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Radiologic technology has made dramatic advances in the last 25 years, and none have been 
more impressive than those in computed tomography (CT). The progress in the speed of 
obtaining images, computing, postprocessing, and spatial resolution has been incredible. The 
result is that CT has moved from displaying purely morphologic information to providing 
valuable physiologic data as well. Whether with electron beam or multidetector-row CT, 
advances are impressive and nowhere have the applications been more useful and dramatic 
than in the heart.

This multiauthored book, CT of the Heart, edited by U. Joseph Schoepf, MD, is a splendid 
rendition of the state-of-the-art in CT imaging of the heart; however, where appropriate, it also 
features comparisons with other technical approaches, such as magnetic resonance and ultra-
sound. The contributors are leading radiologists, cardiologists, physicists, engineers, and basic 
and clinical scientists from Europe, the United States, Israel, and Japan.

The entire contents are meticulous and comprehensive, from the introduction about the 
past, present, and future of CT of the heart, through the technical underpinning of the method 
and the various clinical, physiologic, and pathologic applications of CT in studying the heart.

This book fills an immense need, particularly at a time when cardiac screening with CT, 
whether one agrees with this practice or not, is a reality. Furthermore, with the rapid increase 
of aging populations in the industrialized world, noninvasive diagnostic approaches are 
increasingly needed. As technology continues to advance and applications of CT to heart stud-
ies expand, it is my hope that the editor will bring this book up to date with a new edition.

Alexander R. Margulis, MD, DSc (HON)
Clinical Professor of Radiology

Weill Medical College of Cornell University, 
New York, NY, USA

Foreword to the First Edition
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CT imaging of the heart and coronary vessels has emerged over the past two decades as one of 
the most important and dynamic advances in medicine. Heart disease is the leading cause of 
death in the United States and worldwide, challenging health systems and health providers on 
how best to diagnose and manage their patients. CT imaging helps address these questions 
through the remarkable and important information it provides about both cardiovascular anat-
omy and function.

The first edition of CT of the Heart: Principles and Applications edited by U.  Joseph 
Schoepf was excellent. The book was very well received and widely used. Dr. Schoepf chose 
a multiauthor format that allowed him to invite key leaders in each aspect of the subject to 
contribute their special knowledge—physicists, engineers, radiologists, cardiologists, and oth-
ers. Their presentations were outstanding—richly illustrated and put in appropriate context 
with other methods.

The second edition of CT of the Heart promises to build on the excellence of the first edition 
by maintaining the strategy of selecting the most expert people as authors. To this end, Dr. 
Schoepf has maintained the multiauthor format in the second edition, now inviting over 170 
people from around the globe as contributors. The authorship list is a true “Who’s Who” of 
people working in the field.

Two things happen over time that make new editions of even the most classic medical texts 
vital and important. These are implicit in the subtitle of the first edition of CT of the Heart and 
are advancements in the science and technology underlying the subject and advancements in 
the accumulated knowledge about the role and efficacy of clinical applications. In the decade 
between editions, it is fair to say that the pace of technology development has steadily increased 
and that new applications have been added to clinical practice. Dr. Schoepf and his coauthors 
address these important advances in the second edition. The discussion of each topic is 
designed to bring it up to date, and several new chapters have been added to cover new areas 
of technology development and clinical application. As in the first edition, the discussions are 
meticulous and comprehensive.

Another feature of CT of the Heart that will be useful to readers is the separation of chapters 
into categories of “Where We Were,” “Where We Are,” and “Where We Are Going.” Too often 
in textbooks, there is not a clear separation of material covering topics recognized as well 
established versus emerging topics that are important in comprehensive understanding of a 
subject but not yet in routine clinical use. The 14 chapters in the section on “Where We Are 
Going” bespeak the dynamic advances being made in CT imaging. Topics in this section 
include new approaches to anatomic and functional applications such as new approaches to 
myocardial perfusion imaging but also the potential roles of radiomics, big data, and machine 
learning.

Foreword
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CT of the Heart will be invaluable for students and trainees seeking to learn the subject as 
well as established physicians looking for definitive reference information or for ideas about 
how to continue to advance their practices. Since the second edition has the same attributes 
that made the first edition a trusted resource, it will soon be regarded in the same way. Dr. 
Schoepf and his coauthors are to be congratulated for producing such a high-quality and 
timely text.

James H. Thrall, MD
Chairman Emeritus, Department of Radiology

Massachusetts General Hospital
Boston, MA, USA

Distinguished Taveras Professor of Radiology
Harvard Medical School

Boston, MA, USA

Foreword
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Ποταμοῖσι τοῖσιν αὐτοῖσιν ἐμϐαίνουσιν, ἕτερα καὶ ἕτερα ὕδατα ἐπιρρεῖ… – Herakleitos

More than a decade has passed since the publication of the first edition of CT of the Heart. And 
what a ride it’s been since then! From the perch of today’s technology, with lightning-fast 
acquisition speeds and temporal resolution, massive tube power, yet gentle techniques, the 
evolution could not have been more dramatic. Back then we were mostly still living in the dark 
ages of 16-slice multidetector-row CT technology, with 64-slice CT faintly on the horizon.

While we have been experiencing the evolution of cardiac CT as a continuum, for many the 
introduction of 64-slice CT technology constitutes the pivotal breaking point in history, whence 
the clinical use of cardiac CT became more broadly established for the first time. In the subse-
quent years, we all expected a revolution, a wildfire to happen, with cardiac CT ensconcing 
itself rapidly, profoundly, and irrevocably in all arenas of cardiovascular medicine. It did not 
happen quite as fast as many had betted on, causing a degree of disillusionment in some quar-
ters. After all, it may not be a bad thing that not every latest flash in the pan gets embraced by 
mainstream medicine overnight.

But then something quite rare and precious happened; the field of believers in this technol-
ogy came together and, in a manner unprecedented in medical imaging, piece by piece built the 
evidence that incrementally drove this test to new heights and today forms the foundation for 
the ever-growing importance of cardiac CT. In fact, we submit that cardiac CT may be consid-
ered a beacon, a blueprint, and prime example of how the value of a medical test can be 
unequivocally proven and supported via the generation of high-level evidence, a formidable 
challenge that the field of medical imaging has mostly unsuccessfully grappled with to date. 
This is what this book is about; while in the first edition we mainly investigated a fascinating 
new instrument looking for an application, we now have a vast realm of guideline-driven, 
robust, and beneficial clinical applications that are enabled by an enormous and ever-growing 
field of technology. Accordingly, the focus has shifted from a technology-centric to a more 
patient-centric appraisal. While the specifications and capabilities of the CT system itself 
remain front and center as the basis for diagnostic success, much of the benefit derived from 
cardiac CT today comes from avant-garde technologies enabling enhanced visualization, 
quantitative imaging, and functional assessment, along with exciting deep learning, and artifi-
cial intelligence applications. Long have we passed the stage of a mere tool for noninvasive 
coronary artery stenosis detection in the chest pain diagnostic algorithms; cardiac CT has 
proven its value for uses as diverse as personalized cardiovascular risk stratification, predic-
tion, and management, diagnosing lesion-specific ischemia, guiding minimally invasive struc-
tural heart disease therapy, and planning cardiovascular surgery, among many others.

In the Preface to the first edition of CT of the Heart, we stated that we do not claim to have 
all the answers. That is still the case; but we have vastly more answers and enough to know that 
cardiac CT is here to stay and bound to occupy the space that we originally envisioned. In 
some more regulated and resource-conscious economies, we already see cardiac CT posi-
tioned as the entrance test and gatekeeper to any type of chest pain work-up, invasive or not. 
However, also in less progressive, more entrenched, and conflicted healthcare systems around 

Preface
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the globe, this test is now quickly gaining ground and will even more so with newer genera-
tions of healthcare providers who are less enamored with outdated testing strategies of the past.

Like the first edition, the second edition of CT of the Heart is again a snapshot of the status 
quo, of the current state-of-the-art, and of a success story in the care for our patients which still 
keeps rapidly evolving. Yet, we have a much clearer view now of what we have accomplished, 
where we are, and where we are going.

While the first edition was the work of many, the second edition is the result of the work of 
even more. An astounding array of the great houses in cardiac imaging, giants in the field, 
came together to present our readers with the most comprehensive, coherent, up-to-date, and 
in-depth review of cardiac CT principles and applications. We are grateful beyond limits to 
this exalted, respected group of experts who poured their genius into this tome. Finally, this 
work would not have come to fruition without the invaluable help of Taylor M. Duguay and 
Dante Giovagnoli in our lab and Margaret Burns of Springer, who so skillfully and deftly 
steered the production of this second edition. We hope that this work will inspire and guide 
current and future leaders in healthcare in their quest to optimally harness the powers of a 
disruptive, amazing technology, to the benefit of our patients worldwide.

Charleston, SC, USA U. Joseph Schoepf

Preface
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History of Cardiac CT: A Personal Story

John A. Rumberger

As the story goes, Wilhelm Conrad Röentgen, a physicist, 
was working late in his laboratory in Wurzburg, Germany, 
experimenting with a vacuum tube made of glass. He was 
using this to generate beams of electrons and wrapped the 
tube with black paper to avoid viewing the electric discharge 
occurring in the gas inside the vacuum tube. When he started 
his experiment, he noted that a piece of coated paper lying 
near the tube began to glow. He was astonished and did 
another experiment where he held a thick book between the 
tube and the paper  – however, the “rays” simply passed 
through the book, as if totally unobstructed. When Röentgen 
looked at the coated paper it showed a shadowy outline of the 
bones in his hand. This was November 8, 1895, and the 
world of the “X-ray” has never looked back.

The “X-ray” has been intimately linked to the ability to 
see “inside” the body since the late nineteenth century; but it 
remained a projection image with superposition of all the 
densities of the tissue placed between the anode and the cath-
ode. To separate these various tissue densities, a thin cross- 
sectional image would be of significant benefit as the various 
organs can be separated from their surrounding tissues of fat, 
muscle, and bone.

The birth of clinical X-ray computed tomography (CT) 
was not realized until about 80 years after Röentgen’s dis-
covery. At the time of this writing, an estimated 90,000 peer 
reviewed scientific articles have been published on or about 
CT.  A dominant majority of these articles deal with body 
organs and processes that either do not move during the 
image acquisition or, in the case of lung imaging, when 
motion can be suspended long enough to get “static images.” 
In the case of cardiac CT imaging, however it is a different 
story and has been a difficult challenge to image an object 
that is constantly moving in four dimensions and cannot be, 
safely, stopped. Cardiac CT and my personal involvement 

with cardiac CT interestingly started nearly at the same time 
as the development of commercial CT in general.

 In the Beginning, There Was Mathematics

The story of cardiac CT, and all CT for that matter, begins 
with mathematics that allow us to “reconstruct” the density/
tissue characteristics of an “unknown” object placed in a 
black box as light [or later X-ray] of known intensity is 
shown through. Pierre Bouguer, credited in about 1729, 
noted that the absorption of light through an object is directly 
proportional to its thickness [or path length]. Lambert later 
popularized this observation in a paper from 1760. August 
Beer discovered another light attenuation factor in 1852 not-
ing that light absorbance was proportional to the concentra-
tions of the attenuating “unknown object.” The modern 
Lambert-Beer law combines these two observations and cor-
relates the changes in light energy to both the concentration 
of the attenuating “unknown” object and the thickness of the 
unknown object. Since visible light is part of the electromag-
netic energy spectrum, this can apply to the application of 
X-rays as well. The general application of the Lambert-Beer 
law to X-ray imaging is shown in Fig. 1.1.

Referring to Fig.  1.1, the unknown object of density μ 
represents a “pixel” [i.e., picture element] size of 1 × 1. If we 
know the incident radiation and the output radiation after 
passing through the unknown object, as well as the distance 
between these measurements, the Lambert-Beer law then 
provides an equation with only one unknown, i.e., μ. What if 
I wanted to determine the density of four unknown μ objects? 
I can use the Lambert-Beer law to set up four equations in 
four unknowns or a field of view of 2 × 2 pixels as shown in 
Fig. 1.2. However, the ability to solve pixel density resolu-
tions of 80 × 80 pixels [as was used on the first-generation 
clinical CT scanner] was simply too daunting a task until the 
modern development of the computer. The “exact solutions” 
for the individual μ, to speed up the mathematical solutions, 
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initially involved various “iterative” methods. The final 
 solutions reached in a series of best guesses and comparisons 
with the actual data. The original mathematics was part of 
the ART [algebraic reconstruction theory] algorithm [1].

In 1963 another physicist in South Africa, Allan 
Cormack, was working on improving the dose calculations 
used in radiation therapy planning, but knowledge of 
cross-sectional density distributions was required. He 
developed the first concept of image reconstruction from 
projections [2]. This became the basis for another image 
reconstruction called “back projection” [later improved to 
reduce noise at the edges of objects and called “filtered 
back projection”] [3].

 Attainment of Reality in Clinical Medicine: 
The EMI Scanner

Modern X-ray CT was developed by Sir Godfrey Hounsfield 
while working for Electronic and Musical Industries Ltd. 
[EMI] in England. A prototype scanner using an X-ray tube 
was developed in 1969/1970 and a clinically applicable 
scanner installed at the Atkinson Morley Hospital in a 
London suburb in 1971; the first clinical results were pre-
sented in 1973 [4]. At first only the brain could be imaged 
due to very long acquisition times in which the patient was 
required to be very still [and surrounded by a water phan-
tom]. The first clinical CT scanner in the USA was installed 
at the Mayo Clinic in Rochester, Minnesota, in 1973.

As an interesting personal anecdote, the engineer install-
ing the scanner at the Mayo Clinic was named David King 
and had worked closely with Hounsfield in England. David 
King, later the founder of “calcium club” [see further discus-
sion below] and acknowledged as the “father” of coronary 
artery calcium scanning, told me a story. When Hounsfield 
and colleagues at EMI contemplated the “world’s” eventual 
needs for such a unique brain imaging device, they estimated 
that probably less than a hundred scanners would be eventu-
ally made and sold. After 1 week at the Mayo Clinic, and 
after performing more head/brain CT scans than had been 
done in the past 2 years in England, David told Godfrey – 
“Maybe you might want to increase your estimation of the 
world’s need for the EMI scanner”.

By 1975 a second-generation EMI scanner, the first proto-
type “body scanner” was introduced. Acquisition times per 
slice were about 20  s, and it used iterative reconstruction 
techniques although the much faster filtered back projection 
method was now established. Because of the success of the 
EMI scanner, many other commercially available scanners 
were quickly introduced by other manufacturers that, like 
EMI itself, eventually went under, while others such as the 
Picker, Siemens, and GE survived. But the die was cast. In 
1979 both Hounsfield and Cormack received the Nobel Prize 
in Physiology and Medicine for the development of the CT 
scanner.

 The Dynamic Spatial Reconstructor

There were several attempts to using “conventional” CT 
scanning in the early 1980s to study the cardiovascular sys-
tem, mainly viewing patency of coronary artery bypass grafts 
and looking for aortic dissections [5]. Already there was a 
clear advantage noted in cardiac CT over the conventional 
M-mode/sector echocardiographic examinations and plane 
chest X-rays that were “state of the art” at the time for 
 imaging of the chest and heart.

How can we define the density of an
unknown object by x-ray?

It = attenuated energy

It = Iie-µx

µIi It

Ii = input energy

x = path length

µ = absorption coefficient

x

You can then solve for “µ” if you know the other values

Fig. 1.1 The Lambert-Beer law applied to X-ray
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The Biodynamics Research Laboratory at the Mayo 
Clinic had a long and storied history with aviation medicine 
in World War II and under the directorship of Dr. Earl 
H. Wood did the first human centrifuge experiments studying 
“G” force [i.e., gravity] effects on pilots during flight and 
combat. Along with the US government, they developed the 
first “G-suits,” and after the war Dr. Wood was awarded a 
special commendation by President Harry S. Truman.

The idea of using X-ray CT to study the moving heart 
dated to the first body images produced using the EMI body 
scanner; but despite some success as noted by Brundage 
et al. [5], the spatial resolution and most importantly the tem-
poral resolution were not sufficient for most clinical cardiac 
work. The idea of developing a CT scanner fast enough to 
make “stop action” images of the beating heart was first real-
ized in the Biodynamics Research Laboratory where, under 
NIH funding, they introduced the Dynamic Spatial 
Reconstructor (DSR) in 1975.

