.87 is a conversion factor to relate dose mea-
sured in air to dose in soft tissues. The CTDI

w
 can be inter-

preted as the average absorbed dose in the cross section of 
the patient from one axial scan.

For helical scans, the average dose may be greater than 
or less than the dose from an axial scan. If in a helical scan 
the table moves the patient slowly through the gantry, the 
average absorbed dose in a transverse section of the patient 
may be greater than that in an axial scan due to the X-ray 
beam overlapping on the patient in successive rotations of 
the X-ray tube. Conversely, if the table moves at a high 
speed, the X-ray beam passes through the patient in a non-
overlapping helical path as shown in Figure 3.2. There 
would be less radiation delivered to the scan volume 
because of the gaps between tracks of the X-ray beam. That 
is, for CT scans done with a pitch of less than 1, there is 
overlapping of the X-ray beam as it passes through the 
patient, and the patient receives a higher dose. For scans 
done with a pitch greater than 1, the X-ray beam does not 
overlap, and the patient receives less radiation. Of course, 
there is greater image noise for scans done with pitch 
greater than 1. The clinicians will have to make a compro-
mise between image noise and the patient dose.

The CTDI
vol

 was therefore developed to compute the aver-
age absorbed dose in the scan volume taking into account 
the variable overlaps in the spiral path of the X-ray beam. 
The CTDI

vol
 is calculated using the following equation:

Pitch is a dimensionless unit equal to the distance the table 
traveled during one complete rotation of the X-ray tube 
divided by the width of the X-ray beam at the axis of rota-
tion. For a multislice CT, the pitch is defined as follows:

where D is the distance the patient table moved in one rota-
tion of the X-ray tube, n is the number of slices produced in 

H ,i iE w

CTDI 0.87 [2/3C TDI (periphery) 1/3 CTDI (center),w 100 100

CTDI CTDI / pitch.wvol

Pitch / ,D nT

Figure 3.1. A 100-mm length cylindrical acrylic phantom used for measuring the CTDI
100

.
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one tube rotation, T is the thickness of each slice measured 
at the axis of rotation, and the product nT represents the 
width of the X-ray beam that sweeps around the patient 
during a CT scan.

Dose-Length Product

One final measurable dosimetric parameter for CT is the 
DLP. The DLP is proportional to the total amount of X-ray 
energy deposit in the scan volume. DLP is defined as:

The cross-sectional area of the patient is implicitly included 
in CTDI

vol
 by multiplying the CTDI

vol
 by the scan length. 

DLP thus describes the volume of tissues irradiated and the 
total amount of X-ray energy deposited in that volume. 
DLP is an important risk indicator because the severity of 
biological damage from radiation depends not only on the 
quantity and type of radiation given, but on the volume of 
tissue irradiated as well. For example, a radiation oncolo-
gist could deliver 7,000 cGy of X-rays to a small region sur-
rounding the prostate gland to cure a patient with prostate 

cancer. If 7,000 cGy was delivered over the entire body, the 
person would most certainly die from the absorbed dose. 
Thus, the risk of radiation increases with the volume of tis-
sue irradiated. The two descriptors of CT dosimetry, CTDI

vol
 

and DLP, serve to quantify the amount of X-ray energy 
absorbed per unit mass of tissue, the volume of tissue 
exposed to radiation, and thus the total amount of energy 
deposited in the scan volume. Because CTDI

vol
 and DLP 

are such important indicators of the risk from a CT proce-
dure, the values of CTDI

vol
 and DLP have been displayed on 

the control console in all CT systems manufactured since 
year 2000.

The Effective Dose from CT

For other imaging procedures, the effective dose has to be 
computed from an elaborate computer model. The effec-
tive dose from CT, however, can be calculated from the DLP 
using a simple formula developed by the ICRP [16, 17]. The 
effective dose is conveniently calculated by multiplying the 
DLP by the corresponding conversion factor shown in 
Table 3.3, i.e.,:

where CF is the conversion factor for the corresponding CT 
procedure.

By using the CTDI
vol

, DLP, and conversion factors in 
Table 3.3, some typical values of the effective dose from dif-
ferent CT procedures are shown in Table 3.4. The effective 
doses from other radiologic examinations are also shown 
in the table for comparison [18, 19].

CT Dose Reduction Techniques

The effective doses in Table 3.4 show that CT is a high dose 
procedure compared with other X-ray examinations. As 
mentioned, CT examinations consisted of about 10% of all 
diagnostic examinations that utilize X-rays, but contrib-
uted to nearly 50% of the medical radiation to the popula-
tion. The contribution of CT dose to the population is 
expected to continue to rise given the expanding use of CT. 
It is therefore imperative for the practitioners of CT to 

DLP CTDI scanlengthvol

E mSv DLP CF

Region of body Conversion factor

Head 0.0023
Neck 0.0054
Chest 0.0170
Abdomen 0.0150
Pelvis 0.0190

Table 3.3. CT effective dose conversion factors

Pitch = 1.0

Pitch = 2.0

Figure 3.2. Schematic demonstrating the concept of pitch. With a pitch of 1, there is no overlap or 
gap. With a pitch of greater than 1, the X-ray beam passes through the patient in a nonoverlapping 
helical path with less radiation delivered to the scan volume, but with greater image noise. With a 
pitch of less than 1, there is overlap in the X-ray beam path, and the patient receives a higher radia-
tion dose, but with less image noise.
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obtain the desired diagnostic information using low dose 
techniques whenever possible.

Several recent studies reported that radiation dose in 
cardiac CT can be reduced by more than 50% simply by 
modifying the basic technical factors in their CT scanning 
protocols without having to invest in new equipment [20–
24]. The technical factors available to nearly all CT scanners 
for dose reduction include limiting the scan length, lower-
ing the tube voltage, modulating the X-ray tube current, 
minimizing scan time, and using prospective ECG gating.

Limiting the Scan Length

The effective dose to a patient is proportional to the dose-
length-product DLP, which in turn is proportional to the 
craniocaudal length being scanned. One study reported the 
use of the calcium score protocol as a guide to determine 
the minimum scan length for each individual patient in a 
CCTA examination [25]. Prior to CCTA, the patient was 
given a prescan using the calcium score protocol. The start 
of the scan was then determined from the calcium score 
images at 1 cm above the visualized top of the coronary 
arteries and stopped at 1 cm below the posterior descend-
ing artery. The dose savings from limiting the scan length 
more than offset the dose from the calcium score scan. The 
effective dose was reduced by as much as 30%.

Reducing the Tube Voltage

Coronary CT angiography protocols commonly use a tube 
voltage of 120 kV for all patients. Reducing the tube voltage 
from 120 to 100 kV for patients weighing 185 pounds or less 
has been reported to reduce the effective dose by 30–40% to 
the range 5–12 mSv from 9 to 17 mSv [20, 21, 24]. Other 
studies showed that, for thin patients, the tube voltage can 
be further reduced to 80 kV without degrading the diag-
nostic accuracy, and the dose savings was as high as 80% 
[26]. Although the tube voltage affects the image contrast, 

the above studies showed that the overall image quality was 
preserved when matching the size of the patient with the 
reduced tube voltage.

Modulating the Tube Current and Time Product

Radiation dose to the patient is approximately directly pro-
portional to the product of the tube current measured in 
mA and the tube rotation time in seconds. While options 
for varying the tube rotation time are limited for CCTA, 
there is great latitude in the choice of tube current. Similar 
to reducing the tube voltage, there is a delicate balance 
between the desire to lower the mA for dose reduction, and 
the need to apply sufficient mA to keep the image noise 
from degrading the image quality. When the mA is reduced, 
the intensity of the X-ray beam passing through the patient 
is decreased, therefore reducing the patient dose. But by 
reducing the mA, the image noise is increased and the over-
all quality of the images is reduced because fewer photons, 
less data, are available to reconstruct the images.

The question becomes one of deciding the optimum mA 
to minimize dose to the patient while still producing images 
of acceptable quality for diagnosis. CT manufacturers have 
responded to this question by incorporating dose reduc-
tion options into their system. The various dose reduction 
techniques available in modern CT scanners are actually 
different implementations of automatic exposure control 
(AEC) that have been in use for decades in fluoroscopy and 
radiography. The AEC controls dose to the patient by mod-
ulating the X-ray beam intensity according to the patient’s 
anatomy to produce the desired image quality. The inten-
sity of the X-ray beam emitted from the X-ray tube and 
subsequently sent towards the patient is directly propor-
tional to the mA across the tube. By modulating the elec-
tron current mA according to the thickness of tissues that 
the X-ray beam must pass through, the desired image qual-
ity can be maintained without imparting unnecessary radi-
ation to the patient. For example, the CT scanner can 
automatically raise the mA to produce a more intense X-ray 
beam to pass through the abdomen, and reduce the mA to 
produce a less intense X-ray beam when passing through 
the lungs.

There are three conditions under which the AEC can 
modulate the tube current (mA) to produce the desire 
image quality, and in the process reduce the unnecessary 
radiation to the patient. First, the AEC can be programmed 
to adjust the mA along the long axis of the patient so that 
the mA is reduced when the X-ray beam passes through 
large volume of air in the thorax, and is raised when the 
beam goes through the more attenuating soft tissues in the 
abdomen and pelvis. Second, the mA can be adjusted in  
the transverse plane of the patient according to the tube 
angle during its rotation around the patient. That is, the 
mA is reduced when the X-ray beam passes through the 
patient in the thinner AP and PA directions, and increased 
in the thicker lateral directions. Third, the overall tube 

Radiologic examination Typical effective dose (mSv)

Head/neck CT 2–5
Chest CT 5–7
Abdomen/pelvis CT 8–11
Coronary CT angiogram 5–15
Coronary bi-plane angiogram 3–10
PET cardiac viability per 370 MBq 4–7
MIBI cardiac stress/rest per 1.3 GBq 10.6
PA chest X-ray 0.02
Skull X-ray 0.07
Lumbar spine 1.3
I.V. urogram 2.5
Upper GI 3.0
Barium enema 7.0

Table 3.4. Typical effective doses of radiological examinations
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current can be adjusted according to the patient’s size such 
that a lower mA would be used on pediatric patients and 
thinner adult patients.

There are three general methods used by the manufactur-
ers in their dose reduction options [18, 27, 28], each with 
their own advantages and disadvantages. Implementation of 
the dose reduction option changes frequently with changes 
in the technology, but the principles behind the methodol-
ogy remain essentially the same. The three common algo-
rithms employed by manufacturers of CT scanners are AEC 
guided by image noise, AEC guided by reference image, and 
AEC guided by reference mAs.

AEC Guided by Image Noise

Image noise can be described qualitatively as the graininess 
of the image. Low noise images appear smooth with con-
tinuous shades of gray from the darkest to the lightest por-
tions of the image. High noise images show characteristic 
salt and pepper grains interspersed throughout the image. 
Resolution of low contrast objects can be greatly impaired 
by image noise. Image noise is influenced by a number of 
factors, but is ultimately determined by the number of 
X-ray photons that contribute to the image. A simple way to 
quantify noise in an image is to calculate the percentage 
standard deviation. The standard deviation of an image is 
the square root of the total number of counts or dots that 
make up the image. The resulting standard deviation is 
then divided by the total counts in the image to arrive at the 
percentage standard deviation. The standard deviation of 
the number of counts in an image is an expression of the 
fraction of noise in an image. The percentage standard 
deviation as computed by the ratio of the standard devia-
tion to the total number of counts in the image indicates 
what fraction of the image is occupied by noise. Low con-
trast objects are often obscured by the image noise.

The number of counts in a given CT image is directly 
proportional to the number of X-ray photons available for 
image formation, which in turn depends on the intensity of 
the X-ray beam striking the detectors and the length of time 
that the X-ray beam is on. The AEC modulates the beam 
intensity by varying the tube current. The exposure time is 
determined by the speed of the X-ray tube to make one 
rotation around the patient. The product of the tube current 
in mA and the rotation time in seconds is commonly called 
the mAs. The mAs selected for a CT scan determines the 
number of X-ray photons striking the patient. The higher 
the mAs, the greater the number of photons available to 
pass through the patient to reach the detectors, and there-
fore the lower the noise in the reconstructed images. When 
all the other technical factors are held constant, the image 
noise is inversely proportional to the square root of the 
mAs, i.e.,:

During CT scans, the tube rotation time is fixed. The 
image noise guided AEC continually adjusts the mAs by 
varying the mA to maintain the same number of photons 
reaching the detectors, and hence keeping the image noise 
at a preselected level. For example, the AEC reduces the mA 
when the beam is passing through in the thinner anterior–
posterior direction of the patient, and increases the mA 
when passing through laterally.

Patient dose optimization can be achieved by selecting a 
target image noise level appropriate for the particular CT 
procedure. The disadvantage is that the target noise level 
selected by the user may be lower than necessary for obtain-
ing the diagnostic information, and result in giving unnec-
essary dose to the patient. A simple rule to remember is 
that reducing the mAs and hence the patient dose by a fac-
tor of 4 increases the image noise only by a factor of 2.

AEC Guided by Reference Image

This method of AEC is an extension of the constant image 
noise algorithm. Here, the target image noise is set on the 
AEC using a clinical image that is selected by the reader as of 
adequate quality for the given CT procedure. During scan, 
the mA at each tube position is adjusted by the AEC to yield 
an image noise approximating the noise in the reference 
image. The advantage of the reference image approach is 
that the target image noise is derived from a database of 
clinical images rather than some abstract percentage stan-
dard deviation. The major disadvantage of the reference 
image approach is the user inclination to select the most 
esthetic image as the reference image even though a less 
esthetic image will allow diagnosis. This results in the patient 
receiving a larger radiation dose than necessary.

AEC Guided by Reference mAs

This approach uses the mAs of a reference patient as a 
guide to modulate the mA for the actual patient. For a given 
CT procedure, a certain mAs that was found to produce 
images of acceptable quality on a reference patient is used 
as the standard of reference. From the attenuation profile 
measured on a scout view of the actual patient, the AEC 
adjusts the tube current at each tube position to compen-
sate for the difference in attenuation between the actual 
and reference patient. The image noise is not maintained 
for different patient sizes. The technique relies on the expe-
rience of the user to select the proper level of tube current 
modulation for a given patient and CT procedure.

ECG Gating

Prospective ECG gating is based on the finding that least 
motion artifacts were found in the images reconstructed Noise ~1/ mAs.
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from data in the ventricular diastolic phase. The X-ray 
beam is turned on only during middiastole to acquire the 
image data, and turned off during the other phases of the 
cardiac cycle. Prospective gating is also known as an ECG 
gated step-and-shoot technique. The most dramatic reduc-
tion of dose has been reported by using a prospective gat-
ing technique in combination with tube voltage reduction 
[24, 27, 29].

With prospective gating, the tube current is modulated 
by the ECG tracings to synchronize with the patient’s car-
diac cycle. Signals from the ECG monitor trigger the X-ray 
beam to turn on for data acquisition during diastole, and 
turn off when not acquiring data during the systolic and 
early diastolic phases. The table is then stepped to the next 
position for scanning in the predefined phase of the car-
diac cycle. The heart is thus scanned in a sequential step-
and-shoot fashion as shown in Figure 3.3.

Immediately before the scan, a sample of the ECG trac-
ing is taken to measure the average R–R time interval. 
When the CT is set to scan, the AEC sets the clock to zero 
upon receiving an R-wave from the ECG monitor. The tube 
current is turned off until 70–75% of the cardiac cycle has 
elapsed. After this initial delay, the tube current is turned 
on to the maximum and maintains the maximum output 
for the next 10% of the cardiac cycle, corresponding to the 
time during which the heart is in the diastolic phase. The 
AEC subsequently turns off the tube current at the 80–85% 
mark that approximates the end of the diastolic phase to 
stop data acquisition. The time marker is reset to zero 
upon receiving the next R-wave. While the X-ray beam is 
off, the table moves the patient to the next scanning posi-
tion. By activating the X-ray beam during only 10% of the 
cardiac cycle for data acquisition, the patient dose was 
reduced by 50–70% in comparison with retrospective gat-
ing that requires that the X-ray beam on continuously 
throughout the scan [22].

Although the advantage of prospective gating is dose 
reduction, images are only obtained at a certain percent-
age of the R–R interval. If there is motion artifact of the 
coronary arteries at this phase of the cardiac cycle, images 
may not be diagnostic. Retrospective gating can somewhat 

limit dose through dose modulation. With this technique, 
the tube current is ramped down during a certain portion 
of the cardiac cycle. Although the phases of the R–R inter-
val during the phases of dose reduction may not be useful 
for coronary artery assessment, they may still be used for 
cardiac functional assessment. Both prospective gating 
and retrospective gating with dose modulation are prob-
lematic in patients with rapid or irregular heart rates.

Rapidly advances in MSCT technology have brought 
drastic changes to cardiovascular imaging techniques and 
lowering of radiation dose to the patient. Of particular 
interest to cardiologists is the introduction of 320-slice 
MSCT. Preliminary studies [27] using the 320-slice CT 
found that image data for the entire heart volume could be 
acquired in a single rotation, and obviates helical scans and 
bed indexing to acquire data over several cardiac cycles. 
When using a combination of kV reduction, prospective 
gating, and elimination of scan overlap of the X-ray path, 
dramatic reduction of the patient dose can be achieved 
without compromising the image quality.

Conclusion

High speed multislice CT with its high temporal and spatial 
resolution is increasingly applied for a wide spectrum of 
cardiac studies. Because of the high radiation dose associ-
ated with cardiac CT examinations, it is necessary for clini-
cians to become familiar with the dosimetric principles 
and to adopt dose reduction techniques in their clinical 
practice. This chapter reviewed the basic dosimetry param-
eters necessary to understand the terms and concepts 
invariably brought up in any discussion of radiation dose 
optimization methods. The abstract concept of effective 
dose should be well understood in order to explain to the 
patients the relative risks of different medical procedures 
that involve the use of radiation, e.g., the comparative risks 
of coronary CT angiography, chest X-rays, and radionu-
clide perfusion studies.

X-ray off on onoff off off

Delay Table Moves Delay

70 8008070% R-R = 0

Figure 3.3. Schematic demonstrating pro-
spective gating. When the CT is set to scan, the 
AEC sets the clock to zero upon receiving an 
R-wave from the ECG monitor. The tube current 
is turned off until 70% of the cardiac cycle has 
elapsed. After this initial delay, the tube current 
is turned on to the maximum and maintains the 
maximum output for the next 10% of the car-
diac cycle. The AEC subsequently turns off the 
tube current at 80% of the R–R interval.
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Prognostic Value, and Relationship to Lipids and Other 
Cardiovascular Risk Factors

Harvey S. Hecht 

Cardiac risk assessment has traditionally been based on 
conventional risk factors; the shortcomings of this approach 
are all too often highlighted by major cardiac events occur-
ring in presumably low-risk people. The annual presentation 
of 650,000 previously asymptomatic patients with an acute 
coronary event as the initial manifestation of coronary artery 
disease (CAD) [1] is a testimony to the failure of our current 
risk assessment model. Consequently, there has been a focus 
on markers of subclinical atherosclerosis that may be uti-
lized for risk assessment of individuals, rather than extrapo-
lating from risk factors that reflect trends in large groups of 
patients in epidemiologic studies. The most powerful of 
these subclinical markers is coronary artery calcium (CAC).

Background

CAC is pathognomonic for atherosclerosis [2–4]. Mönc-
keberg’s calcific medial sclerosis does not occur in the cor-
onary arteries [5]; atherosclerosis is the only vascular 
disease known to be associated with coronary calcifica-
tion. Calcium phosphate (in the hydroxyapatite form) and 
cholesterol accumulate in atherosclerotic lesions. 
Circulating proteins that are normally associated with bone 
remodeling play an important role in coronary calcifica-
tion, and arterial calcium in atherosclerosis is a regulated 
active process similar to bone formation, rather than a pas-
sive precipitation of calcium phosphate crystals [6–9]. 
Rumberger et al. [10] demonstrated that the total area of 
coronary artery calcification is highly correlated (r = 0.9) in 
a linear fashion with the total area of coronary artery 
plaque on a segmental, individual, and whole coronary 
artery system basis (Figure 4.1), and the areas of coronary 
calcification comprise approximately one-fifth that of the 
associated coronary plaque. Additionally, there were plaque 
areas without associated coronary calcium, suggesting that 
there may be a coronary plaque size most commonly asso-
ciated with coronary calcium but, in the smaller plaques, 
the calcium is either not present or is undetectable.

Intravascular ultrasound [11, 12] measures of combined 
calcified and noncalcified plaque confirm the strong rela-
tionship (Figure 4.2).

Methodology

Technical

Until recently, the data substantiating the importance of 
CAC have been derived almost exclusively through the use 
of electron beam tomography (EBT), utilizing a rotating 
electron beam to acquire prospectively triggered, tomo-
graphic 100-ms X-ray images at 3 mm intervals in the space 
of a 30- to 40-s breathhold. The multidetector computed 
tomography (MDCT) technology is a more recent develop-
ment and employs a rotating gantry with a special X-ray 
tube and variable number of detectors (from 4 to 64), with 
165–375-ms images at 0.5, 1.5, 2.0, or 3.0 mm intervals, 
depending on the protocol and manufacturer.
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Figure 4.1. Correlation between calcified and total plaque burden in histopathologic coronary 
artery specimens (reproduced with permission of Wolters Kluwer from Rumberger et al. [10]).
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Scoring

The presence of coronary calcium is sequentially quantified 
through the entire epicardial coronary system. Coronary 
calcium is defined as a lesion above a threshold of 130 
Hounsfield units (which range from −1,000 (air), through 0 
(water), and up to +1,000 (dense cortical bone)), with an 
area of three or more adjacent pixels (at least 1 mm2). The 
original calcium score developed by Agatston et al [13] is 
determined by the product of the calcified plaque area and 
maximum calcium lesion density (from 1 to 4 based upon 

Hounsfield units). Standardized categories for the calcium 
score have been developed with scores of 1–10 considered 
minimal, 11–100 mild, 101–400 moderate, and >400 severe. 
Examples are shown in Figure 4.1. The calcium volume 
score [14] is a more reproducible parameter that is inde-
pendent of calcium density and is considered to be the 
parameter of choice for serial studies to track progression 
or regression of atherosclerosis. Phantom-based calcium 
mass scores are being developed that will be applicable to 
any CT scanner [15], but have yet to be validated. Examples 
of CAC scans are shown in Figure 4.3.

Figure 4.2. Electron beam tomography (EBT) 
scan (left) demonstrating areas of extensive 
calcification corresponding to heavily calcified 
plaque on intravascular ultrasound (upper 
right), and less extensive calcification corre-
sponding to less heavily calcified plaque on 
intravascular ultrasound (lower right).

Figure 4.3. Examples of EBT coronary artery calcium (CAC) scans. Left: Normal without CAC. Center: Moderate CAC involving the left anterior descending (LAD) and circumflex (LCx) coronary arteries. Right: 
Extensive CAC involving the left main (LM), anterior descending, and circumflex coronary arteries.
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Epidemiology

By comparing a person’s calcium score to others of the 
same age and gender through the use of large databases of 
asymptomatic subjects, a calcium percentile is generated 
[16]. This is an index of the prematurity of atherosclerosis; 
for example, a 50-year-old man in the 76th percentile has 
more plaque than 75% but less plaque than 24% of asymp-
tomatic 50-year-old men. Although there is an increasing 
incidence of coronary calcification with increasing age 
(Figure 4.4), this simply parallels the development of coro-
nary atherosclerosis.

Table 4.1 shows coronary calcification incidence by EBT 
in an unselected patient population of men and women 
[17]. The amount of CAC in women is similar to that in 
men a decade younger, paralleling the 10-year lag in women 
of the development of clinical atherosclerosis.

Useful though these current nomograms are, variations 
according to ethnicity have been described, and data regard-
ing these variations are still being collected and separated. 
In earlier studies, Blacks were noted to have either lower 
[18, 19] or similar [20, 21] amounts of CAC as Caucasians of 
the same age; Hispanics had less CAC than Caucasians [18]. 
In the more recent Multi-Ethnic Study of Atherosclerosis 
(MESA) of 6,110 asymptomatic patients with 53% female 
and an average age of 62 years, men had greater calcium 

levels than women, and calcium amount and prevalence 
continually increased with increasing age [22]. In men, 
Caucasians and Hispanics were the first and second highest 
respectively; Blacks were lowest at the younger ages, and 
Chinese were lowest at the older ages. In women, whites 
were highest, Chinese and Black were intermediate, and 
Hispanics were the lowest except for Chinese in the oldest 
age group. Thus, predictive indices should be extrapolated 
to non-whites with caution. However, MESA demonstrated 
very strong CAC predictive for all groups [23].

Younger patients with a family history of premature 
CAD have significantly higher CAC scores than similar 
aged individuals without this risk factor, particularly if 
there is a sibling history of premature CAD [24]. In MESA, 
the odds ratios for the presence of CAC independent of all 
risk factors in those with compared to those without a fam-
ily history of premature CAD were 2.74 with premature 
CAD in both a parent and a sibling, 2.06 in a sibling alone, 
and 1.52 in a parent alone [25].

Radiation

The vast majority of CAC scanning is being performed on 
MDCT scanners; in the future it will be the exclusive tech-
nology as electron beam computed tomography (EBCT) 
scanners disappear. The radiation exposure is 1.0 mSv [26]: 
appropriate perspective is obtained by comparing this expo-
sure to the 0.75 mSv of the annual mammographic exami-
nation recommended for women 45 years and older.

Coronary Artery Calcium  

and Obstructive Disease

The relationship of CAC to obstructive disease has been 
extensively investigated, and was misunderstood by the 
2000 ACC/AHA Consensus Document on EBT [27], which 
focused on the low specificity as a critical flaw. While the 
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Elsevier from Janowitz et al [16]).

Percentiles 40–45 years 46–50 years 51–55 years 56–60 years 61–65 years 66–70 years 71–75 years

Men (n = 28,250)
10 0 0 0 1 1 3 3
25 0 1 2 5 12 30 69
50 2 3 15 54 117 166 350
75 11 36 110 229 386 538 844
90 69 151 346 588 933 1,151 1,650
Women (n = 14,540)
10 0 0 0 0 0 0 0
25 0 0 0 0 0 1 4
50 0 0 1 1 3 25 51
75 1 2 6 22 68 148 231
90 4 21 61 127 208 327 698

Table 4.1. Calcium percentile database for asymptomatic men and women: EBT coronary calcium scores as a function of patient age at the time of examination
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presence of CAC is nearly 100% specific for atherosclerosis, 
it is not specific for obstructive disease since both obstruc-
tive and nonobstructive lesions have calcification present 
in the intima. Comparisons with pathology specimens have 
shown that the degree of luminal narrowing is weakly cor-
related with the amount of calcification on a site-by-site 
basis [28–30], whereas the likelihood of significant obstruc-
tion increases with the total CAC score [4, 31, 32]. Shavelle 
et al. [33] reported a 96% sensitivity and 47% specificity for 
a calcium score >0, with a relative risk for obstructive dis-
ease of 4.5, compared to a 76% sensitivity and 60% specific-
ity for treadmill testing, with a relative risk of 1.7. Bielak 
et al [34] noted a sensitivity and specificity of 99.1 and 
38.6% for a calcium score >0. However, when corrected for 
verification bias, the specificity improved to 72.4%, without 
loss of sensitivity (97%). The likelihood ratio for obstruc-
tion ranged from 0.03 to 0.07 in men and women 50 years 
of age for 0 scores to 12.85 for scores >200. In the <50 years 
cohort, the likelihood ratios ranged from 0.1 to 0.29 for 0 
scores to 54–189 for scores >100.

Rumberger et al [35] demonstrated that higher calcium 
scores are associated with a greater specificity for obstructive 
disease at the expense of sensitivity; for example, a threshold 
score of 368 was 95% specific for the presence of obstructive 
CAD. In 1,764 persons undergoing angiography, the sensitiv-
ity and negative predictive value in men and women were 
>99% [36]; a score of 0 virtually excluded patients with 
obstructive CAD. In a separate study of 1,851 patients under-
going CAC scanning and angiography [37], CAC scanning by 
EBT in conjunction with pretest probability of disease derived 
by a combination of age, gender, and risk factors, facilitated 
prediction of the severity and extent of angiographically sig-
nificant CAD in symptomatic patients.

In a recent meta-analysis of 10,355 symptomatic patients 
who underwent cardiac catheterization and CAC, 0 CAC 
was noted in 1941. Significant obstructive disease, defined 
as >50% diameter stenosis, was noted in 5,805 (56%). For 
CAC > 0 and the presence of >50% diameter stenosis, the 
following were reported: sensitivity 98%, specificity 40%, 
positive predictive value 68%, and negative predictive value 
93% [38].

Prognostic Studies in Symptomatic Patients

The prognostic value of extensive coronary calcium 
(>1,000) in symptomatic males with established advanced 
CAD was demonstrated in a 5-year follow-up study of 150 
patients [39]. More recently, in a meta-analysis of 3,924 
symptomatic patients with a 3.5 year follow-up, the cardiac 
event rate was 2.6% per year in those with CAC > 0 and 0.5% 
per year in 0 CAC patients [38]. However, with the develop-
ment of coronary computed tomographic angiography 
(CCTA), CAC alone is not justified in the symptomatic pop-
ulation; CCTA will identify the noncalcified plaque and 
even obstructive disease that may be noted in these patients, 
even with 0 CAC.

Clarification

Despite the apparently reasonable specificities, which are 
similar to those of stress testing, it must be understood that 
the purpose of CAC scanning is not to detect obstructive 
disease and, therefore, it is inappropriate to even use “spec-
ificity” in the context of obstruction. Rather, its purpose is 
to detect subclinical atherosclerosis in its early stages, for 
which it is virtually 100% specific.

Key Prognostic Studies  

in Primary Prevention

The utility of CAC for risk evaluation in the asymptomatic 
primary prevention population is dependent on prognostic 
studies documenting the relative risk conferred by calcified 
plaque quantitation compared to conventional risk factors. 
Raggi et al [40] demonstrated, in 632 asymptomatic patients 
followed for 32 months, an annualized event rate of 0.1% 
per year in patients with 0 scores, compared to 2.1% per 
year with scores of 1–99, 4.1% per year with scores of 100–
400, and 4.8% per year with scores >400. Thus, the annual-
ized event rates associated with coronary calcium were in 
the range considered to warrant secondary prevention 
classification by the Framingham Risk Score (Figure 4.5).

The odds ratio conferred by a calcium percentile >75% 
was 21.5 times greater than for the lowest 25%, compared 
to an odds ratio of 7 for the highest vs. lowest quartiles of 
National Cholesterol Education Program (NCEP) risk fac-
tors (Figure 4.6).

Wong et al [41], in 926 asymptomatic patients followed 
for 3.3 years, noted a relative risk of 8 for scores >270, after 
adjusting for age, gender, hypertension, high cholesterol, 
smoking, and diabetes. Arad et al [42], in 1,132 subjects fol-
lowed for 3.6 years, reported odds ratios of 14.3–20.2 for 
scores ranging from >80 to >600; these were three to seven 
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times greater than for the NCEP risk factors. In a retrospec-
tive analysis of 5,635 asymptomatic, predominantly low to 
moderate risk, largely middle-aged patients followed for 
37 ± 12 months, Kondos et al. [43] found that the presence of 
any CAC by EBT was associated with a relative risk for 
events of 10.5, compared to 1.98 and 1.4 for diabetes and 
smoking, respectively. In women, only CAC was linked to 
events, with a relative risk of 2.6; risk factors were not 
related. The presence of CAC provided prognostic informa-
tion incremental to age and other risk factors.

Shaw et al [44] retrospectively analyzed 10,377 asymp-
tomatic patients with a 5-year follow-up after an initial 
EBT evaluation. All-cause mortality increased proportional 
to CAC (Figure 4.7), which was an independent predictor of 
risk after adjusting for all of the Framingham risk factors 
(p < 0.001).

Superiority of CAC to conventional Framingham risk fac-
tor assessment was demonstrated by a significantly greater 
area under the ROC curves (0.73 vs. 0.67, p < 0.001). 
Incremental value of CAC to Framingham risk was also 

established by a significant increase of the area under the 
ROC curves, from 0.72 for Framingham risk to 0.78 with the 
addition of CAC (p < 0.001). Risk stratification was present in 
each risk group, and was particularly strong in the  10–20% 
10-year Framingham risk group. Stratification of mortality 
risk by CAC score was as effective in women as in men.

Greenland et al [45] analyzed a population-based study 
of 1,461 prospectively followed, asymptomatic subjects who 
were predominantly moderate to high risk, and found that 
CAC scores >300 significantly added prognostic informa-
tion to Framingham risk analysis in the 10–20% Framingham 
risk category. The results of the St Francis Heart Study by 
Arad et al [46] in a prospective, population-based study of 
5,585 asymptomatic, predominantly moderate- to moder-
ately-high-risk men and women, mirrored previous retro-
spective studies [7, 18–20], and confirmed the higher event 
rates associated with increasing CAC scores. CAC scores 
>100 were associated with relative risks of from 12 to 32, 
and were secondary prevention equivalent, with event 
rates>2% per year (Figure 4.8).

Incremental information over Framingham scores was 
documented with areas under the ROC curves of 0.81 for 
CAC and 0.71 for Framingham (p < 0.01). Importantly, clas-
sification by CAC tertiles changed the risk group of approx-
imately 67% of patients classified in the Framingham 
10–20% 10-year event rate group to either lower or higher 
risk. The appropriateness of this change was confirmed by 
outcome measures of cardiac events. Furthermore, in the 
Framingham high-risk category (>20% 10-year event rate), 
45% were correctly moved to lower-risk categories by CAC 
tertile reclassification. Finally, in the Framingham <10% 
10-year risk group, 29% had scores >100 with an associated 
1.7% per year event rate (Figure 4.9).
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The prognostic significance of very high calcium scores 
was provided in a study of 98 asymptomatic patients with a 
CAC score >1,000 who were followed for 17 months [47] 
during which 35 patients (36%) suffered a hard cardiac 
event (myocardial infarction (MI) or cardiac death). The 
annualized event rate of 25% refuted the erroneous con-
cept that extensive calcified plaque may confer protection 
against plaque rupture and events.

In a younger cohort of 2,000 asymptomatic Army per-
sonnel, Taylor et al [48] demonstrated the powerful predic-
tive value of CAC. There was a relative risk of 11.8 in 
patients with CAC > 44 compared to those with 0 CAC, after 
correcting for the Framingham Risk Score. In a much more 
elderly population (71 years), Vliegenthart et al [49] found 
a hazard ratio of 4.6 for CAC 400–1,000 compared to <100 
after 3.3 years of follow-up.

Subsequently, even more powerful data have emerged. 
Budoff et al [50] in another all-cause mortality study, 
with retrospective analysis of 25,203 asymptomatic 
patients after 6.8 years, found that CAC > 400 was associ-
ated with a hazard ratio of 9.2. In the largest study using 
coronary calcium percentile rather than absolute scores, 
Becker et al. [51] in 1,724 patients followed prospectively 
for 3.4 years, reported hazard ratios for CAC percentile 
>75% vs. 0% of 6.8 for men and 7.9 for women. The area 
under the ROC curve for CAC percentile (0.81) was sig-
nificantly superior to the Framingham (0.66), European 
Society of Cardiology (0.65), and PROCAM risk scores 
(0.63). Eighty-two percent of patients who developed MI 
or cardiac death were correctly classified as high risk by 
CAC percentile, compared to only 30% by Framingham, 
36% by the European Society of Cardiology, and 32% by 
PROCAM.

Perhaps the most important study is the MESA, an 
NHLBI sponsored prospective evaluation of 6,814 patients 
followed for 3.8 years [23]. Compared to patients with 0 
CAC, the hazard ratios for a coronary event were 7.73 for 
those with CAC 101–300, and 9.67 among participants for 
CAC > 300 (p < 0.001) (Table 4.2; Figure 4.10).

Among the four racial and ethnic groups (Caucasian, 
Chinese, Hispanic, Black), doubling the CAC increased risk 
of any coronary event by 18–39%. The ROC curve areas were 
significantly higher (p < 0.001) with the addition of CAC to 
standard risk factors. CAC was more predictive of coronary 
disease than carotid intima-media thickness; the hazard 
ratios per 1-SD increment increased 2.5-fold (95% CI,  
2.1–3.1) for CAC and 1.2-fold (95% CI, 1.0–1.4) for IMT [52].

In the 2,684 patients in the female component of MESA 
[53], Lagoski et al. reported a 6.5 hazard ratio for the 32% 
with a CAC > 0 vs. the 68% with 0 CAC, even though 90% 
were low risk by Framingham. In an analysis of all-cause 
mortality in 44,052 asymptomatic patients followed for 5.6 
years [54], the deaths/1,000 patient years were 7.48 for 
CAC > 10, compared to 1.92 for CAC 1–10, and 0.87 for 0 
CAC. Finally, in a meta-analysis of 64,873 patients followed 
for 4.2 years, the coronary event rate was 1% per year for 
the 42,283 with CAC > 0, compared to 0.13% per year in the 
25,903 patients with 0 CAC [38].

Finally, in the Heinz Nixdorf Recall Study [55], 4,487 sub-
jects without CAD were followed for 5 years. Low ATP III 
risk was noted in 51.5%, while 28.8 and 19.7% were at inter-
mediate and high risk, respectively. The prevalence of low 
(<100), intermediate (100–399) and high ( 400) CAC scores 
was 72.9, 16.8, and 10.3%, respectively (p < 0.0001). The rela-
tive risk of CAC >75th vs. 25th percentile was 11.1 
(p < 0.0001) for men and 3.2 (p = 0.006) for women. Adding 
CAC to the ATP III categories improved the AUC from 0.602 
to 0.727 in men and from 0.660 to 0.723 in women, and led to 
a reclassification of 77.1% of intermediate risk individuals 
(62.9% into low risk, and 14.1% into high risk group). The 
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Figure 4.9. Annual event rates in asymptomatic patients in the different Framingham 10-year 
risk groups according to the tertile of CAC score (St. Francis Heart Study).

CAC Annual rate (%) Events/no at risk HR p

0 0.11 15/3,409 1.0 <0.001
1–100 0.59 39/1,728 3.61 <0.001
101–300 1.43 41/752 7.73 <0.001
>300 2.87 67/833 9.67 <0.001

Doubling 1.26 <0.001

Table 4.2. Risk of coronary events associated with increasing CAC after adjusting for standard 
risk factors in MESA
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Figure 4.10. Coronary events at different CAC levels in multi-ethnic study of atherosclerosis (MESA).



45Assessment of Cardiovascular Calcium: Interpretation, Prognostic Value, and Relationship to Lipids and Other Cardiovascular Risk Factors

relative risk associated with doubling of the CAC score was 
1.32 (95% CI: 1.20–1.45, p < 0.001) in men and 1.25 (95% CI: 
1.11–1.42, p < 0.0001) in women.

In all of these studies, receiver operator characteristic 
curves for CAC were superior to the Framingham Risk Score 
and the annual event rate for CAC > 100–400 exceeded the 
CAD equivalent of >2% per year. Table 4.3 summarizes the 
relative risk results of the largest published outcome studies.

Zero Coronary Artery Calcium Scores

Individuals with zero CAC scores have not yet developed 
detectable, calcified coronary plaque but they may have 
fatty streaking and early stages of plaque. Noncalcified 
plaques are present in many young adults. Nonetheless, the 
event rate in patients with CAC score 0 is very low [40, 45, 
46]. Raggi et al. [40] demonstrated an annual event rate of 
0.11% in asymptomatic subjects with 0 scores (amounting 
to a 10-year risk of only 1.1%), and in the St Francis Heart 
Study [46], scores of 0 were associated with a 0.12% annual 
event rate over the ensuing 4.3 years. Greenland et al. [45], 
in a higher-risk asymptomatic cohort, noted a higher 
annual event rate (0.62%) with 0 CAC scores; a less sensitive 
CAC detection technique and marked ethnic heterogeneity 
may have contributed to their findings [56]. In the defini-
tive MESA study [23], 0 CAC was associated with a 0.11% 
annual event rate. In a meta-analysis of 64,873 patients fol-
lowed for 4.2 years [54], the coronary event rate was 0.13% 
per year in the 25,903 patients with 0 CAC compared to 1% 
per year for the 42,283 with CAC > 0. In an analysis of all-
cause mortality in 44,052 asymptomatic patients followed 
for 5.6 years [54], the deaths/1,000 patient years for the 
19,898 with 0 CAC was 0.87, compared to 1.92 for CAC 1–10, 
and 7.48 for CAC > 10.

While noncalcified, potentially “vulnerable” plaque is by 
definition not detected by CAC testing, CAC can identify 
the pool of higher-risk asymptomatic patients out of which 
will emerge approximately 95% of the patients presenting 
each year with sudden death or an acute MI. While the cul-
prit lesion contains calcified plaque in only 80% of the 
acute events [57], of greater importance is the observation 
that exclusively soft, noncalcified plaque has been seen in 
only 5% of acute ischemic syndromes in both younger and 
older populations [12, 58]. In a more recent meta-analysis 
[38], only 2 of 183 (1.1%) 0 CAC patients were ultimately 
diagnosed with an acute coronary syndrome after present-
ing with acute chest pain, normal troponin, and equivocal 
EKG findings. CAC > 0 had 99% sensitivity, 57% specificity, 
24% positive predictive value, and 99% negative predictive 
value for ACS. Thus, while it is uncommon that a patient 
with an imminent acute ischemic syndrome would have 
had a 0 CAC score, further evaluation, particularly with 
CCTA, is recommended.

Compliance with Therapeutic Interventions

With the exception of a single study flawed by insufficient 
power [59], CAC has been shown to have a positive effect on 
compliance and initiation of and adherence to medication 
and life style changes. In 505 asymptomatic patients, statin 
adherence 3.6 years after visualizing their CAC scan was 
90% in those with CAC > 400 compared to 75% for 100–399, 
63% for 1–99, and 44% for 0 CAC (p < 0.0001) [60]. Similarly, 
in 980 asymptomatic subjects followed for 3 years, ASA ini-
tiation, dietary changes, and exercise increased significantly 
from those with 0 CAC (29, 33, 44%, respectively) and was 
lowest (29%) in those with CAC > 400 (61, 67, 56%, respec-
tively [61]. Finally, after a 6 year follow-up in 1,640 

Author n Mean age (years) Follow-up duration 
(years)

Calcium score cutoff Comparator group for RR 
calculation

Relative risk ratio

Arad et al [42] 1,173 53 3.6 CAC > 160 CAC < 160 20.2
Park et al [77] 967 67 6.4 CAC > 142.1 CAC < 3.7 4.9
Raggi et al [40] 632 52 2.7 Top quartile Lowest quartile 13
Wong et al [41] 926 54 3.3 Top quartile (>270) First quartile 8.8
Kondos et al [43] 5,635 51 3.1 CAC No CAC 10.5
Greenland et al [45] 1,312 66 7.0 CAC > 300 No CAC 3.9
Shaw et al [44] 10,377 53 5 CAC  400 CAC  10 8.4
Arad et al [46] 5,585 59 4.3 CAC  100 CAC < 100 10.7
Taylor et al [48] 2,000 40–50 3.0 CAC > 44 CAC = 0 11.8
Vliegenthart et al [49] 1,795 71 3.3 CAC > 1,000 CAC < 100 8.3

CAC 400–1,000 CAC < 100 4.6
Budoff et al [50] 25,503 56 6.8 CAC > 400 CAC 0 9.2
Lagoski et al [53] 3,601 45–84 3.75 CAC > 0 CAC 0 6.5
Becker et al [51] 1,726 57.7 3.4 CAC > 400 6.8 men

7.9 women
Detrano et al [23] 6,814 62.2 3.8 CAC > 300 CAC > 0 14.1
Erbel et al [55] 4,487 45–75 5 >75th% <25th% 11.1 men

3.2 women

Table 4.3. Characteristics and risk ratio for follow-up studies using electron beam computed tomography (EBCT) in asymptomatic persons

CAC Coronary Artery Calcium Score
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asymptomatic subjects, the odds ratios for those with 
CAC > 0 compared to 0 CAC for usage of statins, ASA, and 
statin + ASA were 3.53, 3.05 and 6.97, respectively [62].

Coronary Artery Calcium and Guidelines

Guidelines have been increasingly positive regarding the 
value of CAC scanning. The American College of Cardiology/
American Heart Association expert consensus document 
(2000) concluded that:

1. A negative EBCT test makes the presence of atheroscle-
rotic plaque, including unstable plaque, very unlikely.

2. A negative test is highly unlikely in the presence of sig-
nificant luminal obstructive disease.

3. Negative tests occur in the majority of patients who have 
angiographically normal coronary arteries.

4. A negative test may be consistent with a low risk of a 
cardiovascular event in the next 2–5 years.

5. A positive EBCT confirms the presence of a coronary 
atherosclerotic plaque.

6. The greater the amount of calcium, the greater the likeli-
hood of occlusive CAD, but there is not a 1-to-1 relation-
ship, and findings may not be site specific.

7. The total amount of calcium correlates best with the 
total amount of atherosclerotic plaque, although the 
true “plaque burden” is underestimated.

8. A high calcium score may be consistent with moderate 
to high risk of a cardiovascular event within the next 
2–5 years [27].

The American Heart Association Prevention V Update 
(2000) suggested that CAC be considered for risk assess-
ment in the 6–20% Framingham 10-year risk category [63]. 
The final report of the NCEP guidelines [64] made the fol-
lowing recommendation on the basis of existing data at the 
time of publication (2002):

Therefore, measurement of coronary calcium is an option 
for advanced risk assessment in appropriately selected 
persons. In persons with multiple risk factors, high cor-
onary calcium scores (e.g., >75th percentile for age and 
sex) denotes advanced coronary atherosclerosis and pro-
vides a rationale for intensified LDL-lowering therapy.

The European Guidelines on Cardiovascular Disease 
Prevention in Clinical Practice (2003) state “Coronary cal-
cium scanning is thus especially suited for patients at 
medium risk,” and use CAC to qualify conventional risk 
analysis [65]. The American Heart Association Guidelines 
for Cardiovascular Disease Prevention in Women (2004) 
listed coronary calcification as an example of subclinical 
cardiovascular disease (CVD) placing patients in the 
10–20% Framingham 10-year risk category and acknowl-
edged that “some patients with subclinical CVD will have 
>20% 10-year CHD risk and should be elevated to the high-
risk category” [66].

In 2006, the SHAPE guidelines (Figure 4.11) recommended 
CAC or carotid intima-media thickening for all but the lowest 
risk asymptomatic men >45 and women >55 years, with sub-
sequent treatment based upon the amount of CAC [67].

Based upon the accumulated evidence at the time, which 
did not yet include the MESA [23] and Becker [51] data, the 
ACCF/AHA 2007 Clinical Expert Consensus Document 
[68] judged that in the intermediate risk population “it may 
be reasonable to consider use of CAC measurement in such 
patients based on available evidence that demonstrates 
incremental risk prediction information in this selected 
(intermediate risk) patient group.” A more robust endorse-
ment is anticipated in future recommendations.

Correlation with Risk Factors

Correlation in Individual Patients

Conventional risk factors do correlate with CAC [69–71], 
even though CAC is superior to conventional risk factors in 
predicting outcomes. There is a clear association of CAC 
with a premature family history of CAD, diabetes, and lipid 
values in large groups of patients. However, the difficulty 
equating risk factors with CAC in individual patients has 
been highlighted by the work of Hecht et al in 930 consecu-
tive primary prevention subjects undergoing EBT [70]. They 
found increasing likelihoods of CAC with increasing levels of 
low-density lipoprotein cholesterol (LDL-C) and decreasing 
levels of high-density lipoprotein cholesterol (HDL-C) in the 
population as a whole, but found no differences in the amount 
of plaque between groups and demonstrated a total lack of 
correlation in individual patients between the EBT calcium 
percentile and the levels of total, LDL- and HDL-cholesterol, 
total/HDL-cholesterol, triglycerides, lipoprotein(a) (Lp(a)), 
homocysteine, and LDL particle size (Figure 4.12).

Postmenopausal women presented a striking example of 
the inability of conventional risk analysis to predict the 
presence or absence of subclinical atherosclerosis [72]. 
There were no differences in any lipid parameters or in the 
Framingham Risk Scores between postmenopausal women 
with and without calcified plaque, rendering therapeutic 
decisions that are not plaque- imaging-based extremely 
problematic. Further support for the poor correlation of 
conventional risk factors with subclinical atherosclerosis 
was provided by Taylor et al in 630 active duty US Army 
personnel aged 39–45 years, undergoing EBT [73]. The area 
under the ROC curve was only 0.62 for the Framingham 
Risk Score and 0.61 for LDL-C alone. The authors conclude: 
“In this age homogeneous, low-risk screening cohort, con-
ventional coronary risk factors significantly underesti-
mated the presence of premature, subclinical calcified 
coronary atherosclerosis.” These discrepancies underscore 
the difficulties inherent in applying population based guide-
lines derived from statistical analyzes to decision-making in 
the real world of individual patient care.
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Advanced Metabolic Testing

The discovery of significant CAC in patients with ostensi-
bly unremarkable lipid values has led to more extensive 
metabolic analysis in these patients in the search for treat-
able disorders. In 296 asymptomatic patients with CAC, 
Superko and Hecht [74] reported a 66% incidence of small, 
dense LDL; 27% had elevated Lp(a) and 7% had elevated 
homocysteine. While there is no clear-cut evidence for 
event reduction by treatment of these abnormalities, con-
sideration should be given to the administration of niacin 
for small, dense LDL and Lp(a) elevations. The combina-
tion of tomographic plaque imaging with metabolic testing 
and aggressive treatment of identifiable abnormalities has 
been termed “interventional lipidology” [75].

Inflammation and Coronary Artery Calcium

hs-CRP

Although still controversial, high sensitivity C-reactive pro-
tein (hs-CRP) has been clearly linked to the inflammatory 
process inherent in CAD. Extensive investigations have led 
to the suggestion that it be used to screen large segments of 

the asymptomatic population [76] despite the absence of 
data demonstrating that hs-CRP is additive to standard risk 
factors in predicting events. There is, however, evidence 
that it is significantly inferior to CAC in this capacity. Park 
et al, in 967 asymptomatic patients, demonstrated that the 
relative risk of an MI or cardiac death, after adjustment for 
conventional risk factors, increased four to fivefold from 
low to high calcium scores at any hs-CRP level, and only 
0.25–0.7-fold from low to high hs-CRP at any calcified 
plaque level (Figure 4.13).

In multivariate analysis after adjustment for risk factors, 
CAC was significantly predictive of events (p < 0.005); 
hs-CRP was not significantly predictive (p = 0.09) before or 
after adjustment for CAC [77]. In 323 Framingham Heart 
Study participants, there was a weak relationship between 
hs-CRP and CAC in men (r = 0.19, p < 0.05) in multrivariate 
analysis, and no significant correlation in women [78]. There 
was no significant relationship between hs-CRP and CAC 
after multivariate analysis in 914 asymptomatic subjects in 
the Study of Inherited Risk of Coronary Atherosclerosis 
[79]. In 1,005 asymptomatic patients randomized to treat-
ment with atorvastatin or placebo in the St Francis Heart 
Study [80], only the calcium score was significantly associ-
ated with disease events (p < 0.0001) in a multivariate analy-
sis including standard coronary disease risk factors, hs-CRP, 
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and baseline coronary calcium score. Hs-CRP did not pre-
dict events independently of the calcium score (p = 0.47). 
There were no correlations between CAC and hs-CRP in 
either study. In the Dallas Heart Study in 3,373 asymptom-
atic subjects, there was no significant relationship between 
hs-CRP and CAC by multivariate analysis [81].

The absence of additional predictive value of hs-CRP and 
its lack of correlation with CAC do not challenge the inflam-
matory aspects of the disease process. Rather, it emphasizes 
the greater value of evidence of the disease itself, namely 
CAC, compared to a risk marker, such as hs-CRP.

Lipoprotein-Associated Phospholipase A2 (Lp-PLA2)

There is much less data regarding Lp-PLA2. In a nested 
case-control study among 266 CARDIA participants [82], 

Figure 4.12. Correlation between CAC percentile and plasma levels of multiple lipid parameters in 930 asymptomatic patients. Not all correlations are significant (reproduced with permission of Elsevier 
from Hecht [104]).

High hs-CRP

7

6

5

4

3

2

1

0
High CAC Med. CAC Low CAC

Low hs-CRP

Figure 4.13. Relative risks (RR) of non-fatal myocardial infarction (MI) or coronary death associ-
ated with high ( 75th percentile = 4.05 mg/L) and low (<4.05 mg/L) levels of C-reactive protein 
(CRP) and high (>142.1), medium (3.7–142.1), and low (<3.7) tertiles of calcium scores (repro-
duced with permission of Wolters Kluwer from Park et al [78], p. 2076).
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Lp-PLA2 mass was significantly higher in subjects with 
CAC compared to those without CAC (OR 1.28). The num-
bers are too small to provide meaningful conclusions.

Unknown Factors

The lack of clear relationship between lipid levels and sub-
clinical plaque in individual patients does not negate the 
atherogenic effect of these metabolic disorders. Rather, it 
highlights the variations in individual susceptibility to the 
atherogenic effects at a given plasma level, very likely medi-
ated by as yet undetermined genetic factors. O’Donnell et al 
[83], in an analysis of abdominal aortic calcium in 2,151 
patients in 1,159 families in the Framingham Study, noted a 
heritability component accounting for up to 49% of the vari-
ability in calcified plaque, and concluded that “AAC deposits 
are heritable atherosclerotic traits. A substantial portion of 
the variation is due to the additive effects of genes, which 
have yet to be characterized.” Peyser et al. [84], analyzing cor-
onary calcium in 698 patients in 302 families, found a vari-
ance of up to 48% associated with additive polygenes after 
adjustment for covariates. They concluded that there is a:

substantial genetic component for subclinical CAD vari-
ation . . . even after accounting for effects of genes act-
ing through measured risk factors. These genes may act 
through other measurable risk factors or through novel 
pathways that have not or cannot be measured in vivo. 
Identification of such genes will provide a better basis 
for prevention and treatment of subclinical CAD.

The inevitable conclusion of the consistent lack of relation-
ship between risk factors and disease and the superiority of 
CAC in individual patients was summarized by Hecht [85]: 
“The most important role of risk factors may be to identify 
the modifiable targets of risk reduction in patients with risk 
already established by clinical events or significant CAC.”

Clinical Applications

Patient Selection

Moderately High Risk

Hecht et al. [86] have proposed recommendations for the 
application of CAC scanning. (Table 4.4). The Framingham 
Risk Score [87], incorporating both age and gender, is rec-
ommended as the initial step in selecting the appropriate 
test populations. Asymptomatic patients in the National 
Cholesterol Education Adult Treatment Program III [88] 
classified 10–20% Framingham 10-year risk category 
(moderately high risk) comprise the group that presents 
the greatest challenge to the treating physician, and are 

those in whom the application of CAC scoring is most 
appropriate; the CAC score can assist the physician in deci-
sions regarding recommendations for the use of medica-
tions and the degree of emphasis to be placed on lifestyle 
modifications.

Lower Risk

Patients with less than moderately high Framingham risk 
may also benefit from CAC scoring to guide management 
decisions. For instance, most young patients with a family 
history of premature CAD will not have sufficient risk fac-
tors to even warrant Framingham scoring (lower NCEP 
risk) or will be in the moderate (1–10% 10-year Framingham 
risk group), since family history, while an NCEP risk factor, 
does not contribute points to the Framingham score. In 
222 young patients presenting with an MI as the first sign 
of CAD (mean age 50 years), Akosah et al [89] demon-
strated that 70% were in these lesser risk categories and 
would not have been started on a statin using NCEP guide-
lines. Data from Schmermund et al. [12]. and Pohle et al 
[58] indicate that 95% of acute MI patients would have 
been identified by EBT plaque imaging irrespective of age. 
On the basis of these observations, the use of CAC scoring 
should be considered in patients with a family history of 
premature CAD, even when their Framingham risk is mod-
erate or even low.

Higher Risk

Since the Framingham Risk Score is not very accurate in 
the high risk population, as demonstrated by the St. Francis 
Heart Study [46], application of CAC scanning to this group 
is also warranted. In addition, some Framingham high-risk 
patients may be intolerant of statins or may strongly prefer 
alternative medicine approaches. In these patients, CAC 
evidence of high risk may be used to reinforce the necessity 
for finding a statin that can be tolerated and for persuading 
the refractory patient of the need for aggressive treatment. 
Conversely, the absence of significant CAC may permit 
relaxation of the treatment goals.

Initiation and Goals of Drug Therapy

New Paradigm

The presence or absence and the amount of CAC can be 
useful for clinical decision-making, as previously recom-
mended in the AHA Prevention V Update [63]. As an 
extension of this report, based on recent data, Table 4.4 pro-
vides simple, easily implemented treatment paradigms for 
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combining the risks of varying CAC scores with the most 
recent NCEP recommendations [88]. The SHAPE guide-
lines [67] go one step further and recommend CAC scan-
ning irrespective of the Framingham Risk Score.

Conversion to Higher or Lower Risk

Patients in the moderately high (10–20% 10-year risk) cat-
egory who are then identified to be at higher risk by CAC 
become candidates for secondary prevention lipid goals 
[87] irrespective of their baseline lipid level. This would 
apply even for patients with LDL-C <100 mg/dL, as implied 
by the Heart Protection Study [90] and stated in the most 
recent NCEP report [88]. Based on prognostic data, CAC 
>100 or >75th percentile defines a CAD equivalent. In the 
St Francis Heart Study [46], the CAC cutpoint for initiat-
ing secondary prevention therapy was a score >100, and 
the >75th percentile was suggested by the NCEP guide-
lines [44]. In this regard, CAC scores >400 [35] or >90th 
percentile [68] are associated with a very high annual risk 
(4.8 and 6.5% respectively) and are candidates for the 
most aggressive approach. These recommendations also 
apply to initiation of the NCEP guided therapeutic life 
changes [91] that are an essential component of aggressive 
prevention.

The transformation of a moderately high-risk to a high-
risk patient is shown in Figure 4.14. A 57-year-old man with 
hypertension, total cholesterol 235 mg/dL, LDL-C 150 mg/
dL, HDL-C 75 mg/dL, and a 10-year Framingham risk of 
12%, was referred for CAC scanning. The CAC score was 
1,872, in the >99th % for his age, placing him in the highest 
risk category with LDL-C treatment goal of <70 mg/dL.

In the Framingham 10–20% 10-year risk population, 
patients with CAC scores >100 and >75th percentile remain 
in the same risk group or are transformed to lower-risk cat-
egories depending on the score, and are treated accordingly. 
CAC scores from 10 to 100 and <75th percentile maintain 
the patient in the moderately high-risk group (10–20% 
10-year risk). Patients with CAC scores from 1 to 10 and 
<75th percentile are reclassified as moderate risk (<10% 
10-year risk), and CAC scores of 0 reclassify the patient to 

the lower-risk category. As noted above, some patients in 
the lower-risk groups based on Framingham scores, such as 
younger patients (35–45 years of age) with a strong family 
history of premature coronary heart disease, are appropri-
ate candidates for CAC scanning. In such patients, the rec-
ommendations in Table 4.3 would also apply.

Figure 4.15a displays the CAC scan of a 41-year-old 
woman whose mother experienced a MI at age 55. The total 
cholesterol was 188 mg/dL, LDL-C 112 mg/dL, HDL-C 50 mg/
dL and triglycerides 132 mg/dL. She was in the 0–1 risk fac-
tor group in which a Framingham Risk Score need not be 
calculated. The CAC score was 110, in the left anterior 
descending (LAD) and diagonal branch, in the >99th per-
centile for her age, placing her in a high-risk category. She 
underwent dual isotope nuclear stress testing (Figure 4.15b), 
which revealed severe anteroseptal ischemia, followed by 
angiography and placement of a stent to treat a 95% ostial 
LAD stenosis (Figure 4.15c). Statin therapy was implemented 
to reduce the LDL-C to <70 mg/dL.

Patients in the high-risk category (10-year Framingham 
risk >20%) may be downgraded if the CAC scores do not 
warrant the highest risk category. CAC scores <100, and, in 
particular, <10, imply a lower than expected risk and 
should reduce the intensity of therapy. For instance, 
a 65-year-old male hypertensive smoker, with an LDL-C of 
140 mg/dL and a 10-year Framingham risk of 25%, was 
very reluctant to take a statin prescribed for his LDL-C. A 
CAC scan was performed (Figure 4.16), which demon-
strated total absence of calcified plaque, despite the 
 presumed high risk. Therapeutic life changes, rather than 
statins, were recommended.

Other Applications

Diabetes

Diabetic patients deserve special consideration. The NCEP 
ATP-III guidelines characterize diabetes as a CAD risk 
equivalent. Raggi et al [92] (Figure 4.17), however, have 
demonstrated that diabetic patients with 0 CAC scores have 

Table 4.4. Guidelines for treatment in asymptomatic, NCEP classified moderately high-risk patients based upon CAC score

CAC score/percentile Framingham risk group equivalent LDL goal (mg/dL) Drug therapy (mg/dL)

0 Lower risk; 0–1 risk factors; Framingham risk assessment not required <160 190
160–189: drug optional

1–10 and 75th % Moderate risk; 2 + risk factors (<10% Framingham 10-year risk) <130 160
11–100 and 75th % Moderately high risk; 2 + risk factors (10–20% Framingham 10-year risk) <130 130

100–129: consider drug
101–400 or >75th % High risk; CAD risk equivalent (>20% Framingham 10-year risk) <100 Optional goal <70 100

<100: consider drug
>400 or >90th % Highest riska <100 Optional goal <70 Any LDL level

aBased on CAC score; consider beta blockers
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the same excellent prognosis as patients without diabetes; 
it is reasonable to treat those with 0 CAC scores less aggres-
sively than would be dictated as a CAD risk equivalent.

At the same time, diabetic patients have CAC scores cor-
responding to older people [93, 94] and have a worse prog-
nosis than those without diabetes and similar CAC scores 
[92], and should be treated more aggressively.

Evaluation of Therapy

The use of serial CAC scanning to evaluate the progression 
of disease and the effects of therapy will be covered in great 
detail in Chap. 5. For this purpose, patients with established 
CAD who would not ordinarily be candidates for CAC scan-
ning may undergo evaluation as a baseline for future exam-
inations. This may include patients who have had stent 
placement; the stented area must be excluded from the 

scoring. In Figure 4.18, the patient underwent stent place-
ment in the right coronary artery. Calcified plaque was 
noted in the left main and LAD coronary arteries. The non-
stented areas are suitable for tracking plaque progression.

Patients with coronary artery bypass grafting are not 
good candidates for CAC scanning; the profusion of surgi-
cal clips makes scoring difficult, and the importance of 
plaque progression in bypassed areas is unknown.

Stress Testing

The importance of the relationship of CAC scanning to 
stress testing has decreased with the growth of CCTA, 
which has developed as an alternative, and even as a prefer-
ential choice to stress testing [95]. While CAC scanning is 
almost always reserved for patients without symptoms,  
it has been employed following stress tests in equivocal 

Figure 4.14. A 57-year-old man with hypertension, total cholesterol 235 mg/dL, low-density 
lipoprotein cholesterol (LDL-C) 150 mg/dL, high-density lipoprotein cholesterol (HDL-C) 75 mg/dL, 
and a 10-year Framingham risk of 12% referred for CAC scanning; CAC score was 1,872, in the >99th 
percentile. Slices from base (a) through apex (d) reveal significant CAC in all coronary arteries and 

the ascending aorta. Ao aorta; LAD left anterior descending coronary artery; LADD diagonal branch 
of left anterior descending coronary artery; LCx left circumflex coronary artery; PDA posterior 
descending branch of right coronary artery; RCA right coronary artery.
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situations to determine the need for invasive evaluation, 
irrespective of the symptomatic status. In a series of 118 
patients, the absence of coronary calcium accurately iden-
tified those with a false-positive treadmill test with a nega-
tive predictive value of 90% [96], suggesting that CAC may 
be useful to enhance the accuracy of abnormal stress tests 
in patients with a low clinical suspicion of obstructive dis-
ease, prior to recommending angiography. In 323 primary 
prevention patients referred for angiography who under-
went electrocardiographic stress testing and calcified 
plaque imaging, Schmermund et al reported that CAC sig-
nificantly improved angiographic classification of patients 
with an equivocal or normal stress evaluation, but not of 
those with abnormal tests [97]. Figure 4.19 displays the 
CAC scan of a 51-year-old male smoker with atypical chest 
pain, obtained after an equivocal nuclear stress test. 
Extensive plaque and aneurysmal dilatation were demon-
strated in both the LAD and right coronary arteries. 
Subsequent coronary arteriography confirmed the coro-
nary aneurysms and revealed critical LAD stenosis and 
thrombus.

Figure 4.15. A 41-year-old woman with a premature family history of coronary artery disease 
(CAD), total cholesterol 188 mg/dL, LDL-C 112 mg/dL, HDL-C 50 mg/dL, and triglycerides 132 mg/dL, 
in the lowest Framingham risk group. (a) CAC score of 110, in the LAD and diagonal branch, in the 
>99th percentile. (b) Dual isotope nuclear stress testing revealing severe anteroseptal ischemia. 

(c ) Angiography demonstrating 95% ostial LAD stenosis and severe LADD disease. LAD left anterior 
descending coronary artery; LADD diagonal branch of left anterior descending coronary artery.

Figure 4.16. A 65-year-old male hypertensive smoker, LDL-C of 140 mg/dL and a 10-year 
Framingham risk of 25%. CAC scan demonstrated total absence of calcified plaque.
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Cardiomyopathy

CAC may be used to differentiate ischemic from nonisch-
emic cardiomyopathies. Budoff et al. [98] demonstrated in 
120 patients with heart failure of unknown etiology that 
the presence of CAC was associated with a 99% sensitivity 
for ischemic cardiomyopathy.

Emergency Department Chest  
Pain Evaluation

Emergency department triage of chest pain patients by 
CAC has been totally supplanted by CCTA. Several early 

studies demonstrated potential application of CAC to the 
ED. Laudon et al [99] reported on 105 patients. Of the 46 
with positive scores (>0), 14 had abnormal follow-up inpa-
tient testing. Of the 59 with 0 calcium scores, stress evalua-
tion and/or coronary arteriography were normal in the 54 
who underwent further testing and all were free of cardiac 
events 4 months later (100% negative predictive value). 
Georgiou et al. [100] noted 41 cardiac events in 192 emer-
gency room patients followed for 37 months; all but four 
were associated with calcium scores 4. However, CCTA 
data have clearly demonstrated a small (5%) but finite inci-
dence of obstructive disease in 0 CAC patients with chest 
pain [101], mandating performance of CCTA rather than 
CAC alone in this setting.
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Figure 4.17. Cumulative survival in nondiabetic (left) and diabetics (center) in relation to CAC score, and in diabetics and nondiabetics with 0 CAC scores (right) (reproduced with permission of Elsevier from 
Raggi et al [93], p. 1663).

Figure 4.18. CAC scan demonstrating a stent 
in the right coronary artery (RCA) and calcified 
plaque in the LM and LAD. LM left main coronary 
artery; LAD left anterior descending coronary 
artery.
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Conclusions

The validation of CAC scanning as a risk assessment tool 
may well represent one of the most significant advances in 
the history of preventive medicine. It offers the possibility 
of accurately identifying the vast majority of patients des-
tined to suffer acute cardiac events, and, in so doing, should 
allow for substantial reduction of cardiovascular mortality 
and morbidity by increasingly effective pharmacologic and 
lifestyle therapy of the underlying disease process. The sole 
remaining obstacle to widespread implementation:

… is a double standard that demands randomized 
controlled (outcome) trials for CAC screening while 
ignoring their necessity for every other technology…. 
It is incumbent on the cardiology community to tem-
per the inflexible need for randomized trials with the 
reality of 565,000 patients presenting with myocar-
dial infarctions annually as their first symptoms, 95% 

of whom could be identified as at high risk by CAC 
screening and aggressively treated to significantly re-
duce events [102].

It is appropriate to conclude by quoting Dr. Scott  
Grundy [103]:

The power of imaging for detecting subclinical atheroscle-
rosis to predict future ASCVD events is increasingly being 
recognized. Imaging has at least three virtues. It individu-
alizes risk assessment beyond use of age, which is a less 
reliable surrogate for atherosclerosis burden; it provides 
an integrated assessment of the lifetime exposure to risk 
factors; and it identifies individuals who are susceptible to 
developing atherosclerosis beyond established risk factors. 
Also of importance, in the absence of detectable atheroscle-
rosis, short-term risk appears to be very low. Thus, for pri-
mary prevention, a recommendation could be established 
that detection of significant plaque burden is a preferred 
strategy for initiation of LDL-lowering drugs. With such 

Figure 4.19. CAC imaging in a 51-year-old male smoker with atypical chest pain, post equivocal 
nuclear stress test. Extensive plaque and aneurysmal dilatation were demonstrated in both the LAD 
(a) and RCA (b). Subsequent coronary arteriography confirmed the coronary aneurysms (c and d) 

and revealed critical LAD stenosis and thrombus. LAD left anterior descending coronary artery; 
LADD diagonal branch of left anterior descending coronary artery; RCA right coronary artery.
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a  recommendation, major risk factors and emerging risk  
factors could be used as a guide for selecting subjects for im-
aging more than as a primary guide for therapy. Once sub-
clinical atherosclerosis is detected, intensity of drug therapy 
could be adjusted for plaque burden. This 2-step approach 
to risk assessment could provide a solution to the dilemma 
of patient selection for cholesterol-lowering drugs in prima-
ry prevention. In addition, it could be applied to all popula-
tion subgroups. It could also be useful as a guide to low-dose 
aspirin prophylaxis and cholesterol-lowering therapy.
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Natural History and Impact of Interventions on Coronary Calcium

Paolo Raggi 

Introduction

Coronary artery calcium (CAC) has long been known to be 
associated with atherosclerotic plaque development. 
Similarly, aortic valve degeneration and calcification appear 
to follow a pathophysiologic process very similar to athero-
sclerosis. Noninvasive imaging technologies such as elec-
tron beam tomography (EBT) and multi-detector computer 
tomography (MDCT) scanners allow the accurate detection 
and quantification of cardiovascular calcification, offering 
an opportunity to monitor progression of disease. It has 
recently become apparent that continued progression of 
CAC is associated with an increased risk of myocardial 
infarction and cardiac death, suggesting that there might be 
some utility for sequential imaging. Therefore, researchers 
have investigated the utilization of cardiac CT imaging to 
follow the progression of cardiovascular calcification in a 
variety of clinical settings. In this chapter, a review of the 
studies published to date on the use of CT technology to 
follow progression of CAC is presented.

Animal Studies of Plaque Calcification 

Development and Regression

In Western societies, changes in the arterial walls begin 
very early in life. Necropsy data from 2,876 subjects 
between the ages of 15 and 34 revealed intimal lesions in 
the aortas of all patients, and more than half of the right 
coronary arteries of the youngest age group (15–19-year 
old) showed increasing prevalence and extent of disease 
with advancing age [1]. Though CAC has long been known 
to be associated with atherosclerosis, it was only recently 
suggested that plaque calcification may be dependent upon 
an active process of mineralization resembling bone for-
mation [2–5]. Several enzymes necessary for the assembly 
of normal bone have been found in the context of human 
atherosclerotic plaques [2–4], and cells normally found in 

the vessel wall, such as smooth muscle cells and mac-
rophages, can transform in osteoblast-like cells with bone-
generating potential [5]. As a result, in advanced stages of 
atherosclerotic disease, true ossification can be observed 
in pathological specimen. It is currently unknown if arte-
rial calcification is a part of the ongoing inflammatory 
phenomena at the level of the plaque or an attempt at 
repairing the damage brought to the vascular wall by nox-
ious stimuli. Indeed, some investigators have suggested 
that calcium deposition simply results from recurrent 
intralesional hemorrhage and thrombosis [6]. Nonetheless, 
as the process of calcification of a plaque appears to be 
dependent upon active phenomena of mineralization, it is 
plausible that formation and degradation of calcium 
deposits may be an ongoing dynamic phenomenon in the 
atherosclerotic plaque like in bone tissue, and that these 
processes may be activated or inhibited by external inter-
ventions. Several investigators conducted animal studies 
of atherosclerosis regression to analyze the morphological 
plaque changes induced by various treatments. In one such 
experiment, 59 Rhesus monkeys were fed a high choles-
terol diet for several years and then exposed to a choles-
terol restricted diet [7]. Animals were sacrificed at different 
times during the experimental period and findings 
revealed development of typical plaques with a lipid rich 
core and scattered calcific granules. As plaques expanded, 
more extensive calcific deposits became visible. However, 
after exposing the animals to 3 years of a severely choles-
terol restricted diet, the plaques became more fibrotic, 
with a lower cholesterol content and, although the calcium 
did not disappear, its burden did not increase either [7].

In another experiment, Williams et al. [8] used a monkey 
model of atherosclerosis to study the effect of medical 
therapy in addition to diet on atherosclerosis progression 
and regression. Thirty-two adult (7–10 years of age) male 
cynomolgus monkeys were fed an atherogenic diet con-
taining 0.61 mg of cholesterol per kilocalorie of diet for 2 
years (progression phase). The monkeys were divided into 
two well-balanced groups as far as the baseline lipid levels 
were concerned. During the subsequent 2-year treatment 
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phase, a low cholesterol diet (0.11 mg of cholesterol per 
kilocalorie of diet) was begun. Additionally, 14 monkeys 
received pravastatin (20 mg/kg body weight per day), and 
the diet of the other 18 was adjusted over time to maintain 
equal plasma LDL levels between treatment groups. At the 
end of the treatment phase the total, low density and high-
density lipoprotein cholesterol levels were similar in the two 
animal groups. However, histological analysis of the coro-
nary, carotid, and iliac arteries revealed important differ-
ences between treatment groups. While the lumen area was 
not different, pravastatin treated animals showed a reduc-
tion in intimal neovascularization, plaque macrophage 
infiltration and a decrease in calcification of early as well as 
advanced plaques. These findings suggested that statins 
might benefit the arterial wall in more ways than just lower-
ing serum lipoprotein levels.

Unlike the above investigators, Daoud et al. [9] and 
Clarkson et al. [10] did not find any reduction in athero-
sclerotic plaque calcium deposition with intervention in 
experiments conducted in swine and monkeys, respectively. 
Hence, although attractive, the histological proof that car-
diovascular calcification may regress remains a matter of 
debate at this time.

Technical Considerations

CAC can be accurately detected by EBT and MDCT, but it 
usually becomes visible in the intermediate to late stages 
of development of an atherosclerotic plaque. The degree 
of calcification is assessed by means of quantitative cal-
cium scores. Agatston et al. [11] developed a scoring sys-
tem that correlates well with the underlying atherosclerotic 
plaque burden [12] and has been widely used in research 
and clinical trials. This score is a unitless number derived 
from the multiplication of the area of a calcified plaque by 
an arbitrarily chosen density coefficient rated 1–4. This 
scoring method was initially shown to have a limited inter-
scan reproducibility, especially when used with the older 
CT technologies, and new scoring methods were therefore 
introduced for the performance of sequential studies [13–15]. 
The calcium volume score is derived using an isotropic 
interpolation principle and it represents a direct mea-
surement of the volume of calcium in an atherosclerotic 
plaque (measured in picoliters). This score, found to be 
substantially more reproducible than the Agatston method  
[13], takes into consideration the likely pathophysiologic 
changes that occur in a plaque undergoing healing. In fact, 
it is conceivable that volumetric contraction and increase 
in density due to the loss of soft-core contents in the 
plaque would cause an increase in the Agatston score 
(dependent on density) rather than a decrease. More 
recently, a third type of score has been introduced, the 
mass score [14, 15]. Though reportedly more reliable and 
reproducible than the other scores, to date this measure-
ment has not yet been employed in sequential studies of 
atherosclerosis.

Effect of Statins on Progression of Coronary 

Artery Calcium

Human studies of atherosclerosis progression and regres-
sion have mainly been conducted by means of quantitative 
coronary angiography [16, 17] and only recently with 
sequential measurements of coronary artery calcification 
and carotid artery intimal medial thickness [17–22]. The 
cardiovascular event reduction associated with luminal 
stenosis improvements seen on quantitative angiography 
far outweighed the magnitude of the minimal regression 
recorded over long-term follow-up periods [23]. This obser-
vation became germane to the concept that induction of 
plaque regression is an important surrogate marker worth 
achieving since it may translate in substantial cardiovascu-
lar risk reduction.

Nonetheless, the invasive nature of coronary angiogra-
phy greatly limits the utility of this tool for sequential stud-
ies, especially in asymptomatic people. In this vein, several 
human studies have addressed the utility of CT technology, 
as well as that of several other technologies not discussed in 
this chapter, to assess the effect of various medical interven-
tions on cardiovascular disease. This notion suffers from 
the inherent limitation that limiting the progression or 
inducing the regression of atherosclerosis in asymptomatic 
individuals will provide the same benefit observed in symp-
tomatic patients studied with invasive modalities. Indeed, 
symptomatic patients may have a very different substrate 
for their ongoing atherosclerotic disease compared to 
asymptomatic subjects harboring subclinical disease.

Callister et al. [18] published the first report of sequential. 
EBT scanning in asymptomatic patients. They conducted an 
observational study on 149 patients referred by primary care 
physicians for CAC screening. Since the reproducibility of 
the calcium volume score is very high for scores above 30 
[13], a minimum score of 30 was required for patients’ inclu-
sion in the study. Treatment with HMG-CoA reductase 
inhibitors (statins) was advised for all patients, but the initi-
ation of such therapy was left to the discretion of the refer-
ring physician. Patients underwent a baseline and follow-up 
EBT scan at a minimum of 12-month interval (range 12–15 
months), and serial LDL cholesterol measurements were 
obtained. Of the 149 patients, 105 received treatment with 
HMG-CoA reductase inhibitors and 44 did not. Progression 
of calcium volume score was seen in all untreated patients 
(mean LDL ± SD: 147 ± 22 mg/dL) and averaged 52 ± 36% per 
year (Figure 5.1). In contrast, the mean yearly calcium vol-
ume score change for all treated patients (mean LDL: 
114 ± 23 mg/dL) was 5 ± 28% (p < 0.001 vs. untreated patients). 
Among the treated patients, 65 individuals attained a LDL 
level <120 mg/dL (mean LDL: 100 ± 17 mg/dL) and showed a 
net regression of their calcium volume score (−7 ± 22%, 
Figure 5.2). For the patients who received statins but main-
tained an average LDL >120 mg/dL (mean LDL: 139 ± 18 mg/
dL), the mean yearly calcium volume score progression was 
25 ± 22% (Figure 5.2). All intergroup comparisons were 
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highly statistically significant (p < 0.0001). The study pro-
vided the first indication that there might be a direct corre-
lation between the aggressiveness of LDL treatment and 
effectiveness with which the atherosclerotic process is halted 
as demonstrated by EBT imaging. An example of progres-
sion of coronary calcification in a patient who remained 
symptom free through time is shown in Figure 5.3. Other 
emerging lipid or nonlipid factors, such as Lp (a), low HDL 
levels, homocysteine, high CRP, etc., that could have affected 
the outcome of the analysis were not taken into consider-
ation. This might help explain the apparent failure to treat a 
portion of the study cohort.

In the next published report, Budoff et al. [19] followed a 
total of 299 asymptomatic patients with various risk fac-
tors for atherosclerosis for 1–6.5 years. All patients under-
went sequential EBT scans at a minimum of 12-month 
interval. The follow-up scans indicated a significant 
increase in calcium score of all untreated patients, regard-
less of the underlying risk factors. However, treatment with 
statins resulted in a statistically significant slowing of cal-
cium score progression (15 ± 8% per year on treatment vs. 
39 ± 12 % per year without treatment).

Achenbach et al. [20] conducted a small prospective 
cohort study and compared the rate of change in the 
amount of coronary calcium prior to and during lipid-low-
ering therapy with cerivastatin. A total of 66 patients with 
known coronary calcium and LDL levels >130 mg/dL were 

evaluated. An EBT scan was performed at baseline and 
repeated after a period of 14 months without therapy. 
Cerivastatin therapy was then initiated at a dose of 0.3 mg/
day, and a final EBT scan was performed after 12 months of 
treatment. Therapy with cerivastatin lowered the choles-
terol level from an average of 164 ± 30 to 107 ± 21 mg/dL. 
The median calcium volume score increase during the drug 
free period was 25%, but it slowed to 8.8% after 1 year of 
treatment with cerivastatin (Figure 5.4) (p < 0.0001). In 32 
patients who attained an average LDL <100 mg/dL with 
treatment, the median annual calcium volume score change 
was −3.4% while the same patients had progressed 27% 
during the untreated period (p = 0.0001). Though small, 
this prospective cross-over study confirmed and expanded 
the findings of the earlier observational studies that sug-
gested that a decline in the rate of progression in coronary 
calcification can be attained with aggressive medical treat-
ment of hypercholesterolemia. A small trial of LDL aphere-
sis and sequential CAC scoring was conducted in eight 
patients with familial hypercholesterolemia in whom diet 
and optimum pharmacotherapy had not resulted in the 
desired LDL levels [21]. The mean patient age was 46 ± 8 
years. All patients had been on treatment with simvastatin 
40 mg/day prior to initiation of LDL apheresis, but were 
switched to atorvastatin 80 mg/day during apheresis and 
continued treatment for an average period of 29 months. 
Total cholesterol, LDL, triglycerides, and HDL levels were 
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Figure 5.1. Progression of calcium volume 
score in 105 patients treated for a year with sta-
tins and 44 untreated patients. There was a sig-
nificant difference in progression between the 
two groups. The box plots indicate median (line 
in the middle of the box), confidence intervals 
(vertical lines) as well as 25th and 75th percentile 
(lower and top border of the box) [18].
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Figure 5.2. Progression of calcium volume 
score in 65 patients exposed to intensive treat-
ment with statins for 1 year (mean LDL<120 mg/
dL), 40 patients treated with a moderate statin 
regimen for a year (mean LDL>120 mg/dL on 
treatment), and 44 untreated patients. There was 
a significant difference in progression between 
the three groups. The box plots indicate median 
(line in the middle of the box), confidence inter-
vals (vertical lines) as well as 25th and 75th per-
centile (lower and top border of the box) [18].
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Figure 5.3. Asymptomatic patient with exten-
sive coronary calcification (calcium volume 
score = 1153.3) at baseline (a). After 26 months of 
intensive treatment with lipid-lowering drugs and 
antihypertensive drugs (b), there was a mild pro-
gression of calcification (follow-up score = 1483.3). 
This corresponds to an annualized score increase 
of 12%, which is smaller than the 15% annual 
score increase necessary for the test to indicate 
actual progression. (a, b) Transverse sections of 
the heart with calcification in the proximal and 
midportion of the left anterior descending coro-
nary artery. The central inset shows a comparison 
of baseline and follow-up volume scores and 
Agatston scores. Note that the calcium score per-
centile diminished from 96th at baseline to 95th at 
follow-up despite an increase in absolute score. 
This suggests a relative slowing of the progression 
of disease.
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Figure 5.4. Median yearly progression of 
coronary calcium volume score in 66 hyperc-
holesterolemic patients left untreated for 1 
year (score increase = 25%), followed by 1 
year of treatment with 0.3 mg of cerivastatin 
daily (score increase = 8.8%). Thirty-two 
patients attained a mean level of LDL 
<100 mg/dL with treatment, and their median 
annual calcium score change was slightly 
negative (change: −3.4%) [20].

obtained at baseline and at several time points during the 
study period. Baseline imaging of the coronary arteries was 
performed by EBT and follow-up scans were done by means 
of multi-detector spiral CT scanning. CT measurements 
included calcium volume scores, mean plaque density, and 
Agatston scores. At the end of study, the calcium volume 
score decreased in all patients by an average of 23 ± 15% 
(p < 0.01). In contrast, the mean plaque density increased by 

17 ± 11% (p < 0.01), suggesting that healing of the plaque 
may be associated with partial collapse of the plaque and 
further calcium accumulation.

Finally, Hsia et al. [24] conducted a subanalysis of the 
Women’s Health Initiative (WHI) observational study, and 
evaluated prospectively the rate of progression of CAC in 
healthy postmenopausal women. Of 914 postmenopausal 
women enrolled in the main study, 305 women with a 
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baseline calcium score 10 were invited for a repeat scan. 
The progression analysis included the 94 women who 
agreed to undergo a second scan. The mean age of the study 
participants was 65 ± 9 years, and the mean interval between 
scans was 3.3 ± 0.7 years. A wide range of changes in CAC 
score was observed, with variations from −53 to +452 
Agatston score units per year. Women with lower scores at 
baseline had smaller annual increases in CAC score. CAC 
scores increased 11, 31, and 79 units per year among women 
with baseline calcium score in the lowest, middle, and high-
est tertiles of score. In a multivariate analysis, age was not 
an independent predictor of change in CAC score. Statin 
use at baseline was a negative predictor (p = 0.015), whereas 
baseline score was a strong positive predictor (p < 0.0001) 
of progression of CAC.