The DSR was imagined as a specialized cardiac CT scan-
ner using conventional X-rays with photomultiplier tubes 
and fluoroscopic projection imaging applied in a unique 
manner (Fig. 1.3). The original design was to use 28 pairs of 
X-ray sources and 28 direct line visualization fluoroscopic 
units. This vast array [requiring literally two floors with gan-
try and imaging chain] was then rotated at high speed as 
images of the beating heart were acquired using intra-arterial 
injection of iodinated contrast over a period of about 20 s. 
Using ART reconstruction methods, a temporal resolution of 
16 msec/image could be realized as well as spatial resolution 

approaching 1 mm. However, only 14 sets of X-ray/fluoro-
scopic units were installed due to technical difficulties and 
funding. Later the fluoroscopic units were replaced by CCDI 
cameras. Image reconstruction however was arduous and 
could take as long as several weeks to be completed. 
Specialized software was developed to review and analyze 
the data. Countless contributions to the world of cardiac CT 
were introduced by the investigators working on multiple 
aspects of the DSR project [6–8]. I can recall at one of my 
earliest American Heart Association conventions as a cardi-
ology fellow seeing the astounding video presented by Dr. 
Eric Ritman, the then head of the biodynamics research unit, 
showing detailed anatomy of adult patients in 3-D and, with 
time added, in 4-D. Unfortunately, the DSR was not a com-
mercially viable enterprise and was decommissioned in 
2002. By that time cardiac imaging using MDCT was devel-
oping rapidly.

 Electron Beam CT

In the early 1970s, the initial applications to develop a spe-
cialized cardiac CT scanner given to the NIH were of two 
distinctly different designs. The X-ray tube/fluoroscopic unit 
design as noted above was eventually used for the 
DSR.  However, another design using scanning electron 
beams was discussed.

The scanning electron beam approach eventually proved 
to be the superior design for practical clinical applications 

Fig. 1.3 The dynamic spatial 
reconstructor. (With 
permission of the Mayo 
Foundation for Medical 
Education and Research. All 
rights reserved)
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and for commercial product success. However, this required 
many years in development. Two early designs, one by 
Iinuma et al. [9] at JEOL, a Japanese manufacturer of elec-
tron microscopes, and by Haimson [10] resulted in prototype 
machines but were abandoned. Published in the same issue 
as Reference [8], citing the initial DSR results, was a third 
design, originating with Dr. Douglas Boyd [11, 12]. This 
eventually resulted in the development of what is now called 
EBCT [electron beam computed tomography].

In 1984 Dr. Boyd and colleagues, working initially 
under the aspics of the University of San Francisco Physics 
Laboratory, developed a commercially viable electron 
beam scanner. A for-profit company, Imatron Inc., was 
developed, and then it was time to sell the scanners to aca-
demic institutions for cardiac research. It was initially 
called “ultrafast CT.”

The design was radically different from conventional CT 
at the time. The idea behind ultrafast CT was a large bell- 
shaped X-ray tube. An electron beam [think back to the ini-
tial experiments of Röentgen] emitted from the cathode is 
focused into a narrow beam and then, by means of powerful 
electromagnets, deflected to impinge on a small focal spot on 
an annular tungsten target anode. The electron beam [and of 
course the focal spot] was electronically swept along at 
semicircular array along 210° of arc (Fig. 1.4). In order to 
perform a true cross-sectional image, the beam sweep must 
be at least 180° plus the width of the “fan beam,” which for 
the Imatron scanner was 30°. To acquire rapid heart scans 
without table movement, ultrafast CT included four anodes 
and two detector arrays, each offset along the z-axis to 
acquire eight interleaved slices covering 8 cm of the heart. 
Although very fast speeds were possible, since there were no 

moving parts, as with then and current CT scanners, the 
 limited tube current (650  mA) required slower speeds for 
acceptable mAs values and associated image quality. 
However, with ultrafast CT temporal resolution speeds of 
50 msec and 100 msec, this was 10–20 times faster than pos-
sible at that time from conventional CT [and frankly would 
not be possible with mechanical CT until 20+ years later].

I started my cardiology fellowship in 1981 at the 
University of Iowa under the mentorship of the late Dr. 
Melvin Marcus. Dr. Marcus had already distinguished him-
self as a leader in the world of coronary physiology. The ini-
tial experiments were done in laboratory animals, but he 
longed to be able to study in detail human cardiac and coro-
nary physiology. Recall this was a time early in the develop-
ments of nuclear perfusion imaging and the 30° and 60° 
“sector” two-dimensional echocardiograms. The only way to 
evaluate for the severity of coronary artery disease was direct 
invasive angiography.

Mel had published a paper showing that patients with 
severe aortic stenosis and severe left ventricular hypertrophy, 
but no evidence for obstructive coronary disease, evaluated 
in the operating room using a Doppler coronary flow meter 
placed directly on the coronary arteries, could result in 
decreased coronary artery flow reserve and angina related to 
the left ventricular hypertrophy [13]. If only he could study 
such phenomenon in adult patients outside of the operating 
room.

Dr. Marcus had heard of the potential for ultrafast CT to 
do noninvasive human “experiments” of cardiac structure, 
function, and flow. The University of Iowa agreed to pur-
chase Imatron scanner #3, and I was sent to the UCSF 
Physics Laboratory, along with the late Dr. Andrew 
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Fig. 1.4 Schematic of electron beam tomography. (Personal archives, John A. Rumberger, MD)

J. A. Rumberger



7

J.  Feiring, to begin validation studies using ultrafast CT 
for two  important parameters: accurate definition of global 
left ventricular muscle mass and regional myocardial 
perfusion.

During our time in South San Francisco, I got to know, 
learn from, admire, and befriend the “greats” in early car-
diac CT including Dr. Bruce Brundage [cardiology], Dr. 
Charles Higgins [radiology], and Dr. Martin Lipton [radi-
ology]. After many errors, trials, false endings, and mis-
understandings of the physics of CT and image 
reconstructions, we were successful with our two primary 
objectives [14, 15].

Over the next 15 years, our laboratory at the University of 
Iowa and later at the Mayo Clinic, along with scores of other 
investigators all over the world, used ultrafast CT [later 
called simply electron beam CT (EBT/EBCT)] to validate a 
number of potential human clinical cardiac situations includ-
ing quantitation of left ventricular regurgitant volumes [16], 
visualization of coronary artery bypass graft patency [17], 
segmental left ventricular systolic function [18], regional left 
ventricular diastolic function [19, 20], regional radius to wall 
thickness rations in normal volume overloaded left ventricle 
[21], right ventricular assessment in patients under consider-
ation for lung transplantation [22], post-infarct left ventricu-
lar and right ventricular remodeling during the first year after 
myocardial infarction [23, 24], and revalidation of measure-
ments of myocardial perfusion in animal models [25] and in 
humans [26].

Imatron, as a stand-alone provider of ultrafast CT, had 
many “suiters” during the years beginning with Picker 
International and later with Siemens. These associations 
later proved to be economically fatal.

Despite these and many other publications, imaging of the 
heart using CT was considered at the time as a “niche” and 
likely not to be applied widely in clinical medicine as mag-
netic resonance imaging and two-dimensional [and eventu-
ally three] echocardiography, both not involving exposure to 
ionizing radiation, gained more and more applications and 
notoriety. Ultrafast CT/EBT needed a “unique” application 
to clinical cardiology.

There had been reports as early as the 1960s using the 
presence of coronary artery calcification, detected at fluoros-
copy, as a noninvasive definition of coronary atherosclerotic 
plaque. Early investigations at the University of Chicago 
showed a correlation with coronary obstructive disease and 
non-quantitation of coronary artery calcification using ultra-
fast CT [27]. However, it was the publication of a study from 
Mt. Sinai hospital by Agatston and Janowitz that set the 
course for the use of quantitated coronary artery calcium 
score [Agatston score] as a surrogate for clinical coronary 
artery atherosclerosis [28].

David King [as identified previously] was then the “scien-
tific director” of Imatron and visited all US and foreign ultra-

fast CT installed sites to interest researchers in CAC 
[coronary artery calcification]. At the time, we had two 
installations of EBT at the Mayo Clinic, and we were  imaging 
cardiac physiology [as noted above] and exploring applica-
tions of fast imaging of the respiratory system [cine angio-
graphic imaging of patients with sleep apnea and exploring 
the application of ultrafast CT in detecting pulmonary 
emboli].

David tried to interest me in CAC in the early 1990s. I had 
four comments: (1) We know that CAC is associated with 
atherosclerosis, but it does not tell us the severity of coronary 
stenosis, (2) I am happy studying cardiac/coronary physiol-
ogy that I know can be done with EBT, (3) I am not inter-
ested, and (4) find somebody else at Mayo that might find 
CAC valuable… Should such comments strike me down as I 
stand.

Dr. William Stanford and I edited the first book on 
Ultrafast Cardiac CT in 1992 [29]. At that time, we dis-
cussed the physics of CT imaging and had many of our col-
leagues submit chapters on their ultrafast CT research. One 
such chapter was from Drs. Agatston and Janowitz on the 
clinical applications of CAC scanning. I edited the chapter 
and felt that the “suggestions” for applications were a bit 
“imaginative,” and I asked them to “tone it down” for the 
eventual publication.

I was aware peripherally of the research my colleagues 
Dr. Robert Schwartz in collaboration with a well-known 
cardiac pathologist, Dr. William Edwards, in looking at 
CAC in autopsy hearts using EBT. At the same time, epide-
miologists from the University of Michigan, Drs. Pat Peyser 
and Lawrence Bielak, were conducting studies in the 
“Rochester Family Heart Study” looking at CAC in resi-
dents of Olmsted County, MN., in relationship to coronary 
angiography [30].

At the Mayo Clinic, we required all our internal medi-
cine residents to participate in at least one research project 
during their residency. Dr. Brent Simons, who had been 
involved with Drs. Schwartz and Edwards in the pathologic 
studies of CAC versus coronary plaque studies, came to me 
to discuss his data and how to best analyze the information. 
He basically had a listing of CAC area measurements using 
EBT made at 3 mm intervals from the ostium of the autopsy 
coronary arteries and representative coronary histologic 
atherosclerotic plaque areas from the same coronary seg-
ments. I was not his academic advisor but suggested we 
start with a simple linear correlation of CAC areas versus 
histologic plaque areas. At the time the best program was 
called “Lotus 123.” I took the data and displayed the infor-
mation. What I saw was astounding and provocative: there 
was a clear, albeit scattered, linear correlation between 
CAC area and comparable atherosclerotic plaque area. I 
turned to Brent and said, quite literally: “Where the hell did 
you get these data?”

1 History of Cardiac CT: A Personal Story
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From that point on, I had a mission, and we published 
several papers from this dataset and a subsequent dataset 
using non-decalcified autopsy coronary segments as com-
pared with CAC images using EBT [31, 32]. My initial 
“bias” that CAC could not define percent stenosis was 
 subsequently shown to be a consequence of coronary artery 
remodeling during atherosclerotic plaque development [33].

As interest, all around the world, began to develop regard-
ing the use of CAC as a “screening” method to define coronary 
atherosclerosis, David King formed the “calcium club.” We 
would have meetings in the AM prior to the American College 
of Cardiology and American Heart Association annual meet-
ings discussing the latest CAC research from around the 
world. Many of the well-known cardiologists of the time 
would attend these meetings only to dismiss such information 
during the true scientific presentations. The “calcium club” 
however was a popular forum to openly discuss research and 
advance ideas among like-minded colleagues. In fact, the orig-
inal members of the calcium club founded the Society of 
Atherosclerosis Imaging [SAI] and later incorporated the 
Society of Cardiovascular Tomography [SCCT]. Some of the 
“issues” between the calcium club and established conven-
tional cardiology, interested in obstructive disease and devel-
opment of angioplasty and stents, somewhat congruous with 
detecting nonclinical atherosclerosis by CAC, are featured in 
the documentary “The Widowmaker” [34].

Although there are likely thousands of publications from 
all parts of the world regarding cardiac CT using EBT, the 
“holy grail” was the potential to image the coronary arteries 
in vivo. EBT had superior temporal resolution and, for a long 
time, superior spatial resolution over conventional CT. Dr. 
Stephan Achenbach and colleagues in 1995 first published 
the use of EBT in quantitative imaging of the coronary arter-
ies [35]. Following that publication, the labeling of cardiac 
CT as a “niche” changed dramatically.

Despite the potential advantages of EBT over, at the 
time, conventional CT in terms of cardiac imaging, no more 
than 110 Imatron scanners were manufactured/installed. 
Many are still installed and operational across the world 
using cannibalized parts from other scanners or via post-
market jerry rigging. They were temperamental, difficult to 
maintain, and very expensive. In 1999 EBT, a niche scanner 
might cost $1.5 million, while conventional CT used for 
thoracic and body imaging might cost <$0.7 million. The 
final curtain was the incorporation of Imatron in 2001 by 
General Electric. The swan song of EBT was the GE 
“e-Speed,” a “stripped down” scanner with improved spa-
tial resolution to 1.5 mm versus 3 mm, but was not suffi-
cient to compete in the world striving to be able to image 
the coronary arteries, which are on the order of 3–4 mm or 
less in diameter. The e-speed was abandoned by GE within 
a few years of its introduction.

 MDCT

Conventional CT in the 1980s, as opposed to using a scan-
ning electron beam as noted above, had a disadvantage for 
imaging the heart due to the physical time required to move 
a heavy X-ray tube, resulting in temporal resolution on the 
order of 1000 msec, a spatial resolution of 5–6 mm, and the 
physical attachment to the scanning gantry of the electrical 
connection receiving the electronic data. This tethering 
required that a 230-degree arc for the rotation of the X-ray 
tube about the patient had to be “returned” or wound back to 
its original position and the scanning table advanced a prede-
termined distance before another tomographic image could 
be taken.

“Slip-ring” technology introduced in 1989 gave way to 
the “uncoupling” of the data acquisition system [DAS] from 
the X-ray gantry allowing continuous scanning along with 
synchronized and graduated scanner table motion. Thus, 
contiguous X-ray tomograms could be acquired during grad-
uated increments of the imaging table covering more of the 
body in less time than had been previously possible with 
prior generations of CT scanners. The CT scanner, unteth-
ered, can produce a spiral or helical imaging path through the 
body. Helical CT provides no obvious slice Z-positions, and 
any arbitrarily selected slice plane is equivalent to any other. 
Thus, once helical data are acquired, slices may be recon-
structed at any Z-position.

The speed of imaging a body part was improved signifi-
cantly by the introduction of slip-ring technology, but only 
one slice could be imaged at a single time. Multislice imag-
ing, looking at multiple slices acquired at the same time, 
would afford a better temporal and spatial imaging of the 
heart.

In 1998 Elscint, an Israeli based operation, introduced the 
“dual-slice” CT scanning able to acquire two contiguous 
scans at one sweep of the X-ray source/detector pair – thus 
halving the time required for a chest or body scan. Elscint 
was absorbed by Picker International eventually but then 
Picker folded. Siemens and GE followed suit with their 
introductions – later four-slice CT and eight-slice CT. With 
the introduction of multislice CT scans came the implication 
that these would replace EBT in terms of cardiac imaging. 
However, these “wannabees” simply could not duplicate the 
spatial and temporal resolution of EBT in terms of cardiac 
imaging.

In 2002 I reviewed an article detailing the use of Siemens 
16-slice MDCT [multi-detector CT] and its application to 
noninvasive coronary angiography [36]. The spatial resolu-
tion of MDCT was superior to EBT, and with the use of beta- 
blockade to lower the heart rate, spectacular images as 
compared with conventional angiography were finally avail-
able. For the first time, I realized that multislice conventional 
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CT could, indeed, duplicate and improve on the prior studies 
using EBT. We were ready to “take it up a notch.”

Quickly the numbers of simultaneous “slices” were 
increased to 32-, 42-, and finally to the current state-of-the- 
art 64-slice MDCT. The industry has not stopped at 64 slices, 
moving to 256 and even 320 slices acquired at a single sweep 
of the scanner gantry. Faster rotational speeds, along with 
mathematical algorithms, have reduced spatial resolution to 
0.4 mm or better as well as duplicating EBT temporal resolu-
tion to <100 msec.

Scores of publications using 16+ MDCT have duplicated 
the original cardiac research initially done using EBT, and 
64+-slice MDCT is now used routinely in the outpatient and 
inpatient facilities to define CAC and coronary artery athero-
sclerotic plaque severity and type in the outpatient and inpa-
tient situations.

 Conclusions

“Those that do not remember the past are bound to repeat it.” 
[George Santayana, 1863–1952  in George Santayana (1905) 
Reason in Common Sense, p.  284, volume 1 of The Life of 
Reason]

I have lived the history of cardiac CT and am still doing 
and teaching it  – the awe has not left me wondering. The 
pages to follow in this book will define far better than I can 
the wonder of the physics, mathematics, and computer sci-
ence that has, along with the manufacturing of MDCT, come 
together to establish cardiac CT as a mainstream and in many 
instances a primary or initial imaging tool for studying the 
heart and coronary arteries, going full circle with the initial 
efforts to define cardiac size, function, and flow which begun 
now nearly 40 years ago.
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Evolution of Radiation Dose 
from Cardiac CT

Manoj Mannil and Hatem Alkadhi

Cardiac imaging with computed tomography (CT) remains 
a challenging task requiring both a high spatial resolution 
for imaging of the relatively small coronary arteries and a 
high temporal resolution for providing motion-free images 
of the heart. In parallel to technological advances, tireless 
efforts to simultaneously reduce radiation dosages were 
implemented. As in any given body region, these measures 
are based on the following two principles: restricting the 
total number of cardiac CT examinations by close adher-
ence to guidelines and recommendations and reducing the 
radiation of each individual CT study according to the “as 
low as reasonably achievable” (ALARA) principle while 
maintaining a diagnostic image quality [1]. This chapter 
focuses on the latter.

Introduction of various CT protocol developments and 
software modifications such as tube current modulation, 
automatic tube potential selection, electrocardiography 
(ECG) pulsing, and iterative reconstruction enabled the 
decrease of ionizing radiation dose in one order of magni-
tude over the last two decades [2] (Table 2.1).

 ECG Gating

Cardiac CT imaging must be performed with ECG gating, in 
order to freeze all images in defined time points of the car-
diac cycle. At normal heart rates, least cardiac motion occurs 
during diastole, when the ventricles are filling. Three 
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Table 2.1 Abbreviations and terms for cardiac CT imaging

Abbreviations 
and terms Description
AEC Automatic exposure control mechanism for dose optimization in CT, which adapts tube current according to the part of the 

body being scanned to obtain the desired image quality
CTDI Computed tomography dose index: Radiation dose of a single slice from the primary beam and scatter from surrounding 

slices, in milligrays [mGy]
CTDIvol Computed tomography dose index volume: A measure describing the radiation dose factoring in pitch, which represents the 

average radiation dose in three dimensions and is typically reported in milligrays [mGy]
DLP Dose length product reflects the total energy absorbed attributable to a complete CT scan acquisition and is determined by 

multiplying the CTDIvol by the scan length [mGy*cm]
ECG pulsing Modulation of the tube current according to the electrocardiogram (ECG). Peak tube output during a selected pulsing 

window and reduction of the tube output to approximately 25% during remaining parts of the cardiac cycle
IR Iterative reconstruction: Image reconstruction algorithm that localizes and selectively removes image noise. Repetitive 

comparison of reconstructed images with a computed expected data set
Pitch Defined as table distance traveled in one 360° gantry rotation divided by beam collimation in single-slice CT or total 

thickness of all simultaneously acquired slices in multislice CT
Reconstructed 
slice thickness

Width of a single slice in the reconstructed image [mm]. The greater the slice thickness, the more X-ray photons are present 
in the raw data for reconstructing the image, with an effect on image noise similar to that of increasing the tube current

TCM Tube current modulation automatically adapts the mAs delivered during the CT scan based on patient thickness determined 
from the topogram

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-60327-237-7_2&domain=pdf
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approaches for ECG gating are currently used: (1) retrospec-
tive ECG gating with spiral data acquisition, (2) prospective 
ECG gating with a sequential (or “step-and-shoot”) data 
acquisition, and (3) prospective ECG gating with spiral data 
acquisition and high pitch.

 Retrospective ECG Gating

In retrospective ECG-gating techniques, partially  overlapping 
multi-detector CT projections are continuously acquired in 
the spiral mode, and the ECG signal is simultaneously 
recorded. Software algorithms are then used to sort the data 
from different phases of the cardiac cycle by progressively 
shifting the temporal window of acquired helical projection 
data relative to the R wave (Fig. 2.1). Every position of the 
heart is covered by a detector row at every point of the car-
diac cycle. Therefore, the scanner table continuously moves 
but advances not more than the total width of the active 
detectors for each heartbeat [3]. For a gapless volume cover-
age of the heart in each cardiac phase, a low table feed (pitch 
<1) is required, which has to be adapted to the heart rate of 
the patient: the higher the heart rate, the faster the table can 
move. Using a 4-cm detector enables covering the entire 
heart volume in 3–4 heartbeats [4]. Due to the low pitch of 
this imaging technique, the same anatomic area is repeatedly 
exposed to ionizing radiation during consecutive rotations of 
the gantry, which results in a relatively higher radiation dose 
as compared to the other ECG-gating techniques described 

below. Radiation dose values of up to 21 mSv have been ini-
tially reported for this technique with 64-slice CT.

The use of ECG pulsing allows for modulation of the tube 
current according to the ECG. The peak tube output is gener-
ated during a selected pulsing window, usually during diastole. 
During the remaining parts of the cardiac cycle, the tube output 
is reduced to approximately 25%. Most scanners allow to 
adjust the ECG-pulsing window width according to the heart 
rate, in order to be as narrow as possible for maximal radiation 
exposure reduction while being as wide as reasonable to obtain 
diagnostic image quality at the same time [5]. Modern ECG-
pulsing algorithms are able to automatically detect arrhythmia 
and switch off ECG pulsing during ectopic heartbeats.

When combining retrospective ECG gating with opti-
mized tube voltage and tube current in combination with 
modern iterative reconstruction algorithms, radiation doses 
can be as low as 4–6 mSv per cardiac CT examination with 
this technique.

 Prospective ECG Gating 
in the Sequential Mode

Prospective ECG triggering uses the ECG signal to limit 
scanning to time points defined prior to the data acquisition, 
usually during diastole. Projection data are acquired during 
more than half a gantry rotation. The total number of slices 
produced per heartbeat during this half rotation of the gantry 
is proportional to the number of rows of active detectors. As 
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Fig. 2.1 Retrospective 
ECG-gated cardiac CT in the 
spiral mode with continuous 
table movement. The ECG of 
the patient is schematically 
shown at the bottom. Data can 
be retrospectively 
reconstructed at each after 
data acquisition at each time 
point of the cardiac cycle. 
(Modified from Flohr et al. 
[4], with permission)
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axial (rather than helical) scanning is used, the table is not 
moving during but only in-between data acquisition. The 
table has to move by the total collimation width after each 
acquisition (sequential or “step-and-shoot” mode) (Fig. 2.2). 
About 12 cm of scanning in the z-axis is required to cover 
most adult hearts; the total number of heartbeats and number 
of image stacks for a cardiac CT study depend on the width 
of the detector. However, as the scan is sequentially obtained, 
there is minimal flexibility in retrospectively choosing dif-
ferent phases of the cardiac cycle for image reconstruction. 
This minimal flexibility can be circumvented by using the 
technique of “padding.” Padding allows for acquisition of 
images in additional cardiac phases by extending the manda-
tory minimum acquisition time. There is a trade-off between 
acquisition flexibility and radiation dose. Extensive use of 
padding is associated with a greater radiation dose. For 
instance, a 100 millisecond increase in padding results in a 
45% increase in radiation dose [6]. A recent meta-analysis 
showed that prospective ECG gating is associated with an 
average radiation dose of 2.7 mSv [7]. Currently, prospective 
ECG gating is the most widely used technique for data 
acquisition in cardiac CT [2, 8].

 Prospective ECG Gating with Spiral 
Acquisition and High Pitch

Since the commercial launch of dual-source CT technology 
in 2005, further reduction of ionizing radiation was achieved 
through use of prospective ECG gating with high pitch. In 

this mode, data is acquired in a spiral fashion, while the table 
runs with a high pitch (e.g., 3.2 with third-generation dual- 
source CT, equivalent to a table feed of 737 cm/s).

Using this technique yields a “snapshot” scan of the entire 
heart within one cardiac cycle, usually during diastole. While 
pitch in a single-source CT is limited to values of approxi-
mately 1.5 to ensure gapless volume coverage along the 
z-axis, a dual-source CT system contains a second X-ray 
tube at 90° offset, which acquires scan data at the same angu-
lar position at a quarter rotation later. This facilitates a maxi-
mum pitch of 3.2–3.4, depending on the scanner generation, 
within a limited scan field of view (FOV) covered by both 
detectors (Fig. 2.3). A quarter rotation of data per measure-
ment system is used for image reconstruction, and each indi-
vidual axial image has a temporal resolution of a quarter of 
the gantry rotation time. The ECG is used to prospectively 
trigger the start of table motion and the start of the high-pitch 
spiral. A requirement for usage of this technique is generally 
a stable sinus rhythm with heart rates ≤60 bpm with second- 
generation dual-source CT and  ≤70  bpm with third- 
generation dual-source CT (Fig. 2.4).

The effective radiation dose of a prospectively ECG-
gated high-pitch cardiac CT can be well below 1 mSv [9, 
10]. In contrast to prospective ECG gating, where additional 
X-ray exposure along the entire width of the detector is gen-
erated at every slice, the high-pitch mode generates super-
fluous X-rays exposing the entire width of the detector only 
at the beginning and at the end of the spiral path. This 
explains the further reduction of radiation exposure when 
using this mode [1].
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Fig. 2.2 Principle of 
prospective ECG-gated 
sequential (or “step-and- 
shoot”) scanning. The ECG of 
the patient is schematically 
shown at the bottom. The blue 
lines indicate the z-positions 
of the individual detector 
rows of a multirow detector 
relative to the patient. Axial 
(sequential) scan data are 
acquired with a user- 
selectable temporal distance 
to the preceding R wave. 
After each axial scan, the 
table moves to the next 
z-position. Scan data are 
typically acquired at every 
second heartbeat. (Modified 
from Flohr et al. [4], with 
permission)
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 Tube Current Modulation and Tube 
Voltage Adaptation

Both tube current modulation and tube voltage adaptation can 
be used for all scan protocols described above. Tube current 
modulation is defined as automatic adjustment of the tube cur-

rent to account for differences in body shape and attenuation 
depending on the body region scanned. Lowering and optimiz-
ing the tube voltage represent another important approach for 
dose reduction, as radiation dose varies with the square of the 
tube voltage. Initial investigations with 16-/64- slice CT sys-
tems comparing 120- and 100-kV tube voltage CT protocols 
have shown that decreased tube voltages reduce overall radia-
tion dose at the expense of increased image noise. The signal-
to-noise (SNR) and contrast-to-noise ratios (CNR), however, 
remain unaffected, as decreased tube voltages approach the 
k-edge of iodine (33.2 keV), which results in higher attenuation 
of iodinated contrast. With an increase in both parameters, sig-
nal/contrast and noise, the overall ratios for SNR and CNR 
remain unaffected [11–13]. Recently, automatic tube potential 
selection  algorithms became available which automatically 
lower the tube potential according to patient size, diagnostic 
task, and scanner tube current limits. This measurement is 
reported to yield a dose reduction between 20% and 50% in 
nonobese patient populations. For larger patients, however, 
image quality may deteriorate beyond diagnostic quality [14].

 Iterative Reconstruction (IR)

Iterative reconstruction (IR) is a technique that incorporates 
statistical modeling in image reconstruction with the main 
aim to reduce image noise. This technique can be also used 
for reducing the radiation dose (usually through reduced 
tube current) while maintaining the image quality of the 
examination [1, 10]. Similar to the options tube current mod-
ulation and tube voltage adaptation, IR can be applied for all 
scan protocols described above.

Scan time
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Temporal resolution per
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Fig. 2.3 ECG-gated 
high-pitch mode. The ECG of 
the patient is schematically 
shown at the bottom. The 
table is moved at very high 
speed, sufficient to cover the 
entire heart volume within a 
single diastole. At each 
z-position, only the minimum 
amount of scan data necessary 
for image reconstruction is 
acquired. The temporal 
resolution per image is 
therefore close to a quarter of 
the gantry rotation time; and 
there is a slight phase shift of 
the reconstructed images 
along the z-axis. (Modified 
from Flohr et al. [4], with 
permission)

Fig. 2.4 3D image of the coronary artery tree with volume rendering of 
image data acquired with the high-pitch mode on a third-generation 
dual-source CT scanner. Estimated effective radiation dose was 0.4 mSv
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 Filtered Back Projection (FBP)

Until recently, CT images were almost exclusively recon-
structed with filtered back projection (FBP), largely due to 
the fact that FBP generates diagnostic images at a low level of 
computational complexity. In FBP the X-ray beam assumes a 
pencil shape, and the X-ray source is aligned in a parallel 
fashion to a linear X-ray detector array. For image generation, 
the X-ray source is rotated over a certain angle, allowing for 
intensities to be measured at the detector. These intensities 
are described as an integral function for a specific angle and 
the shift in the position of the X-ray tube. After this, the 
reconstruction process involves solving an integral equation 
by inversion or so-called back projection. Despite its ability 
to rapidly reconstruct images, FBP has various limitations, in 
particular increased image noise, which is most prominent in 
low tube current imaging, poor contrast resolution, and streak 
artifacts. This is primarily due to the inherent failure of the 
FBP algorithm to account for image noise that results from 
Poisson statistical variations in the number of photons across 
the imaging plane, leading to an inverse relationship between 
radiation dose and image noise. Until the recent introduction 
of IR, lowering image noise could only be achieved at the 
expense of increased radiation dose. Attempts at so-called 
image-based denoising through smoothing algorithms and fil-
ters (convolution kernels) allow for noise reduction but result 
in compromised spatial resolution and image fidelity [15].

 Iterative Reconstruction (IR)

In principle, IR techniques attempt to localize and selectively 
remove image noise by frequent comparison with a canvas. 
This is achieved through a process of modeling the imaging 
acquisition process, including fluctuations in photon statis-
tics, the optics system, and various aspects of X-ray interac-
tions to generate an expected data set, which is then compared 
to the actually acquired data set. The differences between 
these two are used to identify and remove noise, and the pro-
cess is repeated multiple times until the updated data con-
verges with or approximates the expected data to maximize 
image optimization.

Initially, statistical IR was introduced in CT imaging. It 
deals with noise due to fluctuations in photon statistics by 
assigning a relatively higher weighting to data with low 
statistical uncertainty (low noise) and lesser weighting to 
data with high statistical uncertainty (high noise). It oper-
ates in either the “raw data domain” with subsequent 
reconstruction using the “noise-reduced” data or in the 
“image domain” after IR.  More recently, IR algorithms 
that model for the physical three-dimensional nature of the 
system optics (geometric modeling of the focal point of 
the X-ray tube and pixel detector) and the interaction of 

photons in the transmission between the X-ray tube, iso-
center, and detector (physical modeling) have been devel-
oped and are collectively referred to as model-based IR 
[15]. Current IR algorithms typically combine statistical 
modeling with model-based IR.  In hybrid IR algorithms, 
the imaging data can be blended with traditional FBP at 
certain thresholds. The iteratively reconstructed CT images 
are generally less noisy and possess an improved image 
resolution and edge detection compared to images acquired 
with FBP (Fig. 2.5).

Due to this circumstance, diagnostic images can be 
achieved even at lower tube currents when using IR instead 
of FBP, and radiation exposure can be significantly 
decreased. Many studies have evaluated noise and dose 
reduction with IR algorithms across multiple vendors 
(Table  2.2). In summary they demonstrate either (1) 
improved noise properties with IR compared to FBP when 
images from the same patients are reconstructed using 
both algorithms (intraindividual analysis) or (2) preserved 
subjective image quality and quantitative noise properties 
among patients undergoing IR image reconstruction with 
low-radiation dose techniques (reduced tube current and/
or potential) compared to FBP algorithms with standard 
dose techniques (interindividual analysis). For instance, 
performing prospectively ECG-gated high-pitch coronary 
angiography with third-generation dual- source CT and 
using advanced modeled IT at a 70 kVp tube voltage result 
in a reduced image noise and improved overall image qual-
ity compared to standard FBP reconstructions at an aver-
age effective dose of only 0.3 mSv [15, 16].

 Limiting the Scan Length

Limiting the scan length, or z-axis coverage, to exactly 
encompass the heart and coronary arteries represents 
another important factor for reducing the radiation dose car-
diac CT. Traditionally, each cardiac CT examination starts 
with acquisition of a scout view for planning the scan length 
of the examination. It is a common practice to obtain an 
unenhanced low-dose calcium scoring scan, whose scan 
length is usually planned on the scout view. Then, 
 contrast-enhanced CT coronary angiography is performed 
for  diagnosing or excluding coronary artery stenoses. Due 
to the limited anatomic information provided by the scout 
view, the exact cranio- caudal extent of the coronary arteries 
cannot be discerned on a scout view. Therefore, the region 
of the carina is frequently used as the upper border and the 
cardiac apex as the lower border of the scan length of CT 
coronary angiography.

Alternatively, scan length can be determined by using 
the axial images from calcium scoring for identifying the 
table position at the origin of the left main artery and that 

2 Evolution of Radiation Dose from Cardiac CT
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Fig. 2.5 Multiplanar reformations of the right coronary artery using 
(a) filtered back projection (FBP), (b) advanced modeled iterative 
reconstruction (ADMIRE) strength level 1, (c) ADMIRE strength level 

2, (d) ADMIRE strength level 3, (e) ADMIRE strength level 4, (f) 
ADMIRE strength level 5. Note the continuous decrease of image noise 
and the improved vessel sharpness from FBP to ADMIRE images
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of the cardiac apex. The scan length for CT coronary angi-
ography can be then planned by adding around 1 cm to the 
cranial and around 1 cm to the lower border to account for 
possible changes in inspiration depth between calcium 
scoring and CT coronary angiography. Using this approach 
might lead to another reduction of radiation exposure of 
around 16% [17].