Despite these favorable results, several observational 
[25–27] and randomized studies [28–30] failed to confirm 
an association between LDL lowering and progression of 
CAC. The Beyond Endorsed Lipid Lowering with EBT 
Scanning trial was a prospective, randomized study of 
postmenopausal and dyslipidemic women with a minimal 
calcium volume score of 30 at baseline [28]. After the initial 
EBT scan, the 615 women enrolled were randomized to 
treatment with atorvastatin 80 mg/day or pravastatin 
40 mg/day, and a repeat second scan was performed 12 
months later (Figure 5.5). The mean age of the 475 women 
who completed the study was 64 years. The attained mean 
LDL cholesterol level was significantly lower with atorvas-
tatin (94 mg/dL) than pravastatin (129 mg/dL). Nonetheless, 
the median relative change in the calcium volume score 
was not different between the two treatment arms (15.1 
and 14.3% for atorvastatin and pravastatin, respectively, 
p = NS). The St. Francis Heart Study [29] was a prospective, 
randomized study of 1,005 healthy individuals with a  
CAC score above the 80th percentile for age and sex at the 
time of CT screening. The study compared the effect of 
20 mg/daily of atorvastatin along with vitamin C and E 

versus placebo on progression of CAC. At the end of a mean 
follow-up of 4.3 years, the progression was similar among 
treatment arms (~20% per year). Finally, Schmermund 
et al. [30] randomized 366 patients with no known cardio-
vascular disease to 10 mg vs. 80 mg of atorvastatin daily for 
1 year. The mean LDL levels on treatment were 109 ± 28 and 
87 ± 33 mg/dL, respectively. However, the mean calcium 
volume score progression was not different at the end of 12 
months of follow-up (25 vs. 27%)

In conclusion, the results of randomized trials failed to 
confirm that lipid-lowering therapy may slow progression 
of CAC and indeed suggested an opposite effect. Of inter-
est, in an observational study Wong et al. suggested that 
higher levels of HDL may be associated with a slower pro-
gression of CAC [27], but this association has not been 
studied prospectively to date.

Effect of Nonlipid Lowering Interventions 

on Progression of Coronary Artery Calcium

Besides medical therapy for dyslipidemia, other treatment 
modalities have been studied in relation to slowing of the 
progression of coronary artery calcification. An example of 
therapy of critical importance is represented by the effect of 
tight diabetic control on atherosclerotic disease progression. 
Snell-Bergeon et al. [31] assessed the importance of glyce-
mic control in type 1 diabetes patients as a mean to reduce 
continued expansion of atherosclerosis and CAC. In 109 
type 1 diabetic patients (22–50-year old), sequential EBT 
scans were performed at an interval of 2.7 years. Progression 
of CAC was noted in 21 patients, and it was associated with 
baseline hyperglycemia (odds ratio 7.11, 95% CI 1.38−36.6, 
p = 0.02), after adjustment for the presence of CAC at base-
line, duration of diabetes, age, and sex. There was also a 
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Median CVS:+15%

Median CVS:+14.3%

Mean LDL =94mg/dl

Mean LDL =129 mg/dl

Atorvastatin 80 mg

12 Months Follow-up

Pravastatin 40 mg

615 Dyslipidemic
Post Menopausal
Women

Figure 5.5. Design of the BELLES trial and 
main study results. Aggressive lipid-lowering 
therapy with atorvastatin did not slow progres-
sion of CAC more than moderate treatment with 
pravastatin [28].
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significant interaction between higher insulin dose and 
higher body mass index (p = 0.03), suggesting that glycemic 
control and insulin resistance interact in determining pro-
gression of atherosclerosis in Type 1 diabetes.

In the WHI, menopausal women between the ages of 
50–59 years were randomized to treatment with conjugated 
estrogens or placebo [32]. In a substudy of the WHI, 1064 
women were submitted to CAC screening after 8.7 years 
from trial initiation. Women receiving estrogens showed a 
lower CAC score compared those receiving placebo (83.1 
vs. 123.1, p = 0.02).

Several other approaches have been attempted to demon-
strate slowing of CAC progression. In a small, randomized 
study, Rath et al. [33] assessed the progression rate of CAC in 
subjects treated with a combination of vitamins, minerals, 
and coenzymes. Untreated patients showed an average 
annual score increase of 44% as assessed by the Agatston 
method. The rate of progression was slowed to 15% yearly 
when patients were given nutritional supplements.

Budoff et al. [34] used aged garlic extract (AGE) to inhibit 
CAC progression. AGE was employed because it was previ-
ously shown to reduce multiple cardiovascular risk factors, 
including blood pressure, serum cholesterol levels, platelet 
aggregation, and adhesion, while stimulating nitric oxide 
generation in endothelial cells. In a placebo-controlled, 
double-blind, randomized pilot study, 23 patients were 
treated with 4 mL of oral AGE or the equivalent amount of 
placebo per day. Nineteen patients completed the 1-year 
study protocol. At the end of follow-up, the mean change in 
calcium volume score for the AGE group (n = 9) was signifi-
cantly smaller (7.5 ± 9.4%) than for the placebo group 
(n = 10) that demonstrated an average increase of 22 ± 18.5% 
(p = 0.046). Throughout the study, there were no significant 
differences in individual cholesterol parameters or CRP 
between treatment group.

Nanobacteria have been implicated in the initiation pro-
cess of atherosclerosis where they seem to operate as the 
trigger or nucleating factor for CAC. Concurrently, ethyl-
enediaminetetraacetic acid (EDTA) disodium salt has been 
experimented with for a long time as a component of chela-
tion therapy for the removal of calcium from soft tissue 
deposits with very variable results. In an attempt to address 
both the infectious as well as the chemical component of 
the calcified atherosclerotic plaque, a combination therapy 
composed of EDTA, tetracyclines, vitamins, and CoQ10 was 
administered to 77 volunteers with stable coronary artery 
disease [35]. EBT scans were performed at baseline and 
after a mere follow-up of 4 months from the initiation of 
therapy. Of the 77 patients, 44 (57%) showed CAC score 
regression (average −14%), while the remaining 33 showed 
either no change or an increase in score. Of interest, serum 
lipid levels were reduced in a large proportion of patients 
despite the baseline use of statins by the majority of the 
patients enrolled. No liver, renal, or hematological side 
effects were recorded.

Obviously, these studies based on nontraditional thera-
pies were very small and mainly exploratory in nature, and 

the utility of such remedies will need to be confirmed in 
larger prospective studies.

Effect of Phosphate-Binding Therapies on 

Progression of Cardiovascular Calcification 

in End-Stage Renal Disease

The cardiovascular disease rates of end-stage renal dis-
ease (ESRD) patients are 30–50-fold higher than in the 
general population [36]. However, the cardiovascular 
mortality and morbidity of this patient group is only par-
tially explained by traditional risk factors [37], and disor-
ders of mineral metabolism may contribute substantially 
to the high incidence of events [38–44]. Hyperphosphatemia 
and its traditional management with calcium-based phos-
phate binders have been implicated in the development 
and progression of arterial and valvular calcification, and 
the dose of oral calcium has been correlated with the 
severity of calcification [39, 45]. Vascular and valvular cal-
cifications are very extensive in ESRD disease (Figure 5.6), 
and they progress rapidly. In an attempt to curb the rapid 
progression of calcification, the Treat-to-Goal Study – a 
randomized, multicenter clinical trial – compared the cal-
cium-free, nonabsorbable polymer sevelamer to tradi-
tional calcium-based phosphate binders [46]. Study 
outcomes included serum levels of phosphorus, calcium, 
intact parathyroid hormone (PTH), and lipids, as well as 
change in calcification of the coronary arteries and tho-
racic aorta quantified by EBT. Two hundred adult hemodi-
alysis patients, who had received hemodialysis for a 
median of 3 years prior to study entry, were randomized 
in 15 medical centers in Europe and the United States. 
During the study period, phosphate binders were adjusted 
to maintain serum phosphorus levels between 3.0 and 
5.0 mg/dL, serum calcium levels between 8.5 and 10.5 mg/
dL, and serum PTH levels between 150 and 300 pg/mL. 
EBT was performed at the start of the study, and after 6 
and 12 months of treatment. In spite of a similar control of 
serum phosphorus and calcium, coronary and aortic cal-
cification progressed significantly in the calcium-treated 
patients while there was no statistically significant change 
from baseline in the sevelamer group. At 1-year follow-up 
(Figure 5.7), the median relative change in coronary and 
aorta scores were 25 and 28% and 6 and 5% in the calcium 
and sevelamer group, respectively (p = 0.02 for all inter-
group comparisons). Of note, the mean LDL cholesterol 
was significantly lower in the sevelamer group than in 
patients treated with calcium salts, despite the fact that 
the latter received statins more often. However, the changes 
in calcium score severity seen at 52 weeks were indepen-
dent of the levels of LDL cholesterol, HDL cholesterol and 
C-reactive protein. Additionally, sevelamer therapy was 
accompanied by a simultaneous improvement in bone 
mineral density [47]. Interestingly, an inverse relationship 
between CAC and bone mineral density has also been 
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observed in nonuremic individuals [48, 49] and suggests 
an interaction between bone and vascular health.

A second randomized study was performed with the 
same primary end-point in patients referred for CAC 
screening and randomized to sevelamer or calcium-based 
phosphate binders within a few weeks of beginning hemo-
dialysis [50]. At the end of 18 months of follow-up, calcium-
treated patients again showed a significant increase in CAC 
from baseline and an 11-fold greater progression than 
sevelamer treated patients (p < 0.002). The secondary end-
point of this study was long-term mortality; at the end of 

4.5 years of follow-up the mortality of calcium-treated 
patients was double that of sevelamer treated subjects (haz-
ard ratio: 2.2; p < 0.02) [51]. More recently, the investigators 
of the CARE-2 study were unable to confirm that sevelamer 
and calcium-acetate phosphate binders affect CAC pro-
gression differently and showed an approximate 30% pro-
gression at the end of 1 year for both treatment arms [52]. 
In this protocol, the investigators intended to compare the 
lipid-lowering ability of sevelamer to a combination of cal-
cium salts and statins on CAC progression. However, 80% 
of the sevelamer treated patients also received statins and 
this may have caused progression in both arms as shown in 
the general population (see earlier discussion). Furthermore, 
the PTH level of sevelamer treated patients was double that 
of prior studies [46, 50], suggesting a very poor control of 
mineral metabolism.

Clinical Implications of Coronary  

Artery Calcium Progression

The clinical significance of progression of CAC has been 
addressed in several observational studies and one ran-
domized trial to date. Raggi et al. [53] followed 817 asymp-
tomatic individuals referred by primary care physicians 
for sequential EBT imaging at an average interval of 
2.2 ± 1.3 years. Patients were treated with statins at the dis-
cretion of the treating physician. After several years from 
the initial EBT scan, telephone interviews were conducted 
to determine the occurrence of myocardial infarction, and 

Figure 5.6. Extensive cardiovascular calcifica-
tion in a patient suffering from end-stage renal 
disease. The soft tissues have been removed, 
and only the calcified portion of the aorta and 
coronary arteries are shown. AA aortic arch; 
LAD left anterior descending coronary artery;  
CX circumflex coronary artery; RCA right coro-
nary artery; TA thoracic aorta.
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Figure 5.7. Median percentage calcium score change for coronary arteries and aorta in end-stage renal 
disease patients randomized to 1-year treatment with sevelamer or calcium-based salts. The progression 
was significant for both coronary arteries and aorta only in the calcium salt treated patients [46].
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follow-up information was obtained in all subjects. Events 
were considered linked with CAC changes only if they 
occurred after the second EBT scan. The mean yearly CAC 
volume score change for the individuals who suffered a 
myocardial infarction was 47 ± 50%, while it averaged 
26 ± 32% in those free of events (p < 0.001). Treatment of 
hyperlipidemia (a probable marker of greater baseline 
risk) and CAC score change were independent predictors 
of myocardial infarction.

In a second observation [54], the occurrence of myocar-
dial infarction was estimated in a cohort of 495 asymptom-
atic individuals submitted to sequential EBT scanning 
while undergoing treatment with statins. The mean follow-
up was 3 years, men and women were enrolled in equal 
proportions, and the mean age of the enrolled subjects was 
57 ± 8 years. In spite of an identical average LDL level on 
treatment (~120 mg/dL in each group), the 41 patients who 
suffered a myocardial infarction showed a much greater 
yearly CAC score progression than the 454 event-free sur-
vivors (42 ± 23 vs. 17 ± 25%, p < 0.001, Figure 5.8). The sub-
jects were further identified according to a relative CAC 
score increase greater than 15% per year. This value was 
identified in prior publications as representing a true score 
change as opposed to a measurement reproducibility error 
[13]. In a multivariable model, the best predictors of a 
yearly CAC score increase 15% were smoking (p = 0.032), 
male gender (p = 0.014), and baseline CAC score (p = 0.002). 
Independent of the baseline CAC score, patients demon-
strating an increase smaller than 15% per year (i.e., no pro-
gression from baseline) suffered very few events (n = 5), 
and the events occurred late during follow-up. On the con-
trary, the majority of events (n = 36) occurred in patients 
showing a CAC score progression >15% per year and the 
events occurred early during follow-up. Figure 5.9 shows 
an example of rapid progression of CAC and the occur-
rence of an acute coronary event in a 64-year-old man.

In the St. Francis Heart Study [55], 4,613 patients (age 
50–70) were followed prospectively with a repeat CT scan 2 
years after screening. The median absolute CAC score 
increase was 4 units in patients without cardiovascular 

events during follow-up and 247 units in those with events 
(p < 0.0001). In multiple logistic regression analyses, age 
(p = 0.03), male gender (p = 0.04), LDL cholesterol (p = 0.01), 
HDL cholesterol (p = 0.04), and 2-year change in CAC score 
(p = 0.0001) were significantly associated with risk of 
events.

The studies we reviewed above clearly indicate that 
although several currently available therapies may not be 
effective in slowing the process, continued CAC progres-
sion poses a serious threat for the occurrence of future 
events. Nonetheless, whether sequential CAC screening 
should be recommended in clinical practice remains con-
troversial [56, 57].
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Figure 5.8. Mean coronary calcium volume score in patients treated with statins who suffered a 
myocardial infarction during follow-up and event-free subjects. Despite attaining a similar mean LDL 
level with treatment, the calcium score progression was significantly different between groups [54].

Figure 5.9. (a) This 64-year-old man at intermediate risk of cardiovascular events by Framingham 
categories had a baseline coronary artery calcium score of 106. (b) After 18 months from the first CT, 
his score increased to 296. Within 3 months of the second CT scan, he suffered a non-ST elevation 
myocardial infarction.
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Conclusion

Despite a sound basic science construct, there has not been 
validation of the utility of CAC imaging with computer 
tomography to monitor the effectiveness of lipid-lowering 
therapy. On the other hand, the effects of calcium and non-
calcium based therapies for phosphate-binding purposes 
in ESRD have been clearly shown with this technique. 
Additionally, a number of small and preliminary studies 
have shown that CT can be of potential use in monitoring 
the outcome of various therapies. Nonetheless, there are 
limitations inherent with the technology currently avail-
able. There is a strong need to standardize the scoring 
methods and assess the equivalence of the existing CT 
equipments [15, 56]. Additionally, the rigid application of a 
density threshold of 130 HU to define the presence of tissue 
calcification in all patients limits our ability to identify 
more recent and less densely calcified plaques and may be 
incorrectly applied to all the different CT models available 
on the market. Although there is a need for further pro-
spective studies, the most interesting finding so far emerged 
is that the continued progression of CAC is associated with 
a greater risk of adverse events than lack of progression.

Future directions of research may include studying the 
effect of such therapies as HDL rising, reduction of HIV 
viral load [58], etc. If sequential CT imaging were confirmed 
to be useful in assessing the effectiveness of antiatheroscle-
rotic therapies, it could greatly facilitate the conduction of 
prevention trials by allowing a reduction in the number of 
patients needed to treat. Furthermore, a physician’s effort to 
implement preventive measures could be facilitated.

Screening for CAC in primary prevention has finally 
come of age and has become more readily accepted by a 
wide circle of physicians [57]. With continued improve-
ments in CT technology and further reduction in radiation 
exposure, it is hoped that the role of sequential CT may 
become better defined either for follow-up of CAC changes 
or noncalcified plaque by CT angiography.
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6
The Aorta and Great Vessels

David M. Shavelle 

Introduction

Technological improvements with 64 multidetector computed 
tomography (MDCT) have greatly advanced its role for diag-
nostic imaging in patients with vascular disease. CT angiogra-
phy has thus become a useful tool in evaluating patients with 
various diseases of the aorta and the great vessels such as aor-
tic dissection, aortic aneurysm and carotid artery disease.

Normal Anatomy

The thoracic aortic is commonly divided into three ana-
tomic segments: (1) the ascending aorta, (2) the aortic arch, 
and (3) the descending aorta. The aortic arch gives rise to 

three branches: (1) the brachiocephalic, (2) the left com-
mon carotid, and (3) the left subclavian artery. Approximately 
35% of patients will have a variation in this normal branch-
ing pattern, such as the “bovine arch,” where the left com-
mon carotid artery arises from the brachiocephalic trunk 
as opposed to the aortic arch (Figure 6.1a). In patients 
being evaluated for carotid artery stenting, it is also useful 
to classify the overall shape of the aortic arch as level I, II, 
or III. A horizontal line is drawn across the top of the aortic 
arch, and a second horizontal line that is 2-times the diam-
eter of the common carotid artery is drawn inferior to this 
(Figure 6.1b). A level I arch describes each of the great ves-
sels originating along this horizontal line. A level II arch 
has the great vessels originating below this line, and a level 
III arch has the origin of the great vessels arising more than 
2-times the diameter of the common carotid artery below 

Arch Line

2nd Line

2nd Line is two-times the diameter
of the common carotid artery

inferior to the Arch Line

a b

Figure 6.1. (a) Bovine aortic arch with left 
common carotid artery (white arrow) originat-
ing from the right brachiocephalic artery (white 
arrowhead). Volume rendering (VR). (b) To clas-
sify the shape of the aortic arch, a horizontal line 
is drawn along the top of the arch (arch line). 
A second line is drawn 2-times the diameter of 
the common carotid artery, inferior to the arch 
line. This is an example of a Level II arch.
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this line. Level III aortic arches increase the complexity of 
carotid artery stenting.

The normal size of the aorta varies at different anatomic 
locations and decreases in size with distance from the aor-
tic valve (Table 6.1).

Diseases of the Aorta

Common diseases that involve the aorta include aneurysm, 
dissection, and atherosclerosis.

Aortic Aneurysm

Aneurysms commonly involve the abdominal and thoracic 
aorta. Aortic endovascular stenting is gaining acceptance as 
an alternative to traditional open surgical repair for abdomi-
nal aortic aneurysms. CT imaging is the predominant method 
used for preoperative planning to assess the feasibility of 
endovascular aortic stenting. Following endovascular aortic 
repair (EVAR), CT is commonly used to assess for device com-
plications that include endoleaks, aneurysm expansion, rup-
ture, endograft stent fracture, and graft migration that may 
occur in up to 10% of cases (Figure 6.2) [1].

CT imaging of abdominal and thoracic aneurysms should 
assess the proximal and distal extent of the aneurysm, the 
size of the aneurysm, and involvement of adjacent vessels. 
Axial CT images (raw data) should be the primary source to 
accurately size the aneurysm and obtain preoperative mea-
surements for selecting the appropriate aortic stent graft 
(Table 6.2, Figure 6.3). The most accurate measurement of 
aneurysm size should be obtained in a plane perpendicular 
to the center line of the vessel. Maximum intensity projec-
tion (MIP) provides images similar to those obtained with 

Location Normal size Comments

Ascending aorta <2.1 cm/m2 Surgery recommended for aneurysms >5.5 cm  
in those with Marfan’s syndrome and >6.0 cm in 
those without connective tissue disease

Descending aorta <1.6/m2

Abdominal aorta <3.0 cm

Table 6.1. Normal diameters referenced to body surface area (m2) of the ascending, 
descending and abdominal aorta

Figure 6.2. Aortic endograft. (a) VR image showing aortic endograft with stents extending into 
the right and left common iliac arteries. (b) Maximum intensity projection (MIP) showing aortic 
endograft and residual abdominal aortic aneurysm (white arrow). Location of the cross sectional 
axial images shown in (c–e). (c) Cross sectional axial image within the proximal portion of the 

abdominal aorta, proximal to the beginning of the aneurismal segment. (d) Cross sectional axial 
image at the location of the aneurismal segment. Note appearance of aortic endograft limbs. 
(e) Cross sectional axial image at the proximal right and left common iliac arteries.
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conventional angiography and is useful to visualize calcifi-
cation and the relationship of the aneurysm to adjacent ves-
sels. Volume rendering (VR) provides an accurate anatomic 
representation of the aneurysm in respect to adjacent ves-
sels and helps to define vessel tortuosity (Figure 6.4).

Aortic Dissection

The main CT feature of an aortic dissection is the presence 
of an intimal flap that separates the true and false lumens 
(Figures. 6.5 and 6.6). The ability to establish this diagnosis 
relies heavily upon a good quality CT scan with optimal 
vascular enhancement. The extent of the dissection (proxi-
mal entry and distal re-entry sites), involvement of adja-
cent branch vessels, and potential compromise of the true 
lumen should be evaluated. Potential imaging artifacts 

include insufficient contrast enhancement of the lumen 
(improper timing of contrast), streak artifacts (adjacent 
surgical staples, vascular calcification), periaortic struc-
tures (soft tissue masses, residual thymus), and congenital 
aortic diverticulum (residual ductus tissue) [2]. Two dis-
ease processes that can be confused with an aortic dissec-
tion include intramural hematoma (focal dissection of 
blood within the aortic wall) and penetrating aortic ulcer.

Atherosclerosis

CT findings of aortic atherosclerosis include thickening or 
raised lesions of the aortic wall and the presence of calcifi-
cation (Figure 6.7). The presence of thoracic aortic calcifi-
cation by CT is associated with coronary calcification and 
both the severity and extent of angiographic coronary 
artery disease [3, 4].

Disease of the Great Vessels

The most common disease process that involves the great 
vessels is atherosclerosis. Atherosclerosis typically affects 
the carotid artery system at the bifurcation of the common 
carotid into the internal (ICA) and external carotid arteries 
(ECA).

The common carotid artery should be followed from its 
aortic origin, through the carotid bifurcation and into the 
skull base using the raw data in axial imaging cuts. The 
ECA can usually be easily differentiated from the ICA 
because of multiple side branches arising from the ECA 
within the neck region (the ICA lacks branches within the 

Measurement Description of measurement

D1 Aortic diameter at lowest renal artery
D2 Maximal aortic diameter
D3 Diameter at right iliac artery landing zone
D4 Diameter at left iliac artery landing zone
L1 Length of aortic neck below renal arteries
L2 Length of aorta from beginning of aneurysm to 

bifurcation
L3 Length of aneurysmal right iliac artery
L4 Length of nonaneurysmal right iliac artery
L5 Length of aneurysmal left iliac artery
L6 Length of nonaneurysmal left iliac artery

Table 6.2. Essential CT measurements in the evaluation of an abdominal aortic aneurysm for 
possible endovascular aortic repair (EVAR), see Figure 6.3

D1

L1

L2 D2

L5

L6
D4

Figure 6.3. (a) Infra-renal abdominal aortic 
aneurysm (white arrowhead) measuring approx-
imately 3.2 cm at the largest diameter. White 
arrow shows left renal artery. VR. (b) Essential 
measurements used in the evaluation of an 
abdominal aortic aneurysm for possible aortic 
stent graft placement. See Table 6.2.
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Figure 6.4. (a) Lateral projection of the ascending aorta, aortic arch, and descending aorta. 
Calcification within the aortic arch (white arrowhead). Bovine arch with origin of the left common 
carotid artery (white arrow) from the right innominate artery. Moderate aneurysmal dilation of the 
ascending aorta that does not involve the aortic arch or descending aorta. VR. (b) Lateral projection, 
MIP mode. Calcification within the aortic arch (white arrowhead) and origin of the left common 

carotid artery (white arrow) from the right innominant artery. (c) Multiplanar reconstruction (MPR) 
mode showing moderate aneurysmal dilation of the ascending aorta that does not involve the aor-
tic arch or the descending aorta. The proximal ascending aorta measured 4.5 by 4.6 cm in cross 
sectional axial imaging.

Figure 6.5. Dissection of the distal abdominal 
aorta. (a) A clear dissection flap is present (white 
arrow). Three stents are seen in the right and left 
iliac (white arrowheads) arteries. Curved multi-
planar reformation (cMPR). (b) Frontal image 
showing the location of the left iliac stents 
(white arrowheads), and location of the cross-
sections (axial cuts) shown in (c) and (d). 
(c) Cross-sectional image showing dissection 
(black arrow). (d) Cross-sectional image show-
ing dissection (black arrow) with calcification 
within aortic wall (white arrowhead).
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neck, Figure 6.8). In the setting of complete occlusion of the 
ICA, the external carotid artery may occasionally be mis-
taken for the ICA. The presence of near-occlusion of the 
ICA (the so-called angiographic “string sign”) may result 
in a reduction in the caliber of the distal ICA relative to its 
expected size, and an increase in size of both the contra-
lateral ICA and the ipsi-lateral ECA. The right ICA can be 
separated from the right ECA using a right anterior oblique 
or lateral projection. Similarly, the left ICA can be separated 
from the left ECA using a left anterior oblique or lateral 
projection.

To accurately evaluate the carotid arteries, a spacial posi-
tion perpendicular to the carotid axis should be chosen. VR 
is useful as the initial postprocessing option to assess the 
general course of the carotid arteries and the shape and 
configuration of the aortic arch. Sagittal MIP with a slab 
thickness of 7–10 mm and multiplanar reconstruction 
(MRP) with a slice thickness of 1 mm should be applied to 
completely evaluate disease severity. Cross sectional images 
should be used to assess lumen diameters and stenosis 
severity [5]. MIP appears to be the most accurate reformat-
ting technique to assess stenosis severity [6]. A step left 

Figure 6.6 Type B aortic dissection. (a) The aortic dissection begins just distal to the origin of the 
left subclavian artery (white arrow) and extends into the abdominal aorta (white arrowhead). VR. 
(b) Dissection ends (white arrowhead) just inferior to the left renal artery (white arrows). Note this 
is a posterior projection, so the left renal artery is on the left side of the image. VR. (c) Maximum 

intensity projection (MIP) in a sagittal section through the dissection (white arrowhead) in the tho-
racic and abdominal aorta. The true and false lumens are clearly seen. Inset shows MIP axial cross 
section of dissection within the abdominal aorta.

Figure 6.7. Aortic atherosclerosis. (a) Raw axial image showing calcification of the aortic wall (white arrow). (b) Raw axial image showing thickening of the aortic wall (white arrowhead). (c) Raw axial 
image showing both calcification of the aortic wall (white arrow) and thickening of the aortic wall (white arrowhead).
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anterior oblique or left lateral, as opposed to an anterior, 
projection is useful to show the origins of the common 
carotid arteries (Figure 6.9). Although various window/
level settings can be used based on operator preference, a 
setting of 700/200 HU will suffice in the majority of cases, 
and 1,100/200 HU can be used in the setting of significant 
calcification. Significant calcification often precludes the 
use of MIP formatting, and, in this setting, VR and axial 
raw data should be used.

Given that a large proportion of patients with carotid 
artery disease will be evaluated for potential carotid artery 
stenting, CT imaging should focus on assessment of: (1) 
stenosis severity using the NASCET criteria [7], (2) disease 
within the aortic arch and at the origin of the common 
carotid arteries, (3) size of common carotid artery at lesion 
location, (4) size of the distal internal carotid artery, and 
(5) the presence of contra-lateral disease (Table 6.3).

A recent meta-analysis found the sensitivity and speci-
ficity for CT angiography to detect severe carotid artery 
stenosis (>70%) to be 85% and 93%, respectively [8]. Visual 
estimation with CT angiography appears to be superior to 
caliper measurements [9]. CT angiography is also highly 
accurate in assessing carotid plaque morphology, particu-
larly ulcerated plaques [10, 11].

Atherosclerosis can also involve the subclavian artery, 
commonly at its origin and therefore proximal to the ori-
gin of the internal thoracic arteries. CT imaging of the sub-
clavian artery follows the same principles as outlined above 
for the carotid arteries. In patients being considered for 
endovascular treatment for subclavian artery stenosis, CT 
imaging can be useful to evaluate the reference vessel diam-
eter and length of disease so that the appropriately sized 
stent can be chosen. For subclavian artery lesions that 
extend into the origin of the vertebral artery, endovascular 
treatment may pose significant risk because of compromise 
of the vertebral artery during stent placement and alterna-
tive forms of therapy (conservative vs. surgical) should be 
considered.

Carotid Artery Disease

To evaluate patients for possible carotid stenting, CT imag-
ing should assess:

1. Stenosis severity (NASCET criteria).
2. Disease within the aortic arch and at the origin of the 

common carotid arteries.
3. Size of common carotid artery at lesion location.
4. Size of the distal internal carotid artery.
5. The presence of contra-lateral disease.

A window/level setting of 700/200 HU will suffice in the 
majority of cases, and 1,100/200 HU can be used in the set-
ting of significant calcification.

VR and axial raw data can be useful in the setting of sig-
nificant calcification.

Aortic Atherosclerosis

CT findings include thickening or raised lesions of the aor-
tic wall and the presence of calcification.

Aortic Dissection

The main CT finding is an intimal flap that separates the 
true and false lumens.

CT imaging should assess:

1. Extent of the dissection (proximal entry and distal re-
entry sites).

2. Involvement of adjacent branch vessels.
3. Potential compromise of the true lumen.

Figure 6.8. Normal left carotid artery. (a) Normal left carotid artery. The proximal common carotid 
artery is tortuous (white arrow), and there is no disease at the carotid bifurcation (arrowhead). The 
external carotid artery can be differentiated from the internal carotid artery because of its multiple 
branches (curved arrow). VR mode. (b) Maximum intensity projection (MIP) with a slice thickness of 
7 mm in the same projection as shown in (a).
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Imaging artifacts include insufficient contrast enhance-
ment of the lumen, streak artifacts, peri-aortic structures, 
and congenital aortic diverticulum.

Aortic Aneurysm

CT imaging should focus on:

1. Proximal and distal extent of the aneurysm.
2. Size of the aneurysm: Axial CT images (raw data) should 

be the primary source to accurately size the aneurysm 
and obtain preoperative measurements for selecting the 
appropriate aortic stent graft.

Involvement of adjacent vessels:

1. Presence of thrombus within the aneurysm.
2. MIP provides images similar to those obtained with 

conventional angiography and is useful to visualize cal-
cification and the relationship of the aneurysm to adja-
cent vessels.

Figure 6.9. Severe left carotid artery disease. (a) VR mode showing severe disease of the proximal 
left internal carotid artery (white arrow), distal to the carotid artery bifurcation. (b) Maximum 
intensity projection (MIP) in the same projection as (a). Mild calcification within the distal common 
carotid artery (white arrowhead). Location of the cross sectional axial images shown in (c–e). 

(c) Cross sectional axial image of external and proximal internal carotid artery, distal to the area of 
stenosis. (d) Cross sectional axial image at the site of stenosis in the ostial internal carotid artery 
(white arrow). (e) Cross sectional axial image in the distal common carotid artery. White arrowhead 
shows mild calcification.

Comments

Stenosis severity NASCET classification using the distal internal  
carotid artery as the reference segment to  
assess disease severity [7]

Disease within the aortic arch and 
origins of common carotid arteries

Placement of catheters and sheaths in  
diseased segments could result in embolic  
events to the central nervous system

Size of common carotid artery at 
lesion location

Useful for choosing correct size of  
endovascular stent

Size of distal internal carotid artery Useful for choosing correct size of  
distal protection device

Table 6.3. Essential information to be obtained during CT imaging of carotid artery disease
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3. VR provides an accurate anatomic representation of the 
aneurysm relative to adjacent vessels and helps to define 
vessel tortuosity.
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Methodology for CCTA Image Acquisition

Jerold S. Shinbane, Songshao Mao, and Matthew J. Budoff 

Introduction

Cardiovascular computed tomographic angiography 
(CCTA) can assess cardiovascular pathology through visu-
alization of gross anatomic abnormalities, characterization 
of tissue attenuation, and cardiac functional analysis. As 
cardiac structures are in constant motion, special attention 
to the methodology of image acquisition is essential to 
capturing high quality images during the most quiescent 
stage of cardiac and coronary artery motion. Successful 
imaging requires an understanding of the interplay of mul-
tiple motions, including the complexities of cardiac motion, 
motion related to variation in heart rate and rhythm, poten-
tial respiratory motion, potential patient movement, table 
motion, gantry rotation, and timing and movement of the 
intravenous contrast bolus through the structures of inter-
est (Figure 7.1).

Optimization of image acquisition is achieved through 
localization of target structures, timing of scanning for 

capture of images during the segment of the R-R interval 
with relatively slow cardiac motion, and injection of contrast 
media to enhance opacification of structures throughout all 
slice levels. These techniques help to avoid or minimize 
motion artifacts and suboptimal opacification of structures 
of interest, which would make subsequent image reconstruc-
tion and diagnostic analysis a challenge. Imaging methodol-
ogy must also focus on minimizing the exposure to radiation 
and the amount of intravenous contrast used. This chapter 
will focus on methods essential to acquisition of diagnostic 
images for the assessment of cardiovascular pathology.

Image Acquisition Concepts

The ability to visualize the coronary vasculature is due to 
advances in spatial and temporal resolution of scanning 
technology. There are multiple factors that affect spatial and 
temporal resolution, many of which are interdependent. The 
goal of image acquisition is to visualize the target structures 
in their entirety while limiting the field of view to exclude 
additional structures, as a larger field of view will increase 
radiation exposure and may diminish image quality. The 
field of view defines the imaging boundaries important to 
ensuring visualization of structures of interest. As voxels are 
assigned to a particular field of view, a smaller field of view 
leads to greater spatial resolution. Structures are delineated 
by Hounsfield units (HU). Each voxel is assigned a unit of 
attenuation based on a scale, with the attenuation values of 
different substances represented by a different HU values [1]. 
Representative HU values include: air 1,000, fat 50–100, water 
0, muscle 10–40, contrast 80–300, and calcium 130–1,500.

Scanner

Conceptually, multidetector computed tomography 
(MDCT) systems work using similar principles, but vary 
in regard to specific components and features. A MDCT 

Gantry Rotation

Heart Rate and Rhythm

Potential Respiratory Motion

Table Movement

Potential Patient MotionCirculation Time

Cardiac Motion

IV
Contrast
Injection
Velocity

Figure 7.1. Schematic demonstrating multiple motion factors which must be accounted for dur-
ing imaging, including the complexities of cardiac motion, motion related to variation in heart rate 
and rhythm, potential respiratory motion, potential patient movement, table motion, gantry rota-
tion, and the movement of the intravenous contrast bolus to the structures of interest.
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system has an X-ray tube/collimator and detector/collima-
tor housed in a gantry capable of extremely rapid rotation. 
The X-ray tube provides radiation energy quantified 
through tube current (mAs) and tube voltage (kVP). 
Multidetector scanners have multiple rows of detectors 
arranged in a variety of arrays with the goal of covering a 
specified volume during each gantry rotation. Advances in 
detector number and arrangement have lead to increases 
in the volume of coverage per rotation, with imaging of the 
entire heart now achievable within one cardiac cycle [2].

The relationship between table movement, gantry rota-
tion speed and beam collimation defines the degree vol-
ume coverage per rotation, as well as the degree of overlap 
between rotations. The concept of “pitch” quantifies this 
relationship, as pitch relates to coverage obtained by the 
X-ray beam, through beam width and table movement, 
during one rotation of the gantry. The pitch therefore 
defines the amount of overlap of the acquired data. 
Overlapping images allow for oversampling, permitting 
multisector image reconstruction, but also lead to greater 
radiation exposure. With a pitch value of less than 1, there 
is overlap between volumes of coverage. The definition of 
pitch has evolved with advancement of scanner technolo-
gies, and various equations have been proposed depend-
ing on the specific type of scanner [3]. Newer systems 
enable thinner slice thickness and collimation, allowing 
for an even lower pitch resulting in more images, thinner 
reconstruction intervals, and better visualization of the 
coronary anatomy. Systems which provide enough z-axis 
coverage for whole heart imaging in one gantry rotation 
eliminate the variable of pitch, by allowing for imaging 
without table movement [2].

ECG Triggering

ECG triggering is essential to minimize the effects of car-
diac motion on image acquisition. Cardiac and coronary 
motion during a single cardiac cycle is extremely complex 
and can be analyzed in the context of the x, y, and z axis 
planes. Left ventricular contraction and relaxation are the 
main source of cardiac motion. Multiple types of cardiac 
motion have been noted including: inward or outward 
motion of the endocardium with systole and diastole, rota-
tion, torsion or wringing, translocation, and “accordion-
like” base to apex motion [4]. There is greater x-y direction 
motion at the mid-portion of the left ventricle and greater 
z direction motion at the base of the heart [5]. Left ven-
tricular endocardial maximal motion speed has been 
reported at 41–100 mm/s [6, 7].

Specific motion issues also relate to individual coronary 
arteries. Since the right coronary artery is further from the 
center of the left ventricle than the left coronary artery, this 
artery exhibits faster motion, especially in its mid-section 
[8]. Atrial systole and diastole are important factors causing 
motion of the right coronary artery and the left circumflex 

cornary artery [9]. The right coronary artery has 50 mm/s 
motion speed by angiography [10]. The left main and proxi-
mal portion of left anterior descending coronary artery 
have greater z plane motion, and therefore z-axis motion 
can induces left main motion abnormalities [5, 7].

Given the imaging challenges caused by cardiac motion, 
appropriate collimation size and acquisition speed are fac-
tors important to minimizing CCTA motion artifact. Since 
the acquisition speed is insufficient to completely freeze 
heart motion, cardiac triggering is essential in order to 
capture and process images at times of minimal cardiac 
and coronary artery motion speed in order to avoid blur-
ring of images.

Based on ventricular and atrial contraction and relax-
ation, there are six phases in a cardiac cycle (R-R interval). 
These include: isovolumic contraction time, ejection time, 
isovolumic relaxation time, left ventricular rapid filling, 
diatasis, and atrial contraction time. During ventricular sys-
tole, the motion of right coronary artery and left circumflex 
mid-segment are in an anterior and inner direction, which 
reverses in diastole. At end isovolemic contraction and 
relaxation, the motion speed is close zero, but the time inter-
val for imaging is very short.

There are three relatively low speed motion segments: 
isovolumic contraction, isovolumic relaxation, and diasta-
sis. The isovolumic contraction time (after the R wave) and 
relaxation time (after the T wave) are approximately 
50–140 ms. Diastasis is the other slower motion segment, 
but the length is more variable following heart rate changes. 
In patient with heart rates of greater than 100–110 bpm, 
diastasis is minimal [11]. The diastasis segment is the opti-
mal scan time in patient with a lower heart rate, and is the 
most common time period for assessment in patients with 
regular and controlled heart rates.

With image acquisition, an ECG signal is simultaneously 
recorded with the raw data set. Two ECG gating techniques 
are used for CCTA imaging, retrospective and prospective 
triggering. With retrospective ECG gating, images are 
acquired throughout the cardiac cycle (Figure 7.2 and 7.3) 
[12]. The strength of this approach is that images can be 
reconstructed using the most optimal timing for each coro-
nary artery or arterial segment after image acquisition has 
occurred. Additionally, acquisition of images throughout 
the cardiac cycle allows for volumetric assessment of car-
diac function. The major drawback of this approach is that 
radiation exposure is significantly greater than with a pro-
spective ECG gated approach. Retrospective gating with 
current tube modulation leads to a significant decrease in 
radiation by decreasing radiation exposure during the sys-
tolic phase of the cardiac cycle [13].

With prospective triggering, images are obtained at a set 
percentage of the R-R interval. The advantage of this tech-
nique is the limitation to radiation exposure [14]. The dis-
advantage relates to the limited dataset obtained. If the 
images obtained demonstrate significant motion artifact, 
there are no other images to reconstruct. Given the vari-
ability of heart rate with arrhythmias, prospective gating 
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Retrospective ECG Gating

Figure 7.2. Demonstration of motion of the right coronary artery at serial decile percentages of the R-R interval during retrospective gating. The most optimal R-R percentage is 70%, as blurring of the right 
coronary artery is seen at other phases.

Figure 7.3. 3-D reconstructions of the LAD at 
different phases of the R-R interval, demonstrat-
ing reconstruction at a suboptimal phase and 
an optimal phase for artery visualization. 
(a) Reconstruction at 30% of the R-R interval. 
(b) Reconstruction at 70% of the R-R interval.
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can be problematic with significant atrial or ventricular 
ectopy or atrial fibrillation.

In regard to variability of heart rate or rhythm, any 
change in heart rate or rhythm can alter chamber size, and 
therefore change of the spatial location of target structures 
in axial or 3-D images, even if the individual axial image is 
not blurred. All patients have some variability in heart rate, 
even those without atrial or ventricular ectopy. Scanning 
protocols exist which can withold imaging during short 
R-R intervals during image acquisition [15]. Post process-
ing analysis includes editing and deletion of images from 
ectopic beats and analysis of mid-diastolic phases of the 
R-R interval with an absolute rather than relative time from 
the preceding R wave when the R-R interval is variable.

Heart rate control is essential for image optimization. 
Premedication with beta blockers, or calcium channel block-
ers when beta blockers are contrainidcated, is used to achieve 
sinus rates of 60 beats/min using most standard MDCT sys-
tems. With dual source MDCT systems, imaging can be per-
formed with heart rates in a higher range [16, 17].  Nitroglycerin 
is given sublingually prior to scanning to maximally dilate 
coronary arteries. Since there may be catecholamine stimula-
tion with breath hold, the sound of the scanner, nitroglycerin 
administration, and the sensation of contrast administration, 
a resting sinus rate that appears to be controlled without 
medications prior to scanning may still increase during  
scanning. Special attention to monitoring of heart rate and 
blood pressure is important, as in some circumstances 
patients may not be able to tolerate medications for heart rate 
control and dilation of coronary arteries.

Breath hold is essential to limit motion of structures due 
to respiration during image acquisition. Breath hold times 
have decreased significantly with advances in technology 
and allow for cardiac imaging to be completed during a 
single breath hold. There is some controversy as to the 
optimal phase of respiration for breath hold. Regardless of 
the phase chosen in an individual lab, it is important to 
practice breath hold commands and exercises prior to the 
scan. As an end-inspiratory breath hold will move thoracic 
structures more caudally than an end-expiratory breath 
hold, consistent breath hold instructions need to be given 
for preview images and actual scans.

Contrast Media Injection

The aim of contrast media injection is to enhance the con-
trast differentiation between target structure and sur-
rounding tissues, by increasing the CT Hounsfield Units 
(CT HU) of the structure of interest. Ideally, an injection 
protocol will achieve optimal enhancement with unifor-
mity of contrast enhancement at all slice levels using as 
small a dose of contrast medium as possible. Important 
factors to consider in regard to contrast media injection 
are circulation time and injection methodology.

Assessment of the circulation time is important to timing 
the acquisition of images, and is defined as the time from 

contrast injection to the optimal enhancement of target 
structures. This sequence typically consists of repetitively 
imaging a single slice using low radiation serial scanning of 
the same slice to obtain the peak enhancement time through 
time density curve analysis (Figure 7.4 and 7.5). With CCTA, 
scans are obtained at the level of the takeoff of the left main 
coronary artery or descending aorta, to create a time–den-
sity curve to assess the time to peak opacification. The mea-
sured transit time is then used as the delay time from the 
start of the contrast injection to the start of imaging for the 
CCTA. It is important to use the same injection rate for the 
circulation time as for the subsequent CCTA study.

Another contrast timing method utilizes an automatic 
bolus-triggering technique. With this method, angiography 
imaging is automatically activated when the CT HU reaches 
a prespecified HU value [18]. Circulation times vary based 
on the cardiac output. Patients with low output states have 
increased times and high output states with decreased 
times. Many factors influence circulation time, including 
venous anatomy, cardiac output, and underlying cardiac 
and valvular function and therefore must be individually 
determined.

Low osmolar nonionic contrast media contrast medium 
is usually administered via an 18-gauge needle in the ante-
cubital vein. Optimal enhancement depends on the con-
trast media dose and injection rate. The goal is to maintain 
the same level of vascular enhancement throughout image 
acquisition. The dose of contrast media is dependent on 
multiple factors, such as patient size, scan time, and 
desired enhancement level (CT HU). Multiphase contrast 
injectors with preset volumes and injection velocities are 
used to maintain uniformity of contrast enhancement 
throughout the study. A first injection stage with a high 
velocity, often 5 mL/s, is followed by saline injection using 
a multiphase injector. The use of a saline bolus after con-
trast injection moves the residual contrast in the intrave-
nous tubing and arm veins into the heart and coronary 
vasculature. The timing of the saline bolus is important, as 
in some studies clearance of the venous circulation and 
right heart structures can help with visualization of arte-
rial structures, while in other studies, these structures are 
important to analysis. A middle phase with diluted contrast 
can also be utilized for some opacification of right heart 
and venous structures. Specific injection protocols may be 
necessary for certain specialized indications including 
congenital heart disease.

Preview, Calcium, and Contrast Scans

CCTA is performed in the following sequence: planar scout 
images, a noncontrast coronary artery calcium scan, a tim-
ing scan for assessment of the circulation time, and a con-
trast scan. Planar scout images are obtained in order to 
define the most cranial and caudal scanning levels (z-axis) 
of the structures of interest. The scout images are obtained 
in anteroposterior and lateral views and aligned to the 
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patient by a laser system. The scan volume is selected with 
the structures of interest placed within the center of the 
scanning volume. Important landmarks can be identified 
including the left atrial appendage, which is usually the 
most cranial structure of the heart, and the ventricular 
apex, which is the most caudal structure. Although the 
carina had served as a marker to localize the most cranial 

aspect of the heart, the distance from carina to left main 
coronary artery is extremely variable [19]. Also, the left 
anterior descending coronary artery can course cranial to 
the left main coronary artery (Figure 7.6). For coronary 
artery imaging, scanning 10 mm cranial to the left main 
coronary artery and 10 mm caudal to the apex is subse-
quently performed with CCTA. In patients with coronary 
artery bypass grafts, the starting point is the top of the aor-
tic arch or 10 mm higher than the surgical metal clips. The 
mid level of the right pulmonary artery can also be used as 
the beginning of the scan level, if it can be defined in pre-
view images.

After the scout images, a calcium scan is performed 
(Figure 7.7). This is a high resolution noncontrast cardiac-
gated study which provides important prognostic informa-
tion regarding future cardiovascular risk. For the calcium 
scan, the 2-D axial images are analyzed with the identifica-
tion of calcium either using manual or automated meth-
ods, with quantification of calcium score based on 
identification of HU units with an attenuation of at least 
130 HU in the areas of identified calcium. There are two 
major methods of quantifying coronary artery calcium, the 
Agatston score and volumetric analysis. The Agatston score 

Figure 7.4. Serial axial images of the target slice demonstrating opacification for determination of the circulation time.
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Figure 7.5. Graph of CT Hounsfield Units vs. time, demonstrating the time to maximal opacifica-
tion of the region of interest.
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is based on the plaque number, and plaque area times a 
coefficient based on the peak HU units in the plaque [20]. 
Calcium volume score describes a volumetric analysis of 
calcium with calculation based on volumetric reconstruc-
tion and is more reproducible on serial study [21]. The cal-
cium score is a marker of plaque burden and is an 
independent risk factor for coronary artery disease beyond 
traditional risk factors [22, 23].

The calcium scan is useful to the planning, performance, 
and interpretation of the CCTA. Assessment of the images 
can be used to ensure that there is complete coverage of 
the coronary anatomy in the image set prior to contrast 
angiography, as well as to determine the minimum volume 
to be covered to minimize radiation exposure [24]. The 
degree of coronary calcification may prohibit the accurate 
assessment of coronary artery stenoses.

The calcium score as well as the calcium distribution 
should be assessed prior to the performance of the CCTA 
to determine whether the contrast study should be per-
formed. Different imaging centers use various cutoffs for 
the performance of CCTA in the setting of a significantly 
elevated calcium score, with some center using >500 or 
>1,000. It is important though to have an understanding of 

the specific goal of an individual study, as depending on the 
question asked and the location of calcium, some studies 
may still be performed in settings of an elevated calcium 
score. For example, in cases where the location and patency 
of coronary artery bypass grafts are the clinical questions, 
calcium in the native coronary arteries may still not neces-
sarily prohibit the study from being performed. In addition 
to traditional cardiac risk factors, knowledge of the calcium 
score is helpful in assessing the pretest probability of coro-
nary artery disease when interpreting the contrast angiog-
raphy images.

After performance of the calcium scan, a contrast angiog-
raphy study is performed, requiring the administration of 
iodinated contrast timed to enhance the structures of inter-
est. This may vary by the type of study, with some studies 
performed specifically for assessment of coronary artery 
anatomy, while others are performed for additional assess-
ment of thoracic vasculature, such as in the case of con-
genital heart disease.

Relation of Image Acquisition  

to Image Analysis

Image reconstruction is dependent on image acquisition, 
as the reconstructed images are only as good as the acquired 
data. The raw datasets are imported to workstations with 
software allowing the analysis of images in multiple 2-D 
and 3-D formats. Before reconstruction, there needs to be 
assessment of the 2-D images for adequacy of the dataset. 
The 2-D images are reviewed to assess whether the struc-
tures of interest have been visualized in their entirety and 
adequately opacified by contrast. For coronary arterial 
studies, assessment for the complete visualization of the 
coronary arterial system is necessary. The 2-D images must 
also be analyzed for the degree of contrast uniformity 
between slices, as a decrease in contrast in the distal vessels 
can appear as stenoses. Adequate and uniform enhance-
ment of the distal aorta can be helpful in ensuring that dis-
tal coronary arteries have been adequately visualized.

Figure 7.7. Coronary artery calcium score axial image showing a calcification of the left anterior 
descending coronary artery.

Figure 7.6. Axial views (cranial to caudal) 
showing the left anterior descending artery (a) 
(arrow) coursing cranial to the takeoff off the 
left main coronary artery (b) (arrow). If the cra-
nial limit of the field of view were at the level of 
the left main, the left anterior descending could 
be out of the imaging field.
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Interpretation of CCTA requires reconstruction and 
analysis of multiple 2-D and 3-D formats so that findings 
can be confirmed on multiple views and artifacts related to 
image acquisition can be identified. Image reconstruction 
allows a 3-D understanding of cardiovascular anatomy 
from large vessel to small vessel. The serial axial 2-D images 
are reconstructed into a 3-D data cube with subsequent use 
of software to edit and analyze cardiovascular structure. 
Workstation software has dramatically reduced the time 
for image editing and reconstruction. Systematic recon-
struction, serial automated editing, and analysis of this 
data cube allows one to glean information important to 
characterization of cardiovascular structures and relation-
ship between structures essential to clinical diagnosis and 
planning and facilitation of procedures. These reconstruc-
tions include: assessment of thoracic structures in relation 
to skeletal structures, relation of large vessel vasculature 
and structures, cardiac chambers, valves, and coronary vas-
culature (Figure 7.8).

Reconstruction of coronary artery anatomy requires 
assessment of the phase of the cardiac cycle during 
which an artery or arterial segment is most quiescent. 
Retrospectively gated axial images can be reconstructed at 
different diastolic phases of the cardiac cycle and assessed 
for the most optimal images regarding minimizing cardiac 
motion (Figures. 7.2 and 7.3). As the optimal phase of the 
cardiac cycle may vary by artery and arterial segment, dif-
ferent arteries or segments may need to be analyzed using 
multiple modalities. Once the correct phase or phases 
have been chosen, 2-D images can be rapidly formatted 
in axial, sagittal, and coronal planes. Subsequent analysis 
is performed primarily from axial images with additional 
analysis with multiple modalities of image reconstruction 
(Figure 7.9a–g). Functional analysis for retrospectively 
gated scans can be formatted and assessed in standard 
echo views (Figure 7.10).

Although the 3-D reconstructed images are both aes-
thetic and intuitive regarding orientation, it is essential to 
recognize that the process of reconstruction has limitations. 
It is important to remember that the 2-D views provide an 
entire dataset whereas the 3-D techniques lead to loss of 
data and potential artifacts that adversely affect interpre-
tation of images. Given the limitations of reconstruction 
techniques, it is essential to continually reference back to 
the 2-D images and view potential findings using multiple 
types of reconstructions before making a diagnosis.

There are many factors related to image acquisition 
that may affect image reconstruction and analysis. With 
volume rendering, pixels are assigned HU depending 
on their attenuation. With automated editing, pixels 
below a certain HU cutoff (lower threshold 80–100 HU) 
are edited out. Volume rendering and editing software 
allows creation of 3-D image with structures removed to 
adequately visualize structures of interest, but involves 
potential loss of data through over-editing of structures. 
If over-edited, the coronary arteries can appear as though 
stenoses are present.

Construction of 3-D images from 2-D image sets with 
cardiac, respiratory, or patient motion between slices can 
lead to artifactually discontinuous arterial segments that 
could be misinterpreted as stenoses. Lack of uniformity of 
contrast enhancement on serial slices may also result in the 
artifactual appearance of stenoses. If only viewed on 3-D 
images, myocardial bridging can be misinterpreted as 
obstructive coronary artery disease.

Figure 7.8. Reconstructions of thoracic structures in relation to skeletal structures, relation of 
large vessel vasculature and structures, cardiac chambers, valves, and coronary vasculature.
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Figure 7.9. A significant right coronary artery noncalcified stenosis is shown using multiple 
reconstruction modalities. Multiple CCTA angiography views are demonstrated including (a) 3-D 
volume rendered view of the heart and coronary arteries; (b) 3-D volume rendered view of the 
heart and coronary arteries with semi- transparent cardiac background; (c) 3-D volume rendered 

view of only the coronary arteries; (d) Curved multiplanar reformatted view; (e) Double oblique 
reformat; (f) Sagittal view with a thick maximum intensity projection; (g) Cardiac catheterization 
angiography emulation.

Partial volume effects may limit reconstruction and 
analysis. The goal of scanning is to acquire isotropic data, 
where the spatial resolution is equal in the x, y, and z axes, 
allowing for accurate images with multiplane reconstruc-
tions [25]. As spatial resolution in the z-axis may not be 
truly isotropic, some volume averaging of data may with 
only a portion of the depth of the image being represented 
as present throughout the dataset.

Calcified plaques may also limit reconstruction and 
analysis of images. The purpose of contrast enhanced 
studies is to increase contrast between coronary vessel 
lumen and surrounding tissues. Greater lumen enhance-
ment (represented by increased CT HU) will create 
greater contrast between the vessel lumen and noncalci-
fied vessel wall, which is especially important for visu-
alization of small vessels. Luminal enhancement though, 
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will decrease the contrast between enhanced vessel lumen 
and calcified plaques.

Other reconstruction and viewing modalites are useful 
for analysis of images that are problematic due to issues 
related to image acquisition [26]. Maximal intensity projec-
tions demonstrate the maximal density point at each point 
in a 3-D volume. Conceptually, this provides the ability to 
move through the 3-D data cube with a thick slab focused 
on the maximum intensity of the images in the slab. The 
modality provides for assessment of small and distal ves-
sels and is helpful for differentiating calcium, contrast, and 

metal in the coronary arteries and avoids issues of volume 
averaging of structures. As editing is not involved with this 
modality, there will be overlap of structures as one moves 
through the dataset.

Multiplanar curved reformatting allows for in plane 
analysis of an individual vessel (Figure 7.11) [27]. A recon-
struction is performed orthogonal to vessel centerline and 
does not require editing. Vessels can be analyzed in a 360° 
rotation allowing for assessment of eccentricity of plaque in 
relation to the vessel lumen. The technique requires accu-
rate vessel tracking and determination of the centerline 

Figure 7.10. Functional views in standard echo planes. (a) Short axis view; (b) 2 chamber view; (c) 4 chamber view; (d) 3 chamber view.
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of the vessel. Interactive display methods may provide 
greater diagnostic accuracy than prerendered images [26]. 
Virtual endoscopic views, which provide a perspective from 
inside a vessel or chamber have been developed, but are 
very dependent on filtering and smoothing techniques. 
Fluoroscopic views are helpful for assessment of metallic 
structures such as pacemaker leads.

Summary

The evolution of CT scanners and workstations has 
allowed for rapid acquisition and reconstructions of images 
for the characterization of cardiovascular disease pro-
cesses. CCTA imaging poses challenges due to the complex 
motion of the heart, variation in heart rate and rhythm, 
and tissue characteristics of cardiovascular structures. An 
understanding of these factors and meticulous attention to 
triggering techniques, contrast injection methods, and pre-
view methods can lead to images visualizing anatomy and 
function critical to the diagnosis and treatment of patients 
with cardiovascular disease.
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Postprocessing and Reconstruction Techniques for the Coronary 
Arteries

Swaminatha V. Gurudevan 

Introduction

With the advent of multidetector computed tomography, 
noninvasive imaging of the coronary arteries is now possi-
ble. Attention to detail in the postprocessing aspects of cor-
onary artery imaging is crucial to obtaining high-quality, 
clinically diagnostic images. This chapter will review the 
scan-related and postscan related postprocessing parame-
ters that, with careful adjustment, can greatly aid the reader 
in accurately interpreting cardiovascular CT images.

Scan-Related Postprocessing Parameters

Temporal and Spatial Resolution

Two important parameters to understand when evaluating 
an imaging modality are temporal and spatial resolution. 
Temporal resolution refers to the ability of an imaging 
modality to detect two distinct events in time as separate 
events, and is expressed in units of time. It can be likened to 
the shutter speed on a camera. Fast shutter speeds have 
superior temporal resolution to slow shutter speeds and 
produce superior images of rapidly moving subjects in 
action shots. Slow shutter speeds, on the other hand, will 
produce blurring artifacts when subjects move. The intrin-
sic temporal resolution of single source multidetector CT 
systems ranges from 135 to 210 ms, while dual source CT 
systems have a temporal resolution as low as 83 ms. Two 
approaches to optimize temporal resolution in cardiac CT 
include improving the imaging speed with ultrafast gantry 
rotation speeds and slowing the motion of the heart during 
the examination through effective beta blockade. Each 
technique is essential to produce motion-free images.

Spatial resolution, on the other hand, refers to the ability 
of an imaging modality to detect two distinct objects in 
space as separate objects, and is expressed in units of dis-
tance. Smaller objects such as coronary arteries require 
submillimeter spatial resolution to clearly define the vessel 

wall, lumen, and coronary plaque. The spatial resolution of 
multidetector CT ranges from 0.5 to 0.625 mm, and is most 
directly related to the width of the collimated beam.

Cardiac CT Gating

Coronary artery motion that occurs during the cardiac cycle 
remains the greatest challenge to effective imaging of the 
coronary arteries with cardiovascular CT [1, 2]. Reconstruction 
algorithms target phases of the cardiac cycle where the coro-
nary arteries move the least. Coronary artery motion occurs 
predictably in specific phases of the cardiac cycle. The two 
phases of the cardiac cycle in which the coronary arteries 
move the least are mid-diastole, during the diastasis period 
between early rapid ventricular filling (the E wave) and atrial 
contraction (the A wave), and end-systole, immediately prior 
to the E wave [3]. At slow heart rates (Figure 8.1), the diastasis 
period (between 70 and 80% of the R–R interval) is the most 
optimal imaging period. At faster heart rates (Figure 8.2), the 
diastasis period shrinks, making the end-systolic period 
(between 30 and 50% of the R–R interval) the period of least 
coronary motion [4].

Due to the motion of the beating heart, ECG gating is 
necessary to achieve consistent images of the heart that are 
free of motion artifacts. Prospective ECG gating relies on 
the scanner initiating imaging only during a prespecified 
interval of the cardiac cycle (Figure 8.3), usually the mid-
diastolic interval. Systolic images are not obtained, and a 
slow, steady heart rate is necessary to avoid motion arti-
facts. The greatest advantage of prospective ECG gating is 
the use of a low radiation dose (as low as 1 mSv) [5].

Retrospective ECG gating involves a continuous spiral feed 
and scan wherein the entire heart volume is covered continu-
ously. Data acquisition occurs from all phases of the cardiac 
cycle (Figure 8.4). The patient’s ECG is recorded simultane-
ously with the CT data acquisition, and, from the raw scan 
data, specific phases of the cardiac cycle are reconstructed to 
create multiple data sets [6]. Data overlap is necessary to cap-
ture each table position at more than one cardiac cycle. 
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Retrospective gating enables imaging at more rapid heart 
rates by employing multisegment reconstruction to increase 
the effective temporal resolution of the scanner. In addition, 
by overlapping data acquisition, errant reconstruction from 
premature heartbeats and variations in heart rate can be cor-
rected through ECG-editing  programs (Figure 8.5) [7].

Field of View

While the scanned field of view represents the entire object 
scanned within the gantry, the displayed field of view is 
defined as the angular size of the displayed scan on the 
3-dimensional (3D) matrix. For a given CT application, the 
size of the matrix is 512 × 512, which limits the number of 
voxels that can be displayed within a particular field of view. 
For general thoracic CT applications, the entire chest is 
included in the field of view. However, with cardiac imaging 
applications, it is necessary to reduce the displayed field of to 
maximize x-axis and y-axis spatial resolution. Typically a 
field of view that encompasses the heart, pericardium, and 
great vessels is selected so that the x-axis and y-axis spatial 
resolution matches the z-axis resolution, which is related only 
to the collimated beam width. This resolution ranges from 
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Figure 8.1. Coronary artery motion velocity 
profile of a patient with a baseline heart rate of 
72 bpm. A biphasic pattern of rest periods was 
found during end systole (at 40–50% of the R–R 
interval) and mid-diastole (at 70–80% of the 
R–R interval). (Modified with permissino from 
Wolters Kluwer from Lu et al [1]).
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Figure 8.2. Coronary artery motion velocity 
profile of a patient with a baseline heart rate 
of 89 bpm. A monophasic rest period pattern 
was found near end systole (at 40–60% of the 
R–R interval). (Modified with permission from 
Wolters Kluwer from Lu et al [1]).
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0.5 to 0.625 mm for most CT systems. Figure 8.6 demonstrates 
representative axial images from a gated thoracic CT exam 
with a larger field of view and a more refined field of view. It 

must be noted that use of a bowtie filter (to limit radiation to 
the patient) can limit the maximum field of view to 32 cm 
(not allowing X-ray beams to hit the lateral portions of the 

PRE-ECG EDITING POST-ECG EDITING

Figure 8.5. ECG editing to eliminate misregistration artifacts can be employed on retrospectively 
gated CT acquisitions. (a) Is an oblique coronal section taken at 40% of the R–R interval demon-
strating stairstep-like misregistration artifacts (arrows) in a patient with atrial fibrillation undergo-
ing a retrospectively gated 64-slice cardiac CT examination, in whom the R–R interval was notably 

irregular. (c) Is an oblique sagittal section at the same reconstruction interval demonstrating similar 
misregistration artifacts (arrows). (b, d) Demonstrate successful elimination of the artifacts in the 
same oblique coronal and sagittal planes using ECG editing to perform precise reconstruction at 
the end of the T wave (end systole).

Figure 8.6. Axial projections of two gated cardiac CT examinations at different displayed fields of view. (a) Demonstrates a displayed field of view encompassing the entire chest. This will tend to limit image 
resolution in the x and y axes. (b) Demonstrates an appropriately limited field of view for a cardiac CT examination.
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chest and breast). This lowers radiation dose by 40% and lim-
its the maximum scan field of view to 32 cm. Cardiac struc-
tures always fit within a 25 cm FOV, so this is becoming more 
typical practice to further reduce radiation exposure and 
limit incidental findings.

Convolution Kernel

The generation of interpretable cardiac CT images involves 
the application of a variety of reconstruction filters, the 
goal of which are to maximize signal-to-noise ratio and 
improve visualization of the object of interest. This image 
processing occurs on the CT scanner console and can be 
employed following acquisition of the raw CT data. The 
convolution kernel is defined as the image processing filter 
applied to the raw data to yield a final scan image. The 
sharpness of the final image is most directly influenced by 
the type of filter employed.

A soft convolution kernel will tend to smooth edges and 
reduce the amount of image noise. It can be advantageous to 
employ this kernel in obese patients where signal-to-noise 
ratio can be diminished secondary to attenuation from 

adipose tissue. Sharp convolution kernels tend to enhance 
edges at the cost of increased overall image noise. These 
sharp kernels can be used in patients with stents or heavily 
calcified vessels [8–10] to reduce blooming artifacts that can 
occur, as shown in Figure 8.7. For the majority of coronary 
CT imaging applications, a neutral convolution kernel is 
employed that balances image noise and edge detection.

Spiral Pitch

An important parameter for characterizing a spiral CT is 
the pitch. The pitch is defined as the table feed per gantry 
rotation divided by the width of the collimated beam. A 
pitch of greater than 1 implies there are gaps in data acqui-
sition, while a pitch of less than 1 implies that there is over-
lap in data acquisition (Figure 8.8). Retrospectively gated 
multidetector cardiac CT data acquisitions are performed 
with a pitch of approximately 0.2, as cardiac gating is always 
necessary for motion-free images, and it is necessary to 
image an entire cardiac cycle at least once at each table 
position. Modern 64-slice CT scanners automatically deter-
mine pitch based on the scan length and heart rate. The 

Figure 8.7. Sharp and smooth convolution kernels are employed to improve visualization of 
stents and calcified vessels while reducing blooming artifacts. (a, c) Depict long axis and short axis 
oblique thin-slice projections of an LAD stent using a standard smooth (B26f) kernel. (b, d) are 

 similar projections using a sharp (B46f) convolution kernel. Blooming artifacts are reduced, and the 
edge of the stent is more clearly delineated at the expense of increased noise in the remainder of 
the image.
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major advantages of using a slower pitch is an improved 
temporal resolution due to increased data overlap while 
the major disadvantage is an increased radiation exposure. 
Multisegment reconstruction (discussed next) requires a 
decreased pitch compared to half-scan reconstruction [6].

Reconstruction of CT Data

With 64-detector CT systems, each revolution of the gantry 
enables imaging of 3.2–4.0 cm of the heart (depending on 
detector width). The reconstruction excludes the fan beam 
width (approximately 30°), so that approximately 210° of 
rotation are necessary to generate a single axial image. To 
cover the entire heart, the required length of most cardiac 
scans is 9–10 cm; this necessitates combining data from 
multiple table positions to yield a final volume of data. The 
greatest challenge in the reconstruction of this volumetric 
cardiac CT data is the maintenance of temporal uniformity: 
that is, one should be able to provide cardiac images at each 
table position from the same part of each cardiac cycle. A 
breakdown of temporal uniformity can lead to characteris-
tic “stairstep” artifacts.

The most commonly used reconstruction algorithm in 
spiral cardiac CT is the half-scan reconstruction method, 
which involves the use of scan data from a single gantry 
rotation to generate an axial CT image. Using the half-scan 
method, the temporal resolution is approximately 60% of 
the rotational speed of the scanner (due to the fan beam 
width exclusion). For modern single source 64-slice CT 
scanners which have gantry rotation times ranging from 
330 to 375 ms, the temporal resolution using the half-scan 
reconstruction method is approximately 165–200 ms. In 
patients with heart rates of 60 beats per minute (bpm) or 
less, the mid-diastolic diastasis period of minimal coronary 

motion is long enough to allow effective reconstructions in 
mid-diastole in the majority of patients.

In patients with heart rates faster than 80 bpm, the dura-
tion of the diastasis period decreases considerably and may 
be only 100–200 ms. This makes it nearly impossible to 
reconstruct motion-free images using the half-scan recon-
struction method. In these cases, multisegment reconstruc-
tion may be utilized to improve the effective temporal 
resolution of the CT scanner. Multisegment reconstruction 
relies on additional data overlap with slower table move-
ment and decreased pitch during CT acquisition [11, 12]. 
This overlap results in the same table position being avail-
able for imaging at multiple heart beats from multiple 
detectors (Figure 8.9). By combining views at a single table 
position from different subsequent gantry rotations, one 
simulated half-scan rotation is generated. This results in 
improved image quality with fewer motion artifacts. By 
combining images from three cardiac cycles, the effective 
temporal resolution can be improved to as much as 65 ms. 
Multisegment reconstruction relies heavily on a consistent 
R–R interval on the consecutive beats used to generate the 
final axial image. Irregularities from atrial fibrillation or 
sinus arrhythmia during breath holding may cause misreg-
istration artifacts.
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Figure 8.8. Pitch refers to the table feed per gantry rotation during a spiral acquisition divided by 
the width of the collimated beam. A pitch of exactly 1 (central diagram) implies that there are no data 
gaps and there is no overlap of data. When pitch is greater than 1 (top diagram), there are gaps 
in data acquisition, whereas when pitch is less than 1 (bottom diagram), there is data overlap. 
Retrospectively gated cardiac CT examinations are performed with a pitch of approximately 0.2.
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Figure 8.9. (a, b) Multisegment reconstruction of a CT acquisition involves the acquisition of data 
at a single table position over several cardiac cycles. The volumetric data are combined to yield a 
final summed volume. The major requirement for multisegment reconstruction is data overlap, 
which results in a slower pitch and higher radiation dose during the CT acquisition. Using this tech-
nique, effective temporal resolution can be improved to 67 ms for a scanner with a half-scan acqui-
sition time of 200 ms.
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Postscan Related Postprocessing 

Parameters

After the scan has been completed and datasets have been 
generated, additional postprocessing techniques on a car-
diac CT workstation are essential to accurately interpreting 
cardiac morphology as well as coronary artery anatomy 
and disease burden. The presence of an isotropic data set in 
which the spatial resolution is identical across all planes of 
examination facilitates manipulation of the data on a 
workstation.

The raw axial images are the most reliable for diagnosis, 
as they reflect the source data in the order the images were 
acquired. To assist the reader in processing large volumes 
of data and illustrating key findings, additional rendering 
techniques have been developed [13, 14]. These include the 
multiplanar reformatting, maximum intensity projection 
(MIP), the volume averaging (VA) and volume rendering 
(VR) techniques, and the curved multiplanar projection 
(CMP). All involve rendering data contained within a 3D 
slab (the thickness of which the user can change) of data as 
a single 2-dimensional (2D) projection.

Multiplanar Reformatting (MPR)

Multiplanar reformatting involves the selection of an arbi-
trary image plane in a cardiac CT volume. This technique 
requires an isotropic volumetric data set with equal spatial 
resolution in the X, Y, and Z axes. The plane may not con-
form to the conventional axial, coronal, and sagittal imaging 
planes and can be modified by the user, as shown in 
Figure 8.10. MPR is the mainstay for analysis of cardiac CT 
data sets and is the most reliable method for the reader to 
arrive at the correct diagnosis. It can be performed using a 
single slice or with differing numbers of stacked slices. When 
more than one slice is selected, a rendering option must be 
selected to display a composite image of the multiple slices.

Maximum Intensity Projection

The MIP involves the projection of data in a 3D slab so that 
only the voxels of highest HU are displayed on a 2D image 
(Figure 8.11). Initially developed by Rubin et al [15, 16] for 

use in peripheral CT angiography, the MIP is now used for 
nearly all CT angiography applications and is the mainstay 
of coronary artery interpretation. The MIP is ideal for the 
display of coronary artery images from a contrast CT 
examination as the maximum intensity in the coronary 
arteries is usually the intraluminal contrast. The coronary 
arteries are surrounded by low-attenuation epicardial fat, 
resulting in an angiogram-like image with excellent edge 
definition (Figure 8.11). Due the selection of the highest 
intensity voxels within a slab, the MIP tends to overesti-
mate stenosis severity in calcified vessels and stented seg-
ments. Overreliance on MIPs can also lead the reader to 
overlook subtle findings in the coronary arteries. In gen-
eral, readers should always reconfirm findings on MIP with 
the source axial data.

Volume Averaging and Volume Rendering

VA involves the projection of data in a 3D slab so that the 
intensity of all the voxels in the slab is averaged on a final 
2D image (Figure 8.12). While edge definition is poorer 
than with MIP, VA enables the reader to “see through” a 
dense object in a slab and can be useful in interpreting 
stenoses in calcified vessels. When specific colors are 
assigned to specific ranges of HU in a 3D volumetric slab, 
this is termed VR; this is available on virtually every car-
diac workstation. The relative position and 3D 

Objects in Volume Image Plane

Selectsd Plane

Figure 8.10. Multiplanar reformat projection (MPR).

Objects in Volume Image Plane
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Figure 8.12. Volume averaging.
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Figure 8.11. Maximum intensity projection.



97Postprocessing and Reconstruction Techniques for the Coronary Arteries

relationship of the coronary arteries, cardiac veins, and 
cardiac chambers is possible using 3D VR (Figure 8.13). 
The reader should never attempt to interpret stenoses 
purely on the basis of a 3D VR images: as calcium and 
intraluminal contrast have attenuation ranges that are 
near one another, significant coronary artery stenoses in 
calcified vessels can be misinterpreted.

Curved Multiplanar Projection

The CMP is a centerline method for analysis of vessels 
whereby a virtual plane is created using the center of the 
column of contrast visualized on a series of consecutive 
axial slices (Figure 8.14). A virtual plane in which the vessel 

is “stretched out” can then be displayed. CMP is useful for 
confirming and illustrating the appearance of stenoses 
identified using standard axial multiplanar projections. It 
is particularly useful for tortuous vessels and those vessels 
that cannot be easily tracked in a single plane or thin slab 
using MIP. The CMP is only as reliable as the accuracy of 
the centerline, and should not be used as a first-line assess-
ment of coronary stenosis severity. Artifacts from inaccu-
rate centerlines can lead to incorrect assessment of stenosis 
severity.
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Coronary CT Angiography: Native Vessels

Stephan Achenbach

Introduction

Visualization of the coronary arteries has been the major 
focus of cardiac CT in the past years. Noninvasive “coronary 
CT angiography” has tremendous clinical potential for 
detecting or ruling out coronary artery stenoses in selected 
patients. In addition, imaging of coronary atherosclerotic 
plaque may play a potential role in risk stratification. However, 
spatial resolution and temporal resolution of CT imaging, 
even with the latest scanner generations, are not equal to 
invasive coronary angiography. Interpreters of coronary CT 
angiography data sets must be aware that artifacts can occur 
and may lead to false-positive and false-negative results. 
Diagnostic accuracy is impaired when image quality is 
reduced and image quality, in turn, is influenced by many 
factors such as the patient’s heart rate, body weight, ability to 
cooperate, and extent of coronary calcification. Therefore, the 
clinical utility of coronary CT angiography significantly 
depends on the specific clinical situation and patient under 
investigation. The specific advantages and disadvantages of 
coronary CT angiography must be carefully considered 
before using this method in the workup of a patient with 
known or suspected coronary artery disease.

Imaging Protocol

Since the small dimensions and the rapid motion of the cor-
onary vessels pose tremendous challenges for noninvasive 
imaging, high-end CT equipment and adequate imaging 
protocols must be used. Currently, 64-slice CT is considered 
the “state of the art” for coronary artery imaging, and newer 
technology, such as Dual Source CT and scanners that allow 
simultaneous acquisition of 256 or 320 cross-sections, may 
provide even further improved image quality.

A basic prerequisite for CT imaging of the coronary 
arteries is the patient’s ability to understand and follow 
breathhold commands. Even slight respiratory motion  
during data acquisition will cause substantial artifact. 

Therefore, patients should be able to reliably hold their 
breath for approximately 10 s. Otherwise, coronary CT 
angiography should not be performed. Heart rate should 
be regular and preferably low (optimally below 60/min, 
even though this is not as strictly required for Dual Source 
CT) [1, 2]. Patients usually receive premedication with 
short acting beta blockers to lower the heart rate. Beta 
blockers can be administered orally approximately 1 h 
prior to scanning, or intravenously immediately before the 
scan. Sometimes, a combination of both is necessary. 
Nitrates should be given to all patients who have no con-
traindications in order to achieve coronary dilatation, 
which substantially improves image quality [1].

Typically, 50–100 mL of iodine-based, high concentra-
tion contrast agent are injected intravenously for coronary 
CT angiography. Recommended flow rates are 4–7 mL/s. 
Synchronization of contrast injection and data acquisition 
can be achieved either through a “bolus tracking” method 
or by using a separate “test bolus” acquisition to measure 
the contrast transit time. Subsequent data acquisition can 
follow various principles. Retrospectively gated scans are 
acquired in spiral mode and usually provide for higher 
image quality, more flexibility to choose the cardiac phase 
during which images are reconstructed, as well as the abil-
ity to reconstruct “functional” data sets throughout the 
cardiac cycle in order to analyze left ventricular function 
and regional wall motion. Prospectively triggered scans are 
associated with substantially lower radiation exposure and, 
especially in patients with truly low heart rates, do in many 
cases provide adequate image quality to assess the coro-
nary lumen. Less flexibility to reconstruct data at different 
time instants in the cardiac cycle as well as greater suscep-
tibility to artifacts caused by arrhythmia are trade-offs for 
the advantage of lower dose. Especially in young patients 
– in whom radiation dose may be of major concern – pro-
spectively triggered scans should be strongly considered. 
However, it should be kept in mind that a fully diagnostic 
scan, not the lowest possible dose, is the major priority of 
data acquisition. If additional examinations result from a 
nondiagnostic or false-positive CT result, potential dose 
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savings are likely to be consumed by the added risks of 
additional procedures.

Typical data sets for coronary artery visualization by CT 
consist of approximately 200–300 thin (0.5–0.75 mm) 
transaxial cross-sections (Figure 9.1). In most cases, read-
ers will interactively manipulate these data sets for inter-
pretation on specific postprocessing workstations. Useful 
postprocessing tools include maximum intensity projec-
tions and multiplanar reconstructions (Figure 9.2). Three-
dimensional renderings allow quite impressive visualiza-
tion of the heart and coronary arteries, but they are not 
accurate for stenosis detection and play no role in data 
interpretation [3].

Typical Findings

In most cases, coronary CT angiography is performed to 
detect or rule out significant coronary artery stenoses 
(Figures 9.3 and 9.4). Coronary CT angiography does not 
allow exact quantification of coronary artery stenoses. In 
most cases, presence of a “significant” luminal stenosis is 
assumed when the diameter reduction of the coronary 
lumen appears to be more than 70%. Visual estimation of 
stenosis degree has no downsides as compared to quantita-
tive approaches [4]. Stenosis severity in CT can appear to be 
less or more than invasive angiography – the typical margin 
of agreement is approximately ±20%. Stenoses that appear 
to be less than 50% in CT can be expected to be less than 
70% in invasive angiography with a very high degree of cer-
tainty. In most cases, however, there is a tendency to overes-
timate, rather than underestimate, the degree of luminal 
stenosis in coronary CT angiography as compared to cathe-
ter-based invasive coronary angiography (Figure 9.5). Often, 
high-grade coronary artery stenoses appear as complete or 
near-complete interruptions of the coronary artery lumen 
in the CT data set – especially if image quality is not optimal 
(Figure 9.6). Categories of stenosis severity that are recom-
mended for use in coronary CT angiography reports care 
listed in Table 9.1 [5]. The differentiation between complete 
coronary artery occlusions and high-grade stenoses can be 
difficult in coronary CT angiography. Very long lesions typ-
ically correspond to complete occlusions (Figure 9.7), while 
shorter lesions can either be secondary to high-grade lumi-
nal narrowing or to a complete occlusion with good distal 
filling via collateral flow. Since CT only shows a static image 
and flow in the coronary arteries cannot actually be seen, 
retrograde filling of a coronary artery segment cannot be 
differentiated from antegrade flow (Figure 9.8).

Insufficient image quality is most frequently the conse-
quence of motion artifact (as a consequence of coronary 
movement or respiration), high image noise, or a combina-
tion of both. Additional problems can be caused by severe 
calcification, which causes partial volume effects (often 
referred to as “blooming”) and aggravates motion artifacts 
(Figure 9.9). In some cases, artifacts render the entire data 
set or some coronary segments unevaluable. This has 
become less frequent with more modern scanners but can 
still occur, especially if data acquisition is not carefully and 
expertly performed. If artifacts caused by motion, calcium, 
or a combination of both cause misinterpretation, it will in 
most cases be overestimation of stenosis degree or a false-
positive reading of a stenosis [6] (Figure 9.10). False-
negative interpretations are less frequent.

Accuracy for Stenosis Detection

Clinical applications of coronary CT angiography will crit-
ically depend on its accuracy for detection of significant 
coronary artery stenoses. Numerous studies have assessed 
the accuracy of coronary CT angiography for stenosis 
detection in comparison to invasive, catheter-based coro-
nary angiography. Using 40-slice CT [7–10], 64-slice CT 
[11–20], or Dual Source CT [2, 21–26], the sensitivity for 
the detection of coronary artery stenoses has ranged from 
86 to 100% and specificity has been reported between 91 
and 98 %. Accuracy values are not uniform across all 
patients. Several trials have demonstrated that high heart 
rates and extensive calcification negatively influence accu-
racy [6, 24–29]. Since degraded image will usually lead to 
false-positive rather than false-negative findings [6], speci-
ficity and positive predictive value will be affected worst 
(Figure 9.10).

Several analyses have clearly demonstrated superiority 
of 64-slice CT over previous technology [30–36] for the 
detection of coronary artery stenoses. No data are so far 
available for even more recent scanner generations. Several 
meta-analyses which were performed based on the results 
of smaller, single-center trials demonstrated high sensitivi-
ties (96–99% and 93–94%) for detecting individuals with at 
least one coronary artery stenosis (Table 9.2) [31–35]. 
Meijboom et al. put the diagnostic accuracy of coronary CT 
angiography in relation to the clinical presentation and 
pretest likelihood of coronary artery disease [36]. It was 
clearly shown that the diagnostic value of CT angiography 
was highest in patients with a relatively low pretest likeli-
hood of disease and lowest in those patients in whom the 

Figure 9.1. Normal anatomy of the coronary arteries in transaxial images. (a) Level of the left 
main origin from the aortic root. The bifurcation of the left main into the left anterior descending 
(large arrow) and left circumflex coronary artery (small arrow) can be seen. The arrowheads point at 
a coronary vein. (b) A few millimeters further distal, the left anterior descending coronary artery 
(large arrow) has given rise to a diagonal branch (arrowhead). (c) Level of the right coronary ostium. 
A short section of the right coronary artery is visible (double arrows). Large arrow: Mid left anterior 

descending coronary artery, small arrow: left circumflex coronary artery. (d) Mid-ventricular level. 
The left anterior descending coronary artery (large arrow), left circumflex coronary artery (small 
arrow), and right coronary artery can be seen (double arrows). (e) Distal segment of the right 
 coronary artery (double arrow), which ends in the posterior descending artery (small arrow). The 
arrowhead points at a right ventricular branch.
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clinical presentation suggested a high likelihood that coro-
nary stenoses would be present – most likely due to the 
more challenging conditions for imaging (Table 9.3). Based 
on these accuracy values, the clinical use of CT angiogra-
phy will be most beneficial whenever the clinical situation 
implies a relatively low pretest likelihood of coronary dis-
ease, but still requires further workup to rule out signifi-
cant coronary stenoses. In high-risk patients with a high 
likelihood of coronary artery stenoses, coronary CT angiog-
raphy will be less useful: results are likely to be less 

accurate and clinically, noninvasive imaging in patients 
with a high likelihood of coronary artery stenoses is less 
attractive, because there it is relatively certain that treat-
ment will include (interventional) revascularization which 
requires an invasive approach.