 Clinical Relevance of Dose Reduction 
and Cancer Risk

Raised awareness of medical practitioners and stringent 
application of the aforementioned dose reduction techniques 
have been proven to be effective. Cardiac CT is well estab-
lished for certain indications, e.g., for ruling out obstructive 
coronary artery disease at a low-to-intermediate pretest prob-
ability [18]. For determining whether all efforts in minimiz-
ing ionizing radiation are relevant requires comparison of the 
clinical benefit of the CT examination with the potential and 
theoretical cancerogenic risk of the procedure.

Reports on cancer risk in medical imaging are mainly 
derived from extrapolations of risk estimates to low levels of 
radiation and multiplications with a large number of exposed 
individuals. However, the data extrapolation is not reliable 
below an exposure of 100 mSv. Therefore, various different 
hypotheses about extrapolation of radiation risk to lower 

radiation doses were formulated, including a linear no- 
threshold model which indicates that each level of radiation 
is associated with a risk to the patient and that there is no 
lower threshold for this risk. Still, the American Association 
of Physicists in Medicine considers risks of medical imaging 
at effective doses <50 mSv for single procedures or <100 mSv 
for multiple procedures over short-time periods as too low to 
be epidemiologically detectable. While there is no evidence 
between radiation from medical imaging and cancer induc-
tion in a general adult population, it is in the best interests of 
the patients to keep the ionizing radiation exposure ALARA, 
without loss of diagnostic information.

 Summary

Recent technological advances in cardiac CT imaging, rang-
ing from automated exposure control, tube voltage optimiza-
tion, scan length adjustments, evolution of ECG-gating 
techniques, and iterative reconstruction post-processing, 
have reduced radiation doses in one order of magnitude over 
the last decade. Continuous efforts in the optimal selection of 
each of the techniques help in keeping the radiation exposure 
to each individual adult patient so low that the assumed theo-
retical radiation risk from cardiac CT can be neglected.
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The Long March into Clinical Practice: 
Cardiac CT and Its Competitors
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In the early twentieth century, control of infectious diseases, 
increasing longevity, and poor lifestyles resulted in chronic 
diseases becoming the major cause of disability and death [1]. 
By the 1920s, coronary artery disease (CAD) became the 
leading cause of death in the United States. As treatments 
emerged to treat CAD, it became important to develop means 
for identifying those patients at risk for developing the dis-
ease and its complications. Initial diagnostic work in this 
regard was initiated even prior to the advent of exercise elec-
trocardiography. In the 1920s, Master developed his famous 
“two-step” stress test [2], which allowed physicians to assess 
patients’ functional capacity in a semiquantitative manner 
and to provoke angina symptoms through physical activity. In 
the 1950s, treadmill testing was implemented, and in 1963, 
Robert Bruce published his protocol for performing graded 
multistage treadmill exercise with electrocardiographic mon-
itoring [3], a protocol that is still used today. This develop-
ment of the Bruce protocol treadmill exercise was timely 
since the 1960s saw the introduction of cardiac catheteriza-
tion and coronary bypass surgery. With this dramatic new 
treatment option, a need emerged to accurately identify those 
patients who were at risk for cardiac events and thus potential 
beneficiaries of coronary artery bypass surgery.

Epidemiological study in the 1960s and 1970s refined the 
use of exercise electrocardiography for diagnostic and 
 prognostic testing [4]. Various aspects of the exercise 

 electrocardiographic response were identified as predictors 
of adverse outcomes, including the magnitude, time to onset, 
and postexercise duration of exercise ST segment depres-
sion. In addition, patients’ overall exercise capacity, as 
assessed by exercise duration during Bruce protocol exercise 
ECG, was found to be a potent predictor of patient risk [5].

In the mid-1970s, the field of cardiac imaging emerged 
due to the introduction of radionuclide imaging techniques. 
Since then, the field of noninvasive cardiac imaging has 
grown markedly. Today, many different forms of noninvasive 
tests can be used for the work-up and management of patients 
in clinical practice, as listed in Table 3.1. While these tests 
vary markedly in their capabilities, they remain focused on 
three principal needs in cardiology: (1) to screen for latent 
CAD in asymptomatic subjects, (2) to establish the presence 
or absence of CAD in patients presenting with chest pain 
symptoms (diagnostic testing), and/or (3) to evaluate 
patients’ clinical risk for developing future cardiac events 
(prognostic testing). Herein, we review the development of 
these imaging modalities and the future competition that will 
shape how these modalities will be used in clinical practice.

 The Advent of Nuclear Cardiology

The first cardiac imaging approach to be applied for diagnos-
tic and prognostic testing was exercise-rest myocardial per-
fusion imaging (MPI). This new imaging technology became 
possible due to the application of gamma-emitting monova-
lent cations which could be actively extracted by the myocar-
dium, such as potassium-43 [6], and its analogues, 
rubidium-81 [7] and thallium-201 [8]. The initial uptake of 
these analogues was found to correlate with the distribution 
of myocardial blood flow over a wide range of flow rates, 
making these agents well suited for cardiac imaging at stress 
as well as during rest imaging. Redistribution thallium-201 
imaging became a useful method for assessing myocardial 
viability. Exercise MPI, initially employed using a planar 
technique, was soon shown to have both higher sensitivity 
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and specificity than its then only competitor for the detection 
of CAD – exercise ECG. In the early days of nuclear cardiol-
ogy imaging, another radionuclide technique, exercise radio-
nuclide ventriculography (RNV), performed by using either 
the first pass or multiple-gated equilibrium technique, was 
also found to have higher sensitivity and specificity than 
exercise ECG. Then, after the advent of single-photon emis-
sion computed tomography (SPECT) MPI in the early 1980s, 
exercise SPECT-MPI became favored over both exercise pla-
nar MPI and exercise RNV, due to this technique’s enhanced 
ability to size the magnitude of stress-induced myocardial 
ischemia. Alongside these developments was the creation of 
semiquantitative and quantitative scoring systems to deter-
mine the severity of perfusion defects on SPECT-MPI as 
well as software that allowed for easy processing, display, 
and analysis of the images. A universal scoring system 
helped decrease inter- and intra-observer variability and 
effective communication of results.

Other important developments in the 1980s included the 
introduction of PET imaging for assessing myocardial perfu-
sion and myocardial viability, the initiation of pharmaco-
logic testing with dipyridamole for those patients who could 
not exercise, and the development of Tc-99m sestamibi and 
tetrofosmin, which considerably improved image quality due 
to the shorter half-life of Tc-99m versus thallium-201 which 
allowed for higher injected doses which led to improved 
image quality. Subsequently, the development of ECG-gated 
SPECT imaging in the mid-1990s introduced the assessment 
of left ventricular ejection fraction and regional wall motion 
analysis, which could be assessed in myocardial segments 
containing myocardial perfusion defects [9].

A further key component of the growth of nuclear cardiol-
ogy studies was the inclusion of scientists and clinicians in 
the field, with the scientists helping emphasize the impor-
tance of standardization of acquisition and processing meth-
ods and providing development of objective quantitative 
analysis methods which provided a “second expert opinion” 
in interpretation. These methods were first developed for pla-
nar imaging methods [10] and then subsequently were 
applied in SPECT-MPI [11]. For the latter, the advent of the 
polar map, with comparison of a patient’s studies to normal 
limits, allowed easy appreciation of the presence and  location 

of perfusion defects. The quantitation became a standard part 
of the imaging methods.

As investigators and clinicians became seasoned in the 
application of nuclear cardiology, they established many 
principles regarding the correct validation of testing. Three 
principles that are particularly applicable to the tests which 
have since followed are reviewed below.

 Characterizing the Full Extent of Test 
Abnormality

Investigators in nuclear cardiology sought from the onset to 
evaluate all potential information that could be derived from 
the scintigraphic images. Early work established that the 
extent of perfusion defects (i.e., the area of ischemic myocar-
dium) and the severity of perfusion defects (ranging from 
very mild abnormality to the complete absence of uptake) 
provided complementary and independent information. For 
example, in a follow-up of 1689 diagnostic patients who 
underwent exercise thallium-201 MPI, Ladenheim et al. [12] 
found that both the number and severity of perfusion defects 
within six myocardial regions were related to adverse car-
diac outcomes; when both extensive and severe ischemia 
were present, adverse events increased in exponential fash-
ion (Fig. 3.1). Other examples of ischemic parameters that 
could be used to characterize the presence of either extensive 
or severe ischemia for thallium-201 MPI, sestamibi MPI, or 
stress echo are shown in Table 3.2. For example, the identifi-
cation of transient ischemic dilation was identified as a vari-
able that predicted both extensive and severe CAD [13], with 
extensive ischemia needed to induce left ventricular dilation 
postexercise and severe ischemia needed to maintain dilation 
during the postexercise phase.

To convey the information regarding ischemic extent and 
severity to physicians, investigators developed routine semi-
quantitative analysis of MPI studies based on the visual scor-
ing of the degree of radiotracer reduction in each segment of 
the myocardium. This led to the further development of 
summed segmental scores at stress, rest, and their difference 
[14]. A later development was the conversion of these scores 
into a percent of the myocardium involved for ischemia and 
total defect severity [15], first based on a 0–4 scoring of 20 
myocardial segments and later, of 17 segments.

 Combining Clinical and Physiological Data

The combined assessment of clinical and imaging data can 
also improve risk assessment. This point was also well illus-
trated by the abovementioned study by Ladenheim et al. (see 
Fig. 3.1) [12]. For any given level of ischemia, the cardiac 
event rate was increased approximately threefold among 

Table 3.1 Noninvasive techniques for the work-up of patients

Exercise electrocardiography
Stress-rest myocardial SPECT perfusion imaging
Stress-rest position emission tomography
Exercise radionuclide ventriculography
Stress echocardiography
Stress magnetic resonance imaging (MRI)
Coronary artery calcium scanning
Coronary computed tomography angiography
Carotid ultrasound
Femoral ultrasound
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those patients who could not exercise to at least 85% of their 
maximal predicted heart rate on treadmill exercise. Today, 
many patients are studied by pharmacologic stress due to an 
inability to exercise. The mere inability to perform treadmill 
exercise also increases mortality risk by at least twofold 
compared to patients who can exercise (Fig. 3.2) [16]. The 
further consideration of CAD risk factors does not generally 
influence short-term risk assessment, but it plays an impor-
tant role in complementing the results of stress testing for 
predicting long-term risk (Fig. 3.3) [17, 18].

 The Assessment of Incremental Information

The early investigators in nuclear cardiology recognized 
that it was insufficient to merely demonstrate that radionu-
clide imaging had superior test sensitivity and specificity 
compared to exercise ECG.  Rather, they also addressed 

whether nuclear stress testing added to risk prediction 
when all of the more readily available clinical information 
and results of exercise electrocardiography were first fac-
tored into their risk analysis. Analyses of multiple patient 
populations consistently demonstrated that radionuclide 
imaging provided substantial additional risk prediction 
[19, 20]. Since then, the demonstration of incremental 
information is on the basis by which any new imaging 
modality is evaluated.

Finally, a key component of the growth of nuclear cardiol-
ogy was the formation in 1993 of the American Society of 
Nuclear Cardiology (ASNC). The organization, formed pre-
dominantly by cardiologists, became an advocate for the 
method and laid the ground work for cardiologists employ-
ing the novel methods as part of their own clinical armamen-
tarium—as occurred with echocardiography. The ASNC had 
a profound effect on the success of the field.

Summarizing key components of the success of nuclear 
cardiology might be the following: (1) recognition of the 
need for comprehensive databases containing clinical ECG, 
and comprehensive nuclear variables regarding the extent 
and severity of ischemia and scarring and follow-up for car-
diac events, resulting in a large body of published evidence 
regarding diagnosis and prognosis and the incremental infor-
mation in large patient populations could be reported; (2) 
recognition of the need for standardization of methodology 
for acquisition and processing and interpretation, along with 
automated quantitative analytic tools; (3) the development of 
vasodilator stress so that the method could be utilized in 
patients who could not exercise; (4) prominent role played 
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ischemia were both independently correlated to cardiac event rates. 
(From Ladenheim et al. [12], with permission)

Table 3.2 Extent and severity of ischemia parameters

Study Ischemic
Extent Severity

Number of perfusion defects ++++
Severity of perfusion defects ++++
Lung thallium-20 uptake +++ +
Delayed thallium redistribution ++++
Stunned myocardium on gated SPECT ++++
Transient ischemic dilation of the LV ++++ ++++
Number of stress-induced WMA ++++
Severity of WMA ++++
Decrease in LVEF +++ ++

3 The Long March into Clinical Practice: Cardiac CT and Its Competitors
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by clinical cardiologists who control the patient referrals; 
and (5) the development of a professional society that could 
be an advocate for all aspects of the field.

 The Advent of Stress Echocardiography

Resting echocardiography has long been a mainstay for the 
evaluation of cardiac structure and function, valvular heart 
disease, congenital heart disease, cardiac masses, and pericar-
dial disease. In the 1980s, postexercise stress echocardiogra-
phy was introduced as a new method for evaluating patients, 
followed later by the application of echocardiography during 
dobutamine infusion. Because stress echocardiography 
lagged approximately 5–10 years behind the introduction of 
nuclear cardiology, the application of this technology was 
able to rely heavily on the principles established by nuclear 
cardiology for its own validation. For example, just like with 
the extent and severity perfusion defects, the extent and sever-
ity of stress-induced echocardiographic wall motion abnor-
malities proved to be potent predictors of patient risk [21]. 
Generally, stress echocardiography has become employed for 
similar clinical indications and in the same general popula-
tions as stress radionuclide imaging. Among differences 
between the methods are the commercial availability of vali-
dated quantitative analytic methods for nuclear cardiology 
methods, perceived less dependence on the operator exper-
tise, and ease with which the method can be applied to patients 
who cannot exercise using vasodilator stress.

 The Advent of Magnetic Resonance 
Imaging (MRI)

MRI applications for cardiovascular disease were first devel-
oped in the 1980s and began to be applied clinically in the 
1990s. MRI has a number of clinical utilities. First, MRI has 
the ability to differentiate different types of soft tissue from 
each other and assess and quantify myocardial fibrosis/scar 
and edema. Second, because of its ability to image the entire 
chest in any imaging plane, MRI has become a gold standard 
for assessing left and right ventricular structure and function. 
Third, MRI can be used for assessment of cardiovascular 
masses, valvular heart disease, and cardiac masses. Fourth, 
the development of myocardial delayed enhancement tech-
niques allowed MRI to become a mainstay in assessing myo-
cardial viability and the assessment of cardiomyopathies.

In addition, MRI had also been used as an alternative 
method to assess patients during pharmacologic stress. Stress 
MRI techniques can be applied in either of two ways: (1) use 
of perfusion techniques such as those developed in nuclear 
cardiology and (2) use of wall motion techniques as devel-
oped for stress echocardiography. Either stress technique, 

combined with the functional and viability images, gives the 
clinician the ability to assess wall motion, myocardial viabil-
ity/scar, and myocardial ischemia in one test.

Despite the broad capabilities of cardiac MRI and its 
introduction only a decade after nuclear cardiology methods, 
it remains used in only a small number of centers in the 
United States. In stress testing as an example, while it is esti-
mated that at most a few hundred thousand cardiac MRI pro-
cedures are performed in the United States per year, the 
number of stress echocardiography procedures is an order of 
magnitude greater than this and of nuclear cardiology proce-
dures approximately two orders of magnitude greater than 
this. Understanding this lack of growth of cardiac MRI may 
provide insight into the development of cardiac CT. MRI uti-
lizes expensive equipment, costing approximately ten times 
that of a nuclear cardiology scanner and much more than that 
compared to echocardiography equipment. Given this, it is 
not suitable for office practice. The method has required a 
great deal of expertise from technologists, to a greater extent 
than with nuclear or echocardiographic methods. The inter-
pretation of cardiac MRI is more complex than that of 
nuclear cardiology or echocardiography studies, requiring 
greater training of the physician interpreters. Standardized, 
validated automated quantitative analytic software has not 
become available. While echocardiography and nuclear car-
diology became part of the standard curriculum of cardiol-
ogy fellows over the last two decades, this training in cardiac 
MRI was far more limited, being available in a limited num-
ber of programs. Finally, while echocardiography and 
nuclear methods were almost always contained within cardi-
ology divisions, in only a small number of centers in the 
United States is cardiac MRI within cardiology. Strong col-
laboration between cardiology and radiology in cardiac MRI 
has not been common.

 The Advent of Coronary Artery 
Calcium Scanning

The advent of coronary artery calcium (CAC) scanning with 
electron beam CT in the later part of the 1980s and 1990s 
ushered in the beginning of a new era in the use of cardiac 
imaging in asymptomatic patients, which is beginning to 
profoundly affect the future course of noninvasive cardiac 
testing. The test is easily performed, not requiring a great 
deal of technical expertise. An objective, quantitative ana-
lytic method has been available since soon after its introduc-
tion, providing what became described as a single 
number—the Agatston score—which has become the stan-
dard approach since its introduction for expressing the results 
of the scan and improved our ability to screen for CAD since 
the presence of CAC serves as a highly sensitive and specific 
marker for the presence of underlying atherosclerosis.

3 The Long March into Clinical Practice: Cardiac CT and Its Competitors
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Importantly, patho-anatomic correlations in the 1990s by 
Rumberger et  al. established a proportional relationship 
between the CAC score and the overall burden of coronary 
atherosclerosis [22]. Consistent study has demonstrated that 
cardiac risk increases in direct proportion to increasing 
degrees of CAC abnormality [23–25]. For example, in a 
long-term follow-up of 25,263 asymptomatic subjects who 
underwent CAC scanning, Budoff et  al. demonstrated an 
increase in risk in association with each increment of CAC 
score increase (Fig. 3.4) [23]. Even a very low CAC score, in 
the range of 1–9, establishes the presence of atherosclerosis. 
Such low scores suffice to increase the risk for cardiac events 
by twofold compared to a CAC score of zero.

As with cardiac stress testing, investigators recognized 
the need to assess whether CAC scanning added incremental 
information to the assessment of cardiac risk by global algo-
rithms, such as the Framingham Risk Score, which incorpo-
rate age, gender, and consideration of CAD risk factors. A 
potential limitation of such scores is their reliance on only 
current risk factor status, without consideration of the chro-
nicity of the risk factors. Moreover, these algorithms only 
provide a probabilistic assessment of the likelihood of CAD 
based on populations, whereas CAC scanning provides a 
marker of disease in an individual patient, representing the 
lifetime effect of all risk factors on the coronary vasculature. 
Numerous studies have demonstrated that CAC scanning 
provides incremental prognostic information compared to 
CAD risk factors and global algorithms [26, 27]. For 
instance, within the MESA study, the CAC score potently 

stratifies risk among all FRS subgroups including those with 
low and high FRS scores (Fig. 3.5) [27].

In addition, the CAC score has been shown to provide 
superior risk stratification compared to other methods used to 
screen for CAD. An important analysis in this regard was pro-
vided by Yeboah et  al. within the MESA population, who 
assessed 1330 subjects with an intermediate FRS by 6 sepa-
rate measurements: the ankle-brachial index, brachial flow- 
mediated dilation, carotid intima-media thickness, 
consideration of one’s family history of premature CVD, 
high-sensitivity C-reactive protein, and assessment of one’s 
CAC score [28]. Over a mean follow-up of 7.5 years, subjects 
were assessed for the occurrence of incident CVD. Other than 
CAC scanning, the other five screening measurements failed 
to provide a significant discrimination for predicting incident 
CVD. By contrast, CAC scanning was highly predictive. In 
addition, the net reclassification improvement provided by 
CAC scanning in the intermediate risk MESA subjects was 
substantially greater than that provided by the other scanning 
techniques evaluated by Yeboah et al. (Table 3.3) [28].

Several aspects of CAC scanning, however, led to a lag in its 
becoming a routine part of clinical cardiology until recent years. 
These include the manner in which it was introduced as a com-
mercial screening test, its initial perception as being a diagnostic 
test (shown to have low specificity for obstructive coronary 
artery disease), the backlash from expert consensus panels and 
guidelines committees from its endorsement, and the persistent 
lack of coverage of the method, making it available only to 
patients who can afford to pay for their own scans.
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 The Advent of Coronary CT 
Angiography (CCTA)

Coronary CT angiography became possible only after mul-
tislice scanners with rotation speeds became commercially 
available in the early 2000s—with the general availability of 
64 slice scanners beginning around 1995. It was thus intro-
duced at a time in which its developers could learn from the 
history of the other methods. Continual hardware and soft-
ware improvements have led to faster and higher quality 
scans (improved spatial and temporal resolution) and the 
ability to perform these scans with very low radiation 
exposure.

Lessons learned from the experience with the earlier 
methods were applied to coronary CTA. These included the 
following:

 1. The need for systematic development of databases within 
multiple centers that contained comprehensive clinical 
and coronary CTA data as well as follow-up information 
for cardiac events, which then could result in rapid 
 published evidence for the field in diagnosis and 

 prognosis. Importantly, this need was recognized in 
 centers around the world, such that multicenter registries 
became possible.

 2. The need for cardiologists and radiologists and imaging 
scientists to be involved in order to have the source of 
patient referrals and the physicians who generally control 
the expensive scanners both being advocates of the 
methods.

 3. The need for standardization of acquisition, processing, 
and interpretation methods.

 4. The need for a professional organization to be an  advocate 
for all aspects of the development of the field.

Thus, in 2007, only a few years after the introduction of 
the 64-slice scanners, the Society of Cardiovascular CT 
(SCCT) was formed, to support research and education in 
cardiac CT and, from its beginning, dedicated to having the 
organization be a collaborative effort between cardiologists 
and radiologists.

Using the databases that had become part of imaging prac-
tice, early studies focused on the accuracy of CCTA in detect-
ing stenosis compared to invasive coronary angiography, in 
which it far surpassed the accuracy of the other noninvasive 
imaging techniques—not surprisingly, since they were both 
anatomic imaging methods. The prospectively defined data-
bases provided the tool for rapid reporting of multiple studies 
showing the prognostic value of CCTA above baseline CAD 
risk factors and commonly used risk stratification schemes. 
Further, since centers around the world had learned the need 
for prospective databases, it was possible to have multicenter 
registries that quickly amassed large numbers of patients with 
comprehensive clinical and coronary CTA data. The desire of 
many leaders in the field to provide evidence that would lead 
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Table 3.3 Comparison of net reclassification improvement among 
1330 intermediate Framingham risk subjects in the MESA study

Variables % NRI
Brachial FMD 2.4%
Ankle-brachial index 3.6%
Hs-CRP 7.9%
Carotid IMT 10.2%
Family history 16.0%
Coronary artery calcium 65.9%
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to broad dissemination of the method and importantly to 
payor coverage and inclusion in guidelines led multiple inves-
tigators to pool their data in such a fashion that individual 
centers might not be recognized for their contribution, but the 
overall field could have the opportunity to rapidly gain 
strength. Exemplifying this, in a very large registry of 23,854 
patients without known CAD in the Coronary CT Angiography 
Evaluation for Clinical Outcomes: An International 
Multicenter (CONFIRM) registry, there was a significant 
association between mortality and CCTA findings, according 
to analysis of obstructive CAD by either a per-patient, per-
vessel, or per-segment basis [29]. Outcome studies have con-
sistently demonstrated that the absence of CAD by CCTA is 
associated with an excellent prognosis and a very long “war-
ranty period.”

The excellent diagnostic and prognostic accuracy of CCTA 
makes it an attractive test in diagnostic populations. The high 
negative predictive accuracy of CCTA among patients with a 
low to intermediate risk of CAD—with the ability to define 
absent or minimal CAD in a large proportion of patients 
undergoing testing—makes it superior to stress testing for the 
diagnostic work-up of patients in this patient cohort.

 The Advent of Comparative 
Effectiveness Research

While each of the imaging modalities reviewed above have 
diagnostic and prognostic effectiveness, the newer imaging 
modalities, such as the CAC scan and coronary CTA, have to 
date been limited in terms of third-party insurance coverage. 

This limited coverage has its roots in two important develop-
ments over the prior decade. First, the development of a 
marked increase in the use of stress imaging modalities 
between 2000 and 2006 [30] caught the attention of Congress 
in the United States and has led to demands to curb the 
growth of cardiac testing in general. Thus one aspect of the 
success of nuclear cardiology served to slow the growth of 
coronary CTA, as coverage was not as easily gained. This 
demand has led to important methods for restraining medical 
costs, such as the advent of appropriateness criteria, pre- 
certification, and reduced medical reimbursement. Moreover, 
concerns for the rising costs of testing have led to the devel-
opment of a new standard for evaluating the efficacy of car-
diac tests. For decades, cardiac tests were evaluated solely 
according to their diagnostic and prognostic efficacy. 
Demonstration of such efficacy was sufficient to gain third- 
party insurance coverage. Instead, cardiac tests are now eval-
uated according to a standard of “therapeutic efficacy,” as 
illustrated in Fig. 3.6 [31]. Whereas in the past, it was suffi-
cient to demonstrate that a test merely predicts clinical out-
comes, third-party carriers now demand evidence that a new 
test will also improve clinical outcomes or reduce costs, 
thereby providing value (Fig. 3.7). The optimal outcome is to 
demonstrate that a test leads to reduction in hard cardiac 
events, including cardiac death and myocardial infarction. 
However, demonstration of improvement in intermediate 
outcomes such as reduction in the number of invasive coro-
nary angiograms that reveal nonobstructive CAD, reduction 
in time in the emergency department, and fewer admissions 
for chest pain in patients who prove not to have acute coro-
nary syndromes. These might also include evidence that a 
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Fig. 3.6 Traditional versus 
new standard for assessing the 
efficacy of cardiac tests. 
Traditionally, the efficacy of 
cardiac tests was assessed 
according to their ability to 
predict adverse clinical events 
(prognostic efficacy). Now, 
tests are also evaluated 
according to their ability to 
reduce adverse clinical events 
(therapeutic efficacy). (From 
Rozanski et al. [31], with 
permission)
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new test leads to a reduction in CAD risk factors. On the side 
of costs a new test would show, reduced downstream medical 
testing, and interventions, such as percutaneous coronary 
interventions and coronary bypass surgery, and unnecessary 
hospital admissions.

Because of today’s multiplicity of cardiac tests, third- 
party carriers also require demonstration of how new tests 
compare to existing tests or clinical management strategies 
with respect to their ability to improve clinical outcomes and 
reduce downstream medical costs and medical resource uti-
lization. This has led to a new era of comparative effective-
ness research. A basic algorithm for performing such research 
is schematized in Fig. 3.8. This research takes the form of 
prospective randomized trials in which a cohort of patients is 
either randomized to usual medical care/conventional testing 

or a new proposed imaging modality. Patients are then fol-
lowed for a specified period of time and then assessed for the 
relative frequency of clinical events or other specified 
outcomes.

The last decade has seen a proliferation of cardiac imag-
ing trials designed to compare new imaging modalities ver-
sus usual care or prior imaging modalities. Most of this 
research has centered upon the use of coronary CTA as the 
experimental imaging modality. To date, coronary CTA has 
been evaluated in three clinical settings: its use for the 
work- up of patients presenting to emergency departments 
(ED), patients admitted to the hospital for clinical work-up, 
and patients being evaluated for chest pain in outpatient 
settings. Comparative effectiveness trials involving coro-
nary CTA that have been done in the ED setting are listed 
in Table 3.4 [32–40].

In a meta-analysis of imaging trials, Hulten et al. found 
that randomization to coronary CTA [41] resulted in 
decreased length of stay and decreased costs in the emer-
gency department rather than usual care in the ED. However 
coronary CTA was associated with an increase in referral for 
invasive coronary angiography.

Two small trials have assessed the use of CTA in the inpa-
tient setting. The cardiac CT in the treatment of acute chest 
pain (CATCH) study randomized 600 patients to CCTA or 
standard of care. The results showed a similarly low fre-
quency of events in both randomized arms, but the duration 
of follow-up was short [39]. In the Prospective First 
Evaluation in Chest Pain Trial (PERFECT), 411 patients 
admitted to the hospital for the work-up of chest pain were 
randomized to either CCTA or stress testing, using either 
stress echo or stress MPI [38]. The study showed no differ-

Value-based Cardiac Imaging in CAD

Does the test
result in

improved
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reduce costs?

Does the test
PREDICT risk?
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ence in downstream testing, hospitalization, or morbidity/
mortality within the two arms of the study. As with some of 
the ED studies, there was a higher frequency of invasive cor-
onary angiography and revascularization procedures within 
the coronary CTA arm.

Two large randomized trials have compared coronary 
CTA vs. either usual care or stress testing in the outpatient 
setting. The Scottish Computed Tomography of the HEART 
Trial (SCOT-HEART) trial randomized patients with chest 
pain syndromes to coronary CTA or usual care [40]. The 
coronary CTA arm demonstrated increased accuracy and 
certainty in the diagnosis of angina—the primary aim of the 
trial. There was a trend toward a decrease in hard cardiac 
events. When a delay in implementation of changes in thera-
peutic decision-making in the Scottish system was taken into 
account, a 50% reduction in myocardial infarction and car-
diac death was observed [42]. Those who underwent coro-
nary CTA also had a higher frequency of initiation of medical 
therapies and cancelation of therapies based on the results of 
the coronary CTA.

The largest imaging trial to date has been the Prospective 
Multicenter Imaging Study for Evaluation of Chest Pain 
(PROMISE) [35]. In the PROMISE study, 10,003 symp-
tomatic patients were randomized to CCTA or stress test-
ing. At a median follow-up of 2 years, there was no 
difference in clinical outcomes, but there was a higher fre-
quency of invasive angiography in the CCTA arm. However, 
among those referred for ICA, 72% of patients in the coro-
nary CTA arm had obstructive CAD, compared to only 
48% of patients in the stress testing arm. Of note, however, 
the prevalence of obstructive CAD was far lower in the 
PROMISE trial than anticipated (10.7% observed versus 
53.3% predicted), and the overall event rate was very low. 
These crucial factors seriously limited the overall utility of 
this study. Nevertheless, the study demonstrated that coro-
nary CTA had comparable efficacy compared to stress test-
ing in the PROMISE cohort.

In part based on the SCOT-HEART findings, the NICE 
criteria in Great Britain now have coronary CTA as the first- 
line test of choice in patients with acute or stable chest pain 
syndromes. While the growth of coronary CTA in the United 
States has been slowed by lack of commercial coverage, its 
growth worldwide has been dramatic.

 Coronary CTA and Its Competitors

There has increasingly been a recognition in each field that 
both anatomic and physiologic measures are needed for 
comprehensive use of noninvasive imaging in guiding patient 
management. For coronary CTA, this recognition has led to 
the development of stress CT perfusion (CTP) and, more 
recently, attempts to assess coronary physiology through CT 
fractional flow reserve (FFRCT). Both approaches have been 
supported by a series of recent prospective multicenter trials 
[43–46]. Further, the ability of coronary CTA to evaluate 
coronary plaque, with its potential to provide automated 
quantitative assessments of the global coronary plaque bur-
den of lipid-containing plaque, non-calcified plaque, and cal-
cified plaque, as well as adverse plaque characteristics, is 
being developed. Quantitative plaque assessment may pro-
vide important key to prediction of cardiac events and to 
monitoring the effects of medical therapy. It is likely that the 
profound ability of coronary CTA to detect CAD, evaluate its 
extent and severity, assess its physiologic significance, and 
provide quantitative measures of plaque and plaque vulner-
ability will revolutionize cardiac imaging. Furthermore, the 
previous high radiation doses initially associate with coro-
nary CTA have been dramatically reduced with new instru-
mentation and new modes of acquisition.

These and other newer advances of CCTA are covered 
within the chapters of this book. Of note, however, many of 
the “competitors” of CCTA are also “on the march,” benefit-
ing from important improvements in their technology.

Table 3.4 Randomized prospective comparative effectiveness studies for CCTA

Study n Setting Comparison
CCTA SOC

Goldstein et al. [32] 197 ED CCTA SN
CT-STAT [33] 699 ED CCTA SN
ACRIN-PA [34] 1370 ED CCTA ET, SI
ROMICAT II [35] 1000 ED CCTA SOC
PROMISE [36] 10,003 Outpatient CCTA ET, SE, SN
Levsky et al. [37] 400 Inpatient CCTA SN
PERFECT [38] 411 Inpatient CCTA SE, SN
CATCH [39] 600 Inpatient CCTA ET, SN
SCOT-HEART [40] 9849 Outpatient ET + CCTA ET

CCTA coronary CT angiography, ED emergency department, ET exercise testing, SE stress echocardiography, SI stress imaging, SN stress nuclear, 
SOC standard of care
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 Advances in Nuclear Cardiology

Nuclear cardiology has enjoyed substantial technological 
improvements in recent years. The recent development of 
solid-state detectors (e.g., cadmium zinc telluride) and 
improved collimation has resulted in improved energy reso-
lution and reduction in undesirable scatter events. Application 
of attenuation correction is used to improve the accuracy of 
SPECT-MPI by eliminating artificial defects, thus permitting 
a higher frequency of stress-only imaging studies. The com-
bination of new SPECT camera instrumentation with current 
improvements in reconstruction software is not only 
improved image quality but also markedly reduced radiation 
exposure to patients during the MPI scan. With new systems, 
stress-only SPECT-MPI can be performed with radiation 
doses as low as 1 mSv. The improvements in software have 
also improved the automation of quantitative analysis of MPI 
images and now permit the incorporation of all observed 
variables for decision-making through the application of 
machine learning.