Several recent, large multicenter trials support the con-
cept that CT performs well especially if disease is not severe 
and pretest likelihood for stenoses is relatively low [28, 37, 
38] (Table 9.4). The “ACCURACY” trial studied 230 patients 
with suspected CAD [28]. Prevalence of disease was 25%, 

a

c d

b

Figure 9.2. Same patient as in Figure 9.1. Various forms of postprocessing have been used to visu-
alize longer segments of the coronary arteries. (a) Curved multiplanar reconstruction (curved MPR) 
of the right coronary artery. (b) Maximum intensity projection of the right coronary artery (arrows) 

in a double-oblique plane. (c, d) Three-dimensional, surface-weighted volume rendering technique 
reconstructions in two different angulations.
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and per-patient sensitivity and specificity for detecting 
individuals with at least one stenosis 50% were 95 and 
83%. The negative predictive value was 99%, allowing CCTA 
to rule out stenoses with a high degree of certainty. On the 
other hand, the positive predictive value was only 64%, due 
to low prevalence of disease in this study. Meijboom et al. 
published a trial performed at three different sites, which 
enrolled 360 patients with stable (n = 233) or unstable 
symptoms (n = 127) but no previously known disease [38]. 
Again, 64 slice CT had a sensitivity of 99% for the identifi-
cation of individuals with at least one coronary artery 

stenosis. On the other hand, the “Core64” trial studied a 
group of 291 patients with a different composition. 
Prevalence of obstructive disease was 56%, and 30% of the 
patients had previous myocardial infarction or coronary 
revascularization [37]. Consequently, accuracy was lower 
with a per-patient sensitivity of 85% and specificity of 90% 
(negative predictive value 83% and positive predictive 
value 91%). The results of these trials provide further evi-
dence that CCTA can be highly reliable to rule out the pres-
ence of CAD but that its performance strongly depends on 
the type of patients evaluated.

a b

c d

Figure 9.3. Coronary CT angiography in a patient with a very proximal, high-grade stenosis of the 
left anterior descending coronary artery. (a) Maximum intensity projection in a transaxial orienta-
tion. The stenosis of the left anterior descending coronary artery, just distal to the left main trifurca-

tion, can be seen (arrow). (b) Curved multiplanar reconstruction of the left main and left anterior 
descending coronary artery (arrow: stenosis). (c) Three-dimensional reconstruction. (d) Invasive 
coronary angiogram.
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Figure 9.4. Stenosis of the right coronary artery (arrow, a: invasive coronary angiogram). Three 
consecutive axial images (each 1-mm slice thickness) show normal coronary artery lumen proximal 
to the stenosis (arrow, b), absence of a contrast-enhanced lumen at the level of the stenosis (arrow, 

c), and reestablishment of a patent and normal coronary lumen distal to the stenosis (arrow, d). 
Same stenosis in curved multiplanar reconstructions (arrows, e and f), and in three-dimensional 
volume-rendered reconstruction (g, h).
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c d

Overall, the good diagnostic performance of coronary 
CT angiography in patients who are not at high likelihood 
of having coronary artery stenoses and especially the very 
high negative predictive value found for such patients 
indicate that CCTA may be a clinically useful tool in symp-
tomatic patients who have a lower or intermediate likeli-
hood of coronary disease, but require further workup to 
rule out significant coronary stenoses. A negative coro-
nary CT angiography scan, if of high quality, will obviate 
the need for further testing. Indeed, several observational 

trials have clearly demonstrated that symptomatic 
patients, when coronary CT angiography was negative, 
had a very favorable clinical outcome even without fur-
ther additional testing [39–44] and that downstream 
healthcare costs may be lower that with other diagnostic 
procedures [45].

Another situation in which the use of a noninvasive 
imaging technology to rapidly and reliably rule out coro-
nary stenoses could be of tremendous clinical value is the 
setting of acute chest pain. Especially if the ECG is normal 
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and myocardial enzymes are not elevated, the likelihood of 
coronary disease is low, but the possibility of myocardial 
infarction requires a rapid and definite diagnosis. In initial 
trials, CT angiography has been shown to be both accurate 
and safe to stratify patients with acute chest pain and 
absence of ECG changes as well as myocardial enzyme ele-
vation [16, 46–50] (Figure 9.11). A potential cost advantage 
of incorporating CT angiography in the workup of low-
likelihood acute chest pain patients as compared to the 
standard of care has been demonstrated [48], and the event 
rate in patients who were discharged based on a “negative” 

coronary CT angiogram after having been admitted with 
acute chest pain is extremely favorable [51, 52].

Coronary CT angiography and Ischemia

Coronary CT angiography, like invasive angiography, is a 
purely morphologic imaging modality and cannot demon-
strate the functional relevance of stenoses (ischemia). 
Especially in the case of lesions with borderline degree of 

e f

g h

Figure 9.4. (Continued).
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stenosis, this may be a limitation. Not surprisingly, coronary 
CT angiography is a better predictor of angiographic find-
ings than testing for ischemia [53–55]. For example, an anal-
ysis of 114 patients with intermediate likelihood of coronary 
disease demonstrated that only 19 of 33 patients in whom 
stenoses were demonstrated by CCTA had ischemia in SPECT 
myocardial perfusion imaging. On the other hand, 28 of the 
33 patients had obstructive coronary lesions in invasive cor-
onary angiography. However, all 25 patients who received 
invasive angiography even though coronary CT angiography 
had ruled out the presence of obstructive stenoses had, in 
fact, a “negative” coronary angiogram [53]. Similarly, a 

comparison of SPECT and CT in 38 patients revealed that 
ruling out coronary artery stenoses by CT angiography had a 
negative predictive value of 94%, but detecting stenoses by 
CT only a positive predictive value of 32% to predict isch-
emia in myocardial perfusion imaging [56].

These results underscore that a “negative” coronary CT 
angiography result can reliably rule out the presence of 
coronary artery stenoses and the need for revasculariza-
tion, and that it may therefore be a potential “gatekeeper” to 
avoid invasive angiograms. On the other hand, coronary CT 
angiography – like invasive angiography – should not be 
performed in an unselected patient population and is not 

a b

Figure 9.6. High-grade luminal stenoses often appear as complete interruption of the coronary 
artery lumen in coronary CT angiography. (a) Maximum Intensity Projection in a patient with a 
high-grade stenosis of the right coronary artery (arrow). At the site of the stenosis, the arterial 

lumen is completely interrupted. (b) Corresponding invasive coronary angiogram. A small residual 
lumen is present (arrow). The spatial resolution of CT is not sufficient to reliably visualize such small 
remaining lumina.

a b

Figure 9.5. Frequently, the degree of luminal narrowing appears more severe in coronary CT angiography than in the invasive, catheter-based coronary angiogram. (a) Curved multiplanar reconstruction 
showing a stenosis in the proximal right coronary artery (arrow). (b) In the corresponding invasive angiogram, the stenosis appears less severe (arrow).
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for “screening” purposes. A positive CT scan by itself does 
not strongly predict the need for revascularization [56].

Coronary CT Angiography in the Context  

of Coronary Interventions

CT angiography may provide information that may be 
helpful in the context of coronary artery interventions. 
In addition to demonstrating the coronary lumen, CT 
imaging allows visualization of the amount and type of 
plaque, permits to quantify the amount of calcification, 
and can provide accurate, three-dimensional informa-
tion on the angle of vessel bifurcations [57]. A recent 

publication described that coronary CT angiography 
allows accurate classification of coronary bifurcation 
lesions [58]. Older work, published by Mollet et al. in 
2005, has demonstrated that CT angiography – by quan-
tifying lesion length and degree of calcification – is more 
accurate than invasive angiography to predict the suc-
cess of percutaneous treatment of chronic total coronary 
occlusions [59] (Figure 9.12).

Imaging of Coronary Atherosclerotic 

Plaque

Besides the detection of coronary artery stenoses, coronary 
CT angiography also allows the visualization of nonob-
structive coronary atherosclerotic plaque. If image quality 
is sufficiently high, both calcified and noncalcified (a better 
term than soft) plaque components can be visualized 
(Figure 9.13). In data sets that have very high image quality 
and no artifacts, the sensitivity of coronary CT angiogra-
phy to detect coronary artery segments affected by non-
stenotic coronary atherosclerotic plaque has been reported 
to be between 80 and 90% [60]. Also, a number of studies 
have shown that plaque dimensions as well as the extent of 
coronary atherosclerotic remodeling can be estimated by 
coronary CT angiography [61–67] (Figure 9.14). However, 
measurements of plaque dimensions remain difficult, 
depend on sufficient image quality, and display a very high 
interobserver variability that has been reported to be as 
high as 37% [67, 68].

The presence and extent of coronary atherosclerotic 
plaque detected by coronary CT angiography has been 
shown to be associated with future cardiovascular events 
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Figure 9.7. Total occlusion of the left anterior descending coronary artery. (a) Coronary CT angiography displays interruption of the coronary artery lumen over a long distance (arrows). (b) The invasive 
angiogram confirms proximal occlusion of the left anterior descending coronary artery (large arrow). The small arrow points at the diagonal branch.

Recommended quantitative stenosis grading

0 – Normal: Absence of plaque and no luminal stenosis

1 – Minimal: Plaque with <25% stenosis

2 – Mild: 25–49% stenosis

3 – Moderate: 50–69% stenosis

4 – Severe: 70–99% stenosis

5 – Occluded

Optional quantitative stenosis grading

0 – Normal: Absence of plaque and no luminal stenosis

1 – Mild: Plaque with <39% stenosis

2 – Moderate: 40–69% stenosis

3 – Severe: 70–99% stenosis

4 – Occluded

Table 9.1. Recommended categories of luminal stenosis severity for reporting coronary CT 
angiographya

aAdapted from Raff et al [5]
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in symptomatic patients in various studies. In a study per-
formed by electron beam tomography (EBT) which 
included 2,538 patients who were followed for a mean 
period of 6 years, Ostrom et al. demonstrated that the pres-
ence of nonobstructive plaque in all three coronary arter-
ies was associated with increased mortality (risk ratio 1.77 
as compared to individuals without any detectable plaque).
The presence of nonobstructive plaque in only one or two 
coronary vessels was not associated with an increased risk. 
Using 16-slice CT, Min et al. could demonstrate that the 
presence of coronary atherosclerotic plaque in at least five 
coronary artery segments in symptomatic patients was 
associated with increased mortality as compared to patients 
with detectable plaque in less than five segments [69]. Some 
information may be gained by analyzing plaque character-
istics by CT. It has previously been shown that plaques with 
positive remodeling are associated with acute coronary 
syndromes. In a prospective study, Motoyama et al. demon-
strated that plaques with positive remodeling and low CT 
attenuation were at particularly high risk for causing future 
cardiovascular events [70]. However, all of these data were 
obtained in patients who underwent coronary CT angiog-
raphy for clinical reasons and who, consequently, were 
most likely symptomatic. In asymptomatic individuals, 
event rates are much lower. Consequently, it is more diffi-
cult to find a benefit of imaging for risk stratification. 
Currently, only one study is available which used coronary 
CT angiography for risk prediction in a healthy population. 
It included 1,000 Korean subjects aged 35–75 years [71]. 
22% of individuals had detectable atherosclerosis, and 

coronary events – including revascularization – occurred 
exclusively in individuals with detectable plaque. However, 
most of these events were revascularizations triggered by 
the very fact that an atherosclerotic lesion had been 
detected and therefore do not necessarily indicate an 
impaired prognosis had CT not been performed. 
Appropriately, the authors of this study concluded that cor-
onary CT angiography is not a useful screening tool in 
asymptomatic individuals.

Anomalous Coronary Arteries

Coronary CT angiography is an excellent tool to investi-
gate patients with known or suspected congenital coro-
nary artery anomalies (Figures. 9.15 and 9.16). Coronary 
CT angiography can classify both the origin and also the 
often complex course of anomalous coronary vessels  
[72–79]. While the necessity for contrast agent injection 
and radiation exposure are certain drawbacks of CT imag-
ing as compared to MR, which is also a potential diagnos-
tic tool in coronary artery anomalies, the ease of data 
acquisition and the predictability with which a high-reso-
lution data set with optimal image quality for evaluation 
can be expected make coronary CT angiography a method 
of choice for the workup of known or suspected anoma-
lous coronary vessels. Obviously, the use of low-dose image 
acquisition protocols is recommendable in the often young 
patients who undergo evaluation for anomalous coronary 
arteries.

a b

Figure 9.8. Coronary CT angiography cannot identify retrograde filling of a coronary artery via 
collaterals. (a) Maximum Intensity Projection of the right coronary artery showing lesion with 
severe impairment of the lumen (arrow). The distal vessel segments are filled with contrast. 

(b) Invasive coronary angiography shows chronic total occlusion of the proximal right coronary 
artery and retrograde filling of the mid and distal right coronary artery via a collateral vessel 
(Kugel’s collateral).
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Guidelines and Recommendations

The possibility to perform noninvasive coronary angiogra-
phy with CT is immensely attractive and care needs to be 
taken to avoid overutilization. Creating a “new layer” of 
testing in addition to currently available diagnostic proce-
dures, without replacing other tests or, in the worst case, 
even leading to additional, unnecessary downstream test-
ing must be avoided. Also, more than in other, established 

imaging modalities used in cardiology, the accuracy and 
clinical utility of coronary CT angiography depend on the 
expertise of the investigator. Finally, while there is rapidly 
accumulating evidence on accuracy, there are no data that 
link the use of CT angiography to improved outcomes. 
Consequently, official bodies and professional organiza-
tions have so far been reluctant to issue guidelines that 
would clearly support the use of CT imaging in the workup 
of coronary artery disease.

a b

c

Figure 9.9. Typical artifacts that can occur in coronary CT angiography. (a) Motion artifact due 
to rapid coronary artery movement. Here, the right coronary is affected. Motion causes blurring of 
the arterial contour (large arrow). It also causes low-density artifacts that, in this case, are outside 
the actual vessel cross-section (small arrow). Such artifacts are aggravated by the presence of 

calcium or other high-density material. (b) “misalignment” or “step” artifacts (arrows). Such arti-
facts can occur due to respiratory or other body motion or due to arrhythmias. (c) Severe calcifica-
tion can render the coronary arteries uninterpretable regarding the presence of stenoses.
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The American Heart Association has issued a Scientific 
Statement on noninvasive coronary artery imaging [80]. 

It contains the following comments concerning the use of 
coronary CT angiography for the detection of coronary 
artery stenoses:

Neither coronary CT angiography nor coronary MR 
angiography should be used to screen for coronary 
artery disease in patients who have no signs or symp-
toms suggestive of coronary artery disease (Class III, 
level of evidence C) [80].

a b

Figure 9.10. Artifacts typically lead to false-positive results of coronary CT angiography. (a) Calcification, slight motion and somewhat high image noise lead to a false-positive interpretation of the mid 
left anterior descending coronary artery (arrows). (b) Invasive angiography shows that no relevant stenosis is present.

Studies Patients Sensitivity  
(%)

Specificity  
(%)

NPV  
(%)

PPV  
(%)

Per-segment analysis
Vanhoenacker  
et al [31]

16-slice CT 26 704 83 96 – –

64-slice CT    6 363 93 96 – –
Hamon  
et al [32]

16-slice CT 16 1292 77 91 96 60

64-slice CT 12 695 88 96 98 79
Abdulla  
et al [33]

64-slice CT 19 1,251 86 96 97 83

Gopalakrishnan  
et al [34]

16-slice CT 29 2,214 84 94 97 72

40–64- 
slice CT

10 596 91 96 98 78

Mowatt  
et al [35]

64-slice CT 28 1,286 90 97 99 76

Per-patient analysis
Vanhoenacker  
et al [31]

16-slice CT 26 704 97 81 – –

64-slice CT    6 363 99 93 – –
Hamon  
et al [32]

16-slice CT 16 1292 95 69 92 79

64-slice CT 12 695 97 90 96 93
Abdulla  
et al [33]

64-slice CT 13 875 98 91 94 97

Gopalakrishnan  
et al [34]

16-slice CT 29 2214 91 77 89 77

40–64- 
slice CT

10 596 96 91 96 93

Mowatt  
et al [35]

64-slice CT 28 1,286 99 89 100 93

Table 9.2. Results of meta-analyses that have evaluated the accuracy of coronary CT angiography 
for stenosis detection in comparison to invasive coronary angiography (NPV negative predictive 
value; PPV positive predictive value)

Pretest 
probabilityb

n Sensitivity Specificity Positive  
predicted value

Negative  
predicted value

High 105 98 74 93 89
Intermediate 83 100 84 80 100
Low 66 100 93 75 100

Table 9.3. Diagnostic performance of 64-slice CT depending on the clinical pretest likelihood 
of coronary artery disease in 254 patientsa

aAdapted from Meijboom et al [36]
bEstimated with the Duke Clinical Risk Score

Author Number  
of sites

Number of 
patients

Prevalence of 
obstructive  
CADa (%)

Sensitivity Specificity Negative  
predictive  
value

Positive  
predictive  
value

Budoff  
[28]

16 230 25 95%  
(85–99%)

83%  
(76–88%)

99%  
(96–100%)

64%  
(53–75%)

Miller  
[37]

9 291 56 85%  
(79–90%)

90%  
(83–94%)

83%  
(75–89%)

91%  
(86–95%)

Meijboom 
[38]

3 360 68 99%  
(98–100%)

64%  
(55–73%)

97% 
(94–100%)

86%  
(82–90%)

Table 9.4. Diagnostic accuracy of 64-slice CT for the detection of patients with coronary artery stenoses in 
comparison to invasive coronary angiography in three multicenter trials

aPresence of at least one stenosis of 50% diameter reduction
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The potential benefit of non-invasive coronary angiog-
raphy is likely to be greatest and is reasonable for symp-
tomatic patients who are at intermediate risk for coronary 
artery disease after initial risk stratification, including 
patients with equivocal stress-test results. (Class II, level of 
evidence B). Diagnostic accuracy favors coronary CT 
angiography over MR angiography for these patients (Class 
I, level of evidence B) [80].

In 2006, “Appropriateness Criteria” for cardiac CT and 
MR imaging were issued in the form of an Expert Consensus 
document. The Appropriateness Criteria list several situa-
tions in which coronary CT angiography is considered to 
be of clinical value (Table 9.5) [81]. Such situations include 
the use of CT coronary angiography to rule out coronary 
artery stenoses in patients who are symptomatic, but who 
have a noninterpretable or equivocal stress test, who are 

a b

c d

Figure 9.11. Typical findings of coronary CT angiography in patients with an acute coronary syn-
drome. (a) Coronary CT angiography (curved multiplanar reconstruction) shows three high-grade 
stenoses of the right coronary artery (arrows). (b) As frequently seen in acute coronary lesions, there 
is pronounced “positive remodeling” of the lesion, a consequence of plaque rupture with subse-
quent thrombus formation inside the vessel. (c) A cross-sectional view of the right coronary artery 

at the site of the lesion shows ring-like enhancement with a central filling defect. Similar to the 
pronounced positive remodeling shown in Figure 9.11B, this finding, when present, typically indi-
cates an acute coronary lesion, but is not necessarily observed in all lesions associated with an acute 
coronary syndrome. (d) Invasive coronary angiogram.
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Figure 9.12. Chronic total coronary artery occlusion in coronary CT angiography. The preprocedural invasive coronary angiogram shows complete occlusion of the right coronary artery (arrow in left panel). 
Coronary CT angiography shows that the occluded segment is relatively long, but has very little calcification (arrows). Subsequent interventional revascularization is successful (right panel).

a b

c

Figure 9.13. Visualization of nonobstructive coronary atherosclerotic plaque by CT. (a) Multiplanar 
reconstruction of the left anterior descending coronary artery. In the proximal vessel segment, a 
nonobstructive plaque which is partly calcified (small arrow) and partly noncalcified (large arrow) 

can easily be detected by CT. (b) Cross-sectional view of the plaque (arrow) shows its eccentric posi-
tion. (c) Invasive coronary angiogram. Only a very slight luminal stenosis is present at the site of the 
plaque (arrow).
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unable to exercise, or who have a noninterpretable ECG. 
Furthermore, the document considers the use of coronary 
CT angiography appropriate for patients with new onset 
heart failure and for patients who present witch acute chest 
pain and an intermediate pretest likelihood of coronary 
artery disease, but who have a normal ECG and absence of 
enzyme elevation (Table 9.3) [81]. Finally, the use of CT 
angiography is considered “appropriate” to evaluate 
patients with anomalous coronary arteries [81]. New  
Appropriateness Criteria for cardiac CT have been released 
in 2010, adding new appropriate uses to include coronary 
calcium scanning for asymptomatic persons and CTA for 
bypass graft evaluation, among others [82].

Limitations and Outlook

In spite of the impressive and continuously improving 
image quality, coronary CT angiography does not currently 
constitute a general replacement for invasive, catheter-
based diagnostic coronary angiography. A lower spatial 
and temporal resolution as compared to invasive angiogra-
phy, the requirement for regular and low heart rates, and 
the necessity for breathhold cooperation will preclude CT 
angiography in a relevant fraction of patients who require 
a workup for coronary artery disease. In addition, coronary 
CT angiography performs less well in patients with diffuse, 
severe disease, with substantial coronary calcification, or 
with small coronary arteries (as encountered, e.g., in some 
individuals with diabetes). For these cases and all situa-
tions where the need for a revascularization procedure is 

expected based on clinical grounds, an invasive approach 
and catheter-based angiography will remain the best diag-
nostic option.

Coronary CT angiography should only be performed by 
well-trained and experienced operators and only in individu-
als where fully diagnostic image quality can be expected. Its 
use should be limited to clinical situations where the expected 

Figure 9.14. Pronounced positive remodeling of a nonobstructive, noncalcified coronary athero-
sclerotic plaque of the right coronary artery (arrows).

a b

Figure 9.15. Visualization of a coronary anomaly by CT. Due to its three-dimensional nature, coro-
nary CT angiography allows excellent delineation of the origin and course of anomalous coronary 
arteries. This patient has an anomalous left main coronary artery arising from the right coronary 
sinus and travelling anterior to the pulmonary artery, with subsequent division into the left anterior 

descending and left circumflex coronary artery. This infrequent anomaly is clinically harmless. 
(a) Two-dimensional CT image in transaxial orientation which shows the position of the anomalous 
left main coronary artery anterior to the pulmonary artery (arrows). (b) Three-dimensional recon-
struction. The arrows point at the anomalous left main coronary artery.
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results are relevant to further management. Care needs to be 
taken to identify these situations and to target the utilization 
of coronary CT angiography towards those patients who 
benefit most. Continuously accumulating evidence will help 
better understand the clinical settings in which CT angiogra-
phy is most useful. In addition, CT technology displays a truly 
impressive, ongoing evolution. The resulting measurable 
improvements in image quality are likely to translate into 
more stable, more diverse, and more widely accepted clinical 
applications of coronary CT angiography in the future.
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Background

As a result of the high prevalence of coronary artery dis-
ease in the Western world and increasingly also in the 
developing countries, coronary artery revascularization, 
albeit complex and expensive, is one of the most frequent 
medical procedures. It is estimated that annually world-
wide approximately 800,000 patients undergo bypass 
 surgery [1], and >1.5 million cardiac percutaneous inter-
ventions are performed. With the increasing success of 
these procedures and improved long-term results, it is no 
longer current practice to perform routine invasive follow-
up examination after revascularization. Only patients with 
evidence of recurrent ischemia undergo coronary angiog-
raphy. However, the decision to perform or withhold coro-
nary angiography can be exceedingly difficult in patients 
who have a history of coronary artery revascularization. 
Commonly, the fact that coronary artery disease has been 
previously established will lead many physicians to liber-
ally order invasive coronary angiography if their patients 
experience symptoms faintly reminiscent of angina pecto-
ris. In this setting, coronary CT angiography increasingly 
plays a role for obtaining reliable information on coronary 
artery anatomy noninvasively.

Bypass Grafts

Venous Grafts: Anatomy and Natural History

Venous bypass grafts still represent the majority of all 
grafts used for bypass surgery. Due to differences in anat-
omy and surgical techniques, their patency rates are infe-
rior to internal mammary artery grafts [1, 2]. Three modes 
of venous bypass graft degeneration have been described 
which occur at different time points after surgery. Within 
hours to weeks after surgery, technical deficiencies and 
thrombotic activation lead to early thrombotic occlusion 
in approximately 5–10% of the grafts [3]. Over the course 

of the following year, intimal hyperplasia and thrombosis 
appear to be the major mechanisms, accounting for an 
overall occlusion rate of 10–15% within the first year 
[3, 4]. Finally, after the first year, mechanisms known from 
native coronary artery atherosclerosis predominate. 
Bypass attrition between postoperative years 1 and 5 
appears to be minimal. After year 5, atherothrombotic 
occlusion of venous grafts accounts for a reduced patency 
rate. It has traditionally been estimated to range between 
40 and 60% at 10–12 years [3, 5]. However, data from the 
Veteran Affairs Cooperative Study indicate that venous 
grafts which are open 1 week after surgery have a patency 
rate of 68% after 10 years [1]. The presence of angio-
graphic stenoses between 50 and 99% of graft diameter 
appears to be 17–22% at 10 years [1]. As opposed to native 
coronary arteries and arterial grafts, venous bypass grafts 
tend to develop an extensive thrombotic burden and 
occlude quite rapidly once a high-grade stenosis has 
formed.

Arterial Grafts: Anatomy and Natural History

The left internal mammary artery (“IMA”) is most often 
used as arterial graft. Arterial vessels are by design much 
better adapted to systemic blood pressure values and 
shear stress than venous vessels, and this translates into 
improved patency rates [1, 2]. IMA grafts patent at 1 week 
after surgery had a 10-year patency rate of 88% in the 
Veterans Affairs Cooperative Study [1]. As with venous 
grafts, recipient vessel location and status influence graft 
survival. Survival is best for grafts to the left anterior 
descending coronary artery and a native vessel diameter 

2 mm [1]. Interestingly, IMA grafts sewed to a recipient 
vessel with <50% diameter stenosis may have a very high 
rate of occlusion, probably due to competing flow through 
the native vessel [6]. Regarding CT imaging, the smaller 
lumen diameter of arterial grafts and frequent use of 
metal clips represent a challenge for diagnostic image 
quality.
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Noninvasive CT Examination

Venous bypass grafts are typically larger in diameter than 
the native large epicardial coronary arteries (approximately 
4–10 mm vs. 2–5 mm), and they are less subjected to car-
diac motion. Accordingly, even with older-generation 
(“noncardiac”) CT machines, investigators examined con-
trast enhancement along the course of the graft to establish 
bypass patency [7, 8]. Due to the inherent limitations of 
nongated scanning with relatively long acquisition times, 
overall diagnostic accuracy regarding bypass graft pat-
ency remained at approximately 90%, with better results 
for (larger) vein grafts than for the arterial grafts. It was 
not possible to identify potential nonocclusive high-grade 
bypass body stenoses, the distal anastomosis of the grafts, 
or the native coronary arterial run-off. The advent of elec-
tron-beam computed tomography (EBCT) as the first 
dedicated cardiac CT scanner and the development of 
noninvasive coronary angiography beginning in 1994 
allowed for visualization of coronary bypass grafts and 3D 
representation of the graft vessels [9]. Still, however, image 
quality was in part insufficient for detailed analysis of 
small diameter grafts or the complex anatomy of native 
vessels and the anastomosis region. Also, artifacts related 
to metal clips and breathing / arrhythmias hampered 
image quality. Despite these limitations, EBCT bypass 
angiography was used for some years for detecting venous 
bypass graft occlusion or stenosis within the shaft body 
and proved to be helpful in a subset of patients with unspe-
cific symptoms after bypass surgery.

With the later generations of multidetector CT angiogra-
phy with 64 and more slices, shorter gantry rotation times, 
and reduced slice thickness, stenosis detection in more dif-
ficult situations such as in the bypass anastomosis region 
and in the visualization of arterial grafts surrounded by 
metal clips was greatly improved. Currently, arterial grafts 
and the anastomosis region of venous and arterial grafts 
can be analyzed with increased diagnostic yield [10–18] 
(Figure 10.1 and 10.2). Ropers et al. reported that even an 

analysis of native vessel disease progression appears to be 
possible [14] (Figure 10.3). Indeed, regarding the exclusion 
of high-grade stenoses, the negative predictive value was 
100% for bypass grafts and 96–98% for the native coronary 
arteries (grafted or nongrafted).

A meta-analysis by Hamon et al. comprised studies using 
16- and 64-slice MDCT published up to May 2007 [10]. A 
total of 15 studies were included, 6 of which used 64-slice CT 
[11–16]. Table 10.1 gives an overview of the diagnostic per-
formance of 64-slice MDCT in a total of 355 patients and 976 
bypass grafts [10]. Between 87 and 100% of the grafts were 
fully assessable regarding the detection / exclusion of angio-
graphically significant stenoses. In particular, a high nega-
tive predictive value was obtained in the studies, indicating 

Figure 10.1. 64-row MDCT 3D image recon-
struction shows two patent venous grafts cours-
ing to a right coronary artery and an obtuse 
marginal branch (courtesy of Dr. Dieter Ropers, 
University Clinic Erlangen-Nürnberg, Germany).

Figure 10.2. 64-row MDCT 3D image reconstruction shows a patent left internal mammary graft 
with two anostomoses to the first diagonal branch and left anterior descending coronary artery 
itself, respectively.
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the ability to reliably rule out high-grade stenoses or obstruc-
tion of the bypass grafts using 64-slice MDCT. Recently pub-
lished studies have confirmed a negative predictive value for 
ruling out high-grade bypass graft stenoses ranging between 
96 and 99% [17, 18]. However, depending on the anatomy, 

the distal anastomosis can still be challenging to examine, 
and the degree of stenosis tends to be overestimated [17]. 
The native coronary circulation can be assessed with high 
diagnostic yield despite previous bypass surgery [18]. 
However, similar as in a population with no previous bypass 

a

b

Figure 10.3. 64-row MDCT 3D image recon-
struction (a) shows a patent left internal mam-
mary graft to the left anterior descending coronary 
artery and the corresponding selective angio-
gram. Distal to the anastomosis, the left anterior 
descending coronary artery is occluded; see 
 corresponding invasive angiographc image (b).

Table 10.1. Results of 64-slice MDCT examination of 976 bypass grafts as documented in a meta-analysis by Hamon et al [10]

Sensitivity (%) Specificity (%) Positive predictive value (%) Negative predictive value (%) Positive likelihood ratio Negative likelihood ratio

98.1 (96.0,99.3) 96.9 (95.3,98.1) 94.1 (91.0,96.3) 99.1 (98.0,99.7) 24.7 (12.5,47.7) 0.03 (0.01,0.06)

Numbers in parentheses = 95% CI
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surgery, heavy coronary calcification or a small native vessel 
diameter can render the CT analysis difficult.

Imaging Protocols

Noninvasive CT-based bypass graft evaluation is usually 
confined to patients with stable sinus rhythm. Most experts 
agree that consequential beta blocker should be under-
taken with the aim of reaching heart rates 60–65 bpm. 
Although the most recent scanner generations may be less 
susceptible for motion artifacts, practical experience dic-
tates that this approach yields superior visibility of coro-
nary artery segments. For 64-slice MDCT, a temporal 
window of 60% of the RR-interval appears to be best suited 
[19]. Many experts also recommend the administration of 
oral or intravenous nitrates for vasodilation immediately 
prior to the scan. Specific scanning protocols with the vari-
ous scanners are detailed elsewhere in this book.

Conclusions to Bypass Grafts

MDCT is increasingly used as a modality for the noninva-
sive assessment of bypass graft patency and stenoses [20]. 
As compared with invasive angiography, a sizeable propor-
tion of currently approximately 5% of all grafts remains 
unassessable due to artifacts or anatomic complexity. 
However, this proportion has decreased with every advance 
in scanner technology and is likely to decrease further. At 
present, the reported values for sensitivity and specificity 
(irrespective of nonassessable grafts) are >95%. In particu-
lar, a high negative predictive value for ruling out signifi-
cant stenoses can be achieved. This also holds true for the 
native coronary circulation in patients with previous 
bypass surgery. Considering recent advances in radiation 
reduction [21] and technological developments, MDCT can 
be viewed as being on its way to a standard clinical proce-
dure for diagnosing bypass graft disease.

Coronary Stents

The vast majority of coronary interventions are currently 
performed in association with placement of a coronary 
stent to provide for scaffolding of the vessel wall [22, 23]. 
Most coronary stents are slotted tubes made of stainless 
steel. Such stents have been demonstrated to provide for 
less acute complications, increased patency rates, and 
reduced restenosis compared with conventional balloon 
angioplasty [22]. Long-term results of coronary stenting 
not only depend on the characteristics of the materials and 
stent design, but importantly also on the clinical scenario 
(unstable vs. stable patient), concomitant medical therapy, 
coronary anatomy, and specific lesion morphology. Whereas 
conventional bare metal stents are typically associated with 
clinically symptomatic restenosis in 20–30% of all patients, 
stents with active drug coating embedded in a polymer on 

the surface of the metal struts have a clinical restenosis rate 
<12% [23, 24]. Stent strut thickness may vary between 
50 and 140 μm. Some stents have a closed cell design with 
comparably greater metal-to-surface ratio than stents with 
an open cell design. The weight of stents with common 
dimensions ranges from 8 to 16 mg. Further, some stents 
have radioopaque markers attached at the extreme por-
tions to allow for better fluoroscopic visibility. These fac-
tors account for substantial differences in the appearance 
of different stents when evaluated by cardiac CT.

CT-based assessment of metal stents in large vessels with 
little motion such as the aorta and the renal and iliac arter-
ies has demonstrated the potential to obtain images with 
diagnostic quality in the coronary arteries. However, coro-
nary stents usually measure 2.5–4 mm in diameter and are 
constantly subjected to cardiac motion. Despite the recent 
improvements in image acquisition time, motion artifacts 
still play a role in the evaluation of stents with a small 
diameter. Virtually all coronary stents are made of metal 
and produce typical “blooming” artifacts. In combination 
with partial volume effects, this leads to decreased visibil-
ity of the stent lumen and underestimation of its diameter 
while at the same time, the outer diameter is overestimated. 
Detailed analysis of the inner-stent lumen is necessary to 
detect various degrees of intimal hyperplasia, the major 
mechanism of in-stent restenosis.

Because of the above noted limitations regarding the 
assessment of coronary stent morphology, early EBCT-studies 
used time-density curve analysis in regions of interest distal 
to the stent and in part compared these curves with the pat-
tern in the aorta [25–27]. Only complete stent occlusion could 
be reliably detected, whereas high-grade and even subtotal 
stenoses were frequently not identified. This can be easily 
explained by the observation that even vessels with subtotal 
stenosis often display unimpeded contrast flow. Further, ret-
rograde filling of an occluded vessel via collaterals is poten-
tially problematic, if several cardiac cycles are needed to 
generate time-density curves with low temporal resolution.

In-vitro studies performed with different scanner gen-
erations have established the basic principles and issues of 
direct coronary stent imaging [28–31]. Clearly, the best 
possible spatial resolution is necessary (Figure 10.4). 
Usually, the visible artifacts include blooming (“thicken-
ing”) of the stent struts with an apparent reduction of the 
visible stent lumen, increased attenuation values inside  
the stent lumen, and beamlike artifacts in the vicinity of 
the stent [28]. The density of the stents is inhomogeneous 
and depends on the distribution of the struts. Maximum 
values range from 600 to >1,500 Hounsfied Units (HU).

Recently, 2 meta-analyses of 16- and 64-row MDCT stud-
ies of coronary stents have been published regarding the 
diagnostic efficiency after stent implantation [32, 33]. On 
the basis of six studies using 64-row MDCT published in the 
years 2006 and 2007 [32], the proportion of stents with ade-
quate diagnostic image quality ranged between only 58% 
and 100%. Excluding such segments/stents, pooled sensitiv-
ity and specificity regarding the detection of angiographi-
cally significant restenosis was 87% and 95%. Another 
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meta-analysis comprised 14 studies using 64-row MDCT, 
including a total of 895 patients and 1,447 stents with a 
mean diameter of 3.1 mm [33]. Of these stents, 1,231 (91.4%) 
stents demonstrated an adequate diagnostic image quality. 
Overall sensitivity was 91%, and specificity was 91%. The 
positive predictive value was 68%, and the negative predic-
tive value was 98%. Including nonassessable segments into 
the analysis, overall sensitivity and specificity decreased to 
87% and 84%, with a positive predictive value of 53% and a 
negative predictive value of 97%, respectively.

Apart from stent materials and strut thickness, stent 
diameter is the most important factor influencing the 

ability to achieve diagnostic images. In fact, stents with a 
diameter 4.0 mm as encountered in large native coronary 
vessels or venous bypass grafts can be examined with quite 
good diagnostic accuracy [31]. Also, stents placed in the left 
main stem frequently measure 3.5 mm and can be exam-
ined quite accurately by using 64-row MDCT [34]. The thin-
ner the struts of the usual metal stents are, the less beam 
hardening or blooming artifacts hamper image quality 
(Figure 10.5 and 10.6). At the extreme end of “CT-friendly” 
stents are bioabsorbable stents such as the magnesium 
stent [35]. It is hardly visible, so that the CT analysis resem-
bles native coronary artery assessment [36, 37].

Figure 10.4. Ultra-high resolution images of a coronary stent using 64-row MDCT. The two left 
panel pictures show the stent mounted on a vessel model placed in a phantom with realistic attenu-
ation values. The short arrow marks an artificial 30% in-stent restenosis (produced within the 

stented vessel model), the longer arrow a 50% restenosis in the same setting. The right panel shows 
a 3D reconstruction of the stent.

Figure 10.5. Patent stent in the distal right 
coronary artery.
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Summary of Diagnostic Accuracy  
for Coronary Stent Evaluation

Because of the metal artifacts produced by the currently 
employed coronary stents, MDCT does not enable reliable 
visualization of the coronary stent lumen with the excep-
tion of large diameter stents (  3.5–4.0 mm). At present, 
most coronary stents measure 3 mm in diameter and have 
relatively dense metal struts. With “blooming” and related 
artifacts, their lumen appears artificially small, precluding 
a reliable analysis. Thus, there are currently no accepted 
clinical applications for MDCT imaging of coronary stents. 
However, preliminary clinical data and, in particular, 
improvements in temporal and – to a lesser extent – spatial 
resolution allow for an optimistic perspective.
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Assessment of Cardiac Structure and Function by Computed 
Tomography Angiography

John A. Rumberger

Concept

Knowledge of cardiac ejection fractions [1], absolute ventric-
ular volumes [2, 3], and location and extent of regional wall 
motion abnormalities provides valuable diagnostic and prog-
nostic information, and noninvasive cardiac imaging has 
become the reference standard in routine clinical practice.

EBT (electron beam CT) was introduced in the early 
1980s as the first viable CT scanner capable of measuring 
cardiac structure and function, but manufacturing was 
stopped in 2003, although scanners still function in a hand-
ful of centers.

High-resolution multi-detector CT (MDCT) scanners 
capable of quantitative imaging of the heart were intro-
duced around 2002. Initially 16-slice scanners were vali-
dated but the current state of the art is 64+-slice scanners. 
This chapter discusses the use of 64+-slice MDCT for 
assessment of cardiac structure and function.

Current State of the Art

CT has traditionally oriented and displayed images parallel 
or at 90° angles to the long axis of the body (i.e., transaxial, 
coronal, and sagittal image planes). Such presentations ori-
ented about the long axis of the body do not satisfy prior 
established presentations of cardiac images as they do not 
cleanly transect the ventricles, atria, or myocardial regions 
as supplied by the major coronary arteries.

The American Heart Association in 2002 [4] published 
standards of myocardial segmentation and nomenclature 
for tomographic imaging of the heart using noninvasive 
imaging modalities and divided the left ventricle (LV) into 
17 segments. The nomenclature for image presentation for 
cardiac CT is: the short axis, horizontal long axis, and verti-
cal long axis, as shown in Figure 11.1. These cardiac axes are 
very familiar to practitioners performing SPECT imaging; 
for those familiar with 2-dimensional echocardiography, 
these correspond to the short axis, apical four-chamber, and 

apical two-chamber views, respectively. These cardiac imag-
ing planes are oriented at 90° angles relative to each other.

In order to employ CT to define the cardiac chambers 
and separate them from the surrounding myocardium, it is 
necessary to use intravenous contrast. In general, this can 
be accomplished with <100 mL of nonionic contrast, and it 
is possible to perform complete imaging of the heart cham-
bers, the coronary arteries, and the proximal great vessels 
(aorta and pulmonary artery) in a single setting with a sin-
gle injection of contrast. Methods for contrast administra-
tion for MDCT scanning of the heart are found elsewhere.

Orthogonal (short and various long axes) cardiac CT 
images after intravenous contrast allow for identification 
of nonopacified intracardiac thrombi (Figure 11.2a) and 
tumors (Figure 11.2b) including excellent resolution of the 
left atrium and the left atrial appendage (Figure 11.3), 
allowing localization of structures smaller than 1 mm [5, 
6]. Cardiac CT can additionally be of assistance in defining 
thrombi or occult occlusion of the venae cavae and other 
right-sided structures. Cardiac CT can also be a primary 
method of defining intracardiac shunts such as those 
caused by inter-ventricular (Figure 11.4a) and inter-atrial 
(Figure 11.4b) congenital defects and other acquired defects 
post-infarction [7].

Cardiac CT can be used to quantitate left and right ven-
tricular volumes [8–10], left and right atrial volumes, left 
and right ventricular muscle mass [11–14], regional left 
ventricular function, wall thickening and contractility  
[15–17], rates of diastolic filling of the right and left ven-
tricles [16, 18, 19], post-infarction left and right ventricular 
remodeling [20–24], cardiac remodeling following cardiac 
[25] and lung transplantation [26], and ejection fraction 
[27–30] in patients with no contraindication to the use of 
iodinated contrast medium. Additional applications include 
quantitation of uni-valvular regurgitation [31] and assess-
ment of infarct size [32, 33]. The majority of these valida-
tion studies was performed in the 1980s and 1990s using 
EBT and has been adapted and/or revalidated in studies 
using MDCT. In most instances, these quantitative aspects 
can be performed or at least well-approximated in patients 
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with generally normal sinus rhythm. Since the number of 
cardiac cycles imaged per scan is single (256- and 320-slice 
scanners) or generally limited to <5 (64-slice scanners), 
quantitation may be limited in those patients with signifi-
cant dysrhythmias, such as atrial fibrillation.

All available post-processing workstations can pro-
vide quantitative and often noninteractive (i.e., auto-
matic) measurements of the LV in particular. Shown in 
Figure 11.5, a-e is the general outline of the procedure and 
subsequent display of the results. Table 11.1 shows vali-
dated norms for LV chamber size, wall thicknesses, ejec-
tion fraction, and ventricular volumes using cardiac CT. 
Reproducibility of CT in performing right and left ven-
tricular volume and function measurements has also been 
established [34, 35].

Cardiac CT imaging using thin sections allows post-pro-
cessing of images into end-diastolic and end-systolic short 
and “long” axis images at multiple ECG-phases to facilitate 
identification of structures and salient features of the ven-
tricular anatomy (Figure11.6). Using short and long axis 
imaging also allows identification of infarct locations 
(Figure 11.7). Demonstrated in this latter example is a com-
mon CT finding in contrast-enhanced images from patients 
with remote myocardial infarction. The “negative” contrast 
noted in Figure 11.7 is actually due to lack of contrast 
opacification in the infarcted region causing “contrast rar-
efaction.” Long axis (both vertical and horizontal) imaging 
of the left ventricle also allows for definition of basilar and 
apical infarcts, and true- and pseudo-apical aneurysms 

(Figure 11.8). Two-dimensional and three-dimensional 
reconstruction methods, possible in nearly an infinite 
number of imaging planes, also allows for postoperative 
assessment of left ventricular aneurysectomy (Figure 11.9). 
Global and regional details of the LV due to ischemic car-
diomyopathy and hypertrophic cardiomyopathy using car-
diac CT provide details commonly noted by other imaging 
methods. The right ventricle (RV) can also be imaged. 
Figure 11.10 shows a dilated RV in a patient with arrhyth-
mogenic RV dysplasia, and Figure 11.11 shows fatty infil-
tration of the RV; cardiac CT can often be an alternative or 
a confirmatory method to MRI in the evaluation of such 
patients [36]. Biventricular consequences to congenital 
(Figure 11.12) and acquired heart disorders (Figure 11.13) 
can also be imaged.

Three-dimensional calipers available on all CT work-
stations allow for quantitative measures of ventricular 
dimensions in any axis (Figure 11.14a). Additionally, 
measures of ventricular muscle thicknesses can be done 
on all myocardial walls (Figure 11.14b). Measures of the 
aorta and other chambers such as the left atrium 
(Figure 11.14c) can also be helpful and augment data on 
ventricular volumes, muscle mass, and function by CT. 
Normal layers of fat on the epicardial surface of the heart 
and the outer surface of the pericardial sac provide natu-
ral contrast and permit the examiner to reliably identify 
the pericardium (Figure 11.15). Contrast-enhanced CT 
often allows separating chronic effusive pericarditis 
from gross pericardial thickening since the parietal and 

Figure 11.1. Standardized Presentation of the Heart in Cardiac CT. American Heart Association 17 segment model of the left ventricle (LV); the orthogonal imaging planes are the horizontal long axis, the 
vertical long axis, and the short axis. Adapted with permission of the American Heart Association [4]. Copyright 2002 American Heart Association, Inc.
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epicardial layers of the pericardium have their own blood 
supply. CT can be used to define the entire anatomy of the 
pericardium and may be of greatest value in localization 
of loculated effusions such as those confined to the poste-
rior areas of the heart (which are difficult to define using 
surface 2-dimensional echocardiography). Tamponade 
can be identified with CT by right atrial or ventricular 
collapse or by indirect signs such as an inappropriately 
enlarged inferior vena cava or enlarged hepatic veins. 
High-resolution images can define the anatomic local-
ization and extent of pericardial thickening. In the 

evaluation of a patient for constrictive pericarditis, CT 
can add considerably to the diagnosis. CT has an advan-
tage over traditional echocardiography in that the entire 
cardiac volume is imaged very quickly, and then images 
of both 2-dimensional and 3-dimensional views can be 
rapidly generated. Contrast is usually not required to 
image the pericardium, as the natural delineation of the 
pericardial surface (usually 100 Hounsfield Units, HU) 
and adjacent air (<−700 HU) is dramatic. Calcified peri-
cardial tissue is even easier to image, as the calcification is 
usually in the +300–400 HU range.

a

b

Figure 11.2. Examples of Nonopacified Cardiac Thrombus and Tumor. (a) Modified vertical long 
axis tomogram of the left ventricle (LV); the area noted by the arrow is a nonopacified thrombus at 
the LV apex. (b) Modified horizontal long axis image of the left atrium (LA)/LV; the nonopacified 

area in the LA chamber is a left atrial myxoma shown at end-systole and end-diastole: note that, 
during diastole, the myxoma prolapses through the mitral valve.
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Indications

The mandate for a complete cardiac CT angiogram (CCTA) 
in routine clinical practice is to include quantitative car-
diac structure and function as part of each evaluation per-
formed for assessment of coronary plaque and lumen 

anatomy. However, quantitation of cardiac function using 
MDCT can only practically be performed using retrospec-
tive ECG-gating.

Prospective ECG-gating protocols provide static images 
of the heart and the coronary arteries and are appropriate 
if the indication for performing 64+-slice MDCT is solely 

Normal LA Appandage LA Appandage thrombus 

Figure 11.3. Definition of the left atrial appendage by Cardiac CT. Left: a normal LA (left atrial) appendage (dotted circle). Right: LA appendage with thrombus (dotted circle).

Membranous VSD
a

Ostium Secundum ASD

b

Figure 11.4. Examples of congenital intra-cardiac shunts as shown by Cardiac CT. (a) “Peri” membranous ventricular septal defect (VSD) as noted by the arrow. (b) Jet of contrast demonstrating a left to 
right shunt from an ostium secundum atrial septal defect (ASD) as noted by the arrow.
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assessment of coronary artery anatomy. Prospectively gated 
MDCT can also provide general information about cardiac 
chamber sizes, general cardiac anatomy, and some evalua-
tions of the pericardium, but cannot be used to quantitate 
LV and RV systolic or diastolic function. In such instances, 
if LV function is also desired for overall clinical assessment, 
then alternative methods are widely available such a gated 
SPECT, MRI, and 2-dimensional echocardiography. 
Although MRI and ultrasound provide no ionizing radia-

tion exposure, SPECT imaging can result in radiation expo-
sures up to 3–5 times that of cardiac CT.

Utilization of prospective ECG gating can significantly 
reduce the effective radiation dose to the patient using 
MDCT; however, if quantitation of LV function is also 
required, a retrospective gated cardiac CT can be per-
formed with limited radiation by lowering the kV from 120 
to 100 and application of ECG-dose (mA) modulation. A 
properly planned retrospective 64+slice cardiac CT can be 

Figure 11.5. Quantitation of left ventricular (LV) function by Cardiac CT. (a) Horizontal long axis, 
vertical long axis, and short axis views of the LV; the line demonstrates the plane of the mitral valve: 
when performing quantitative analysis, it is necessary that the LV chamber be isolated. (b) Semi-
quantitative edge definition of the cardiac endocardial surfaces using thresholding methods; from 
this information, the LV endocardial (chamber) volumes can be determined. (c) Semi-quantitative 
isolation of the LV myocardial epicardial and septal surfaces using thresholding methods; from this 

information the LV muscle mass and myocardial wall thicknesses can be determined. (d) Lower 
right of the figure: a color map of the myocardial surface systolic function is defined to provide defi-
nition of regional LV function. (e) LV chamber volume as a function of time during the cardiac cycle; 
from these data can be derived information on EF ejection fraction, EDV end-diastolic volume, EDV 
end-systolic volume, SV stroke volume, rates of systolic emptying (contractility), as well as rates of 
early and late diastolic filling (diastolic function).

a



132 Cardiac CT Imaging: Diagnosis of Cardiovascular Disease

performed with effective patient radiation doses of 
5–10 mSv vs. a prospectively gated MDCT scan, which can 
be done generally with effective radiation doses of 3–5 mSv 
(or slightly higher using 256-slice and 320-slice scanners).

Contraindications

The contraindications to performing a retrospectively gated 
MDCT for assessment of cardiac structure and function are 
the same as those for performing any cardiac CT examina-
tion. Beta-blockers are almost universally applied to get 
resting heart rates in the range of 60 beats/min. Individuals 

with reactive airways disease (e.g., emphysema, asthma) 
should only be given beta-blockers under controlled condi-
tions. Intravenous contrast is also required, thus reduced 
renal function (e.g., creatinine >1.9 mg/dl) might suggest 
that an alternative method of evaluating the LV/RV should 
be considered, but there is no absolute contraindication for 
MDCT cardiac imaging in the presence of abnormal renal 
function. Issues of radiation exposure of the patient must be 
considered and risk vs. benefit defined by the referring phy-
sician. Patients unable to hold their breath for 15 s or who 
are uncooperative should be avoided for cardiac CT. The 
presence of various dysrhythmias (frequent PACs/PVCs) 
can make quantitation of LV function with MDCT difficult, 

b

Figure 11.5. (Continued).
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and individuals with pacemakers should have the ventricu-
lar rate set to 60 beats/min. The presence of atrial fibrilla-
tion is not a contraindication, but, with uncontrollable rapid 
ventricular response, will likely result in sub-optimal data.

Strengths

A properly planned 64+slice, retrospectively ECG-gated, 
MDCT examination can provide quantitative data on LV/
RV systolic (and diastolic function) both globally and 
regionally. It can also provide quantitative data on chamber 
sizes, valve (both natural (Figure 11.16) and prosthetic) 

valve motion and cross-sectional areas, visualization of 
intra-cardiac shunts, definition of cardiac tumors and 
thrombi, quantitation of LV muscle mass, regional wall 
thicknesses and thickening, myocardial infarct size, and 
the gross physiologic consequences of pericardial effusions 
and pericardial constriction.

Limitations

Sub-optimal assessment of cardiac structures and function 
can occur due to cardiac dysrhythmias, inadequate heart 
rate control during imaging, and poor chamber contrast 

c

Figure 11.5. (Continued).
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timing/administration. Definition of end-diastole is 
straight-forward by noting the timing of the R-wave on the 
ECG and the appropriate CT reconstructed phase. Definition 
of end-systole is more difficult. Although using a 10-phase 
retrospective reconstruction usually assigns end-systole to 
the smallest chamber volume, recent data suggest that at 
least a 15 phase reconstruction might be more appropriate 
for timing of this event [37]. The number of phases recon-
structed from a 64+-slice MDCT retrospectively ECG gated 
cardiac CT is a choice made by the physician, and going 
from a 10-phase to a 20-phase reconstruction only results 
in more images to review for analysis and the subsequent 
increase in file size and image storage requirements. Also, 
many of the available image processing workstations have 
a limit to the number of images that can be placed into 
active memory for review.

Comparison to Other Imaging Modalities

EBT and by inference 64+slice MDCT has been validated 
for assessment of cardiac function in comparison to SPECT 
imaging, MRI, contrast-ventriculography, and 2-dimen-
sional echo.

Future Directions

The quantitation of cardiac structure and function by car-
diac CT has been evolving for more than 25 years. 
Improvements in cardiac edge-detection methods have 
essentially eliminated the need to laboriously trace images 
from each tomographic plane and apply a modified 

Figure 11.6. Example of LV short axis images from the apex to base of the heart and various ECG related phases defined from end-diastole (End D) to end-systole (ES) and back to end-diastole (end D) 
during a 10-phase ECG gated reconstruction of cardiac function using Cardiac CT.

Table 11.1. Reference values for left ventricular size, function, and muscle mass for cardiac CT in adult women and men [30, 35]

Measurement Women Men

Reference range Mildly 
abnormal

Moderately 
abnormal

Severely 
abnormal

Reference 
range

Mildly 
abnormal

Moderately 
abnormal

Severely 
abnormal

Septal wall thickness (mm)a 6–9 10–12 13–15 16 6–10 11–13 14–16 17
Posterior wall Thickness (mm)a 6–9 10–12 13–15 16 6–10 11–13 14–16 17
LV muscle Mass (gm) 66–155 156–176 177–187 >190 96–200 201–227 228–254 >260
LV diameter (mm)a 39–53 54–57 58–61 62 42–59 60–63 64–68 69
LV global EDV (mL) 60–110 111–122 123–136 140 70–160 161–190 191–210 210
LV global ESV (mL) 20–50 51–60 61–70 71 25–60 61–70 71–85 86
LV global EF (%) 55 45–54 30–44 <30 55 45–54 30–44 <30

aEnd-diastole, mid left ventricle; EDV end-diastolic volume; ESV end-systolic volume; EF ejection fraction
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Simpson’s (stack of coins) rule. All current workstations 
allow for straight-forward information on EF, regional wall 
thickening, regional wall motion, and LV volumes from 

64+-slice MDCT cardiac examinations. Semi-quantitative 
information on left/right atrial volume/dimensions and RV 
volume/dimensions are also in development.

Figure 11.7. Vertical long axis and mid-LV short axis images of a patient with remote myocardial 
infarction. Left: vertical long axis; the arrows point to regions of transmural infarction in the lower 
septal wall, apex, and lateral wall. Right: mid-LV short axis; the arrows point to regions of transmural 

infarction in the inferior septum, inferior (posterior) wall, and lateral wall; using such presentations, 
estimates of myocardial infarction size can be estimated.

ba

Figure 11.8. Examples of LV true aneurysm and infarction using Cardiac CT. (a) End-systolic long axis image of LV demonstrating LV apical aneurysm (arrow); (b) End-diastolic long axis image of LV dem-
onstrating dilation of LV apex and thinning of myocardial with akinetic regional motion (arrows).
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Figure 11.9. Cardiac CT Images of Patient after LV aneurysmectomy. (a, b) Volume rendering presentation from lateral and anterior views of the LV: the area of aneurysm repair is shown by the arrows.  
(c) A maximum intensity projection (2-dimensional) of the LV long axis showing the area of aneurysm repair: the two bright objects at the LV apex are surgical pledgets.
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Figure 11.11. Cardiac CT Images of two patients with ARVD (arrhythmogenic right ventricular dysplasia). The arrows demonstrate “fatty infiltration” of the RV wall, a major diagnostic criteria for the 
diagnosis of ARVD.

Figure 11.10. Short axis images of the LV 
(right) and RV (right ventricle, left) from an 18 
year old woman with syncope and ARVD 
(arrhythmogenic RV dysplasia). Note the 
enlargement of the RV compared to the LV and 
the presence of wide trabeculations in the RV, 
both major criteria for diagnosis of ARVD.
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Figure 11.12. Cardiac CT in a patient with “non-compaction” of the LV. Left: Long axis showing dilation of the lower (apical) one half of the LV chamber. Right: a mid-LV short axis demonstrating dilation of 
the LV chamber and the presence of deep “sinusoids” (fenestrations) of the LV chamber.
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Figure 11.13. Cardiac CT of a patient with severe pulmonary hypertension as a consequence to severe, chronic mitral valve regurgitation. The horizontal (left) and vertical (middle) long axis images demon-
strate the dilation of the RV and right atrium (RA)/left atrium; the short (right) axis image demonstrates a common characteristic of pulmonary hypertension and a “D” shaped interventricular septum (IVS).

Figure 11.14. Measurement of Cardiac and Chamber Dimensions in Cardiac CT. (a) Long axis and 
short axis dimensions of the left ventricular long axis and at mid ventricle short axis. (b) 
Measurements of septal, apical, and lateral wall thicknesses at end-diastole in a patient with severe 

cardiac hypertrophy. (c) Representative measurements of the aortic root and left atrium as mea-
sured mimicking a para-sternal measurement that might be done using 2-dimensional echocar-
diography (direction indicated by arrow).
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Figure 11.15. Evaluation of the pericardium by cardiac CT. (a) Left – Concentric, densely calcified 
pericardium in a patient with constrictive pericarditis as a consequence to tuberculosis. Right – 
Images from a patient with pericardial tamponade from a concentric pericardial effusion. (b) Top Left: 
Volume rendered image demonstrating entire cardiac volume; Top Right: Volume rendered image 

demonstrating only the cardiac epicardial surface; this was performed by changing the CT display 
window and level settings on the image presented in b, top left; Bottom: a maximum intensity projec-
tion of the horizontal cardiac long axis demonstrating the opacified cardiac chambers and the sur-
rounding low intensity circumferential pericardial effusion.
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Figure 11.15. (Continued).
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Overview

A 54 year old male with diabetes and family history of 
CAD comes to a cardiologist for the first time for atypical 
chest pain. The patient reports “having to grasp for air” 
while in chest pain. A rest ECG is done at the office, in 
which nonspecific T wave changes were the only abnor-
mality. Besides blood tests, the cardiologist orders an 
echocardiogram that shows reduced LV function and aki-
nesis of the mid and apical anterior-septal walls, and a 
stress SPECT study that shows a perfusion defect in the 
same regions, with little reversibility on the rest images. 
Thinking this is most likely ischemic coronary disease, the 
cardiologist orders a cardiac MRI for viability evaluation 
prior to the invasive coronary angiography, which showed 
an occluded mid LAD artery with distal filling via collater-
als. Given the presence of viability on the MRI scan, the 
patient successfully underwent PTCA of the mid-LAD 
lesion, and, two months later, LV function shows improve-
ment and the patient is asymptomatic.

Cardiologists are familiar with relying on a number of 
different imaging modalities for a thorough assessment of 
cardiovascular disorders. Coronary anatomy evaluation is 
usually performed using invasive catheterization or more 
recently by noninvasive MDCT scans. Global and regional 
myocardial function as well as structural abnormalities 
can be assessed with echo, MRI, and MDCT. Subclinical 
atherosclerosis is usually assessed via detection of coro-
nary calcium using MDCT or EBCT scanners or via mea-
suring carotid intima-media thickness with ultrasound; 
while stress tests for ischemia detection and quantification 
are usually performed with nuclear SPECT or PET, echo 
stress, or stress MRI imaging. Finally, myocardial fibrosis 
for viability and prognosis assessment is usually detected 
and quantified by MRI and nuclear techniques.

From this list, myocardial fibrosis and perfusion are the 
only two assessments MDCT does not currently provide, but 
as will be discussed in this chapter, recent developments have 
demonstrated initial feasibility for MDCT to be a complete 

imaging modality, which, in a single scan, could provide a 
wide array of complementary information. Ideally, using one 
imaging modality to perform all these assessments during a 
single scan could have substantial economic implications, 
may serve to reduce patient anxiety, and improve workflow.

MDCT for Detection of Myocardial Fibrosis 

and Viability

The ability to distinguish dysfunctional but viable myocar-
dium from nonviable tissue after acute or chronic ischemia 
has important implications for the therapeutic management 
of patients with coronary artery disease [1, 2]. Image-based 
characterization of myocardial scar morphology can iden-
tify those patients with hibernating myocardium who may 
achieve functional systolic recovery with revascularization 
[3]. The assessment of myocardial viability and infarct mor-
phology with delayed contrast-enhanced MRI has been well 
validated over the past several years and is performed rou-
tinely by several clinical cardiac MRI centers.

The recent advent of MDCT technology has expanded its 
potential for a more comprehensive evaluation of cardio-
vascular diseases. While hypo-attenuation in the noncon-
trasted scan (due to fatty degeneration of the infarcted 
area) or during the contrast-enhanced coronary angiogra-
phy scan has been shown to demonstrate areas of previous 
MI, it is largely underestimated by MDCT [4, 5]. Delayed 
MDCT myocardial imaging can accurately identify and 
characterize morphological features of acute and healed 
myocardial infarction, including infarct size, transmurality, 
and the presence of microvascular obstruction and collag-
enous scar (Figure 12.1) [6, 7]. Infarcted myocardial tissue 
by MDCT is characterized by well-delineated hyper-
enhanced regions, whereas regions of microvascular 
obstruction by MDCT are characterized by hypo-enhance-
ment on imaging early after MI [6, 7]. The mechanism of 
myocardial hyper-enhancement and hypo-enhancement in 
acutely injured myocardial territories after iodinated 
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contrast administration is similar to that proposed for 
delayed gadolinium-enhanced MRI [1]. Under conditions 
of normal myocyte function, sarcolemmal membranes 
serve to exclude iodine from the intracellular space. After 
myocyte necrosis, however, membrane dysfunction ensues, 
and iodine molecules are able to penetrate the cell. Because 
75% of the total myocardial volume is intracellular, large 
increases in the volume of distribution are achieved, which 
results in marked hyper-enhancement relative to the non-
injured myocytes. The mechanism of hyper-enhancement 
of healed myocardial infarction or collagenous scar is 
thought to be related to an accumulation of contrast media 
in the interstitial space between collagen fibers and thus an 
increased volume of distribution compared with that of 
tightly packed myocytes. The low signal intensity of micro-
vascular obstruction regions despite restoration of normal 
flow through the infarct-related artery is explained by the 
death and subsequent cellular debris blockage of intramyo-
cardial capillaries at the core of the damaged region. These 
obstructed capillaries do not allow contrast material to flow 
into the damaged bed, which results in a region of low sig-
nal intensity compared with normal myocardium. In min-
utes to hours, contrast material is able to penetrate this “no 
reflow” region, and the necrotic myocytes that reside in that 
myocardial territory then become hyper-enhanced as 
iodine is internalized by the cell. In weeks, the microvascu-
lar obstruction area is replaced by collagenous scar tissue, 
and the former dark area now become bright. Since the 
transmurality of delayed enhancement predicts functional 
recovery after revascularization [3], the better spatial reso-
lution of MDCT as compared to CMR may influence the 
accuracy of viability assessment, but no study thus far has 
tested this hypothesis.

Ischemia Detection by MDCT

The notion that CT could provide information on myocar-
dial perfusion has been documented in the past by investi-
gators using electron beam CT [8]. However, the combination 
of a reliable coronary angiogram with stress-induced myo-
cardial perfusion assessment had to wait until spiral CT 
technology progressed sufficiently to enable the acquisition 
of 64 slices simultaneously [9, 10]. Currently, the greatest 
limitations to CT coronary angiography are the presence of 
severely calcified coronary segments, stents, or other arti-
facts that limit luminal visualization. Patients with calcified 
arteries tend to be older and/or have advanced CAD. Their 
studies are challenging from a diagnostic viewpoint because 
vulnerable plaques and stenotic lesions may be hidden 
underneath large amounts of calcium accumulated in the 
outer portions of atherosclerotic plaques encompassing 1 
or more segments. While progress in multidetector tech-
nology has improved our ability to study such patients, 
greater coverage and improved temporal resolution are 
unlikely to eliminate the problem, which is in large part 
intrinsic to the pathogenesis of atherosclerosis, namely, 
plaques grow outwardly first and tend to accumulate cal-
cium as part of the healing process, therefore creating a 
natural shield to X-ray penetration. That is a particular 
limitation to the study of older persons, patients with 
advanced CAD, and patients who underwent coronary 
artery bypass graft surgery or multiple stent implantation, 
as well as patients with diseases such as chronic renal fail-
ure that accelerate plaque calcification.

Furthermore, coronary anatomic information is much 
more valuable when combined with a functional test, 
since some decisions regarding treatment are based on the 

Figure 12.1. Typical contrast-enhanced myocardial MDCT images showing axial slices (a) at baseline (preinfarct) 5 min after contrast, (b) postinfarct during first-pass contrast injection, and (c) postinfarct 
5 min after contrast injection. The infarcted region is represented by the subendocardial anterior hyperintense region (arrows).
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detection of myocardial ischemia [11]. The poor correla-
tion between anatomic modalities such as invasive coro-
nary angiography [12, 13] and MDCT [14] with stress 
perfusion tests underscores the fact that one cannot substi-
tute for the other.

Myocardial perfusion measurements by MDCT are 
derived from the upslope differences in contrast enhance-
ment between the ischemic and remote areas (Figure 12.2). 
Current generation 64-detector scanners still have limited 
coverage of the heart, resulting in the base of the heart 
being scanned earlier in time than the apex, making com-
parisons in signal intensities between the two areas prob-
lematic. In this regard, the introduction of wide coverage 
MDCT technology that would allow the entire heart to be 
imaged in one gantry rotation (Figure 12.3) combined with 
the capability of programming such gated image acquisi-
tions to occur only during specific portions of a given car-
diac cycle (Figure 12.4) has created a brand new horizon of 
possibilities to reduce radiation exposure enough to enable 
the performance of combined angiography and myocardial 
perfusion assessment during stress, which, associated with 
the angiographic and delayed enhanced images, should 
provide a comprehensive cardiac assessment. Also, with 
more coverage, scan times will likely decrease, potentially 
reducing the amount of contrast material per scan. Such 

techniques would be ideal for the assessment of patients 
with chest pain who also have calcified coronaries, as well 
as the follow-up of patients with advanced heart disease, 
postcoronary artery bypass surgery, or multiple stent 
implantations.

Using iodine molecules as a tracer, current research has 
demonstrated that by measuring the concentration in time 
of the tracer in the myocardium, MDCT can determine 
absolute blood flow in different regions of the myocardium 
[9]. Recent attention to patients with chest pain but no 
obstructive epicardial CAD (syndrome X) has demon-
strated that in a substantial proportion of these individuals 
microvascular processes can be identified by perfusion 
reserve measurements in association with traditional CAD 
risk factors such as hypercholesterolemia, hypertension, 
and smoking as well as with diabetes [15]. The possibility 
of quantifying epicardial coronary plaque while also assess-
ing microvascular disease during maximal vasodilatation 
enables coronary MDCTA to characterize macrovascular 
atherosclerosis as well as microvascular dysfunction sec-
ondary to atherosclerosis or other disease processes. The 
capability of quantifying myocardial blood flow by con-
trast-enhanced MDCT could represent a “quantum leap” in 
our ability to assess and characterize the entire process of 
cardiac atherosclerosis.
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Figure 12.2. Myocardial enhancement upslope 
curves for the left ventricular cavity, remote and 
ischemic region (a). The usual timing of a coro-
nary CT angiogram is shown as the region 
between the vertical bars. Following the contrast 
bolus with an ROI placed at the ischemic (filled 
circle) and remote (open circle), areas present a 
delta in myocardial enhancement intensity (b) 
that can be measured, as shown inside the dashed 
box (a).

Figure 12.3. Schematic coverage of a 256-detec-
tor as compared to a 64-detector MDCT scanner.
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Integrating All Methodologies  

into One Examination

The number of scans to be performed varies for individ-
ual patients, depending on the clinical questions to be 
answered. For a comprehensive cardiac evaluation, in the 
future four consecutive scans should be performed, prefer-
ably with a wide coverage scanner (256 detectors or more) 
with acceptable radiation dose. The first one would be a 
low dose prospectively unenhanced calcium score scan 
(approximately 1–2 mSv) [16]. The second one would also 
be prospectively gated and contrasted scan for the acquisi-
tion of coronary angiography and morphology (approxi-
mately 3–4 mVs) [17]. The third would be a retrospectively 
gated scan stress perfusion study which could also evaluate 
LV function during maximum vasodilation (lasting 2–3 RR 
intervals – approximately 7–9 mSv) [18]. The fourth would 
be a low dose prospectively triggered delayed enhance-
ment scan 5–10 minutes after the stress study (3–4 mSv) 
[19]. The final result would be calcium score, coronary 
anatomy, morphology, function, stress perfusion, and via-
bility in a one stop shop scan that lasts approximately 
20 minutes at a cost of about 14 to 19 mSv. Figure 12.5  
shows a proposed timeline for a comprehensive cardiac 
evaluation.

Clinical Pearls: Delayed Enhancement

The optimal contrast dose to be used for DE images is still 
not defined, but studies in humans [5, 6] showed that the 
usual amount used for a 16-detector CCTA (120 to 140 ml) 
provide good enhancement.

For optimal contrast between the infarcted and the 
remote regions, the delayed enhanced scan should be done 
between 5–10 minutes after contrast injection [6].

Most of the studies done so far reconstructed the images 
in end-diastole for DE analysis.

The delayed enhancement pattern is important to dif-
ferentiate between ischemic and nonischemic etiologies, 
the earlier being found as a wave front from the endocar-
dium to the pericardium. Nonischemic cardiomyopathies 
can also result in myocardial scar that appears on DE 
images, but those tend to be patchy and do not follow the 
endocardium-to-epicardium pattern seen in ischemic car-
diomyopathy [20].

Molecular size of the iodinated contrast material may 
affect the uptake of the tissue by that agent. Two trials used a 
smaller molecule with high iodine concentration (iomeprol) 
[5, 7] while another one used a larger molecule with a lower 
iodine concentration (iodixanol) [6]. It is still unclear which 
one is the best, if any, or whether other factors (such as ionic 
polarization) are important.

DE imaging by MDCT can be obtained both in patients 
with an acute MI as well as patients that had infarcts more 
than 6 months prior to imaging [5–7].

Microvascular obstruction can be imaged in the early 
phase after MI, and it is gradually replaced by fibrous tissue 
that appears bright on the DE images 2–4 weeks after the 
MI [21].

Clinical Pearls: Ischemia

Myocardial perfusion by MDCT is work in progress, and 
most of the published data is experimental.

Adenosine is the drug most often tested for stress perfu-
sion in MDCT, due to its short onset and offset, safety pro-
file, and proved efficacy in diverging blood from ischemic 
to nonischemic territories.

Since adenosine usually increases heart rate, aggressive 
beta-blockade should be pursued. Adequate hydration 
prior to the scan may potentially blunt the reflex increase 
in heart rate from the adenosine infusion

Nitroglycerin should not be given concomitantly to ade-
nosine, since it can reverse the ischemic effects of the latter, 

Figure 12.4. Schematic demonstration of the 
radiation exposure time differences between 
retrospective gating (single heart beat) and pro-
spective triggering used in wide coverage MDCT 
scanners.

Figure 12.5. Proposed timeline for a comprehensive MDCT scan.
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as well as decrease blood pressure and increase heart rate 
even further.

The visual contouring of the underperfused myocardial 
areas is the method currently being applied, but as new 
dedicated software becomes available, this will probably be 
done semi-automatically. Also, the best threshold for quan-
titatively discriminating ischemia from remote myocar-
dium is still not defined.

The problem of balanced ischemia will potentially be 
solved with wide coverage MDCT scanners by allowing 
absolute quantification of myocardial blood flow.

Whether stress perfusion scans will be recommended to 
everyone or just selected patient populations (such as the 
ones with high calcium scores) is still under investigation.
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Introduction

While the current primary clinical use of contrast-enhanced 
cardiac computed tomography (CCT) remains the exclu-
sion of coronary artery disease in low to intermediate risk 
symptomatic patients, this modality offers a unique oppor-
tunity to assess both the pericardium and myocardium. 
Given the associated contrast and radiation exposure, CCT 
presently serves as an adjunct to echocardiography and 
cardiac MRI for this purpose. However, CCT provides 
superb delineation of the pericardium and can precisely 
localize lesions as well aid in their characterization. Further, 
CCT can effectively evaluate morphology and function in 
various myocardial diseases, including the various cardio-
myopathies. The volumetric nature of image acquisition 
with CCT provides an accurate and reproducible method 
for quantifying ventricular mass, volumes, and function. 
This chapter will discuss the application of CCT in the 
assessment of various myocardial and pericardial disease 
processes.

CT Imaging of Myocardial Disease

The World Health Organization defines the cardiomyopa-
thies as diseases of myocardial tissue associated with car-
diac dysfunction and subdivides them into four categories: 
dilated, restrictive, hypertrophic, and arrhythmogenic right 
ventricular cardiomyopathy (ARVC) [1].

Dilated cardiomyopathy is characterized by ventricular 
enlargement and decreased systolic function. Besides the 
reconstructed CT data at specific diastolic (and/or systolic) 
phases of the cardiac cycle for evaluation of the coronary 
arteries and cardiac morphology, a multiphase data set, 
which reconstructs the entire cardiac cycle at 5–10% inter-
vals, allows for viewing images in cine mode. This multi-
phase reconstruction allows for assessment of left and right 
ventricular systolic function in any orientation, including 
all of the standard echocardiographic planes [2]. Thus, 

CCT can assess myocardial thickness, ventricular shape 
and volume, and global and regional ventricular function 
with excellent correlation to echocardiography and cardiac 
MRI [3, 4]. Additionally, patients with severely reduced left 
ventricular function are at risk for the development of 
mural thrombus. Given the inherently high contrast to 
noise ratio and excellent spatial resolution, CCT can readily 
identify such mural thrombi.

Restrictive cardiomyopathy is characterized by increased 
ventricular stiffness and associated diastolic dysfunction. 
Ventricular size and systolic function are usually normal, 
but the atria and systemic veins (superior and inferior vena 
cavae, hepatic veins, coronary sinus) are often dilated due 
to increased filling pressures. These features are easily 
depicted by CCT but are nonspecific. While CCT is not 
indicated solely for the evaluation of possible restrictive 
cardiomyopathy, it is useful in differentiating it from con-
strictive pericarditis. This distinction leads to important 
therapeutic consequences.

Hypertrophic cardiomyopathy is a genetic disorder of 
various sarcomeric proteins resulting in cardiac myocyte 
disarray and left ventricular hypertrophy with or without 
obstruction. This most commonly involves asymmetric 
septal hypertrophy, although other variants exist, including 
apical and mid-ventricular hypertrophy (Figure 13.1). In 
patients with dynamic left ventricular outflow obstruction, 
CCT delineates the systolic anterior motion of the anterior 
mitral valve leaflet on the multiphase images. While poor 
acoustic windows may limit echocardiography, CCT can 
reliably identify all areas of the myocardium and provide 
accurate measurements of wall thickness.

ARVC is an unusual cardiomyopathy characterized by 
abnormal right ventricular function, fatty or fibrous deposi-
tion of the right ventricular myocardium, and abnormal 
electrocardiographic changes, which predisposes these 
patients to sudden cardiac death. CCT has an advantage 
over echocardiography in its ability to visualize the right 
ventricle and thus to evaluate right ventricular morphology 
and systolic function, similar to MRI. However, MRI has 
superior tissue characterization capabilities and remains 
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Figure 13.1. The most common form of hypertrophic cardiomyopathy manifests as asymmetric 
septal hypertrophy with or without obstruction. This three-chamber view in end-diastole (a) dem-
onstrates abnormal thickening of the mid-and basal interventricular septum. The short-axis view in 
end-diastole (b) demonstrates normal mitral valve morphology and opening. In systole, the three-
chamber view (c) demonstrates systolic anterior motion of the anterior mitral valve leaflet (arrow) 
causing a gradient across the left ventricular outflow tract. This is consistent with hypertrophic 
obstructive cardiomyopathy. The short-axis view in systole (d) also demonstrates systolic anterior 
motion of the mitral valve as well as incomplete coaptation of the leaflets (arrow), causing mitral 
regurgitation. In the apical form of hypertrophic cardiomyopathy, muscle thickening occurs pre-

dominantly at the apex of the left ventricle, as can be seen in end-diastolic images in the four-and 
two-chamber views (e, f). The corresponding end-systolic images demonstrate complete oblitera-
tion of the left ventricular apex (g, h). When the left ventricular hypertrophy primarily affects the 
mid-ventricular level, there can be mid-cavitary obliteration with an associated gradient at the level 
of obstruction. End-diastolic images in the short-axis (i), two-chamber (j), and four-chamber (k) 
views, and the 3-D volume-rendered image (l) demonstrate prominent thickening at the mid-ven-
tricular level. The corresponding end-systolic images (m–p) demonstrate complete obliteration of 
the mid-cavity.
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the modality of choice for evaluating suspected ARVC. CCT 
becomes the modality of choice when metal objects or 
claustrophobia preclude MRI. When performing CCT in 
these patients, it is important to ensure adequate opacifica-
tion of the right ventricle at the time of image acquisition. 
This can be achieved by either prolonging the contrast 
administration by several seconds (4–6 s) or by empirically 
utilizing a shorter delay time. Alternatively, placing a region 
of interest in the main pulmonary artery and triggering the 
scan at its peak opacification can consistently achieve 
 preferential right-sided opacification. CCT can reliably 
characterize right ventricular dimensions as well as focal 
aneurysms of the myocardium, increased trabeculations, 
and/or areas of right ventricular dysfunction, all confirma-
tory findings in RV dysplasia. Importantly, CCT can also 
detect fatty infiltration as areas of hypoattenuation, con-
firmed by CT attenuation measurements. However, the find-
ing of fat is sensitive but not specific for ARVC [5]. Hence, 
CCT findings must be correlated with clinical and electro-
cardiographic data to establish the diagnosis of ARVC.

Left ventricular noncompaction is a cardiomyopathy 
characterized by a 2-layered myocardium: a thin com-
pacted layer and a thick noncompacted layer. The ratio of 
noncompacted to compacted myocardium has been 
reported to be 2.3:1 by cardiac MRI [6]. The hypertrabecu-
lations of the noncompacted myocardium, as well as 

thrombi that may form within the recesses, are easily delin-
eated with CCT due to its favorable contrast-to-noise ratio 
(Figure 13.2). Left ventricular noncompaction frequently 
manifests as a dilated cardiomyopathy with reduced left 
ventricular function, which can also be assessed by CCT. 
Clinically, noncompaction is associated with both heart 
failure and sudden death.

CT Imaging of Pericardial Disease

The pericardium is a double-layered membrane measuring 
<2 mm in thickness that forms a sac containing 10–50 mL 
of serous pericardial fluid, surrounding the heart and the 
origins of the great vessels (Figure 13.3) [7]. While echocar-
diography is conventionally used for the evaluation of peri-
cardial diseases, CCT offers a number of distinct advantages. 
CCT provides a larger imaging field allowing assessment of 
concomitant pathology. In addition, CCT offers superior 
soft tissue contrast, and thus characterization of specific 
pericardial processes is sometimes possible. CCT is exqui-
sitely sensitive to the detection of calcium and thus can be 
useful in identifying pericardial calcification, a finding that 
can be associated with constrictive pericarditis (Figure 13.4). 
One of the limitations of CCT in evaluating the pericar-
dium, however, is its occasional difficulty in differentiating 

Figure 13.1 (continued)
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pericardial fluid from a thickened pericardium. To evaluate 
for pericardial inflammation, a noncontrast CT can be per-
formed prior to the contrast-enhanced CT. Enhancement 
of the pericardium after contrast administration is indica-
tive of pericardial inflammation, and may be seen in cases 
of pericarditis.

The current reference standard for the noninvasive eval-
uation of pericardial constriction is cardiac MRI. The char-
acteristic anatomic changes associated with constrictive 
pericardial disease (elongated and narrow RV, enlargement 
of the right atrium and inferior cava, and pericardial thick-
ening) are clearly identified with both MRI and CCT. 

Figure 13.3. Due to its excellent spatial resolu-
tion, cardiac CT can image the pericardium, 
which is normally <2 mm thick. These short-axis 
(a) and four-chamber (b) views demonstrate 
the normal, thin pericardium (white arrowheads). 
The pericardium is often best visualized over the 
right side of the heart, as the more abundant 
epicardial fat located there provides good tissue 
contrast.

Figure 13.2. The morphological hallmark of left ventricular noncompaction is the presence of 
hypertrabeculations. These hypertrabeculations are often most prominent toward the left ventricu-
lar apex. End-diastolic images in the two-(a), three-(b), and four-chamber (c) views demonstrate 

these characteristically prominent trabeculations that form the noncompacted layer (white arrows). 
End-diastolic images in the short-axis view at the base (d), mid-ventricular (e), and apical levels (f) 
again demonstrate these hypertrabeculations, most prominently at the apex.
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However, since patients with true constrictive pericarditis 
typically present with orthopnea, it is often difficult for 
them to lie flat in the MRI scanner for up to one hour. CCT 
may offer another option for evaluating constrictive peri-
carditis, with short examination times representing one of 
its major advantages. The excellent spatial resolution of 
CCT allows for accurate measurement of pericardial 
 thickness. A pericardial thickness >4 mm is considered 
pathological and, in the appropriate clinical context, is sug-
gestive of pericardial constriction [8, 9]. However, it is 
important to note that neither pericardial calcification nor 
thickening is diagnostic of constrictive pericarditis. Besides 
these morphological characteristics, the demonstration of 
an early diastolic septal bounce on the multiphase cine 
images is suggestive of pericardial constriction [10].

The normal pericardium is a double-layered membrane 
that is <2 mm thick. A pericardial thickness >4 mm is con-
sidered pathological. Pericardial thickening may be found 
in the absence of constriction (e.g., acute pericariditis, ure-
mia, collagen vascular diseases). Enhancement of the peri-
cardium, indicative of pericardial inflammation, may be 

found in cases of pericarditis. Pericardial inflammation can 
be evaluated by performing CCT with and without contrast. 
The inflamed pericardium will demonstrate a significant 
increase in CT attenuation after contrast administration.

Rare individuals demonstrate a congenital absence of the 
pericardium. While this can present as a complete absence 
of pericardial tissue, most cases demonstrate only partial 
pericardial defects, typically on the left side (Figure 13.5a). 
Clues on CCT that suggest this diagnosis are rotation of the 
heart to the left, interposition of lung tissue in the aorta-
pulmonary window, and bulging of the left atrial append-
age through the pericardial defect. Infrequently, the left 
atrial appendage can be incarcerated in the defect requir-
ing surgical enlargement or closure.

Echocardiography remains the modality of choice for 
the initial evaluation of pericardial effusion (Figure 13.5b). 
However, several findings make further evaluation with 
CCT useful, such as a loculated effusion, hemorrhagic effu-
sion, or equivocal findings on echocardiography. Pericardial 
effusions may be characterized by CCT by measuring their 
CT attenuation. A CT attenuation close to water (e.g., 0 HU) 

Figure 13.4. Cardiac CT is exquisitely sensitive 
for the detection of calcium. In this case of pericar-
dial constriction, the patient was found to have a 
thickened, heavily calcified pericardium (white 
arrowheads) as noted on the short-axis view (a) 
and 3-D volume-rendered image (b). The volume-
rendered image demonstrates circumferential 
pericardial calcification at the base.

Figure 13.5. Partial absence of the pericardium (a). In this example, normal pericardium is found 
over the right ventricular free wall (white arrowheads), but there is absence of the pericardium over 
the right ventricular apex and left ventricle (black arrowheads). Pericardial effusions (asterisks) are 
often found in the context of pericarditis (b). In this case, the pericardium also enhanced after 

administration of iodinated contrast (white arrowheads), suggesting pericardial inflammation. 
Pericardial cysts (asterisk) are benign fluid-filled pericardial masses, typically found at the right 
cardiophrenic angle (c).
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suggests a simple pericardial effusion. If the CT attenuation 
is greater than that of water, the effusion may represent 
hemorrhage, purulence, or a malignant process.

Pericardial masses include cysts and neoplasms. Peri-
cardial cysts are congenital and are usually found at the 
right costophrenic angle [11].They tend to be smooth-
walled simple cysts that do not enhance after contrast 
administration (Figure 13.5c). With regards to neoplasms, 
metastases are far more common than primary pericardial 
tumors. Neighboring structures, such as lung and breast, 
are most commonly the source of metastatic disease. Other 
findings associated with metastatic disease include peri-
cardial effusion and an irregularly thickened pericardium 
[12]. Primary neoplasms of the pericardium occur infre-
quently and may be benign (fibroma, teratoma, lipoma, 
hemangioma) or malignant (mesothelioma, lymphoma, 
sarcoma, and liposarcoma) tumors [13].

Due to the volumetric nature of image acquisition, car-
diac CT provides an accurate and reproducible method for 
assessing both myocardial and pericardial morphology 
and function. The excellent spatial resolution and contrast 
to noise ratio of CT allows for the detection of mural 
thrombi in patients with severely reduced left ventricular 
function. While echocardiography remains the primary 
noninvasive imaging modality for evaluation of the myo-
cardium and pericardium, CCT serves as a valuable tool for 
further evaluation due to its inherently superb spatial reso-
lution and soft tissue contrast. With further improvements 
in CCT technology, including refinements in temporal res-
olution and dramatic reductions in radiation exposure, 
CCT may play a larger role in the evaluation of patients 
with known or suspected diseases of the myocardium and 
pericardium.
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Introduction

Valvular heart disease (VHD) affects 2.5% of US adults and 
predominantly involves the left-sided cardiac structures. 
Regurgitant lesions are more common than stenoses, and 
mitral regurgitation (MR) is the most prevalent abnormal-
ity [1]. Doppler echocardiography is the initial imaging 
modality of choice, allowing for a complete diagnosis in the 
majority of patients [2]. In cases of poor acoustic window 
and/or disparate results regarding disease severity, addi-
tional tests may be required. Cardiac catheterization is a 
time-honored modality, but limited by its invasive nature. 
Magnetic resonance imaging (MRI) has become an excel-
lent noninvasive alternative for both valvular insufficiency 
and stenosis [3]. Due to the need for radiation and contrast, 
computed tomography (CT) has a limited role for the eval-
uation of VHD as the primary indication. It may occasion-
ally be employed as such when echocardiographic results 
are inconclusive and the patient is not a good candidate for 
MRI. However, CT is increasingly used for noninvasive cor-
onary angiography, and useful information on valve anat-
omy and function can simultaneously be obtained from a 
coronary examination. Also, in patients with primary valve 
diseases, ruling out obstructive coronary artery disease is 
deemed a highly appropriate indication and may allow 
patients to forgo invasive coronary angiography.