PET MPI is performed with very low radiation doses—in 
the range of 1 mSv. Importantly, PET MPI provides a mea-
surement of absolute stress myocardial blood flow and coro-
nary flow reserve. These features provide information that 
adds to the prognostic value of perfusion defect assessment 
and provides a better understanding of the cause of patients’ 
symptoms [47] (Fig. 3.9). A new PET scanning agent with 
ideal perfusion tracer characteristics—F-18 flurpiridaz— is 
undergoing phase III clinical trials [48] (Fig.  3.10). This 

agent will allow use of PET MPI without the need for an 
expensive on-site generator or cyclotron and can also be used 
with exercise. Further, PET is routinely performed with car-
diac CT, allowing the routine measurement of CAC—thus 
adding competition to coronary CTA.  SPECT CT systems 
are also becoming more common. These developments could 
allow for the improved effect of MPI testing on outcomes, by 
assessment of coronary atherosclerosis as well as myocardial 
perfusion.

 Advances in Stress Echocardiography

As with the other imaging modalities, there have been impor-
tant advances in the technical capabilities of stress echocar-
diography. Manufacturing improvements have improved the 
post-processing of ultrasound studies and increased the tem-
poral resolution of the acquired images. Contrast echo has 
improved endocardial definition, further improved resolu-
tion, and decreased the number of nondiagnostic studies. In 
addition, newer ultrasound approaches for assessing periph-
eral arterial beds allow application of echocardiography for 
the detection of subclinical atherosclerosis. This includes the 
potential use of three-dimensional carotid ultrasound to 
characterize carotid plaque burden. In the BioImage Study, 
carotid plaque burden was comparable to CAC scanning for 
predicting adverse cardiac events [49]. Femoral ultrasound 
can also be used for identifying atherosclerotic plaques in 
this vascular bed. In the Aragon Workers’ Health Study, 
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assessment of the femoral arteries revealed greater plaque 
detection than assessment of atherosclerosis by carotid ultra-
sound or CAC scanning [50]. A high sensitivity for detecting 
atherosclerotic plaque by femoral ultrasound was also dem-
onstrated in the Progression of Early Atherosclerosis Study 
[51]. Ultrasound approaches could thus be used to assess 
stress-induced ischemia as well as subclinical atherosclero-
sis, if routine combination of plaque imaging and cardiac 
imaging were performed.

 Advances in Cardiac MRI

Technological advances also continue to improve the capa-
bilities of cardiac MRI. Recent advances include the advent 
of 3-Tesla scanners and the refinement of MRI sequences to 
allow shorter breath holds. In addition, emerging modalities 
such as T1 mapping and 4D flow sequences are refining the 
diagnostic capabilities of MRI.  Importantly, major strides 
are being made in the standardization of cardiac MRI acqui-
sition and processing methods, reducing the reliance on tech-
nical expertise. In the United States, it is anticipated that 
approval of a gadolinium contrast agent for myocardial per-
fusion may allow for a broader dissemination of information 
regarding the method.

 Advances in CAC Scanning

The technological advances with CT have also benefited CAC 
scanning by permitting studies that can now be obtained with 
less than 1 mSv of radiation exposure. Until recently,  emphasis 

with CAC scanning has been placed almost exclusively on the 
total Agatston CAC score. However, recent studies suggest 
that additional useful information may be obtained from the 
CAC scan, including assessment of the number of CAC 
plaques, the density of the plaques, and pericardial fat [52, 53].

 Future Directions

As the technical capabilities of CCTA and its competitors 
improve, the new field of cardiac comparative effectiveness 
research will need to develop accordingly. As today’s imag-
ing technologies reach a relative technical maturation, there 
will be impetus to compare these imaging modalities with 
new prospective randomized imaging trials which will seek 
to determine the relative effectiveness of these imaging com-
petitors for improving medical outcomes. These imaging tri-
als will seek to determine which techniques provide the most 
effective reduction in adverse clinical events in the most eco-
nomical way. These trials may also consider combinations of 
technologies that can be used in a cost-effective manner. For 
example, whereas exercise electrocardiography, a technique 
that has not changed since the 1960s, provides only limited 
diagnostic and prognostic information, its utility can be 
enhanced by combining it with a CAC scan into a hybrid test 
that has been termed the “treadmill calcium test” [54]. 
Similarly, MPI scans can now be combined with atheroscle-
rosis imaging using combined SPECT/CT and PET/CT cam-
era systems. These test combinations will deserve strong 
consideration as trials are developed to determine the opti-
mal method for the work- up patients for diagnostic and 
prognostic assessment.
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An experience that has been garnered over four decades 
has taught us that there is no one ideal imaging test for all 
clinical scenarios. Rather, the value of a test is always depen-
dent upon the goal of testing and upon disease and/or isch-
emic prevalence. Notably, the frequency of inducible 
ischemia is itself a now changing variable, as the frequency 
of inducible myocardial ischemia recedes due to enhanced 
prevention and the earlier detection of CAD in modern clini-
cal practice (Fig. 3.11) [55]. In various settings, such as the 
ED, imaging technologies will also compete against more 
effective serum markers of disease, such as high-sensitivity 
troponin assays. Thus, the future assessment of what consti-
tutes optimal imaging technologies is likely to be a dynamic 
process. What is certain, however, is that as our imaging 
capabilities improve, they are likely to retain and even grow 
in the central role that they have assumed for screening, diag-
nostic assessment, and/or risk stratification among patients 
with suspected and known CAD.

The rapid evolution of new medical devices and therapies 
and the increasing numbers of patients being studied or 
treated based on these developments are leading to an unsus-
tainable increase in health-care costs. In the United States, 
there will be a transition from a volume-based health-care 
reimbursement to a value-based reimbursement. Inherently, 
as with any commodity, value is a function of quality and 
cost. In cardiology, quality ultimately implies not just risk 
stratification but an improvement in outcomes or reduction in 
costs. In the patient with CAD, these outcomes might be 
reduced cardiac events such as death or myocardial infarction 
or improvement in quality of life and other measures. In the 
future, whether the payer is the government, insurance com-
panies, or the patients themselves, it is likely that only those 
approaches that provide value will be purchased. In imaging, 
this implies an increasing penetrance of value- based imaging, 

with growth in testing in areas of proven value and reduction 
of testing in areas in which value is not provided or has not 
been shown. Provision of value will be the metric upon which 
imaging tests will be judged. The long march into clinical 
practice of cardiac CT will be inherently linked to the evi-
dence of the value of this powerful modality.

References

 1. Dalen JE, et al. The epidemic of the 20(th) century: coronary heart 
disease. Am J Med. 2014;127(9):807–12.

 2. Master AM.  The two-step exercise electrocardiogram: a test for 
coronary insufficiency. Ann Intern Med. 1950;32(5):842–63.

 3. Bruce RA, et  al. Exercising testing in adult normal subjects and 
cardiac patients. Pediatrics. 1963;32:SUPPL 742–56.

 4. Coplan NL. Evaluation of patients for coronary artery bypass sur-
gery: the role of exercise testing. Am Heart J. 1991;122(6):1800–2.

 5. Mark DB, et al. Exercise treadmill score for predicting prognosis in 
coronary artery disease. Ann Intern Med. 1987;106(6):793–800.

 6. Zaret BL, et  al. Noninvasive regional myocardial perfusion with 
radioactive potassium. Study of patients at rest, with exercise and 
during angina pectoris. N Engl J Med. 1973;288(16):809–12.

 7. Berman DS, et  al. Noninvasive detection of regional myocar-
dial ischemia using rubidium-81 and the scintillation camera: 
comparison with stress electrocardiography in patients with 
arteriographically documented coronary stenosis. Circulation. 
1975;52(4):619–26.

 8. Wackers FJ, et  al. Prognostic significance of normal quantitative 
planar thallium-201 stress scintigraphy in patients with chest pain. 
J Am Coll Cardiol. 1985;6(1):27–30.

 9. Germano G, et  al. Quantitative LVEF and qualitative regional 
function from gated thallium-201 perfusion SPECT. J Nucl Med. 
1997;38(5):749–54.

 10. Garcia EV, Maddahi J, Berman DS, Waxman A. Space-time quan-
titation of thallium-201 myocardial scintigraphy. J Nucl Med. 
1981;22(4):309–17.

 11. Garcia EV, Van Train K, Maddahi J, Prigent F, Friedman J, Areeda J, 
Waxman A, Berman DS. Quantification of rotational thallium-201 
myocardial tomography. J Nucl Med. 1985;26(1):17–26.

1991 1993 1995 1997

% Ischemia % Abnormal SPECT

1999 2001 2003 2005 2007 2009

45%

40%

35%

30%

40.9%

n=39,515 pts

5.0%

8.7%

29.6%

25%

20%

15%

10%

5%

0%

Fig. 3.11 The temporal 
prevalence of abnormal 
SPECT-MPI studies and 
ischemic SPECT-MPI studies 
between 1991 and 2009. 
(From Rozanski et al. [55], 
with permission)

3 The Long March into Clinical Practice: Cardiac CT and Its Competitors



32

 12. Ladenheim ML, et al. Extent and severity of myocardial hypoperfu-
sion as predictors of prognosis in patients with suspected coronary 
artery disease. J Am Coll Cardiol. 1986;7(3):464–71.

 13. Weiss AT, et al. Transient ischemic dilation of the left ventricle on 
stress thallium-201 scintigraphy: a marker of severe and extensive 
coronary artery disease. J Am Coll Cardiol. 1987;9(4):752–9.

 14. Berman DS, et  al. Separate acquisition rest thallium-201/stress 
technetium-99m sestamibi dual-isotope myocardial perfusion 
single- photon emission computed tomography: a clinical validation 
study. J Am Coll Cardiol. 1993;22(5):1455–64.

 15. Hachamovitch R, et  al. Comparison of the short-term survival 
benefit associated with revascularization compared with medical 
therapy in patients with no prior coronary artery disease undergo-
ing stress myocardial perfusion single photon emission computed 
tomography. Circulation. 2003;107(23):2900–7.

 16. Rozanski A, et al. Comparison of long-term mortality risk follow-
ing normal exercise vs adenosine myocardial perfusion SPECT. J 
Nucl Cardiol. 2010;17(6):999–1008.

 17. Rozanski A, et al. Long-term mortality following normal exercise 
myocardial perfusion SPECT according to coronary disease risk 
factors. J Nucl Cardiol. 2014;21(2):341–50.

 18. Supariwala A, et al. Influence of mode of stress and coronary risk 
factor burden upon long-term mortality following normal stress 
myocardial perfusion single-photon emission computed tomo-
graphic imaging. Am J Cardiol. 2013;111(6):846–50.

 19. Hachamovitch R, et al. Incremental prognostic value of myocardial 
perfusion single photon emission computed tomography for the pre-
diction of cardiac death: differential stratification for risk of cardiac 
death and myocardial infarction. Circulation. 1998;97(6):535–43.

 20. Kang X, et al. Incremental prognostic value of myocardial perfu-
sion single photon emission computed tomography in patients with 
diabetes mellitus. Am Heart J. 1999;138(6 Pt 1):1025–32.

 21. Yao SS, et al. Practical applications in stress echocardiography: risk 
stratification and prognosis in patients with known or suspected 
ischemic heart disease. J Am Coll Cardiol. 2003;42(6):1084–90.

 22. Rumberger JA, et  al. Coronary artery calcium area by electron-
beam computed tomography and coronary atherosclerotic 
plaque area. A histopathologic correlative study. Circulation. 
1995;92(8):2157–62.

 23. Budoff MJ, et  al. Long-term prognosis associated with coronary 
calcification: observations from a registry of 25,253 patients. J Am 
Coll Cardiol. 2007;49(18):1860–70.

 24. Detrano R, et  al. Coronary calcium as a predictor of coro-
nary events in four racial or ethnic groups. N Engl J Med. 
2008;358(13):1336–45.

 25. Polonsky TS, et  al. Coronary artery calcium score and risk 
classification for coronary heart disease prediction. JAMA. 
2010;303(16):1610–6.

 26. Nasir K, et al. Interplay of coronary artery calcification and tradi-
tional risk factors for the prediction of all-cause mortality in asymp-
tomatic individuals. Circ Cardiovasc Imaging. 2012;5(4):467–73.

 27. Silverman MG, et al. Impact of coronary artery calcium on coro-
nary heart disease events in individuals at the extremes of tradi-
tional risk factor burden: the Multi-Ethnic Study of Atherosclerosis. 
Eur Heart J. 2014;35(33):2232–41.

 28. Yeboah J, et al. Comparison of novel risk markers for improvement 
in cardiovascular risk assessment in intermediate-risk individuals. 
JAMA. 2012;308(8):788–95.

 29. Min JK, et al. Age- and sex-related differences in all-cause mortality 
risk based on coronary computed tomography angiography findings 
results from the International Multicenter CONFIRM (Coronary CT 
Angiography Evaluation for Clinical Outcomes: An International 
Multicenter Registry) of 23,854 patients without known coronary 
artery disease. J Am Coll Cardiol. 2011;58(8):849–60.

 30. Shaw LJ, et  al. Why all the focus on cardiac imaging? JACC 
Cardiovasc Imaging. 2010;3(7):789–94.

 31. Rozanski A, Muhlestein JB, Berman DS.  Primary prevention 
of CVD: the role of imaging trials. JACC Cardiovasc Imaging. 
2017;10(3):304–17.

 32. Goldstein JA, et  al. The CT-STAT (coronary computed 
tomographic angiography for systematic triage of acute 
chest pain patients to treatment) trial. J Am Coll Cardiol. 
2011;58(14):1414–22.

 33. Goldstein JA, et  al. A randomized controlled trial of multi-slice 
coronary computed tomography for evaluation of acute chest pain. 
J Am Coll Cardiol. 2007;49(8):863–71.

 34. Litt HI, et  al. CT angiography for safe discharge of patients 
with possible acute coronary syndromes. N Engl J Med. 
2012;366(15):1393–403.

 35. Douglas PS, et al. Outcomes of anatomical versus functional testing 
for coronary artery disease. N Engl J Med. 2015;372:1291–300.

 36. Hoffmann U, et  al. Coronary CT angiography versus 
standard evaluation in acute chest pain. N Engl J Med. 
2012;367(4):299–308.

 37. Levsky JM, Travin MI, Haramati LB. Coronary computed tomog-
raphy angiography versus radionuclide myocardial perfusion imag-
ing in patients with chest pain admitted to telemetry: a randomized, 
controlled trial. Ann Intern Med. 2016;164(2):133–4.

 38. Uretsky S, et al. Comparative effectiveness of coronary CT angi-
ography vs stress cardiac imaging in patients following hos-
pital admission for chest pain work-up: the Prospective First 
Evaluation in Chest Pain (PERFECT) Trial. J Nucl Cardiol. 
2017;24(4):1267–78.

 39. Linde JJ, et  al. Long-term clinical impact of coronary CT angi-
ography in patients with recent acute-onset chest pain: the ran-
domized controlled CATCH trial. JACC Cardiovasc Imaging. 
2015;8(12):1404–13.

 40. Investigators, S.-H.  CT coronary angiography in patients 
with suspected angina due to coronary heart disease (SCOT- 
HEART): an open-label, parallel-group, multicentre trial. Lancet. 
2015;385(9985):2383–91.

 41. Hulten E, et  al. Outcomes after coronary computed tomography 
angiography in the emergency department: a systematic review and 
meta-analysis of randomized, controlled trials. J Am Coll Cardiol. 
2013;61(8):880–92.

 42. Williams MC, et al. Use of coronary computed tomographic angi-
ography to guide management of patients with coronary disease. J 
Am Coll Cardiol. 2016;67(15):1759–68.

 43. Cury RC, et  al. Dipyridamole stress and rest myocardial per-
fusion by 64-detector row computed tomography in patients 
with suspected coronary artery disease. Am J Cardiol. 
2010;106(3):310–5.

 44. Min JK, et al. Diagnostic accuracy of fractional flow reserve from 
anatomic CT angiography. JAMA. 2012;308(12):1237–45.

 45. Norgaard BL, et  al. Diagnostic performance of noninvasive frac-
tional flow reserve derived from coronary computed tomography 
angiography in suspected coronary artery disease: the NXT trial 
(analysis of coronary blood flow using CT angiography: next 
steps). J Am Coll Cardiol. 2014;63(12):1145–55.

 46. Rocha-Filho JA, et  al. Incremental value of adenosine-induced 
stress myocardial perfusion imaging with dual-source CT at cardiac 
CT angiography. Radiology. 2010;254(2):410–9.

 47. Murthy VL, et  al. Improved cardiac risk assessment with non-
invasive measures of coronary flow reserve. Circulation. 
2011;124(20):2215–24.

 48. Berman DS, et  al. Phase II safety and clinical comparison with 
single-photon emission computed tomography myocardial per-
fusion imaging for detection of coronary artery disease: flur-
piridaz F 18 positron emission tomography. J Am Coll Cardiol. 
2013;61(4):469–77.

 49. Baber U, et  al. Prevalence, impact, and predictive value of 
detecting subclinical coronary and carotid atherosclerosis in 

S. Uretsky et al.



33

asymptomatic adults: the BioImage study. J Am Coll Cardiol. 
2015;65(11):1065–74.

 50. Laclaustra M, et al. Femoral and carotid subclinical atherosclero-
sis association with risk factors and coronary calcium: the AWHS 
study. J Am Coll Cardiol. 2016;67(11):1263–74.