General Considerations

A diagram summarizing the potential applications of CT 
for the evaluation of patients with VHD is shown in 
(Figure 14.1). Valvular assessment includes the detection of 
calcification in noncontrast scans and of other aspects of 
valvular anatomy and cardiac function using contrast 
enhancement. Quantification of valve calcification follows 
the same principles as coronary calcium scoring, and the 
“Agatston,” volumetric and mass scores have been proposed. 
Electron-beam CT (EBCT) has been traditionally the refer-
ence standard for coronary calcium quantification, although 
multidetector CT (MDCT), particularly using scanners with 

16 slices, has proven comparable in terms of accuracy and 
reproducibility. Regarding contrast-enhanced CT, detailed 
evaluation of valvular function and anatomy is possible for 
both regurgitant and, particularly, stenotic lesions (planim-
etry of the valve area). Visualization is usually better with 
MDCT due to its superior spatial resolution and the ability 
to image all phases of the cardiac cycle with the use of ret-
rospective electrocardiographic (ECG) gating.

CT allows for accurate quantification of ventricular vol-
umes, ejection fraction, and mass [4], all of which carry 
important prognostic and therapeutic implications in 
patients with VHD [2]. In isolated regurgitant lesions, the 
regurgitant volume (and fraction) can be derived from the 

Figure 14.1. Comprehensive evaluation of 
valvular heart disease (VHD) with CT.
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difference between the left and right stroke volumes [5]. 
Stenosis or regurgitation of the atrioventricular valves usu-
ally results in atrial enlargement. Significant regurgitation 
of any valve eventually causes ipsilateral ventricular dilata-
tion, often accompanied by eccentric hypertrophy. Stenotic 
lesions of the semilunar (aortic and pulmonary) valves 
lead to concentric hypertrophy and later may also lead to 
ventricular dilatation. Poststenotic dilatation of the pulmo-
nary trunk or the ascending aorta may be present as well.

CT can provide important information regarding hemo-
dynamic repercussions of valvular lesions. Enlargement of 
the right heart chambers can be caused by tricuspid/pul-
monary abnormalities or secondary pulmonary hyperten-
sion, and typically leads to posterior rotation of the cardiac 
axis (Figure 14.2). Pulmonary vein dilatation and intersti-
tial and alveolar lung edema are all signs of increased left 
atrial pressures and left-sided heart failure. Similarly, dila-
tation of the pulmonary arteries, right heart chambers, 
superior and inferior vena cava, pleuro-pericardial effu-
sions, and ascitis are suggestive of pulmonary hyperten-
sion and/or right ventricular heart failure [6].

CT coronary angiography for preoperative evaluation in 
VHD is increasingly used, and high accuracy for the detec-
tion of significant coronary stenoses has been reported, 
with slightly lower diagnostic yield in cases of aortic steno-
sis (AS) due to frequent aortic and coronary calcifications 
[7–10]. These studies have demonstrated high negative and 
moderate positive predictive value; thus, patients referred 
for valvular surgery without significant coronary stenoses 
by CT may safely avoid the need for invasive angiography 
[11]. On the other hand, patients with greater than mild 
degree of luminal stenosis (>50% on CCTA) or extensive 
calcifications (coronary calcium score >1,000) need to have 
a confirmatory catheterization. For this reason, it seems 
prudent to consider CT for this application only in selected 
patients with low or intermediate pretest probability.

A typical imaging protocol is summarized in Table 14.1. 
Contrast infusion is routinely followed by saline, resulting in 
a more compact bolus and easier evaluation of the right coro-
nary artery; however, it may also impair the visualization of 
right chambers and valves. This can be overcome by employ-
ing a dual- or triple-phase injection protocols [12, 13]. 
Retrospective ECG gating is advantageous in patients with 

Figure 14.2. Four chamber (a) and short-axis (b) views of a contrast-enhanced CT scan in a young patient with congenital mitral stenosis (“parachute mitral valve”; arrowhead and asterisk) and secondary pulmo-
nary hypertension. There is severe right ventricular hypertrophy and enlargement, together with abnormal interventricular septal bowing indicative of right ventricular pressure/volume overload (arrows).

Scanning protocol (for a 256-slice scanner)

Tube voltage (kV) 100–120
Tube output (mA) 500–800
Detector number 128
Detector collimation (mm) 0.6
ECG gating Retrospective/prospective
Helical pitcha 0.16–0.18
Rotation time (ms) 270–330
Tube current modulationa

(HR  65) On
(HR > 65) Off

Contrast protocol (370 mgI/mL)

Contrast amount (mL) 80–100
Contrast infusion rate (mL/s) 4–5
Saline amount (mL) 50
Saline infusion rate (mL/s) 4–5

Image reconstruction

Reconstruction filter Intermediate
Slice width (mm) 0.6
Increment (mm) 0.3
Matrix 512 × 512
Reconstruction intervala Every 10%

Image analysis: Axial images, MPR, MIP (cine loops and still frames)

Table 14.1. Imaging protocol

Typical scanning protocol for MDCT coronary angiography employed in our institution 
(Brilliance iCT®, Philips Medical Systems)

ECG electrocardiogram; HR heart rate; MPR multiplanar reformation; MIP maximum intensity 
projection
aIf retrospective gating
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VHD at the expense of higher radiation dose. ECG-based 
tube current modulation can be used, but it may limit the 
assessment of both ventricles and valves, particularly in obese 
patients and in the cardiac phases with lower output. If such 
evaluation is intended, it may be necessary to avoid its use.

Specific Valvular Abnormalities

Aortic Stenosis

Aortic stenosis (AS) is often accompanied by cusp calcification 
and tends to occur in patients with tri-leaflet valves above 65 
years of age or in younger patients with congenital abnormali-
ties (i.e., bicuspid valves). Severe calcification is associated with 

faster rate of stenosis progression and increased cardiac event 
rates [14]. Aortic valve calcification can be accurately quanti-
fied using CT (Figure 14.3), and interscan reproducibility is 
>90% [15–17]. The amount of calcification is directly corre-
lated with the severity of AS [17–20], although the relationship 
is curvilinear (stenosis severity increases more rapidly at lower 
than higher calcium loads). The incremental value of the infor-
mation derived from the aortic valve calcium score may be 
particularly useful in patients with low cardiac output and 
reduced transvalvular gradients.

Contrast-enhanced CT can precisely evaluate valve mor-
phology, accurately differentiating tri-leaflet from bicuspid 
valves (Figures 14.4a, b). Planimetric determinations of the aor-
tic valve area (Figure 14.4c) have shown excellent correlation 
with echocardiographic and invasive measurements [20–27].

Aortic Regurgitation

CT may be useful in evaluating the mechanism leading to aor-
tic regurgitation (AR). AR caused by degenerative valve dis-
ease is characterized by thickened and/or calcified leaflets, 
and the area of lack of coaptation may be visualized in dia-
stolic phase reconstructions centrally or at the commissures. 
In cases of AR secondary to enlargement of the aortic root, the 
regurgitant orifice is typically located centrally (Figure 14.5). 
Other etiologies that can be depicted include interposition of 
an intimal flap in cases of dissection, valve distortion or perfo-
ration in cases of endocarditis, or leaflet prolapse (observed in 
dissection and in Marfan syndrome). Regurgitant orifice areas 
measured by planimetry using MDCT correlate well with 
echocardiographic parameters of AR severity, such as the 
vena contracta width and the ratio of regurgitant jet to left 
ventricular outflow tract height, and allow for the detection of 
moderate and severe AR with high accuracy [28–30].

Mitral Stenosis

As in the case of aortic valve calcification, the presence of 
calcium in the mitral annulus is associated with systemic 

Figure 14.3. Axial, noncontrast CT image in a patient with moderate aortic stenosis, demonstrat-
ing the quantification of aortic valve calcium (arrow) using the same approach as for coronary cal-
cium scoring. The valvular calcium score (“Agatston”) was 2227.

Figure 14.4. Double-oblique systolic reconstructions of contrast-enhanced CT scans showing a tri-leaflet (a) and a bicuspid aortic valve (the arrowhead indicates the fusion of the right and left coronary 
sinuses; (b) Planimetry of the valve can be performed subsequently (red contour, (c). The figure shows a bicuspid aortic valve with moderate stenosis (valve area = 1.2 cm2).
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atherosclerosis and carries negative prognostic implications. 
The amount of mitral annular calcium can also be quanti-
fied with CT (Figure 14.6), although reproducibility appears 
to be somewhat lower [15]. In rheumatic mitral stenosis 
(MS) calcification can extend to the leaflets, commissures, 
subvalvular apparatus, or even the left atrial wall. MS is often 
accompanied by marked atrial enlargement involving the 
appendage. The presence or/absence of thrombus in the left 
atrial appendage can be determined after contrast adminis-
tration with very high sensitivity although lower specificity 
(since slow flow may impair opacification), which may be 
increased by adding delayed imaging [31, 32]. Planimetry of 

mitral valve opening by CT provides accurate assessment of 
MS severity (Figure 14.7) [33].

Mitral Regurgitation

In patients with mitral valve prolapse, CT can demonstrate the 
presence of leaflet thickening or the degree and location of 
prolapse (Figure 14.8). In cases of MR secondary to annular 
enlargement (often accompanying dilated cardiomyopathy), 
dimensions of the annulus can be accurately quantified, and a 
central area of insufficient leaflet coaptation may be observed. 

Figure 14.5. Contrast-enhanced MDCT in a patient with an aneurysmal dilated aorta and aortic insufficiency. The valvular plane (yellow line) is oriented perpendicular to two orthogonal planes aligned with 
the ascending aorta (red and green lines). A large, central area of insufficient leaflet coaptation during diastole (right lower panel; arrowhead) can be visualized.
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Figure 14.6. Short-axis view at the level of the mitral valve, showing extensive annular calcifica-
tion (arrows).

Figure 14.7. Contrast-enhanced CT scan in the four-chamber and short-axis views (a and b, respectively) from a patient with rheumatic mitral stenosis. The typical thickening and restricted dome-shaped 
opening of the leaflets can be observed (arrows and asterisk). Planimetry of the valve (c) demonstrated moderate stenosis (red contour; area = 1.3 cm2).

Figure 14.8. End-systolic three-chamber view of the left ventricle demonstrating prolapse of the 
posterior mitral leaflet (arrow).
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Although quantifying MR degree may be difficult, prelimi-
nary data suggest that planimetry of the regurgitant orifice by 
CT correlates well with echocardiographic grading of severity 
[34]. An alternative approach validated for EBCT includes 
quantification of cardiac output with the flow mode by the 
indicator dilution method, and volumetric left ventricular cal-
culations in the cine mode. The regurgitant fraction is obtained 
from the difference between these two measurements [35].

Infective Endocarditis

The diagnosis of infective endocarditis often relies on the 
visualization of vegetations, and transthoracic and transesoph-
ageal echocardiography are usually superior to CT due to 
higher temporal resolution. Vegetations are often mobile and 
tend to be in the atrial aspect in atrioventricular valves and 
the ventricular aspect in semilunar valves (Figure 14.9). CT 
can be particularly useful in the demonstration of perivalvu-
lar abscesses as fluid-filled collections (Figure 14.9) that may 
retain contrast in delayed imaging [36]. In a recent study, 
MDCT correctly identified 26 out of 27 (96%) patients with 
valvular vegetations and 9 out of 9 (100%) patients with 
abscesses, which were better characterized by MDCT than 
with transesophageal echocardiography [37]. In patients with 
aortic valve endocarditis with highly mobile vegetations, CT 
may be especially attractive as an alternative to invasive coro-
nary angiography for preoperative evaluation.

Prosthetic Valves

Many of the aforementioned features of native VHD apply 
also to the evaluation of cardiac bioprostheses. CT is 

particularly useful for the evaluation of some types of 
mechanical valves. In prosthesis with two discs, these 
should open symmetrically (Figure 14.10). In those with a 
single disc, the angle of opening can also be measured [38]. 
Finally, heterografts and homografts can be evaluated com-
pletely, including the distal anastomosis and the patency of 
the coronary arteries if these were reimplanted.

Imaging Pearls

Plan ahead; this will allow for imaging protocol optimiza-
tion if valvular evaluation will be attempted.

If simultaneous assessment of the right heart structures 
is intended, the contrast protocol should be optimized 
(Figure 14.11). An initial bolus of 80–100 mL followed by a 
mixture of contrast and saline (1:1) at 4–5 mL/s will result 
in adequate coronary evaluation and sufficient right-heart 
opacification without excessive enhancement. Alternatively, 
a second infusion of contrast administered at a slower rate 
(2–3 mL/s) can be employed [12, 13].

Quantification of ventricular end-systolic volumes and 
the degree of MR and AS requires adequate image quality 
during systole. It may be necessary to avoid tube current 
modulation in these cases. Alternatively, the maximal tube 
output can be timed to end-systole, which will provide ade-
quate depiction of mitral closure and aortic opening, as 
well as potentially motionless coronary images (particu-
larly at higher heart rates).

If the whole thoracic aorta needs to be imaged (i.e., in 
cases of aneurysm with associated AR) and the coronary 
evaluation is not required, using thicker detector collima-
tion will enable reductions in radiation dose and breath-

Figure 14.9. Diastolic (a) and systolic (b) reconstructions of a contrast-enhanced MDCT study in a patient with a bioprosthesis in the aortic position. A large, mobile vegetation that prolapses into the ascend-
ing aorta in systole can be noted (black arrows). In addition, perivalvular thickening and fluid-filled collections can be noted (white arrows) indicating the presence of a perivalular abscess.
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hold duration. Most patients with VHD can tolerate beta 
blockers for optimal coronary evaluation. However, caution 
and smaller doses are recommended in cases with severe 
degrees of left ventricular dysfunction/dilatation, AS, AR, 
or pulmonary hypertension.

Atrial fibrillation is common in patients with VHD. It 
may lead to decrease in image quality and accuracy of val-
vular and ventricular assessment, although this is typically 
more significant for evaluation of the coronary arteries.

For the evaluation of ventricular or valvular function 
with MDCT, reconstructions at every 10% of the RR inter-
val are usually sufficient. In specific cases, a more detailed 
evaluation of the valve can be obtained by reconstructing 
images at smaller intervals (i.e., every 5%) in the cardiac 

phase of interest (for example, during systole for AS) [39]. 
The combination of cine loops and still frames facilitates 
the detection of valvular abnormalities.

Variability of the quantification of aortic valve calcium is 
lowest in mid-diastole [40]. Aortic valvular “Agatston” score 

1,100 resulted in respective sensitivity and specificity of 
93% and 82% for the diagnosis of severe AS [17]. A score 
>3,700 has a positive predictive value of near 100% [23].

The optimal plane to perform planimetry of the valvular 
area is parallel to the annulus as determined from two 
orthogonal double-oblique views perpendicular to the 
valve plane. The optimal level of that plane is the one show-
ing the smallest area during the phase of maximum valve 
opening (Figure 14.5).

Figure 14.10. Evaluation of mechanical prostheses by CT. The top row shows contrast-enhanced 
images (systole (a) diastole (b)) of a normal-functioning mechanical prosthesis in the mitral position. 
The two discs close and open completely and symmetrically (white arrows) during the cardiac cycle. 

Comparable systolic (c) and diastolic (d) reconstructions of a noncontrast CT evaluation of a dysfunc-
tional mitral prosthesis. One of the discs does not open in diastole (white arrowhead). Subsequent 
surgical intervention demonstrated prosthetic thrombosis.
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Quantification of the regurgitant volume/fraction from 
the difference in right and left stroke volumes is only accu-
rate for isolated regurgitant lesions.

A score evaluating leaflet mobility and thickening, sub-
valvular thickening and calcification, as well as the pres-
ence of left atrial thrombus may determine whether MS 
can be treated percutaneously or surgically. CT can provide 
useful information of all of these features.

The mitral valve is divided into the anterolateral com-
missure, posteromedial commissure, anterior leaflet, and 
posterior leaflet. The leaflets are subdivided into three seg-
ments each (A1, A2, and A3; and P1, P2, and P3, from lateral 
to medial). Determination of which segments are affected 
and to what degree determines in part the likelihood of 
successful surgical repair in mitral valve prolapse.

Sharper reconstruction filters and increasing window 
level of the image display facilitates evaluation of mechani-
cal prosthetic valves (Figure 14.10).
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Assessment of Cardiac and Thoracic Masses

Jabi E. Shriki, Patrick M. Colletti, and William D. BoswellJr 

Overview

Excellent spatial and contrast resolution make cardiovascu-
lar computed tomographic angiography (CCTA) an ideal 
method for the detection and evaluation of cardiac masses 
and masses adjacent to the heart. Suspended respiration 
and cardiac gating techniques employed with CCTA enhance 
delineation of planes between masses and normal struc-
tures. While many cardiac masses are well demonstrated 
with nongated CT, two approaches to cardiac gating may be 
applied: prospective ECG triggering and retrospective ECG 
gating [1]. The ability to freeze cardiac motion enables 
clearer evaluation of tissue attenuation and enhancement 
characteristics of normal myocardium and of masses.

Precontrast imaging may help to identify features of 
masses such as calcifications, which appear as foci of punc-
tuate or coarse hyperattenuation, typically in the range of 
130 Hounsfield units (HU), and hemorrhage, which may 
have a more modest and ill-defined hyperattenuation rela-
tive to normal myocardium. Precontrast low attenuation 
may be helpful for characterizing myxomas or cystic fea-
tures of masses. Comparison of pre- and postcontrast 
images is also useful in quantifying the amount of enhance-
ment. Tumor enhancement may occur in a later phase and 
may not be well-seen in the arterial phase, during which 
CCTA is usually performed; this is however, dependent on 
the degree of vascularity within the tumor. However, opti-
mal opacification of the left atrium and left ventricle will 
allow clear delineation of masses that extend into the 
chambers of the left heart. The amount of iodinated con-
trast agent required for satisfactory CT evaluation of car-
diac masses depends on patient mass, with 0.5–1.0 g of 
iodine per kilogram body mass as the usual dose [2]. Using 
standard low-osmolality contrast agents with concentra-
tions of 300–400 mg iodine/mL, typically 100 mL of con-
trast agent is administered at 4–5 mL/s via a programmable 
injector system. This is followed by a bolus flush of 50 mL 
of normal saline [3].

Timing the CT image acquisition to the contrast agent 
bolus arrival for most left atrial and left ventricular masses 
is identical to timing used for coronary artery CT exami-
nations [4]. Optimal left atrial appendage enhancement 
may, however, be somewhat difficult, since the left atrial 
appendage may opacify somewhat more slowly or hetero-
geneously. In addition, there may be considerable vari-
ability in circulation time from patient to patient, 
particularly in patients with cardiac tumors or thrombi. 
The time between peripheral contrast injection and 
appearance of contrast in the aorta can be determined 
using a small volume test contrast agent bolus of 20 mL 
and rapid, repeated imaging of a single transaortic plane 
[5]. Alternatively, with bolus tracking, a HU threshold may 
be set such that the volume acquisition is triggered to 
begin once a certain HU value is detected in the ascending 
aorta. A uniform, programmed injection requires 10–25 s 
for delivery of intravenous contrast agent and up to 50 
additional seconds for the saline flush. One potential pit-
fall in employing automatic bolus detection in cardiac 
masses is that it is possible to inadvertently place the bolus 
detection region-of-interest (ROI) within a chamber or a 
vessel which contains internal thrombus or tumor. Such 
an error results may result in failure to detect the bolus as 
shown in (Figure 15.1).

Opacification of the right heart with contrast may be 
more challenging. Without appropriate acquisition timing 
for right heart visualization, there may be insufficient con-
trast for delineation of right atrial and right ventricular 
endocardial borders. Excessive contrast within the right 
heart may result in streaking and obscuration of subtle 
masses. Optimal timing and technique for right heart 
examination usually differs from that used for routine 
CCTA. In most patients, optimal right ventricular opacifi-
cation is achieved by placing the ROI for bolus tracking in 
the main pulmonary artery. Right ventricular delineation 
in congenital heart disease with transposition or other 
abnormal great vessel relationships requires some a priori 
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Figure 15.1. (a, b) Pitfall of automated bolus detection. Automatic bolus detection fails due to tumor replacing the blood pool in the selected region-of-interest (ROI) in the main pulmonary artery. The 
enhancement curve (c) shows that the preset attenuation threshold is not met, due to placement of the ROI in the mass within the pulmonary artery.

Location Features

Myxoma (40% of all benign tumors)  
(Figure 15.16)

LA septum 75%; RA 18%; ventricles 7%;  
multiple 5%

10% calcified; frequent systemic emboli; may protrude through mitral valve during 
diastole

Fibroelastoma Arise from valves; project into aorta or MPA Derived from endocardium; may be multiple; often an incidental finding at surgery
Lipoma Varies Encapsulated adipose tissue (fat attenuation); asymptomatic; negative CT density; 25% are 

multiple; consider tuberous sclerosis; should not be confused with fat in paracardiac folds
Lipomatous hypertrophy Atrial septum; protrudes into RA Fat attenuation
Fibroma Myocardium Well-delineated, calcified; enhance minimally
Hemangioma Myocardium Calcifications; delayed enhancement
Lymphangioma Myocardium Diffuse proliferation; minimally enhancing
Paraganglioma, dysembryoma,  
pheochromocytoma

Paracardiac; AV groove Sympathetic plexus; hyper-enhancing; correlate with urinary catecholamines; alpha-and 
beta-blockade for surgery

Teratoma Pericardial; attach to the aorta or PAroots Multicystic; frequently calcify; moderate enhancement

Table 15.1. Benign cardiac neoplasms

knowledge of the anatomy and relevant surgical history to 
select the correct region for timing prescription. When 
opacification of multiple chambers is needed, more com-
plex injection protocols can be utilized with multiphasic 
contrast administration, including injection of mixtures of 
saline and contrast [6].

One advantage cardiac magnetic resonance imaging 
(CMR) holds over cardiac CT for cardiac masses is 

the ability to obtain excellent contrast for both the right 
ventricle and left ventricle in the same examination due to 
the ability to image the heart in multiple phases of contrast 
administration, with no radiation dose. Further investiga-
tions are needed to determine how to reliably achieve suf-
ficient contrast in both ventricles with CCTA.

Clinical [7–19] and imaging [20–28] features of cardiac 
masses are summarized in Tables 15.1–15.4.
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Interpreting Cardiac Masses:  
Key Descriptors

Location

Lesion location relative to the heart should be noted and 
may provide a hint as to the nature of a particular mass. 
Masses related to the heart itself which are cardiac in origin 
have a unique differential diagnosis. Masses immediately 
adjacent to the heart and intimately involving the pericar-
dium should be described as pericardial (Figure 15.2). 
Masses which are external to the heart should be described 
as paracardial (within the mediastinum, adjacent to the 
heart). For lesions that are within the mediastinum, a sepa-
rate set of diagnostic possibilities should be included in the 
differential. A full discussion of mediastinal masses, how-
ever, is beyond the scope of this text. Although some tumors 

may violate planes and make identification of the organ of 
origin difficult, in most cases, cardiac masses, pericardial 
masses, and mediastinal masses can be separated.

Chamber Involvement

The chamber of origin and location within the chamber 
should be noted. For example a mass in the left atrium 
attached along the interatrial septum has a higher chance 
of being an atrial myxoma. A mass in the left atrial append-
age has a higher probability of being a thrombus. Some 
authors have suggested that, on imaging, metastases are 
more common in the right heart. However, this could be 
due to the earlier detection of right heart masses, since the 
wall of the right ventricle is thinner than the wall of the left 
ventricle. A mass in the left ventricle may be neoplastic, if it 

Location Features

Endomyocardial fibrosis Pericardium; myocardium Thickened pericardium; thickened myocardium with patchy enhancement restrictive and constrictive 
physiology

Erdheim-Chester disease (nonlangherans  
fibrosis)

Pericardium; myocardium Thickened pericardium; thickened myocardium with patchy enhancement restrictive and constrictive 
physiology

RA thrombus (Figure 15.12) Right atrium Associated with indwelling catheters and devices
RV thrombus Right ventricle Associated with severe coagulopathy; dilated cardiomyopathy
LA thrombus (Figure 15.11) Left atrium Seen in atrial fibrillation and mitral stenosis; attached to posterior or superior atrial wall; may be calcified
LV thrombus (Figure 15.8) Left ventricle Common complication of myocardial infarction (20–40% of anterior MIs); contiguous to  

akinetic myocardium; most common at the apex
Vegetations Valves; catheters EKG-triggered cine views of valves helpful

Table 15.4. Other cardiac masses

Location Features

Metastasis (20×as common as primary  
tumor) (Figure 15.2)

Pericardial; intravascular; intramyocardial Seen in 10% of end-stage cancers; lung (36%), breast (7%), esophagus 
(6%); lymphoma, melanoma, Kaposi’s sarcoma, leukemia (20%); modes of 
dissemination: direct or lymphatic; hematogenous; direct venous extension 
(pulmonary veins or inferior vena cava)

Lung, breast, melanoma, sarcoma,  
leukemia, thyroid, kidney

Pericardial; direct or lymphatic; hematogeno 
us; direct venous extension

Lung cancer may extend to the left atrium along the pulmonary veins

Renal, urothelial, hepatocellular,  
adrenal, retroperitoneal sarcoma

Extend up the inferior vena cava to the right atrium Enhancing intravascular mass; primary tumor identified

Lymphoma Pericardium; myocardium; commonly basal in location May infiltrate epicardial fat; 50% associated with HIV
Angiosarcoma (Figure 15.1) Pericardium; RV, RA, myocardium Angiosarcoma of the pericardium or right ventricle is most common; poor 

prognosis; distribution is similar to lymphoma
Osteosarcoma RA, RV Ossification
Rhabdomyosarcoma, fibrosarcoma Myocardium Most common primary cardiac malignancy in infants and children. Always 

involves the myocardium; pericardial involvement is typically in the form of 
nodular masses rather than sheet-like spread

Mesothelioma Pericardium Intrapericardial mass; effusions;constrictive physiology

Table 15.3. Malignant cardiac tumors

Location Features

Pleuro-pericardial cyst 75% in right paracardiac angle Asymptomatic (avascular/calcified); unilocular, sharply marginated, 20–40 HU;  
may communicate with pericardium; change shape with body position

Echinococcal cysts Myocardial or pericardial (Avascular/calcific rim); nearly always also in liver, lung, eyes, brain
Tuberculoma Myocardial or pericardial Calcified; constrictive pericarditis
Hematoma Posterior recesses at the aortic root or left atrium Acutely hyper-dense; may calcify; traumatic or postsurgical
Thrombosed coronary aneurysm Course of coronary arteries Calcified rim; thrombus

Table 15.2. Cystic cardiac masses
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Figure 15.2. Twenty-two-year-old female with a primary pericardial primitive neuroectodermal 
tumor. Images obtained are obtained as part of a postcontrast nongated CT scan of the chest. 
Transverse and oblique four-chamber views are shown (a–d). In this case, the tumor was causing 

restriction of cardiac motion, and as a result artifacts due to cardiac motion are mild. There is heavy 
neoplastic infiltration of the atrioventricular groove with invasion of the right atrium and ventricle 
(black arrowheads).

is felt to be arising from the wall. A mass at the apex of the 
left ventricle, which appears separate from the wall, has a 
higher probability of being a thrombus. Attention should 
be given to associated wall motion abnormalities or aneu-
rysms. Severe metastatic involvement of the myocardial 
wall may result in a wall motion abnormality. However, a 
thrombus may present as a mass closely associated with a 
wall motion abnormality such as dyskinetic aneurysmal 
segment. Transiently, thrombi with a peripheral origin, 

such as deep vein thrombi, may be seen in the right atrium 
and right ventricle (Figure 15.3). A mass which arises from 
the crista terminalis of the right atrium may be a promi-
nent network of Chiari. Elastofibromas are common lesions 
which occur along the valve surfaces, but are usually small 
and not well-seen on CCTA. Valvular vegetations may rarely 
grow to a size where they may mimic a cardiac mass, 
although this diagnosis should be considered in some cases 
where a mass is closely related to a valve. An example of 
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valvular pathology mimicking a cardiac mass is caseous 
mitral annular calcification, where an ovoid mass of caseous 
calcifications develops in close proximity to the mitral 
annulus as a result of liquefactive necrosis of mitral valvu-
lar calcifications (Figure 15.4).

Lesion Morphology

Masses should also be described as intramural (within the 
myocardial wall) or intracameral (within the cardiac cham-
ber). Metastatic and malignant primary tumors usually 
have a significant intramural component or a very broad-
based attachment to the wall of the myocardium, whereas 
benign masses are more commonly pedunculated and 
intracameral, often having a narrow attachment. Although 
there are exceptions to this rule, this rubric is commonly 
helpful in identifying pedunculated masses as benign. 
Thrombi which are adherent to the internal wall of the ven-
tricle are, however, an important exception to this rule. 
Lesion shape is less helpful as both benign and malignant 
masses may be lobulated or appear round.

Attenuation

Attenuation can be characterized by HU measurement. Care 
should be taken to ensure that cardiac gating is adequate as 
the presence of motion may alter or artifactually elevate 
measured attenuation. Attenuation values from −100 to 
−10 HU are generally associated with fatty masses such as 
intracardiac lipomas or lipomatous hyperplasia of the inter-
atrial septum. Cystic masses will tend to have attenuation 
values between −10 and 10 HU. Calcifications have an atten-
uation value of 130 HU or greater. Coarse calcifications may 
be seen in myxomas, although many other lesions may cal-
cify, including some thrombi and many treated metastases. 
Attenuation relative to muscle or specifically myocardium is 
frequently used to describe lesions as hypoattenuating or 

Figure 15.3. Forty-four-year-old female with shortness of breath. The sagittal, minimum inten-
sity projection (MinIP) view shows a vermiform, low-attenuation filling defect (black arrow, (a)), 
representing a thrombus in the right ventricle, which had likely migrated from the lower extremities 

or from the pelvic venous system. MinIP views are useful in demonstrating low attenuation struc-
tures, when surrounded by relatively high attenuation. A transverse view on the same study shows 
multiple, separate pulmonary emboli (white arrows, (b)).

Figure 15.4. Eighty-one-year-old male with caseous mitral annular calcifications. A mass was 
seen near the region of the mitral annulus on echocardiography. CT was performed for further 
evaluation. A noncontrast, transverse image shows the classic morphology of caseous mitral annu-
lar calcifications, with central homogeneous hyperattenuation representing liquified calcifications 
and denser, peripheral shell-like calcifications (white arrow).
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hyperattenuating. Frequently, attenuation relative to the 
blood pool is also described, although it should be noted 
that patients with anemia may have depressed precontrast 
attenuation of vascular structures.

Enhancement

Enhancement should be reported with respect to the degree 
of enhancement and to the phase at which enhancement is 
seen. Lesions which show no or minimal enhancement 
are more likely to be benign. This is true of thrombi, which 
usually show no enhancement. Myxomas usually show 
minimal or mild postcontrast enhancement. Angiosarcomas, 

the most common malignant primary neoplasm of the 
heart, may have very avid enhancement, to the extent that 
the borders of these masses may be indistinguishable from 
contrast within the chamber of the heart. Other neoplastic 
lesions, including metastases, may show more modest 
enhancement.

Involvement of Other Vascular Structures

Numerous masses may invade the heart from the great ves-
sels. Tumors of the upper abdomen may grow into the right 
atrium via the inferior vena cava (Figure 15.5). Hepato-
cellular carcinoma, adrenocortical carcinoma, and renal 

Figure 15.5. Twenty-four-year-old male with retroperitoneal malignant germ cell tumor. 
Postcontrast CT images are obtained of the abdomen in the portal venous phase and are shown 
from caudal (a) to cranial (c). There is extensive left periaortic lymphadenopathy, with invasion 
of tumor into the left renal vein (black arrow on (a)). There is also extension of tumor into the IVC 

and right atrium (black arrows on b, c, respectively). Note other sites of metastatic disease includ-
ing a right lower lobe metastasis (white arrow, (c)) and a left retrocrural lymph node (white arrow-
head, (b)). This tumor exhibits a common appearance of metastatic disease from germ cell tumor 
with low internal attenuation.



175Assessment of Cardiac and Thoracic Masses

Figure 15.6. Fifty-six-year-old male with rheumatic heart disease and a hyperattenuating left atrial 
appendage thrombus. Oblique MPR views are shown from a noncontrast scan (a, b). A focal mass with 
hyperattenuation is present in the left atrial appendage, which was also seen on echocardiogram (not 

shown) and was consistent with an atrial thrombus (white arrows). Note the presence of atrial wall 
calcifications (black arrow), which are encountered commonly in the setting of rheumatic heart 
 disease. The left atrium massively enlarged and forms the right heart border (a).

cell carcinoma are among the most common tumors of the 
upper abdomen to invade into the right atrium. 
Bronchogenic carcinomas may invade into the heart 
through the pulmonary veins and present as a left atrial 
mass. Mediastinal tumors and bronchogenic carcinomas 
that involve the mediastinum may also grow into the heart 
via the superior vena cava. Tumors of the mediastinum 
may also grow directly into the heart with external myocar-
dial invasion. Thrombi along catheters may also track along 
venous structures, most commonly the superior vena cava.

Lesion Number

Multiple lesions are more likely to be due to metastatic dis-
ease or to multiple thrombi. Metastatic disease typically 
appears as multiple lesions in the wall in different locations. 
Multiple thrombi may be encountered as well, especially 
when masses are located in characteristic locations, such as 
the left atrial appendage or the left ventricular apex.

Commonly Encountered Masses

Although a complete discussion of all cardiac masses is 
beyond the scope of this chapter, familiarity with the most 
common causes of cardiac masses assists in arriving at the 
correct diagnosis.

Thrombi

Thrombi are the most common cause of intracardiac 
masses. On precontrast CT, thrombi may either present as 

hypoattenuating or hyperattenuating masses, relative to 
blood pool (Figures 15.6 and 15.7). Attenuation relative to 
blood pool is influenced by the patient’s hematocrit, since 
more anemic patients will have relatively lower attenuation 
of blood pool. The degree of attenuation within a thrombus 
may be dependent on thrombus age. Most thrombi will show 
no enhancement after administration of contrast. However, 
some chronic thrombi, described as being more organized, 
have been reported to have some peripheral enhancement 
after contrast administration [29]. This is most commonly 
seen in the setting of chronic thrombi adherent to the wall, 
and has been reported mostly on magnetic resonance imag-
ing (MRI). On CCTA, essentially no contrast enhancement 
will be shown within thrombi. In the case of small thrombi, 
HUs may be elevated after administration of contrast when 
comparison between pre- and postcontrast CCTA is made, 
although this is more likely related to pseudoenhancement, 
whereupon beam hardening effects cause false elevation of 
attenuation values due to adjacent hyperattenuating struc-
tures or contrast. On MRI, thrombi are most commonly dark 
on all sequences. Thrombi can also be recognized by the 
characteristic locations in which they occur, including at the 
left ventricular apex and in the left atrial appendage.

Ventricular thrombi can be recognized by their charac-
teristic location, most commonly at the apex of the left ven-
tricle (Figure 15.8). Morphologically, they may either 
present as one or many ovoid structures within the cham-
ber or may appear pedunculated (Figure 15.9). Many 
thrombi may also be flat and layered against the endocar-
dial surface of the left ventricular wall. Association with an 
underlying wall motion abnormality, such as an area of 
aneurysm formation or an area of infarction, is also an 
important hint to the correct diagnosis. Ventricular thrombi 



176 Cardiac CT Imaging: Diagnosis of Cardiovascular Disease

have been reported in up to one third of transmural infarc-
tions [30], and are associated much more commonly with 
apical and anterior infarctions, in comparison to inferior 
wall infarctions [30, 31]. Visualization of multiple thrombi 
is not uncommon in the postinfarction setting.

Atrial thrombi can be very problematic to confidently 
diagnose. Patients at risk for having atrial thrombi 

commonly have enlarged atria with heterogeneous 
enhancement as a result of circulatory stasis within the left 
atrium. This smoke-like enhancement can be especially 
prominent in the left atrial appendage, and, in patients with 
severe atrial enlargement, poor opacification of the cham-
ber and appendage may make exclusion of thrombus very 
difficult (Figure 15.10). As a result, TEE is still considered 

Figure 15.7. Sixty-two-year-old male admitted with a recent myocardial infarction with a 
hypoattenuating left ventricular thrombus. A transverse, noncontrast view (a) obtained to evaluate 
the extent of pleural effusion demonstrates an area of low attenuation at the left ventricular apex 

(white arrow). A thrombus was suspected. A repeat scan 1 week later obtained with a small amount 
of intravenous contrast (b) demonstrates clear delineation of the large thrombus at the left ven-
tricular apex (white arrow).

Figure 15.8. Forty-five-year-old woman with a recent myocardial infarction. Four-chamber (a) and two-chamber (b) views from a cardiac CT show a left ventricular apical aneurysm with thrombus (white 
arrowheads).
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Figure 15.9. Fifty-five-year-old male with a mass at the ventricular apex on transthoracic 
echocardiogram. Images from a cardiac CT scan obtained in the two-chamber (a) and short axis (b) 
planes are shown. A mobile, intracameral, low attenuating, nonenhancing, apical mass is seen 

 consistent with a thrombus. A small area of apical septal late gadolinium enhancement was dem-
onstrated on the patient’s CMR (not shown).

Figure 15.10. Forty-seven-year-old female with atypical chest pain. Orthogonal MPR views of 
the left atrium from a CCTA (a, b) demonstrate left atrial enlargement with heterogeneous enhance-
ment of the left atrial appendage. No thrombus was identified on echocardiography. Heterogeneous 

opacification of the left atrial appendage is a significant pitfall in the identification or exclusion of 
atrial thrombi on CCTA.

the gold standard for the evaluation of a thrombus in the 
left atrium or left atrial appendage. Imaging protocols with 
a delayed phase or with the patient in the prone position 
have been reported as techniques for improved opacifica-
tion of the atrial appendage, although these techniques are 
not yet widely employed [32, 33]. When a nonenhancing 
filling defect is clearly delineated by contrast, however, a left 
atrial appendage thrombus can be more easily diagnosed 

(Figure 15.11). Differentiation from other cardiac masses is 
usually made on the clinical basis in patients with known 
atrial enlargement and dysfunction. Right atrial thrombi 
may form in the atrial appendage, and can be difficult to 
delineate due to the inherently homogeneous opacification 
of the normal right heart (Figure 15.12). There are however 
lower risks of thrombus development in the right atrial 
appendage, since this structure tends to be flatter and more 
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broad-based, compared to the left atrial appendage, which 
is a more lobulated or tubular structure and has a neck. 
These morphologic differences make the left atrial append-
age more prone to the development of thrombi compared 
to the right atrial appendage.

Metastatic Disease

Metastatic lesions are the most common cause of a neo-
plastic mass in the heart. Metastatic disease has been 
reported as more common in the right heart, but this may 

be due to the earlier recognition of metastatic lesions in 
the right ventricle, since the wall is thinner than that of the 
left ventricular wall. Most metastatic lesions are isoattenu-
ating to the myocardium on precontrast CT imaging. 
Contrast enhancement of metastatic lesions is somewhat 
variable depending on the degree of vascularity of the neo-
plasm. Most metastases enhance less than the myocardium 
initially after administration of contrast, but will slowly 
accumulate and retain contrast. Metastases may also show 
retention of contrast on late-phase imaging. This pattern 
of enhancement may be less well-characterized on CT, 
since multiphasic imaging with CT is uncommonly 
 performed (Figure 15.13). It should also be noted that 
the optimal phase for CCTA during coronary arterial 
enhancement is earlier than the optimal phase for demon-
strating myocardial wall enhancement. As a result, the dif-
ferential enhancement between a metastatic lesion and 
normal myocardium may not be as clearly seen on CCTA 
(Figure 15.14). The most common morphology of cardiac 
metastatic disease is an intramural mass or a mass with a 
broad-based attachment, in contradistinction to benign 
masses, which tend to be intracameral and have a narrow 
attachment. Many metastases which invade the heart from 
the adjacent mediastinal or pericardial spaces may, how-
ever, involve the epicardium first, and subsequently invade 
into the myocardium. Metastatic disease to the heart is 
found in up to 10% of patients with a primary at the time 
of autopsy [34]. Although numerous primary tumor sites 
have been reported to be metastatic to the heart, the lung 
is the most common site of a primary tumor, occurring in 
up to 36.7% of patients [35]. Melanoma is, however, an 
important source of hematogenous disease to the heart 
from a distant primary site that does not first involve the 

Figure 15.11. Forty-eight-year-old female with left atrial enlargement and atrial fibrillation. On 
a contrast-enhanced CT scan, a filling defect is clearly identified in the left atrial appendage (white 
arrowhead). When such a defect is clearly delineated by contrast as in this case, thrombus can be 
more definitively identified.

Figure 15.12. Thirty-eight-year-old female with recent resection of gastric carcinoma. Transverse (a) 
and four-chamber (b) views are shown from a CT scan of the chest. There is some heterogeneous opacifica-
tion of the right atrium with some streaking, although the thrombus can be seen through these artifacts 

(black arrowheads). The patient also had a large parenchymal hepatic hematoma, related to her recent 
surgery, which may have contributed to the development of a right atrial thrombus. CMR (not shown) 
showed features consistent with a thrombus, and this structure resolved on subsequent studies.



179Assessment of Cardiac and Thoracic Masses

Figure 15.13. Forty-five-year-old female with metastatic melanoma. A transverse view from 
a contrast-enhanced CT scan (a) shows irregular thickening of the ventricular walls and a moderate-
sized pericardial effusion. The ventricular metastases are not well-delineated due to the early  
phase of contrast administration, which was in part, due to the patient’s poor cardiac function. 

A postcontrast CMR sequence obtained at 70 s after intravenous injection of gadolinium (b) demon-
strates areas of relatively decreased enhancement related to the perfused myocardium (white 
arrows). A delayed, four-chamber view obtained 10 min after contrast administration (c) demon-
strates late enhancement within the cardiac metastases (white arrows).

 mediastinum [36]. An example of metastases involving the 
right ventricle is shown in Figure 15.15.

Myxomas

Myxomas are the most common benign neoplasm of the 
heart and comprise 50% of all primary cardiac masses. 
Myxomas characteristically occur in the atrial, and are 
more commonly left atrial rather than right atrial, with a 

reported predominance of 80% compared to 20% in the 
right atrium. Masses which arise in the atria may also pro-
lapse into the ventricular chambers [14]. Myxomas have 
also, however, been reported to occur in both ventricles. 
The most common imaging appearance is that of a lobu-
lated mass with precontrast hypoattenuation relative to 
blood pool and relative to myocardium. Masses are com-
monly lobulated in appearance and predominantly intrac-
ameral. The most common site of attachment for either 
right or left atrial myxomas is at the fossa ovalis, which can 
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be helpful in arriving at the correct diagnosis [9]. Correct 
identification of the site of attachment is also helpful in 
presurgical planning. Atrial myxomas commonly demon-
strate punctate or coarse calcifications, which is also useful 
in establishing the diagnosis. Precontrast hypoattenuation 
is commonly seen relative to blood pool and normal myo-
cardium (Figure 15.16). Rarely, atrial myxomas may be dif-
fusely and densely calcified [17].

The classic triad of clinical symptoms reported with 
myxomas includes constitutional symptoms, manifesta-
tions of obstructive valvular disease, and embolic phenom-
enon. Constitutional symptoms include fever, malaise, 
weight loss, and anemia, among others. These symptoms 
are likely related to an autoimmune response, initiated by 
the tumor [37]. Cardiac-related symptoms of atrial myxo-
mas vary depending on the chamber of involvement. Atrial 

Figure 15.14. Fifty-six-year-old male with high-grade urothelial malignancy and cardiac metas-
tases. Transverse views from an arterial phase of a postcontrast CT scan (top row) faintly show 
metastases to the left ventricular myocardium (white arrows). These areas of hypoenhancement are 

better seen in the portal venous phase images (bottom row), where the myocardium is more well-
enhanced. Note that other metastases are also better seen on the later phase study, including pleu-
ral metastases (black arrows).

Figure 15.15. Forty-eight-year-old female with right ventricular metastases due to thymic carcinoma. Transverse (a) and coronal (b) views from a postcontrast CT scan show large masses arising from the 
wall of the right ventricle, with broad-based attachments to the ventricular wall, consistent with metastatic disease.
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myxomas have been commonly reported to mimic mitral 
valve disease and rheumatic heart disease by clinical pre-
sentation [38]. Involvement of other valves may, however, 
produce manifestations of aortic, pulmonic, or tricuspid 
valvular disease. Embolization is another common feature 
of myxomas, and may occur to either the pulmonic or sys-
temic circulation, depending on the chamber of involve-
ment. Up to 35% of left atrial myxomas and up to 10% of 
right atrial myxomas may develop emboli, although this 
difference could be related to the more apparent manifesta-
tions of systemic emboli [39].

A genetic predisposition to myxomas has been postu-
lated and suggested by case reports of families with multi-
ple members with myxomas and in patients with several 
myxomas [40]. Notably, Carney’s Syndrome may be associ-
ated with atrial myxomas in two thirds of patients in addi-
tion to other manifestations including mammary myxoid 
fibroadenomas, pigmented cutaneous lesions, endocrine 
disorders, testicular tumors, and schwannomas [41].

Cardiac Sarcomas

Cardiac sarcomas comprise the most common primary 
malignant tumors of the heart, but are a rare entity overall, 
with a prevalence at autopsy as low as 0.0001% [42]. Metastases 
to the heart outnumber malignant primary lesions by 20–40 

to 1. Among subtypes of sarcoma, angiosarcomas are most 
common, comprising approximately 37%. This tumor sub-
type in particular tends to occur commonly in the right 
atrium. Other subtypes tend to arise most commonly from 
the left atrium, although all types of sarcomas may occur in 
any chamber [13]. For most cardiac sarcomas, survival is 
reported as very poor, with metastases commonly detected 
shortly after clinical presentation [10].

On CCTA and CMR, angiosarcomas may show areas of 
hemorrhage and necrosis and may appear  heterogeneous. 
Avid enhancement is commonly seen (Figure 15.17), and 
tumors may be difficult to delineate from the ventricular 
chamber on later phases due to bright enhancement. 
Venous lakes and linear vascular structures within masses 
may be seen, resulting in what has been likened to a “sun-
ray pattern” [43]. Two morphological appearances of 
angiosarcomas have been reported, including a focal mass 
arising from the myocardium itself or a diffuse infiltrating 
process involving the myocardium and pericardium [44, 
45]. Undifferentiated sarcomas are tumors with no specific 
histological staining patterns. The nature and definition of 
tumors in this category has changed over time as histologi-
cal techniques have improved. Similar to angiosarcomas, 
these tumors may either present as a focal mass or as a 
 diffusely  infiltrative myocardial and pericardial process. 
The common site of origin is the left atrium, with a predis-
position reported at 80% [13]. A propensity for valvular 

Figure 15.16. Fifty-two-year-old male with a left atrial mass. A precontrast CT scan (a) demonstrates the low attenuation left atrial mass. The postcontrast study (b) shows no enhancement, and delineates 
the pedunculated nature of the mass, which arises from the region of the fossa ovalis, consistent with left atrial myxoma.
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involvement has also been reported [46–48]. Rhabdomy-
osarcomas are very uncommon in adults, but are the most 
common form of cardiac sarcomas and the most common 
primary cardiac malignancy in pediatric populations [13]. 
Embryonal rhabdomyosarcomas occur in pediatric patients, 
whereas tumors in adults tend to be more pleomorphic 
[49]. Osteosarcomas of the heart are rare neoplasms, and 
are distinguished by their propensity to form dense calcifi-
cations [50], although some tumors of this type may dem-
onstrate only minimal calcification [13]. Other tumor 
subtypes include leiomyosarcoma, fibrosarcoma, and lipos-
arcoma, although these are even rarer than the aforemen-
tioned neoplasms.

Cardiac Lymphoma

Cardiac lymphoma is a very rare entity, and in a series of 
533 cardiac tumors and cysts, it accounted for only 1.3% of 
tumors [11]. These tumors are rare since there are no true 
intracardiac lymph nodes. Tumors likely arise from primi-
tive, totipotential mesenchymal cells, and usually consist of 
high grade B-cell lymphoma. Strictly defined, cardiac lym-
phoma includes lymphoma involving the heart and peri-
cardium without other areas of lymphomatous involvement. 
Anecdotal reports suggest that there is increased risk for 
cardiac lymphoma in AIDS and in other immune deficiency 
states [51]. Given the rarity of this entity, the radiologic 

Figure 15.17. (a, b) Thirty-three-year-old female with angiosarcoma. Sequential precontrast, early, and late contrasted images demonstrate vascular enhancement within the angiosarcoma. Note the 
enhancing right lower lobe pulmonary nodule (arrowhead), consistent with a metastasis.
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findings are not well-established, although reports indicate 
that tumors are usually relatively isoattenuating on CT and 
isointense on CMR, with heterogeneous enhancement after 
contrast administration [52].

Lipoma

Cardiac lipomas are the second most common cause of a 
benign cardiac neoplasm, after myxomas. Lipomas are eas-
ily recognized as benign by the homogeneous, precontrast 
attenuation consistent with fat, which demonstrate essen-
tially no enhancement after contrast administration. 
Tumors are soft and may be large at the time of initial diag-
nosis. Symptoms are usually due to mass effect, although 
commonly cardiac lipomas are detected incidentally and 
prior to onset of clinical manifestations. Some tumors may 
encase coronary arteries, resulting in mass effect and dis-
placement, making resection difficult [53]. Although there 
is seldomly diagnostic uncertainty, some entities may 
mimic lipomas, including lipomatous hypertrophy of the 
interatrial septum (Figure 15.18). Rarely, lipomatous meta-
plasia within chronic myocardial infarctions may be misdi-
agnosed as a lipoma [54].

Papillary Fibroelastoma

Papillary fibroelastomas, also known as Lambl excrescences, 
are avascular masses comprised of fronds of dense connec-
tive tissue. These masses may be either reactive in nature or 
may be related to a hamartoma [55]. The true prevalence of 
this entity is not known, and these tumors have been postu-
lated to be under-recognized and under-diagnosed due to 

their small size. Most sources refer to these lesions as the 
third most common benign neoplasms behind myxomas and 
lipomas. Ninety percent of papillary fibroelastomas occur on 
the valves, with the aortic valve being the most common loca-
tion. When associated with the atrioventricular valves, these 
tumors tend to occur along the atrial side, which may help to 
differentiate these lesions from thrombi [56]. Associated val-
vular dysfunction is common, although many of these lesions 
are detected incidentally [57]. An additional, common pre-
sentation is embolic phenomenon, which may occur to the 
systemic or pulmonary circulation [58]. These tumors are, 
however, uncommonly reported on CCTA, and as a result no 
characteristic CCTA features of this entity have emerged.

Pediatric Cardiac Masses

In pediatric patients who present with cardiac masses, a 
separate set of diagnostic possibilities should be consid-
ered. Pediatric patients will less commonly present for 
CCTA evaluation, due to radiation concerns. Additionally, 
since there is sparse literature on CCTA in pediatric 
patients, the typical appearances of many masses are diffi-
cult to delineate. However, some familiarity with masses 
which may present in pediatric patients is useful to physi-
cians involved in cardiac imaging.

In infants and children, the most common masses 
encountered are rhabdomyomas. These masses tend to be 
in the wall of the ventricles, and the vast majority of these 
masses are multiple. A strong association with tuberous 
sclerosis is present, although many patients do not mani-
fest other signs of tuberous sclerosis until many years later. 
Spontaneous regression of tumors is common, although 

Figure 15.18. Seventy-eight-year-old male with lipomatous hypertrophy of the interatrial septum. Images from a CT scan of the chest obtained in the transverse plane (a) and in the short axis plane of 
the heart (b) show lipomatous hypertrophy in the wall of the interatrial septum (white arrows). Note the characteristic sparing of the region of the fossa ovalis (black arrow).
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the initial clinical presentation may be severe [59]. Cardiac 
fibroma constitutes the second most common mass in the 
heart, and is usually seen as a large, solitary mass. Some of 
these may grow to an enormous size. Symptoms may 
include heart failure, chest pain, arrhythmias, and sudden 
cardiac death [60]. Myxomas are very rare in the pediatric 
population, but have been reported in large series in older 
pediatric patients and adolescents [17]. As described ear-
lier, the most common malignant neoplasm in pediatric 
patients is a cardiac rhabdomyosarcoma, which often has 
embryonal features at histology. Additional rare tumors are 
encountered in pediatric populations including cardiac 
angiomas, cardiac teratomas, and Purkinje cell tumors.

Mimics of Cardiac Masses

Several normal structures in the heart may mimic a mass 
even to an experienced reader. Misidentification of normal 
structures as masses can lead to unnecessary biopsies, sur-
geries, and subsequent morbidity. Notably, in the right 
atrium, a prominent crista terminalis may mimic a cardiac 
mass. When a small and reticulated mass is present along 
this structure in the right atrium, a network of Chiari may 
be present. Uncommonly, prominence of the Eustachian 
valve or juxtacaval lipomatous tissue may mimic a lower 
right atrial mass. Usually, the contrast timing for the right 
ventricle is such that some saline is being injected at the 
time of scanning of the heart. However, in some cases, 
unopacified blood flow entering the right atrium from the 
inferior vena cava may simulate a mass when the right 
atrium is otherwise filled with contrast. In the left atrium, 
the “coumadin ridge,” located between the atrial appendage 
ostium and the superior pulmonary vein, may appear 
mass-like.
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Introduction

Computed tomographic (CT) angiography is a useful modal-
ity in imaging the peripheral arterial tree and has become an 
integral component of many cardiovascular imaging prac-
tices. Large portions of the arterial system can be easily 
imaged with excellent spatial resolution, low radiation dose, 
and minimal risks to the patient. Additionally, the skill set of 
3D data manipulation in evaluation of coronary arteries and 
vascular structures elsewhere in the body can be translated 
into skills useful in the interpretation of peripheral studies. 
Advancements in CT angiography, including scanners with 
64 row detectors and higher, have made submillimeter iso-
tropic voxel resolution possible, enabling more detailed 
visualization of arterial structures. Simultaneous increases 
in computational speed and widespread availability of dedi-
cated 3D workstations make visualization and evaluation of 
peripheral arterial anatomy much more facile.

Acquisition and Scanning Techniques

Special Considerations Regarding  
Peripheral CT Angiography

Several technical considerations should be recognized in 
making the transition from cardiac to peripheral vascular 
CT angiography. First, while the coronary arteries are usu-
ally briskly opacified along with the aorta even in the pres-
ence of stenosis, the peripheral vasculature may have a 
variable relationship with aortic opacification. In patients 
with severe atherosclerotic disease and multiple stenoses 
or aneurysms, optimal opacification may be achieved 
much later than aortic enhancement. In other thoracic, 
abdominal, and neuroimaging applications, higher detec-
tor row CT scanners provide a number of advantages. 
However, for peripheral CT angiography, the high speed of 
scanning with multidetector row CT scanners may result 

in outpacing of the bolus of contrast, with images obtained 
prior to arrival of the contrast bolus into the area of inter-
est. As a result, the timing of scanning for peripheral CT 
angiography has separate considerations that differ from 
scanning other, more proximal, body parts (Figure 16.1).

Also, the reconstructed field of view for peripheral appli-
cations is frequently larger in transverse axial dimension 
than that employed for cardiac CT. This occurs because of 
the necessarily larger field of view needed to encompass 
the vascular anatomy when performing a peripheral CT 
angiogram from the pelvis to the lower extremities. As a 
result, images may have lower in-plane spatial resolution. 

Figure 16.1. A 3D reconstruction 
demonstrating that the run-off 
vessels are less well opacified than 
the popliteal arteries, likely related 
to slight outpacing of the contrast 
bolus by the speed of the scanner.
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This loss of in-plane resolution may be offset by the use of 
separate, reconstructed fields of view for each lower extrem-
ity or for different parts of the anatomy scanned. When 
imaging the lower extremities, the feet should be kept 
straight and apposed to one another as closely as possible, 
so that the reconstructed field of view closely matches the 
anatomy being imaged. This can be achieved by binding 
the feet into a table extension or harness, which is usually 
attachable or built into the table (Figure 16.2).

An additional consideration is the larger craniocaudal 
extent of the anatomy imaged in peripheral CT angiography 
compared to cardiac CT. As a result, data sets may be much 
larger for comparable slice thickness. For example, whereas 
a cardiac CT single phase reconstruction at 0.5 mm may 
comprise 100–200 or more images, a peripheral CT angio-
gram including the entirety of the lower extremities might 
include several hundred images, due to the larger craniocau-
dal extent included. As a result, thicker slices may be evalu-
ated initially, whereas thin slices may be used adjunctively 
and in a more limited role for problem solving. Alternatively, 
some 3D workstations have options for subvolume selec-
tion, which enables evaluation of the arterial tree in a piece-
meal fashion, allowing larger data sets to be evaluated, with 
enhanced multiplanar reformatting capabilities.

Contrast Administration

Rapid rates of contrast administration are critical in obtain-
ing optimal vascular opacification. Consequently, a more 
central, large bore venous access line, 18 gauge catheter in 
the antecubital fossa, is highly preferable to a smaller or 
more peripheral venous access site. Most studies for periph-
eral CT angiography report contrast rates of 3.5–4.0 cc/s as 
optimal [1–3]. Since the area scanned in imaging the 
peripheral arterial tree is significantly larger in craniocau-
dal extent compared to the coronary tree, a more prolonged 
bolus of contrast, with a slightly slower rate is preferable to 
ensure homogeneous, persistent, bright opacification of the 

peripheral arteries. This injection rate is slightly slower than 
the rate employed for imaging the heart which may be as 
high as 5–6 cc/s [4], since the aim of peripheral CT angiog-
raphy is a sustained peak of bright opacification, whereas in 
coronary CT prolongation of peak contrast opacification is a 
less important factor. Patients are usually given a formula-
tion of intravenous contrast with 300–400 mg of iodine/mL, 
with 120–180 cc/s of contrast given depending on each 
patient’s body surface area [5]. The total amount of contrast, 
however, may be reduced when scanners with higher num-
bers of detectors are used [6, 7]. Higher iodine concentra-
tions have been demonstrated to have higher attenuation 
levels when the aortic enhancement is measured on scans 
[8]. Larger amounts of contrast are needed in patients who 
are taller or are more obese [5].

Administration of a saline chaser is useful in ensuring 
both a higher degree of opacification and prolongation of 
the plateau of attenuation once the peak is obtained. A saline 
chaser is also useful in diminishing the total amount of con-
trast needed for optimal opacification [9, 10]. Saline injec-
tion can also clear the residual central contrast from the 
venous system. Dense central venous contrast can impede 
imaging of the proximal upper extremity arterial system 
due to resultant streaking from stasis of contrast in the 
superior vena cava, brachiocephalic veins, or other venous 
structures. When imaging the upper extremities, contrast 
injection should be made via the contralateral extremity to 
avoid this pitfall.

Optimal timing for acquisition varies significantly in each 
patient. In patients with normal cardiac function, a rapid 
acquisition of images may outpace the bolus of contrast. In 
patients with depressed cardiac function or arterial pathol-
ogy which may inhibit brisk outflow, including stenoses or 
aneurysms, the scanning time should be prolonged to ensure 
that the region of interest (ROI) scanned is optimally opaci-
fied and that scanning is not performed before arrival of the 
contrast bolus [11]. At our institution, in patients with sus-
pected atherosclerotic disease, the lower extremities are 
scanned twice, with a second acquisition beginning just 

Figure 16.2. Reconstructed, volume projec-
tions can demonstrate the soft tissue anatomy. 
The lower extremities should be closely apposed 
to one another in order to minimize the dimen-
sions of the reconstructed field of view. In this 
case, this is achieved by use of a table extension 
(white arrow).
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above the knees and immediately after the first acquisition. 
This second acquisition enhances visualization of arterial 
structures, although there may be significant venous con-
tamination at the time of a second scan, which may make 3D 
reconstructions somewhat difficult to evaluate.

Several techniques for ensuring optimal timing may be 
employed. A timing bolus utilizes injection of a small 
amount of contrast with serial images through a ROI in 
order to predict the timing of bolus arrival. This is some-
what problematic in evaluating the peripheral arterial tree, 
since different portions of the arterial tree may be opaci-
fied at different times, depending on the degree of upstream 
disease. This technique necessitates two separate injec-
tions, although this usually only minimally increases the 
total amount of contrast, since only a small amount is given 
for the initial injection. This technique may help in prepar-
ing the patient for the common clinical manifestations such 
as sensory warmth and a metallic taste which commonly 
ensue after contrast administration.

Alternatively, bolus tracking can be utilized with a single 
contrast injection. With this technique, a ROI within the aorta 
is serially scanned during the injection of contrast. When the 
attenuation value reaches a particular, preset threshold, scan-
ning of the remainder of the field of view is initiated. At our 
institution, for peripheral CT angiography of the lower 
extremities, an attenuation value of 180 Hounsefield units 
(HU) is employed and the ROI is placed in the infrarenal 
aorta. The ROI is sized to include approximately one half the 
diameter of the aorta at this level. Different vendor-specific 
protocols are available for automated contrast monitoring. 
For slower scanners, a lower threshold (100 HU) may be used 
to ensure that the speed of scanning matches arrival of the 
contrast bolus [12]. A significant limitation of the bolus track-
ing technique is that the ROI may be placed within an area of 
thrombus or in the false lumen of an aortic dissection. If this 
is the case, opacification may not occur or may occur in a por-
tion of the vessel that is outside the ROI. Technologists should 
be instructed to visually monitor the images obtained during 
bolus tracking for appearance of the bolus of contrast. Close 
monitoring for optimal vascular enhancement may limit 
some of these failures in automated bolus detection.

Preset timing of contrast is less commonly employed at 
most institutions, especially for imaging peripheral arter-
ies. This technique may be especially problematic in patients 
with atherosclerotic disease and in patients with low car-
diac output where the bolus will be circulated through the 
arteries more slowly. For the upper extremities, scanning 
may be initiated 20 s after the start of contrast injection. For 
the lower extremities, scanning may be initiated 50 s after 
the beginning of injection [13].

Techniques for Evaluating Studies

Several studies have demonstrated an excellent accuracy of 
CT in comparison to conventional digital subtraction 
angiography (DSA), based solely on evaluation of transverse 

images [14, 15]. In many early studies, the transverse axial 
data set was evaluated alone. The transverse plane of the 
body is in a relatively perpendicular axis to the long arteries 
of the extremities, resulting in views which approximate the 
short axis plane of much of the vascular tree with minimal 
technical manipulation of data sets. Additionally, final review 
of studies at a dedicated 3D workstation is commonly 
employed. Key images for demonstrating stenoses or other 
vascular pathology, detected by the interpreting physician, 
are subsequently also sent to the picture archiving and com-
munication system (PACS) for further correlation by the 
referring physician and to illustrate important findings.

In addition to evaluation of transverse axial data sets, 
review of long and short axis views utilizing multiplanar 
reformatted views (MPR), thick maximum intensity pro-
jection views (MIP, Figure 16.3), and curvilinear plane 
reformatted views (CPR, Figure 16.4) likely results in a 
more thorough assessment of the peripheral vascular tree 
and in improved sensitivity and specificity [16]. Review of 
the transverse axial views is the usual starting point for 
most readers. Reformatting the data along the plane of the 
vessel utilizing MPR views introduces few artifacts, as long 
as scans are obtained using isotropic voxels. MIP views 
generally demonstrate the higher attenuation values within 
a thick slab of the data set, and are useful for demonstrat-
ing the course of a tortuous vessel when enhanced with 
contrast. MIP views are also useful for demonstrating other 
high attenuation structures such as stents (Figure 16.5a), 
surgical clips, calcifications, and osseous structures. CPR 
images introduce some potential artifacts, as computer 
algorithms select the center line to be followed. User-
directed CPR images may be created, but are commonly 
time consuming and require some expertise to create. 
Unlike evaluation of the coronary arteries, CPR images are 
less susceptible to artifacts in the large vessels of the 
extremities, where arteries course in relatively straight 
planes. 3D views are usually demonstrated with a lit projec-
tion and are helpful in demonstrating anatomic relation-
ships, though they are problematic for demonstrating or 
grading stenoses (Figure 16.5b).

Newer tools enable color-coding of vessels to bring atten-
tion to areas of plaque. Also, techniques are available for 
characterization of atherosclerotic lesions with respect to 
attenuation values in order to classify lesions as fatty, 
fibrous, or calcified. These tools may be used adjunctively 
to the techniques described earlier, but have yet to be rigor-
ously evaluated or validated.

Validation of Peripheral CT Angiography

Advancement in CT technology has been rapid, with the 
recent advent of isotropic voxel imaging and multidetec-
tor CT. As a result of the rapid development of new CT 
techniques, the pace of technological advancement has 
surpassed the rate at which newer technologies are 
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Figure 16.3. A reformatted view through the radial artery is shown (a). On the progressively thicker maximum intensity projection (MIP) views obtained with a thickness of 2 cm (b) and 4 cm (c), a greater 
length of the arterial anatomy is demonstrated. MIP views are also useful for demonstrating high attenuation structures such as bones and stents.

Figure 16.4. Curved planar reformatted views 
show the long axis, orthogonal (white arrows) and 
short axis (closed arrowhead) of arterial structures. 
This is contrasted with the MIP multiplanar refor-
matted (MPR) view (open arrowhead).
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validated. For this reason, large multicenter studies and 
metaanalyses likely underestimate the accuracy of CT 
angiography as a tool.

Large studies have, however, demonstrated several sig-
nificant advantages of CT angiography in comparison to 
DSA, including a fourfold lower radiation dose and a much 
lower risk of complications. Moreover, studies have shown 
an excellent accuracy for the diagnosis of atherosclerotic 
disease and excellent correlation with DSA [17]. Diagnostic 
CT angiography performs comparably to DSA and favor-
ably compared to duplex ultrasound and MR angiography 
for the evaluation in patients with chronic peripheral arte-
rial disease (PAD) and in patients with traumatic vascular 
injuries [16].

A study evaluating CT angiography with 64-row detec-
tor scanners for the detection of peripheral vascular dis-
ease evaluated 840 segments of the systemic arteries in 28 
patients with lower extremity claudication. This study 
found an overall diagnostic accuracy of 98% in the detec-
tion of lesions with a degree of stenosis of 50% or higher. 
The sensitivity and specificity for detecting stenosis by 
CT angiography were 99 and 98%, respectively [18]. 
Moreover, the use of advanced imaging tools, including 
3D reconstructions and MPR views, provide detailed visu-
alization of stenotic lesions, normal, or previously revas-
cularized lower extremity arteries along with nearby 
extravascular structures. Augmenting axial images with 

reformatted views has been shown to improve accuracy of 
interpretation [19].

Role of Peripheral CT Angiography  

to the Vascular Physician

The most important application of CT angiography for the 
vascular interventional specialist is pre-procedure planning, 
including: selection of patients best treated with endovascu-
lar intervention vs. open surgical procedures, identification 
of vascular access sites, pre-procedure selection of appropri-
ate angiographic views, and pre-procedural lesion character-
ization (thrombus burden, dissection, calcification, tortuosity, 
etc.). CT angiography also provides valuable information in 
tailoring the most appropriate endovascular therapy, includ-
ing: thrombolysis, laser or orbital atherectomy, reentry 
device, distal embolic protection device, balloon angioplasty, 
self-expanding or balloon expandable stents, and covered 
stents (Table 16.1).

Patients who undergo intervention for PAD have a higher 
incidence of vascular access site complications compared to 
patients who undergo percutaneous coronary intervention 
[20]. Patients with atherosclerotic disease commonly have a 
high burden of diffuse, often densely calcified atherosclerotic 
plaques. As a result, vascular access selection is one of the 

Figure 16.5. The thick, MIP view (a) demonstrates the aortic stents. They are also well-seen on the volume rendered view (b) in this patient who is status post aortic stenting after repair for aortic coarcta-
tion and a bicuspid aortic valve.
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most important steps to ensure safe and successful periph-
eral interventions and remains a great challenge. The athero-
sclerotic burden in some patients may prevent adequate 
hemostasis and may predispose to vascular access complica-
tions. CT angiography offers an overall view of the arterial 
system and, therefore, may allow for identification of the 
most appropriate access site for peripheral interventions. In 
patients with severe, diffuse disease, alternative access sites 
or techniques (brachial, popliteal, antegrade, bypass grafts) 
may be utilized. CT angiography also helps in the decision to 
use distal embolic protection devices, especially in cases 
where there is heavy atherosclerotic burden, soft or unstable 
plaque, or thrombus. The choice of an appropriate device for 
the protection against distal embolization may be guided by 
vessel anatomy, tortuosity, and landing zone anatomy.

Normal Peripheral Arterial Anatomy

Symptomatic manifestations of arterial diseases may 
appear in the distal extremities, but may arise from disease 
which is proximal and remote to the site of symptoms. 
Since disease anywhere in the arterial tree may produce 
symptoms, knowledge of normal anatomy of the entire 
arterial tree is necessary in order to interpret peripheral 
CT angiography.

Upper Extremities

The normal upper extremity arterial supply begins with the 
subclavian arteries. The left subclavian artery typically 
arises directly from the aortic arch. The right subclavian 
artery most commonly arises from the brachiocephalic or 
innominate artery. In 15% of patients, the innominate artery 
also gives of the left common carotid artery – a variant 
described as bovine arch branching. In these patients, the 
left common carotid artery commonly arises as the first ves-
sel off of the innominate, although it may arise more crani-
ally as a trifurcation vessel of the innominate artery [21].

Other commonly encountered variants of aberrant origi-
nation of the right subclavian artery exist. An aberrant right 
subclavian artery may either arise from a left sided aortic 
arch, as the last major vessel from the arch (left arch with 
aberrant right subclavian artery, Figure 16.6). In the case of a 
right aortic arch, the left subclavian artery may arise as the 

Figure 16.6. On this CT scan of the chest performed to evaluate for an etiology of shortness of breath, a right-sided aortic arch with an aberrant left subclavian artery (white arrow) is incidentally noted. 
This is shown on the transverse view (a) and volume rendered (b) view.

Interventions

 Selection of patients for endovascular vs. open surgical revascularization

 Vascular access selection

 Lesion characterization (thrombus, degree of calcification, lesion length, vessel size)

 Arterial vascular inflow and outflow

 Selection of interventional angiographic views and angulations

  Equipment selection based on lesion characteristics and vessel size (thrombolysis, sheaths, 
wires, balloons, stents, atherectomy, distal embolic protection)

 Decreased contrast use

 Decreased radiation exposure

  Evaluation of extravascular arterial disease (popliteal entrapment and popliteal cystic 
disease)

Table 16.1. Advantages of CT angiography in patients with peripheral arterial disease (PAD) 
prior to endovascular
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last major vessel from the arch (right arch with aberrant left 
subclavian artery). In either case, the aberrant subclavian 
artery commonly takes a course posterior to the esophagus, 
and may produce dysphagia. Dysphagia lusoria is commonly 
used as a term for dysphagia which results from either an 
aberrant subclavian artery or from a double aortic arch [22]. 
In addition, an aberrant subclavian artery may arise from a 
dilated trunk, termed a diverticulum of Kommerel. This is a 
true aneurysm which likely results from an embryological 
remnant of a separate, incompletely formed aortic arch. Both 
the double aortic arch and the right arch with an aberrant 
left subclavian artery represent vascular rings. In the latter 
case, the ring is completed by the ligamentum arteriosum. 
Atherosclerotic complication rates resulting from aberrant 
subclavian arteries are likely similar to rates of atheroscle-
rotic complications observed in normal arteries.

Anatomically, the subclavian artery is divided into prox-
imal, middle, and distal portions. The proximal portion of 
the subclavian artery is defined as the portion medial to 
the anterior scalene muscle. The mid portion of the subcla-
vian artery is located posterior to the anterior scalene mus-
cle and usually contains the most cranial portion of the 
subclavian arch. The distal portion of the subclavian artery 
lies lateral to the lateral border of the anterior scalene mus-
cle and ends at the lateral border of the first rib.

The vertebral artery is usually the first vessel that arises 
from the subclavian artery and most commonly arises from 
the first portion of the subclavian artery, usually within 
1.2–2.5 cm of the vessel origin. The other vessels include the 
internal mammary artery (Figure 16.7), thyrocervical trunk, 
and costocervical trunk. These vessels also most commonly 
arise from the first portion of the subclavian artery and are 

usually clustered near the medial border of the anterior sca-
lene muscle.

At the lateral border of the first rib, the subclavian artery 
changes name to become the axillary artery. The axillary 
artery predominantly feeds the upper chest wall and the 
proximal portion of the upper extremity. In the case of axil-
lary artery occlusion, collateral flow may be provided through 
chest wall and scapular collaterals when the axillary artery is 
occluded proximal to the origin of the subscapular artery. By 
definition, the axillary artery ends at the lateral border of the 
teres major, where it changes name to the brachial artery. An 
important relationship exists between the axillary artery and 
the brachial plexus, which surrounds the axillary artery.

The brachial artery is the main vessel to the upper 
extremity. Most commonly, the brachial artery gives off a 
profunda branch in the upper portion of the upper extrem-
ity. Below the elbow, the brachial artery usually bifurcates 
into a radial artery laterally and an ulnar artery medially. In 
15% of patients, the brachial artery gives off the radial 
artery proximal to the elbow as it courses in the upper arm. 
There is a close relationship with the median nerve which 
runs just medial to the brachial artery.

Lower Extremity

The aortic bifurcation most commonly occurs at the level 
of the L4 vertebral body, although some patients may have 
an unusually high aortic bifurcation as a normal variant. 
The common iliac arteries are usually 4–5 cm in length, 
although the right common iliac artery is usually slightly 
longer than the left. The common iliac arteries course 

Figure 16.7. CT angiography is useful in dem-
onstrating the internal mammary arteries in 
patients in whom aortocoronary bypass is 
planned. The course of the left internal mam-
mary artery (white arrows) is demonstrated on 
the curved plane reformatted view (a) and also 
on the volume rendered view (b). In evaluating 
the subclavian artery and its branches, injection 
of contrast should be made via the contralateral 
extremity in order to ensure that streaking from 
dense venous contrast does not occur.
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medial to the psoas muscles and beneath the ureters to the 
inferior pelvic brim before bifurcating into external and 
internal branches. Accessory renal arteries may rarely arise 
from the common iliac arteries, especially when a pelvic or 
ptotic kidney is present.

The internal iliac artery runs posteriorly from the common 
iliac artery, and subsequently gives off anterior and posterior 
divisions. The main branch of the posterior division is the 
superior gluteal artery, which runs out the sciatic foramen. 
The posterior division also usually gives rise to an iliolumbar 
artery, which may be an important source of endoleaks in 
patients who undergo abdominal aortic aneurysm repair. The 
anterior division gives off several important branches includ-
ing the internal pudendal artery and the uterine artery in 
women. The external iliac artery courses more anteriorly in 
comparison to the internal iliac artery. At the inguinal liga-
ment, it changes name to become the common femoral artery. 
Vascular landmarks for the inguinal ligament are the origins 
of the circumflex iliac artery and inferior epigastric artery.

The common femoral artery, which begins below the 
inguinal ligament, is a short vessel which usually has a 
length of 4 cm and gives off the superficial femoral artery 
and deep femoral artery at approximately the level of the 
lesser trochanter of the femur. Most commonly, there is also 
a slightly more lateral branch given off at the same level, 
which is the circumflex femoral artery. The term “superfi-
cial femoral artery” is still used commonly by physicians, 
whereas anatomists favor the name “femoral artery.” There 
has been some shift in nomenclature among physicians to 
refer to the femoral artery and drop the descriptor “super-
ficial” because of the accompanying vein. The “superficial” 
femoral vein, which accompanies the artery, is part of the 
deep venous system, and, despite its name, it is not part of 
the superficial venous system. Rarely, this may be a source 
of confusion when thrombi of the vein are reported.

The femoral artery courses anteromedially in the thigh. 
In the middle third of the thigh, the femoral artery enters 
the adductor canal or eponymously, Hunter’s canal. This is 
a frequent site of atherosclerotic disease. At the junction of 
the middle and lower third of the thigh, the femoral artery 
exits the adductor canal and changes name to the popliteal 
artery. The popliteal artery is a common site of several 
unique diseases including cystic adventitial disease and 
popliteal artery entrapment syndrome. Knee dislocation 
injuries may damage the popliteal artery. Around the level 
of the knee, the popliteal artery gives off medial and lateral 
genicular branches. These branches may serve as impor-
tant collaterals for reconstitution of the popliteal artery 
from profunda to genicular collateral pathways in the set-
ting of femoral artery occlusion.

The popliteal artery continues behind the knee and gives 
off the anterior tibial artery. In most patients, the anterior 
tibial artery gives off the dorsalis pedis artery which courses 
along the dorsal aspect of the foot. The other main branch 
of the popliteal artery is the tibioperoneal trunk. This 
divides into the posterior tibial artery and peroneal 
artery. The peroneal artery runs in the deep compartment 

of the lower portion of the lower extremity and usually 
terminates above the ankle. The posterior tibial artery runs 
posterior to the medial maleolus of the ankle and fre-
quently can be palpated at this point. The plantar arch is an 
arcade of vessels which may be primarily served by either 
the dorsalis pedis artery or the posterior tibial artery. The 
main vessel supplying the plantar arch should be noted and 
included in CT angiography reports.

Abnormalities and Diseases  

of the Peripheral Arteries

Vascular Variants

Several variants of normal anatomy have been described, 
but are uncommon. Moreover, variants which contribute to 
clinically significant arterial disease are rare. CT has an 
advantage in demonstrating 3D anatomy of muscular and 
osseous anatomy in comparison to conventional angiogra-
phy. As a result, CT is useful in demonstrating relationships 
between the arterial anatomy and osseous and muscular 
structures. Some variants may not cause significant vascu-
lar pathology. Rarely, for example, the external iliac artery 
may be absent, and the common femoral artery arises from 
the internal iliac artery (Figure 16.8). This is, however, not a 
common variant, and would not be expected to cause clini-
cally significant manifestations of arterial disease [23].

Rarely, the main lower extremity artery may arise from the 
internal iliac artery, and course posteriorly to the ischial 
tuberosity. This variant is known as a persistent sciatic artery. 
The anomalous course of the artery along the ischial tuberos-
ity can result in premature atherosclerotic disease (Figure 16.9) 
and also in formation of aneurysms (Figure 16.10). Typically 
occlusion or aneurysm formation occurs where the artery 
courses behind the ischial tuberosity. This is thought to occur 
due to repetitive underlying trauma due to impaction of the 
ischial tuberosity onto the artery [24].

For variants where abnormal muscular anatomy may 
contribute to pathology, the arterial tree may be better 
imaged with MRI. MRI has several potential advantages 
over CCTA, including better resolution of soft tissue 
structures such as musculature and joints. Non-contrast 
MR angiography techniques also permit imaging with the 
extremity in different positions, without the use of ioniz-
ing radiation.

Atherosclerotic Disease

Atherosclerosis is by far the most common disease of the 
peripheral arterial tree [25]. At times, patients may present 
with concomitant cerebrovascular disease and coronary 
atherosclerotic disease, although some patients with ath-
erosclerotic disease may present with peripheral ischemia 
as their initial symptom. In patients with other signs of 
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Figure 16.8. (a, b) An unusual variant is shown in which there is congenital absence of the external iliac artery. The internal iliac artery (white arrow) in this case takes a course posteriorly to give off the 
anterior and posterior divisions, before continuing anteriorly to give off the common femoral artery.

Figure 16.9. (a, b) Images of the right lower extremity are 
shown in a patient with bilateral persistent sciatic arteries. Note 
that the persistent sciatic artery (white arrows) is occluded at the 
level of the ischial tuberosity (white arrowhead). There is also, a 
second, long segment of probable occlusion of the persistent sci-
atic artery in the thigh. There is, however, reconstitution of the 
vessel via large profunda collaterals after both occlusions.
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Figure 16.10. (Same patient as in Figure 16.9) (a–c) Images of the left lower extremity are shown in a patient with bilateral persistent sciatic arteries (white arrows). Note the presence of a large aneurysm 
extending just above the ischial tuberosity (white arrowhead). Note also that the vessel is less well opacified distal to the aneurysm, due to stagnant flow.

Figure 16.11. (a, b) Multifocal atherosclerosis 
is demonstrated on these volume-rendered 
views of the lower extremities. The femur, tibia, 
and fibula have been subtracted from the field 
of view in order to better demonstrate the arte-
rial anatomy.

atherosclerotic disease, PAD may significantly contribute 
to worsening morbidity and mortality. Patients with PAD 
have a four to fivefold increase in risk of myocardial infarc-
tion or stroke [26, 27].

Peripheral vascular disease or PAD, also called peripheral 
artery occlusive disease (PAOD), is a common condition in 
10–25% of patients over the age of 55. The incidence increases 
with age at a rate of 0.3% per year in men aged 40–55 and at 
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a rate of 1% per year in men over the age of 75. Up to 70–80% 
of affected individuals are symptomatic, although only a 
minority of patients will eventually require revasculariza-
tion. Twenty-five percent of patients with PAD, however, will 
require some medical or surgical treatment [28, 29].

Peripheral CT angiography demonstrates atherosclero-
sis at a very early stage in the disease process. Plaques may 
be calcified or non-calcified, and may not cause stenosis 
until very late in the disease process (Figure 16.11). 
Densely calcified atherosclerotic plaques in the peripheral 
arterial tree may somewhat degrade CT angiography 
image quality, although this is less of a concern when 
imaging the extremities compared to the coronary 

arteries due to the larger caliber of vessels and the lower 
potential for motion and other artifacts. Low attenuation 
plaques, likely related to an early phase of plaque evolu-
tion, may also be seen [30].

Atherosclerotic plaques may be present throughout the 
vascular tree. Typically aortic atherosclerotic disease begins 
in the infrarenal aorta and becomes more severe closer to 
the aortic bifurcation. A rarer variant in some patients 
with atherosclerotic disease is the development of arbori-
fied, endoaortic calcified plaques, which predominantly 
protrude into the lumen, and are usually most pronounced 
in the juxtamesenteric and juxtarenal aorta. This variant 
has been termed a coral reef aorta (Figure 16.12) [31]. 

Figure 16.12. Views from a CT angiogram of the abdomen are shown with transverse (a, b) and sagittal (c) images shown. A coral reef aorta is present with dense endoaortic calcific proliferation. Densely 
calcified, endoluminal, arborified plaques are present (white arrows) in the juxtamesenteric aorta.
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Recognition of this variant of atherosclerotic disease is 
important since patients with endoaortic calcific prolifera-
tion are at higher risk for postcatheterization embolic phe-
nomenon. It has been suggested that endovascular 
interventions which necessitate crossing of the juxtames-
enteric aorta should be avoided in patients with a “coral 
reef aorta.” [32, 33]

In the peripheral tree, atherosclerotic disease may be 
multifocal and consists of mixed attenuation plaques. 
CT angiography is useful in demonstrating stenoses of 
50% or greater, which may contribute to patient symp-
toms. Specific features of each plaque which should be 
described include location of lesions, degree of stenosis, 
and length of plaque. When CT angiography is used for 
plaque characterization, descriptors for plaque attenua-
tion may be added, with reporting of plaques as calci-
fied, non-calcified, or mixed. Specific criteria for 
intervention have also been delineated, based on the 
degree of patient symptoms [34].

Atherosclerotic disease may cause a number of symp-
toms depending on the site of involvement. Several syn-
dromes have been characterized based on the distribution 
of atherosclerotic disease. For example, subclavian steal 
syndrome results from proximal stenosis in the subcla-
vian artery (Figure 16.13). As a result of stenosis, the dis-
tal subclavian artery may receive collateral flow from the 
vertebral arteries. Reversal of flow through the ipsilateral 
vertebral artery commonly ensues. Patients present with 
symptoms related to vertebrobasilar insufficiency. These 
symptoms are commonly worsened during exercise of 
the upper extremity, which results in increased flow to 
the extremity and worsened steal. Leriche’s syndrome is 
a constellation of symptoms which results from aortic 
and bilateral iliac artery disease, including gluteal and 
lower extremity claudication, penile impotence, and 
lower extremity atrophy.

Grafts and Stents in the Arterial Tree

In addition to being a noninvasive modality with excellent 
spatial resolution, CT angiography has several other advan-
tages in the evaluation of the treated vascular system. In 
comparison to MRI and MR angiography, CT angiography 
is advantageous for visualization of stents. On MRI, stents 
may be visualized only as artifacts and the internal lumen 
may be nonvisualized due to susceptibility effects. Other 
metallic structures including surgical clips may also induce 
artifacts on MRI including signal void and failure of fat 
saturation, whereas artifacts from surgical devices are less 
significant on CT.

Stents in peripheral arterial structures are typically very 
well-seen using thick, maximum intensity projection images 
(Figure 16.14). This allows visualization of stent struts and 
exclusion of strut fractures. Stents are easily depicted as high 
attenuation structures, and contrast opacification has no 
adverse effects on visualization of stents. In the short axis 
view, stent struts are frequently seen as regularly spaced, 
hyperattenuating foci at the rim of the artery, commonly in a 
hexagonal array (Figure 16.15). Because of the relatively high 
attenuation of stent material, and because of the phenome-
non of “blooming” on CT, a very bright stent may appear to 
be outside the confines of the wall of a vessel. The limitations 
of stent depiction on coronary CT are less significant in eval-
uation of the peripheral arterial tree due to the larger inter-
nal diameter of stents commonly employed in the peripheral 
vessels and to the absence of motion and other artifacts 
which can limit the evaluability of coronary stents.

Graft material is also well-evaluated on CT. Bypass grafts 
are commonly recognized as long, smooth tubes connected 
to the native vasculature on 3D, colored, lit projections 
(Figure 16.16). On axial views, the excluded, unopacified, 
native lumen is frequently visible. The connections between 
graft material and lumen may be enlarged and irregular, as 

Figure 16.13. Images from a CT angiogram are 
shown in a patient with known coronary artery 
disease and concomitant symptoms of subcla-
vian steal. The oblique sagittal (a) and volume-
rendered (b) views show a focal, shelf-like area of 
narrowing near the origin of the left subclavian 
artery (white arrows). In this case, identification 
of this stenosis was useful as an explanation of 
the patient’s symptoms. Preoperative identifica-
tion of subclavian stenosis is also important 
in patients in whom aortocoronary bypass is 
planned, as this condition may impede optimal 
flow through the internal mammary artery.
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a result of the patch angioplasty frequently performed at 
anastomoses. Grafts commonly are comprised of either 
interposed veins or polyfluorotetraethylene (PTFE). In 
some cases, where increased torsional effects are antici-
pated and may compromise grafts, re-enforced graft mate-
rial is commonly employed, and such grafts are typically 
depicted as corrugated on CT angiography (Figure 16.17).

Trauma

CT angiography as a modality has multiple features that 
make it ideal for imaging of the arterial tree in the setting 
of trauma. First, intimal flaps and abnormalities of the wall 

of the artery are better depicted by CT compared to MR 
angiography, and may be better seen than on ultrasound. 
CT angiography is also useful in demonstrating the entire 
arterial tree in a less time-intensive fashion than ultra-
sound. Concomitant posttraumatic deformities to the mus-
cles and bones may also be simultaneously demonstrated 
(Figure 16.18).

Several signs of arterial injury may be present on CT 
and include vessel nonopacification, abrupt vessel 
occlusion, pseudoaneurysm formation, intimal flap for-
mation, or arteriovenous fistula. Traumatic injury to 
vessels may ensue after blunt or penetrating trauma 
and in association with fractures which may displace 
vessels [16].

Figure 16.14. Stents are well-depicted on CT 
angiography. In this case, the stent is seen on the 
volume rendered view (yellow arrow, a) and also 
on the orthogonal, curved plane reformatted 
views (white arrows, b).

Figure 16.15. A stent is the left common iliac artery is shown. The stent is present on the volume rendered view (a) and also on the curved plane reformatted views (b). Note that, in the short axis of the 
vessel (c), the stent is seen as a hexagonal array of hyperattenuating struts.
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Fibromuscular Dysplasia

Although fibromuscular dysplasia is a common cause of 
stenosis in the renal or carotid arteries, it is less commonly 
encountered elsewhere in the peripheral arterial tree. When 

involving the peripheral arteries, fibromuscular dysplasia 
most commonly occurs in the external iliac artery, which is 
the third most common site of fibromuscular dysplasia. As 
in other parts of the body, the classification system for 
fibromuscular dysplasia is based on the layer of the artery 

Figure 16.17. A bifemoral bypass graft (white arrows) is evident with a typical, corrugated appearance, which is well seen on the volume rendered view (a) and the curved planar reformatted view (b).

Figure 16.16. Bilateral, aortofemoral bypass grafts are present (white arrows) and are seen as 
unusually smooth appearing structures in the vascular tree. The occluded, native vessels are visual-
ized on the transverse view (b, white arrowheads), but are not visualized on the volume rendered 

view (a), since the native arteries are not opacified. Enlargement and irregularity may be present at 
anastomotic sites (white, open arrowheads, c). Note that the patient also has aortic and celiac stents 
(black arrows, d).
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involved, with medial fibroplasia being the most common 
form. The most typical appearance of fibromuscular dys-
plasia is apparent beading of the vessel and is due to sev-
eral, closely approximated web-like areas of narrowing 
with intervening out-pouchings of the vessel (Figure 16.19) 
[35]. Other forms of fibromuscular dysplasia may have a 
variety of appearances [36]. Conventional angiography 
may have an advantage in demonstrating this entity com-
pared with CT, due to the inherently higher spatial resolu-
tion of conventional angiographic images.

Figure 16.18. CT angiography is useful in the setting of trauma. A surface-rendered view (a) 
shows the deformity in the outer contour of the extremity. CT angiography simultaneously demon-
strates osseous structures, demonstrating a dislocation at the knee (b, c). The osseous structures 
may be subtracted, however, in order to better demonstrate the underlying arterial anatomy (d). 
In this case, resultant occlusion of the popliteal artery is also present (white arrow, d).

Figure 16.19. Fibromuscular dysplasia is shown in the external iliac artery, which is the third most 
common site for this entity, following the internal carotid and renal arteries. The classic, beaded 
appearance of the external iliac artery (white arrow) is demonstrated on a reformatted view from the 
patient’s abdominal CT (a), but is more clearly demonstrated on the conventional angiography (b) 
due to the higher spatial resolution.
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Other Diseases of the Systemic Arteries

Cystic adventitial disease is a rare entity, which may affect 
any artery adjacent to a joint and presents as a smooth nar-
rowing in a patient without atherosclerotic disease. The 
narrowing is accompanied by cystic structures along the 
course of the artery. The most common artery affected is 
the popliteal. MRI is the preferred modality for depicting 
the cysts which occur along the vessel, although low attenu-
ation cysts are commonly observed on CT [37, 38].

Popliteal artery entrapment syndrome can occur due to 
a number of abnormalities of the relationship between the 
popliteal artery and the muscles of the popliteal space. The 
most common abnormal muscle in this case is the medial 
head of the gastrocnemius, although a number of abnor-
mal relationships have been described. This syndrome 
usually causes some degree of fixed narrowing of the 
popliteal artery, although there is commonly a dynamic 
component of narrowing usually during plantar flexion or 
dorsiflexion. Repetitive trauma to the artery as a result of 
the abnormal relationship to the muscle may cause aneu-
rysmal dilatation, thrombosis, or thromboembolism. MRI 
is useful in demonstrating popliteal artery entrapment 
syndrome, where an abnormal muscular slip courses 
medial to the popliteal artery. In this case, the lower extrem-
ity may need to be imaged in several positions including 
dorsiflexion and plantarflexion [37]. This is also more eas-
ily performed with MR angiography since MR angiography 
is less sensitive to optimal vascular opacification and 
images can be obtained at different time-points. Also, as 
non-contrast means of performing MRA become more 
robust, some vascular pathology may be imaged without 
the administration of contrast.

Since the common femoral artery is a common site of 
vascular access, it is subject to a higher rate of iatrogenic 
complications including chiefly pseudoaneurysm and arte-
riovenous fistula formation. Because of the focal nature of 
these complications, and because the portion of the artery 
involved is frequently very superficial, ultrasound with 
doppler is usually an adequate modality for the diagnosis 
and follow-up of femoral artery complications which may 
ensue after catheterization. On the other hand, when a deep 
or retroperitoneal hematoma is suspected, CT may be a 
more robust technique than ultrasound.

Other Modalities for Imaging  

the Peripheral Arteries

Advancements in imaging of the peripheral arteries have 
occurred in virtually every modality. As a result, the decision 
between modalities is more complex. Ankle-brachial index 
measurement is an adequate means of making an initial 
diagnosis of PAD [34]. Further evaluation with ultrasound is 
also useful in demonstrating atherosclerotic disease. 
Complete evaluation of the entire extremity with ultrasound 

is, however, very time-intensive and detection of disease is 
technologist-dependent. Detection and measurement of 
stenoses with ultrasound is also dependent on technical fac-
tors, such as the angle of insonation employed. Evaluation of 
the pelvic vasculature by ultrasound is much more difficult, 
and portions of the vasculature may not be easily demon-
strated at ultrasound due to overlying bowel gas and osseous 
structures. In very obese patients, ultrasound may be sig-
nificantly limited. An additional limitation of ultrasound is 
in the detection of disease distal to high-grade stenosis.

MRI and MR angiography have several advantages in 
patients including the ability to perform imaging without 
contrast. Contrast-independent MR angiography techniques 
have advanced dramatically, although there is still consider-
able variability between institutions and MR technology. In 
particular, the adequacy of particular MR sequences for 
imaging the arterial tree are dependent on the scanner, 
sequences, and vendor-specific techniques used. MR angiog-
raphy has significant limitations in evaluating the post-sur-
gical arterial tree, due to artifacts such as failure of fat 
saturation and susceptibility artifacts due to surgical clips, 
stents, or other foreign material. MR angiography is also 
contraindicated in patients with pacemakers. In the past, MR 
has been preferable in patients with renal disease due to rel-
atively lower nephrotoxicity of gadolinium, compared to 
iodinated contrast media. However, the recent recognition of 
nephrogenic systemic fibrosis as a complication of gadolin-
ium administration has decreased the utility of MR angiog-
raphy in patients with chronic, severe renal disease [39]. 
Gadolinium should generally not be given to patients with a 
creatinine clearance of 30 cc/min or less. In patients who are 
already dialysis-dependent, iodinated contrast may be a 
 better choice. CT has an advantage to MR angiography in 
superior spatial resolution and depiction of smaller vessels.

Radiation Dose in Peripheral  

CT Angiography

The radiation dose in CT angiography remains high and is 
increasingly a consideration in most CT applications. 
Concerns of radiation are somewhat mitigated by the fact 
that there are less radiosensitive tissues in the extremities. 
When imaging the extremities, breast and abdominal 
shielding can easily be employed with no compromise to 
image quality. Shielding significantly decreases scatter and 
is under-utilized in patients undergoing CT in general, 
including peripheral CT angiography.

The radiation dose for conventional angiography is, 
however, much higher than for CT angiography [40]. This 
is in contradistinction to radiation doses in the heart, where 
catheterization results in lower radiation doses compared 
to CT. One study found that for a 16-slice CT scanner, the 
average radiation dose for a peripheral CT angiogram was 
3.0 mSv in men, whereas the radiation dose for a conven-
tional angiogram had an average of 11.0 mSv. Other studies 
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have shown similar results, with CT angiography generally 
found to have a fourfold lower radiation dose in compari-
son with peripheral angiography [41]. Although peripheral 
CT angiography has a relatively low radiation dose and 
relatively less radiosensitive tissues are exposed, the risks 
of radiation should not be taken lightly.
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17
Aortic, Renal, and Carotid CT Angiography

Matthew J. Budoff and Mohit Gupta 

Introduction

Computed tomographic angiography of other vascular beds 
is significantly easier to perform and interpret than coro-
nary studies. There is no cardiac motion to contend with, so 
gating is most often not necessary. The exception is the 
ascending aorta, where pseudodissections (an appearance 
of a dissection caused by motion of the aortic root – 
Figure 17.1) have plagued earlier studies with single slice 
CT, due to motion artifacts [1]. Non-gated modes allow for 
very fast acquisition, and interpretation is significantly less 
complicated. Without ECG gating or breath-holding, arti-
facts, such as misregistration, do not occur, improving image 
quality compared to cardiac studies. Most of the large ves-
sels of interest (carotid, renal, mesenteric) have significantly 
larger diameters than those of coronary arteries, as well as 
less tortuous courses. Renal and carotid arteries are usually 
straight structures, so reconstructions are significantly less 
complicated than coronary imaging. Also, due to the 
increased speed of newer systems (electron beam tomog-
raphy (EBT) and 16+ row MDCT), venous enhancement is 
less common, so it is easier to see the arteries without 
superimposed contrast-filled structures (venous contami-
nation). This is another reason why CT is most often supe-
rior to magnetic resonance imaging in these other vascular 
beds. Of course, the requirements of radiation (more signifi-
cant for carotid imaging due to radiation-sensitive organs 
such as thyroid and orbits) and contrast (more significant 
for renal artery imaging due to the frequent coexistence of 
renal insufficiency and renal artery stenosis) make mag-
netic resonance more attractive for selective cases. In regard 
to the aorta, CT angiography can diagnose aneurysm, dis-
section, and wall abnormalities such as ulceration, calcifica-
tion, or thrombus throughout the full length of the aorta as 
well as involvement of branch vessels.

Disease of the aorta or great vessels can present with a 
broad clinical spectrum of symptoms and signs. The accepted 
diagnostic gold standard, selective digital  subtraction 
angiography, is now being challenged by  state-of-the-art CT 

angiography (CTA) and MR angiography (MRA). Currently, 
in many centers, cross-sectional imaging modalities are 
being used as the first line of diagnosis to evaluate the vascu-
lar system, and conventional angiography is reserved for 
therapeutic intervention.

Principles of Imaging

In aortic imaging, the volume coverage capabilities of 
MDCT come to full use without having to compromise on 
resolution or detail [2, 3]. With the current configuration of 
64-row (or greater) CT scanners, the entire abdominal 
aorta and the iliac arteries can be covered within seconds 
and with isotropic resolution (Chap. 1). Interrogation of 

Figure 17.1. Axial view of pseudo-dissection of aorta, caused by motion artifact in an ungated 
computed tomography (CT) scan of the chest.
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the dataset can now be made in the anteroposterior (coro-
nal) and lateral (sagittal) planes, which has been the con-
vention with invasive angiography.

Larger collimation (more detectors) reduces contrast, as 
the imaging territory is covered in a shorter period of time. 
With up to 320 detectors, volume coverage per rotation is as 
great as 160 mm. The typical distance needed for the abdomi-
nal aorta is on the order of 400 mm, so two to three rotations 
would cover the entire abdomen. With rotation speeds 
<500 ms, that could be accomplished in 1–2 s. There is no ECG 
gating (therefore no registration or collimation issues), and 
contrast requirements are minimal (30–40 cc per study). 
Another technique to minimize contrast is use of saline to 
flush the contrast through the system (Chap. 2). The saline 
chaser offers two significant benefits with CTA imaging. One 
is that the contrast is forced from the tubing and extremity 
veins into the central circulation, allowing for a reduction in 
the total dose of contrast. A second benefit is that the contrast 
sitting in the vein during imaging can cause partial volume 
(beam hardening) artifacts. Moving the contrast out of the 
venous system is important for cardiac imaging (where the 
scatter from the superior vena cava can cause artifacts in the 
right atrium and right coronary artery), carotid imaging 
(obscuring the proximal brachiocephalic artery or carotid 
base), and pulmonary imaging. With fast imaging, the venous 
circulation does not fill, reducing venous contamination (large 
vein obscuring smaller arteries), which could be problematic 
in renal beds and runoff studies, often seen with MRI.

CT Technique

Understanding the principles of CTA techniques is essen-
tial to acquire diagnostic images consistently. This section 
reviews current CTA methods used in the evaluation of 
great vessels. The following broad approach is a guide to 
CT scan acquisition for various scanners. For peripheral 
imaging, where ECG gating is not required, 16–320 slice 
scanners are more than adequate to image the entire vol-
ume. Also, there is not the need for speed (temporal resolu-
tion or rotation speed) that is required for cardiac work.

1. Intravenous injection of 35–70 mL of a nonionic con-
trast agent (300–370 mg I/mL), decreasing with scan-
ners with higher numbers of detectors.

2. Monophasic or biphasic injection rate: most commonly a 
monophasic injection at 4 mL/s (followed by a saline bo-
lus). Three phase injections (pure contrast, followed by 
mixed contrast saline, followed by pure saline) are more 
important and common with cardiac applications.

3. Scan delay determined by test injection (10 mL at 4 mL/s) 
or by automated triggering (to achieve imaging to coincide 
with contrast arrival in the aortic root close to the area of 
interest). The scan delay should be determined near the 
start of the section you are imaging (transverse aorta for 
carotids, abdominal aorta for renals or runoffs).

4. Pitch:

For 16-detector MDCT: 16 × 0.625 mm detector con-
figuration with 1.25 mm reconstruction thickness 
and pitch = 1.7 (table speed 17.5 mm/rotation divided 
by 10 mm detector coverage (16 × 0.625 = 10 mm)), 
reconstructed retrospectively with 0.37 mm interval 
for 3D and MPR
For 64-detector MDCT: 64 × 0.625 mm detector con-
figuration with 0.625–1.25 mm reconstruction thick-
ness and pitch = 1(moving the table 40 mm and 
covering 40 mm with each rotation) up to a pitch of 
1.375 (table speed 55 mm/rotation divided by 40 mm 
detector width), reconstructed retrospectively with 
0.3 mm interval for 3D and MPR. (The 40 mm of 
detector width coverage per rotation used is currently 
available in the GE and Phillips 64 systems. Siemens 
single or dual source has 19.2–38.4 mm of collimation, 
increasing with Philips 256 (128 detectors of 0.625 mm 
allowing 80 mm of coverage per rotation, and the 
Toshiba 320 allows 160 mm of coverage per rotation).

Thus, large areas can be scanned with minimal contrast use. 
The most common protocols employed increase the image 
acquisition time from 100 ms per image to 200–300 ms per 
image, to improve tissue penetration and reduce image noise. 
Still, at most 50–60 mL of contrast is all that is necessary to 
complete a thoracic and abdominal aortic study.

Aortic Imaging

The speed and ease of modern CTA make it the technique of 
choice for diagnosing chronic and acute aortic pathologic 
findings such as intramural hematoma, aneurysm, traumatic 
injuries, atherosclerosis, and dissection (Figure 17.2). With 
the current configuration of 64-row CT scanners, the entire 
abdominal aorta and the iliac arteries can be covered with 
isotropic resolution. Moreover, the high scan speed allows 
substantial reduction of the amount of contrast material 
used in earlier studies, hence reducing the adverse effects.

Aortic Dissection

The superior temporal resolution of current MDCT systems 
significantly improves imaging of the aorta, because motion 
artifacts are eliminated in the ascending aorta. CT is often 
considered a superior method over other imaging methods 
for identification of aortic dissection, as the intimal flap is 
usually well delineated, even in branches of the aorta. The 3D 
nature and the ability to see the outer wall, false lumen, and 
presence of clot make this technique superior to even inva-
sive angiography for evaluation of dissection (Figure 17.3). 
The extent of the dissection including the proximal entry 
and distal re-entry sites, involvement of adjacent branch ves-
sels, and potential comprise of the true lumen are thoroughly 
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evaluated. The ability to visualize the great vessels into the 
transverse aorta, neck, and arms makes CT significantly 
more robust than transthoracic and transesophageal 
echocardiographic imaging and significantly better tolerated 
by patients. Transthoracic echocardiography visualizes the 
aortic root well, but is poor at imaging the mid-ascending 

and descending thoracic aorta. Transesophageal echocar-
diography is minimally invasive and but does not image the 
distal ascending thoracic aorta or arch well. Because imaging 
protocols for MDCT can be performed in under 10 min (sig-
nificantly shorter than MR or transesophageal echocardiog-
raphy), even unstable patients can be evaluated and triaged 
quickly. With use of flow modes (usually used for timing of 
contrast), assessing luminal flow in the true and false lumens 
is possible. Simultaneous evaluation of the coronary arteries 
and pulmonary arteries (triple rule out) can be accomplished 
with cardiac gating applied.

Thoracic Imaging

Diseases of the thoracic aorta present a diagnostic challenge. 
Many aortic conditions, such as aneurysms, typically cause no 
symptoms and often go clinically unrecognized until a life 
threatening complication occurs. CT is the primary means of 
imaging the lung, thoracic trauma (blunt and penetrating), 
aneurysms, and aortic dissections [4]. CT is playing an increas-
ingly important role in the diagnosis and management of tho-
racic aortic pathology [5, 6]. Once aortic disease is detected, a 
comprehensive evaluation of the entire thoracic aorta is indi-
cated to demonstrate the maximal aortic diameter and to 
detect associated disease in other segments of the aorta. In the 
situation of an acute life-threatening event, CT can provide 
extensive information concerning the heart, aorta, and great 
vessels with a single scan protocol (Figure 17.4). In addition, 
during the same examination, the brain and spinal canal can 
be evaluated, if necessary. The entire global CT examination 
(head, cervical spine, chest, abdomen, and pelvis) can be com-
pleted on modern MDCT systems with scan times of 20 s and 
exam times that are <15 min [7].

Thoracic aortic imaging is the one area where gating the 
cardiac cycle (similar to CTA applications) is important [8]. 
The reduction in motion artifact provided by ECG gating is 
especially relevant to axial data from the ascending aorta. 
The evaluation of aneurysms of the ascending thoracic 
aorta and the assessment of possible type A aortic dissec-
tion is improved with this methodology due to effective 
elimination of motion artifacts [9] (Figure 17.1). Moreover, 
the possibility of applying ECG-controlled X-ray tube dose 
modulation is an authentic step forward for reducing 
 radiation exposure rates.

Comparison to Other Methods

Although MRI and transesophageal echocardiography can 
provide exquisite and unique information, the robust 
nature of CT often makes it the imaging modality of choice. 
Advantages are the ability to image the entire aorta and 
beyond, demonstration of surrounding structures and 
organs, quantitative measures of aneurysm size and loca-
tion, and a rapid examination time. Limitations are the 
negative effects of iodinated contrast on renal function, 

Figure 17.2. A volume-rendered image depicting an aortic dissection involving the abdominal aorta 
(arrow), starting below the renal arteries and ending prior to the iliac arteries (courtesy of TeraRecon, Inc.).

Figure 17.3. Spiral aortic dissection seen on a sagittal view of a gated 64-multidetector com-
puted tomography (MDCT) cardiac scan.
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the rare adverse reactions to iodinated contrast, and the 
inability to directly measure blood flow (useful to deter-
mine true and false lumens). A current MDCT protocol for 
CT angiography provides high-resolution arterial phase 
images from the thoracic inlet to the femoral arteries. This 
coverage incorporates the entire aorta, as well as the 
organs of the chest, abdomen, and pelvis. Beyond classify-
ing dissections as involving the ascending (Stanford type 
A) or descending (type B), CT can demonstrate associated 
findings critical to patient care such as mediastinal hema-
toma, pericardial effusions, pseudoaneurysm formation, 
and active extravasation of contrast from the aorta. 
Quantitative measurement of aneurysm size, location, 
and relation to branch vessels can be used for planning 
operative or intravascular repair and for monitoring post-
procedure anatomy. The necessity for precise and quanti-
tative measurements with CT has become more critical 
with the continued advancements in endovascular repair 
with stent-grafts [10, 11].

CT angiography is less operator-dependent than transesoph-
ageal echocardiography, allows complete organ visualization, 
and is faster and more convenient for patients than magnetic 
resonance imaging and digital subtraction angiography. The 
latter issues are especially important with severely ill patients. 
In the setting of blunt and penetrating trauma, CT of the chest 
can be extremely useful in diagnosis and as an aid to surgical 
management [12]. Another major advantage over MR is that 
these examinations are performed in critically ill patients who 
may require mechanical ventilation, invasive monitoring, 
intravenous infusion pumps, and cardiac pacing.

Abdominal Aorta

Aortic aneurysm is associated with risk for sudden death 
due to aortic dissection or rupture and can occur 

associated with connective tissue disorders or acquired 
cardiovascular disease [13]. The ability to measure the 
diameter, wall thrombus, and calcification makes this an 
ideal modality for sequential following of patients and to 
make an accurate assessment for surgical planning or 
medical therapy (Figure 17.5). Aortic endovascular stent-
ing is gaining acceptance as an alternative to traditional 
open surgical repair for abdominal aortic aneurysms. CT 

Figure 17.4. Thoracic aortic dissection extend-
ing into the transverse aorta (left) and descending 
thoracic aorta (right). The intramural thrombus is 
easily identified by the arrow.

Figure 17.5. Aortic wall calcification (arrow) and aneurysm on an axial image at the level of 
abdominal aorta.
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imaging is the predominant method used for preoperative 
planning to assess the feasibility of endovascular aortic 
stenting and also to select the appropriate aortic stent graft. 
The abdominal aorta is usually scanned before and follow-
ing intravenous contrast enhancement, which enables 
detection of calcification of the arterial wall which will be 
partly obscured following contrast enhancement. It also 
provides a baseline for evaluating any vascular injury with 
hemorrhage or thrombus that will be seen on the post-
contrast acquisition. 3D sagittal and coronal reconstruc-
tions are routinely performed (Figures 17.6 and 17.7). 
Maximum intensity projection (MIP) provides images 
similar to conventional angiography and is useful to visu-
alize calcification and the relationship of the aneurysm to 
adjacent vessels.

Common Indications for CTA of Abdominal Aorta

1. Detection and depiction of atherosclerotic occlusive 
disease or aneurysmal dilatation of the abdominal aorta 
and iliac arteries.

2. Preoperative assessment of aortoiliac aneurysms to de-
termine whether open repair or stent grafting is indi-
cated.

3. Preoperative measurement of the aneurysm for select-
ing the appropriate stent graft.

4. Follow-up for the size and progression or regression of 
abdominal aortic aneurysms.

5. Diagnose the presence and severity of complications 
following aortic stent-graft placement including en-
doleaks, aneurysm expansion, rupture, pseudoaneu-
rysm, thrombus, and graft migration) [14].

6. Detection and depiction of aortic dissection.
7. Detect the presence of aortic aneurysm rupture.

Accurate measurements of the aortic root diameter can 
be made easily and the extent of the aneurysm defined. 
Luminal thrombus is easily identified by differences in 
tissue density during contrast enhancement. The tomo-
graphic format of CT provides excellent definition of the 
relationship of aortic aneurysms to adjacent structures. 
Leakage of blood from the aneurysm or stent may be 
 recognizable with contrast enhancement of surrounding 
tissues.

The 2D images (axial data), maximal intensity projec-
tion, and multiplanar imaging allow accurate measure-
ment of length, location, and diameter of aneurysms. The 
involvement of branch vessels (renals, mesenterics, iliacs, 
etc.) is also easily assessed with minimal contrast require-
ments. CT angiography has become the first-line modality 
for evaluation for planning stent-graft deployment 
(Figure 17.7) and post-procedural assessment (Figure 17.8). 
Cephalocaudal coverage from the celiac trunk to the proxi-
mal thighs provides a suitable study volume to detect aor-
tic disease. Although the preoperative assessment requires 

a true early arterial phase to investigate all preoperative 
necessities (e.g., aortic neck diameters, angle and distance 
from the renal arteries), the postoperative study requires a 
biphasic scan protocol, allowing a more detailed inspection 
of the perigraft space to rule out possible endoleaks. High-
resolution, thin slice protocols are preferable, especially for 
the post-processing task.

Several studies have demonstrated the accuracy of CT 
for the diagnosis of aortic diseases. Stueckle et al [15] 
compared conventional angiography to CTA in the diag-
nosis of morphologic changes in the abdominal aorta 
and its branches in 52 patients who underwent both 
MDCT and invasive angiography before surgical treat-
ment. All CT examinations were performed after admin-
istration of 100 mL contrast medium with a collimation 
of 4 × 1 mm and a pitch of 7. All aneurysms, occlusions, 
stenoses, and calcifications were diagnosed correctly by 
CTA in axial and multiplanar projections (sensitivity 
100%; specificity 100%).

The degree of stenosis was overestimated in three cases 
when using axial projections. 3D volume-rendered CTA 
showed a sensitivity of 91% for aneurysms, 82% for 
stenoses, 75% for occlusions, and 77% for calcifications. 
The specificity was 100% in all cases. With increased detec-
tor systems, imaging improves. Multislice CT angiography 
is similar to invasive angiography for abdominal vessels if 
multiplanar projections are used.

Nihan et al [16] described 25 patients (22 preoperative 
and 3 postoperative) who underwent EBT angiography 
prior to surgery, with results compared to surgical find-
ings. Among the 22 preoperatively evaluated patients,  
17 patients had thoracic and/or abdominal aorta aneu-
rysm with or without associated mural thrombus and cal-
cified arteriosclerotic plaques, and four had dissection in 
the thoracic and abdominal aorta. The findings by CTA 
correlated with the surgical findings in all cases. In one 
preoperative patient, interventional angiography resulted 
in the misdiagnosis of occlusion in the proximal part of 
the abdominal aorta, but EBA showed tortuosity and divi-
sion anomaly of the abdominal aorta which could not be 
evaluated by interventional angiography because of tech-
nical limitations. There was one postoperative case of a 
patient with Marfan’s syndrome who was found to have a 
pseudoaneurysm surrounding a graft in the ascending 
thoracic aorta with contrast extending from the pseudoa-
neurysmal space to the right atrium. These findings were 
in addition to that found on conventional invasive angiog-
raphy. These findings demonstrated that CTA is a highly 
accurate imaging method in all kinds of thoracic and 
abdominal aorta diseases in the preoperative and postop-
erative period with excellent 3D images competitive in 
quality with interventional angiography. In some instances, 
CT angiography images give more information about the 
aortic diseases due to visualization of lumen, thrombus, 
and wall disease simultaneously, as compared to interven-
tional angiography.
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Figure 17.6. A representation of the 2D axial images (top left), curved multiplanar reformat (top 
right), and volume-rendered images (bottom) of a patient with an abdominal aortic aneurysm. 
The iliacs and femoral bifurcations can be seen best in their true anatomic 3D orientation with the 

volume-rendered image. The thrombus, however, is only visible on the 2D images and curved MIP 
image (green arrows). The white arrow demonstrates the iliac aneurysm.
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Comparison to Other Modalities

Like CT, MRA of the abdomen is always acquired as part of 
a routine lower extremity runoff procedure most com-
monly performed for symptoms of claudication.

With CT, the renals can be routinely evaluated during an 
abdominal aorta study. For MR, the evaluation of the renal 
arteries for characterizing potential renal artery stenosis in 
patients with hypertension must be done as a separate pro-
cedure, with different imaging protocols. This is also true 
for evaluation of a potential renal donor. In these patients, 
dedicated abdominal MRA acquisition is required with 

greater contrast enhancement, which is not feasible when 
the legs and feet must also be imaged at the same time. This 
is because there is a limit on the total volume of gadolin-
ium, which is usually 30–45 mL for an adult. An abdominal 
MRA performed for the indications listed previously is 
often scanned as part of the same procedure as a thoracic 
MRA, as it is for CT.

Conclusion

The simultaneous acquisition of multiple thin collimated 
slices in combination with enhanced gantry rotation 
speed offers thin slice coverage of extended volumes 
without any loss in spatial resolution. Early limitations of 
four slice scanners required restricting the scan volume 
and focusing on dedicated abdominal vessel territories in 
order to provide high spatial resolution (1–2 mm), while 
16+ detector-row technology now enables full abdominal 
coverage from the diaphragm to the groin without 
 compromise of spatial resolution. This technique enables 
the evaluation of the whole arterial visceral vasculature 
(e.g., hepatic vessels, mesenteric vessels, renal arteries) 
and the aortic-iliac axis in a single data acquisition. 
Higher  detectors allow faster volume coverage (lowering 
contrast requirements, while slightly raising radiation 
requirements).

Figure 17.7. Abdominal aortic aneurysm with large intramural thrombus, seen on maximal 
intensity projection image (top, green arrow) and volume-rendered (bottom, blue structure) (cour-
tesy of TeraRecon, Inc.).

Figure 17.8. A patient status post repair of a thoracic aortic aneurysm. The stent can be seen 
without scatter artifact or partial volume effect (courtesy of TeraRecon, Inc.).
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Renal and Mesenteric Arteries

Renal vasculature is very commonly imaged to rule out reno-
vascular hypertension. Although renal artery duplex sonog-
raphy is often the first examination performed, there are a 
number of well-recognized limitations, most important being 
the challenge of optimally visualizing these vessels in obese 
patients. Catheter angiography has been the traditional gold 
standard for renal artery evaluation; however, improvements 
in spatial resolution and image quality of cross-sectional 
techniques have allowed MR and CT angiography to replace 
this invasive examination in most circumstances. Current 
64+ channel CT systems permit rapid acquisition of large 
volumes of submillimeter data with isotropic resolution 
(equal resolution in the X, Y, and Z dimension), allowing 3D 
data to be reconstructed in any plane. MRA has also benefited 
from a number of recent developments, including improve-
ments in gradient hardware and the recent introduction of 
parallel imaging, both of which permit reduced acquisition 
times and improved spatial resolution; however thicker slices 
with MRA require acquisition in the plane of interest, making 
scanning protocols much more complicated.

CTA, combined with abdominal/parenchymal imaging, 
is a first-line diagnostic test in patients with suspected 
abdominal vascular emergencies, such as acute mesenteric 
ischemia, and an excellent tool to assess a wide variety of 
vascular abnormalities of the abdominal viscera. Important 
indications for directed renal artery imaging comprise the 
assessment of patients with suspected renal vascular hyper-
tension to exclude hemodynamically significant renal 
artery stenosis as well as a complete preoperative assess-
ment for renal transplant candidates. A wide range of 

functional techniques are now available with CTA, which 
may help us to identify patients who would or would not 
benefit from renal artery revascularization [17]. MDCT 
angiography of the renal arteries is performed with a high-
resolution protocol (thickness as thin as 0.5–0.625 mm). 
Achieving adequate coverage to encompass the entire kid-
neys and the origins of accessory renal arteries is easily 
accomplished in a scan of <3 s duration, or as part of the 
aortic evaluation (described previously). With adequate 
selection of acquisition parameters (thin collimation), high 
spatial-resolution volumetric datasets for subsequent 2D 
and 3D reformation can be acquired (Figure 17.9). Whereas 
fast acquisitions allow a reduction of total contrast volume 
in the setting of CTA, this is not the case when CTA is com-
bined with a second-phase abdominal MDCT acquisition 
for parenchymal (e.g., hepatic) imaging. Renal CTA is an 
accurate and reliable test for visualizing vascular anatomy 
(Figure 17.10) and renal artery stenosis, and therefore a 
viable alternative to MRA in the assessment of patients 
with renovascular hypertension and in potential living 
related renal donors.

Methods

Routine clinical practice follows the rule of thumb that the 
injection duration should match the acquisition time. 
Biphasic injection protocols, with an initially high injec-
tion rate followed by a slower continuing injection phase, 
ensure optimal opacification of the renal arteries (Chap. 2). 
Note that high-concentration contrast material requires 
only moderate injection flow rates (maximum of 4.5 mL/s) 
to achieve high iodine administration rates [18].

By using a half-second MDCT scanner and a 1 mm nomi-
nal section thickness, Willmann et al [19] obtained excellent 
quality CT angiograms (92 and 99% sensitivity and specific-
ity, respectively) for the detection of hemodynamically sig-
nificant arterial stenosis of aortoiliac and renal arteries. 
When compared to MRA, there is no statistically significant 
difference between 3D MRA and MDCT angiography in the 

Figure 17.9. A volume-rendered image of the abdominal aorta and vessels (including exquisite 
detail of the mesenteric and iliac arteries) using 64-detector MDCTA. Figure 17.10. Renal artery aneurysm.
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detection of hemodynamically significant arterial stenosis 
of the aortoiliac and renal arteries. This study also demon-
strated that patient acceptance of the CT study is higher 
than either invasive angiography or MRA.

Tepe et al used 3D EBT angiography to evaluate renal 
artery lesions as well as vascular variants that are crucial to 
detect before surgery [20]. Forty patients underwent EBT 
(GE-Imatron, C 150 ultrafast CT scanner, San Francisco, CA) 
of the renal arteries. The study demonstrated that both maxi-
mal intensity projection (MIP) and volume-rendered images 
were excellent in demonstrating stenosis of the renal arteries. 
Accessory and main renal arteries were easily depicted, and 
stenosis was shown with high accuracy. In this study, among 
40 renal angiography patients, 21 had stenosis of the renal 
arteries with different percent-ages. A total of 12 accessory 
renal arteries (five left, seven right) were detected. CT, with its 
noninvasive volume rendering (VR) and MIP techniques, is 
easy to apply and is functional and accurate for neoplasms, 
renal vascular anatomy, and renal artery stenosis.

While most vascular beds have demonstrated an advan-
tage of MIP imaging over VR for accurate stenosis 
 detection (especially coronary artery imaging), renal vas-
culature seems more amenable to quantitation with VR. 
One study specifically compared overall image quality 
and vascular delineation on MIP and VR images. The 
authors found that all main and accessory renal arteries 
depicted at invasive angiography were also demonstrated 
on MIP and VR images [21]. VR performed slightly better 
than MIP for quantification of stenoses >50% (VR: 
r2 = 0.84, p < 0.001; MIP: r2 = 0.38, p = 0.001) and signifi-
cantly better for severe stenoses (VR: r2 = 0.83, p < 0.001; 
MIP: r2 = 0.21, p = 0.1). For detection of stenosis, VR yielded 
a substantial improvement in positive predictive value 
(VR: 95 and 90%; MIP: 86 and 68% for stenoses >50 and 
70%, respectively). Image quality obtained with VR was 
not significantly better than that with MIP; however, vas-
cular delineation on VR images was significantly better 
(Figure 17.11). The VR technique of renal MRA enabled 
more accurate detection and quantification of renal artery 
stenosis than did MIP, with significantly improved vascu-
lar delineation.

Another study evaluated findings in 50 main and 11 acces-
sory renal arteries [22]. All arteries depicted on conventional 
angiograms were visualized on MIP and VR images. Receiver 
operating characteristic (ROC) analysis for MIP and VR 
images demonstrated excellent discrimination for the diag-
nosis of stenosis of at least 50% (area under the ROC curve, 
0.96–0.99). While in this study, sensitivity was not signifi-
cantly different for VR and MIP (89% vs. 94%, p > 0.1), and 
specificity was greater with VR (99% vs. 87%, p = 0.008–0.08). 
Stenosis of at least 50% was overestimated with CT angiog-
raphy in four accessory renal arteries, but three accessory 
renal arteries not depicted at conventional angiography were 
depicted at CT angiography. In the evaluation of renal artery 
stenosis, CT angiography with VR is faster and more accu-
rate than CT angiography with MIP. Accessory arteries not 

depicted with conventional angiography were depicted with 
both CT angiographic algorithms.

CT angiography is a highly reliable technique for detec-
tion of renal artery stenosis as well as for morphologic 
assessment and can surpass conventional angiography in 
terms of diagnostic accuracy and reduced exposure to 
iodinated contrast (Figure 17.11). In patients with renal 
insufficiency, color-coded duplex ultrasound or gadolin-
ium-enhanced MRA should remain the initial examination 
performed, depending on local expertise and availability. 
However, new warnings regarding systemic fibrosis with 
gadolinium make this agent contraindicated in patients 
with glomerular filtration rates of <30 mg/mL/mm2.

Mesenteric Vasculature

MDCT angiography has become a valuable minimally inva-
sive tool for the visualization of normal vascular anatomy 
and its variants as well as for pathologic conditions affecting 
the mesenteric vessels (Figures 17.12 and 17.13) [19, 23, 24]. 
Indications for MDCT angiography include not only acute 
and chronic ischemia, aneurysm, and dissection, but also 
preoperative vascular assessment for patients undergoing 
liver lesion embolization as well as in the setting of liver 
transplantation [25, 26]. Protocols for typical aortic imaging 
(described previously) are used to image the mesenteric vas-
culature. Mesentric CTA has been facilitated by rapid image 
acquisition with 64 slice scanners, which reduce artifact from 
respiratory variation. This allows visualization of lesions at 
the mesenteric orifice and evaluation of distal reconstitution. 
Mesenteric CTA can assist in the evaluation of abdominal 
pain by ruling out other intra-abdominal pathology. Multiple 
axial images and rotational views may be necessary to evalu-
ate mesenteric lesions at the aortic orifice.

The reconstructed images allow for easy evaluation of all 
abdominal vasculature. VR is most often used, predominantly 
due to the complex anatomy, making MIP imaging more 

Figure 17.11. A volume-rendered electron beam tomography (EBT) study of the renal arteries, 
depicting a high-grade stenosis of the left renal artery (arrow). The left kidney also opacifies less 
(darker color) than the right kidney, suggesting decreased blood flow and significance of the visual-
ized stenosis.
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difficult (Figure 17.13). Since the arteries are highly tortuous, 
leaving the 2D plane often (and traveling both caudally and 
cranially at different times), these vessels pose the most chal-
lenge with axial interpretations. With coronary imaging, the 
arteries run cranial to caudal, without significant exception. 

Thus, interpreting with MIP or axial imaging is fairly straight-
forward, as the operator needs to systematically go from the 
most cranial images to the most caudal to follow the respec-
tive arteries. With mesenteric imaging, the arteries commonly 
turn both cranially and caudally, and VR makes visualization 
of the entire dataset with one reconstruction possible. No 
studies of the diagnostic potential of the different reconstruc-
tion methods have been reported.

CTA and contrast-enhanced MRA are excellent noninva-
sive screening techniques for patients suspected of having 
mesenteric ischemia of all causes. CTA has higher spatial 
resolution and faster acquisition times, allowing assessment 
of the peripheral visceral branches and the inferior mesen-
teric artery with greater accuracy than contrast-enhanced 
MRA. In addition, it allows the identification of calcified 
plaques. Contrast-enhanced MRA is therefore our clear sec-
ond choice in this clinical setting, but the lack of radiation 
and iodinated contrast agents make it the technique of choice 
for children and patients with azotemia [27].

Carotid Artery CT Angiography

Ischemic cerebrovascular events are often due to atheroscle-
rotic narrowing of the carotid bifurcation (Figure 17.14) 
[28].Carotid bifurcation disease contributes to stroke, tran-
sient ischemic attacks, or amaurosis figax through sud-
den occlusion, and cerebral or ocular embolization. 
Invasive angiography is the current reference standard for 

Figure 17.12. Maximal intensity projection of the abdominal aorta, demonstrating severe calcifications at the iliac bifurcation (arrow, left image). The right image demonstrates a normal arterial bed in 
another patient, displayed using volume rendering (VR) (courtesy of TeraRecon, Inc.).

Figure 17.13. 3D image demonstrating the ability of CT to visualize the abdominal arteries, 
including the gastric arteries in this case. Reconstruction performed on Aquarius Workstation, 
TeraRecon, San Mateo, CA (courtesy of TeraRecon, Inc.).
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the evaluation of obstructive carotid artery disease. CT 
angiography is a robust technique in assessing carotid artery 
stenosis, allowing excellent visualization of the lumen of the 
carotid artery using intravenous contrast (Figure 17.15). 
Subsequent refinement of magnetic resonance imaging, 
ultrasound, and CT techniques has led to changes in clinical 
practice whereby many centers have now abandoned con-
ventional X-ray angiography in place of safer imaging 
modalities [29]. CT angiography offers details of the entire 

relevant neurovascular axis by excluding significant carotid 
disease and intracranial disease [30].

Coupling non-contrast-enhanced cranial CT imaging with 
CT perfusion imaging and CTA of the entire cerebrovascular 
axis is both safe and feasible [31]. Current practice is to use 
CTA to facilitate patient triage and provide specific informa-
tion to rule out large vessel stenosis in patients with transient 
ischemic attacks, suspected stroke, or in patients with carotid 
bruits and (Figure 17.16) [29].

Figure 17.14. Two patients with carotid steno-
sis at the bifurcation. The left image is a volume-
rendered image, with a high-grade stenosis at 
the proximal portion of the internal carotid, with 
a dense calcification also seen (arrow). The right 
image demonstrates a maximal intensity projec-
tion image of the same region, with a tight 
stenosis and thrombus present (arrow).

Figure 17.15. 3D images of normal carotid 
arteries bilaterally (courtesy of TeraRecon, Inc.).
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Common indications include evaluation of patients 
with carotid bruits, symptoms of vertebral insufficiency, 
borderline carotid ultrasound examinations, or insuffi-
cient MRA examinations of the carotid system. Many vas-
cular surgeons will not operate based upon carotid 
ultrasound, requiring confirmation with either CTA or 
invasive angiography. This chapter will address the  clinical 

applications of CT angiography of the carotid and verte-
bral arteries.

The North American Symptomatic Carotid Endar terectomy 
Trial and European Carotid Surgery Trial demonstrated a large 
reduction in strokes by performing carotid endarterectomy 
[29, 32, 33] in symptomatic patients with a stenosis of more 
than 70%, Thus, an accurate assessment of carotid disease is 

a1 a2

b1 b2

c1 c2 c3

Figure 17.16. (a1) Right external carotid artery stenosis. (a2) Volume rendered image of right external carotid artery stenosis. (b1) Coronal view of right internal carotid artery (ICA) stent. (b2) Volume 
rendered image of right ICA stent. (c1) Axial view of left carotid artery dissection. (c2) Coronal view of left carotid artery dissection. (c3) Volume rendered image of left carotid artery dissection.
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important. Furthermore, endarterectomy in patients with a 
symptomatic moderate carotid stenosis of 50–69% produced 
a moderate reduction in the risk of stroke [33]. Randoux et al 
[34] prospectively compared gadolinium-enhanced MRA and 
CTA with invasive angiography for use in detecting atheroma-
tous stenosis and plaque morphology at the carotid bifurca-
tion in 22 patients. There was significant correlation between 
CTA, enhanced MRA, and invasive angiography. Severe inter-
nal carotid artery (ICA) stenoses were detected with high sen-
sitivity and specificity: 100 and 100%, respectively, with CT 
angiography; 93 and 100%, respectively, with enhanced MRA.

Apart from a hemodynamically significant luminal steno-
sis, complexities in extracranial carotid artery plaque mor-
phology, including surface irregularities/ulcerations due to 
plaque rupture, calcification, fibrous cap thinning, intraplaque 
hemorrhage, and the presence of necrotic core, have also been 
shown to increase the risk of thromboembolic events. Out of 
all the modalities, luminal surface irregularities and ulcer-
ations are most frequently seen at CTA. CTA allows for rapid 
acquisition of imaging data that can be reconstructed into 2D 
and 3D images with cross-sectional views that are able to accu-
rately depict plaque morphology. MIP techniques allow for 
data to be reconstructed into images that closely resemble 
conventional catheter-based angiograms that can be rotated 
360° to be viewed from any angle. This helps to delineate the 
unstable plaques which are less stenotic but at high risk of 
producing symptomatic embolization or carotid occlusion. 
Most studies suggest that CT angiography is the best modality 
for analyzing plaque morphology. Saba et al [35] evaluated the 
carotid arteries of 237 patients by MDCT and Ultrasound 
Doppler, and correlated the findings with the surgical results. 
MDCT was proven to be better than Doppler, with the surgical 
confirmation underlining a 93.8% sensitivity and 98.6% speci-
ficity for MDCT. Detection of ulcerated plaques may prove to 
be important, since it has been suggested that the presence of 
plaque ulceration is a risk factor for embolism [36]. However, 
the inability of invasive angiography to depict plaque ulcer-
ation is well documented [37, 38], partly because of the limited 
number of views that are typically obtained. In the case in 
which CT angiography depicted an ulceration that was not 
depicted at gadolinium-enhanced MRA, this could be due to a 
lack of spatial resolution at gadolinium-enhanced MRA.

The eventual ability to preemptively identify asymptom-
atic plaques with the high likelihood to produce symptoms 
is the most practical goal of CTA imaging technique, allow-
ing appropriate intervention prior to a disabling or fatal 
neurologic event. CT angiography and gadolinium-
enhanced MRA have both proved reliable and fast tech-
niques to evaluate the degree of ICA stenosis [38]. CT 
angiography has some substantial benefits, including its 
accuracy and lack of invasiveness [39], and improved spa-
tial and temporal resolution as compared with MRA.

Methods for Carotid CT Angiography

Carotid CT angiographic images are obtained with patients 
placed in the supine position with the head tilted back as 

far as possible to avoid inclusion of dental hardware. Spiral 
data can be acquired with a 0.5–0.625 mm slice thickness 
starting at the seventh cervical vertebra and proceeding as 
far cephalad as required. Some centers suggest starting at 
the CT parameters including a field of view (FOV) of 15 cm 
and a section thickness of 1 mm. With a power injector, 
30–40 mL of nonionic contrast medium is injected at a rate 
of 2.5 mL/s into an antecubital vein. Administration of each 
bolus was followed immediately by a 20 mL saline flush. 
The acquisition is initiated after the start of the adminis-
tration of contrast medium, the time of which was deter-
mined by a test of circulation time.

In general, good image quality is essential. A CT angio-
graphic image of good quality is easily obtained if the 
patient does not move during the study. Given the faster 
scan times with increased detector systems, this is even 
easier. A breath-hold acquisition is not necessary. Compared 
with invasive angiography and CTA, a major limitation of 
gadolinium-enhanced MRA is spatial resolution. By using 
automatic triggering with detection of the contrast mate-
rial bolus, it is fairly straightforward to selectively obtain 
an arterial phase image. Previous studies [40] have shown 
that a combination of optimal tracking volume placement 
and adjustment of tracking volume size ensures optimal 
sensitivity to the contrast material bolus. By choosing a 
20 mm tracker volume placed in the aortic arch, bolus 
arrival was always detected. Careful timing is very impor-
tant, with arterial enhancement being critical. It is vital to 
make sure that there is no venous filling when images are 
obtained. Obtaining images too early will lead to non-
enhanced images, and obtaining images late allows for 
venous enhancement. Large jugular veins filled with con-
trast in close proximity to the carotid arteries can make the 
interpretation of carotid arteries more difficult.

Transverse source images are reconstructed in 1 mm 
increments by using a small FOV (15 cm). These parame-
ters allowed a spatial resolution of 0.3 × 0.3 × 0.6 mm. Total 
coverage is approximately 18 cm. The images are then ana-
lyzed with axial images and maximal intensity projection 
or curved multiplanar reconstruction. Total post-process-
ing time is now done in real time (<1 min). Precision of 
length and degree of stenosis is reported to depend more 
on measurement technique than on acquisition parame-
ters [41]. The accuracy of stenosis measurement depends 
on the scanning plane, which ideally should be perpen-
dicular to the carotid artery used to obtain magnified 
transverse oblique images. Most authors consider maxi-
mal intensity projection or curved multiplanar recon-
structions the most accurate techniques for measurements. 
VR is considered the least accurate technique for measure-
ment. Given that a large proportion of patients with carotid 
artery disease will be evaluated for potential carotid artery 
stenting, CT imaging should focus on the assessment of 
the following: (1) stenosis severity, (2) disease within the 
aortic arch and at the origin of the common carotid arter-
ies, (3) size of the common carotid artery at lesion loca-
tion, (4) size of the distal ICA, and (5) the presence of 
contralateral disease.
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Comparison to MR

Gadolinium-enhanced MRA is an appropriate technique 
for evaluating ICA stenosis [42–44]. Clinically relevant 
stenosis and occlusions of the ICA were correctly detected 
with good sensitivity and specificity and good interob-
server agreement. Most studies with gadolinium-enhanced 
MRA demonstrate overestimation of the degree of stenosis 
[43–45]. Artifacts due to excessive section thickness, neces-
sary with current MR systems, cause a partial volume effect 
[46, 47]. The signal loss can also be explained by the pres-
ence of hemodynamic modifications. The decreased flow 
caused by stenosis leads to a reduced concentration of con-
trast agent in the distal arterial lumen, which may also 
explain why overestimation of stenosis with gadolinium-
enhanced MRA can occur [48], especially for evaluating the 
degree of stenosis in small-vessel lumens.

Plaques that are more prone to disruption, fracture, or 
fissuring may be associated with a higher risk of embo-
lization, occlusion, and consequent ischemic neurologic 
events [45]. Plaque irregularities are more frequent at CT 
angiography than at invasive angiography or contrast-
enhanced MRA.

In general, studies demonstrate that MRA sometimes 
performs inferiorly to CT angiography, mainly due to 
lower spatial resolution. MR has been postulated to dem-
onstrate inflammation, and MRI-derived measurements 
of fibrous-cap and lipid-core thickness have the potential 
for identifying vulnerable carotid plaques in vivo, although 
this application is still very experimental [46]. CT does 
not have the same potential for demonstrating flow or 
inflammation.

Invasive angiography has long been considered the stan-
dard for evaluation of carotid stenosis but has well-known 
risks and limitations. Invasive angiography allows only a 
limited number of views, which can lead to an underesti-
mation of the degree of stenosis by as much as 40% [47] 
when compared with histologic correlation. Invasive 
angiography is also a relatively expensive technique that 
uses numerous resources. Finally and perhaps most impor-
tantly, there is a small but definite risk of major complica-
tions secondary to the procedure itself. The Asymptomatic 
Carotid Atherosclerosis Study Committee reported a 1.2% 
risk of persisting neurologic deficit or death following 
invasive angiography, while the surgical risk was 1.5%. The 
risks associated with CT angiography are markedly lower 
with similar or lower radiation exposures and no catheter-
induced risks.

MRA is adequate to replace invasive angiography in most 
patients. However, it has been proved that CT angiography 
is highly accurate and can also replace invasive angiogra-
phy [31, 48]. In contrast to the other two modalities, CT 
angiography allows direct visualization of arterial wall and 
atheromatous plaque, making the measurement of stenosis 
much easier. Almost all authors consider that calcified 
plaque is a limitation of CT angiography. This can be 

minimized by using multiplanar volume reconstruction to 
visualize the entire bifurcation initially with a large-volume 
reconstruction. By reducing volume reconstruction, we can 
clearly visualize the residual lumen at the maximal part of 
stenosis, even when circumferential calcified plaques are 
present. Moreover, CT angiography is able to differentiate 
mural calcifications and contrast material because attenua-
tion of intraluminal contrast and calcifications are not sim-
ilar. Therefore, calcifications should not be considered 
limitations of CT angiography [48]. Also, carotid arteries 
tend to calcify less than either coronary or peripheral arter-
ies (perhaps due to the fact that carotid arteries are more 
elastic and less muscular), so dense circumferential calcifi-
cations occur less frequently in this vascular bed.

CTA has been shown to have a pooled sensitivity of 95% 
and specificity of 98% for the detection of >70% stenoses, 
even if only older scanners are used. Differentiation between 
lipid, fibrous, and calcified plaques may be possible. Carotid 
CTA has come of age and can be used to quantify stenoses 
more precisely than ultrasound, to detect tandem stenoses, 
and for the workup of acute stroke patients. The newer 
scanners, with prospective triggering and use of 100 kVp, 
have the additional advantage of a very low radiation pro-
file, allowing for minimal risk to the patient and maximum 
visualization of the arteries in question.

Imaging the Vertebral Artery

Although conventional intra-arterial angiography remains the 
gold standard method for imaging the vertebral artery, nonin-
vasive modalities such as ultrasound, multislice computed 
tomographic angiography, and magnetic resonance angiogra-
phy are constantly improving and are playing an increasingly 
important role in diagnosing vertebral artery pathology in 
clinical practice. Normal anatomy, normal variants, and a 
number of pathologic entities such as vertebral atherosclero-
sis, arterial dissection, arteriovenous fistula, subclavian steal 
syndrome, and vertebrobasilar dolichoectasia can be seen.

Summary

During the past decade, we have been witness to a tremen-
dous development in the field of CT imaging. CTA has 
gained remarkably by improvements in scan time and image 
quality, replacing diagnostic angiography in many cases of 
peripheral, carotid, and renal angiography. These vascular 
beds do not suffer from motion artifacts, so imaging with 
CT is ideal. CTA is less expensive, less invasive, and allows 
simultaneous visualization of large anatomic areas from 
multiple angles using 3D display. Nevertheless, along with 
exciting advances, MDCT also carries some emerging and 
important issues such as increased patient radiation expo-
sure and continued exposure to iodinated contrast.
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18
Assessment of Pulmonary Vascular Disease

Tae Young Choi and Ronald J. Oudiz 

Pulmonary vascular diseases span a variety of disease enti-
ties including pulmonary arterial hypertension (PAH), pul-
monary venous hypertension, pulmonary embolism, 
pulmonary arteriovenous malformation, pulmonary arte-
rial stenosis, pulmonary arterial aneurysm, pulmonary 
veno-occlusive disease (PVOD), and pulmonary capillary 
hemangiomatosis (see Sect. 18.1.2). In this chapter, we 
briefly review pulmonary hypertension (PH) and pulmo-
nary embolism (PE), including their cardiac computed 
tomography (CT) findings.

Pulmonary Hypertension

PH is characterized by an elevation in resting pulmonary 
arterial pressure with accompanying right ventricular fail-
ure. PAH refers to a disease of the precapillary pulmonary 
circulation which is the result of a complex process intrin-
sic to the pulmonary vasculature. This process leads to a 
progressive increase in pulmonary vascular resistance and 
right ventricular (RV) afterload, and usually results in 
right-sided cardiac failure. PAH is hemodynamically 
defined as a mean pulmonary artery pressure greater than 
25 mmHg at rest, with a normal pulmonary artery wedge 
pressure measured at right heart catheterization [1]. PAH 
is a progressive and life-threatening condition with a poor 
prognosis if untreated. Most patients with PAH present 
with exertional dyspnea that progresses over months to 
years. Exertional angina, syncope, and peripheral edema 
appear in more severe PH with impaired right heart func-
tion. The diagnosis of PAH is often delayed due to the 
nonspecific symptoms and subtle findings on physical 
examination.

Methods of Detecting PH

The chest radiographic findings of PH are dilatation of 
the central pulmonary artery, pruning of the peripheral 
arteries, and right-sided cardiac chamber enlargement [2, 3]. 

The chest radiograph may suggest an underlying cause 
for PH and is thus recommended in the workup of sus-
pected PH. Transthoracic echocardiography (TTE) is 
often used as a first-line screening test to exclude or iden-
tify patients with severe PH by estimating systolic pulmo-
nary artery (PA) pressure and looking for evidence of the 
cardiac hemodynamic perturbations seen with PAH, such 
as right-sided cardiac and great vessel chamber enlarge-
ment and dysfunction, flattening of the interventricular 
septum, and pericardial effusion. Echocardiography is 
also useful for evaluating congenital heart disease (CHD) 
and left-sided heart disease. Right-sided heart catheter-
ization (RHC), the most accurate test for determining 
mean pulmonary arterial pressure, remains the gold stan-
dard by which the diagnosis of PH is made, and hemody-
namic severity is calculated. RHC is required not only to 
confirm the presence and the severity of PH, but also to 
exclude left-sided heart disease, potentially correctable 
intracardiac left-to-right shunting, and to perform acute 
vasodilator testing.

Because the signs and symptoms of PH are nonspecific 
and there is no reliable noninvasive test for its detection, 
patients often undergo CT as part of their diagnostic work-
up. CT is able to evaluate the lung tissue (for interstitial or 
emphysematous changes), pulmonary artery (calcification, 
dilation, embolism, patent ductus), pulmonary veins, right 
ventricle (hypertrophy, dysplasia), right atrium (enlarge-
ment, clot), septum (atrial and ventricular septal defects) and 
IVC simultaneously, along with left sided chambers and coro-
naries, making it a potential one stop shop for PH patients.

It is important to be aware of the CT findings that may 
suggest the diagnosis of PH, such as an enlarged main pul-
monary artery (Figure 18.1). Radiographically, PH is said 
to be more likely when the main pulmonary artery diameter 
(MPAD) is 29 mm (sensitivity 69%, specificity 100%) [4, 5] 
and/or the ratio of the main pulmonary artery to ascending 
aorta diameter is >1 [6]. Others have reported that the most 
specific CT findings for the presence of PH were both a 
MPAD 29 mm and segmental artery-to-bronchus ratio of 
>1:1 in three or four lobes (specificity 100%) [7]. In 
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addition, the MPAD correlates with the severity of PH; two 
studies have defined the upper limit of normal for MPAD as 
32 mm [4, 8]. An additional feature of PH is rapid tapering 
or “pruning” of the distal pulmonary vessels (Figure 18.1).

The presence of calcification in the pulmonary arteries 
suggests more severe disease [9], as does pericardial thick-
ening and/or effusion [10]. Some studies have reported 
that hypertrophy of the bronchial artery occurs frequently 
in patients with idiopathic PAH (IPAH) and Eisenmenger’s 
syndrome [11, 12]. These studies also reported that pulmo-
nary artery thromboses and aneurysms were common in 
patients with CHD as compared to patients with IPAH, 
while dilation and mural calcification was seen in similar 
frequency in both groups [11].

It is generally accepted that in patients with chronic, 
unrepaired systemic-to-pulmonary shunts the CT findings 
can appear very similar to those found in precapillary PH 
such as IPAH and PAH associated with connective tissue 
disease, portal hypertension, and HIV infection. Commonly, 
right (or pulmonic) ventricular hypertrophy is seen, with 
right ventricular enlargement and associated right atrial 
enlargement (Figure 18.2).

As the right ventricle enlarges, the interventricular sep-
tum becomes flattened (Figure 18.3) and eventually convex 

to the left side [13–15], and thus septal flattening is a com-
monly noted cardiac abnormality found in patients with 
PH [16]. If cine-CT is performed, reduced right ventricular 
systolic function may also be present. The presence of ret-
rograde opacification of the inferior vena cava or hepatic 
vein during contrast-enhanced CT may be a nonspecific 
sign of significant PH and/or right ventricular dysfunction 
[17] (Figure 18.4).

Although CT imaging of the great vessels is a simple and 
straightforward noninvasive methodology, it has not 
gained widespread acceptance as a screening test for PH 
[1]. Table 18.1 summarizes the CT findings of PH. Many of 
the typical CT findings of PH are not confined to a particu-
lar subset of a disease process, but rather reflect the end 

Figure 18.1. Electron beam CT scan in a 22-year-old woman (a) and 64 slice multidetector CT 
(MDCT) in a 40-year-old man (b), both with pulmonary hypertension (PH). Pulmonary arteries (PA) 
are enlarged and tapering distally, with an increased main PA to aorta ratio.

Figure 18.2. Sixty-four slice MDCT in a 44-year-old man with secondum atrial septal defect (ASD) 
(black arrow) and PH demonstrating right atrial (RA) and right ventricular (RV) enlargement.

Figure 18.3. Sixty-four slice MDCT in a 31-year-old man with sinus venosum atrial septal defect 
(ASD) and PH demonstrating right atrial dilation and right ventricular hypertrophy, and flattening 
of the interventricular septum (black arrow), indicating high right sided pressures.
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result of the chronic hemodynamic effect of PH upon car-
diovascular anatomy. Thus, while all PH is not due to CHD, 
and all CHD does not result in PH, we will attempt to dem-
onstrate the typical findings of PH in selected cases.

Classification of PH

The proceedings of the Fourth World Symposium on PH 
held in 2008 in Dana Point, California, contain a compre-
hensive diagnostic classification of PAH, which was slightly 
revised from the previous (2003) version. The current Dana 
Point classification is listed in Table 18.2 [18] with major 
changes in italics.

Idiopathic and Heritable PAH

IPAH refers to PAH without a demonstrable etiology which 
is sporadic disease (neither familial nor an identifiable risk 
factor). The incidence of IPAH is rare, with an estimated 
incidence of 1–2 cases per million people per year world-
wide [19]. The disorder is approximately four times more 
frequent in women [20, 21], presenting most commonly in 
the third decade in women and in the fourth decade in men 
[19]. There appears to be no racial or ethnic predisposition 
[19]. When PAH occurs in a familial context, germline 
mutations in the bone morphogenetic protein receptor 
type 2 (BMPR2) gene, a member of the transforming 
growth factor  signaling family, can be detected in approx-
imately 70% of cases [22, 23]. Mutations in activin receptor-
like kinase type 1 (ALK-1 or endoglin), also members of 
the transforming growth factor  signaling family, have 
also been identified in patients with familial PAH, predom-
inantly with coexisting hereditary hemorrhagic telangi-
ectasia. Because BMPR2 mutations have also been detected 

Figure 18.4. Sixty-four slice MDCT in a 26-year-old man with anolamous pulmonary venous 
return and PH demonstrating right atrial dilation and right ventricular hypertrophy, and dilated 
inferior vena cava with swirling of white contrast (black arrow), indicating severe tricuspid 
regurgitation.

Pulmonary arteries
Enlarged proximal vessels
Pruning of the distal vessels
Calcification of the proximal pulmonary arteries
Thrombosis
Aneurysms
Heart
RA, RV, and IVC dilation
RV hypertrophy
Decreased RV systolic function
Flattened interventricular septum (“D-shaped” and undersized left ventricle)
Pericardial thickening and/or effusion
Others
Hypertrophy of bronchial arteries
Segmental bronchial artery to bronchus ratio >1:1 in three or four lobes
Retrograde opacification of the inferior vena cava or hepatic vein

Table 18.1. Summary of CT findings in pulmonary hypertension

1. Pulmonary arterial hypertension (PAH)
1.1. Idiopathic PAH
1.2. Heritable

1.2.1. BMPR2 mutation(familial or isolated)
1.2.2. ALK1, endoglin (with or without hereditary hemorrhagic telangiectasia)
1.2.3. Unknown

1.3. Drug- and toxin-induced
1.4. Associated with

1.4.1. Connective tissue diseases
1.4.2. HIV infection
1.4.3. Portal hypertension
1.4.4. Congenital heart diseases
1.4.5. Schistosomiasis
1.4.6. Chronic hemolytic anemia

1.5. Persistent pulmonary hypertension of the newborn
1.6.  Pulmonary veno-occlusive disease (PVOD) and/or pulmonary capillary  

hemangiomatosis (PCH)
2. Pulmonary hypertension owing to left heart disease

2.1. Systolic dysfunction
2.2. Diastolic dysfunction
2.3. Valvular disease

3. Pulmonary hypertension owing to lung diseases and/or hypoxia
3.1. Chronic obstructive pulmonary disease
3.2. Interstitial lung disease
3.3. Other pulmonary diseases with mixed restrictive and obstructive pattern
3.4. Sleep-disordered breathing
3.5. Alveolar hypoventilation disorders
3.6. Chronic exposure to high altitude
3.7.  Developmental abnormalities

4. Chronic thromboembolic pulmonary hypertension (CTEPH)
5. Pulmonary hypertension with unclear multifactorial mechanisms

5.1. Hematologic disorders: myeloproliferative disorders, splenectomy
5.2.  Systemic disorders: sarcoidosis, pulmonary Langerhans cell histiocytosis, lymphangio-

leiomyomatosis, neurofibromatosis, vasculitis
5.3. Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders
5.4. Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure on dialysis

Table 18.2. Updated clinical classification of pulmonary hypertension (World Symposium  
of PH, 2008, Dana Point, CA)a

ALK1 activin receptor-like kinase type1; BMPR2 bone morphogenetic protein receptor type2; 
HIV human immunodeficiency virus
aReproduced with permission from Elsevier from Simonneau et al [18]



226 Cardiac CT Imaging: Diagnosis of Cardiovascular Disease

in 11–40% of apparently idiopathic cases with no family 
history [24, 25], the distinction between idiopathic and 
familial BMPR2 mutations may in fact be artificial. 
Interestingly, in up to 30% of families with PAH, no BMPR2 
mutation has been identified. Thus, heritable forms of PAH 
include IPAH with germline mutations and familial cases 
with or without identified germline mutations [26, 27]. 
Genetic testing is not mandatory in heritable PAH, and in 
fact it is recommended that genetic testing be performed 
only after genetic counseling takes place, with a discussion 
of the risks, benefits, and limitations of such testing [28].

PAH Associated with Connective Tissue Diseases

The prevalence of PAH has been well established for 
patients with systemic sclerosis (SSc). Two recent prospec-
tive studies using echocardiography as a screening method 
and right heart catheterization for confirmation found a 
prevalence of PAH in SS of between 7 and 12% [29, 30]. It 
has been reported that the prevalence of PAH in systemic 
lupus erythematosis and mixed connective tissue disease 
remains unknown; although its incidence is greater than 
IPAH, it occurs less frequently than in SSc [31–34]. In the 
absence of fibrotic lung disease, PAH has also been reported 
infrequently in Sjögren syndrome [35], polymyositis [36], 
and rheumatoid arthritis [37]. Approximately one half of 
patients with PH and connective tissue diseases will die 
within 1 year if untreated [38]. PH is also a frequent com-
plication of idiopathic pulmonary fibrosis (IPF) and is 
associated with a two to threefold increase in mortality 
[39], whereas in patients with sarcoidosis, mortality is 
nearly doubled [40]. It is increasingly being recognized that 
PH in patients with IPF is the sequela of a “primary” occlu-
sive pulmonary vasculopathy, rather than being purely sec-
ondary to fibrotic destruction of the vascular bed [41].

Congenital Heart Disease

PH related to CHD results from the effects of a long-stand-
ing abnormal increase in pulmonary blood flow which 
leads to pathologic changes in the pulmonary vasculature, 
particularly in the smaller vessels. This results in increased 
pulmonary vascular resistance, which in turn has deleteri-
ous effects upon the heart and larger pulmonary vascular 
structures. Direct shunts can increase pulmonary blood 
flow and pressure (patent ductus arteriosis) (Figure 18.5).

Eisenmenger syndrome is defined as CHD with an initially 
large systemic-to-pulmonary shunt that induces progressive 
pulmonary vascular disease and PAH resulting in reversal of 
the shunt and central cyanosis [42, 43]. Eisenmenger syn-
drome represents the most advanced form of PAH associated 
with CHD (Figure 18.6). It has been reported that a large pro-
portion of patients with CHD develop some degree of PAH 
[44–46]. The prevalence of PAH associated with congenital 
systemic-to-pulmonary shunts in Europe and North America 

has been estimated to range between 1.6 and 12.5 cases per 
million adults, with 25–50% of this population affected by 
Eisenmenger syndrome [47].

Schistosomiasis

The mechanism of PH in patients with schistosomiasis is 
probably multifactorial, and includes mechanical obstruc-
tion, local vascular inflammation related to eggs, and portal 

Figure 18.5. Sixty-four slice MDCT in a 20-year-old woman with patent ductus arteriosis (black 
arrow), seen well in this sagittal view with resultant dilation of the main pulmonary artery.

Figure 18.6. CT scan in a 22-year-old woman with Eisenmenger syndrome due to ASD and PH. 
Right cardiac chambers are enlarged with marked right ventricular hypertrophy (black arrow).
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hypertension [48, 49]. These cases can have a similar clini-
cal presentation to IPAH [50], with similar histopathologic 
findings [51], and thus similar radiographic appearance.

Chronic Hemolytic Anemia

The prevalence of PAH in sickle cell disease (SCD) is not 
clearly established. The largest study revealed that 32% of 
patients with SCD had PH as defined by a Doppler-derived 
tricuspid regurgitation jet velocity 2.5 m/s [52]. The 
mechanism of PAH in SCD also remains uncertain. One 
hypothesis is that chronic hemolysis results in high rates of 
nitric oxide consumption producing a state of resistance to 
nitric oxide bioactivity, which results in less activity of 
smooth muscle guanosine monophosphate, a potent vaso-
vasodilator/antiproliferative mediator [53, 54].

Pulmonary Veno-Occlusive Disease and Pulmonary 
Capillary Hemangiomatosis

PVOD accounts for a small number of PH cases. Because of 
its nonspecific findings of clinical features, laboratory data, 
and radiological manifestations, it is not easy to distinguish 
PVOD from IPAH, chronic thromboembolic disease, and 
other pulmonary diseases. The incidence is not clear, but the 
estimated annual incidence rate is 0.1–0.2 cases of PVOD 
per million persons in the general population [55, 56]. The 
prognosis of PVOD is poor, and the only curative therapy is 
lung transplantation. The CT findings of the disease may 
present smooth septal thickening, diffuse or mosaic ground-
glass opacities, multiple small nodules, and pleural effusion 
[57–61]. PVOD and PCH also show the presence of crackles 
and clubbing on physical examination, hemosiderin-laden 
macrophages on bronchoalveolar lavage [62], and a lower 
carbon monoxide diffusing capacity and PaO

2
 [61]. Although 

they may present similarly to IPAH, given the current evi-
dence of different radiological, histopathologic findings and 
clinical outcomes, PVOD and PCH are classified separately.

PH Due to Lung Diseases and/or Hypoxia

A subcategory of lung disease characterized by a mixed 
obstructive and restrictive pattern includes chronic bron-
chiectasis, cystic fibrosis [63], and a newly identified syn-
drome characterized by the combination of pulmonary 
fibrosis, mainly of the lower zones of the lung, and emphy-
sema, mainly of the upper zones of the lung [64]. The prev-
alence of PH in all of these conditions remains largely 
unknown. However, in a recent retrospective study of 998 
patients with chronic obstructive pulmonary disease who 
underwent right heart catheterization, only 1% had severe 
PH (mean PA pressure >40 mmHg) [65]. In the syndrome 
of combined pulmonary fibrosis and emphysema, the prev-
alence of PH is almost 50% [64].

Pulmonary Embolism

PE is an obstruction of a pulmonary artery caused by a 
blood clot, air, fat, or tumor tissue. The most common cause 
of the obstruction is a blood clot (thrombus) usually from 
a peripheral vein. Most patients with deep vein thrombosis 
(DVT) develop PE. The average annual incidence of venous 
thromboembolism (VTE) in the United States is 1/1,000, 
with about 250,000 incident cases occurring annually [66–
68]. The challenge in understanding the real disease is that 
an additional equal number of patients are diagnosed with 
PE at autopsy [66, 69]. It is estimated that between 650,000 
and 900,000 fatal and nonfatal VTE events occur in the US 
annually. Left untreated, PE has a high mortality rate and 
accounts for 5–10% of all in-hospital deaths. The classic 
triad of signs and symptoms of PE (hemoptysis, dyspnea, 
chest pain) are neither sensitive nor specific, and many 
patients with PE are initially asymptomatic; most patients 
who have symptoms often have atypical and/or nonspecific 
symptoms, such as dyspnea, tachypnea, and chest pain.

Diagnostic Workup of PE

Many diagnostic tests have been suggested for the evalua-
tion of patients with suspected VTE. These include the 
 history and physical examination to the electrocardiogram, 
chest radiography, echocardiography,  ventilation-perfusion 
scintigraphy, pulmonary angiography, CT and MR angiog-
raphy, lower-extremity venography, and sonography. 
Although the diagnostic accuracy of laboratory tests such 
as D-dimer has increased (a negative result in combination 
with a low-probability clinical assessment provides reason-
able certainty for excluding PE), radiolographic imaging 
plays an important role in the diagnosis of PE, especially 
with the development of multidetector CT (MDCT) and 
increased use of CT pulmonary angiography.

Although normal chest X-ray findings are observed in 24% 
of patients with PE, an elevated hemidiaphragm can be 
observed in 28–41% of patients with acute PE. An elevated 
hemidiaphragm, consolidation, pleural effusion, or atelectasis 
occurs in about two-third of patients with acute PE. Especially 
in massive PE (Figure 18.7), local hyperlucency is seen when a 
lobar or segmental artery is occluded (Westermark sign), and 
engorgement of a major hilar artery (Fleischner sign) can be 
detected [70, 71]. Abrupt tapering or termination of a pulmo-
nary vessel (knuckle sign), a pleural-based density or costo-
phrenic density (Hampton’s hump), and alveolar or interstitial 
pulmonary edema may occur. Most of the above chest X-ray 
findings are nonspecific. Nuclear scintigraphy (ventilation-
perfusion or V/Q scanning) is useful if multidetector CT 
angiography (MDCTA) is not available. The V/Q scan in a 
patient with an acute PE will demonstrate an area distal to 
thrombus that is not properly perfused, altering the V/Q ratio.

Pulmonary angiography, the gold standard for diagnos-
ing PE, is being replaced in many institutions with MDCTA, 



228 Cardiac CT Imaging: Diagnosis of Cardiovascular Disease

which is less invasive, easier to perform, and has high sensi-
tivity (83–100%) and specificity (89–97%) [72–74]. The 
PIOPED studies (large multicenter trials for CCTA in sus-
pected PE) report negative predictive values as high as 99%.

The newest noninvasive method for the evaluation and 
diagnosis of PE is MRI. Although not as extensively studied 
as other imaging techniques, it can be utilized for the 
patients with renal dysfunction or an iodine contrast allergy. 
CT angiographic findings are shown (Figs. 18.7 and 18.8).

Chronic Thromboembolic PH

Chronic thromboembolic pulmonary hypertension 
(CTEPH) represents a frequent cause of PH (Figure 18.8). 
The incidence of CTEPH is uncertain; however, it is known 
to occur in up to 4% of patients after an acute PE [75, 76]. It 
is strongly recommended that patients with suspected or 
confirmed CTEPH be referred to a center with expertise in 
the management of this disease to consider the feasibility 
of performing pulmonary thromboendarterectomy, cur-
rently the only curative treatment. The decision depends 
on the location of the obstruction (central vs. more distal 
pulmonary arteries), the correlation between hemody-
namic findings, and the degree of mechanical obstruction.
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Comparative Use of Radionuclide Stress Testing, Coronary  
Artery Calcium Scanning, and Noninvasive Coronary  
Angiography for Diagnostic and Prognostic Cardiac Assessment

Daniel S. Berman, Leslee J. Shaw, James K. Min, Aiden Abidov, Guido Germano, Sean W. Hayes, John D. Friedman, 
Louise E.J. Thomson, Xingping Kang, Piotr J. Slomka, and Alan Rozanski

Single-photon emission computed tomography (SPECT) 
or positron emission tomography (PET) myocardial perfu-
sion scintigraphy (MPS) is a well-established noninvasive 
imaging modality that is a core element in evaluation of 
patients with stable chest pain syndromes. Stress SPECT 
MPS is the most commonly utilized stress imaging tech-
nique for patients with suspected or known coronary artery 
disease (CAD) and has a robust evidence base including 
the support of numerous clinical guidelines.

By comparison, cardiac computed tomography (CT) is a 
more recently developed method, providing noninvasive 
approaches for imaging coronary atherosclerosis and coro-
nary artery stenosis. After being in use for well over a 
decade, noncontrast CT for imaging the extent of coronary 
artery calcification (CAC) has an extensive evidence base 
supporting its use in CAD prevention. Contrast-enhanced 
CT for noninvasive CT coronary angiography (CCTA) is 
relatively new, but has a rapidly growing evidence base 
regarding diagnosing obstructive CAD and assessing risk.

It is likely that noncontrast CT or CCTA for assessment 
of extent of atherosclerosis will become an increasing part 
of mainstream cardiovascular imaging practices as a first-
line test. In some patients, further ischemia testing with 
MPS will be required. Similarly, MPS will continue to be 
widely used as a first-line test, and, in some patients, fur-
ther anatomic definition of atherosclerosis with CT will 
also be appropriate. This review also provides a synopsis of 
the available literature on imaging that integrates both CT 
and MPS in strategies for the assessment of asymptomatic 
patients for their atherosclerotic coronary disease burden 
and risk as well as symptomatic patients for diagnosis and 
guiding management. We propose possible risk-based 
strategies through which imaging might be used to iden-
tify asymptomatic candidates for more intensive preven-
tion and risk factor modification strategies as well as 
symptomatic patients who would benefit from referral to 
invasive coronary angiography (ICA) for consideration of 
revascularization.

Introduction

Radionuclide stress testing has long been an essential 
component in physicians’ diagnostic and prognostic 
assessment for patients presenting with signs or symp-
toms suggestive of CAD. In recent years, coronary CT has 
emerged as a complementary and potential alternative 
technique to MPS for the evaluation of patients with CAD 
symptoms [1, 2]. Coronary CT can be used to noninva-
sively quantify the degree of coronary artery calcification, 
identify atherosclerotic plaque, and evaluate the degree of 
coronary luminal narrowing. These new applications are 
forcing a re-evaluation of existing paradigms for the diag-
nosing and risk stratification of patients with suspected 
CAD. Concurrent with recent improvements in coronary 
CT technology and increase in its utilization, a growing 
evidence base has emerged which has clarified the poten-
tial roles of CAC scanning and CCTA in cardiac popula-
tions. In this review, we will provide an overview the 
current use of MPS, CAC scanning, and CCTA, and evalu-
ate their potential complementary uses for optimizing the 
clinical assessment of patients with suspected or known 
CAD or subjects for whom screening for atherosclerosis 
may be beneficial.

Stress Myocardial Perfusion Scintigraphy

Stress MPS is most commonly performed using SPECT 
(approximately 7 million studies per year in the US), with 
increasing application of PET in recent years [3]. By com-
parison, 3 million stress echo procedures are performed 
annually. The diagnostic and prognostic applications of 
MPS have become part of standard clinical guidelines 
for assessment of patients with suspected or known CAD 
[4–6]. The Appropriate Use Criteria (AUC) for MPS have 
recently been revised, and these guidelines are increasingly 
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being applied as standards for quality assessment of car-
diac imaging practice [7].

Prognostic Assessment Using MPS

The diagnostic applications of noninvasive cardiac testing 
have remained relatively constant over the last 30 years and 
are thus not reviewed here. By contrast, the prognostic 
applications of MPS have evolved continuously. MPS has 
been consistently shown to be an effective tool for risk-
stratification as well as for predicting benefit from revascu-
larization, reflecting, in part, the increasing recognition 
that anatomic findings by themselves often do not provide 
sufficient information to guide the management of patients 
with known CAD.

Prognostic Significance of Normal  
and Equivocal MPS Studies

For purposes of prognostic risk assessment, MPS is per-
formed using either exercise or pharmacologic stress. A nor-
mal exercise MPS study at an “adequate” level of achieved 
stress – conventionally defined as achieving >85% of maxi-
mal predicted heart rate – or a normal pharmacologic stress 
MPS study generally identifies patients as being at low term 
risk for future cardiac events [4, 8]. A meta-analysis of 
19 studies (n = 39,173) determined that a normal or low risk 
stress MPS was associated with an annual cardiac event rate 
of only 0.6% (25–75th percentile = 0.5–0.9%) [9]. Among 
patients without comorbidities, a normal stress MPS study 
defines a low risk of cardiac events across the spectrum of 
CAD likelihood, during short-term follow-up (2–3 years) [8]. 
The presence of a normal stress MPS study also generally 
signifies a low risk of cardiac events among patients with 
known CAD, although the risk is higher in these patients 
than in those without known CAD [10].

Studies indicate that the risk of cardiac events among 
patients with normal MPS studies and various comorbidities 
may be increased to 1–3% per year, a level of patient risk that 

is generally considered as an “intermediate” range relative to 
therapeutic decision-making. Subgroups of patients with rel-
atively higher risk despite a normal stress MPS study include 
those who have peripheral arterial disease, diabetes [11], atrial 
fibrillation [12], dyspnea or heart failure symptoms [13], those 
requiring pharmacologic stress [8], patients with chronic kid-
ney disease [14], and the elderly [15].

Given these considerations, the risk of adverse cardiac 
events should not be defined by stress MPS results in isola-
tion. Rather, prognostic assessment should also take into 
account patients’ baseline clinical risk. For pharmacologic 
stress, this concept has been illustrated in a large adenosine-
tested population [16], in which the risk was highest among 
insulin dependent diabetics, intermediate among noninsu-
lin dependent diabetics, and lowest – but not as low as with 
exercise MPS – among the remaining patients. In addition to 
baseline characteristics, the patient’s response to stress 
needs to be considered. The findings of exercise hypoten-
sion or evidence of chronotropic incompetence may also 
signify an increased risk even in the presence of a normal 
scan [17]. Similarly, the finding of transient ischemic dila-
tion (TID) of the left ventricle is associated with an elevated 
risk, even in the presence of an otherwise completely nor-
mal scan [18] (Figure 19.1).

Early data suggested that there is little difference between 
the presence of a normal MPS study and an equivocal MPS 
study, wherein the amount of observed defect reversibility is 
too small to consider the study diagnostic of abnormality. 
This is because an equivocal study falls within the “flat” por-
tion of the exponential curve that relates ischemia to the like-
lihood of cardiac events. Beginning with work by Staniloff 
et al [19], various studies have confirmed comparably low 
cardiac event rates among patients who had normal vs. equiv-
ocal MPS results. More recently, however, 18,200 patients were 
followed-up for a mean of 2.7 years [20], and those patients 
with equivocal SPECT interpretation [5] had a slightly but 
significantly higher rate of cardiac death compared to those 
with normal scans. This finding suggests that the use of the 
equivocal scan category may be an aid to clinicians in  avoiding 
misclassification of patients with high risk anatomic findings 
(see section on Limitations of MPS in this chapter.)
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Figure 19.1. Exercise myocardial perfusion 
ingle photon emission computed tomography 
(SPECT) in a 67-year-old diabetic woman with 
shortness of breath and no known coronary 
artery disease (CAD). The imaging shows normal 
perfusion and transient ischemic dilation (TID) 
(1.40). Invasive coronary angiography (ICA) 
revealed severe three vessel disease (70–90% 
stenosis).
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Prognostic Significance of Mildly  
and Severely Abnormal Stress-Rest  
MPS Studies

A moderately to severely abnormal MPS study is associated 
with elevated risk of cardiac events. Observational data have 
shown that event, and the majority of these patients are thus 
referred to coronary angiography [21]. Distinction should 
be made, in this regard, concerning assessment of left ven-
tricular (LV) function vs. that of the amount of ischemic 
myocardium. Both are prognostic predictors but, as a gen-
eral concept, while the overall magnitude of stress perfusion 
defects and ejection fraction (EF) are among the strongest 
predictors of mortality, the magnitude of ischemia is the 
stronger predictor of benefit from revascularization [22].