 51. Fernandez-Friera L, et  al. Prevalence, vascular distribution, and 
multiterritorial extent of subclinical atherosclerosis in a middle- 
aged cohort: the PESA (progression of early subclinical atheroscle-
rosis) study. Circulation. 2015;131(24):2104–13.

 52. Berman DS, Arnson Y, Rozanski A. Coronary artery calcium scan-
ning: the Agatston score and beyond. JACC Cardiovasc Imaging. 
2016;9(12):1417–9.

 53. Rozanski A, Slomka P, Berman SD. Extending the use of coronary 
calcium scanning to clinical rather than just screening populations: 
ready for prime time. Circ Cardiovasc Imaging. 2016;9(5):e004876.

 54. Rozanski A, Cohen R, Uretsky S. The coronary calcium treadmill 
test: a new approach to the initial workup of patients with suspected 
coronary artery disease. J Nucl Cardiol. 2013;20(5):719–30.

 55. Rozanski A, et  al. Temporal trends in the frequency of inducible 
myocardial ischemia during cardiac stress testing: 1991 to 2009. J 
Am Coll Cardiol. 2013;61(10):1054–65.

 56. Berman DS, Germano G, Slomka PJ. Improvement in PET myo-
cardial perfusion image quality and quantification with flurpiridaz 
F 18. J Nucl Cardiol. 2012;19(Suppl 1):S38–45.

3 The Long March into Clinical Practice: Cardiac CT and Its Competitors



Part II

Where We Are: Human Requisites



37© Humana Press 2019
U. J. Schoepf (ed.), CT of the Heart, Contemporary Medical Imaging, https://doi.org/10.1007/978-1-60327-237-7_4

Cardiac Computed Tomography: 
A Team Sport

Sheldon E. Litwin

 Historical Perspective

The concepts underlying computed tomography (CT) were 
first developed by Godfrey Hounsfield and Allan Cormack in 
the early 1970s [1]. Although Hounsfield attempted to use 
gated CT for cardiac imaging in the mid-1970s [2], nearly 
30 years elapsed before this became a reality in clinical med-
icine. In the mid-2000s, a number of hardware and software 
advances including the use of multiple rows of detectors and 
helical imaging allowed us to overcome the technical limita-
tion imposed by cardiac and respiratory motion. The long 
slow road to the advent of modern cardiac CT was followed 
by a decade of accelerated development and refinement of 
the hardware, imaging approaches, processing techniques, 
and interpretation skills. This rapid expansion led to some-
what of a vacuum in the proprietorship of this field.

 Nature Abhors a Vacuum

As one would expect, the initially empty space surrounding 
the rapidly expanding use of cardiac CT strongly attracted 
enterprising individuals with a variety of backgrounds and 
training. The sudden realization that we could noninvasively 
image coronary arteries at high spatial resolution was a pow-
erful draw for cardiologists who have always been fascinated 
by coronary anatomy. The striking views of the heart and 
vasculature that could be created using newer approaches 
such as curved multiplanar reconstructions and three- 
dimensional volume rendering also proved irresistible to 
radiologists. Given a history of struggles over ownership of 
other cardiac imaging modalities such as invasive or catheter- 

based coronary angiography and nuclear cardiology, it is not 
altogether surprising that tensions also developed in this new 
landscape. The term “tribalism” refers to a strong cultural or 
ethnic identity that separates one group from another. In 
medicine, tribes are most often defined by specialty or 
departmental affiliations. The conflicts that exist regarding 
the modern practice of cardiac CT generally relate to debates 
over which medical specialty is best suited to oversee the 
equipment and technologists, the interpretation of the 
images, communications with referring providers, and the 
financial aspects of the service being rendered. An underly-
ing premise in the dispute is that cardiologists have tradition-
ally “owned” the body part being studied (the heart) while 
radiologists have been the keepers of the CT scanner. Before 
discussing the arguments put forth over these issues more 
specifically, it is worth recalling that the pioneers in this field 
were an engineer and a physicist, not cardiologist or radiolo-
gist. Arguably, neither medical specialty owns exclusive 
rights to the use of this imaging modality for evaluation of 
the heart.

 Imaging Turf Wars

The term “turf war” has been used to describe a dispute 
between criminals and gangs over the right to operate within 
a particular area. More recently this term has been aptly 
applied to conceptually similar struggles in the medical 
field. A recent Internet search of the terms “medical turf 
wars” yielded >240,000 hits. Obviously, this is a topic that 
has commanded quite a bit of attention. Cardiac CT is not 
the only battleground, but it is one of the arenas where the 
tug- of- war has been relatively public. The degree of conflict 
over cardiac CT and the various solutions to the struggle 
have varied rather widely in different parts of the country or 
the world. From the “30,000 foot view,” it is relatively easy 
to see the benefits of a cooperative approach to running a 
cardiac CT program with the opportunity for input and 
active participation from all interested and qualified parties. 
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However, many complexities such as institutional tracking 
of individual physician or departmental productivity can 
easily derail the ideal vision of how to optimally deliver a 
clinical service. It is typically easier to endorse the broad 
concept of truly integrated cardiac imaging services, than it 
is to bring that concept to fruition at one’s own institution. 
At a national or international level, organizations like the 
Society for Cardiac Computed Tomography bring together 
many individuals with a variety of backgrounds. The shared 
enthusiasm for cardiac CT allows such a group to have com-
munal goals such as increasing availability, standardizing 
reporting, improving insurance coverage, and other factors 
relevant to this imaging modality. The big picture notwith-
standing the primacy of local politics often wins out to the 
detriment of many.

 Competition Versus Collaboration

The issue at hand is how to effectively bring together the 
competing groups in a fashion that is mutually beneficial and 
results in the best and most efficient patient care. Most would 
agree that cardiologists and radiologists bring unique and 
complementary skill sets and knowledge bases to the disci-
pline of cardiac CT. Cardiologists have substantial familiar-
ity with cardiac and coronary anatomy and physiology and 
are accustomed to looking at moving (cine) images of the 
heart. Assessment of global function, regional wall motion, 
and heart valves is second nature to most cardiologists. 
However, they are less likely to be comfortable with CT 
technology, injection protocols, recognition of artifacts, use 
of conventional CT imaging planes, image post processing, 
and evaluation of extra-cardiac anatomy. In contrast, radiolo-
gists tend to be more adept at performing mental three- 
dimensional reconstructions of anatomy while viewing axial 
images and are highly familiar with most of the anatomy in 
the chest outside of the heart. They are usually very comfort-
able performing post processing of images and manipulating 
volumetric data sets. However, many radiologists are less at 
ease with viewing and interpreting dynamic images, such as 
those of the beating heart. Radiologists may also have less 
familiarity with the clinical implications of using certain 
descriptive terms such as “coronary artery disease,” which 
can be used with reference to nonobstructive coronary ath-
erosclerosis, although this terminology is frequently assumed 
to mean that obstructive plaques are present.

The advantages of a collaborative approach to the devel-
opment and management of a cardiac CT program are abun-
dantly clear. Unfortunately, major barriers to cooperation 
still exist. Some of the more important obstacles include tra-
dition, departmental silos, turf, time, billing, volume of stud-
ies, maintenance of interpretive competency, management of 
equipment, supervision of technical staff, and location of 

services. Workflow for cardiologists and radiologists has tra-
ditionally been different, and this impacts the ability to work 
together in a seamless fashion. Radiology reading rooms are 
often physically located near the CT scanners where cardiac 
imaging is performed, and hence, radiologists are more 
immediately available to troubleshoot issues at the time of 
scans and to do immediate wet reads. Cardiologists on the 
other hand have conventionally spent much of their time see-
ing patients in an office or hospital setting and doing invasive 
or noninvasive procedures in areas that are distant from the 
CT scanner. Thus, they are generally less available for imme-
diate issues related to the scan procedures. Use of cardiac CT 
in the emergency department for evaluation of chest pain is 
one of the most rapidly growing indications for the tech-
nique. To make the test most valuable to patients and to the 
system, rapid interpretation is necessary. A shortened time to 
diagnosis is one of the major advantages of cardiac CT com-
pared to other approaches. Again, this favors the use of inter-
preting physicians who have proximate access to computer 
workstations with post processing capability and the hard-
ware and software solutions for immediate reporting. In 
most institutions, the volume of cardiac CT scans is still rela-
tively low, and it is challenging for individual practitioners to 
maintain competency if this volume is spread among multi-
ple different readers. All of these issues are potentially solv-
able in an era where increasing numbers of CT technologists 
are trained in performing ECG-gated acquisitions without 
the need for physician supervision and thin client or cloud- 
based image interpretation can be done anywhere.

Perhaps the most vexing challenge to shared ownership 
and management of cardiac CT programs relates to the eco-
nomic issues resulting from the ever-increasing pressure to 
raise productivity and lower costs for health systems. As a 
means to achieve this goal, many systems closely track 
individual physician revenues or relative value units (aka, 
RVUs). In general, only one physician can be the official 
interpreter of a test. That person is also the one who bills 
for the interpretation. This focus on individual productivity, 
rather than team work, has an obvious chilling effect on any 
arrangement that results in splitting of reimbursement or on 
any process that may slow down the pace of interpreting 
studies (i.e., joint reading sessions). The technical charges 
associated with a procedure generally only go to one 
department – again, a strong disincentive to cross-depart-
mental collaboration. Coming up with equitable ways to 
share revenues, or to assign credit for communal work or 
program building, does not fit very with most current 
accounting systems.

Creativity and thinking outside the customary departmen-
tal structures are needed to make a program work. A commit-
ment from hospital, departmental, and division leaders is a 
necessity in order to overcome the many obstacles. The cre-
ation of service lines is one approach to breaking down 
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departmental barriers. However, in most cases, the service 
line is not the fiscal accounting unit, and the solid and dotted 
lines on the new organizational charts become blurred. 
Frequently radiology is considered to be a service unit, like 
anesthesiology and pathology, and is not included as part of 
a cardiovascular service line. To be successful, there is a 
need for real equality among the participants, with each 
member of the team playing an important role. Transparency 
about financial issues and clear delineation of responsibili-
ties and roles must exist. Excellent communication, shared 
values, and mutual respect are cornerstones of a successful 
program, but these are not things that are taught in medical 
school nor nurtured in subsequent training. It is often easier 
to retreat to the tribal mentality, than to expend the effort to 
bridge political divides.

When cardiac CT is practiced as a team sport, it creates 
many rich opportunities. As in any team sport, individuals 
play different positions, and the depth of talent on any team, 
not the skill of one or a few individuals, typically determines 
its success. The analogy to the varying contributions of car-
diologists and radiologists to the sport of cardiac CT is apt. 
Jointly managed programs have clear symbiosis when it 
comes to education of medial trainees who can greatly ben-
efit from the collective wisdom of diverse teachers. Research 
programs, as well, are much more likely to thrive when the 
ideas of many are allowed to come together. Intriguingly, the 
progressive push toward value-based health care, which 
emphasizes the importance of population health and cost 
effectiveness, rather than volume of procedures or tests, may 
be the thing that ultimately eliminates departmental silos and 
reduces economic competition within institutions. If and 
when this enlightened approach to health care becomes 
engrained, other benefits such as improved radiation stew-
ardship [3], more flexible night and weekend coverage, and 
reduction of layered or redundant testing may become easier 
to realize. As in any group practice, veneration among the 
involved individuals is the foundation upon which teamwork 
is built.

The field of cardiac CT is still relatively young and the 
optimal organization of a program represents a moving tar-
get. A number of forces will affect how CT programs are 
actualized as the field matures. It is likely that CT will pro-
gressively assume portions of the diagnostic imaging vol-
ume previously performed in nuclear laboratories or in the 

invasive angiography suite. If this comes to pass, there will 
be a need for many more physicians who are competent to 
interpret cardiac CT and perhaps competition will wane. 
“Miniaturization” and reduced cost of CT hardware may 
allow decentralization of cardiac CT imaging locations into 
smaller hospitals and clinics. Recently an imaging think 
tank was convened to discuss the future of cardiac imaging 
[4]. The group made many recommendations including 
redefining a cardiac imager as someone with a high level of 
expertise in at least one imaging modality, but not necessar-
ily more than one modality. In an accompanying editorial, 
the authors made the case that such an approach may work 
well in academic institutions or large hospitals, but is not 
well suited to regional hospitals or smaller systems where 
most clinical care actually occurs. They opined that we 
should instead direct our efforts toward developing imagers 
with a broader skill and knowledge base [5]. Using this 
approach, they believe that clinicians will be more likely to 
choose an optimal test for an individual patient based on 
their specific characteristics, rather than choosing on the 
basis of existing practice patterns or local islands of exper-
tise. How we train the next generation of cardiac imagers is 
likely to affect what the imaging teams of the future will 
look like and how they will function. Hopefully that future 
health-care system will be focused more on health and less 
on politics. In the meantime, efforts to forge a permanent 
partnership between the radiology and cardiology commu-
nities can yield benefits for all.
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Cardiac CT: Credentialing 
and Accreditation

James M. Kofler, Heidi A. Edmonson, Shuai Leng, 
and Eric E. Williamson

 Accreditation of Cardiac CT Scanners: 
Scanner and Technologist Requirements

There are currently four different organizations recognized 
by the Centers for Medicare and Medicaid Services (CMS) 
as accreditors for CT imaging, including the American 
College of Radiology (ACR), the Joint Commission (TJC), 
the Intersocietal Accreditation Commission (IAC, formerly 
Intersocietal Commission for the Accreditation of Vascular 
Laboratories (ICAVL)), and RadSite [1]. In addition to gen-
eral CT imaging accreditation, the ACR has a specific car-
diac module, and the IAC has accreditation programs for 
coronary calcium scoring CT and coronary CTA exams. TJC 
and RadSite have no specific cardiac requirements for CT 
scanners, although RadSite requires submission of a sample 
cardiac case if cardiac CT is part of the clinical practice. The 
commonality of all four accreditors is that the CT equipment 
specifications and performance meet all state and federal 
requirements. Beyond this requirement, the criterion for 
equipment accreditation and the technologist credentials dif-
fers among the accreditors.

 The ACR CT Accreditation Program

 Scanner Requirements
The ACR requires submission of clinical examples, which 
are assumed to represent the best work of the site, not just 
typical cases. The type and number of clinical cases depend 
on the number and type of modules that are being submitted 
for accreditation. The module choices are adult abdomen, 
adult head, pediatric abdomen, pediatric head, and adult and/
or pediatric cardiac CT (http://www.acraccreditation.org/~/
media/ACRAccreditation/Documents/CT/Requirements.

pdf?la=en). For the application of the cardiac module, if one 
or more other modules are included in the same application, 
at least one clinical adult coronary CTA case must be submit-
ted, unless the unit is used solely for patients of 18 years of 
age or younger, in which case a pediatric cardiac examina-
tion is required. If the unit is used for both adult and pediatric 
patients, then at least one pediatric cardiac CT exam is 
required to be submitted. The non-cardiac modules require 
submission of additional cases specific to the module. For 
accreditation applications specific to a cardiac module, the 
requirements are as follows: adult-only cardiac CT requires 
two coronary CT clinical cases; pediatric-only cardiac CT 
requires two pediatric cases; and for both adult and pediatric 
cardiac CT, at least one (of three) clinical case must be a 
pediatric patient (http://www.acraccreditation.org/~/media/
ACRAccredi tat ion/Documents/CT/Requirements .
pdf?la=en). Complete case sets must be submitted for each 
CT unit application, including a copy of the clinic protocol 
for each. Full details on the required cases for submission are 
available from the ACR [2]. Minimum criteria for scan 
parameters for various exams, including cardiac exams, are 
listed in the ACR accreditation program Testing Instructions 
[3]. The clinical images are reviewed by multiple radiologist 
reviewers who use a range of criteria, such as image quality, 
appropriateness of scan parameters, scan range, etc., to 
determine if the submission meets the requirements for ACR 
accreditation.

The ACR also requires phantom testing and radiation 
dosimetry measurements for accreditation. This testing must 
be completed by a “qualified medical physicist” (QMP), 
which is defined in the personnel requirements [4]. The 
imaging phantom required for the physics testing was devel-
oped specifically for the ACR accreditation program and is 
available through a separate vendor (Gammex 464, Sun 
Nuclear, Middleton, WI). Sections of the phantom are 
designed to measure CT number accuracy, low-contrast reso-
lution, and image uniformity. Phantom measurements are 
acquired using the site’s clinical scan parameters for the 
 relevant protocols, depending on the modules included for 
the submission, but none include cardiac-specific protocol 
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testing. Radiation dosimetry measurements and images must 
also be submitted. These are also acquired using the site’s 
clinical scan parameters, but, again, none are specific to car-
diac CT imaging. Tolerances are provided for measured val-
ues, most of which, if exceeded, count as “minor” demerit 
points for the submission. A unit may have up to six minors 
before failing the application. More severe issues can result 
in a “major,” which is automatic failure. Some examples of 
major issues are excessive dose, gross misuse of certain tech-
nical parameters, and excessive image artifacts. Sites may 
also fail if the submitted images were acquired using param-
eters that are substantially different from those listed in the 
scan protocol. The detailed instructions for the physics tests 
for accreditation submission are available from the ACR [3].