While the decision to pursue very aggressive manage-
ment is generally straightforward in the presence of mod-
erate to severe ischemia, selecting optimal management 
among patients with only mild inducible ischemia is often 
challenging. In general, data suggest that patients with 
mild perfusion abnormalities have only mildly elevated 
risk of cardiac events and do not clearly benefit from coro-
nary revascularization procedures [22]. However, if one of 
more non-perfusion high risk variables are seen on MPS, 
referral to ICA in patients with mild perfusion abnormali-
ties is reasonable in certain clinical settings. The high-risk 
scintigraphic abnormalities were shown below (Table 19.1), 
among which one of the most important is TID of the left 
ventricle post-stress [18], which is strongly associated with 
severe proximal coronary stenosis as noted earlier, even for 
patients with normal perfusion results, TID is associated 
with an elevated risk of cardiac events [18]. Increased lung 
uptake on the post-stress study, related to elevated pulmo-
nary capillary wedge pressure during stress, is another 
high risk MPS finding [23].

LV size, EF, and stress-induced wall motion abnormalities, 
findings from the ECG-gated MPS examination, confer fur-
ther information regarding patient risk. A post-stress EF 
<35% has been noted to be a high risk marker signifying 
worsening event-free survival [2, 4] as has an increase in LV 
end-systolic volume [24]. Normal limits for men and women 
for EF and end-systolic volume have been reported [25]. The 
presence of stunned myocardium on gated MPS study (repre-
sented by post-stress decrease in wall motion in association 
with relatively normal wall motion and/or perfusion on rest 
MPS imaging) may also signify the presence of a regionally-
severe stenosis subtending the region of LV dysfunction [26].

As with normal MPS studies, mild ischemia in the setting 
of significant comorbidities, such as diabetes [16], atrial 
fibrillation [27], or peripheral arterial disease, also increases 
overall event risk, and the risk associated with mild ischemia 
on MPS may be accentuated in the presence of various non-
scintigraphic signs and symptoms. These would include the 
induction of exercise chest pain [28], particularly if it occurs 
early during early stress testing or is prolonged following it, 
the occurrence of ischemia in association with low exercise 
effort, the elicitation of relative hypotension, and the induc-
tion of marked ST segment abnormalities during or follow-
ing stress testing.

Exercise vs. Pharmacologic Stress  
for Use with MPS

Exercise is the preferred method of stress testing for MPS, 
as it provides the clinician with insight into these various 
non-scintigraphic factors associated with patient outcomes 
[4]. In addition, exercise helps to define patients’ capabili-
ties for physical work and provides documentation of isch-
emic thresholds that may be important for serial monitoring 
of anti-ischemic therapies. Nonetheless, with the aging of 
the US population and increasing comorbidities, many 
patients are unable to achieve an adequate level of stress 
during exercise and require pharmacologic stress imaging. 
By 2009, approximately 50% of stress MPS studies were 
performed with pharmacologic stress.

Multiple issues are specifically pertinent to pharmacologic 
stress. Pharmacologic MPS may be employed using a vasodi-
lator or inotropic pharmacologic stress. Vasodilator agents 
are given using a brief infusion of intravenous (IV) adenosine 
or dipyridamole and, more recently, regadenoson, a new 
A2A agonist administered by rapid injection over 10 s using a 
single-use pre-filled syringe [29]. These agents produce max-
imal coronary hyperemia by their induction of maximal cor-
onary arteriolar dilation. In patients with hemodynamically 
significant stenosis, coronary blood flow cannot increase to 
the extent noted in normal segments. Unlike exercise-induced 
perfusion abnormalities which are tightly associated with 
true ischemia and associated regional wall motion abnormal-
ities, heterogeneity of myocardial perfusion without pro-
duction of ischemia generally occurs with the use of the 
vasodilators. In patients with collateral-dependent total coro-
nary occlusion or critical stenosis, however, the vasodilator-
induced hyperemia may be associated with a coronary steal 
in which the pressure falls in the collateral vessels, causing a 
true decrease in blood flow to the zones supplied by the col-
lateralized vessels. The decrease in blood flow in such 
instances results in true ischemia, including induction of 
regional wall motion abnormalities, ischemic ECG response 
or TID of the left ventricle. When ST segment deviations 
occur during infusion of IV adenosine, it may signify worsen-
ing event-free survival [30]. Chest pain following vasodilator 
infusion, however, is considered nondiagnostic as it may be a 
side effect of the drug unrelated to ischemia.

Extensive and/or severe reversible myocardial perfusion defects
TID of the left ventricular (LV)
Transient lung reuptake following stress (or thallium studies)
Ischemia in the setting of clinically unheralded myocardial infarction
Substantially reduced exercise LVEF on post-stress MPS or fall in LVEF between post stress  
and rest gated MPS study
Pattern of stunned myocardium on post stress MPS

Table 19.1. “High risk” MPS patterns
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Semiquantitative Analysis of MPS Studies

It should be evident from this discussion that quantifica-
tion of the amount of ischemia on stress-rest MPS is highly 
important for accurate prognostic assessment. Accordingly, 
nuclear cardiology reports should routinely specify the 
extent and severity of inducible myocardial ischemia, its 
location, and provide an overall estimation of the percent 
myocardium at risk. While subjective terms such as mildly, 
moderately, and severely abnormal are commonly used, 
they do not adequately express the degree of abnormality 
on MPS studies. To achieve a greater uniformity of test 
interpretation, a 17-segment model is recommended as a 
way to provide a semiquantitative analysis of MPS [31]. 
The recommended approach uses a 5 point scoring (0 =  
normal, 4 = absent tracer uptake), and summed stress, 
summed rest, and summed difference scores are used to 
provide global indices of the extent and severity of hypop-
erfusion [22, 32]. These global indices have been consis-
tently shown to be strong predictors of risk with SPECT 
[33, 34] and more recently with PET [35, 36].

Due to the unit-less nature of the summed stress score 
and its dependence on the particular scoring system 
employed (e.g., 17 vs. 20 segment), we have recently devel-
oped a normalized summed score calculated by dividing 
the summed score by the maximal score possible and mul-
tiplying by 100 [22]. For the 17 segment, 5 score system, the 
maximal score is 68, and for the 20 segment system, the 
score is 80. The result is that a % myocardium abnormal for 
stress, ischemic, and rest perfusion defects can be reported. 
It has been shown that this % myocardium ischemic has 
similar prognostic implications for 17 and 20 segment 
score approaches [37]. This score can function with any 
segmental scoring system, and provides the clinician with 
a number that is intuitively understood. We now employ 
this % myocardium approach routinely in all of our clinical 
reporting as well as in all prognostic manuscripts. Obser-
vational data suggest that in general when 5–10% of the 
myocardium is abnormal at stress, risk is intermediate  
[22, 37]. When >10% of the myocardium is involved, the 
data suggest that these patients are at high. When >10% of 
the myocardium is ischemic (reversible defects), there is 
likely to be a benefit, in terms of improved outcome, from 
coronary revascularization [22] (Figures 19.2 and 19.3).

Quantitative Analysis of MPS

An important advantage of the nuclear cardiology methods 
over stress echocardiography and current clinical use of 
rest/stress cardiac magnetic resonance imaging is the ability 
to objectively quantify perfusion defects and the magnitude 
of ischemia. Multiple commercially available software pack-
ages provide automatic or semiautomatic quantitation of 
perfusion defects with SPECT or PET myocardial perfusion 
imaging, providing objectivity as well as improved repro-
ducibility of the quantitative measurements [38–42].

Slomka et al [38, 43] have developed the measurement 
of the total perfusion deficit (TPD) (Figure 19.4), provid-
ing an objective assessment of global stress and rest myo-
cardial perfusion abnormality that incorporates the extent 
and severity of perfusion defect. Stress, rest, and ischemic 
TPDs are in essence computed, normalized summed stress, 
rest, and differences scores [43] – the semiquantitative 
scores used in most of the prognostic literature on nuclear 
cardiology. The automatic TPD measurement was found to 

Figure 19.2. Relationship between % myocardium ischemic and log of the hazard ratio in 10,647 
patients treated either with medical therapy (dashed line) or early revascularization (<60 days 
post-SPECT MPS; solid line) based on multivariable modeling. In the setting of little or no ischemia, 
medical therapy is associated with superior survival; with increasing amounts of ischemia a pro-
gressive survival benefit with revascularization over medical therapy is present. Ninety-five percent 
confidence intervals are shown by the closely dotted lines (* indicates p < 0.001) (adapted with 
permission of Wolters Kluwer from Hachamovitch et al [22]).

Figure 19.3. Relationship between gated SPECT EF and log of the hazard ratio in 5,366 patients 
based on multivariable modeling. Solid lines represent predicted survival for 0, 10, 20, and 30% myo-
cardium ischemic in patients treated medically. Dashed lines represent predicted survival for patients 
treated with revascularization for all values of % myocardium ischemic. Overall, risk increased with 
decreasing ejection fraction (EF). For any value of EF, however, risk also increased as % myocardium 
ischemic increased, indicating an incremental value for % myocardium ischemic over EF. Compared 
to risk in patients treated medically, risk in patients undergoing early revascularization was indepen-
dent of the % myocardium ischemic present (as evidenced by a single (red) line representing survival 
after revascularization for all degrees of ischemia). Risk in the early revascularization patients was 
similar to the risk of medically treated patients with 10% myocardium ischemic, throughout the 
range of EF (adapted with the kind permission of Springer Science + Business Media from 
Hachamovitch et al [44]).
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be superior to expert visual analysis of perfusion defects 
measurement in detecting angiographically significant 
CAD [43].

Beyond measurements of the magnitude of perfusion 
defects, the objective quantitative analysis software packages 
all provide measurements of LV EF and end-diastolic vol-
ume, complementing the perfusion measurements for assess-
ment of prognosis.

Predicting Benefit from Revascularization  
with MPS

In a large single center registry of 10,627 patients without 
prior CAD who underwent SPECT MPS, a “proof-of-princi-
ple” question was asked: Can imaging identify appropriate 
and beneficial treatment strategies and at what threshold 
of abnormality does therapeutic efficacy shift [22]? After 
adjusting for differences between medically treated and 
revascularized patients – including propensity score adjust-
ment to correct for differences in referral patterns to treat-
ment options – patients with extensive myocardial ischemia 
by SPECT MPS exhibited a clear survival benefit with myo-
cardial revascularization for the intermediate-term occur-
rences of cardiac death (Figure 19.2). By contrast, among 
those with no myocardial ischemia, the cardiac death rate 
was higher with myocardial revascularization than with 
medical therapy. The “cross-over point” at which myocar-
dial ischemia tipped the balance towards myocardial revas-
cularization appeared to be more than 10% ischemic 
myocardium. Thus, this study provided valuable insight 
into potential linkage between cardiac imaging results, 
patient treatment, and patient clinical outcomes. A subse-
quent registry study by this group extended these results 
by examining the role of LVEF in prediction of risk and 
prediction of survival benefit from therapy assignment on 
the basis of MPS results [44], showing that the 10% isch-
emia threshold for prediction of revascularization benefit 
held across the range of EF. While EF predicts risk of 

cardiac death, the extent of ischemia is the strongest pre-
dictor of survival benefit with revascularization.

Shortly after these results were published, the results of 
the Clinical Outcomes Utilizing Revascularization and 
Aggressive Drug Evaluation (COURAGE) trial [45] were 
reported, casting doubt as to whether coronary anatomic 
assessment alone is sufficient to determine whether patients 
are likely to benefit from revascularization. Even patients 
with advanced angiographic disease showed no difference 
in hard event rates when being assigned to an optimal 
medical therapy (OMT) strategy vs. OMT combined with 
percutaneous coronary intervention (PCI). Subsequently, a 
nonrandomized nuclear substudy of the COURAGE trial 
[46] examined the influence of ischemia on outcomes. 
Ischemia was defined quantitatively by the objectively 
determined TPD at stress and rest (Figure 19.4). This was 
study of 314 patients in whom both pre- and 6–18 month 
post-randomization SPECT MPS was performed. Patients 
assigned to PCI and OMT demonstrated significantly 
greater ischemia reduction when compared to patients 
receiving OMT alone (PCI + OMT: 33% (n = 159); OMT 
alone: 19% (n = 155); p = 0.0004). Ischemia reduction 5% 
was also more frequent in the PCI + OMT group compared 
with the OMT alone group (33.3 vs. 19.8%, respectively, 
p = 0.004) (Figure 19.5). The study also showed that isch-
emia reduction, by OMT or OMT + PCI, was associated 
with improved long-term outcomes. However, some 
patients in the OMT alone group demonstrated dramatic 
ischemia reduction (Figure 19.6). Importantly, among the 
relatively smaller subset of patients with “moderate-to-
severe pretreatment ischemia,” a significantly greater pro-
portion showed significant ischemia reduction ( 5% 
reduction in ischemic myocardium) with a strategy of 
PCI + OMT as opposed to OMT (78 vs. 52%; p = 0.007). 
Hence, despite the lack of improved survival with 
PCI + OMT vs. OMT alone in the main COURAGE study 
[45], the substudy suggests that PCI + OMT appears to be a 
superior approach to reduce ischemic burden, particularly 
in patients with extensive ischemia. Thus, the COURAGE 
substudy provides supportive evidence that imaging of 
myocardial ischemia could affect patient outcomes through 
guiding decisions for revascularization.

Of importance, the COURAGE results are not generaliz-
able to patients who have left main CAD (these patients 
were excluded from COURAGE) as well as to patients 
being considered for CABG as their revascularization pro-
cedure. Hence, a new randomized clinical trial is currently 
under review: the ISCHEMIA trial (the International Study 
of Comparative Health Effectiveness with Medical and 
Invasive Approaches) proposes to incorporate moderate to 
severe imaging evidence of ischemia as an inclusion crite-
rion. If funded, this trial promises to further clarify the 
initially reported results and allow us to better understand 
what constitutes optimal patient management. Such future 
study should also differentiate cohorts for PCI and CABG 
and characterize the type and completeness of medical 
therapy.

Figure 19.4. The concept of total perfusion deficit (TPD). A circumferential profile for one short 
axis slice is shown with corresponding normal limits. The areas below the normal limit curve but 
above the circumferential profile curve for a given slice define perfusion deficit in a given slice. These 
areas are computed for all circumferential profiles in the myocardium and summed forming TPD 
(adapted with the kind permission of Springer Science + Business Media from Berman et al [38]).
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Figure 19.6. An illustrative case of a COURAGE patient enrolled in the substudy. The pretreatment 
stress images are in the first column while the 12 month follow-up images are in the second column. 
A severe and extensive perfusion defect is seen in the pretreatment with near complete resolution 
on the post-treatment study. The polar plots for the first and second studies are also noted in the 

center of this slide. The stress TPD for the baseline study was 28% of the myocardium, while the 
second study following 12 months of aggressive medical intervention resulted in a dramatic decline 
to a TPD of only 2%.
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Figure 19.5. Comparison of inducible ischemia 
with myocardial perfusion scintigraphy (MPS) 
pretreatment and after 6–18 months of optimal 
medical therapy (OMT) with or without percuta-
neous coronary intervention (PCI) (adapted with 
permission of the Wolters Kluwer from Shaw 
et al [46]).
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Limitations of MPS

While assessment of perfusion on MPS has high sensitivity 
for detecting ischemia, it may underestimate the extent of 
ischemia [47, 48]. Of interest, in a recent study of 101 patients 
who underwent MPS and ICA and were found to have sig-
nificant obstruction of the left main coronary artery, only 
55% of the patients were identified as being at high risk on 
the basis of 10% myocardium ischemia [48]. However, 
when ancillary findings such as TID, increased lung uptake, 
and stress-induced wall motion abnormalities were taken 
into account, 87% of patients with left main CAD were iden-
tified as being at high risk (Figure 19.7). Moreover, none of 
the patients with left main CAD had completely normal 
(non-equivocal) MPI studies – underscoring the importance 
of the category of “equivocal” in reporting MPS examina-
tions [20]. It is also possible for MPS to be normal in a patient 
with severe and extensive CAD. This phenomenon may be 
due to “balanced ischemia,” a hypothetical circumstance in 
which patients with severe disease in all coronary arteries 
may not manifest a regional perfusion defect on MPS [49, 
50]. However, this phenomenon, if present, must be relatively 
uncommon, since no study to date has contradicted the 
observation of low cardiac event rates among patients with a 
normal stress MPS study, assuming an adequate heart rate 
achieved for exercise studies and the absence of medications 
that could impede maximal vasodilation with dipyridamole 
or adenosine, such as caffeine and the absence of major 
comorbidities.

Early data suggest that coronary flow reserve measure-
ments – currently possible with PET myocardial perfusion 
studies and potentially possible with SPECT studies and 
novel gamma cameras – may improve risk classification in 
patients with minor perfusion defects [35]. It is possible that 
these quantitative coronary flow reserve measurements will 
provide information regarding endothelial function abnor-
malities, at a stage of CAD before hemodynamically signifi-
cant coronary stenosis has occurred. In general, however, 

a limitation of the MPS methods is that they do not provide 
assessments of the subclinical atherosclerotic burden that 
can be obtained from non-contrast cardiac CT as discussed 
in the following Section.

Cardiac CT

CT Coronary Calcium Scanning

Chronologically, noncontrast ECG-gated cardiac CT 
evolved before CCTA as the initial clinically relevant appli-
cation of cardiac CT; it has enabled the accurate measure-
ment of coronary artery calcification, opening up the 
opportunity for improved assessment of patients with sub-
clinical coronary atherosclerosis. CAC is thought to develop 
in the body’s attempt to contain and stabilize inflamed cor-
onary plaque [51]. In general, evidence of CAC reflects 
a more advanced stage of plaque development. CAC is 
 considered pathognomonic of coronary atherosclerosis. 
A quantitative relationship has been demonstrated between 
CAC and histopathologic evidence of coronary plaque area: 
Calcified plaque assessment correlates with pathologic 
assessment of the total amount of calcified plus noncalci-
fied plaque [52]. As such, CAC serves as an indirect but pro-
portional marker for global atherosclerotic burden.

Substantial study has now established the prognostic 
value of CAC imaging, and also characterized estimators 
of risk following consideration of CAC distribution accord-
ing to age, gender, and other clinical variables [53–55]. 
Initial studies were performed in ethnically narrow popu-
lations, but, recently, follow-up of 6,722 patients from four 
ethnic groups in the Multi-Ethnic Study of Atherosclerosis 
(MESA) registry [56] demonstrated that the CAC score is a 
significant predictor of both major cardiac events (cardiac 
death or myocardial infarction) and any coronary events 
in all ethnic groups (Figure 19.8). Moreover, a new analy-
sis of the data from the same study [57] demonstrates that 
risk stratification based on standard absolute cutoff points 
of CAC score (<100, 100–400, and >400 Agatston units) 
performed much better than age-sex-race/ethnicity–
specific  percentiles in terms of model fit and discrimina-
tion (Figure 19.9).

Limitations of CAC Scanning

While CAC scanning is effective in predicting risk, to date 
there is little objective data to indicate that aggressive treat-
ment of patients with subclinical atherosclerosis defined by 
CAC reduces subsequent cardiac events. In a randomized 
clinical trial, a part of the St. Francis Heart Study showed a 
trend to less progression of the CAC score in patients 
treated with statins vs. a control group, but failed to reach 
statistical significance [58]. There is a recent trend toward 
recommendation of CAC testing for asymptomatic patients, 
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at least those at intermediate clinical risk, and for aggres-
sive treatment of those with prognostically important 
amounts of CAC [53, 54]. A randomized trial assessing 
the effects of CAC scanning on patient outcomes is being 
considered. While uncommon, some patients with only 
non-calcified plaque may develop an acute coronary syn-
drome (ACS).

CCTA: Diagnostic and Prognostic  
Impact in Different Clinical Populations

While considered possible since the initial description by 
Hounsfield of computed tomography [59], the era of CCTA 
did not begin to grow significantly until 1998 when the first 
multislice computed tomography (MSCT) scanners with four 
detector rows and rotation times of less than 0.5 s became 
clinically available [60]. For practical purposes, the introduc-
tion of the 16-slice MSCT scanners in 2001 marked the start of 
the rapid growth phase of CCTA [61]. This development 
allowed routine visualization of even small coronary seg-
ments, sparking interest. By 2005, four major manufacturers 
were offering 64-slice scanners, providing CT angiograms 
with true 3D data in isotropic voxels of ~0.5 mm and com-
plete studies in 5–10 heartbeats. Since then, CCTA has been 
increasingly applied in clinical practice. However, the extent 
to which it will be used in preference to stress imaging meth-
ods in patients with atypical angina or other symptoms indi-
cating an intermediate likelihood of CAD has not yet been 
determined.

Comparisons of CCTA to Invasive Angiography

Numerous studies of the diagnostic accuracy of the CCTA 
have been performed comparing CCTA to ICA. These 
studies have limitations such as referral bias. Nevertheless, 
on the basis of a large body of evidence, CCTA is consid-
ered the most accurate noninvasive test for the detection 
and exclusion of CAD as defined by ICA, based on pub-
lished meta-analyzes. Recently, three large multicenter 
trials regarding the accuracy of CCTA for detecting 
CAD by ICA have been published [62–64]. A recent 
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prospective, multicenter, multivendor study conducted 
with “real-world” analysis – no patients or segments were 
excluded because of impaired image quality attributable 
to either coronary motion or calcifications – involved 360 
symptomatic patients with acute and stable anginal syn-
dromes who were between 50 and 70 years of age and 
were referred for diagnostic conventional ICA, which was 
compared with CCTA [64]. In this population of patients 
with intermediate- to-high and high pretest likelihood of 
CAD, CCTA was  reliable for ruling out significant CAD. 
Specificity of the CCTA in this study was lower than in 
most other reports, probably due to the inclusion of all 
the segments and patients despite observed artifacts. An 
important recently published prospective multicenter 
trial (ACCURACY: Assessment by Coronary Computed 
Tomographic Angiography of Individuals Undergoing 
In vasive Coronary Angiography) [62] investigated 230 
symptomatic patients with intermediate-to-high and 
high likelihood of CAD who were referred for the ICA. In 
this study, 64-slice CCTA demonstrated high diagnostic 
accuracy for detection of obstructive coronary stenosis at 
both thresholds of 50 and 70% stenosis. The authors also 
concluded that the 99% negative predictive value at the 
patient and vessel level observed in this study establishes 
CCTA as an effective noninvasive alternative to ICA to 
rule out obstructive CAD. In this study, the prevalence of 
obstructive CAD was 12.5%. Similar high diagnostic 
accuracy of the CCTA compared to ICA was demonstrated 
in the CACTUS (Coronary Angiography by Computed 
Tomography with the use of a Submillimeter resolution) 
trial [65] that included 243 patients with an intermediate 
pretest probability for CAD. In a subsequent multicenter 
trial, the CORE 64 (The Coronary Artery Evaluation using 
64-Row Multidetector Computed Tomography Angiography) 
study, the overall accuracy was similar, but with somewhat 
lower negative predictive value [63].

Initial Applications of CCTA

In patients with an intermediate likelihood of CAD, the 
clinical implications of a normal CCTA study are generally 
clear: the high negative predictive value implies that the 
symptoms leading to testing are very unlikely to be due to 
obstructive CAD. The clinical implications of the abnormal 
CCTA study are often, however, less clear. While the coro-
nary angiographic correlations have been excellent, the 
correlations between CCTA and functional measures of 
ischemia have been much lower. In the studies to date in 
which both SPECT MPS and CCTA have been performed, 
less than 50% of the patients with CCTA studies showing 

50% stenosis demonstrated ischemia by SPECT-MPS 
(Figure 19.11) [66]. Since a stenosis of 70% severity is now 
more widely required as an angiographic criterion for the 
need for revascularization, it would be of interest to see the 
relationship between CCTA and ischemia using this angio-
graphic cutoff point. However, given the lack of excellent 
correlation between angiographic stenosis and coronary 
flow reserve, the current “gold standard” for hemodynamic 
significance [67, 68], it is likely that a substantial propor-
tion of such lesions, even with the 70% stenosis criterion, 
will not demonstrate ischemia. In a study of 292 patients 
undergoing MPS and CCTA within 6 months, we have 
shown that less than 50% of lesions with between 70–89% 
stenosis on CCTA demonstrated ischemia on MPS as 
assessed by TPD (Figure 19.10) [69].

CCTA is a relatively new modality in the armamentar-
ium of advanced cardiac imaging. Thus, prognostic data 
available still cover either relatively small populations or 
provide a limited (either short- or mid-term) follow-up 
length. Nevertheless, initial publications in this field dem-
onstrate powerful predictive value of CCTA, with excellent 
prognosis in those patients who have no evidence of ath-
erosclerosis on their index scan [70, 71].
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Figure 19.10. Prevalence of ischemia on SPECT 
MPI in patient groups defined by maximal steno-
sis detected during CCTA. Bars represent percent 
of individuals in each stenosis category with 
ischemia, defined by TPD 5%, on SPECT MPI. 
The numbers in parentheses represent number 
of individuals in each stenosis category. In a per-
patient analysis, prevalence of ischemia increased 
in proportion to stenosis severity with  p = 0.001 
across all categories of stenosis severity. (adapted 
with permission of Springer from Tamarappoo  
et al [69]).
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Recently, more detailed analysis of the larger population 
(n = 1,127) has shown that in patients with chest pain CCTA 
identifies increased risk for all-cause death [72]. In this 
population, a negative CCTA was associated with extremely 
low all-cause mortality. Notably, the CCTA predictors of 
death included proximal left anterior descending artery 
stenosis and number of vessels with 50 and 70% steno-
sis. Of importance, there was an appropriate increase in the 
death rate associated with each step of increased risk when 
the CCTA was assessed by the Duke CAD Prognostic Index 
(Figure 19.12).

This risk predictive ability of CCTA-identified coronary 
artery stenosis appears to be above and beyond that of 
atherosclerosis detection by CAC. In a recent prospective 
study of 432 patients undergoing both CCTA and CAC and 
followed for almost 2 years, both CCTA findings of obstruc-
tive coronary artery stenosis as well as increasing CAC 
scores were associated with the development of major 

adverse cardiac events. After adjustment of demographics, 
risk factors, and baseline CAC score, CCTA findings – 
including presence of any coronary artery stenosis 50%, 
increasing numbers of coronary segments exhibiting 
stenosis 50%, increasing number of coronary segments 
with any plaque, and increasing number of coronary seg-
ments with noncalcified plaque – were independently pre-
dictive of adverse events [73].

Of importance also is a significant additive prognostic 
value of the combined CCTA and MPS results; in a recent 
communication in this field, presence of both abnormal 
CCTA and MPS carried a substantially worse prognosis than 
any one of these tests alone (Figure 19.13) [74]. In this 
European study, 541 patients who had both MPS and CCTA 
were followed-up for a median of 672 days; hard event rate in 
patients with none or mild CAD as defined by CCTA (<50% 
stenosis) was 1.8 vs. 4.8% per year in patients with significant 
CAD ( 50% stenosis). A normal MPS (SSS <4) and abnormal 
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MPS (SSS 4) were associated with an event rate of 1.1 and 
3.8% per year, respectively. CCTA and MPS findings were 
associated with synergistic prognostic impact, and their 
combined utilization resulted in significantly improved pre-
diction of cardiac events (p < 0.005) [74].

Limitations of CCTA

While the negative predictive value (NPV) of CCTA has 
been consistently shown to be very high, the positive pre-
dictive value for obstructive CAD at ICA is less impressive 
due to the lower resolution of the method (0.4 vs. 0.2 mm for 
ICA). Furthermore, the positive predictive value of CCTA 
findings for ischemia by MPS is poor; i.e., there are many 
sources of false-positive CCTA studies, including dense cor-
onary calcium, coronary artery motion, arrhythmia, patient 
motion, breathing, and technical sources of error.

Hybrid CT/SPECT and CT/PET

Interest in combining the functional information provided 
by MPS with the anatomical information provided by CT has 
led to the development of new hybrid CT SPECT equipment 
that allows for essentially simultaneous assessment of both 
anatomic and perfusion parameters. SPECT/CT systems are 
now available from multiple manufacturers.

For PET, hybrid PET/CT has become the standard for 
almost all commercially available PET machines, linking 
the high resolution of CT with the functional richness of 
PET. In the future, it is possible that SPECT systems with 
dramatic increases in sensitivity as well as increases in 
spatial resolution could become available, with the 
potential of rapid, dynamic SPECT and routine absolute 
quantifications of coronary flow [76]. In some form, it is 
predicted that hybrid systems will play an increasingly 
important role for combined anatomic/functional imag-
ing in the future.

Currently, however, the place of hybrid imaging for CCTA 
and MPS with PET or SPECT remains unclear. While it is 
likely that tests of anatomy and function will prove to be 

complementary in a substantial proportion of patients 
undergoing imaging tests [75, 77], whether these tests are 
most effectively applied sequentially or simultaneously is 
yet to be defined. If hybrid approaches with acceptably low 
radiation burden become widely available and if combined 
testing is not prohibitively expensive, the potential of the 
combined approach will have the greatest opportunity to be 
realized. Since it is usually not possible to determine which 
patients require both anatomic assessment of the coronary 
arteries and assessment of myocardial perfusion, the com-
bination of CCTA and MPS in a single setting is not likely to 
become common. Most likely, such combination could be 
selectively performed in the subset of patients with equivo-
cal findings on one of the exams using software for image 
registration and fusion [77] to resolve diagnostic discrepan-
cies between these two techniques. However, the combina-
tion of CAC scanning with MPS, made possible as a routine 
with PET/CT or SPECT/CT systems, could prove to be 
a commonly performed combined study, providing infor-
mation both for guiding the need and intensity of medical 
therapy/risk factor modification, including the need for 
treatment of ischemia and possible revascularization.

Complementary Aspects of the Imaging 

Technologies

As noted in earlier, each of the imaging modalities that we 
have reviewed offers salient strengths and weaknesses. CAC 
scanning can be used to estimate the total magnitude of 
atherosclerotic burden and predict patient outcomes, but it 
is a nonspecific means for predicting the presence or sever-
ity of angiographically significant stenoses. MPS is a useful 
test for diagnosing the presence of angiographically sig-
nificant CAD among patients with intermediate CAD like-
lihood, and is a highly effective test for predicting prognosis 
and benefit from revascularization and for assessing myo-
cardial viability, but MPS cannot predict the underlying 
burden of atherosclerotic plaque. Rather, we have previ-
ously demonstrated that within stress test populations, a 
normal MPI study may often still be associated with sub-
stantial subclinical atherosclerosis (Figure 19.14) [78]. 
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Figure 19.13. Kaplan–Meier curves for hard 
events (all-cause mortality and nonfatal myocar-
dial infarction) in patients with a normal MPI (SSS 
<4) and none or mild CAD (<50% stenosis) on 
multislice computed tomography (MSCT), in 
patients with an abnormal MPI (SSS 4) and with 
none or mild CAD (<50% stenosis) on MSCT, in 
patients with a normal MPI (SSS <4) and signifi-
cant CAD (MSCT 50% stenosis), and, finally, in 
patients with an abnormal MPI (SSS 4) and sig-
nificant CAD (MSCT 50% stenosis). MPI myocar-
dial perfusion imaging; SSS summed stress score. 
(Log Rank p-value < 0.005) (adapted with permis-
sion of Elsevier from van Werkhoven et al [75]).
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In our experience, even when CAC scores exceed 1,000 in 
our stress test patients, ~80% of these patients will have a 
normal MPS study [78], indicating that extensive athero-
sclerosis can commonly be present without resulting in 
inducible myocardial ischemia. CCTA is effective in deter-
mining the presence and magnitude of angiographically 
significant CAD and it useful for diagnosis in patients with 
a intermediate likelihood of CAD. CCTA may also have 
future use in evaluating coronary plaque morphology [79], 
but it has not yet been widely used for assessment of myo-
cardial ischemia.

The availabilities of all three tests (MPS, CAC, CCTA) pro-
vide physicians with the ability to evaluate the magnitude of 
atherosclerotic burden and coronary stenoses noninvasively 
and to define the functional significance of coronary lesions. 
The challenge is to define the appropriate clinical synergy 
among these tests. In the current era of rapidly escalating 
medical expenditures, consideration of medical costs must 
be carefully weighed in determining the potential attractive-
ness of logically conceived paradigms for incorporating these 
three technologies into a new schema for the diagnostic or 
prognostic evaluation of patients with suspected CAD. A sec-
ond issue is the consideration of cumulative radiation expo-
sure. Recent data have focused increased concern on the 
potential long-term effects of low-dose radiation [80]. With 
patients being evaluated at earlier ages and potentially being 
followed for decades, it may be reasonable to assume that 
radiation exposure will play an increasing role in choice of 
testing strategies.

As CAC scanning and CCTA mature in their applications, 
it will become increasingly important for physicians to 
understand how these newer and older technologies com-
pare to each other and can be used in complementary fash-
ion for the clinical management of patients with suspected 
or known CAD. Already, emerging data have begun to 
 formulate an evidence base that physicians can rely upon to 
make more informed decisions regarding patient manage-
ment. Accordingly, we will now review the complementary 
aspects of imaging technologies for common management 

decisions, such as how and who to screen for CAD, how to 
best perform diagnostic testing among patients with an 
intermediate pretest likelihood of CAD, and the use of test-
ing for risk stratification purposes. In addition to these 
common uses, we will compare the use of various imaging 
modalities as they relate to other commonplace cardiologic 
issues, including the assessment of patients with acute chest 
pain, the evaluation of myocardial viability and work-up of 
patients with heart failure, selection of patients for implant-
able cardioverter-defibrillator (ICD) placement, and the 
guidance for cardiac resynchronization therapy (CRT).

Screening for CAD

Screening for CAD is sometimes applied in mandatory fash-
ion to certain segments of the public and to individuals with 
increased CAD risk factor burden. For years, exercise ECG 
was advocated as a means of screening such individuals, fol-
lowed by MPS study for those who have a positive ECG 
response. More recently, CAC scanning has emerged as a new 
means for initially screening, but controversy exists as to 
which asymptomatic subjects are candidates. Some investiga-
tors have suggested that the need for CAC scanning be based 
on the Framingham Risk Score (FRS) [81]. The FRS assesses 
individuals’ 10-year risk of cardiac events based on subject 
age, gender, history of smoking and diabetes, and measure-
ments of blood pressure and LDL, HDL, and triglyceride. 
Subjects are arbitrarily divided into groups based on their 10 
year FRS risk: “low” if it is under 6%, “intermediate” if it is 
6–20%, and “high” if it is >20%. CAC scanning has been rec-
ommended for those with intermediate FRS risk [54, 82, 83].

Various studies, however, have suggested that the FRS is 
not an effective screening tool for predicting the presence or 
absence of CAC in stress test populations [84, 85]. Thus, cau-
tion should be used on relying even on a low FRS to exclude 
the potential utility of CAC scanning in asymptomatic 
patients who are candidates for stress testing. A recent con-
sensus statement has suggested that tests of atherosclerosis 
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such as CAC scanning or carotid intimal-medial thickness 
could be become a routine means of evaluating all men over 
age 45 and women over age 55 as to their long-term risk of 
adverse cardiac events risk based on the degree of their 
underlying atherosclerotic burden, as recommended by the 
SHAPE (Society for Heart Attack Provention and Eradication) 
Guidelines (Figure 19.15) [86]. In patients with extensive 
coronary atherosclerosis, generally accepted as an Agatston 
CAC score of 400, stress myocardial perfusion imaging is 
considered appropriate [87]. This triaging aspect of CAC 
testing is based on a documented threshold relationship 
between the magnitude of CAC and the likelihood of induc-
ible myocardial ischemia. He et al [88] were the first to evalu-
ate the interrelationship between CAC scores and the 

likelihood of inducible myocardial ischemia. In their study of 
370 asymptomatic patients undergoing both CAC scanning 
and MPS, among those with CAC scores 100, only ~1% had 
an abnormal MPS. For higher CAC scores, the rate of abnor-
mal MPS increased progressively, such that nearly half of 
patients with a CAC score >400 had inducible ischemia on 
MPS. In a larger study involving 1,195 consecutively tested 
patients without a prior CAD diagnosis who underwent both 
CAC scanning and MPS, ischemia was low among not only 
patients with a CAC score <100 but also for CAC sores 
between 100 and 400 (Figure 19.16) [78]. Each of these stud-
ies has been in agreement for an increase in MPS ischemia 
for those with CAC scores>400, but the studies have differed 
concerning the observed rate of ischemia among those with 
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CAC scores between 100 and 400. Most likely, the difference 
between these studies may relate to various selection biases 
or differences in interpretive criteria for MPS studies. 
Subsequent data indicate that the threshold CAC sore for 
referring patients for stress testing might vary according to 
ancillary clinical data. For instance, the threshold value for 
inducible ischemia may be lowered to 100–400 based on data 
observed among patients with metabolic syndrome or dia-
betes [89], and other data indicate that the CAC threshold for 
ischemia is much higher in asymptomatic individuals com-
pared to patients with a typical or typical angina [90]. By 
contrast, a poor correlation between LDL or HDL levels and 
CAC sores in clinical populations has been shown [91], sug-
gesting that cholesterol variables are not likely to serve as a 
triage factor in selection for MPS study following CAC scan-
ning. The intensity of medical management is then guided 
by a combination of risk factors and the CAC score. The use 
of CCTA in further evaluation of asymptomatic patients with 
extensive CAC has not yet been documented to be useful.

Diagnostic Testing

Screening should be distinguished from the test evaluation 
of patients with symptoms. In the symptomatic patient, 
testing is considered to be in the “diagnostic mode.” In the 
symptomatic patient, the first question that arises is “what 
is the cause of the symptoms” (i.e., establishing the diagno-
sis). For risk assessment, the short-term as well as the long-
term risk needs to be considered, in order to appropriately 
guide the management decisions, which chiefly deal with 
whether revascularization needs to be considered. In 
patients presenting with stable chest pain symptoms, the 
first question that arises is ascertaining a diagnosis: Is the 
chest pain due to CAD? The first step in diagnostic assess-
ment is determining patients’ pretest likelihood of angio-
graphically significant CAD based on the Bayesian analysis 
of patients’ age, gender, risk factors, and symptoms, as ini-
tially suggested by the classic work of Diamond et al [92, 
93] and what degree of intensity of medical therapy is war-
ranted. CCTA is growing rapidly in this diagnostic applica-
tion. For a recent update on the clinical applications of 
CCTA, the AUC for CCTA are expected to be published by 
mid 2010.

Evaluation of Patient with Acute Chest Pain

Almost 6 million individuals are evaluated each year for acute 
chest pain in the emergency department (ED) [94]. Despite 
standardized protocols and high vigilance, between 2 and 6% 
of patients are erroneously discharged with missed myocar-
dial infarction [95]. For patients with normal or nondiagnos-
tic initial ECGs on presentation to the ED, an important 
clinical problem is to distinguish those with acute coronary 
syndromes requiring hospital  admission from those who 
may be safely discharged.

Because most patients presenting with acute chest pain 
subsequently “rule out” for acute ischemic syndromes, 
chest pain units have been instituted for the acute evalua-
tion of chest pain patients presenting to the ED. Because of 
the relationship to closure of a coronary artery, SPECT MPS 
is an effective means of detecting patients with acute isch-
emic syndromes. Tc-99m sestamibi or tetrofosmin SPECT 
MPS, with injection during chest pain, has been shown to 
reduce clinical indecision in the acute evaluation of chest 
pain. A number of studies have demonstrated a role for 
SPECT MPS in the initial evaluation of these patients. 
A normal rest Tc-99m sestamibi or tetrafosmin SPECT MPS 
study has a 99% negative predictive value [96, 97]. A pro-
spective, randomized, controlled multicenter trial exam-
ined whether incorporating acute rest SPECT MPS into 
an ED evaluation strategy of patients presenting with sus-
pected acute ischemia improved initial ED triage [98]. 
A significant reduction in hospitalization was noted in 
patients with normal SPECT MPS studies.

Use of CCTA in the Evaluation of Acute Chest Pain

Proponents of CCTA advocate its potential usefulness in this 
patient subgroup, highlighting the high NPV of CCTA to suc-
cessfully identify individuals in whom no obstructive CAD 
exists and who bear a favorable prognosis. More recently, 
CCTA has also been assessed for the work-up of acute chest 
pain. A single-center randomized study of 197 individuals 
presenting with acute chest pain to the ED compared a 
CCTA-based diagnostic evaluation strategy to “standard of 
care” algorithms which employed MPS [99]. In contrast to 
individuals undergoing standard of care assessment, indi-
viduals undergoing CCTA experienced reduced diagnostic 
time in the ED (3.4 vs. 15.0 h, p < 0.01) and fewer repeat evalu-
ations for chest pain. These findings translated to lower costs 
for a CCTA-based evaluation by almost $300 per patient.

Subsequently, the CT-STAT (Coronary Computed Tomo-
graphy for Systemic Triage of Acute Chest Pain Patients to 
Treatment) trial, a multicenter randomized trial comparing 
CCTA to rest/stress MPS in patients with chest pain in ED, 
was performed (Late Breaking Clinical Trial, AHA, 2009) 
also demonstrated more rapid time to diagnosis and lower 
costs with CCTA vs. the standard of care, with equal safety. 
In a related study, 368 patients presenting to the ED with 
acute chest pain underwent 64-slice CCTA after initially 
negative troponin measurements and electrocardiograms 
[100]. CCTA results were blinded to the caring physician. 
One-half of the study patients had no evidence of CAD by 
CCTA, with a NPV of 100% for ACS in a 6-month follow-up. 
By contrast, the presence of any plaque on CCTA scan pos-
sessed 100% sensitivity for ACS detection, although the 
specificity for ACS detection was low (54%). Specificity for 
ACS detection was improved by restriction of the diagnosis 
of CAD to those with 50% stenosis by CCTA, findings which 
were incremental to Thrombolysis in Myocardial Infarction 
risk scores. While these early data are favorable, further 
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study is still needed in larger cohorts to verify the safety and 
effectiveness of a CCTA-based evaluation of acute chest pain 
patients.

Of note, the presence of nonobstructive coronary artery 
plaque portends a low but nonzero risk, congruent with the 
data observed in the stable chest pain population, and is 
therefore an imperfect stand-alone instrument for triaging 
individuals with possible ACS. On the basis of the available 
information, the CCTA and MPS approaches appear to be 
similarly effective in this application at the present time.

Evaluation of Patients with Stable Chest Pain

By convention, patients are commonly divided into three 
CAD likelihood groups: low (<15%), intermediate (15–
85%), and high (>85%). Symptomatic patients with a low 
likelihood of CAD (<15%) generally require only primary 
prevention and no testing, similar to asymptomatic patients 
with a low 10-year risk. This might apply, for example, to a 
30-year-old with no risk factors for CAD experiencing 
nonanginal chest discomfort. By contrast, value of nonin-
vasive diagnostic testing is greatest in patients with an 
intermediate likelihood of disease.

CCTA as the Initial Test

A trend in diagnostic testing may be the potential increased 
use of CCTA as opposed to stress testing as the first line for 
evaluating diagnostic patients, at least among those with a 
low intermediate pretest likelihood of CAD. An approach to 
the symptomatic patient with an intermediate pretest like-
lihood of CAD, based on using CCTA as the initial test, is 
shown in Figure 19.17 [101]. After the CCTA, the need for 

further testing and therapy would be guided by the post-
test likelihood of CAD and the extent and severity of 
the observed disease. If the CCTA is normal (no stenosis, 
no coronary calcium), primary prevention would be appro-
priate. It is likely that the relatively high NPV – the defini-
tive ability to rule out CAD – will become a principal 
driving force in the initial application of CCTA. On the 
other hand, if critical proximal stenoses are observed (e.g., 
>90%), direct referral to selective coronary angiography 
would appear to be appropriate.

It must be recognized that currently CCTA is almost 
purely anatomic in its information. While providing 
important information for guiding medical management 
and establishing diagnosis, it is limited in the information 
regarding need for revascularization. Thus, if a coronary 
stenosis is defined by CCTA but the anatomy is not “com-
pelling” regarding the need for revascularization, referral 
for stress ischemia testing (e.g., MPS) would appear 
appropriate to determine the need to consider coronary 
revascularization.

Stress Imaging as the Initial Test

An alternate approach in this intermediate likelihood 
group would be to perform ischemia testing with MPS as 
the initial test with consideration of CCTA when the results 
of MPS are uncertain (Figure 19.18). With this approach, 
patients with extensive ischemia would be referred to ICA. 
Patients with 5–10% ischemia would be further assessed 
for the presence of ancillary high risk markers (low EF, TID, 
etc; Table 19.1) or high risk conditions (advanced age, dia-
betes mellitus, atrial fibrillation, pharmacologic stress, and 
dyspnea). Those with one or more of these high risk mark-
ers or conditions would be candidates for ICA. In those 
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Likelihood of CAD

Coronary
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Normal
Non-obstructive
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Borderline/
equivocal Serve abnl/3VD

Functional imaging

Not high risk

Safe discharge
(1° prevention)

Medical therapy & aggressive risk
factor modification

(2° prevention)

ICA + poss revasc

 High risk

Figure 19.17. CCTA approach to diagnosis and 
management of CAD in symptomatic patients with 
an intermediate pretest likelihood of CAD. Abnl 
abnormal; revasc revascularization (adapted with 
the kind permission of Springer Science + Business 
Media from Schuijf et al [101]).
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with 5–10% ischemia and none of the high risk markers or 
conditions, consideration is given to the performance of 
CCTA. CCTA is also considered in patients with equivocal 
MPS or in whom the MPS results and the results of stress 
testing are markedly discordant (e.g., severe ST depression 
with a normal MPS study). The reason for suggesting the 
use of CCTA in these patients is that a small percentage of 
patients with left main CAD might be missed by MPS in the 
absence of absolute flow measurements [48].

Another group in whom CCTA might be commonly 
employed is in patients with equivocal nuclear results or in 
whom there is a marked discordance in the clinical or ECG 
results and the nuclear results. Usefulness of CCTA in 
patients with equivocal or nondiagnostic MPS was most 
recently demonstrated by Abidov et al [102]

Patient Risk Stratification and Guiding  
Patient Management

In contrast to patients with an intermediate likelihood of 
CAD, patients with a high likelihood of CAD are generally 
considered by their clinicians to have CAD and are treated 
accordingly. Therefore, these patients are usually not 
referred for noninvasive imaging to establish a diagnosis. 
If symptoms are limiting, they are directly sent for ICA. In 
many circumstances, particularly when symptoms are 
relieved with medical therapy and when there are comor-
bidities, however, there is a need to assess the extent and 
severity of ischemia in order to guide the decision for revas-
cularization based on prognostic considerations. There is 
no evidence at this time to support the use of CCTA for these 
patients. In contrast, there is evidence that patients deemed 

to have a high (>85%) likelihood of CAD or those with 
known CAD frequently benefit from MPS for purposes of 
determining the need for consideration of revasculariza-
tion. In these patients, when symptoms are well controlled 
medically, the question is one of prognosis and potential 
benefit from revascularization rather than diagnosis [1, 74]. 
Hachamovitch et al [6] have demonstrated that initial test-
ing with MPS rather than direct coronary angiography, in 
patients with a high likelihood of CAD and without limiting 
symptoms, may be cost-effective and appropriate. After 
nuclear testing, those with extensive ischemia would be sent 
for catheterization. Those with no ischemia or minimal 
ischemia may become candidates for CAC scanning if they 
are not already identified as requiring maximal medical 
therapy for prevention. Those with mild to moderate isch-
emia might be candidates for CCTA, to be certain that high-
risk angiographic disease such as left main stenosis was not 
present. Another group of these patients in whom CCTA 
might prove to be effective is the group with equivocal 
nuclear results or when there is a marked discordance in the 
clinical or the ECG results and the nuclear results. Using 
CCTA as an initial test in patients with a high pretest likeli-
hood of CAD would not appear to be reasonable, since it 
would be expected that over 75% of them would have abnor-
mal CCTA studies, many if not most of whom would require 
further testing.

Of note, however, is that CCTA is extremely accurate in 
assessing bypass graft patency, and can be an effective tool 
in guiding the need for and approach to ICA. CCTA can also 
be used to assess the patency of coronary artery stents, pro-
viding they are of sufficient size [103]. In stents that are less 
than 3 mm in diameter, the frequency of diagnostic test 
results is decreased.

Int-high Likelihood
or known CAD

MPI

CCTA

No compelling anatomy  Compelling anatomy

 ICA + poss revascSafe discharge
(1° prevention)

Medical therapy & aggressive risk
factor modification

(2° prevention)

Normal Equivocal/discordant
5-10% ischemia

No ancillary risk marker

10% ischemia or
5-10% ischemia+ 

 ancillary risk marker

Figure 19.18. MPI approach to diagnosis and 
management of CAD in symptomatic patients 
with an intermediate pretest likelihood of CAD 
(* indicates with normal MPI in patients not 
already identified as requiring maximal medical 
therapy using secondary prevention guidelines, 
consider atherosclerosis imaging.) ICA invasive 
coronary angiography; poss revasc possible 
revascularization .
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Applications of Nuclear Cardiology  
Beyond Rest/Stress MPS

Assessment of Myocardial Viability  
and Chronic Heart Failure

Cardiac SPECT or PET methods can be effectively used to 
distinguish viable but nonfunctioning myocardium that 
can be improved with revascularization from nonviable 
myocardium. In this setting, viable myocardium is defined 
as regions exhibiting resting regional wall motion abnor-
mality associated with radionuclide, echocardiographic, or 
cardiac MRI evidence that the abnormally contracting myo-
cardium is not scar. With SPECT, radionuclide techniques 
commonly employed to assess myocardial viability include 
indices of regional myocardial perfusion and cell mem-
brane integrity (nitroglycerin augmented resting Tc-99m 
agent studies) [104, 105] and indices of regional cellularity 
as defined by the potassium space (redistribution thal-
lium-201 imaging) [106, 107]. With PET, a measure of glu-
cose metabolism using F-18-fluorodeoxyglucose (FDG) 
PET is the most common viability approach used [108–110]. 
Due to the more common availability of Echocardiography 
(Echo) and SPECT methods, the approaches of SPECT MPS 
and low-dose dobutamine echo are often chosen as meth-
ods to assess myocardial viability. In centers with expertise 
in cardiac FDG PET, PET appears to be more accurate for 
detecting myocardial viability than the SPECT methods [3]. 
While there are few comparative studies, it is widely held 
that the PET approach is highly competitive with late 
enhancement by cardiac MRI as a method for guiding man-
agement of patients with ischemic cardiomyopathy [111, 
112]. When extensive myocardial viability is found with any 
of the available modalities, improvement in ventricular 
function after successful revascularization is common, 
whereas function usually does not improve in patients with 
no or small amounts of viable myocardium. Although 
delayed contrast enhancement during coronary CT angiog-
raphy can assess myocardial scarring, the approach pro-
vides less contrast between the infarct zone and the normal 
zone than cardiac MRI [113]. In general, at the present time 
there is little evidence supporting the use of cardiac CT in 
clinical assessment of myocardial viability.

Selection of Patients for ICD Placement

The selection of patients for implantable cardioverter- 
defibrillator (ICD) placement is based on EF and clinical 
findings; however, many patients with low EF prove not to 
have needed the ICD, while many patients with normal EF 
suffer from sudden cardiac death. Iodine-123 radiolabeled 
metaiodobenzylguanidine (123I-MIBG), an analog of the false 
nerve transmitter guanethidine that accumulates in the pre-
synaptic terminals of sympathetic nerves may provide an 

improved method for this selection. For cardiac applications, 
the heart-to-mediastinum ratio of MIBG is measured, with 
the mediastinum serving as a background measurement for 
standardization [114].

In patients with chronic heart failure (CHF), studies have 
consistently shown that decreased cardiac uptake of MIBG 
is a strong predictor of prognosis [115–119]. A recent inter-
national phase III multicenter trial, AdreView Myocardial 
Imaging for Risk Evaluation in Heart Failure (ADMIRE-HF) 
[120], has provided preliminary evidence that MIBG might 
be useful in assessing prognosis in heart failure patients 
[121]. In ADMIRE-HF, adverse events of CHF progression, 
life-threatening arrhythmias, or cardiac death were more 
than twice as frequent in patients with lower heart-to-
mediastinum (H/M) ratios than in those with higher ratios 
(p < 0.0001), and the incidence of death was ten times 
greater in the lowest 10% vs. the highest 20% cardiac uptake 
groups. Thus, cardiac 123I-MIBG imaging has the potential 
to lead to better selection of patients for ICD placement. 
Based on the consistent literature findings and the results 
of the ADMIRE-HF study, FDA approval of the agent is 
expected in the near future.

Assessment of Left Ventricular  
Dyssynchrony: Guidance for CRT

A recent randomized trial automatic defibrillator implanta-
tion with cardiac resynchronization therapy (MADIT-CRT) 
[122] has shown that CRT combined with ICD placement is 
associated with lower mortality than ICD alone in patients 
with low LVEF and wide QRS. However, as with ICD place-
ment, the selection of patients who might benefit from CRT is 
also not highly effective at this time. Assessment of ventricu-
lar dyssynchrony may improve the selection of patients who 
benefit from CRT. Due to the 4D nature of the datasets, resting 
gated SPECT or PET MPS studies can be used to assess ven-
tricular dyssynchrony [123, 124]. Studies have shown that an 
assessment of inter- and intraventricular dyssynchrony can 
be effectively performed by means of phase analysis on gated 
SPECT [125–129] or gated blood pool SPECT [130, 131]. 
Studies have reported that responders and nonresponders 
from CRT therapy can be distinguished by phase analysis 
[128, 132, 133]. Patients with broad dispersion of phase angles 
are more likely to respond to CRT. In small single-center trials, 
sensitivity/specificity for predicting response to CRT have 
been reported as 70 per 74% [128] and 83 per 81% [132]. In 
comparison to tissue Doppler imaging by Echo, the SPECT 
methods have the advantage of providing true 3D onset of 
contraction data for the entire left ventricle. Additionally, the 
methods of analysis are automatic, thus providing high repro-
ducibility. Prospective trials are needed to compare the value 
of SPECT vs. Echo in predicting benefit from CRT as well as 
to determine whether this assessment is superior to the stan-
dard criterion of prolonged QRS duration for selecting 
patients for CRT.
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Applications of CCTA in CAD Beyond 
Assessment of Coronary Stenosis

Ruling Out Ischemic Cardiomyopathy

When patients present with CHF and evidence of cardiomyo-
pathy of uncertain origin, normal coronary arteries on CCTA 
may often be a definitive way of ruling out CAD as the cause. 
Alternatively, if a patient with CHF is found to have no stress 
or rest abnormalities on MPS, the likelihood of CAD as the 
cause of CHF can also be considered to be low. Thus, in the 
appropriate setting, a normal CCTA or SPECT or PET MPS 
(or cardiac MRI) might obviate the need for ICA in a patient 
with CHF of unknown etiology.

Summary

CAC scanning and CCTA have emerged as new means of 
evaluating atherosclerotic disease burden, plaque mor-
phology, and degree of anatomic stenosis in the coronary 
vasculature on a noninvasive basis. While these technolo-
gies are not likely to replace the use of MPS, which remains 
the mainstay of functional evaluation among patients with 
suspected CAD, they are likely to both modify and comple-
ment the future use of MPS study in diagnostic popula-
tions. Increasing evidence indicates that CAC scanning can 
play a pivotal role in screening and evaluation of asymp-
tomatic patients, and this application has recently begun to 
be reimbursed in some locations and by some insurance 
plans. In addition, CAC scanning may prove to add useful 
information in triaging which patients may benefit from 
diagnostic stress testing. CAC scanning may also be useful 
in patients who have had normal MPS studies as the amount 
of atherosclerosis could guide the intensity of their subse-
quent medical management. In symptomatic patients with 
an intermediate pretest likelihood of CAD, CCTA is likely 
to be increasingly used instead of MPS due to its ability to 
rule out CAD more definitively. Patients with normal CCTA 
or critical stenosis and symptoms will have clear manage-
ment pathways. In some patients with abnormal CCTA but 
no critical stenosis, the MPS may be indicated to evaluate 
the magnitude of ischemia. In patients with a high likeli-
hood of CAD or known CAD, MPS is likely to remain the 
mainstay of assessment, unless the symptoms are of such 
degree that the patients would be sent directly to ICA. In 
patients with a high likelihood of CAD but no limiting 
symptoms, initial testing with MPS is more likely than 
CCTA to be able to effectively guide management, improv-
ing the selection of patients in need of ICA. In all of the 
applications, it is anticipated that additional downstream 
testing will be both necessary and appropriate in a small 
proportion of patients after either MPS or cardiac CT has 
been performed as the initial test. In assessment of myo-
cardial viability, the SPECT or PET methods have been well 
validated and there is currently little application of CCTA.
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Introduction

Technologic advances in cardiovascular magnetic reso-
nance imaging (CMR) and cardiovascular computed 
tomography angiography (CCTA) allow these modalities to 
comprehensively visualize cardiovascular structures and 
function. The decision to perform CMR vs. CCTA requires 
knowledge of the individual strengths and limitations of 
these imaging techniques, the specific details of a patient’s 
medical history, and the clinical questions which need to be 
answered. In many clinical scenarios, echocardiography is 
performed as an initial study to assess cardiovascular sub-
strates, with CMR or CCTA performed when further car-
diovascular characterization is necessary and a noninvasive 
approach is preferable. Given the rapid evolution of these 
technologies, appropriateness criteria have been developed 
for specific cardiovascular indications [1].

The strengths of CMR include evaluation of tissue 
characteristics, myocardial perfusion, ventricular func-
tion, myocardial metabolism, viability, shunts, valvular 
function, flow velocities, and peripheral vasculature with-
out the need for iodinated contrast media or X-ray irra-
diation. Paramagnetic contrast agents have greatly 
expanded the applications of CMR. The paramagnetic 
element gadolinium, when attached to a chelating agent 
like DTPA, provides a means for contrast enhancement 
allowing assessment of perfusion and delayed enhance-
ment to detect acutely infarcted myocardium and chronic 
myocardial scar. CMR spectroscopy provides noninvasive 
assessment of myocardial metabolism allowing a mecha-
nistic understanding of myocardial function when using 
31P to depict the high energy phosphates, phosphocre-
atine and ATP, and inorganic phosphate to evaluate intra-
cellular pH.

In comparisons to CMR, the strengths of CCTA tech-
nologies currently include a greater ability to characterize 
coronary vasculature, shorter study times, and the ability 
to image patients with pacemakers, defibrillators, and 
other devices incompatible or problematic within a CMR 

system. As opposed to data acquisition with CCTA as one 
axial imaging sequence leading to one comprehensive 3D 
data cube, CMR requires multiple views and MR imag-
ing sequences. CT also allows quantification of coronary 
artery calcium for risk stratification. Both CCTA and CMR 
technologies are advancing rapidly, and therefore future 
applications may lead to changes in these strengths and 
limitations.

Patient Selection and Preparation

While there is considerable effort focused on reducing the 
radiation exposure with CCTA techniques, the lack of ion-
izing radiation is an important strength of CMR. This issue 
is especially important in young patients, who may be at 
increased long term risk of malignancy [2]. As opposed to 
iodinated contrast agents used in CCTA, which enhance 
vascular structures by increasing CT Hounsfield Units, 
gadolinium-based contrast agents are paramagnetic and 
change the magnetic properties of water in close proximity 
to the contrast agent.

The relative safety of gadolinium-based contrast agents 
is a significant strength of MR. Iodinated contrast agents 
are associated with a significant incidence of acute side 
effects including allergic reaction, hypotension, bronchos-
pasm, and pulmonary edema along with acute and chronic 
nephropathy. Recently though, gadolinium-based contrast 
agents have been associated with both worsening renal 
function and nephrogenic systemic fibrosis in patients with 
moderate to severe renal dysfunction, particularly in 
patients on dialysis [3, 4]. CMR techniques such as black 
blood imaging and bright blood imaging allow for differ-
entiation of vasculature without the injection of a contrast 
agent. CMR imaging sequences and technology continue to 
rapidly evolve with 3D real time acquisition and increased 
field strengths to 3 T with attendant increased signal to 
noise ratio, but can be limited by field inhomogeneity and 
specific absorption rate limits [5–7]. The effects and safety 
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of field strengths greater than 3 T require further investiga-
tion [8, 9].

Patient size and body habitus are also important in 
deciding which imaging modality to employ. Image quality 
can be compromised in patients with an increased body 
mass index with CCTA and may require increased radia-
tion exposure for adequate imaging [10]. This limitation is 
less significant with CMR, although there are limitations in 
MR access due to extreme patient size related to magnet 
bore diameter and table weight limits.

Prior to CMR, patients require a complete history for fer-
romagnetic prosthetic implants, devices, or depositions. 
These may have relative or absolute contraindications to 
MR imaging. It is important to ensure that patients with 
susceptible devices are not exposed to the MR environ-
ment. Most prosthetic heart valves and annuloplasty rings 
can be safely scanned, but specific details of compatibility 
need to be assessed individually prior to patient study [11]. 
Cardiac devices such as pacemakers and implantable car-
diac defibrillators are almost always considered absolute 
contraindications for MRI, although there is some contro-
versy regarding the MRI of patients with these devices, 
with some preliminary data suggesting that imaging may 
not be absolutely contraindicated in this setting [12, 13]. 
Detailed knowledge of patient, device, scanner, scanning 
protocol, alternative imaging techniques and importance 
of the clinical question are important factors in determina-
tion of individualized risk vs. benefit of performance of an 
MR study [14]. Pacemaker technologies have been engi-
neered to be MR compatible for 1.5 T scanners with pre-
liminary investigation in process [15].

Although study times for CMR have decreased due to 
advances in technology as well as efficiency of labs in per-
forming protocols, studies are still significantly longer than 

those achieved with CCTA with scanning times on the 
order of seconds. The patient’s ability to lie still in a supine 
position and comply with breath hold commands is impor-
tant to both technologies, but can be more easily achieved 
with CCTA given the short study times. Claustrophobia is a 
common consideration in imaging some patients, although, 
with appropriate premedication, this is seldom a cause for 
premature termination of an examination [16, 17]. Larger 
bore magnets, open magnets, and visual devices allowing 
patients to see out of the magnet may make this even less of 
an issue in the future.

During image acquisition, special attention needs to be 
focused on electrocardiographic recording for monitoring 
and gating, as the MR environment can interfere with sens-
ing of the QRS complex. Attention to skin prep, lead place-
ment, and ECG vector can improve the ability to perform 
ECG gating, which is especially important when stress 
imaging is being considered [18, 19]. Due to acoustic noise 
associated with scanning, auditory protection with ear 
plugs is necessary [20].

Coronary Artery Visualization

CMR techniques can visualize coronary arteries for the 
assessment of coronary artery disease [21–23]. Additionally, 
CMR can assess patency and stenoses of coronary artery 
bypass grafts [24]. Advances in technique have improved 
the ability to visualize coronary arteries with respiratory 
gating, but issues of cardiac, coronary artery, and respira-
tory motion as well as problems with assessment of small 
caliber vessels still remain [24–27]. Techniques to minimize 
these issues and allow for coronary artery imaging include 
whole heart imaging with respiratory gating, and 3D 

Figure 20.1. Short axis, delayed enhancement views show deep trabeculation in a case of ventricular noncompaction. Delayed enhancement images were obtained with an inversion time chosen to null 
myocardial signal, which would normally suppress or darken myocardium. In this case, there is bright signal from contrast in the blood pool interdigitating into the bands of noncompacted myocardium.
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techniques have improved the ability to visualize the coro-
nary arteries [23].

Since myocardial infarction can occur due to plaque 
rupture and thrombosis in coronary arteries without 
obstructive disease, there is a need to attempt to character-
ize plaques potentially at higher risk for rupture [28, 29]. 
Both CCTA and CMR can assess tissue characteristics of 
coronary artery plaque, but identification of vulnerable 
plaques requires further study [30]. CMR can assess tissue 
characteristics of vessel wall and atheromas, with assess-
ment of fibrous tissue, fat, and calcified lesion components, 
but requires continued investigation to identify character-
istics of vulnerable plaques [31, 32]. CMR can assess for 
vascular remodeling with changes in wall thickness and 
lumen size [33]. Noncalcified plaque detection and quanti-
fication between CMR and CT have been comparable, but 
CMR provides greater information on tissue characteris-
tics [34].

Anomalous coronary arteries can be diagnosed with 
CMR [21, 35]. In addition to definition of anatomy of 
anomalous coronary artery origin, CMR can also assess 
functional significance through perfusion imaging [36]. 
CCTA has historically proven to more optimally assess cor-
onary arteries, but advances in technology are improving 
CMR techniques [37].

CMR is also useful in the assessment and understanding 
of microvascular coronary artery disease. Phosphorus-31 
nuclear magnetic resonance spectroscopy has provided a 
window into the assessment of myocardial metabolism 
through assessment of myocardial high-energy phosphates. 
This tool has allowed insight into mechanisms of chest pain 
in the absence of obstructive coronary artery disease [38]. 
Studies have demonstrated direct evidence of metabolic 
abnormalities consistent with ischemia in women with 
chest pain without obstructive coronary artery disease, and 
proven essential in forwarding the understanding of micro-
vascular coronary artery disease [39].

Characterization of Cardiomyopathic 

Processes

CMR can characterize cardiac structures and function by 
reproducibly assessing right and left ventricular volumes, 
ejection fraction, wall thickness, and wall motion [40–45]. 
The ability to comprehensively assess ejection fraction, wall 
motion, perfusion, and viability is a great strength of CMR 
in the characterization of myocardial substrates associated 
with coronary artery disease as well as other myopathic 

Figure 20.2. First pass myocardial perfusion study with serial short axis images demonstrating the progression of gadolinium enhancement. (a) Pregadolinium. (b) Right ventricular enhancement.  
(c) Right and left ventricular enhancement. (d) Left ventricular myocardial enhancement.
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disease processes. Evaluation with assessment of multiple 
components including coronary anatomy, ventricular func-
tion, rest perfusion, adenosine or dobutamine perfusion, 
and delayed enhancement provides comprehensive evalua-
tion of ischemic heart disease with high accuracy [22].

CMR also provides excellent imaging of intraventricular 
structures such as trabeculae and is helpful in the diagno-
sis of ventricular noncompaction (Figure 20.1) [46]. A ratio 
of noncompacted to compacted myocardium of greater 
than 2.3 by echocardiography, CMR, or CCTA is useful  
in differentiating ventricular noncompaction from other 
conditions including hypertrophic cardiomyopathy, dilated 
cardiomyopathy, hypertensive heart disease, and hypertro-
phy associated with aortic stenosis.

The performance of rest and stress first pass imaging as 
well as delayed enhancement imaging are practical strengths 
of CMR over CCTA and are important to characterization of 
ischemia, myocardial infarction, and ischemic cardiomyo-
pathy. First-pass perfusion imaging of the heart, obtained 
immediately after injection of gadolinium, can be performed 
with CMR and is useful for evaluating for perfusion abnor-
malities at rest and during pharmacologic stress with ade-
nosine or dobutamine (Figures 20.2 and 20.3) [47–50]. CMR 
perfusion correlates with invasive fractional flow reserve 
and offers prognostic information important to risk stratifi-
cation [48, 51]. Dobutamine CMR can be used to assess for 
ischemia and demonstrated a higher diagnostic accuracy 
than dobutamine echocardiography [52]. Additionally, dob-
utamine CMR is helpful in the assessment of patients with 
poor echo windows [53]. Dobutamine CMR can also assess 

for functional improvement after revascularization of isch-
emic cardiomyopathy [54]. The use of CMR assessment of 
response to percutaneous coronary intervention with first 
pass imaging evaluated in the baseline state and with dipyri-
damole has been reported [55]. CCTA adenosine stress per-
fusion is achievable but in an earlier state of study [56].

With delayed enhancement images, obtained approxi-
mately 10 min after gadolinium-based contrast adminis-
tration, gadolinium clears from normal myocardium, but 
enhances areas of fibrosis or inflammation [57]. Delayed 
enhancement imaging using iodinated contrast agent with 
CCTA is also able to image fibrosis associated with myocar-
dial infarction, but is currently less well established and 
limited by the overall radiation exposure required to per-
form the additional delayed imaging [58]. Interpretation of 
gadolinium delayed contrast enhancement has become 
more complex as it has been recognized to occur in a vari-
ety of cardiovascular disease processes associated with 
fibrosis or inflammation. Interpretation of delayed enhance-
ment requires correlation of the individual patient’s medi-
cal history and the posed clinical question with the pattern 
of delayed enhancement. The sensitivity and specificity 
delayed enhancement patterns for particular disease pro-
cesses requires greater investigation.

Delayed gadolinium enhancement may be useful in 
assessing a variety of cardiomyopathic processes. Infarct 
related delayed contrast enhancement typically occurs in 
the anatomic distribution of coronary arteries. There is a 
subendocardial delayed enhancement pattern with increas-
ing degrees of transmural extension depending on the 

Figure 20.3. First-pass perfusion imaging demonstrating resting normal perfusion (lower 
panels) and adenosine perfusion imaging with evidence of ischemia. Note that resting images 
(bottom row) demonstrate normal perfusion throughout the left ventricle. After administration 

of adenosine (top row), an area of decreased signal intensity is demonstrated in a subendocardial 
distribution involving the anteroseptal, anterior, and anterolateral walls. This is consistent with an 
area of ischemia in the distribution of the left anterior descending coronary artery.
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extent of infarct (Figures 20.4 and 20.5) [59]. There may be 
areas of peri-infarct tissue heterogeneity, representing areas 
of viable myocardium and fibrosis. These heterogeneous 
areas may increase the propensity for the development of 
ventricular tachycardia (Figure 20.6) [60]. Microvascular 
obstruction is usually depicted as a subendocardial nonen-
hancing area due to tissue necrosis which is completely sur-
rounded by delayed enhancement [61].

In ischemic cardiomyopathy, gadolinium delayed enhance-
ment images can assess for areas of viability prior to potential 

revascularization. Specifically, in patient with ischemic cardio-
myopathy, delayed hyperenhancement correlates with lack of 
viability defined by thallium single photon emission computed 
tomography [62]. Soon after acute myocardial infarction, gad-
olinium delayed enhancement CMR images can assess infarct 
size in comparison to other clinical indices of infarct size [63]. 
The degree of wall thickening correlates with degree of myo-
cardial nonenhancement on delayed images after recent myo-
cardial infarction and predicts improvement in wall thickening 
as assessed by study at a later time [64].

Figure 20.4. Delayed gadolinium enhancement views showing a myocardial infarct with extensive involvement of the mid anteroseptal, anterior and anterolateral walls, and the apex. (a, b) Short axis 
views. (c) 2 Chamber view. (d) 4 Chamber view.
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Delayed contrast enhancement may be useful in differ-
entiating ischemic from nonischemic dilated cardiomyopa-
thy. A delayed enhancement subendocardial to transmural 
infarct pattern is consistent with ischemic cardiomyopathy 
while other patterns are not consistent with infarct includ-
ing subepicardial and mid-wall fibrosis [59]. Mid-wall 
fibrosis in dilated cardiomyopathy has been associated with 

worse prognosis and ventricular arrhythmias [65, 66]. The 
presence and degree of gadolinium enhancement can pre-
dict remodeling response to beta-blockers in both ischemic 
and nonischemic cardiomyopathy [66].

Delayed enhancement imaging is also useful in the assess-
ment of other cardiomyopathic processes, including hypertro-
phic cardiomyopathy and arrhythmogenic right ventricular 
cardiomyopathy (ARVC). In hypertrophic cardiomyopathy, the 
assessment for regional wall thickness, indexed ventricular mass, 
ejection fraction, valvular information, and hemodynamic data 
including gradients can be performed (Figure 20.7)[67–71]. The 
presence, extent, and pattern of gadolinium delayed enhance-
ment provides additional prognostic significance related to 
ventricular arrhythmias in hypertrophic cardiomyopathy [72]. 
In comparison to nonischemic dilated cardiomyopathy, the 
dilated phase of hypertrophic cardiomyopathy has a greater 
extent of delayed enhancement predominantly in the septal 
and anterior walls [73]. Preoperative and follow-up studies may 
be useful in patients undergoing surgical myocardial resection 
or coronary artery septal embolization [69, 74]. In the setting of 
ARVC, delayed contrast enhancement of the right ventricle and 
left ventricle may be identified, in addition to right ventricular 
intramyocardial fat, increased right ventricular trabeculation, 
abnormal right ventricular size or shape, and regional and 
global function (Figure 20.8) [75, 76].

Delayed gadolinium enhancement may also be useful in 
the assessment of inflammatory and infiltrative processes. 
In cardiac amyloid, the typical delayed enhancement pat-
tern is a patchy subendocardial pattern (Figure 20.9) [77]. 
Tissue characteristics seen on CMR may help to differenti-
ate amyloid from hypertrophic cardiomyopathy [78]. 

a b

Figure 20.6. Delayed gadolinium enhancement images demonstrate a myocardial infarction in the left anterior descending coronary artery territory. Portions of the infarct are transmural, although most 
of the distribution is subendocardial, with hetereogeneity of signal (“gray zone”) (arrows) in areas between grossly infarcted tissue and normal myocardium. (a) 2 Chamber view. (b) Short axis view.

Figure 20.5. Delayed gadolinium enhancement 2 chamber view demonstrating transmural myo-
cardial infarction involving the mid to distal left anterior descending coronary artery distribution.
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Gadolinium enhanced CMR can identify inflammation and 
fibrosis associated with cardiac sarcoidosis [79]. In sarcoid, 
mid-wall delayed enhancement often involves the basal 
septum, especially the right ventricular side of the basal 
septum (Figure 20.10) [80]. Transmural enhancement cor-
relates with wall motion abnormalities which may represent 
fibrogranulomatous tissue involvement [81]. Additionally, 
changes associated with treatment of cardiac sarcoidosis 
with steroids have been reported [82]. Gadolinium enhance-
ment associated with the inflammatory process in Chagas 

disease has also been reported [83]. In Chagas disease, the 
extent of myocardial fibrosis correlates with disease sever-
ity, and delayed enhancement imaging can detect involve-
ment in the early asymptomatic phase of disease [84]. 
Delayed gadolinium enhancement can be seen in acute and 

a b

Figure 20.7. Patient with hypertrophic cardiomyopathy during ventricular diastole (a) and ventricular systole (b) demonstrating systolic anterior motion of the mitral valve (arrow).

Figure 20.8. Short axis delayed gadolinium enhancement view demonstrating right ventricular 
enlargement as well as left ventricular delayed contrast enhancement in arrhythmogenic right 
 ventricular cardiomyopathy.

Figure 20.9. Short axis delayed gadolinium enhancement view demonstrating contrast enhance-
ment associated with cardiac amyloid.



262 Cardiac CT Imaging: Diagnosis of Cardiovascular Disease

chronic myocarditis and can help differentiate acute myo-
cardial infarction from acute  myocarditis, with delayed 
enhancement imaging pattern demonstrating a nonsuben-
docardial distribution (Figure 20.11) [85, 86]. Delayed 
enhancement can additionally be seen in the pericardium 
associated with pericarditis (Figure 20.12).

Although it may be frequently difficult to discern whether 
areas of gadolinium enhancement are related to myocardial 
infarctions or other causes of cardiomyopathy, subendocar-
dial involvement with variable degrees of transmurality are 
more suggestive of infarctions, especially when in the 
expected vascular distribution of a coronary artery. Mid-
wall, subepicardial, or nodular enhancement patterns 
should raise suspicion that other processes may be causing 
the abnormality.

Cardiac Masses

Assessment with CMR is useful in the diagnosis and char-
acterization of cardiac masses due to the ability to compre-
hensively assess tissue characteristics of a mass, as well as 
involvement of a mass in relation to surrounding cardiac 
and thoracic structures (Figure 20.13). With the use of mul-
tiple pulse sequences with emphasis on T1 and T2 weight-
ing, proton density, and perfusion imaging, CMR is 
especially useful in assessment of tissue characteristics of 
masses [87]. Mass location, tissue characteristics, and pres-
ence of pericardial or pleural involvement are important 
factors for evaluating and staging benign or malignant car-
diac neoplasms when findings are compared to actual his-
tologic examination [88].

Figure 20.11. Short axis delayed gadolinium enhancement images demonstrate subepicardial enhancement (arrowheads) consistent with myocarditis.

Figure 20.12. A 4 chamber view demonstrating pericardial delayed enhancement associated with 
pericarditis.

Figure 20.10. Short axis delayed gadolinium enhancement view demonstrating cardiac sarcoi-
dosis with involvement of the right ventricular side of the basal septum (arrow).
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Benign tumors, primary malignant tumors, and meta-
static malignant tumors, have been identified with CMR, 
including fibromas, lipomas, myxomas, mesotheliomas, 
sarcomas, lymphomas, melanomas, and metastatic carci-
nomas (Figures 20.14 and 20.15) [89–100]. Tumor mimicks 
can also be identified including lipomatous hypertrophy of 
the interatrial septum, prominent crista terminalis, Chiari 
network, and thrombus (Figure 20.16) [91, 100, 101].

Congenital Heart Disease

The ability of CMR to provide comprehensive assessment 
of cardiovascular structure and function, as well as an 
extra-cardiac thoracic structure, makes it useful in the 

diagnosis, facilitation of treatment, and follow-up of 
patients with congenital heart disease. CMR can compre-
hensively assess simple and complex congenital heart dis-
ease in the native state or after surgical treatment 
(Figures 20.17 and 20.18) [102–118].

In addition to cardiac structure, ventricular function is 
extremely important in patients with congenital heart dis-
ease, with worse prognosis with ventricular dysfunction 
late after surgical repair of such anomalies as tetralogy of 
Fallot [119]. Baseline as well a dobutamine stress CMR can 
assess ventricular function, and has been used to assess 
right ventricular dysfunction in patients with chronic right 
ventricular pressure overload secondary to congenital 
heart disease [113, 120]. Additionally, cardiac shunts can be 
accurately assessed over the spectrum of pulmonary to sys-
temic shunt ratios [108].

CMR is useful in preprocedure planning for surgical 
approaches to congenital heart disease [114]. Studies can 
also provide information important to the preprocedural 
planning of interventional cardiology procedures, such as 
atrial septal defect closure, with ability to assess such fac-
tors as defect size and rim characteristics [117]. 
Postsurgical imaging is important for the follow-up of 
surgically treated congenital heart disease, with reports 
demonstrating the utility of postsurgical follow-up for 
tetralogy of Fallot, Mustard’s operation for transposition 
of the great vessels, and follow-up of arterial switch for 
transposition of the great vessels [106, 110, 118]. Delayed 
enhancement imaging can be used to assess for the degree 
and location of fibrosis associated with congenital surgi-
cal procedures [121].

In addition to congenital aortic lesions such as coarcta-
tion of the aorta, CMR can diagnose acquired vascular and 
valvular heart disease including aneurysm, dissection, and 
wall abnormalities such as penetrating ulcers, calcification, 
or thrombus with ability to assess all aortic segments 

Figure 20.13. A large, broad-based mass is present arising from the right ventricle (white arrows). 
There is also an enhancing mass in the right atrium (arrowhead) with an elliptical border with the 
right atrial lumen. A right lower lobe enhancing mass is present (black arrow), likely representing a 
metastasis. A right pleural effusion is also present. This mass was a cardiac angiosarcoma.

Figure 20.14. A 4 chamber image in ventricu-
lar systole and diastole demonstrating a large 
left atrial myxoma.
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a b

c

Figure 20.16. Chronic myocardial infarction with apical aneurysm and an apical thrombus (arrows). (a) Short axis first pass perfusion image. (b) Short axis functional image. (c) Delayed gadolinium 
enhancement 4 chamber view.

Figure 20.15. Large atrial myxoma on a  
2 chamber view which obstructs the mitral 
valve during atrial systole.
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Figure 20.17. CMR 4 chamber images demonstrating a large secundum atrial septal defect, with right ventricular enlargement and hypertrophy and right atrial enlargement.

a b

c d

Figure 20.18. Transposition of the great arteries (D-type), status post previous atrial baffle 
procedure in childhood, with subsequent pulmonary artery banding procedure in preparation  
for an arterial switch operation. (a) An axial view demonstrates the anterior position of the 
aorta. (b) MR angiogram status post pulmonary artery banding. (c) Due to the pulmonary artery  

banding, there is hypertrophy of the previously thin morphologic left ventricular myocardium in 
the venous position (arrow). (d) After arterial switch, the neoaorta is now located posteriorly 
to the main pulmonary artery.
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(Figures 20.19 and 20.20) [122]. CMR can characterize 
valves for thickening, stensosis, and regurgitation, and can 
assess for such abnormalities as significant aortic valve 
stenosis, with measurement of pressure gradients velocity–
time integral and valve dimensions which correlate well 
with echocardiogram (Figure 20.21) [123].

Imaging approaches that are faster and more operator-
independent should increase the utility of CMR for the 
assessment of congenital heart disease [116, 124]. Real time 
cardiac catheterization guided by magnetic resonance in 
compatible lab settings is being investigated for use in the 
assessment of congenital heart disease [125].

Figure 20.19. Serial sagittal slices demonstrating coarctation of the aorta.
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Cardiac Electrophysiology Applications

Due to the comprehensive nature of CMR, it has been shown 
to be useful in cardiac electrophysiology in the assessment 
for structural and functional abnormalities associated with 

electrophysiologically-related disease processes. The major 
limitation to assessment of patients with electrophysiologic 
issues is the preexistence of devices including pacemakers 
and implantable cardiac defibrillators. Issues reported have 
included pacemaker malfunction and lead heating [126–
128]. As discussed previously, some studies question whether 
scanning of patients with pacemakers using 1.5 T systems is 
an absolute contraindication [12, 13].

Diagnosis and characterization of ischemic and nonisch-
emic dilated cardiomyopathy is essential to risk stratification 
of patients for the primary prevention of sudden cardiac death. 
Due to multiple trials which have demonstrated benefit to 
placement of an implantable cardiac defibrillator based on 
severity of cardiac systolic dysfunction, the quantitative assess-
ment of function in dilated ischemic and nonischemic cardio-
myopathy has become an important issue. As previously 
detailed, CMR can characterize cardiac structure and function 
by reproducibly assessing ventricular volumes, ejection frac-
tion, wall thickness, and wall motion. The use of the extent and 
location of myocardial infarct scar as criteria for prophylactic 
defibrillator placement is now being investigated [129].

Other applications relate to the assessment of arrhyth-
mogenic substrates and involve myopathy of the right ven-
tricle. Right ventricular morphology and function can be 
challenging to assess by modalities such as echocardiogra-
phy due to the complex shape of the right ventricle, and 
therefore 3D tomographic modalites such as CMR are use-
ful, providing reproducible assessment of right ventricular 
size and function [45]. ARVC is associated with ventricular 
arrhythmias and sudden cardiac death [130, 131]. The 
diagnosis is challenging to make and involves multiple 
possible diagnostic factors, including clinical symptoms, 
family history, ECG findings, results of electrophysiology 
study, and structural/functional abnormalities of the right 
ventricle. Imaging for abnormalities associated with ARVC 
can be missed with multiple imaging modalities. CMR has 
become the diagnostic modality most commonly used to 
assess for ARVC, as CMR can differentiate tissue character-
istics between fat and myocardium, as well as providing 
assessment of right ventricular size, shape, and function.

The initial focus of CMR identification of ARVC related to 
characterization of intramyocardial fat, but intramyocardial fat 
may also be present in normal subjects [132]. Initially, there 
was over-diagnosis of ARVC, partially due to focus on fat 
involvement and thinning of the right ventricle [133]. More 
recent focus has been on right ventricular size, shape, and func-
tion, with assessment on global and regional right ventricular 
wall motion abnormalities, scalloping of the ventricle, increased 
trabeculation, and delayed enhancement associated with fibro-
fatty infiltrates [134]. Delayed enhancement can be seen due to 
fibrofatty infiltrates in ARVC, but can be challenging to asses 
due to the thin wall of the right ventricle [135]. Delayed 
enhancement can be seen also in the left ventricle in ARVC 
with CMR (Figure 20.8). ARVC may mimic Brugada syndrome; 
therefore, CMR can be useful as part of the work-up for 
Brugada syndrome, assessing for structural abnormalities 
associated with right ventricular cardiomyopathy [136]. Study 

Figure 20.20. Magnetic resonance aortogram demonstrating multifocal plaques, bilateral renal 
artery stenosis (upper arrows), and a saccular aneurysm of infrarenal aorta (lower arrow).

Figure 20.21. Mild aortic regurgitation with an eccentric jet.
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with CMR for assessment of structural changes associated with 
Brugada syndrome has only demonstrated subtle anatomic 
findings in comparison to normal volunteers [137]. As CMR is 
contraindicated in patients with implantable cardiac defibrilla-
tors, comprehensive diagnosis needs to be performed in 
patients suspected of having ARVC prior to device placement.

Assessment of atrial anatomy is important to the under-
standing and treatment of supraventricular arrhythmias. 

Detailed assessment of left atrial anatomy is particularly 
important for ablation techniques for atrial fibrillation. 
Techniques for atrial fibrillation ablation are in evolution, and 
involve either segmental catheter ablation of the pulmonary 
veins or circumferential electrical isolation of the pulmonary 
veins [138–140]. CMR can characterize the left atrial volume 
and function, as well as location, shape, complexity, and indi-
vidual venous variation to help in the preoperative planning, 
procedural facilitation, and postoperative follow-up for atrial 
fibrillation ablation procedures (Figure 20.22) [141–146]. 
Similar to CCTA, the integration of real time catheter-based 
electroanatomic maps with 3D CMR angiography images 
obtained preprocedure facilitates the performance of abla-
tion procedures [147–149]. Integration of intracardiac echo 
and CMR images can allow for mapping and ablation with 
real time localization of esophageal position and catheter tis-
sue contact (Figure 20.23) [150]. CMR delayed enhancement 
imaging can visualize radiofrequency energy applications 
after atrial fibrillation ablation as well as for other types of 
atrial and ventricular ablation procedures [151]. Assessment 
of degree of atrial myopathy is a predictor of success [152]. 
The use of real time CMR in an MR compatible electrophysi-
ology laboratory is a goal which could allow real time assess-
ment of ablation lesions during ablation procedures [153].

Similar to cardiovascular CCTA, CMR has been used to 
diagnose and provide surveillance for pulmonary vein steno-
sis, a potential complication of atrial fibrillation ablation 
[154–156]. In addition to providing roadmaps for ablation, 
preprocedure studies can serve as templates to assess for 
changes in pulmonary vein anatomy on postprocedure stud-
ies. As the time course of pulmonary vein stenosis continues 
to be defined, CMR may become a useful tool for the long 
term follow-up for possible pulmonary vein stenosis [157].

Figure 20.23. Volume rendered MR angiogram integration with intracardiac echo images for atrial fibrillation ablation.

Figure 20.22. Endovascular view of the left upper and left lower pulmonary veins obtained from 
reconstruction of a MR angiogram (lower right panel) for use with integration with electro-
anatomic mapping to facilitate atrial fibrillation ablation.
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An important component of imaging related to atrial 
fibrillation therapies is evaluation for atrial thrombus. 
Although CMR can identify atrial appendage thrombi, the 
technology can misidentify poor contrast filling of the 
appendage as thrombus and can overestimate the size of 
thrombi [158, 159]. CMR studies show low diagnostic accu-
racy for detection of atrial thrombi, related to  limitations in 
spatial resolution [160]. CMR has been shown to be useful 
for the planning and follow-up of left atrial appendage 
occluder devices for stroke prophylaxis. CMR can quantify 
the left atrial appendage with appendage orifice diameter 
and appendage long-axis diameter, and can assess for device 
location in relation to the appendage after placement [161].

CMR can assess factors important to decisions related to 
cardiac resynchronization therapy (CRT) in patients with 
depressed left ventricular function, ventricular conduction 
abnormalities, and congestive heart failure. The coronary 
venous system can be imaged with CMR [162–164]. CCTA 
though provides more practical evaluation of coronary 

venous branch anatomy on a routine basis, and CMR can-
not be used in situations where an existing device may be 
upgraded to a biventricular device due to MR/device poten-
tial interactions. CMR is useful in the assessment of dys-
synchrony and factors predicting effect of CRT [165–167]. 
CMR also offers information about infarct location and 
morphology using delayed gadolinium contrast enhance-
ment imaging. Myocardial infarct scar location and size 
have been associated with prediction of response to CRT, as 
an increased percent of myocardium infarcted as well as 
posterolateral infarct scar location lead to nonresponse 
(Figure 20.24) [165, 168–170]. CMR can identify anatomy 
limiting the ability to perform pacing and defibrillator pro-
cedures related to the coronary venous system, such as 
presence of a left-sided superior vena cava with a connec-
tion to an aneurysmal coronary sinus without presence of 
a right-sided superior vena cava (Figure 20.25).

Summary

Both CCTA and CMR are robust imaging modalities for char-
acterization of cardiovascular substrates. Decisions related to 
performing CMR vs. CCTA require information including 
patient age, allergy history, clinical stability to be in the MR 
environment for the amount of time necessary for study given 
the limitations to patient monitoring, history of claustropho-
bia, history of ferromagnetic devices, implant or deposits, 
devices, renal function, cardiac rhythm and rate, strengths 
and limitations of other imaging modalities, and the posed 
clinical question. CMR provides assessment for the diagnosis 
and treatment of cardiovascular disease, including cardiovas-
cular structure, function, tissue characterization, myocardial 
perfusion, and metabolism. Applications include the assess-
ment of coronary artery disease, myocardial substrates, con-
genital heart disease, thoracic vasculature, valvular function, 
masses, and assessment of electrophysiologically-relevant 
substrates. Advances in technology will continue to lead to 
novel clinical and research applications.

Figure 20.24. Transmural inferolateral myocardial infarction on a delayed gadolinium enhance-
ment short axis view, which may limit left ventricular lead placement in cardiac resynchronization 
therapy.

Figure 20.25. Left-sided superior vena cava connection to an aneurysmal coronary sinus. A right-sided superior vena cava was not present. This anatomy can be challenging for transvenous placement of 
pacemaker and implantable cardiac defibrillator leads.
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of Congenital Heart Disease
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Introduction

The adult congenital heart disease (CHD) population is 
becoming increasingly prevalent. Approximately 6 per 
1,000 live births in the United States are affected by com-
plex CHD, and as many as 75 per 1,000 live births have sim-
ple lesions such as ventricular septal defects [1]. Improved 
medical and surgical care has decreased early and late 
mortality resulting in the increased number of patients 
surviving well into adulthood with both simple and com-
plex forms of CHD. As a result of these improvements, the 
number of adult survivors with CHD surpassed the num-
ber of pediatric patients with CHD in the year 2000. 
Currently, it is estimated there are approximately 800,000 
adults with CHD in the United States [2].

Given the wide diversity of congenital lesions, the vari-
ety of surgical palliative techniques developed, subsequent 
modifications, and innovative transcatheter techniques, 
optimal noninvasive imaging is essential to the assessment 
of this complex patient population. Finally, as a result of 
rapid improvements, evaluation of the optimal noninvasive 
imaging tool has become an active and ongoing field of 
study in this expanding patient population.

Prior to the introduction of cardiovascular magnetic 
resonance (CMR) imaging and cardiovascular computed 
tomographic angiography (CCTA), transthoracic echocar-
diography (TTE) and cardiac catheterization were the 
mainstay imaging modalities in the diagnosis and evalua-
tion of the patient with complex CHD [3]. Advances in TTE 
imaging and its widespread availability provided physi-
cians with a technique to supplant cardiac catheterization 
as the predominant imaging modality for CHD in children. 
In the hands of a skilled technologist, TTE provides nonin-
vasive information regarding complex CHD while avoiding 
radiation and intravenous contrast exposure associated 
with serial cardiac catheterizations.

Both TTE and catheterization have their disadvantages 
with regards to imaging the adult with CHD. Anatomic 
windows for ultrasound are often limited by chest wall 
deformities (e.g., pectus deformities, spinal abnormalities) 

and postsurgical changes. Increased chest wall diameter 
due to somatic growth or obesity requires lower ultrasound 
frequencies to achieve adequate penetration, at the cost of 
decreased spatial resolution, precluding complete assess-
ment of the adolescent or young adult with simple or com-
plex CHD [4]. Transesophageal echocardiography may 
avoid some of these pitfalls at the expense of perceived 
invasiveness by the patient, limited assessment of anterior 
structures (e.g., conduits), associated sedation risks, and 
the need for increased operator expertise.

As a result of advances in alternative imaging modalities 
(e.g., CMR and CCTA), the number of diagnostic cardiac 
catheterization cases has decreased dramatically. However, 
the decrease in diagnostic procedures has now been 
exceeded by the number of catheter-based closure devices. 
These are performed routinely in this patient population 
for a number of late-onset complications associated with a 
variety of defects [5]. Despite the evolution in transcatheter 
technology, this procedure carries the inherent risks of 
trauma to vascular structures [6] and sedation or general 
anesthesia often required for prolonged procedural times. 
Of note, physicians performing these technically challeng-
ing procedures should be mindful of radiation exposure as 
fluoroscopy time alone is a poor predictor of radiation-
induced skin injuries [7].

Magnetic resonance imaging allows for a three-dimen-
sional assessment of the heart as well as delineation of 
extra-cardiac structures without ionizing radiation. The 
benefits of CMR in the evaluation of the adult CHD patient 
are diverse including quantification of both left and right 
ventricular size and systolic function, shunt quantification, 
evaluation of valvular disease; and assessment of myocar-
dial perfusion and fibrosis [8]. Despite these numerous 
applications and advantages, a complete examination, 
including acquisition times, for the young adult with com-
plex CHD is often prolonged and may not be tolerated by a 
patient with claustrophobia, heart failure, cyanosis, or 
orthopnea. Further, signal void artifact often associated 
with prior transcatheter interventions may preclude a com-
plete CMR examination [9]. Finally, CMR is contraindicated 



276

in patients with implantable cardioverter defibrillators 
and/or pacemakers.

Concurrently, there have been numerous advances (e.g., 
reduced scan times; higher spatial/temporal resolution) in 
the field of cardiovascular CT [10]. Consequently, CCTA 
provides a suitable alternative to CMR that offers an accu-
rate assessment of intra- and extra-cardiac anatomy of 
patients with both simple and complex CHD while over-
coming the limitations of CMR. Further CCTA allows for 
accurate quantification of volume and function compara-
ble to CMR [11]. In contrast to CMR, acquisition time is 
brief. Therefore, this technique should be strongly consid-
ered in patients with poor echocardiographic windows and 
contraindications to CMR.

Unfortunately, CCTA is not without disadvantages. This 
technique still requires exposure to ionizing radiation as 
well as nephrotoxic contrast. Importantly, patients with 
CHD have many potential sources of ongoing radiation 
exposure that often begin in infancy and continue through-
out life. Serial chest X-rays, nuclear scans, CT scans, and 
diagnostic/therapeutic catheterizations are performed as a 
result of prior corrective or palliative interventions [12]. 
Therefore, physicians who perform and/or refer patients 
for this procedure should be familiar with radiation expo-
sure and techniques available to reduce radiation exposure 
at the time of CCTA examination.

CT Imaging Protocol

Foremost in performing an appropriately executed CCTA 
examination in the adolescent or young adult with simple 
or complex CHD is methodical pre-study planning. 
Repeating a study due to suboptimal technique exposes the 
patient to unnecessary risk (e.g., radiation exposure, con-
trast exposure). Collaboration with a specialist in adult 
CHD may avoid many potential pitfalls. Prior to the initia-
tion of a study, the diagnostic indication, the original ana-
tomic defects, operative course as well as postsurgical 
anatomic changes should be completely understood. With 
this knowledge, the appropriate extent of anatomic cover-
age and timing of contrast administration will provide the 
information necessary from the images acquired at the 
time of the examination.

Cardiac Anatomy: A Sequential Approach

CHD is highly variable in its complexity and anatomic 
arrangements. Attempts to adequately describe complicated 
lesions have led to a nuanced taxonomy of eponyms, syn-
onymous, and near-synonymous terms. For instance, even 
the basic terms of “left” and “right” can lead to confusion. 
By convention, they refer to morphologic characteristics of 
a cardiac chamber rather than position within the chest.

To lessen clinical confusion and facilitate academic study, 
various systematic schemata have developed. Van Praagh’s 

“segmental approach” [13] describes each of the three main 
segments of cardiac anatomy – the atria, ventricles, and 
great arteries – in series. This is analogous to the construc-
tion of a home, where each segment builds off the prior 
with the atria serving as the foundation. The sequence is 
often abbreviated by a sequence of three letters (X,Y,Z) 
where the first letter describes visceral-atrial situs, the sec-
ond ventricular looping, and the third the relationships of 
the great arteries. This analysis is often recommended, par-
ticularly for the evaluation of those with complex CHD as it 
provides a systematic approach that can be applied to each 
patient.

Atrial Situs

Atrial situs usually follows the positioning of the unpaired 
abdominal viscera. For instance, the normal arrangement 
is situs solitus (S,y,z) where the morphologic right atrium, 
systemic venous return, and liver are on the right side of 
the patient. The morphologic left atrium, pulmonary 
venous return, stomach, and spleen are on the left side. The 
morphology of the atrial appendage provides important 
clues to determine right or left-sidedness (Figure 21.1).

The mirror image of this arrangement–with the mor-
phologic right atrium and liver on the patient’s left and the 
morphologic left atrium, stomach, and spleen on the 
patient’s right– is situs inversus. (I,y,z) Cases of both atria 
having characteristics of either the left or right atrium 
(atrial isomerism) are described as ambiguous (A,y,z).

Bronchial morphology may further assist in determin-
ing atrial situs as there is good correlation between atrial 
and bronchial morphology. The first branch of the right 
mainstem bronchus courses above (eparterial) the right 
pulmonary artery. Alternatively, the first branch of the left 
mainstem bronchus courses below (hyparterial) the left 
pulmonary artery (Figure 21.2). This bronchial configura-
tion would indirectly suggest atrial situs.

Ventricular Looping

Typically, the morphologic right ventricle is to the right 
and anterior of the left ventricle. This arrangement is called 
“D-loop” (x,D,z) and results from rightward or dextro-
looping of the primitive heart early in fetal development. If 
the primitive heart developed in a leftward (levo-) fashion, 
it can result in the left ventricle anterior and rightward of 
the right ventricle or “L-loop”(x,L,z).

Features that often distinguish the morphologic right 
ventricle include the presence of coarse trabeculae and a 
prominent moderator band, tricuspid valve attachments to 
the septum and free wall, and absence of fibrous continuity 
between the tricuspid valve and semilunar valve. In con-
trast, the morphologic left ventricle has a smooth septal 
surface and fibrous continuity between the mitral and 
semilunar valves.



Semilunar Valve Relationships

Van Praagh described six potential relationships of the 
aortic and pulmonary valves. Each variant is defined by the 
position of the aortic valve relative to the pulmonary valve. 
In the normal relationship, solitus (x,y,S), the aortic valve is 
rightward and posterior of the pulmonary valve. If the aor-
tic valve is leftward and posterior, it is termed inversus 
(x,y,I). When the aortic valve is rightward and anterior, it is 
D-malposition (x,y,D), and when the aortic valve is leftward 

and anterior, it is L-malposition (x,y,L). Uncommonly, the 
aortic valve can lie directly anterior (x,y,A) or directly pos-
terior (x,y,P) of the pulmonary valve.

Concordant/Discordant Relationships

Anderson et al. [14] proposed an alternate means of describ-
ing complicated CHD. Their approach places greater empha-
sis on the connections between the different segments. 

Figure 21.1. Oblique axial view (a) demonstrates the features of a morphologic left atrium (LA), including its finger-like appearance and pectinate muscles (arrows). In contrast, the oblique coronal view 
(b) demonstrates a broad-based triangular appendage (arrowhead) suggestive of a right atrial appendage. RA right atrium.

a b

Figure 21.2. Volume-rendered three-dimensional reconstructions (a, b) demonstrating pulmonary situs solitus. The pulmonary artery of the morphologic right lung travels anteriorly to the bronchus  
(R; arrow). The pulmonary artery of the morphologic left lung travels over its main bronchus (L; arrow) and posterior to the upper lobe bronchus.
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Segments can be concordant (normally related; Figure 21.3) 
or discordant. For instance, if the right atrium connects nor-
mally via a tricuspid valve to the right ventricle, there is 
atrioventricular concordance. If the right ventricle then gives 
rise to the pulmonary artery, there is ventriculoarterial con-
cordance. In d-transposition of the great arteries (d-TGA), 
where the right ventricle gives rise to the aorta, there is ven-
triculoarterial discordance. Additionally, atrioventricular 
connections can also be absent (e.g., tricuspid atresia) or 
double-committed (connected to both ventricles equally or 
to one more than the other).

Venous Abnormalities

Systemic Venous Abnormalities

Systemic venous anomalies include bilateral superior vena 
cavae (presence/absence of a bridging innominate vein), a 
unilateral left superior vena cava (SVC) (communicating 
with an enlarged coronary sinus), and interrupted inferior 
vena cava (often with continuation via the azygous or 
hemiazygous veins).

Pulmonary Venous Abnormalities

Abnormal pulmonary venous return is described as being 
total or partial. In total anomalous venous return (TAPVR), 
all four pulmonary veins drain anomalously. If at least one 
of the veins drains inappropriately, it is described as partial 
(PAPVR). Abnormal pulmonary venous return is often 
associated with a sinus venosus atrial septal defect (ASD).

There are four variants of TAPVR: supracardiac, cardiac, 
infracardiac and mixed. Supracardiac-type is the most 

common with the pulmonary veins connecting to the sys-
temic venous circulation via the SVC, innominate vein, or 
azygos vein. Cardiac-type describes the pulmonary veins 
draining to the coronary sinus or similar vein to the right 
atrium. In patients with the infracardiac-type, the pulmo-
nary veins drain into the portal or hepatic veins. Mixed is 
any combination of the above venous abnormalities.

If any of these is associated with any degree of obstruc-
tion, particularly common in the infracardiac-type, this 
can lead to severe pulmonary congestion in infancy. 
Therefore, surgical palliation is often required in the new-
born period. Late-onset complications following surgical 
correction include stenosis at the site of reanastomosis of 
one or more of the pulmonary veins.

The utility of CCTA has been well described in the evalua-
tion of the pulmonary veins before and after radiofrequency 
ablation [15]. Therefore, this technique is ideally suited to 
evaluate the pulmonary venous anatomy in the adult CHD 
patient with native disease (PAPVR with sinus venosus atrial 
septal defect) as well as the patient who presents with 
increasing dyspnea to determine the presence/absence of 
stenosis after prior palliative repair (Figure 21.4).

Cor Triatriatum

Cor triatriatum occurs when the common pulmonary venous 
chamber is partially separated by a membrane from the left 
atrium. This rare defect is thought to occur as a result of fail-
ure of the common pulmonary vein to become incorporated 
into the left atrium. This “pulmonary venous chamber” may 
drain to the left atrium indirectly via an anomalous channel 
[16]. Commonly associated defects include ASD or patent 
foramen ovale, sinus venosus, ASD, PAPVR, and persistent 
left SVC. Without surgical correction, a highly restrictive 

Figure 21.3. Atrioventricular and ventriculoarterial concordance. The oblique coronal view (a) demonstrates atrioventricular concordance between the left atrium (LA) and left ventricle (LV). The oblique 
coronal view (b) demonstrates ventriculoarterial concordance between the LV and the aorta (Ao).



communication between the pulmonary venous confluence 
and the left atrium is associated with high mortality during 
infancy. In contrast, the patient with mild or no obstruction 
may not present until later in adult life.

Hence, improvements in spatial and temporal resolution 
of CCTA provide the capability of defining not only the 
anatomy of the atria and the pulmonary veins but also a 
thin membrane to establish the diagnosis of cor triatria-
tum. Further, this technique is also appropriate for the 
postoperative assessment in the patient with co-existing 
lesions as there are no reports of recurrence of a left atrial 
membrane following resection.

Congenital Heart Defects: Simple Lesions

Atrial Septal Defects

Defects in atrial septation are among the most common 
congenital heart defects. They are classified by their ana-
tomic location. The two most common variants, secundum 
and primum, are true defects within the atrial septum. The 
sinus venous defect is not a true defect in the atrial septum 
but rather a deficiency in the wall separating the pulmonary 
veins from the right atrium. This results in a left-to-right 
shunt similar to the primum and secundum ASDs. The cor-
onary sinus ASD shares a similar aberration and physiologic 
outcome. Here, there is a deficiency in the wall separating 
the coronary sinus from the left atrium (Figure 21.5).

Of these, ostium secundum defects or secundum ASDs, 
are the most common variant. Ostium primum defects or 
primum ASDs are the next most common. As the primum 
portion of the atrial septum is contiguous with the 

atrioventricular valves and intraventricular septum, they 
are often classified within the spectrum of atrioventricular 
septal defects (AVSD or atrioventricular canal defects).

Sinus venous ASDs are rare and account for approxi-
mately 5–10% of all ASDs [17]. They most often occur at 
the junction of the SVC and the right atrium. A defect in 
this area creates a connection between the right upper pul-
monary veins and the right atrium. Less commonly, they 
can involve the junction of the IVC and the right lower pul-
monary veins. Coronary sinus defects are often described as 
an “unroofing” of the coronary sinus, allowing drainage 
from the coronary sinus to the left atrium. Technically, 
these defects do not involve the atrial septum but share 

Figure 21.4. Volume rendered three dimensional reconstructions demonstrate anomalous return 
of the right superior pulmonary vein (RSPV) to the superior vena cava (SVC) and right inferior pul-
monary vein (RIPV) to the inferior vena cava (a). Note the normal return of the left pulmonary veins 

to the left atrium (b). LA left atrium; LIPV left inferior pulmonary vein; LSPV left superior pulmonary 
vein; RA right atrium.

Figure 21.5. Atrial septal defects: A indicates the superior sinus venosus atrial septal defect (ASD); B, 
secundum ASD; C, inferior sinus venosus ASD; D, ostium primum ASD or partial atrioventricular septal 
defect; E, secundum ASD without posterior septal rim; and F, coronary sinus ASD. SVC superior vena cava; 
IVC inferior vena cava (reprinted with permission of Wolters Kluwer from Webb and Gatzoulis [17]).
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similar physiologic implications to anatomic defects of the 
atrial septum.

The clinical implications of ASDs are influenced by the 
degree of shunting that occurs at the level of the defect. The 
magnitude of shunting is further determined by the size of 
the defect and the difference in pressure between the left 
and right atria. In most patients, left atrial pressure exceeds 
right atrial pressure, resulting in shunting of oxygen-rich 
pulmonary venous return to the right atrium. These 
patients may not develop symptoms of volume loading of 
the right heart (e.g., dyspnea; exercise intolerance) until 
adolescence or young adulthood.

Indications for ASD closure should include right atrial 
and ventricular enlargement in the setting of an ASD more 
than 10 mm in diameter or a ratio of pulmonary to sys-
temic blood flow (Qp:Qs) of greater than 1.5:1 [17]. Of note, 
ASDs can allow systemic venous thrombi to bypass the pul-
monary circulatory bed and reach this systemic circulation 
under certain conditions. As stated previously, left atrial 
pressure typically exceeds right atrial pressure, so flow 
across the defect is typically left-to-right. Right atrial pres-
sure can transiently exceed left atrial pressure during 
changes in intrathoracic pressure such as Valsalva maneu-
vers. This type of environment can ultimately set the stage 
for a paradoxical embolus. Therefore, this should be con-
sidered as an indication for closure.

Rarely, an untreated persistent left-to-right atrial shunt 
can lead to increased pulmonary vascular resistance. In the 
setting of pulmonary hypertension, right atrial pressure 
can exceed left atrial pressure, resulting in the shunting of 
oxygen-poor systemic venous return to the left atrium. 
Here, a complete evaluation of the defect should include 
not only a noninvasive assessment of the anatomy of the 

defect but also a hemodynamic cardiac catheterization 
prior to surgical and/or transcatheter closure to determine 
if the defect can be safely closed.

Prior to the advent of atrial septal occlusion devices per-
formed in the cardiac catheterization laboratory [18], the 
treatment of choice had largely been surgical management. 
Currently, secundum defects can now be managed with fewer 
complications and shorter inpatient hospital stay compared 
to conventional surgical management [19]. The success of 
percutaneous closure is determined by the  presence of ade-
quate rims of atrial tissue to secure the device.

Again, the improved spatial resolution of multidetector CT 
provides an enhanced assessment of the adequacy of atrial 
rims than conventional electron beam CT [20]. Complete CT 
assessment prior to percutaneous closure of a secundum ASD 
should include an assessment of the pulmonary venous anat-
omy, dimensions of the defect, and description of the pres-
ence/absence of the superior, inferior and retroaortic rims 
(Figure 21.6). Assessment of a device postimplantation, par-
ticularly in the symptomatic patient, should include the ori-
entation of the device within the defect, impingement on 
surrounding structures such as the atrioventricular or semi-
lunar valves, pulmonary veins, and pericardial effusion [21].

Due to the association of anomalous pulmonary venous 
drainage with the sinus venosus ASD, this defect cannot be 
addressed percutaneously. Similarly, the primum ASD lies 
in close proximity to the atrioventricular valves. Therefore, 
this defect is not amenable to percutaneous closure. As the 
primum defect is often classified within the spectrum of 
AVSD, a cleft mitral valve is commonly encountered with 
this defect. Following surgical repair, patients should be 
monitored for residual shunts and stenosis and/or regurgi-
tation of the atrioventricular valves.

Figure 21.6. Oblique axial (a) and sagittal (b) views demonstrate the anatomy of the atrial septal defect as well as anatomic information regarding surrounding rims that are often helpful in the 
 pre-interventional assessment to determine suitability for transcatheter closure. (I) inferior rim; LA left atrium; (R) retroaortic rim; (S) superior rim; SVC superior vena cava.



Atrial Isomerism

Atrial isomerism is defined as a duplication of the structures 
typical of either the left or right side of the body. This is often 
reported in patients with heterotaxy syndrome. This syn-
drome is associated with intestinal abnormalities, poorly 
functioning or absent splenic tissue, and complex CHD [22].

In right atrial isomerism, both atria have the broad-based 
atrial appendages typical of the right atrium and receive 
systemic venous return (SVC, inferior vena cava and coro-
nary sinus). This is typically associated bilateral trilobed 
lungs, a large liver spanning the abdomen, and asplenia.

Left atrial isomerism is characterized by both atria hav-
ing narrow based atrial appendages and receiving the ipsi-
lateral pulmonary veins. This is associated with bilateral 
bilobed lungs, interruption of the inferior vena cava, a mid-
line liver, and polysplenia.

Ventricular Septal Defects

As with ASDs, defects in the ventricular septum are among 
the most common CHD lesions. They too are described by 
their position within the septum. The ventricular septum is 
divided into four regions: inlet, membranous, outlet and mus-
cular. The inlet septum is the region of the septum that divides 
the annuli of the mitral and tricuspid valves. The muscular 
septum extends from the inlet towards the apex of the heart. 
Defects in the perimembranous septum extend from under 
the aortic valve towards the septal leaflet of the tricuspid valve. 
Outlet ventricular septal defects (VSDs) are in the area of the 
septum adjacent to both the aortic and pulmonary valves.

The presentation and management of the patient with VSD 
is often dependent on the size and location of the defect. 
Smaller defects located in the muscular septum may undergo 
spontaneous closure. Occasionally, aneurysmal tissue from the 
tricuspid valve may result in spontaneous VSD closure (per-
imembranous-type). Small defects that restrict the volume of 
blood flow, and pressure between the left and right ventricles 
may be of little hemodynamic consequence. However, larger 
nonrestrictive defects expose the right ventricle and pulmo-
nary artery bed to the systemic pressure of the left ventricle. 
Unrepaired, these patients will develop pulmonary vascular 
changes similar to those with pulmonary hypertension within 
the first or second year of life (e.g., medial hypertrophy, vascu-
lar endothelial changes). Ultimately, there is a decrease in the 
degree in left-to-right shunting and reversal of shunt (right-to-
left) consistent with Eisenmenger physiology. Therefore, this 
group benefits from timely surgical referral to avoid the pro-
gressive and irreversible changes of pulmonary vascular dis-
ease. Other considerations for surgical referral include 
interference with atrioventricular or semilunar valve function 
despite restrictive physiology at the level of the defect.

Ongoing advances in transcatheter techniques now provide 
an alternative method to address defects located in the per-
imembranous and muscular portion of the interventricular 
septum [23, 24]. This technique has been demonstrated to be 
safe and effective when performed in experienced centers. 

However, the most significant late-onset complication in the 
perimembranous closure group includes complete atrioven-
tricular block necessitating careful evaluation during follow-
up evaluation.

Although the natural history of VSD is excellent, it is often 
dependent on the size and location of the defect, associated 
defects, prior surgical repair, timing of surgical repair, and 
presence of pulmonary vascular disease. Following either 
surgical or percutaneous device closure, CCTA has utility in 
assessing the adequacy of closure via the detection of resid-
ual defects (Figure 21.7). It may also be useful in the pre-
catheterization assessment to evaluate defect size as well as 
relationship of the defect to surrounding anatomic struc-
tures to determine suitability for percutaneous closure.

Atrioventricular Septal Defects

An atrioventricular septal defect (AVSD) is defined by a 
defect that involves the primum portion of the atrial sep-
tum, a common atrioventricular valve, and the inlet por-
tion of the ventricular septum [25]. This defect commonly 
occurs in patients with Down syndrome.

There are many terms used to further classify the various 
anatomic features and “balance” of the ventricles associated 
with the AVSD. A complete atrioventricular canal defect 
(CAVC) has a single defect involving both the atrial and ven-
tricular septum and a common AV valve. An incomplete AV 
canal defect lacks either the atrial or ventricular component. 
A balanced AVSD occurs when the left and right ventricles 
are of equal size. Here, the common AV valve is symmetri-
cally located over both ventricles. An unbalanced AVSD 
occurs when one of the ventricles is significantly smaller than 
the other. As a result of the common AV valve, the aorta has 

Figure 21.7. An oblique axial image demonstrates a restrictive, muscular ventricular septal defect 
(VSD; asterisk) as a result of a prominent moderator band present in the body of the right ventricle 
(RV) precluding a significant left-to-right shunt.  LV left ventricle.
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“sprung forward” resulting in a “gooseneck” deformity of the 
left ventricular outflow tract. This may have clinical implica-
tions at the time of surgical repair as abnormal attachments 
from the common AV valve to the left ventricular outflow 
tract (LVOT) may create  significant LVOT obstruction.

Most adult patients with this diagnosis will have under-
gone prior surgical palliation in infancy. The long-term 
prognosis following complete AVSD repair is reasonable. 
However, common late-onset complications associated 
with this lesion include left and right AV valve insufficiency, 
residual atrial or ventricular level shunt, and LVOT obstruc-
tion. Therefore, CCTA obtained to evaluate this defect 
should assess for each of these late onset complications.

Aortic Abnormalities

Patent Ductus Arteriosus

The ductus arteriosus is a vascular connection between the 
proximal left pulmonary artery and aorta that is essential 
for fetal circulation. Before birth, the ductus arteriosus 
allows much of the oxygenated blood from the placenta to 
bypass the pulmonary vascular bed and supply the systemic 
circulation via the descending aorta. It typically closes 
spontaneously within a week following birth. Beyond this 
time, if the vessel remains patent, a shunt now exists between 
the systemic and pulmonary vascular beds. This may be 
beneficial in certain CHDs, e.g., pulmonary atresia or hyp-
oplastic left heart syndrome (HLHS), where the duct can 
provide a stable source of blood flow to either the pulmo-
nary or systemic circulation. In an otherwise normal circu-
lation, a patent ductus arteriosus (PDA) may have serious 
sequela that is often determined by the size of the ductus. As 
pulmonary vascular resistance falls, there is an increase in 
the degree of left-to-right shunt. While a trivial or small 
PDA is often of little hemodynamic consequence, a large 
PDA can expose the pulmonary vascular bed to an excessive 
volume of pulmonary blood flow and systemic arterial pres-
sure. Untreated, a large ductus can lead to pulmonary 
hypertension even after the duct is closed.

While surgical ligation of a ductus is a straight forward 
surgical procedure, catheter-based techniques have now 
become the procedure of choice for the majority of PDAs 
[26]. Pre-intervention CCTA may be useful to demonstrate 
the size, shape, and course of the duct as well as its diame-
ter at the pulmonary and aortic ends as these factors may 
impact upon the type of occluder device chosen at the time 
of intervention (Figure 21.8).

Aortopulmonary Window

The aortopulmonary (AP) window is a rare congenital defect 
defined as a direct communication between the pulmonary 
artery and the ascending aorta. While physiologically simi-
lar to a large PDA, they are distinct in that this defect is the 

result of incomplete division of the common arterial trunk 
[27]. Commonly associated defects include ASD, VSD, and 
tetralogy of Fallot (TOF). Patients diagnosed in infancy 
often undergo repair with a pericardial or Dacron patch. 
Unrepaired, the adult patient may present with a continuous 
murmur and left heart enlargement (small AP window) 
or, more likely, pulmonary hypertension, cyanosis, and 
Eisenmenger physiology in the patient with the large AP 
window. In the patient with unoperated AP window, CCTA 
should inspect and confirm not only the presence of a win-
dow but also associated lesions. For those with repaired AP 
windows, CCTA, when indicated, should evaluate the aortic 
and pulmonary artery architecture.

Coarctation of the Aorta/Interrupted 
Aortic Arch

Coarctation of the aorta (CoA) is defined as a focal narrow-
ing of the aorta. Most commonly the area of narrowing is 
just distal to the origin of the left subclavian artery at the 
insertion of the ductus arteriosus. This “juxtaductal” tissue 
of the aorta has characteristics similar to ductal tissue lead-
ing to further constriction in the postnatal period. Yet, this 
single theory does not explain the pathophysiology of coarc-
tation entirely as a diffuse form of coarctation characterized 
by hypoplasia of the transverse arch is also encountered.

CoA may occur in isolation (simple CoA) or in conjunc-
tion with associated with other abnormalities (complex 
CoA). Complex CoA is often associated with bicuspid aor-
tic valve (BAV), mitral valve abnormalities, VSDs, intracra-
nial aneurysms, and Turner syndrome.

Discovered in infancy, coarctation is most often repaired 
surgically. Surgical techniques have evolved since the 1940s. 

Figure 21.8. Oblique sagittal view demonstrates a small patent ductus ateriosus (arrow) Ao 
aorta; MPA main pulmonary artery.



The subclavian flap technique, interposition jump graft, and 
patch aortoplasty are less commonly employed compared 
to the end-to-end and extended end-to-end anastomoses. 
Each technique has specific advantages, disadvantages, and 
associated long-term complications. Native lesions identi-
fied in the adolescent or young adult are often treated with 
balloon angioplasty, including stent placement if the patient 
is of near adult size [28].

Late-onset complications include arterial hypertension, 
recoarctation, aortic aneurysm, accelerated atherosclerosis 
and sudden cardiac death, left ventricular failure, cerebro-
vascular accident, and ruptured aortic aneurysm [29]. 
Therefore, noninvasive evaluation of the patient with his-
tory of surgical and/or transcatheter repair of CoA should 
include CCTA.

CCTA, when obtained to assess this congenital lesion, pro-
vides a wealth of information including precise measurements 
of the entire aortic arch, anatomy and severity of the coarcta-
tion segment, presence/absence of arch hypoplasia, and 
description of collateral vessels bypassing the region of steno-
sis [30]. CCTA offers significant advantages in the assessment 
of the patient with coarctation who has undergone prior tran-
scatheter therapy. As a result of late-onset complications, 
namely recoarctation and aneurysm at the site of prior pallia-
tive repairs, many young adults have undergone transcatheter 
repairs. Although CMR is often the examination of choice in 
the adult CHD population, many transcatheter devices includ-
ing stents create significant signal void artifact precluding an 
accurate assessment of the anatomy of interest. In contrast, 
CCTA provides an accurate assessment of the lumen of the 
stented segment and surrounding anatomic structures without 
artifact. Lastly, as prior natural history studies have suggested 
that myocardial infarction secondary to accelerated atheroscle-
rosis is the most common cause of death, the coronary arteries 
should be closely inspected at the time of examination.

Interruption of the aortic arch is defined by complete dis-
ruption in continuity of the aortic arch [31]. This defect is 
further characterized by the location of the defect (types 
A–C) and often associated with other important defects 
including VSD, AVSD, PDA, BAV, subaortic stenosis, transpo-
sition of the great arteries, and double-outlet right ventricle 
(DORV). Surgical therapy is required to restore continuity 
of the aortic arch and concomitant defects. However, late-
onset complications include restenosis at the site of prior 
surgical repair. Therefore, CCTA has a role in the assessment 
of this population, similar to the CoA group, to depict the 
anatomy of the aorta and arch, late postoperative complica-
tions as well as evaluation of those who may have undergone 
transcatheter interventions to address prior complications.

Congenital Valvular Disease

Bicuspid Aortic Valve/Valvar Aortic Stenosis

A BAV is perhaps the most common congenital heart abnor-
mality, affecting slightly more than 1% of the general 

population [1]. The term BAV is actually a misnomer. 
Typically, the valve apparatus is still composed of three 
cusps, yet two of the cusps remained fused together. The 
resulting valve is functionally bicuspid. Most commonly, 
this fusion is along the commissures between the leaflets 
associated with the right and left coronary arteries.

A BAV is often discovered after a murmur is appreciated 
on routine examination. Mild degrees of stenosis may be 
well tolerated and never warrant intervention. With increas-
ingly severe degrees of stensosis, left ventricular hypertro-
phy and enlargement ensues and accounts for approximately 
50% of aortic valve replacement in adults. Additional late 
onset complications associated with the BAV include aortic 
regurgitation and aortic root dilation.

Congenital aortic stenosis is associated with trileaflet 
aortic valves (often with a disproportionately small aortic 
valve annulus) or with severely dysplastic leaflets, includ-
ing the functionally unicuspid valve. Rheumatic heart dis-
ease accounts for a significant proportion of acquired aortic 
valve stenosis in the pediatric population.

Transthoracic echocardiography is the primary noninva-
sive modality in the evaluation of aortic valvular disease. 
This technique provides an assessment of the valve (degree 
of stenosis/regurgitation), ventricular size and function, and 
aorta (poststenotic dilatation). Although echocardiography 
remains the mainstay of assessing aortic valvular disease, 
CCTA has gained utility in the assessment of the aortic valve 
while overcoming the limitations of ultrasound. In patients 
with poor acoustic windows (e.g., obesity, pulmonary dis-
ease, chest wall deformities), CCTA provides an accurate 
assessment of valve morphology, dimensions, and presence/
absence of calcification. Further, CCTA estimates of valve 
area correlate highly with TEE dimensions [32]. Importantly, 
CCTA allows for accurate assessment of poststenotic aortic 
root dilation that may not be appreciated with transthoracic 
imaging. Complementary three-dimensional volume-ren-
dered reconstructions performed with off-line analysis may 
provide insight of the entire aortic root and have potential 
impact that is helpful with upcoming surgical planning. 
While BAV can occur in isolation, it is also associated with 
an increased risk of coarctation, interrupted aortic arch [33], 
and coronary artery anomalies [34]. The advantages of this 
technique have been well defined in the assessment of the 
thoracic aorta and should also be considered in the evalua-
tion of the patient with combined arch and valvular disease.

Subvalvar Aortic Stenosis

Subvalvar aortic stenosis is most often caused by a fibrous 
membrane or ring of tissue. This can occur in isolation or 
in association with a VSD, CoA, Shone complex, PDA, left 
SVC, and valvular aortic stenosis. The degree of stenosis 
may remain stable, but most tend to progress over time. In 
contrast to valvar aortic stenosis, this lesion is not amena-
ble to catheter-based interventions. If the degree of obstruc-
tion below the level of the valve becomes significant,  
the lesion must be addressed surgically with resection of 
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the membrane. There is a significant risk of recurrence 
despite surgical intervention. Due to the recurrence of this 
lesion, a history of this defect and/or associated defects 
commonly associated with a subaortic membrane should 
prompt close inspection of the left ventricular outflow tract 
in patients undergoing CCTA examinations with both sim-
ple and complex CHD (Figure 21.9).

Supravalvar Aortic Stenosis

Supravalvar stenosis is defined as stenosis immediately above 
the level of the sinuses of Valsalva. This is an uncommon 
occurrence in the general population and is highly associated 
with Williams Syndrome (7q11.23 deletion syndrome). 
Associated lesions include aortic valve abnormalities, Shone 
complex, and coronary artery abnormalities. Theoretically, 
these patients are presumed to be at risk of premature ath-
erosclerosis as the coronary arteries are continuously exposed 
to supranormal pressures. Indications for surgical repair in 
the symptomatic patient include a mean gradient >50 mmHg 
(peak instantaneous gradient >70 mmHg) by Doppler 
echocardiography. CCTA may assist in the initial diagnosis of 
this defect, but, more importantly, this technique may pro-
vide insight into the coronary artery anatomy and late out-
comes in this population that has not been well established.

Pulmonary Stenosis

Congenital pulmonary stenosis is usually an isolated defect, 
but it may also occur in combination with subvalvar 

stenosis. A wide variety of malformations of the valve can 
be present including small valve annulus, thickened valves, 
fused valve leaflets, abnormal movement or doming of the 
valve during systole, or even ridges of dysplastic tissue. 
This obstruction leads to poststenotic dilation of the main 
pulmonary artery and right ventricular hypertrophy. Right 
ventricular hypertrophy leads to a dynamic narrowing of 
the right ventricular outflow tract and further increase in 
degree in obstruction.

Severe or critical pulmonary stenosis may require bal-
loon valvuloplasty in infancy. Balloon valvuloplasty is rec-
ommended in the symptomatic adult with a peak 
instantaneous Doppler gradient > 50mmHg. Surgical ther-
apy is recommended for patients with severe pulmonary 
stenosis, a hypoplastic pulmonary valve annulus, severe 
pulmonary insufficiency, and sub/supravalvar pulmonary 
stenosis. Surgery is also reserved for patients with severely 
dysplastic valves that are not necessarily amenable to tran-
scatheter therapies.

Because of the anterior position of the pulmonary valve 
and the right ventricular outflow tract, these structures are 
difficult to completely visualize with echocardiography, 
especially in patients following prior cardiac surgery. CCTA 
is well suited to image this patient population to completely 
delineate the right ventricular outflow tract, pulmonary 
valve annulus, and distal structures including the branch 
pulmonary arteries. Pre-interventional assessment of pul-
monary valve anatomy and dimensions may even predict 
suitability for balloon valvuloplasty. Lastly, CCTA provides 
quantification of right ventricular size and function in the 
postinterventional setting in the patient with residual 
 pulmonary stenosis/regurgitation.

Figure 21.9. Oblique axial (a) and sagittal (b) views demonstrating a discrete subaortic membrane (arrowhead) in a patient with a bicuspid aortic valve and coarctation of the aorta. Note the calcified 
anterior leaflet of the mitral valve. Ao aorta; LV left ventricle.



Congenital Heart Defects: Moderate/

Severe Complexity

Tetralogy of Fallot

TOF is the most common heart defect that results in cyano-
sis after the newborn period. The tetrad consists of: a mala-
lignment VSD, subpulmonary stenosis, overriding aorta, and 
right ventricular hypertrophy. Although the exact embryo-
logic origin of TOF is yet to be determined, anterior and 
superior displacement of the infundibular septum accounts 
for the first three features of this defect. Right ventricular 
hypertrophy is a consequence of subpulmonary stenosis.

TOF is also associated with other abnormalities includ-
ing ASDs, left SVC to coronary sinus, and a right aortic 
arch. Associated coronary artery anomalies include the left 
anterior descending arising from the right coronary artery 
(RCA), circumflex arising from the RCA, a large conus 
branch, and single coronary artery system.

The repair of TOF typically involves resection of subpul-
monic (e.g., infundibular) obstruction and patch closure of 
the VSD. Relief of the right ventricular outflow tract obstruc-
tion may occur via a variety of techniques. Patients with a 
restrictive pulmonary valve annulus may require a longitu-
dinal incision of the pulmonary valve with subsequent aug-
mentation with patch material (transannular patch) and 
augmentation of the pulmonary arteries when indicated. In 
more severe forms (e.g. pulmonary atresia), a right 
 ventricular-to-pulmonary artery conduit is performed to 

establish continuity between the right ventricle and pulmo-
nary arteries. Following these repairs, there is significant 
residual pulmonary insufficiency. This is often well toler-
ated until adolescence and young adulthood. The evolution 
of noninvasive imaging (CMR and CCTA) has illustrated 
 progressive right ventricular enlargement and systolic dys-
function as a consequence of lifelong pulmonary insuffi-
ciency. Therefore, symptomatic patients with these findings 
should be referred for surgical pulmonary valve replace-
ment. Finally, novel techniques are currently under investi-
gation (Melody® Transcatheter Pulmonary Valve, Medtronic, 
Fridley, MN) to address pulmonary insufficiency via a tran-
scatheter approach while simultaneously avoiding the risks 
associated with re-operation in this complex group of 
patients [35].

Noninvasive imaging studies obtained routinely or in 
anticipation of pulmonary valve replacement should assess 
right and left ventricular volumes and function, anatomy of 
the right ventricular outflow tract, presence/absence of resid-
ual ventricular septal defect, and anatomy of the proximal 
and distal branch pulmonary arteries. CCTA may provide 
accurate anatomic as well as functional data including those 
who have undergone complex interventions (Figure 21.10).

Lastly, progressive aortic root dilation is frequently dem-
onstrated in the adult tetralogy population despite adequate 
surgical repair [36]. This process may be due to an inherent 
aortopathy rather than a sequelae of the intracardiac defects 
[37]. Therefore, CCTA assessment of the adolescent or adult 
patient with TOF should include close inspection of the 
aortic anatomy at the time of examination.

Figure 21.10. The oblique coronal (a) and sagittal (b) views demonstrate the long-term compli-
cations associated with tetralogy of Fallot. Lifelong pulmonary insufficiency is a consequence asso-
ciated with prior surgical palliations (arrowhead) that results in a dilated right ventricle (RV) when 

compared to the size of the left ventricle (LV). Prior palliative procedures often result in branch 
pulmonary artery stenosis often requiring transcatheter therapy (arrows). RA right atrium.
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Double-Outlet Right Ventricle

When both great arteries are intimately associated with the 
right ventricle (>50%), this anatomic relationship is 
described as double-outlet right ventricle (DORV). DORV is 
not a single congenital defect, but rather a continuum of 
defects best understood by the relationship by the relation-
ship between the great vessels and the position of the VSD. 
The location of the VSD further corresponds with each spe-
cific physiologic subtype [38].

The location of the VSD may be subaortic, subpulmonic, 
doubly-committed (a single defect lying inferior to both the 
aorta and pulmonary artery) or remote from the great 
arteries. The relationship of the great arteries is defined by 
the position of the aorta relative to the pulmonary artery. 
Although normal relationships may exist, typically, the 
aorta lies rightward and posterior to the pulmonary artery. 
Alternatively, the aorta may lie side by side or rightward 
and anterior to the pulmonary artery with the subpulmonic 
variant (d-TGA physiology) of DORV.

Pulmonary stenosis is commonly observed in DORV, 
occurring in approximately 70% of cases [39, 40]. Other 
associated anomalies include secundum ASDs, relative 
hypoplasia of the left ventricle, mitral valve anomalies 
(atrioventricular attachments to the septum), a persistent 
left SVC, and coronary artery anomalies. CoA or arch hyp-
oplasia commonly occurs in the subpulmonary variant of 
DORV (Taussig-Bing anomaly). Although these associated 
defects are relatively uncommon, when present, they create 
a significant impact on the physiology of the underlying 
defect as well as surgical management options.

Given the variety of anatomic relationships and associ-
ated features, surgical palliative approaches to repair of 
DORV are diverse. Repairs typically include closure of the 

VSD such that blood flow is routed (“tunneled”) to restore 
continuity between the left ventricle and the aorta (subaor-
tic DORV). An arterial switch procedure may be performed 
to restore left ventricular-aortic continuity in patients with 
DORV with subpulmonary VSD. Associated features such as 
ASDs and atrioventricular valve chordae are addressed 
simultaneously. In some cases, biventricular repair is not 
always possible, and a single ventricle palliation is performed 
(e.g., staged Fontan procedure).

Late outcomes of DORV are similar to TOF, but are fur-
ther determined by the underlying anatomy and type of 
surgical palliation. Complications include obstruction of 
the right ventricular-to-pulmonary artery conduit, stenosis 
of interventricular tunnels, subaortic stenosis, and neo-
aortic root dilation. CCTA is suitable in the pre-operative 
assessment of this lesion as it accurately describes the 
three-dimensional relationship of the VSD to surrounding 
structures such as the great arteries and coronary arteries. 
Further, it provides an accurate assessment of postopera-
tive anatomic changes including vital conduits that are at 
increased risk of calcification/stenosis.

Transposition of the Great Arteries

Transposition of the great arteries (TGA) is one of the 
most common, severe congenital heart lesions and is often 
lethal to affected infants without intervention. Although 
TGA may occur in any number of complex CHDs (e.g., 
DORV), it is most commonly used to describe isolated 
ventriculoarterial discordance. In other words, the right 
ventricle gives rise to the aorta and coronary arteries, 
and the left ventricle gives rise to the pulmonary artery 
(Figure 21.11).

Figure 21.11. An oblique sagittal view (a) demonstrates ventriculoarterial discordance between the right ventricle (RV) and the aorta (Ao) in a patient with d-transposition of the great arteries status-post 
Mustard repair. The oblique axial view (b) displays the anterior-posterior relationship of the great vessels. AoV aortic valve; MPA main pulmonary artery.



TGA is often described as dextro or d-TGA. This name 
arises from the most common anatomic relationship of the 
aortic and pulmonary valves resulting in this anatomic rela-
tionship [22]. Here, the aorta is transposed with the pulmo-
nary artery such that the aorta is anterior and rightward  
of the pulmonary artery. Recall that, the prefixes of d- and  
l- describe only the anatomic position of the aortic and pul-
monary valves and not the arrangement of the remainder of 
the segmental cardiac anatomy. Associated defects include 
VSD (perimembranous, muscular), left ventricular outflow 
tract obstruction, CoA, and coronary artery abnormalities.

The physiology of d-TGA is often described as two circu-
lations “in parallel” in contrast to the circulation that occurs 
“in series.” The systemic venous return passes through the 
right atrium and right ventricle, then to the aorta and sys-
temic circulation without ever reaching the lungs. Similarly, 
the pulmonary venous return enters the left atrium and left 
ventricle only to return to the pulmonary arterial bed.

Without a substantial mixing lesion, this parallel circula-
tion is not sustainable and can quickly result in death. 
Continuous prostaglandin infusion can maintain patency 
of the ductus arteriosus and facilitate mixing. In the absence 
of a significant atrial or ventricular septal defect, a balloon 
atrial septostomy may be necessary to stabilize an infant 
until definitive surgical repair can be performed. Prior to 
the availability of balloon septostomy, a surgical excision of 
atrial tissue without cardio-pulmonary bypass was per-
formed (the Blalock-Hanlon procedure).

Before the advent of improved coronary artery surgical 
techniques, redirecting blood at the atrial level was associ-
ated with lower mortality than attempting to switch the 
aorta and pulmonary arties to their typical anatomic 

positions. The Mustard and the Senning procedures baffle 
systemic venous return to the right ventricle and pulmo-
nary venous return to the left ventricle. This allows oxygen-
poor blood to reach the lungs via the morphologic left 
ventricle, and oxygen-rich blood reaches the systemic 
 circulation via the morphologic right ventricle.

While the redirection of atrial blood flow restores a nor-
mal circulation, there are negative late sequelae. The supe-
rior and inferior systemic baffles that redirect venous 
return from the SVC and IVC (respectively) to the morpho-
logic left ventricle can develop baffle leaks and/or stenosis. 
Similarly, the pulmonary venous baffle may develop steno-
sis as well. Further, the morphologic right ventricle is not 
well suited to tolerate systemic pressures lifelong. This ulti-
mately leads to hypertrophy, dilation, and failure.

With advances in coronary artery surgical techniques, 
the arterial switch procedure allows the aorta and pulmo-
nary arteries to be moved to restore ventriculoarterial con-
cordance. This requires excision and mobilization of the 
proximal coronary and surrounding “buttons” of aortic tis-
sue along with Lecompte maneuver to bring the pulmonary 
artery to the anterior position. Challenges of this technique 
include the variety of coronary artery anomalies associated 
with this defect.

In the patient with a Mustard or Senning palliation, 
CCTA is valuable to assess not only the complex anatomy 
and  associated postoperative changes encountered with 
this  population, but also the late onset complications such 
as  baffle obstruction and residual hemodynamic lesions 
(Figure 21.12). Although CMR is frequently performed to 
assess quantification of RV volumes and function, CCTA may 
be utilized to quantify this data in this population as well.

Figure 21.12. An oblique sagittal view (a) further demonstrates the anatomic appearance of the 
pulmonary venous baffle (arrows). The presence of pacing leads and contrast opacification in the 
systemic right ventricle challenge the ability to interpret the presence of systemic venous baffle 

obstruction (oblique coronal view; b). Secondary findings such as a prominent azygous vein may 
suggest the presence of this anomaly.
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In the patient who has undergone an arterial switch pro-
cedure, CCTA is ideal to assess the coronary arteries for 
stenosis or early calcification [41]. In addition, when per-
formed in this surgical subgroup, one should inspect the 
pulmonary arteries to determine the degree of branch pul-
monary stenosis present after the Lecompte maneuver. 
Lastly, the neo-aorta should be closely evaluated as this 
group is at risk for dilation long-term.

Congenitally Corrected Transposition of the 
Great Arteries

In congenitally corrected transposition of the great arteries 
(ccTGA), there is both atrioventricular and ventriculoarte-
rial discordance. Here, the systemic venous return courses 
from the right atrium through the mitral valve and mor-
phologic left ventricle, ultimately reaching the pulmonary 
arterial bed via the pulmonary valve. Similarly, pulmonary 
venous return courses from the left atrium through the tri-
cuspid valve into a morphologic right ventricle and ulti-
mately the systemic circulation via the aortic valve. The 
term “congenitally corrected” has been accepted such that, 
in the absence of associated abnormalities, oxygen-poor 
systemic venous return reaches the lungs and oxygen-rich 
pulmonary venous return reaches the aorta via the mor-
phologic left and right ventricles, respectively.

Patients with ccTGA frequently demonstrate a normal 
(levocardia) or midline (mesocardia) position of the heart 
within the chest. However, 20% of patients demonstrate the 
heart in the right chest (dextrocardia). Commonly encoun-
tered associated anomalies include VSD, pulmonary stenosis/
atresia, and tricuspid valve abnormalities (dysplasia, Ebstein 

malformation). The most common late complications associ-
ated with this late condition include tricuspid regurgitation, 
right ventricular enlargement and dysfunction, congestive 
heart failure, and complete atrioventricular (AV) block [42]. 
With the increasing number of patients requiring pacemaker 
therapy as a result of AV block, CCTA may be beneficial to 
assess anatomic and functional (RV) data in this patient pop-
ulation (Figure 21.13). Further, this may be an ideal tool to 
assess the coronary venous anatomy to facilitate lead place-
ment at the time of pacemaker implantation.

Truncus Arteriosus

In truncus arteriosus, a common aorticopulmonary trunk 
arising from the base of the heart is present that then gives 
rise to the coronary arteries, pulmonary arteries, and aorta. 
The truncal valve is often trileaflet (69%), and regurgitation 
of this valve is not uncommon. The classification scheme 
presented here, Collete and Edwards, defines truncus arte-
riosus by the relationship of the pulmonary arteries [43].  
A Type I truncus has a short common arterial trunk that 
gives rise to an aorta and a main pulmonary artery. Type II 
is defined by the absence of a main pulmonary artery seg-
ment. The left and right branch pulmonary arteries arise in 
close proximity to one another from the ascending truncal 
artery. In type III, there is no main pulmonary artery seg-
ment, and the left and right pulmonary arteries arise sepa-
rately at a distance from one another. Type IV is defined by 
the absence of pulmonary arteries. Here, the lungs are sup-
plied by AP collateral vessels. This is more accurately classi-
fied as pulmonary atresia, and no longer considered with 
the spectrum of common arterial trunk.

Figure 21.13. The oblique sagittal (a) and coronal (b) images display the underlying anatomy and demonstrate ventriculoarterial discordance.



Associated anomalies include CoA and interruption of 
the aorta. Other commonly associated defects include ASD, 
aberrant subclavian artery, and persistent left SVC to coro-
nary sinus.

This defect presents in the newborn period necessitating 
surgical palliation. Surgical repair of truncus typically uti-
lizes a conduit from the right ventricle to either the main 
pulmonary artery segment (Type I) or anastomosis to the 
branch pulmonary arteries (Types II and III). The long-
term survival following initial successful repair continues 
to improve and therefore the number of adolescents and 
adults with this complex lesion will continue to grow. 
For this reason, it is imperative to recognize the late-onset 
complications associated with this defect. Each CCTA eval-
uation should closely inspect the right ventricle-pulmonary 
artery conduit to determine the presence/absence of steno-
sis or calcification, anatomy of the proximal and distal 
branch pulmonary arteries, neo-aortic root dilatation, and 
ventricular volumes and function.

Single Ventricle Lesions

Among the most complex congenital heart lesions are those 
with severe hypoplasia or atresia of the left or right ventri-
cle. Consequently, these patients are reliant on a single ven-
tricle and associated shunts to perfuse both the pulmonary 
and systemic vascular beds. The full spectrum of single 
ventricle lesions is beyond the scope of this text. Nonetheless, 
the more common variations are tricuspid atresia and hyp-
oplastic left heart syndrome (HLHS). Despite the wide 
variation in single ventricle pathology, the surgical pallia-
tions ultimately share a similar physiologic goal.

As its name suggests, tricuspid atresia is defined by the 
absence of a tricuspid valve. Initially, blood returning to the 
right atrium passes through an ASD to the left heart and 
mixes with pulmonary venous return. The right ventricle is 
often atretic and receives blood via a ventricular septal 
defect. If there is ventriculoarterial concordance, the pul-
monary arteries are often small and rely on ductal flow for 
an adequate source of pulmonary blood flow. Alternatively, 
if there is ventriculoarterial discordance, the aorta arises 
from the rudimentary right ventricle, and, upon occasion, 
there may be aortic obstruction requiring ductal patency.

HLHS describes a variety of left-sided abnormalities that 
are insufficient to meet the demands of the systemic circula-
tion. They are further qualified by stenosis or atresia of mitral 
and aortic valves [e.g., mitral stenosis and aortic stenosis 
(MS/AS), mitral stenosis and aortic atresia (MS/AA), mitral 
and aortic atresia (MA/AA)]. If the ascending aorta is suffi-
ciently atretic, the carotid and coronary arteries rely upon 
retrograde ductal blood flow to these vital structures.

In most cases of univentricular physiology, either the 
systemic or pulmonary bed relies upon patency of the duc-
tal artery. If the ductal artery constricts or becomes stenotic, 
the results can be catastrophic. Ductal patency can be 
maintained with a continuous infusion of prostaglandin 

and more recently stents delivered via cardiac catheteriza-
tion. Often a surgical shunt must be created to maintain a 
more durable blood supply.

Modern congenital heart surgery can be traced to 1944 
with the creation of a systemic to pulmonary shunt con-
ceived of by Helen Taussig, performed by Alfred Blalock with 
assistance of Vivian Thomas [44]. The original or classic 
Blalock-Taussig shunt (c-BTS) is a direct anastomosis of the 
subclavian artery to the ipsilateral pulmonary artery. 
Adaptations in this surgical technique lead to the develop-
ment of the modified BT shunt (m-BTS), an artificial (e.g., 
Gore-Tex) graft that connects the subclavian artery to the 
pulmonary artery without disrupting the integrity of the 
subclavian artery from the affected arm (Figure 21.14) [45].

Modified BT shunts are often utilized in the early palliation 
of hypoplastic left heart disease to augment pulmonary blood 
flow after the main pulmonary artery has been fashioned to 
reconstruct the aortic arch. An alternative strategy to augment 
pulmonary blood flow is the Sano shunt, a conduit located 
between the right ventricle and the pulmonary artery.

Other systemic to pulmonary arterial shunts include the 
Waterston shunt (ascending aorta to right pulmonary 
artery), the Potts shunt (descending aorta to left pulmonary 
artery), and the Cooley shunt (early ascending aorta to right 
pulmonary artery within the pericardium). Currently, 
modern central shunts utilize an artificial graft between the 
ascending aorta and the main pulmonary artery.

Although stable sources of pulmonary blood flow, sys-
temic to pulmonary arterial shunts often lead to distortion 
of the pulmonary artery architecture, as the blood flow is 
often directed towards one pulmonary artery. As pulmo-
nary vascular resistance decreases with age, congestive 
heart failure may develop as a result of excessive pulmo-
nary blood flow. Most importantly, these shunts may 
become kinked, occluded, narrowed, or thrombosed, com-
promising pulmonary blood supply.

Alternatively, there are circumstances where complete 
repair is not immediately feasible or must be delayed. Here, 
surgical banding of the pulmonary arteries is often utilized 
as an initial palliation. Restricting the diameter of the pul-
monary arteries can protect the pulmonary vascular bed 
from excessive blood flow and pressure. Surgical bands can 
be placed around either the main pulmonary artery (MPA) 
or the proximal branch left and right branch pulmonary 
arteries. Unfortunately, banding can cause negative seque-
lae, particularly if the band was placed on a young patient 
who later effectively outgrows the size of the band. 
Occasionally, the band may migrate distally, occluding one 
pulmonary artery, and this results in unopposed pulmo-
nary arterial flow to the opposite branch. Poststenotic dila-
tion may result in the band that is placed too tightly. 
Structures proximal to this band gradient are also exposed 
to increased afterload, and, as a result, pulmonary valve 
regurgitation, right ventricular enlargement and dysfunc-
tion, and tricuspid valve insufficiency may ensue.

As patients grow and pulmonary vascular resistance 
drops, BT shunts often become less physiologically 



290

favorable. The Glenn shunt (bidirectional) is an end-to-side 
anastomosis of the SVC to the undivided pulmonary artery. 
It is most often performed as the second stage in a series of 
staged palliations in the surgical management of HLHS, at 
approximately 4–6 months of age. The third stage, the 
Fontan procedure, is the final palliative procedure that 
establishes continuity of the systemic venous return (SVC, 
IVC) to the pulmonary arteries via a variety of conduits 
(intracardiac, extracardiac). The Glenn and Fontan shunts 
cannot be safely performed in infancy as pulmonary vas-
cular resistance must first fall substantially before it is 
exceeded by systemic venous pressure to drive blood for-
ward through the veno-arterial shunt.

The Fontan procedure has undergone significant evolu-
tion and variations since its inception in 1971 [46]. 
Earlier techniques utilized an atriopulmonary (atrial-   
to-pulmonary artery) anastomosis. Late-onset complica-
tions including atrial arrhythmias, compression of the 

pulmonary veins, and thrombus as a result of severe atrial 
enlargement prompted surgical revision of this technique. 
More recently, surgical techniques utilize conduits made 
of artificial or pericardial tissue to direct and improve sys-
temic venous flow to the pulmonary arteries via intracar-
diac (lateral tunnel) or extracardiac routes. Occasionally, a 
fenestration is placed within the conduit of the high-risk 
Fontan patient to serve as a “pop-off ” for systemic venous 
return, thus allowing for maintenance of cardiac output 
via a right-to-left shunt. If pulmonary vascular resistance 
remains low postoperatively, these can be later closed 
percutaneously.

CCTA imaging is promising in the assessment of the 
single ventricle patient to assess late-onset complications 
[47]. However, there are limitations of this technique in the 
adolescent and young adult who have undergone single 
ventricle palliation. The low-cardiac output, frequent col-
laterals, and asymmetric blood flow between the left and 

Figure 21.14. Aortopulmonary shunts. (a) 
the classic Blalock-Taussig shunt; (b) a modified 
Blalock-Taussig shunt; (c) a Waterston shunt; 
and (d) the Potts shunt. (reprinted with permis-
sion of Wolters Kluwer from Khairy et al. [45].



right lungs that results from prior cavopulmonary anasto-
moses create technical challenges for an accurate gated 
CCTA examination (Figure 21.15). Dual-injection strate-
gies are recommended to overcome these limitations and 
completely assess the cavopulmonary anastomosis [48]. 
However, this has only been reported with success in the 
pediatric population, and so may not be practical in adults 
with CHD where there is a higher incidence of chronic 
venous insufficiency. Due to these limitations, CMR is 
often the imaging modality of choice unless otherwise 
contraindicated.

Summary

Adults with CHD represent a large and diverse group of 
patients with both simple and complex disease. Physicians 
who care for this population are not only challenged by the 
unique needs of this rapidly growing number of patients 
but also identifying an ideal noninvasive tool to accurately 
assess the needs of this patient group. Although CMR has 
been recognized as the noninvasive imaging tool of choice 
in this patient population, advances in CCTA clearly dem-
onstrate the value of this modality for this patient popula-
tion. However, it is imperative for imaging specialists to 
have a thorough understanding and respect for the grow-
ing field of complex CHD where collaboration with adult 
congenital specialists may provide key insight to a success-
fully executed CCTA examination.
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CT Imaging: Cardiac Electrophysiology Applications
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An understanding of detailed 3-D cardiac anatomy is 
important to the field of cardiac electrophysiology. Cardio-
vascular computed tomographic angiography (CCTA) can 
comprehensively assess cardiovascular structure and func-
tion relevant to the assessment, treatment, and follow-up of 
patients with electrophysiologically-related disease pro-
cesses. CCTA provides 3-D visualization of cardiac cham-
bers, coronary vessels, and thoracic vasculature including 
structures particularly important to cardiac electrophysiol-
ogy, such as the coronary veins, pulmonary veins, and left 
atrium. This comprehensive technology is extremely useful 
for the identification and characterization of cardiovascular 
substrates relevant to cardiac electrophysiology, and has 
great relevance to treatment of arrhythmias through pre-
procedure planning, procedural facilitation, and procedural 
follow-up.

Particular attention to details of patient preparation and 
image acquisition and processing are important to opti-
mizing CCTA studies in patients who may have irregular 
rhythms due to premature atrial contractions, premature 
ventricular contractions, or other arrhythmias including 
atrial fibrillation. Medications to control heart rate and 
rhythm as well as pacemaker reprogramming to regularize 
rhythms may be useful. Acquisition protocols which com-
pensate for irregular beats through deletion of short R-R 
intervals and analysis of mid-diastolic phases of the R-R 
interval with an absolute rather than relative time from the 
preceding R wave can improve image quality [1].

The indication for the CCTA study is important to pro-
viding the correct field of view as well as the region of 
interest for maximum contrast opacification. The contrast 
circulation time and the injection protocol are important 
factors to take into account to achieve maximal opacifica-
tion of the region or regions of interest. Assessment of right 
ventricular function as well as coronary venous anatomy 
requires protocols providing adequate contrast enhance-
ment to these structures, while still opacifying other car-
diac structures and coronary arterial anatomy (Figure 22.1). 
Multiphase injection protocols with varying degrees of 
contrast, diluted contrast, and saline administered at 

 variable speeds of delivery are used to optimally opacify 
structures for various electrophysiology indications.

As patients undergoing CCTA often undergo electro-
physiology procedures requiring fluoroscopy, techniques 
to limit radiation dose are extremely important. Dose 
reductions can be achieved through limitation of field of 
view to essential structures and use of dose limiting imag-
ing protocols. Dose modulation with retrospective gating 
or prospective gating can be used in some circumstances, 
but these techniques are limited in the setting of irregular 
rhythms. In some settings, such as imaging for atrial fibril-
lation ablation, the use of nongated images for merge with 
electrophysiology systems can be considered, which sub-
stantially decreases radiation dose.

Cardiovascular Substrates Associated  

with Sudden Cardiac Death

Sudden cardiac death is associated with a variety of cardio-
vascular structural or primary electrophysiologic abnor-
malities, often with the first manifestation of disease being 
sudden death. Vascular anatomies associated with sudden 
cardiac death can be identified by CCTA, and include 
anomalous coronary arteries, severe coronary artery dis-
ease, critical aortic stenosis, aortic aneurysm, and aortic 
dissection [2–7]. Cine CCTA can characterize cardiomyo-
pathic substrates through reproducible volumetric mea-
surement of ventricular volumes and ejection fraction 
(Figure 22.2), ventricular wall thickness, and ventricular 
regional wall motion, and can directly visualize coronary 
arteries, which may potentially facilitate differentiation 
between ischemic and nonischemic cardiomyopathy [8–
11]. CCTA can identify and characterize cardiomyopathic 
processes associated with ventricular arrhythmias and 
sudden cardiac death, including dilated ischemic and 
nonischemic cardiomyopathy, hypertrophic cardiomyopa-
thy, arrhythmogenic right ventricular cardiomyopathy, and 
ventricular noncompaction [10, 12–17].
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The diagnosis of arrhythmogenic right ventricular cardi-
omyopathy involves criteria including clinical history, family 
history, ECG abnormalities, and electrophysiologic testing 
results [18]. Although cardiovascular magnetic resonance 
(CMR) imaging has been the diagnostic imaging modality of 
choice, CCTA can visualize the anatomic features associated 
with arrhythmogenic right ventricular cardiomyopathy, such 
as epicardial and myocardial fat, low-attenuation trabecula-
tions, right ventricular free wall scalloping, right ventricular 
enlargement, and global and regional right ventricular wall 
motion abnormalities [13, 19–22]. This process can involve 
both ventricles as visualized by CCTA [20, 23]. CCTA is par-
ticularly useful in the assessment of patients with pre-exist-
ing cardiac devices limiting the use of magnetic resonance 
imaging (Figure 22.3).

Electrophysiologic Mapping and 

Radiofrequency Catheter Ablation

Atrial Fibrillation Ablation

Atrial fibrillation ablation requires a detailed understand-
ing of an individual patient’s cardiovascular anatomy 
through 3-D characterization of the relationships between 
the left atrium, the surrounding cardiac structures, and ext-
racardiac thoracic structures. A preprocedure study serves 
as a roadmap for procedural planning, a 3-D data set for 
intraprocedure electroanatomic mapping and ablation, and 
a template for the follow-up of atrial remodeling and assess-
ment for complications including pulmonary vein stenosis.

Figure 22.1. Axial views demonstrating a con-
trast injection timing protocol for contrast 
enhancement of the right ventricle and left ven-
tricle, useful for assessment of right ventricular 
pathology (a), and a protocol for contrast 
enhancement of the left ventricle, useful for cor-
onary artery assessment without streak artifacts 
in the superior vena cava (b).

Figure 22.2. Short-axis view demonstrating ventricular end-systole (upper panel) and ventricular 
end-diastole (lower panel). Endocardial contours (red lines) and epicardial contours (green lines) are 
used to volumetrically assess left ventricular chamber size, myocardial mass, and function.

Figure 22.3. CCTA axial view demonstrating fibrofatty replacement of right ventricular myocar-
dium, low-attenuation trabeculations, and right ventricular free wall scalloping in arrhythmogenic 
right ventricular cardiomyopathy. A right ventricular defibrillation lead is present with beam hard-
ening artifact.
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The causes of atrial fibrillation are multiple, and include 
induction of atrial fibrillation by premature atrial foci from 
the pulmonary veins [24]. Catheter-based techniques for treat-
ment of atrial fibrillation have focused on segmental ablation 
or complete circumferential electrical isolation of the pulmo-
nary veins. The goals of these techniques are: (1) ablation or 
isolation of ectopic pulmonary vein foci so that these foci can-
not trigger atrial fibrillation, (2) ablation of other ectopic atrial 
foci, and (3) long linear lesions providing pathways of prefer-
ential electrical conduction [25–28]. There are a variety of 
approaches to catheter-based ablation for atrial fibrillation. 
Percutaneous catheter-based approaches access the left atrium 
via either a single or double transseptal technique depending 
on the number of left atrial catheters used.

CCTA characterization of the left atrium and pulmonary 
veins is achieved through multiple modalities of evaluation 
including multiplane 2-D views, 3-D volumetric reconstruc-
tions, virtual endocardial views, and volumetric quantification 
of the atria. Pulmonary venous anatomy demonstrates great 
variability regarding vein number, location, size, shape, and os 
complexity (Figures 22.4–22.6). CCTA can visualize these pul-
monary vein characteristics and can define the relationship 
between veins as well as between the left upper pulmonary 
vein and left atrial appendage [29–33]. Workstation software 
can be used to quantify characteristics of the pulmonary vein 
ostia, including area, maximum diameter, minimum diameter, 
and eccentricity. Key to these measurements is identification 
the left atrial/pulmonary vein interface, determination of the 

Figure 22.4. Characterization of the left atrium and pulmonary veins demonstrated through 2-D 
axial views and 3-D volumetric reconstruction, demonstrating 2 left-sided pulmonary veins and 
variant anatomy with 3-right sided pulmonary veins. LAA left atrial appendage; LUPV left upper 

pulmonary vein; LLPV left lower pulmonary vein; RUPV right upper pulmonary vein; RMPV right 
middle pulmonary vein; and RLPV right lower pulmonary vein.

Figure 22.5. Characterization of the left atrium and pulmonary veins demonstrated through double oblique thick MIP (left panel), and a 3-D endocardial view demonstrating 3-right sided pulmonary veins 
(right panel).
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long axis of the vein at the os, and recognition that the vein os 
is often an ovoid shape rather than circular (Figure 22.7). 
Additionally, atrial anatomy can be defined, including patent 
foramen ovale, atrial septal defects, and atrial masses.

Factors related to atrial size and thoracic pathology as visu-
alized by CCTA are important to decisions to proceed with 
atrial fibrillation ablation. Left atrial volume is an important 
predictor of procedural success with atrial fibrillation abla-
tion, as recurrence of atrial fibrillation is associated with an 
increased left atrial volume (Figures 22.8 and 22.9). CCTA 
measured atrial volume of greater than 135 cc has been associ-
ated with a higher recurrence rate [34]. CCTA left atrial vol-
ume reference values have been determined [35], and provide 
better accuracy of left atrial size than echo determined left 
atrial diameter [36–38]. Incidental thoracic findings visualized 
on CCTA have also been demonstrated to influence decisions 
regarding proceeding with atrial fibrillation ablation [39].

The recognition of atrial thrombi is extremely important 
prior to consideration of atrial fibrillation ablation. The left 
atrial appendage is a complicated multilobed tube-like 
structure with an intricate array of pectinate muscles 
(Figure 22.10). The contractile function of the appendage 
in the setting of atrial myopathy and atrial fibrillation is 

often depressed with decreased flow velocity. These factors 
make the appendage difficult to fill with contrast during 
CCTA study, and therefore difficult to analyze for thrombi, 
as filling defects can be due to inadequate filling or thrombi 
(Figure 22.11) [40–42].

CCTA has been shown be able to rule out thrombus, with 
transesophageal echo as the gold standard comparison. In 
patients with preprocedure non-gated CCTA prior to atrial 
fibrillation ablation, the sensitivity is high for ruling out 
thrombus, especially in lower risk patients (age <52 and 
CHADS2 score <1), but specificity remains more limited 
[43]. The specificity and positive predictive value of CCTA 
to identify thrombi is low though, as some patients have 
filling defects which are due to appendage filling issues 
rather than thrombus, and inter-observer variability is high 
[43–49]. Delayed CCTA images, allowing more time for left 
atrial appendage filling, may improve appendage filling 
[50]. Imaging in the prone position may decrease false pos-
itive results [51]. The left atrial appendage/ascending aorta 
Hounsfield Unit ratio is inversely related to the degree of 
spontaneous echo contrast and thrombus [52]. A left atrial 
appendage/ascending aorta Hounsfield Unit ratio of greater 
than 0.75 has shown 100% negative predictive value [47]. 
The use of CCTA to assess for atrial thrombus requires fur-
ther investigation of imaging techniques and analysis cri-
teria. Until further study, transesophageal echo will remain 
the gold-standard study for atrial thrombus assessment.

Thoracic anatomy relevant to ablation includes the relation-
ship of the esophagus and aorta to the posterior left atrium 
and pulmonary veins (Figures 22.12 and 22.13). Left atrial-
esophageal fistula has been reported as a fatal complication of 
atrial fibrillation ablation [53]. There is variability of the course 
of the esophagus and degree of contact between the posterior 
left atrium/pulmonary veins and the esophagus. The relation-
ship between the posterior left atrium and the esophagus can 
be visualized prior to ablation. Barium swallow has also been 
used during CCTA to better visualize the esophagus [54–56]. 
Esophageal motility, change of the position of the esophagus 
with respiration, patient position, and timing of the CCTA in 
relation to the procedure can cause change in the spatial rela-
tionship of the esophagus to the posterior left atrium at the 
time of the ablation procedure. The relationship of the coro-
nary vasculature to the left atrium is also important, especially 

Figure 22.7. Identification the left atrial/pulmonary vein interface, determination of the long axis of the vein at the os, and en face visualization of an ovoid pulmonary vein os.

Figure 22.6. Characterization of the relationship between and os characteristics of a right upper 
and right middle pulmonary veins on a 3-D endocardial view.
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the relationship between the coronary veins, circumflex coro-
nary artery, and the posterior left atrium/AV groove in order 
to avoid coronary artery complications (Figure 22.14) [57]. 
Additionally, the relationship of the bronchi and pulmonary  
veins can be characterized by CCTA, and is important to 
avoid complications with ablation [58].

Electroanatomic mapping with CCTA image integration 
has revolutionized catheter-based therapies by allowing for 
electrical mapping and ablation to occur on a 3-D map of 

the patient’s individual endocardial left atrial anatomy. The 
process involves importation of the unprocessed DICOM 
images into the electrophysiology mapping system, use of 
edge detection software to define cardiac vascular struc-
tures, and editing down to structures relevant to ablation 
including the left atrium and in some electrophysiology 
laboratories the aorta and esophagus (Figure 22.15). 
Subsequently, a separate catheter-based anatomic map is 
created using landmark points in the left atrium followed 

Figure 22.8. Assessment of left atrial volume 
during atrial systole (a) and diastole (b).

Figure 22.9. Axial (a) and sagittal (b) views demonstrating profound atrial enlargement in a patient with atrial fibrillation. The left atrial volume was greater than 450 cc.
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by registration of surface points defining the endocardium 
of the left atrium. This anatomic catheter-based map is 
then integrated with the CCTA images with assessment of 
markers of successful integration defined by an acceptable 
catheter to endocardium distance, which has been demon-
strated to be feasible and accurate (Figure 22.16) [59, 60]. 
If registration is inadequate, catheter-based points are 

edited and new points registered to ensure that the atrial 
endocardial surface has been adequately mapped. Atrial 
size is important to integration techniques as greater mis-
regisration occurs with larger atrial size [61].

Electroanatomic mapping with image integration allows 
mapping of arrhythmia electrical activation and propaga-
tion, definition of electrically silent areas, assessment of 
catheter position in the atrium, and documentation of 
radiofrequency applications on the 3-D CCTA reconstruc-
tion (Figures 22.17 and 22.18). The localization of the abla-
tion catheter tip on this endocardial left atrial reconstruction 
helps to ensure that radiofrequency applications are placed 
in the atrium and not in the pulmonary veins or ostia to 
avoid pulmonary vein stenosis. Subsequent to ablation, map-
ping using this system can be performed to ensure electrical 
isolation of the pulmonary veins. Ablation guided by inte-
gration of preprocedure CCTA with real time catheter-based 
electroanatomic maps can increase the efficacy of and 
decrease complications associated with atrial fibrillation 
ablation. This technique has been shown to increase restora-
tion of sinus rhythm and decrease recurrence of atrial fibril-
lation compared to electroanatomic mapping alone [62, 63].

Pulmonary vein stenosis is a potential complication of 
atrial fibrillation ablation (Figure 22.19) [64, 65]. The inci-
dence of stenoses is dependent on technique, definition 
of significant stenosis, and degree of surveillance [66]. 
Pulmonary vein stenoses can occur when ablation lesions are 
applied directly to the pulmonary veins [67]; therefore, imag-
ing technologies which can visualize the atrial/pulmonary 

Figure 22.11. Double oblique 2-D view demonstrating a filling defect in the left atrial appendage 
with a differential diagnosis of incomplete filling of the appendage versus thrombus.

Figure 22.10. Double oblique 2-D view (left panel) showing the complex anatomy of the left atrial appendage with a multilobed tube-like structure with an intricate array of pectinate muscles (arrow). 
Endocardial views (right panels) show the relationship of the left atrial appendage os to the “coumadin ridge” and the appendage os shape.
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Figure 22.12. 3-D reconstructions (a, b) demonstrating the relationship of the aorta to the posterior left atrium and left lower pulmonary vein. A double oblique view (c) demonstrating the relationship 
of the esophagus and aorta to the posterior left atrium and pulmonary veins.

Figure 22.13. 3-D reconstructions (a, b) demonstrating the relationship of the aorta to the posterior left atrium and left lower pulmonary vein. A 2-D axial view (c) demonstrates the relationship of the 
esophagus and aorta to the posterior left atrium and pulmonary veins. In this case, the esophagus (arrow) is “sandwiched” between spine and aorta at the level of the left lower pulmonary vein.

Figure 22.14. The left-lateral view (left panel) and diaphragmatic view (right panel) of the heart. 
The left circumflex coronary artery and coronary veins are clearly displayed. The great cardiac vein is 
seen overlying the left circumflex coronary artery for a short (<30 mm) segment. The marginal vein 
is dominant, and the posterior vein is small in size. AIV anterior interventricular vein; CS coronary 

sinus; GV great cardiac vein; LA left atrium; LAV left atrial vein; LCX left circumflex coronary artery; 
LV left ventricle; MV middle cardiac vein, MRV marginal vein, PV posterior vein (reprinted with per-
mission of Elsevier from Mao et al [77].



300 Cardiac CT Imaging: Diagnosis of Cardiovascular Disease

Figure 22.15. Initial image 
processing for electroanatomic 
mapping with CCTA image 
integration showing segmen-
tation of vascular structures (a) 
with the aorta (green), pulmo-
nary arteries (orange), right 
atrium and right ventricle (yel-
low) edited out, with the left 
atrium (purple) subsequently 
rotated to demonstrate the 
posterior left atrium (b).

Figure 22.16. Image pro-
cessing for electroanatomic 
mapping with CCTA image 
integration with a catheter-
based anatomic map of the left 
atrium (a, upper image) and 
the 3-D volume rendered CT 
image of the left atrium (a, 
lower image) with integration 
of these images (b).

vein interface are important to applying ablation lesions 
within the atria rather than the pulmonary veins. CCTA 
 integration with catheter-based mapping has also been 
shown to decrease the incidence of pulmonary vein stenosis 
[63]. The baseline preprocedure study can serve as a template 
for assessment of pulmonary vein stenosis and can identify 

 pre-existing pulmonary vein stenoses due to other etiologies 
preventing misdiagnosis of ablation related stenosis [68].

Recurrence of atrial fibrillation or occurrence of atrial 
flutter can occur after atrial fibrillation ablation proce-
dures. Achieving uninterrupted ablation lines around pul-
monary veins and uninterrupted linear lesions within the 
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atrium is important to the performance of atrial fibrilla-
tion ablation procedures, as gaps within these lesion lines 
can lead to unsuccessful isolation. Gaps within ablation 
lines can also serve as substrate for postablation left atrial 
flutter circuits, using the gap as a substrate for reentry [26, 
69]. Image integration allows for registration of the posi-
tion of ablation lesions, therefore facilitating creation of 
continuous ablation lines.

Although CCTA can identify the position of the esopha-
gus in relation to the left atrium before ablation, additional 
techniques are used in the electrophysiology laboratory to 
help avoid the complication of atrial esophageal fistula. 
Integrated imaging can be used to identify the position of 
the esophagus during ablation [56]. Esophageal tempera-
ture probes and intracardiac echo can be used to help avoid 
esophageal complications such as atrial esophageal fistulas 
[70, 71]. CCTA or CMR image integration with catheter-
based intracardiac maps can be additionally integrated 
with real time intracardiac echocardiography, providing 
real time visualization of the esophagus as well as visual-
ization of transseptal puncture, appendage thrombi, abla-
tion catheter contact and lesion depth, pulmonary vein 
stenosis, and pericardial effusion (Figures 22.20 and 22.21) 
[71–75]. Multimodal imaging with integration of CCTA 
images and real-time fluoroscopy is also being preliminar-
ily investigated [76].

Figure 22.17. Electroanatomic mapping with image integration demonstrating an endocardial 
view of the left upper pulmonary vein after radiofrequency catheter isolation of the vein with encir-
cling radiofrequency energy applications (red spheres).

Figure 22.18. Electroanatomic mapping with image integration demonstrating mapping of arrhythmia electrical activation (a) and arrhythmia wavefront propogation (b).
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Cardiac Resynchronization Therapy

CCTA can visualize the coronary venous system and may 
potentially play an important role in the evolution of car-
diac resynchronization therapy (CRT) (Figure 22.22) [77–
79]. CRT is used to optimize cardiac function through 
resynchronization of ventricular contraction in patients 
with dilated ischemic and nonischemic cardiomyopathy, 
ventricular conduction abnormalities, and moderate to 
severe heart failure [80–82]. With CRT, a chronic pacing 
lead is placed in a branch vessel of the coronary venous 
system to achieve left ventricular pacing. As opposed to the 
right atrial and right ventricular leads, which can be actively 

fixated in many positions in their respective chambers, 
placement of the coronary venous lead can be challenging, 
as lead position is limited by the individual confines and 
variation of the existing coronary venous anatomy.

Coronary venous imaging can provide roadmaps for CRT 
coronary venous lead placement, with potential avoidance of 
a percutaneous approach in the setting of inadequate coro-
nary venous anatomy. CCTA can provide detailed assessment 
of the coronary venous anatomy, with coronary sinus diam-
eter, branch vessel 3-D location relative to the left ventricle, 
branch vessel diameter, and branch vessel angulation off of 
the coronary sinus/great cardiac vein (Figure 22.23) [77]. 
CCTA can also visualize structures which could limit access 

Figure 22.19. 2-D (a) and 3-D (b) volume rendered images demonstrating pulmonary vein stenosis of a left lower pulmonary vein (courtesy of Dr. Jeffrey Schussler, Baylor University Medical Center, Dallas, TX).

Figure 22.20. Components of electroanatomic mapping with CCTA and intracardiac echo image integration, with a catheter-based anatomic map (upper left image), CCTA (lower left image), and intracar-
diac echo (right image).
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to the coronary venous system, such as a prominent Thebesian 
valve covering the coronary sinus os (Figure 22.24) [83]. 
Other abnormalities, such as coronary sinus diverticula 
(Figure 22.25) and a left superior vena cava to coronary sinus 

connection (Figure 22.26), can be identified. Visualization of 
the phrenic nerve and its relation to the coronary venous 
anatomy may be important to the avoidance of diaphrag-
matic pacing (Figure 22.27) [84]. In cases where the coronary 
venous anatomy is not amenable to a venous approach to left 
ventricular lead placement, CCTA can facilitate planning of 
approach to epicardial lead placement (Figure 22.28).

Further research is required to assess the use of CCTA 
images comprehensively for facilitation of CRT. Preliminary 
data suggest that preprocedure knowledge of the 3-D coro-
nary venous anatomy can facilitate procedures through 
decreased procedure time and utilization of guide catheters 
[85]. The assessment of correlation between CCTA visual-
ized sites of coronary venous branch veins and echo derived 
area of latest mechanical activation has been associated 
with acute response to CRT, with lack of response associ-
ated with disparity in location between these sites [86].

The CMR literature has shown that the amount of and 
location of myocardial infarct scar visualized with CMR 
delayed gadolinium enhancement imaging is important to 
CRT response. The percent total scar predicted response to 
CRT, with greater response in patients with less than 15% 
percent total scar and poor response in patients with poste-
rolateral scar [87–89]. Delayed contrast enhancement imag-
ing of myocardial infarction has been performed with CCTA, 
but requires further study regarding optimal image acquisi-
tion analysis [90–94]. Comprehensive analysis of factors 
important to response to CRT including coronary venous 
anatomy, 3-D global and regional ventricular function, and 
delayed enhancement requires further assessment for CRT 
planning and facilitation to maximize CRT response.

Figure 22.21. Electroanatomic mapping with 
CCTA and intracardiac echo image integration 
demonstrating an endocardial view after radiof-
requency catheter pulmonary vein isolation 
with encircling radiofrequency energy applica-
tions (red spheres).

Figure 22.22. 3-D volume rendered image demonstrating visualization of the coronary venous 
system including the coronary sinus (double white arrow), a middle cardiac vein (black arrow), and 
a posterolateral vein (single white arrow).
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Summary

CCTA provides comprehensive assessment important to the 
diagnosis and treatment of electrophysiologically- relevant 
cardiovascular disease. The ability to rapidly analyze cardio-
vascular structures relevant to cardiac electrophysiology as 
well as use of image sets to facilitate ablation and device pro-
cedures has advanced the field of cardiac electrophysiology. 
The role of advanced cardiac imaging in the diagnosis and 
treatment of electrophysiologic disease will continue to 
expand, with a greater spectrum of applications related to 
identification of arrhythmogenic substrates and the mapping 
and ablation of a greater spectrum of arrhythmias.

Figure 22.23. CCTA 3-D views demonstrating localization of the myocardial segment associated with the distal portion of the posterolateral vein.

Figure 22.24. Axial images at the coronary sinus os level demonstrating a prominent Thebesian 
valve. CS coronary sinus; RA right atrium; RV right ventricle; LV left ventricle (reprinted with permis-
sion of John Wiley and Sons from Shinbane et al [83]).

Figure 22.25. CCTA demonstrating a coronary sinus diverticulum (arrow). CS coronary sinus; DV 
diverticulum; GV great cardiac vein; IV inferior vena cava; LA left atrium; MV marginal vein; RA right 
atrium.

Figure 22.26. 3-D volume rendered view demonstrating a left superior vena cava with connec-
tion to an aneurysmal coronary sinus. A right-sided superior vena cava was not present.
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Figure 22.27. 3-D volume rendered image showing visualization of the course (a–e) of the left 
phrenic nerve (reprinted with permission of Elsevier from Matsumoto et al [84]).

Figure 22.28. 2-D (a) and 
3-D (b–d) views demonstrat-
ing anterior rotation of the left 
ventricle and relation to skeletal 
structures useful to planning a 
minimally invasive approach to 
epicardial left ventricular lead 
placement in a patient with 
coronary venous anatomy not 
amenable to a percutaneous 
approach to cardiac resynchro-
nization therapy.
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Introduction

Coronary computed tomographic angiography (CCTA) has 
become one of the diagnostic tests of choice for the deter-
mination of the presence and severity of coronary athero-
sclerosis. With its high specificity, CCTA can be an extremely 
helpful test in determining which patients do not require 
cardiac catheterization. Given this fact, it seems somewhat 
counter-intuitive that the interventional cardiology com-
munity has embraced this technology. One would theorize 
that a strong noninvasive angiography program would 
reduce volume and divert patients away from the catheter-
ization lab. In fact, centers where CCTA is available do not 
appear to have lead to a reduction in invasive volumes [1].

CCTA can also help interventionalists plan percutaneous 
coronary intervention (PCI) strategies, alerting them to the 
presence of left main or multi-vessel disease, length and 
severity of lesions, presence and amount of calcification, tor-
tuosity, coronary variants, and anomalies. Additionally, it has 
a wide range of utility after revascularization including fol-
low-up after PCI to evaluate stent patency, and after coronary 
artery bypass grafting (CABG) to evaluate graft patency.

Invasive Cardiac Catheterization

Invasive cardiac catheterization, the “gold standard” diag-
nostic technique for the evaluation of coronary artery dis-
ease (CAD), has been used for clinical evaluation of 
coronary stenosis since the 1960s [2–4]. However, it has 
several well known drawbacks. There is a certain degree of 
inter-observer variation when describing degree of steno-
sis [5]. Quantitative coronary angiography (QCA), which is 
not used routinely in clinical practice, is helpful but does 
not eliminate this error [6, 7].

Since coronary angiography only allows for the definition 
of the lumen of the coronary only, the wall of the coronary 
artery remains nonvisualized unless intravascular ultra-
sound is used [8, 9]. This leads to under-identification of the 

presence of disease in patients with minimal disease, and 
can contribute to underestimation of plaque burden due to 
compensatory expansion of the coronary arteries [10–13]. 
These relatively minor stenoses can be the cause of future 
acute coronary syndromes and myocardial infarction [14].

There is a small but inherent risk of complication associ-
ated with invasive evaluation of the coronary arteries. This 
is due to the need to directly instrument the coronary artery 
as well as the obligate arterial access. The risk of major 
complications such as death is approximately 0.1% [15, 16], 
with a combined risk of all major complications (e.g., stroke, 
renal failure, or major bleeding) of 2 % [17, 18]. Minor 
complications such as local pain, ecchymosis, or hematoma 
at the access site can be higher, and are frequently a source 
of delayed discharge and patient dissatisfaction [19].

Invasive coronary angiography is considered the “gold 
standard” for definitive cardiac evaluation in patients with 
chest pain [17]. As it is such a powerful tool, it has even 
been suggested that invasive angiography should be the 
test of choice in inpatients with chest pain [20]. Angiography 
has been shown to be better able to detect the presence of 
atherosclerotic coronary disease than functional tests, 
reduces early returns to the emergency department, and 
has an overall higher level of patient satisfaction [21]. 
Invasive angiography has even been suggested as the 
screening test of choice in the primary prevention of CAD 
[22]. However, due to the aforementioned risks, it often is 
used as second line in patients who have low-to-moderate 
presumed risk or after performing functional testing [23].

Coronary Evaluation

Determination of Coronary Atherosclerosis 
Prior to Invasive Evaluation and Intervention

With its high specificity and negative predictive value, CCTA 
has the ability to exclude the majority of patients who have no 
significant disease. In patients with chest pain who have no 
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observable coronary disease by CCTA, there is a nearly 100% 
chance that they will not have the need for further cardiac eval-
uation, and will have no cardiac events up to 3 years (Figure 23.1) 
[24]. It is also accurate enough to determine which arteries 
have high-grade lesions, and which have  minimal disease 
(Figure 23.2) [25–28]. This can mean the difference between 

planning an intervention on a single proximal vessel or on the 
expectation of a difficult multiple vessel intervention [29, 30]. 
CCTA may also allow for improved planning of clopidogrel 
loading prior to catheterization. If surgical disease is discov-
ered on CCTA, a “loading dose” of clopidogrel may be with-
held, reducing a delay in  revascularization (Figure 23.3). It can 

Figure 23.1. Normal CCTA in a 55 year old woman with risk factors for coronary disease and chest pain. A three dimensional view of the coronary anatomy (a) demonstrates a right dominant system 
without coronary anomalies. Individual curved reformatted images of the left anterior descending (b), left circumflex (c), and right coronary artery (d) demonstrate no plaque in any of the arterial tree.
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also allow for a “preview” of the coronary anatomy for plan-
ning of stent placement, including stent sizing prior to diag-
nostic catheterization (Figure 23.4) CCTA may be helpful to 
identify the location of the ostia of the coronary arteries. Even 
in cases where true anomalies are not present, it can be helpful 
to know that a patient has an “anterior takeoff” of a right coro-
nary, as this may lead to use of specific types of catheters for the 
engagement of that artery (Figure 23.5).

Total Occlusions

Since the bolus of contrast reaches the arteries simultane-
ously, it is difficult to distinguish high-grade lesions from 
totally occluded coronaries. Newer data suggest that when 
occlusions are found, CCTA may be helpful in defining the 
length of stenosis, complexity of the plaque, and therefore 
give insight into the potential ease or difficulty in 

Figure 23.2. Patient with chest pain referred for CCTA. A high-grade lesion is seen in the mid left anterior descending (a, arrow). More moderate plaque is noted proximal to the lesion (a, arrowhead). The 
same lesions are seen on the follow-up invasive angiogram (b).

Figure 23.3. CCTA demonstrating a high-grade noncalcified plaque involving the ostium of the left 
anterior descending (LAD) and distal left main (a, arrow). The invasive angiogram (b) is shown for 
comparison. Based on the findings of the CCTA scan, it was felt that the location of the plaque was 

unfavorable for PCI as there would be a high risk for compromise of the left circumflex, ramus inter-
medius (RI), and first diagonal branches. This was less apparent on invasive angiography. A surgical 
consultation was obtained, and the patient went on to successful bypass of the LAD, diagonal, and RI.
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undertaking complex percutaneous revascularization of 
these lesions [31–33] (Figure 23.6).

Left Main Disease

The presence of severe left main disease is potentially dan-
gerous if not known prior to diagnostic angiography. 
Placement of a catheter into a diseased left main coronary 
artery can cause dramatic reduction of coronary blood 
flow, and can even result in death during diagnostic angiog-
raphy [34, 35]. In a situation where left main disease is dis-
covered on the CCTA, plans can be made to use smaller 
diagnostic catheters, or even have an intra-aortic balloon 
pump stationed close at hand. Left main disease identified 
on the CCTA allows preparation for the potential hemody-
namic compromise of engaging a catheter in a severely dis-
eased left main coronary. It is important to remember that 
CCTA cannot give hemodynamic information. It is prudent 

to proceed to invasive evaluation if noninvasive angiogra-
phy suggests significant left main stenosis (Figure 23.7).

Plaque Evaluation

CCTA, like intravascular ultrasound (IVUS), has the ability 
to visualize plaque and to roughly quantify its amount [36–
38]. It is well known that patients with minimal CAD may 
still have events due to plaque which is not fully defined by 
invasive coronary angiography. These types of nonstenotic 
plaques are detectable by CCTA, and there is ongoing research 
assessing definition of unstable plaque using CCTA [39–41] 
(Figure 23.8). Glagov remodeling of coronary atherosclerotic 
lesions can be appreciated on CCTA. As the plaque intrudes 
on the lumen of the artery, compensatory expansion of the 
artery occurs, which is seen on CCTA, but not by conven-
tional angiography [42, 43]. Artery remodeling is often a clue 
that the stenosis seen by CCTA is severe (Figure 23.9).

Figure 23.4. CCTA of a patient with cardiac risk factors and chest pain. A CCTA (a, b, arrows) dem-
onstrates a high grade lesion in the proximal right coronary artery. The severity is suggested by the 
complex nature of the plaque, with both soft and calcific portions, as well as the compensatory 
expansion of the artery within the most severe area (c). The length and the extent of plaque were 

evident from the CCTA (c). Invasive coronary angiogram confirmed the high grade lesion in the right 
coronary artery (d, e, arrows). A stent was selected (f) to cover not only the high grade area (arrow), 
but also the more moderate plaque proximal and distal to the most severe portions of the lesion (f). 
(Reprinted with permission from Bhella, Hassan, and Schussler.).
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Post Intervention Evaluation by CCTA

Post-PCI Evaluation

CCTA can be used for evaluation of stent patency. Imaging 
through stents (especially in smaller arteries) can be prob-
lematic due to a significant amount of beam hardening arti-
fact due to the scatter of X-rays by the metallic stents. It is 
important to use appropriate window and threshold levels 

to obtain adequate images. In-stent restenosis, a process 
that is brought on by smooth muscle cell migration and 
neointimal hyperplasia, has also been successfully evaluated 
by CCTA [44–46] (Figure 23.10).

Post-Bypass Evaluation

There are excellent data to support the use of CCTA in the 
evaluation of post- CABG patients [47–49]. In some 

Figure 23.5. CCTA of a patient with an “anterior” takeoff of the right coronary artery (RCA). The 
axial images (a) demonstrate the ostium of the right coronary artery slightly higher and more ante-
rior than normally seen. The location on the axial “clock-face” of the aortic root is approximately 
“1 o’clock” rather than the normal “10–12 o’clock” seen in most coronary trees. This is not truly 

anomalous and has no impact on the function of the artery. The ostium (b) has a normal round 
orifice. Three dimensional views (c) show the high-anterior takeoff in relation to the cusp and the 
left main. The pulmonary outflow (d) does not impinge on the artery. This artery would be best 
catheterized using a modified Amplatz-type catheter rather than a typical Judkins-right catheter.
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respects, the imaging of bypass grafts is easier as there is 
less movement of the grafts and greater contrast between 
the contrast in the grafts and the surrounding tissue. 
Visualization of graft patency is often more easily per-
formed using 3D views rather than axial or even MPR 
views. For many newer post-bypass studies, CCTA has 
become the test of choice to evaluate graft patency rather 
than traditional invasive evaluation [50–53] (Figure 23.11). 
It is important to alert the technologist that the study is to 
be performed with attention to bypass grafts so that more 
of the ascending aorta is visualized. Slice thickness may be 
increased to reduce radiation. Imaging can be performed 

on conduits with metallic proximal connectors, but there 
may be some hardening artifact when many metallic clips 
are present [52, 54, 55].

Patients are sometimes referred for invasive catheteriza-
tion with a history of CABG surgery, without information 
regarding the types of grafts or which arteries were 
bypassed. It can then be a challenging and time-consuming 
task to find all of the grafts at cardiac catheterization. CCTA 
can be helpful, not only by delineating which grafts are pat-
ent, but by providing a “roadmap” as to the number of 
grafts, their origins, as well as the location of the anasta-
moses with native vessels prior to invasive angiography.

Figure 23.6. High-grade lesion in the left anterior descending, demonstrated by invasive angiography (a) and CCTA (b). The lesion has the same CCTA characteristics as a complete occlusion with bridging 
collaterals (c, d). There is paucity of contrast, compensatory expansion, and a large plaque burden. Complete occlusions cannot be easily distinguished from very high-grade stenoses base on CCTA.
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Even though evaluation of bypass grafts is relatively 
straightforward with CCTA, it has to be kept in mind that, 
in most cases, the clinical situation will warrant evaluating 
not only the status of the patient’s bypass grafts, but also 
that of the native coronary arteries either distal to the 
bypass insertion site or of those coronary arteries that did 
not receive a bypass graft. Frequently, evaluation of native 
arteries in patients with bypass grafts tends to be difficult 
or even impossible with CCTA because of the often pro-
nounced calcification that exists in the native coronary 
arteries of CABG patients [56, 57].

Evaluation of the Noncoronary  

Cardiac Surgery Patient

There is growing literature to support a strategy of nonin-
vasive coronary angiography in patients with only low or 
moderate risk for coronary disease, prior to noncoronary 
cardiac surgery [58–61]. With congenital heart disease, cor-
onary anomalies, or cardiac masses, it may actually be more 
advantageous to perform a CCTA, as it gives additional 
structural information which is relevant to the case 

Figure 23.7. High-grade stenosis of the left main coronary artery seen by CCTA (a, arrowhead). 
The corresponding invasive coronary angiogram is seen (b, arrowhead), demonstrating a severe 
angiographic stenosis. There was immediate “damping” of the pressure tracing upon engagement 
of a 4-French diagnostic catheter. The noninvasive study was so dramatically abnormal that it 

prompted the operator to deliberately choose a smaller French-sized catheter than normal, and 
have an intra-aortic balloon pump in the room prior to catheterization. (Reprinted with permission 
from Schussler et al).

Figure 23.8. Essentially “normal” coronary angiogram in a 33-year-old woman. A “luminal irregularity” (a, white arrowhead) in the left anterior descending artery corresponds to a non-calcified plaque  
(b, black arrow) seen by CCTA. It is possible that by defining asymptomatic, sub-clinical plaque in younger patients, they may be prescribed statin therapy long before they would otherwise have been treated.
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Figure 23.9. CCTA and invasive angiogram in a man with chest pain. The proximal LAD has a com-
plex, high-grade stenosis (a, arrow). Closer and cross-sectional views of the plaque (b, arrow; c) 
show that it is made up of soft and calcified plaque, and there is expansion of the artery when 

compared to more proximal reference sections. Invasive angiography (d, arrow) may have more 
difficulty demonstrating the severity of plaque burden due to the compensatory expansion.

Figure 23.10. A CCTA of a patient with previ-
ous stents placed in the left anterior descending 
(LAD) and left circumflex (LCx), now having chest 
pain. Three dimensional image (a) show the 
location of the stents. The curved reformatted CT 
images demonstrate patency of the LAD stent (b, 
arrow) and the LCx stent (c, arrow). The right 
coronary artery has only minimal disease (d). 
No further cardiac testing was needed with this 
patient.
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[62–64]. Conceivably, CCTA technology could advance to 
the point where the decision to proceed even with coronary 
revascularization could be made without any invasive tests 
being performed (Figure 23.12).

Conclusion

Interventional cardiologists should embrace CCTA as a 
helpful addition to their armamentarium to diagnose and 

help combat cardiovascular disease. There are many situa-
tions in which the use of CCTA is not only complementary, 
but better than its invasive counterpart in the evaluation of 
the cardiac patient. It can be an enormous aid in the plan-
ning of interventional procedures, and can give additional 
information which invasive angiography cannot. In the 
future, with additional improvements in resolution and 
reduction in radiation exposure, there may come a time 
when all patients will have CCTA as a prelude to an  invasive 
procedure.

Figure 23.11. CCTA to evaluate a patient with previous coronary artery bypass graft surgery. This 
patient’s anastamoses were fashioned using nitinol clips. There is a patent saphenous vein graft 
(SVG) to the right coronary (a, d, arrowhead). A SVG to the circumflex system (b, c, e, arrow) 

 demonstrates a narrowing at the ostium of the graft. The proximal native circulation is shown to 
have occlusion of the proximal RCA and calcific plaque of the proximal LAD and LCx (f).
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CCTA: Cardiothoracic Surgery Applications

Jerold S. Shinbane, Mark J. Cunningham, Craig J. Baker, and Vaughn A. Starnes 

Introduction

Cardiovascular computed tomographic angiography (CCTA) 
has great relevance for cardiothoracic surgical procedures, 
providing information essential to decisions regarding pro-
ceeding with surgical intervention, presurgical planning, as 
well as assessment for surgical efficacy and complications. In 
addition to visualization cardiovascular anatomy, CCTA pro-
vides a 3-D view of the relationships between thoracic skel-
etal, vascular, visceral, and cardiac structures (Figure 24.1). 
The spectrum of approaches to cardiovascular surgery has 
expanded to minimally invasively procedures [1, 2]. CCTA 
3-D full field of view images with use of editing software 
enables visualization of multidimensional planes important 
to achieving access to target structures while avoiding 
important vascular and visceral thoracic structures for plan-
ning of these minimally invasive procedures.

Imaging Related to Coronary  

Artery Disease

CCTA has particular significance to planning of reoperation 
for coronary artery disease, as the number of prior opera-
tions incrementally increases risk. At re-operation, the 
majority of adverse events occur during sternotomy or pre-
bypass dissection including injury to bypass grafts and great 
vessels [3, 4]. CCTA can demonstrate structures coursing 
immediately posterior to the sternum which may require 
special precautions (Figure 24.2 and 24.3). High risk features 
on CCTA include the right ventricle or aorta less than 1 cm 
from the chest wall and coronary artery bypass grafts cours-
ing across the midline less than 1 cm from the sternum [5]. 
Preoperative CCTA assessment of the relationship of cardio-
vascular structures to the sternum has been used to plan 

Figure 24.2. A 2-D axial view showing the right ventricle coursing immediately posterior to the 
sternum.

Figure 24.1. A 3-D reconstruction demonstrating the relationships between thoracic skeletal, 
 vascular, visceral, and cardiac structures.
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alternate approaches in patients with high risk sternotomy 
anatomy, including: cancelation of surgery, nonsternotomy 
incisional approach, deep hypothermic cardiac arrest, initia-
tion of peripheral cardiopulmonary bypass, and peripheral 
vascular dissection and exposure prior to midline sterno-
tomy [5, 6]. Skeletal defects, traumatic injury, metastatic dis-
ease, abscess, and osteomyelitis in the sternum can also be 
identified (Figures 24.4 and 24.5).

In the setting of initial surgery as well as re-operation for 
obstructive coronary artery disease, the use of CCTA to 
define native coronary anatomy has limitations due to cal-
cification of native coronary arteries and inability to define 
collateral flow; therefore invasive coronary artery remains 
the gold standard. CCTA though can be useful in assessing 
graft location and graft patency (Figure 24.6). CCTA may 
be useful prior to redo of coronary artery bypass graft sur-
gery in situations where cardiac catheterization was unable 
to completely define graft anatomy, particularly as to 
whether a graft was occluded vs. unable to be cannulated at 

cardiac catheterization. CCTA in both the native as well as 
operated setting can define the location and patency of the 
left and right internal mammary arteries (Figure 24.7). 
Depending on the field of view, CCTA can assess for subcla-
vian artery stenoses. If only graft location is required, 
increased slice thickness could be performed to decrease 
radiation dose. Clip artifacts may make assessment of 
grafts more challenging, particularly at the anastamosis 
site with the native coronary artery (Figure 24.8).

In the setting of coronary artery disease associated with 
severe ischemic cardiomyopathy, challenging decisions 
relate to transplant vs. high risk coronary artery bypass sur-
gery, often with additional decisions as to valvular repair or 
replacement and ventricular aneurysmectomy. Assessment 
of myocardial viability has become important to the prepro-
cedure decision-making process. Cardiovascular magnetic 
resonance imaging (CMR) has played an important role in 
this assessment due to the ability to assess for infarct related 
fibrosis as well as regional contractility [7–10]. Infarct related 

Figure 24.3. Anomalous coronary arteries (arrows) coursing in close proximity to the sternum. (a) 3-D volume rendered view demonstrating sternum. (b) 3-D volume rendered view with sternum partially 
edited to demonstrating the anomalous coronary circulation. (c) 3-D volume rendered view demonstrating the relation of coronary arteries to sternum.
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fibrosis can be defined quantitatively as percent myocardium 
infarcted, with  additional definition of segmental location 
and transmurality of infarcted myocardium. Additionally, 
assessment of ventricular volumes, wall motion, myocardial 
perfusion, valvular function, and ventricular thrombus can 
be performed. These images can also be used for decision-
making regarding viability and ventricular dimensions for 
planning of coronary artery bypass surgery and aneurys-
mectomy (Figure 24.9).

More recently, CCTA delayed enhancement imaging has 
been shown to reliably demonstrate fibrosis associated with 
myocardial infarction. In animal models, delayed contrast 
imaging has been shown to correlate with acute and chronic 
infarct shape and transmurality including assessment for 
necrosis in the acute setting [11]. This technique requires rei-
maging 10–15 mins after administration of iodinated contrast 
and therefore requires additional radiation. The technique 

has been demonstrated to correlate with thallium SPECT 
assessment of viability [12]. In the setting of acute myocardial 
infarction, CCTA delayed enhancement correlates with CMR 
assessment of viability [13]. Delayed enhancement imaging 
can also be performed immediately after cardiac catheteriza-
tion without contrast reinjection (Figure 24.10). In this set-
ting, CCTA delayed enhancement was associated with 
increased subsequent heart failure admissions and correlated 
with low dose dobutamine assessment of viability [14, 15]. As 
techniques evolve, CCTA delayed enhancement imaging may 

Figure 24.4. Sagittal views demonstrating traumatic injury to the chest. (a) Demonstration of sternal fracture (arrow). (b) Demonstration of pneumopericardium (arrow).

Figure 24.5. Sternal metastasis in a patient with aortic dissection.

Figure 24.6. CCTA 3-D view showing a left internal mammary artery to the left anterior descend-
ing coronary artery (black arrow), saphenous vein graft to an obtuse marginal branch (double black 
arrow), saphenous vein graft to a diagonal artery (white arrow), and saphenous vein graft to the 
posterior descending artery (double white arrow).
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ultimately serve in a similar capacity to CMR for preoperative 
decision-making and planning.

Imaging Related to Valvular Disease

The role of CCTA in procedures for valvular disease includes 
open surgical, minimally invasive, and percutaneous 
approaches. Preliminary data suggest that CCTA can pro-
vide preoperative assessment of valvular and coronary 
artery anatomy, allowing for valvular surgery without the 
need for invasive cardiac catheterization in some clinical 
scenarios. The high negative predictive value of CCTA allows 
patients without obstructive disease on CCTA to proceed 
with valve surgery without invasive coronary angiography 
[16–18]. In addition to ruling out obstructive coronary 
artery disease, CCTA can be used to quantitatively assess 
valve area with planimetry in aortic stenosis comparable to 
that achieved with echo and cardiac catheterization [19–22]. 
Aortic annulus size as well as degree of calcification corre-
lates with echo and surgical findings [23]. In the setting of 
aortic regurgitation, assessment can be made of the 

regurgitant orifice [24]. Additionally, CCTA may be used for 
assessment of the optimal incision site when a minimally 
invasive approach is contemplated. Special considerations 
and limitations to CCTA imaging techniques exist, as acute 
beta blockade and sublingual nitroglycerin may be con-
traindicated as part of the CCTA imaging protocol in patients 
with severe to critical aortic stenosis.

Percutaneous approaches to aortic valve disease include 
a transfemoral retrograde aortic approach or a transapical 
approach [25]. In transcatheter aortic valve replacement, 
CCTA can provide detailed information important to 
placement including aortic root dimensions, morphology 
of the aortic annulus, distance from the aortic annulus to 
the coronary artery ostia, and visualization of calcified 
plaques close the left main ostium (Figure 24.11) [26, 27]. 
Postoperatively, CCTA can define placement of the pros-
thetic valve and the relation of valve to the left main. In one 
study, in 50% of cases, the prosthetic valve extended into 
the left main ostium and valvular calcium was within 5 mm 
of the os [28]. Peripheral CCTA can provide assessment of 
factors limiting a transfemoral retrograde aortic approach, 
due to the large French size of the introducers. Factors 

Figure 24.7. CCTA visualization of the left (a) 
and right (b) internal mammary arteries.
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limiting placement via a transfemoral approach include 
small luminal diameter of the ilio-femoral arterial system, 
significant vessel calcification, and severe angulation 
between the common and external iliac arteries [29].

Regarding mitral valve procedures, CCTA can assess 
mitral valve geometry, tenting height, and leaflet tethering 
related to functional mitral regurgitation in patients with 
congestive heart failure [30]. In percutaneous mitral valve 
annuloplasty, the relationships between the mitral annulus, 
coronary venous anatomy, and coronary arteries are impor-
tant to  procedural decision-making. CCTA can provide 
important 3-D information on these relationships, particu-
larly in regard to the relationship of the coronary sinus/great 
cardiac vein to the mitral annulus as well as the 3-D relation-
ships between the circumflex coronary artery, coronary 
sinus/great cardiac vein, and mitral annulus to avoid injury 
to the circumflex coronary artery [31, 32].

Endocarditis involving the aortic valve and aortic root 
can provide particularly challenging scenarios for cardiac 
catheterization due to large aortic vegetations, aortic pseudo-
aneurysms, and aortic root abscesses. CCTA can define the 
extent of infection regarding abscess, pseudo-aneurysms, 
and the fistula location as well as providing assessment 
of coronary artery anatomy (Figure 24.12) [33]. As these 
patients are sometimes critically ill, heart rate control may 

be difficult, but images may still be diagnostic. Prosthetic 
valve function can be viewed similarly to fluoroscopic views 
in order to assess mechanical valve motion as well as the 
 presence of thrombus/vegetation (Figure 24.13).

Aortic Imaging

CCTA and CMR diagnosis of acute and chronic aortic dis-
ease is well-established. These technologies can visualize 
dissection, intramural hematoma, penetrating ulcer, aortic 
aneurysm, and aortic rupture, detailing dissection flap entry 
and exit site, location and extent of true and false lumen, 
dissection into branch vessels, involvement of the sinuses of 
Valsalva, dissection into the coronary arteries, and dissec-
tion into the pericardium [34–36]. CCTA can assess coro-
nary artery anatomy when cardiac catheterization is high 
risk or unachievable due to aortic pathology, such as severe 
atherosclerotic disease with large atheromas, thrombi, aneu-
rysms, or dissections (Figure 24.14 and 24.15). Similarly, in 
settings of trauma where rapid assessment for thoracic and 
coronary artery traumatic abnormalities is vital, CCTA may 
be useful [37–39]. CCTA provides assessment of vascular 
dimensions for endograft sizing and placement important 
to endovascular aneurysm repair [40]. The presence and 

Figure 24.8. Surgical clip artifacts (white 
arrows) with a clip (double white arrow) obscuring 
the anastamosis of the left internal mammary 
artery graft to the left anterior descending coro-
nary artery.
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Figure 24.9. Presurgical assess-
ment in a patient with ischemic 
cardiomyopathy showing trans-
mural mid to distal anterior and 
inferior wall myocardial infarctions 
(arrows) on delayed gadolinium 
enhancement views with viability 
of basal segments of these walls 
and of the lateral territory. (a) 4 
chamber delayed gadolinium 
enhanced view. (b) 2 chamber 
view delayed  gadolinium enhanced 
view. The patient underwent coro-
nary artery bypass graft surgery 
and ventricular aneurysmectomy. 
(c) Presurgical steady state free 
precession 4 chambers view. (d) 
Postsurgical steady state free pre-
cession 4 chambers view.

Figure 24.10. Delayed enhancement imaging performed immediately after cardiac catheteriza-
tion without contrast reinjection, demonstrating inferior and inferolateral delayed enhancement 
on a short axis view.

Figure 24.11. Double-oblique view in the plane of the aortic root demonstrating the relationship 
of the aortic annulus, sinuses of Valsalva, sinotubular junction (white arrows, caudal to cranial), and 
left main coronary artery ostium (black arrow).
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degree of atherosclerosis, calcification, and thrombus can be 
important to cross clamp decisions related to multiple types 
of cardiothoracic procedures. CCTA can also be useful in 
the assessment of infected aortic aneurysms, with findings 
including saccular structure, contiguous soft tissue masses, 
contrast enhancement, fluid, gas, and adjoining bone 
destruction [41].

Pericardial Disease

Assessment for constrictive pericarditis is challenging and 
often involves multiple modalities of imaging including 
echocardiography as well as invasive cardiac catheteriza-
tion to assess hemodynamic elements. CT can be helpful in 
assessing pericardial thickness by cardiac region as well as 

the degree of calcification [42–44]. Surgical complications 
often relate to coronary artery damage related to dissecting 
the pericardium away from the coronary arteries. CCTA 
can define the relationship between the pericardium and 
coronary arteries, including areas of pericardial thicken-
ing, pericardial calcification, as well as tethering of coro-
nary arteries on dynamic images (Figure 24.16).

Decisions regarding percutaneous vs. surgical approaches 
to drain pericardial fluid collections can be facilitated by 
CT assessment of the location, extent, and tissue character-
istics of the pericardial effusion [45]. A percutaneous 
approach may be limited by the complexity of the effusion 
with loculation or effusion tissue attenuation consistent 
with blood, proteinaceous material, or thrombus as well as 
the accessibility to the effusion determined by the relation 
to skeletal and thoracic structures (Figure 24.17).

Congenital Heart Disease

In native or operated congenital heart disease, CCTA is use-
ful for determining anatomy and physiology important to 
surgical planning, particularly in patients with pacemakers 
and devices, as CMR is limited in use in these settings [46, 47]. 
Decisions regarding the use of CCTA vs. CMR depend on 
multiple factors, including the age of the patient, need for 
assessment of small vessel anatomy, and presence of either 
pacemakers or ICDs. The associated radiation with CCTA is 
a major issue, although techniques to minimize dose are 
being advanced [48, 49]. CCTA definition of thoracic and 
abdominal situs, rotational abnormalities of thoracic vascu-
lature, atrial and ventricular septal defects, shunts and 

Figure 24.12. Multiplane views showing the relationship of an aortic pseudoaneurysm (black arrows) to the right coronary artery (white arrows) in a patient with aortic valve endocarditis.

Figure 24.13. Functional images demonstrating an immobile anterior leaflet of a mechanical 
prosthetic mitral valve due to thrombus.
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Figure 24.14. A large aortic aneurysm which may impede invasive cardiac catheterization, with multiomodal views including (a) 3-D view; (b) Curved multiplanar reformat view visualizing the left anterior 
descending coronary artery; (c) Axial view; (d) Coronal view; (e) Sagittal view.

Figure 24.15. Aortic dissection making cardiac catheterization challenging for assessment for coronary artery disease. (a) 3-D view. (b) double-oblique 2-D views of an aortic dissection.
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fistulas, and anomalous vessels, including large vessel and 
small vessel anatomy, can be achieved in one 3-D data set 
(Figure 24.18). Examples of CCTA assessment include reim-
planted coronary arteries related to procedures such as 
arterial switch for transposition of the great arteries [50, 51], 
pulmonary artery dimensions and assessment of pulmo-
nary artery stenosis in children with congenital heart dis-
ease with associated decreased pulmonary blood flow [52], 
aortpulmonary collateral vessels in patients with pulmonary 

atresia and ventricular septal defects [53], pulmonary 
venous anatomy in critically ill infants [54], right ventricular 
function and postoperatively in patients with such condi-
tions as tetralogy of Fallot and transposition of the great 
vessels [55], stents and baffles related to transposition of the 
great artery procedures [56], evaluation and post surgical 
follow-up for coarctation the aorta and patent ductus arte-
riosus [57–59], and shunts associated with atrial and ven-
tricular septal defects [60].

In younger patients, where coronary artery disease is unlikely, 
coronary artery anomalies can lead to ischemia, infarction, and 
sudden cardiac death. Decisions regarding potential surgical 
therapy for correction depend on identification of anomalies at 
potential high risk for these events. Multiple factors help to 
determine whether or not a surgical intervention is necessary. 
CCTA can define absence of an artery, anomalous origin, and 
course in relation to arterial and cardiac chamber structures 
(Figure 24.19) [61–63]. The characteristics of the coronary 
artery os are important, especially the relationship to the aorta 
and the shape of the coronary artery os, including a slit-like ori-
fice. Additional factors defining risk include artery take-off 
from the contralateral cusp, presence of an interarterial course, 
and anomalous arteries arising from other structures such as 
the pulmonary artery. Anomalous coronary arteries are often 
associated with other congenital abnormalities which can be 
comprehensively diagnosed. Although invasive cardiac cathe-
terization can define anomalous coronary anatomy, often the 
arteries are difficult to locate and cannulate, and the os charac-
teristics can be changed by the presence of a coronary artery 
catheter. CCTA can also define coronary artery fistula anatomy, 
including origin, course, and distal entry site as well as the char-
acteristics of the entry site with either multiple small vessels or 
a single vessel [64].

Figure 24.16. (a) Oblique 2-D image demonstrating the relationship of the right coronary artery (black arrows) to thickened pericardium (white arrows) prior to pericardiectomy in a patient with constric-
tive pericarditis. (b) Calcific constrictive pericarditis (white arrow) in a patient with rheumatic heard disease, mitral valve replacement, and a dual chamber pacemaker.

Figure 24.17. A large circumferential effusion with tissue attenuation, consistent proteinaceous 
material, and complexity of structure which required open surgical dissection.
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Figure 24.18. Presurgical assessment for repair of atrial septal defect. (a) 2-D axial view showing a large secundum atrial septal defect. (b) Curved multiplanar reformat demonstrating no evidence of 
obstructive coronary artery disease in the right coronary artery segment shown.

Figure 24.19. Anomalous coronary artery anat-
omy with a single coronary ostium arising from 
the right coronary cusp giving off a left main tak-
ing a retroaortic course and a right coronary artery. 
(a) 3D reconstruction of the coronary arteries. (b) 
Double-oblique maximal intensity projection.

Summary

The spectrum of cardiothoracic surgical options contin-
ues to expand. CCTA can facilitate surgical procedures 
and requires continued investigation to define optimal 
procedural approaches to coronary artery, valvular, and 
aortic pathology. Although the cardiothoracic surgeon 
may not necessarily be the CCTA reading physician, 
detailed knowledge of the images and workstation soft-
ware capabilities is essential for the surgeon to attain a 
3-D understanding of an individual patient’s cardiotho-
racic presurgical anatomy. A close working relationship 
with the imager as well as direct viewing of multimodal 
images are import to the comprehensive utilization of 
data to define approaches to particular cardiovascular 
disease processes.

References

 1. Nifong LW, Chitwood WR, Pappas PS, et al. Robotic mitral valve sur-
gery: a United States multicenter trial. J Thorac Cardiovasc Surg. 
2005;129(6):1395–1404.

 2. Kim BS, Soltesz EG, Cohn LH. Minimally invasive approaches to aor-
tic valve surgery: Brigham experience. Semin Thorac Cardiovasc 
Surg. 2006;18(2):148–153.

 3. Roselli EE, Pettersson GB, Blackstone EH, et al. Adverse events  
during reoperative cardiac surgery: frequency, characterization, and 
rescue. J Thorac Cardiovasc Surg. 2008;135(2):316–323.

 4. Sabik JF 3rd, Blackstone EH, Houghtaling PL, Walts PA, Lytle BW. Is 
reoperation still a risk factor in coronary artery bypass surgery? Ann 
Thorac Surg. 2005;80(5):1719–1727.

 5. Kamdar AR, Meadows TA, Roselli EE, et al. Multidetector computed 
tomographic angiography in planning of reoperative cardiothoracic 
surgery. Ann Thorac Surg. 2008;85(4):1239–1245.

 6. Gasparovic H, Rybicki FJ, Millstine J, et al. Three dimensional com-
puted tomographic imaging in planning the surgical approach for 



331CCTA: Cardiothoracic Surgery Applications

redo cardiac surgery after coronary revascularization. Eur J 
Cardiothorac Surg. 2005;28(2):244–249.

 7. Kim RJ, Wu E, Rafael A, et al. The use of contrast-enhanced magnetic 
resonance imaging to identify reversible myocardial dysfunction. N 
Engl J Med. 2000;343(20):1445–1453.

 8. Klein C, Nekolla SG, Bengel FM, et al. Assessment of myocardial via-
bility with contrast-enhanced magnetic resonance imaging: com-
parison with positron emission tomography. Circulation. 2002; 
105(2):162–167.

 9. Kuhl HP, Beek AM, van der Weerdt AP, et al. Myocardial viability in 
chronic ischemic heart disease: comparison of contrast-enhanced 
magnetic resonance imaging with (18)F-fluorodeoxyglucose posi-
tron emission tomography. J Am Coll Cardiol. 2003;41(8):1341–1348.

10. Selvanayagam JB, Kardos A, Francis JM, et al. Value of delayed-
enhancement cardiovascular magnetic resonance imaging in pre-
dicting myocardial viability after surgical revascularization. 
Circulation. 2004;110(12):1535–1541.

11. Lardo AC, Cordeiro MA, Silva C, et al. Contrast-enhanced multide-
tector computed tomography viability imaging after myocardial 
infarction: characterization of myocyte death, microvascular 
obstruction, and chronic scar. Circulation. 2006;113(3):394–404.

12. Chiou KR, Liu CP, Peng NJ, et al. Identification and viability assess-
ment of infarcted myocardium with late enhancement multidetector 
computed tomography: comparison with thallium single photon 
emission computed tomography and echocardiography. Am Heart J. 
2008;155(4):738–745.

13. Mahnken AH, Koos R, Katoh M, et al. Assessment of myocardial via-
bility in reperfused acute myocardial infarction using 16-slice com-
puted tomography in comparison to magnetic resonance imaging.  
J Am Coll Cardiol. 2005;45(12):2042–2047.

14. Sato A, Hiroe M, Nozato T, et al. Early validation study of 64-slice 
multidetector computed tomography for the assessment of myocar-
dial viability and the prediction of left ventricular remodelling after 
acute myocardial infarction. Eur Heart J. 2008;29(4):490–498.

15. Habis M, Capderou A, Ghostine S, et al. Acute myocardial infarc-
tion early viability assessment by 64-slice computed tomography 
immediately after coronary angiography: comparison with low-dose 
 dobutamine echocardiography. J Am Coll Cardiol. 2007;49(11): 
1178–1185.

16. Gilard M, Cornily JC, Pennec PY, et al. Accuracy of multislice com-
puted tomography in the preoperative assessment of coronary dis-
ease in patients with aortic valve stenosis. J Am Coll Cardiol. 
2006;47(10):2020–2024.

17. Meijboom WB, Mollet NR, Van Mieghem CA, et al. Pre-operative 
computed tomography coronary angiography to detect significant 
coronary artery disease in patients referred for cardiac valve surgery. 
J Am Coll Cardiol. 2006;48(8):1658–1665.

18. Scheffel H, Leschka S, Plass A, et al. Accuracy of 64-slice computed 
tomography for the preoperative detection of coronary artery dis-
ease in patients with chronic aortic regurgitation. Am J Cardiol. 
2007;100(4):701–706.

19. Tanaka H, Shimada K, Yoshida K, Jissho S, Yoshikawa J, Yoshiyama M. 
The simultaneous assessment of aortic valve area and coronary 
artery stenosis using 16-slice multidetector-row computed tomogra-
phy in patients with aortic stenosis comparison with echocardiogra-
phy. Circ J. 2007;71(10):1593–1598.

20. Lembcke A, Kivelitz DE, Borges AC, et al. Quantification of aortic 
valve stenosis: head-to-head comparison of 64-slice spiral computed 
tomography with transesophageal and transthoracic echocardiogra-
phy and cardiac catheterization. Invest Radiol. 2009;44(1):7–14.

21. Laissy JP, Messika-Zeitoun D, Serfaty JM, et al. Comprehensive evalu-
ation of preoperative patients with aortic valve stenosis: usefulness 
of cardiac multidetector computed tomography. Heart. 2007; 
93(9):1121–1125.

22. Habis M, Daoud B, Roger VL, et al. Comparison of 64-slice computed 
tomography planimetry and Doppler echocardiography in the 
assessment of aortic valve stenosis. J Heart Valve Dis. 2007;16(3): 
216–224.

23. Willmann JK, Weishaupt D, Lachat M, et al. Electrocardiographically 
gated multi-detector row CT for assessment of valvular morphology 
and calcification in aortic stenosis. Radiology. 2002;225(1):120–128.

24. Alkadhi H, Wildermuth S, Bettex DA, et al. Mitral regurgitation: 
quantification with 16-detector row CT–initial experience. Radiology. 
2006;238(2):454–463.

25. Webb JG, Pasupati S, Humphries K, et al. Percutaneous transarterial 
aortic valve replacement in selected high-risk patients with aortic 
stenosis. Circulation. 2007;116(7):755–763.

26. Tops LF, Wood DA, Delgado V, et al. Noninvasive evaluation of the 
aortic root with multislice computed tomography implications for 
transcatheter aortic valve replacement. JACC Cardiovasc Imaging. 
2008;1(3):321–330.

27. Akhtar M, Tuzcu EM, Kapadia SR, et al. Aortic root morphology in 
patients undergoing percutaneous aortic valve replacement: evi-
dence of aortic root remodeling. J Thorac Cardiovasc Surg. 2009; 
137(4):950–956.

28. Wood DA, Tops LF, Mayo JR, et al. Role of multislice computed 
tomography in transcatheter aortic valve replacement. Am J Cardiol. 
2009;103(9):1295–1301.

29. Kurra V, Schoenhagen P, Roselli EE, et al. Prevalence of significant 
peripheral artery disease in patients evaluated for percutaneous aortic 
valve insertion: preprocedural assessment with multidetector com-
puted tomography. J Thorac Cardiovasc Surg. 2009; 137(5):1258–1264.

30. Delgado V, Tops LF, Schuijf JD, et al. Assessment of mitral valve anat-
omy and geometry with multislice computed tomography. JACC 
Cardiovasc Imaging. 2009;2(5):556–565.

31. Mao S, Shinbane JS, Girsky MJ, et al. Coronary venous imaging with 
electron beam computed tomographic angiography: three-dimen-
sional mapping and relationship with coronary arteries. Am Heart J. 
2005;150(2):315–322.

32. Choure AJ, Garcia MJ, Hesse B, et al. In vivo analysis of the anatomi-
cal relationship of coronary sinus to mitral annulus and left circum-
flex coronary artery using cardiac multidetector computed 
tomography: implications for percutaneous coronary sinus mitral 
annuloplasty. J Am Coll Cardiol. 2006;48(10):1938–1945.

33. Feuchtner GM, Stolzmann P, Dichtl W, et al. Multislice computed 
tomography in infective endocarditis: comparison with transesoph-
ageal echocardiography and intraoperative findings. J Am Coll 
Cardiol. 2009;53(5):436–444.

34. Hayter RG, Rhea JT, Small A, Tafazoli FS, Novelline RA. Suspected aor-
tic dissection and other aortic disorders: multi-detector row CT in 
373 cases in the emergency setting. Radiology. 2006;238(3):841–852.

35. Yoshida S, Akiba H, Tamakawa M, et al. Thoracic involvement of type 
A aortic dissection and intramural hematoma: diagnostic accuracy–
comparison of emergency helical CT and surgical findings. Radiology. 
2003;228(2):430–435.

36. Yoshikai M, Ikeda K, Itoh M, Noguchi R. Detection of coronary artery 
disease in acute aortic dissection: the efficacy of 64-row multidetec-
tor computed tomography. J Card Surg. 2008;23(3):277–279.

37. Smayra T, Noun R, Tohme-Noun C. Left anterior descending coro-
nary artery dissection after blunt chest trauma: assessment by multi-
detector row computed tomography. J Thorac Cardiovasc Surg. 
2007;133(3):811–812.

38. Sato Y, Matsumoto N, Komatsu S, et al. Coronary artery dissection 
after blunt chest trauma: depiction at multidetector-row computed 
tomography. Int J Cardiol. 2007;118(1):108–110.

39. Scaglione M, Pinto A, Pinto F, Romano L, Ragozzino A, Grassi R. Role of 
contrast-enhanced helical CT in the evaluation of acute thoracic aortic 
injuries after blunt chest trauma. Eur Radiol. 2001;11(12):2444–2448.

40. Higashiura W, Sakaguchi S, Tabayashi N, Taniguchi S, Kichikawa K. 
Impact of 3-dimensional-computed tomography workstation for 
precise planning of endovascular aneurysm repair. Circ J. 2008; 
72(12):2028–2034.

41. Lin MP, Chang SC, Wu RH, Chou CK, Tzeng WS. A comparison of 
computed tomography, magnetic resonance imaging, and digital 
subtraction angiography findings in the diagnosis of infected aortic 
aneurysm. J Comput Assist Tomogr. 2008;32(4):616–620.



332 Cardiac CT Imaging: Diagnosis of Cardiovascular Disease

42. Suh SY, Rha SW, Kim JW, et al. The usefulness of three-dimen-
sional multidetector computed tomography to delineate pericar-
dial calcification in constrictive pericarditis. Int J Cardiol. 2006; 
113(3):414–416.

43. von Erffa J, Daniel WG, Achenbach S. Three-dimensional visualiza-
tion of severe pericardial calcification in constrictive pericarditis 
using multidetector-row computed tomography. Eur Heart J. 
2006;27(3):275.

44. Kameda Y, Funabashi N, Kawakubo M, et al. Heart in an eggshell–
eggshell appearance calcified constrictive pericarditis demonstrated 
by three-dimensional images of multislice computed tomography. 
Int J Cardiol. 2007;120(2):269–272.

45. Rifkin RD, Mernoff DB. Noninvasive evaluation of pericardial effu-
sion composition by computed tomography. Am Heart J. 2005; 
149(6):1120–1127.

46. Cook SC, Dyke PC 2nd, Raman SV. Management of adults with con-
genital heart disease with cardiovascular computed tomography.  
J Cardiovasc Comput Tomogr. 2008;2(1):12–22.

47. Shinbane JS, Colletti PM, Shellock FG. MR in patients with pacemak-
ers and ICDs: defining the issues. J Cardiovasc Magn Reson. 
2007;9(1):5–13.

48. Hoffmann A, Engelfriet P, Mulder B. Radiation exposure during fol-
low-up of adults with congenital heart disease. Int J Cardiol. 
2007;118(2):151–153.

49. Saad MB, Rohnean A, Sigal-Cinqualbre A, Adler G, Paul JF. Evaluation 
of image quality and radiation dose of thoracic and coronary dual-
source CT in 110 infants with congenital heart disease. Pediatr 
Radiol. 2009;39(7):668–676.

50. Oztunc F, Baris S, Adaletli I, et al. Coronary events and anatomy after 
arterial switch operation for transposition of the great arteries: 
detection by 16-row multislice computed tomography angiography 
in pediatric patients. Cardiovasc Intervent Radiol. 2009; 
32(2):206–212.

51. Ou P, Celermajer DS, Marini D, et al. Safety and accuracy of 64-slice 
computed tomography coronary angiography in children after the 
arterial switch operation for transposition of the great arteries. JACC 
Cardiovasc Imaging. 2008;1(3):331–339.

52. Hayabuchi Y, Mori K, Kitagawa T, Inoue M, Kagami S. Accurate quan-
tification of pulmonary artery diameter in patients with cyanotic 
congenital heart disease using multidetector-row computed tomog-
raphy. Am Heart J. 2007;154(4):783–788.

53. Maeda E, Akahane M, Kato N, et al. Assessment of major aortopul-
monary collateral arteries with multidetector-row computed tomog-
raphy. Radiat Med. 2006;24(5):378–383.

54. Hirsch R, Gottliebson W, Crotty E, Fleck R, Strife J. Computed tomog-
raphy angiography with three-dimensional reconstruction for 
 pulmony venous definition in high-risk infants with congenital heart 
disease. Congenit Heart Dis. 2006;1(3):104–110.

55. Raman SV, Cook SC, McCarthy B, Ferketich AK. Usefulness of multi-
detector row computed tomography to quantify right ventricular 
size and function in adults with either tetralogy of Fallot or transpo-
sition of the great arteries. Am J Cardiol. 2005;95(5):683–686.

56. Cook SC, McCarthy M, Daniels CJ, Cheatham JP, Raman SV. Usefulness 
of multislice computed tomography angiography to evaluate intra-
vascular stents and transcatheter occlusion devices in patients with 
d-transposition of the great arteries after mustard repair. Am J 
Cardiol. 2004;94(7):967–969.

57. Hu XH, Huang GY, Pa M, et al. Multidetector CT angiography and 3D 
reconstruction in young children with coarctation of the aorta. 
Pediatr Cardiol. 2008;29(4):726–731.

58. Pinilla I, Bret M, Cuesta E, Borches D, Oliver JM, Gomez-Leon N. Role 
of computed tomography and magnetic resonance imaging in aorto-
bronchial fistula diagnosis following aortic coarctation reparative 
surgery. Report of two cases. J Cardiovasc Surg. (Torino) 2006;47(2): 
221–227.

59. Morgan-Hughes GJ, Marshall AJ, Roobottom C. Morphologic assess-
ment of patent ductus arteriosus in adults using retrospectively ECG-
gated multidetector CT. AJR Am J Roentgenol. 2003; 181(3):749–754.

60. Funabashi N, Asano M, Sekine T, Nakayama T, Komuro I. Direction, 
location, and size of shunt flow in congenital heart disease evaluated 
by ECG-gated multislice computed tomography. Int J Cardiol. 
2006;112(3):399–404.

61. Sato Y, Inoue F, Matsumoto N, et al. Detection of anomalous origins 
of the coronary artery by means of multislice computed tomography. 
Circ J Mar. 2005;69(3):320–324.

62. de Jonge GJ, van Ooijen PM, Piers LH, et al. Visualization of anoma-
lous coronary arteries on dual-source computed tomography. Eur 
Radiol. 2008;18(11):2425–2432.

63. Datta J, White CS, Gilkeson RC, et al. Anomalous coronary arteries in 
adults: depiction at multi-detector row CT angiography. Radiology. 
2005;235(3):812–818.

64. Dodd JD, Ferencik M, Liberthson RR, et al. Evaluation of efficacy of 
64-slice multidetector computed tomography in patients with congen-
ital coronary fistulas. J Comput Assist Tomogr. 2008; 32(2):265–270.



333

25
Orientation and Approach to Cardiovascular Images

 Yasmin Hamirani, Antreas Hindoyan, and Jerold S. Shinbane

Introduction

Cardiovascular computed tomographic angiography 
(CCTA) allows for the comprehensive analysis of a variety 
of cardiovascular diseases. Reading CCTA scans in many 
ways is easier than interpreting invasive cardiac angiogra-
phy or echocardiography, as the data are obtained as one 
3D data cube in the axial plane. The focus of this chapter is 
to orient the reader to viewing and analyzing CCTA 
images.

Axial Images

The axial view (Figures 25.1–25.34) is the primary view for 
the identification and assessment of cardiovascular anat-
omy, with other 2D and 3D views used for confirmation of 
the findings noted. In the axial plane, the thorax is imaged 
in serial slices, either cranio-caudally or, in some cases, 
caudal to cranial. Thinner slices enable the reader to exam-
ine what is contained in a slice with greater clarity and 
detail than thicker slices. Just as slices of bread can be 
stacked in sequence to reconstitute the original loaf, the 
axial slices of the thorax can be aligned in sequence to 
reconstruct cardiovascular structures, using an advanced 
post-processing workstation.

Cardiac axial images are routinely acquired with a small 
field of view (FOV), allowing increased resolution of data 
analyzed for cardiac disease. However, all CT systems have 
multiple FOV settings to allow for imaging of the entire 
chest, not just the cardiac field. For an evaluation of the car-
diac structures and the coronary arteries, a small FOV is rec-
ommended. CCTA uses a 512 × 5 12 matrix, with each pixel 
representing a certain amount of data. With a smaller FOV 
(i.e., 15 cm), each pixel represents more data (better spatial 
resolution). If the FOV is enlarged (i.e., 30 cm), this halves 
the resolution in each voxel, as 512 pixels are each divided 
into portions to constitute 30 cm. The small FOV focuses on 
the field of interest without degrading the image quality 

prior to transfer to the workstation, allowing the physician 
to zoom in on smaller structures during image analysis.

The axial slices are viewed cranio-caudally. The reader 
should visualize the patient in the supine position with the 
patient’s feet coming out towards the reader. For orienta-
tion to the patient’s right and left side, think of “shaking 
hands” with the image, with the patient’s right being the 
reader’s left and vice versa. The sternum (anterior) and 
spine (posterior) can also be used to orient the reader in 
the axial plane. The reader should never try to analyze a 
structure using one axial slice. Assessment of adjacent axial 
slices to establish anatomic continuity should be performed 
for comprehensive identification of a structure.

The images should be assessed for contrast timing and 
dose, in order to gauge the adequacy of contrast enhance-
ment of the left ventricle, aortic root, and coronary arteries. 
If the right ventricle appears more enhanced than the left 
ventricle, the images may have been acquired too early 
after contrast administration. Additionally, the presence of 
significant contrast in the superior vena cava can cause 
“streak artifact,” which could make interpretation of the 
mid right coronary artery difficult.

The reader needs to use a systematic and comprehensive 
method for analyzing images rather than immediately 
focusing on the most prominent findings. When reviewing 
axial images in a methodical manner, one may first focus on 
the noncoronary structures. Components of analysis should 
include: the cardiac and thoracic situs, abdominal situs (if 
views extend to this level), the size and architecture of aorta 
and branch vessels at all visualized levels, the size and archi-
tecture of the main pulmonary artery and pulmonary 
artery branches, 3D relationships between the aorta and 
pulmonary arteries, anomalous thoracic vascular anatomy, 
location/number/course of the pulmonary veins, atrioven-
tricular and ventriculoarterial concordance, continuity 
of the atrial septum, continuity of the ventricular septum, 
the presence of filling defects in the left atrial appendage, 
atria and ventricles, other cardiac masses, gross valvular 
structure, myocardial thickness and tissue attenuation, and 
pericardial thickness and presence of effusion. Additional 
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assessment of appropriately windowed full field of view 
images need to be performed to assess thoracic structure 
including: skeletal structure, pulmonary vascular struc-
tures for presence of pulmonary artery filling defects, lung 
parenchyma, presence of thoracic masses, and assessment 
of abdominal structures which may be in the field of view.

Next, attention may be focused on coronary vascular struc-
tures. Prior to assessment for coronary arterial atheroscle-
rotic disease on the axial slices, the origins and course of the 
coronary arteries should be assessed. Viewing the aortic root 
in the axial plane as a “clock face,” the right coronary artery is 
seen arising from the right coronary cusp at approximately 
11:30 on the “clock face” and the left main coronary artery 
arises off of the left coronary cusp at approximately 3:30 on 
the “clock face.” The cusps should be assessed for any anoma-
lous origin of the coronary arteries. The course and termina-
tion of the arteries should be assessed with evaluation for an 
anomalous course as well as an intramyocardial course. The 
coronary artery dominance should also be evaluated.

Beginning at the most cranial slices, maximum intensity 
projections can be viewed at 5 mm slice thickness. This 
helps with visualization of the longitudinal course of the 
vessels, with one limitation being that the brightest pixel 
dominates the image. Therefore, in the presence of heavily 
calcified segments, one might miss a noncalcified plaque 
causing a significant narrowing of the coronary vessel. 
Adjusting the slice thickness back to 0.5 mm, each coro-
nary artery segment can be followed, assessing for the pres-
ence of calcified, mixed, and noncalcified plaque in the 
vessels of mild, moderate, or severe grades. The coronary 
artery calcium images should also be referenced as they 
demonstrate the presence and location of calcium without 
contrast in the coronary arteries.

In the axial view, the vessels are followed in the plane of 
image acquisition. If the CT system used does not provide 
true isotropic voxels due to limited z axis resolution, the 
axial view provides the most pristine images, as manipula-
tion in other planes does not have the same resolution. 
Each individual artery should be followed through the cra-
nial to caudal axial slices rather than attempting to view 
multiple arteries on one axial slice. The left main coronary 
artery, left anterior descending coronary artery, circumflex 
coronary artery, and right coronary artery are analyzed 
individually along with their branches. The posterior 
descending artery can be visualized either coming from the 
right coronary artery or circumflex, running in the poste-
rior interventricular groove.

In the axial view, a patent artery usually appears as a cir-
cle or linear segment, depending on the orientation of the 
artery to the axial plane. Assessing areas where the coro-
nary arteries turn or are tortuous can be challenging using 
the axial views. The right coronary artery, due to excessive 
motion, may have a “cashew nut” like shape or appear as a 
double image. As one courses from cranial to caudal follow-
ing a particular artery, a different phase of the R-R interval 
may need to be chosen in order to minimize motion arti-
fact. As the axial views do not follow the in-plane course of 
the coronary arteries, other views including 3D, double 

oblique, and curved multiplanar reformatted (MPR) views 
are employed to follow the course of the artery being ana-
lyzed. With curved MPR views, a centerline is created and 
the artery “straightened out” and viewed as a cylinder. As 
there are potential artifacts with all of these additional 
techniques, the axial slices should always be used to con-
firm or exclude any potential lesions that might be seen 
with other reconstructions.

Coronal and Sagittal Images

In the coronal and sagittal views (Figures 25.35–25.67 and 
Figures 25.68–25.131), multiple stacks of images are viewed 
at once. Within a single breath hold using a 64 slice scanner 
with 0.625 mm thick slices, 40 mm of heart is acquired in one 
heart beat. Three to four heartbeats are required to cover the 
whole heart. The data sets are then aligned. In most cases, thin 
collimation lines seen on the coronal images separate them. If 
the data sets are not aligned properly, step artifact is seen, 
which is important to identify since it may appear as a stenosis 
on reconstructed views. This artifact would not be present 
using scanners which have an acquisition volume which can 
image the heart in one gantry rotation. Also, in the coronal and 
sagittal views, the homogeneity of contrast, measured as 
Hounsfield units (HU), can be assessed in the descending aorta 
measured cranial to caudal on a slice which demonstrates the 
aorta. If the HUs decrease significantly as the aorta descends, 
the distal coronary arteries may be less well opacified and 
more difficult to analyze.

With coronal images, the heart is viewed from anterior to 
posterior while scrolling through multiple stacks of images. 
Small pericardial effusions can be appreciated on coronal 
images with the fluid layering in the pericardial space just 
above the diaphragm. The HU cursor, if placed on the effu-
sion, can confirm that the attenuation of the fluid is near water 
attenuation (0 HU). In coronal images on anterior slices, the 
sternum is visualized. Thickened image sets using maximum 
intensity projection views can be used to follow the course of 
right and left internal mammary arteries on both sides of the 
sternum for patency as well as to assess whether or not they 
have been used as arterial bypass grafts in a patient with his-
tory of coronary artery bypass graft surgery. The mid seg-
ment of right coronary artery is best visualized in the coronal 
image plane. With sagittal images, the heart can be viewed by 
scrolling through the chest from left to right on multiple 
stacks of images. Sagittal images are helpful for viewing the 
aortic arch as well as the origin of venous grafts.

Double Oblique Views

The axial, coronal, or sagittal views can be used as a start-
ing point to rotate an image slice out of these standard 
planes through the 3D CCTA data cube. Use of oblique 
views allows the reader to follow the course of each coro-
nary artery, which is especially useful for tortuous seg-
ments. The optimal assessment plane for the most proximal 
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segment of a coronary artery can be identified and then 
rotated 360°. The oblique plane is the moved at small incre-
ments to identify each subsequent segment of the artery. 
Additionally, starting from the standard axial, coronal, and 
sagittal planes, oblique views can be displayed allowing 
vascular structures to be measured en face, such as at vari-
ous levels of the aorta (aortic annulus, sinus of Valsalva, 
sinotubular junction, ascending, arch, and descending 
aorta), pulmonary arteries, pulmonary vein ostia, and atrial 
and ventricular septal defects. As these structures often 
have ovoid rather than circular shapes, the maximum and 
minimum diameters as well as the area of the structure can 
be quantified.

Curved Multiplanar Reformatted Views

Curved MPR images can be used to evaluate an entire coro-
nary artery in one view. The reader can choose the plane of 
a specific artery, which is displayed as a “curved surface” 
from within the 3D volume. This view also creates cross 
sectional cuts of each coronary arterial segment. The thick-
ness of the cross sectional cuts can be adjusted using work-
station software. All other structures are automatically 
eliminated, including the side branches, and separate 
reconstructions can be rendered for every side branch. 
With MPR images, uncertainties as to the true center of the 
vessel may be of concern, causing the computer to create 
the appearance of a stenosis by following an area of dense 
calcium rather than the vessel lumen. Additionally, the cen-
terline can jump from the coronary artery to follow an 
adjacent coronary vein. The centerline can be viewed in 
order to ensure that it remains within the vessel of analysis. 
Keeping this limitation in mind, curved MPR is an extremely 
useful tool to evaluate CCTA data. While constructing 
curved MPR images, cross sectional images of each artery 
are obtained allowing comparison of the segment of inter-
est (coronary artery stenosis) to the segments above and 
below it as a reference. Additionally, the long axis has a 
luminal view that can be rotated the 360° around its central 
axis in order to assess eccentric plaques and stenoses.

Volume Rendered 3D Images

The volume rendered technique relies on identifying all 
pixels above a certain threshold with various degrees of 
attenuation. The results are most similar to invasive coro-
nary angiography, with no change in the true anatomic 
course or relationship of coronary arteries with other 
structures, and the coronary arteries seen as relatively 
smooth structures with 3D landmarks present. The image 
can be rotated, allowing the interpreter some flexibility in 
visualizing the segment from multiple angles. A stenotic 
coronary artery segment will look darker as well as nar-
rowed on volume rendered images. The 3D volume ren-
dered images in CCTA help in identification of coronary 
anomalies as well as to assess the dominance of the 

coronary arterial tree. In patients with previous coronary 
artery bypass graft surgery, the origin of grafts from the 
aorta can be counted and the course of grafts can be fol-
lowed to a particular native vessel. Stumps of occluded 
grafts can also be easily identified.

Although the 3D images are intuitive regarding orienta-
tion to cardiovascular structures, the automatic editing 
software can edit out parts of the coronary arteries, mim-
icking stenoses. One method to avoid this automatic over 
editing would be hand-editing, which is cumbersome and 
time-consuming. Myocardial bridging can also appear as 
coronary artery occlusion as the artery courses intramyo-
cardially from the epicardium. Due to issues related to the 
reconstruction, the volume rendered images are not used 
as the primary modality to document the presence of 
stenosis. Confirmation of coronary artery findings using 
other modalities is essential.

Endovascular 3D views can also be obtained to assess 
such structures as the pulmonary veins. This technique is 
extremely dependent on filtering and therefore, although 
useful for assessing the 3D structures from an endovascu-
lar perspective, can be problematic regarding use for ana-
tomic measurements. Instead, 2D measurements in the 
appropriate plane should be used.

Functional Views

For retrospectively gated studies, functional views can be 
reformatted for assessment of left ventricular volumes and 
function, and, depending on the techniques used, right 
ventricular and left atrial volumes and function. End-
diastolic measurements of ventricular wall thickness can 
be obtained on short axis views. The aortic valve and mitral 
valve anatomy and motion can be assessed regarding valve 
cusp number, valve excursion, valve apposition, and valve 
prolapse. Functional image sets can be formatted following 
the traditional echo views, but with the ability to view 
motion through the entire cardiac volume in these views. 
Functional views can also be viewed in oblique planes for 
dynamic analysis of specific structures.

Conclusion

CCTA provides the ability to use multiple planes of images 
to document abnormalities of the thoracic vasculature, 
heart, and the coronary vessels. Although axial images are 
most commonly relied on for final interpretation, other 
planes and reconstruction modalities, if used with a thor-
ough knowledge of their strengths and limitations, are 
important to analysis. The employment of these modali-
ties in an organized approach coupled with an under-
standing of the spatial relationships between cardiovascular 
structures allow for comprehensive diagnosis of cardio-
vascular pathology. The images that follow in this chapter 
will help the reader orient to CCTA axial, coronal, and 
 sagittal views.
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2D Orientation Images Sets

Figures 25.1–25.34. Serial axial CT angiography images beginning at the level of the pulmonary artery with slices proceeding in a cranial to caudal direction.

AAO ascending aorta; AV aortic valve; DAO descending aorta; Diag diagonal; IAS interatrial septum; IPV inferior pulmonary vein; IVC inferior vena cava; IVS interventricular septum; LA left atrium; LAA left atrial 
appendage; LAD left anterior descending coronary artery; LCX left circumflex coronary artery; LIMA left internal mammary artery; LM left main coronary artery; LS left sinus of Valsalva; LV left ventricle; MV 
mitral valve; PA pulmonary artery; RA right atrium; RAA right atrial appendage; RCA right coronary artery; RIMA right internal mammary artery; RV right ventricle; SPV superior pulmonary vein; SVC superior 
vena cava..

Orientation to Axial Images

Figure  25.1.



337Orientation and Approach to Cardiovascular Images

Figure  25.2.

Figure  25.3.
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Figure  25.4.

Figure  25.5.
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Figure  25.6.

Figure  25.7.
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Figure  25.8.

Figure  25.9.
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Figure  25.10.

Figure  25.11.
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Figure  25.13.

Figure  25.12.
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Figure  25.14.

Figure  25.15.
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Figure  25.16.

Figure  25.17.
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Figure  25.18.

Figure  25.19.
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Figure  25.20.

Figure  25.21.
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Figure  25.22.

Figure  25.23.
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Figure  25.25.

Figure  25.24.
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Figure  25.26.

Figure  25.27.
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Figure  25.28.

Figure  25.29.
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Figure  25.30.

Figure  25.31.
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Figure  25.33.

Figure  25.32.
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Figure  25.34.
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Figures 25.35–25.67. Serial coronal CT angiography images beginning at the level of the sternum with slices proceeding in an anterior to posterior direction..

Orientation to Coronal Images

Figure  25.35.
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Figure  25.36.

Figure  25.37.
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Figure  25.38.

Figure  25.39.
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Figure  25.40.

Figure  25.41.
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Figure  25.42.

Figure  25.43.
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Figure  25.44.

Figure  25.45.
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Figure  25.47.

Figure  25.46.
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Figure  25.48.

Figure  25.49.
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Figure  25.50.

Figure  25.51.
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Figure  25.52.

Figure  25.53.
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Figure  25.54.

Figure  25.55.
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Figure  25.56.

Figure  25.57.
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Figure  25.59.

Figure  25.58.
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Figure  25.60.

Figure  25.61.
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Figure  25.62.

Figure  25.63.
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Figure  25.64.

Figure  25.65.
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Figure  25.66.

Figure  25.67.
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Figure  25.68.

Figures 25.68–25.131. Serial sagittal CT angiography images beginning at the level of the left ventricular apex with slices proceeding in a left to right direction. 

Orientation to Sagittal Images
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Figure  25.70.

Figure  25.69.
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Figure  25.71.

Figure  25.72.
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Figure  25.73.

Figure  25.74.
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Figure  25.75.

Figure  25.76.
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Figure  25.77.

Figure  25.78.
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Figure  25.79.

Figure  25.80.
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Figure  25.81.

Figure  25.82.
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Figure  25.83.

Figure  25.84.
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Figure  25.86.

Figure  25.85.
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Figure  25.87.

Figure  25.88.
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Figure  25.89.

Figure  25.90.
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Figure  25.91.

Figure  25.92.
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Figure  25.93.

Figure  25.94.
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Figure  25.95.

Figure  25.96.



386 Cardiac CT Imaging: Diagnosis of Cardiovascular Disease

Figure  25.98.

Figure  25.97.
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Figure  25.99.

Figure  25.100.
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Figure  25.101.

Figure  25.102.
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Figure  25.103.

Figure  25.104.
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Figure  25.105.

Figure  25.106.
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Figure  25.107.

Figure  25.108.



392 Cardiac CT Imaging: Diagnosis of Cardiovascular Disease

Figure  25.110.

Figure  25.109.
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Figure  25.111.

Figure  25.112.
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Figure  25.113.

Figure  25.114.
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Figure  25.115.

Figure  25.116.
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Figure  25.117.

Figure  25.118.
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Figure  25.119.

Figure  25.120.
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Figure  25.122.

Figure  25.121.
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Figure  25.123.

Figure  25.124.
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Figure  25.125.

Figure  25.126.
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Figure  25.127.

Figure  25.128.



402 Cardiac CT Imaging: Diagnosis of Cardiovascular Disease

Figure  25.129.

Figure  25.130.



403Orientation and Approach to Cardiovascular Images

Figure  25.131.
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Abdominal aorta, 210–213, 216
Absorbed dose, 29
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Acute coronary syndrome (ACS), 240, 246–247
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American Heart Association, 46, 110
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applications of, 127
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concept of, 127
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indications, 130–132
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limitations, 133, 135
LV aneurysmectomy, 137
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syncope and, 138

Angiosarcoma, 182, 263
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Aorta, 296, 299, 300

abdominal, 210–213
anatomy of, 69–70
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dissection, 71–73
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aortopulmonary window, 282
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patent ductus arteriosus, 282

Aortic aneurysm, 328
endograft, 70
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great vessels, 75–76
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technique, 208
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Aortic imaging, 325, 327, 328
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thoracic imaging, 209–210
volume-rendered image, 208, 209
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Aortic stenosis (AS), 161
Aortic stents, 193
Aortic valve endocarditis, 327
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Aortofemoral bypass grafts, 202
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Arrhythmia electrical activation, 301
Arrhythmogenic right ventricular cardiomyopathy (ARVC),  
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multifocal, 198, 200
sign and symptom, 196, 198
subclavian steal syndrome, 200

Atherosclerotic plaque, 107–108, 112, 113
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Atrial fibrillation ablation, 178, 268

atrial thrombi, 296, 298
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intracardiac echo image integration, 301–303
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pulmonary vein stenosis, 294, 298, 300, 302
recurrence, 300–301
thoracic anatomy, 296–297, 299
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assessment, CT, 280
clinical implications, 280
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indications, 280
presurgical assessment, 330
primum and secundum, 279
sinus venous, 279

Atrial thrombi, 296, 298
Atrioventricular septal defect (AVSD), 281–282
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Automatic exposure control (AEC)
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B
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Bicuspid aortic valve (BAV), 283
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C
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atrial fibrillation ablation, 294–303
cardiac resynchronization therapy, 302–305
electrophysiologic mapping, 294–303
radiofrequency catheter ablation, 294–303
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Cardiac magnetic resonance (CMR), 4
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CRT, 303
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benign, 170
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chamber involvement, 171–173
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metastases, 178–180
mimics, 184
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myxoma, 179–181
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pediatric, 183–184
thrombi, 175–178
vascular structure involvement, 174–175

Cardiac resynchronization therapy (CRT), 249
CMR delayed gadolinium enhancement imaging, 303
CMR imaging, 269
coronary venous imaging, CCTA, 302–305
left ventricular dyssynchrony, 249

Cardiac risk factors, 312
Cardiac sarcoidosis, 261–262
Cardiomyopathy, 53

arrhythmogenic right ventricular, 260–261, 267–268, 294
CMR imaging, 257–262
dilated, 269
hypertrophic, 260–261
ischemic, 250, 326
ventricular, 261

Cardiothoracic surgery
aortic imaging, 325, 327, 328
congenital heart disease, 327, 329–330
coronary artery disease, 321–326
pericardial disease, 327, 329
valvular disease, 324–327

Cardiovascular calcium
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cardiomyopathy, 53
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diabetes, 50–51, 53
electron beam tomography (EBT) scan, 39, 40
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and guidelines, 46, 47
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scoring, 40
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technology, 39
therapeutic evaluation, 51, 53
therapeutic interventions, compliance with, 45–46
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Cardiovascular computed tomographic angiography (CCTA)
acute chest pain evaluation, 246–247
anomalies, 108, 113, 114
applications, 241–243
artifacts, 109
atherosclerotic plaque, 107–108, 112, 113
axial images, 333–334, 336–347
bolus detection, 169, 170
calcified plaques, 86
calcium scan, 83–84
cardiac masses (see Cardiac masses)
cardiothoracic surgery (see Cardiothoracic surgery)
clinical applications, 17–18
clinical features, cardiac masses, 170–171
vs. CMR, 170
concepts, 79
contrast enhancement, 293, 294
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contrast media injection, 82, 83
coronal images, 334, 348–358
coronary artery disease screening, 244–246
coronary calcium scanning, 239–240, 243–244
curved multiplanar reformatted views, 335
2-D and 3-D, 84–85
3-D cardiac anatomy, 293
diagnostic and prognostic impact, 240
diagnostic testing, 246
double oblique views, 334–335
3-D view, thoracic and cardiac structures, 321
ECG triggering, 80–82
electrophysiology (see Cardiac electrophysiology)
functional views, 335
guidelines and recommendations, 109–111, 113, 114
imaging protocol, 99–100
indication, 293
interventions of, 107, 112
vs. invasive angiography, 240–241
ischemia, 105–107
ischemic cardiomyopathy, 250
limitations, 113–114, 243
luminal stenosis, 100, 106, 107
motion factors, 79
multiplanar curved reformatting, 87–88
multiple reconstruction modalities, 85, 86
occlusion of, 107
opacification, 169–170
patient risk stratification and management, 248
post-bypass evaluation, 313–315, 317
post-PCI evaluation, 313, 316
postprocessing tools, 100, 102
precontrast imaging, 169
prospectively triggered scans, 99
radiation dose, 293
retrograde filling, 108
retrospectively gated scans, 99
sagittal images, 334, 359–380
scanner, 79–80
scout images, 82–83
stable chest pain evaluation, 247
standard echo planes, 85, 87
stenosis of, 100, 102–105, 110, 111
thoracic structure reconstructions, 85
thrombi, 175–178
timing, image acquisition, 169
transaxial images, 100–101
volume rendered 3D images, 335

Cardiovascular magnetic resonance (CMR) imaging
ARVC, 267–268
atrial fibrillation ablation, 268–269
cardiac electrophysiology, 267–269
cardiac masses, 262–264
cardiomyopathic process, 257–262
vs. CCTA, 255
congenital heart disease, 263–267
contraindications, 256
coronary artery visualization, 256–257
CRT, 269, 303
delayed gadolinium enhancement, 258–260
dilated cardiomyopathy, 269
dobutamine, 258
ECG gating, 256
gadolinium-based contrast agents, 255–256
patient selection and preparation, 255–256
pulmonary vein stenosis, 268

Carotid artery disease, 74
Carotid artery stenosis, 217–218

Carotid bifurcation, 216, 217
Carotid computed tomographic angiography

assessment, 218
carotid bifurcation, 216, 217
cranial CT imaging with CT perfusion imaging, 217–218
endarterectomy, 218–219
extracranial carotid artery plaque, 219
indications, 218
intravenous contrast, 217
methods, 218
vs. MRA, 219
vertebral artery imaging, 219

Caseous mitral annular calcifications, 173
Catheter-based ablation, 295. See also Atrial fibrillation ablation
CCTA. See Cardiovascular computed tomographic angiography
Chamber measurements, 140–141
CHD. See Congenital heart disease
Chest pain, 310–312

acute, 246–247
atypical, 177
stable, 247–248

Chronic hemolytic anemia, 227
Chronic thromboembolic pulmonary hypertension (CTEPH), 228
Circumflex coronary arteries, 40, 51, 100, 113, 299, 325
Clinical outcomes utilizing revascularization and aggressive drug 

evaluation (COURAGE) trial, 237–238
Clopidogrel, 310, 311
Coarctation of the aorta (CoA), 263, 266, 282–283
Collimation, xxiii, 6–8, 12, 16, 18, 21, 23, 80, 208, 211, 214, 334
Collimator, xxiii, 6, 8, 80
Colorectal carcinoma, 181
Computed tomographic angiography (CTA). See Angiography
Computed Tomography Dose Index (CTDI)

definition, xxiii
measurements, 31
pitch, 31–32

Congenital heart disease (CHD), 226
aortopulmonary window, 282
atrial isomerism, 281
atrial septal defects, 279–280
atrial situs, 276, 277
atrioventricular septal defect, 281–282
bicuspid aortic valve, 283
cardiothoracic surgery, 327, 329–330
coarctation of the aorta, 282–283
concordant/discordant relationships, 277–278
congenitally corrected transposition of great arteries  

(ccTGA), 288
cor triatriatum, 278–279
CT imaging protocol, 276
double-outlet right ventricle, 286
interrupted aortic arch, 282–283
patent ductus arteriosus, 282
pulmonary stenosis, 284
pulmonary venous abnormalities, 278, 279
semilunar valve relationships, 277
single ventricle lesions, 289–291
subvalvar aortic stenosis, 283–284
supravalvar aortic stenosis, 284
systemic venous abnormalities, 278
tetralogy of fallot, 285
transposition of great arteries, 286–288
truncus arteriosus, 288–289
valvar aortic stenosis, 283
ventricular looping, 276
ventricular septal defects, 281

Congenital intra-cardiac shunts, 130
Congenitally corrected transposition of great arteries, 288
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Connective tissue diseases, 226
Contrast administration, peripheral CT angiography, 190–191
Contrast media injection

bolus-triggering technique, 82
circulation time, 82, 83
Hounsfield Units vs. time graph, 83

Contrast to noise ratio, xxiii, 16, 27, 153, 155, 157
Convolution kernel, xxiii, 94
Coral reef aorta, 199
Coronal images, 334, 348–358
Coronary angiography after revascularization

arterial grafts, 117
coronary stents, 120–122
imaging protocols, 120
noninvasive examination, 118–120
venous grafts, 117

Coronary arteries, postprocessing and reconstruction  
techniques

convolution kernel, 94
curved multiplanar projection (CMP), 97
3D volume rendering (VR), 96, 97
ECG-editing programs, 92, 93
end-systole, 91, 92
field of view, 92–94
half-scan reconstruction method, 95
maximum intensity projection (MIP), 96
mid-diastole, 91, 92
multiplanar reformatting (MPR), 96
multisegment reconstruction, 95
prospective ECG gating, 91, 92
retrospective ECG gating, 91, 92
spatial resolution, 91
spiral pitch, 94–95
temporal resolution, 91
volume averaging (VA), 96

Coronary artery bypass grafting (CABG), 309
Coronary artery calcium (CAC)

aged garlic extract (AGE), 64
animal studies of, 59–60
CCTA, 243–244
clinical implications of, 65–66
diabetic control, 63–64
ethylenediaminetetraacetic acid (EDTA), 64
limitations, 239–240
obstructive disease, 41–42
phosphate-binding therapies, ESRD, 64–65
plaque development and regression, 59–60
screening, 244–246
statins effect, 60–63
technologies for, 60

Coronary artery disease, cardiothoracic surgery, 321–326
Coronary atherosclerosis, 309–313
Coronary branch vein, 303
Coronary sinus, 269, 279–280
Coronary stents

diagnostic accuracy for, 122
in-stent stenosis, 121, 122
metal stents, 120
patent stents, 121
ultra-high resolution images, 120, 121

Coronary venous system, 302–305
Cor triatriatum, 278–279
Curved multiplanar projection (CMP), 97
Cystic adventitial disease, 204

D
Delayed enhancement (DE), 150
Diabetes, 50–51, 53

Dilated cardiomyopathy, 153
Displayed field of view, 92
Dissipation, xxiii, 8
Dose-length product (DLP), 32
Dosimetry, 31
Double oblique views, CCTA, 334–335
Double-outlet right ventricle (DORV), 286
d-Transposition of the great arteries (d-TGA),  

278, 286
Dual energy CT, 26, 27
Dual source CT, 23
Ductus arteriosus, patent, 282
Duke prognostic coronary artery disease index, 242

E
EBCT. See Electron beam CT
ECG gating, 34–35
ECG triggering, CCTA

breath hold, 82
heart rate control, 82
motion issues, 80
retrospective ECG gating, 80, 81

Effective dose, 15, 16, 24, 30–33, 35
Eisenmenger syndrome, 226
Electroanatomic mapping, 297–298, 300–303
Electron beam CT (EBCT), 45

contrast-enhanced CT angiogram, 13
e-speed, 12
flow/timing study, 13
pulmonary hypertension, 224

Electron beam tomography (EBT) scan,  
39–41, 215

Emergency department, chest pain evaluation, 53
Endarterectomy, 218–219
End-diastole, 129, 135, 136, 154, 155, 294
Endocarditis, 164, 327
Endovascular aortic repair (EVAR), 70, 71
End-stage renal disease (ESRD), 64–65
End-systole, 91, 92, 129, 135, 136, 163, 164, 294
Equivalent dose

annual whole body radiation dose, 30
radiation weighting factors, 30

Esophagus, 296
External carotid arteries (ECA), 71, 73

F
Femoral arteries, 196, 197
Fibromuscular dysplasia, 202–203
Field of view, xxiii, 8, 92–94
First pass perfusion, 257, 258
Flat panel CT, 26
Fontan procedure, 290, 291
Framingham Risk Score (FRS), 42, 244

G
Gadolinium-based contrast agents, 220, 255–256
Gastric carcinoma, 178
Grafts, 200–202
Gray (Gy), 29
Great cardiac vein, 299, 304, 325
Great vessels

aortic aneurysm, 75–76
aortic atherosclerosis, 74
aortic dissection, 74–75
assessment of, 74
carotid artery disease, 74
ICA and ECA, 71, 73
subclavian artery, 74
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Halfscan (HS) reconstruction, 7, 9, 95
Helical scanning, 6, 9, 11, 31
Heritable pulmonary hypertension, 225–226
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