The ACR also requires an ongoing CT quality assurance 
program, which includes involvement from the technologist, 
radiologist, and medical physicist. The program requires 
acceptance testing at scanner installation and routine physics 
testing done at least annually, completed by a QMP, and 
including reports and documentation. The technologist must 
perform daily measurements on the scanner prior to scanning 
patients. The measurements include recording of the CT 
number of water and image noise values, as well as a visual 
inspection for artifacts. The technologist must also perform 
monthly visual checks of basic system operating and safety 
features. All measurements must be recorded and available 
for review by the medical physicist or an ACR inspector. All 
required and suggested tests, including tolerances, are 
described in the ACR CT QC Manual [5]. The ACR also has 
requirements for CT protocol maintenance, in which a team 
consisting of at least a technologist, medical physicist, and 
radiologist review protocol items such as appropriateness, 
clarity of the instructions, and dose optimization opportuni-
ties. Although the ongoing quality assurance (QA) compo-
nent of the ACR accreditation program involves many 
individuals, it is ultimately the responsibility of the radiolo-
gist to ensure that all aspects of the program are being met.

 Technologist Requirements
Technologists must meet all three of the following criteria 
for ACR accreditation: (1) ARRT registered (RT) and radiog-
raphy (R) and/or computed tomography (CT) certified and/
or NMTCB registered (CNMT) and/or unrestricted state 
license; (2) documented training and experience in CT; and 
(3) documented training and experience in operating CT 
equipment, radiation physics, and protection. Passing an 
advanced examination for CT certification is recommended. 
For registered technologists, the continuing education 
requirements of the certifying organization, including credits 
pertinent to CT, must be met. Maintaining good standing sta-
tus within the certifying organization is sufficient proof of 
meeting the continuing education credits. For state-licensed 
and other technologists, 24 h of continuing education, rele-

vant to CT imaging, radiological sciences, and patient care, 
is required. In these cases, a documentation of the continuing 
education credits must be provided to the ACR.

 The IAC Accreditation Program

 Scanner Requirements
The IAC has several exam-specific accreditation programs, 
including coronary calcium scoring CT, coronary CTA, vas-
cular CTA, neurological CT, sinus and temporal bone CT, 
and body CT. The general program includes basic guidelines 
and requirements for such items as image archive, timely 
reporting, policies and procedures for patient safety, and a 
pathway to report incidents and adverse events, among oth-
ers. Details can be found in the IAC CT Standards [6]. The 
roles of the personnel and supervisory staff, as well as facil-
ity requirements, are also listed in this document.

For coronary calcium scoring, a multi-detector system of 
four slices or greater must be used, with a recommended 
rotation time of ≤0.5 s. The software and reconstruction sys-
tems must have the following capabilities: provide visual 
representation of coronary calcium exceeding protocol 
thresholds; quantify coronary calcification using Agatston 
and mass and/or volume scoring methodologies; and provide 
user interaction with quantitative program to allow selecting 
or deselecting coronary calcification based on visual 
inspection.

For coronary CTAs (used for coronary arteries and coro-
nary bypass grafts), the CT scanner must have ≥64 slices, a 
rotation time of ≤0.5 s, and a dual auto-injector. The associ-
ated software must meet the following requirements: (1) are 
capable of displaying data as maximum intensity projection 
(MIP), thick or thin slices, multi-planar reformats, and data 
in a curve plane reformat; (2) create 3D images and rotate 
about all three axes; (3) provide measurements as described 
in a facility-specific protocol; (4) simultaneously load mul-
tiple phases; and (5) perform quantification of coronary 
calcium.

General CT requirements are that all data be reviewed digi-
tally on a monitor which is sufficient to prevent any loss of 
resolution and with standard window/level settings and which 
can also be adjusted manually. The datasets must be DICOM 
compatible, and the systems must have the capability to opti-
mize the field of view based on patient size and protocol.

The IAC also requires a quality improvement (QI) pro-
gram, which includes quality control testing, acceptance 
testing after installation or major repair or upgrade, and room 
shielding verification. QI program oversight should be done 
by a QI committee which consists of the technical director, 
medical director, service engineer, and/or site-appointed 
medical physicist. The facility must have at least one QI 
meeting per year to review the results of the QI program.
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Acceptance testing includes measurements of image 
quality, system performance characterization, and radiation 
dose. The system parameters must be compared to the manu-
facturer’s specifications. Daily and periodic QC tests are to 
be performed as suggested by the manufacturer. The daily 
tests, which would be completed by a technologist, include 
the measurement of the CT number of water and another ref-
erence material, measurement of image noise, and visual 
artifact assessment. Additionally, the proper functioning of 
the audible and visual patient safety equipment must be veri-
fied. Annual performance checks are also required to be 
completed by a qualified medical physicist. The tests include 
basic image quality and system checks and are listed in the 
standards manual [6]. A QI committee and/or the medical 
director must evaluate the physicist’s recommendations for 
the type of testing, frequency, and designated personnel to 
perform the test(s). Preventive maintenance service is also 
required at least annually for each scanner at the site. All QC 
testing, including preventative maintenance records, must be 
documented and maintained at the facility.

As part of the QI program, facilities must have a process to 
assess the exam appropriateness and to evaluate aspects of the 
technical quality, including review of clinical images for sub-
optimal image quality or artifacts, completeness of the study, 
adherence to protocol, and any patient or facility safety con-
cerns. The interpretive quality should be evaluated, such as 
through peer review, including the final report completeness 
and timeliness. Radiation safety items must also be recorded, 
including documentation of the expected dose ranges based 
on patient-specific characteristics, comparison of doses for 
each protocol, and tracking of repeated CT exams. Proper 
usage of dose reduction must be documented, and staff occu-
pational exposures must be monitored.

The IAC accreditation program also has criteria and 
guidelines for minimum procedure volumes, indication veri-
fication, and ensuring that the CT test is appropriately 
ordered and scheduled. A list of elements for examination 
performance is also included, as well as parameters that 
should be included in the scan protocol.

 Technologist Requirements
All technologists performing CT scans must meet at least 
one of the following criteria: (1) the American Registry of 
Radiologic Technologists (ARRT) or the Canadian 
Association of Medical Radiation Technologists (CAMRT) 
certification in CT imaging (i.e., ARRT(R) ARRT(CT)), (2) 
an appropriate nationally recognized credential in another 
medical imaging field (i.e., CNMT, ARRT(R), ARRT(R)
(MR)), or (3) a 12-month full-time clinical CT experience 
under direct supervision of a credentialed technologist plus 
one of the following – completion of a formal 2-year  program 
(or equivalent) in another medical imaging profession (with 
focus on radiation physics) or completion of a bachelor’s 

degree in another medical imaging profession (with focus on 
radiation physics).

The technologists must have at least 15 h of Category 1 
AMA or RCEEN-approved CT-related continuing education 
credits over a period of 3 years. Three of the 15 h must be 
related to radiation safety.

 The Joint Commission Accreditation Program

 Scanner Requirements
The Joint Commission diagnostic imaging accreditation pro-
gram includes CT but with no specific requirements for car-
diac imaging. TJC has requirements for annual testing of the 
CT scanners, including measuring standard image quality 
metrics and radiation dose, as well as display device moni-
toring tests, although measurement methods and tolerances 
are not provided. A complete list of the required tests can be 
found in the Joint Commission Diagnostic Imaging 
Requirements [7]. The requirements also include shielding 
design for new installations or remodels, including verifica-
tion afterward.

TJC accreditation program mandates that patient age and 
recent imaging be considered when deciding the most appro-
priate type of imaging. The CT protocols must be based on 
current standards of practice, which includes clinical indica-
tion, contrast administration, etc. The protocols must be 
reviewed and kept current with input from an interpreting 
radiologist, medical physicist, and lead technologist.

Patient radiation doses must be documented in the patient 
record, in a retrievable format (if the scanner is capable of 
producing dose metrics). Some tracking or recording of 
patient doses is also necessary to meet the requirement that 
any incidents where the dose exceeds a pre-defined dose 
range must be reviewed and analyzed. These doses then need 
to be compared to external benchmarks.

 Technologist Requirements
The site must have documentation that the technologists who 
perform CT participate in ongoing education in radiation 
dose optimization techniques and tools for pediatric and 
adult patients, as well as training in safe scanner operation. 
Specific hours of required training are not provided.

 The RadSite Accreditation Program

 Scanner Requirements
The requirements for accreditation are detailed in the 
RadSite Accreditation Standards [8]. Clinical patient 
images must be submitted for each CT unit. A selection of 
choices is listed for each type of exam, including neuroim-
aging, musculoskeletal, and body [9]. A minimum of three 
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adult cases and protocols, as well as one pediatric case, if 
applicable, must be included in the submission. For scan-
ners that perform cardiac imaging, at least one cardiac 
exam must be submitted, as listed in the requirements for 
body scanners. Clinical exam submissions must also 
include the clinical indication and any post-processed 
images, as well as the clinical report. A list of scan param-
eters for various exams, as well as pass/fail examples, is 
included in the Standards document. Some examples for 
failing the submission include incomplete coverage, exces-
sive dose, or inappropriate scan parameters. The Standards 
document also includes samples of the image quality scor-
ing sheet, which contains all of the elements that are part of 
the review process. An on-site audit checklist is also pro-
vided, such that sites can be prepared for an on-site 
inspection.

The RadSite accreditation program requires annual QA 
testing that includes basic image quality and dose metrics 
and is completed by a qualified medical physicist. There are 
several phantom options available for testing, and tolerances 
are listed for each for the various required tests. Phantom 
images must be supplied for adult and pediatric head and 
abdomen exams that have been acquired using the site’s clin-
ical protocol, and the dose for each of these must be within 
the listed limits. The physicist’s report for each unit applying 
for accreditation must be included in the submission materi-
als. Preventative maintenance, including documentation, is 
also required.

 Technologist Requirements
For CT accreditation, the technologists must meet the fol-
lowing requirements: have registration or certification from 
the American Registry of Radiologic Technologists 
(ARRT); trained and/or hold current, unrestricted 
registration(s) or be licensed in each of the modalities per-
formed; have an associate’s or bachelor’s degree in radio-
logic science whenever required, with requisite job 
experience; and complete  ongoing education as required by 
the license, certification, and medical director’s directives. 
Validated credentials by the technologist’s internal creden-
tialing program are sufficient evidence of meeting these 
requirements.

 Credentialing of Physicians Interpreting 
Cardiac CT

Unlike accreditation, which focuses on the technical aspects of 
cardiac CT and the equipment used to perform it, credentialing 
refers to the process used to ensure that the practitioners who 
interpret these studies are competent to do so. In the United 
States, credentialing is the responsibility of the hospital or imag-
ing center where these studies are performed or interpreted.

US hospitals employ credentialing committees to 
review physician qualifications. It is the responsibility of 
the committee to ensure individual physicians have the 
medical knowledge, technical skills, and clinical judgment 
to perform their assigned duties. Once a physician has 
been credentialed at an individual hospital, he or she must 
apply to be recredentialed every 3 years to maintain hospi-
tal privileges [10].

The credentialing committee is also responsible for deter-
mining hospital privileges for each practitioner. 
Determination of criteria for individual staff privileges is at 
the discretion of the committee. Examples of criteria for the 
practice of cardiac CT could include specifying residency 
and/or fellowship subspecialty training, minimum numbers 
of cases read and reported, or completion of a certifying 
examination.

 Recommendations for Physician Training 
in Cardiac CT

Several different organizations have published training 
guidelines and recommendations for certification of special-
ists who are to interpret cardiac CT studies. Although none 
of these recommendations has been universally adopted, 
each represents an effort to improve patient safety through 
standardization of training for physicians. Several of these 
consensus documents are detailed below.

 Conjoint Committee of Australian and New 
Zealand Practitioners: Training Requirements 
for CTCA Specialists

In 2009, a conjoint committee comprised of members of 
the Australasian Association of Nuclear Medicine 
Specialists (AANMS), the Cardiac Society of Australia 
and New Zealand (CSANZ), and the Royal Australian and 
New Zealand College of Radiologists (RANZCR) pub-
lished a summary statement detailing their recommenda-
tions for training in coronary CT angiography. This 
document has been revised several times, most recently in 
2014 [11].

The conjoint committee describes two distinct levels of 
specialist training. Level A training allows the practicing 
physician to interpret coronary CT angiography indepen-
dently and without supervision. Level B training allows the 
practitioner to operate independently and to supervise the 
training and recertification of other physicians. The training 
consists of didactic work as well as a mix of live and “library” 
cases, each of which needs to have been supervised by a 
Level B specialist.
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 Level A Training
 A. 40  hours of didactic coursework, including 20  h of 

“hands-on” training
 B. 150 coronary CTA cases, including:

 (a) 50 live cases
 (b) 50 cases with correlation of findings to other 

modalities
 (c) 25 cases with non-coronary cardiac findings
 (d) 25 cases with non-cardiac findings

 Level B Training
 A. Level A training requirements
 B. 150 coronary CTA cases beyond those provided for Level 

A (total of 300 cases), including:
 (a) 50 live cases (total of 100 live cases)
 (b) 30 cases with correlation of findings (total of 80 

 correlated cases)

Upon completion of their training, physicians can apply for 
recognition of training, which functions as certification by the 
conjoint committee. Recertification is available for practitio-
ners who document a minimum of 300 cases (for Level A) or 
600 cases (for Level B) within a 3-year recertification period.

 American College of Cardiology 
Recommendations for Training in 
Cardiovascular CT: COCATS 4 Task Force 7

In 2015, the American College of Cardiology (ACC) pub-
lished its recommendations for fellows-in-training to become 
proficient in cardiac CT. This document was endorsed by the 
American Society of Nuclear Cardiology (ASNC), the 
Society for Cardiovascular Angiography and Interventions 
(SCAI), the Society of Atherosclerosis Imaging and 
Prevention (SAIP), and the Society of Cardiovascular 
Computed Tomography (SCCT). The recommendations are 
designed to meet the competency-based parameters endorsed 
by the American College of Graduate Medical Education 
(ACGME) and are intended to address the six ACGME core 
competencies for medical education [12].

As with the Australia and New Zealand guidelines, these 
recommendations delineate distinct levels of proficiency that 
can be attained with different amounts of training. Unlike the 
conjoint committee’s document, these recommendations only 
cover fellows during their initial training. Recommendations 
for established practitioners are not included. Details of these 
training recommendations can be found in Table 5.1.

 Level 1 Training
Level 1 training is the minimum basic level of training 
needed to gain basic familiarity with the principles of cardiac 
CT. Practitioners who have Level 1 training can be consid-

ered to be educated consumers but are not expected to be 
able to interpret CT scans independently. This training con-
sists of approximately 1 month of intensive exposure to car-
diac CT and should include mentored interpretation of at 
least 50 scans with correlation to other cardiac imaging. For 
at least 15 of these studies, it is expected that the trainee will 
be present during the performance of the examination.

 Level 2 Training
Level 2 training is the minimum level of training needed for 
independent interpretation of cardiac CT studies. Trainees 
should complete at least 1 additional month of training in 
addition to the requirements for Level 1 and interpret at least 
200 additional cardiac CT studies, of which 65 require the 
trainee be present during performance of the examination. 
Additionally, the trainee is expected to review all CT cases 
for non-cardiac findings.

 Level 3 Training
Level 3 training allows the practitioner to supervise an inde-
pendent cardiac CT facility or direct an academic cardiac CT 
practice. The ACC recommendations specify that this level 
of training requires additional time beyond the standard 
3-year cardiovascular fellowship and is expected to include 
training in at least one other cardiac imaging modality. 
Additionally, Level 3 training should involve participation in 
research, teaching, and the administrative aspects of running 
a cardiac CT service.

 Certification in Cardiac CT

Although credentialing standards for individual physicians 
are determined by the hospitals where they work and do not 
necessarily include completion of a certification examina-
tion, two different organizations in the United States provide 
certification for specialists in cardiac CT.  Each of these 
 certificates is designed to allow qualified practitioners from 
varying medical specialties to demonstrate proficiency in the 
performance and interpretation of cardiac CT.

 CBCCT Certification in Cardiac CT
In 2008, the Certification Board of Cardiovascular Computed 
Tomography (CBCCT) began offering a certification exami-
nation in cardiac CT. The examination is a computer-based 
test offered every 2 years and consists of up to 175 multiple 
choice questions on a variety of topics relating to cardiac CT 
(http://www.cccvi.org/cbcct) [13].

Qualified physicians who pass the examination are 
granted certification, which is valid for a period of 8 years. 
Recertification is accomplished through maintenance of a 
valid medical license and appropriate medical board certifi-
cation, supplemented by continued medical education and 
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Table 5.1 Core competency components and curricular milestones for training in cardiovascular computed tomography

Competency component
Milestones (months)
12 24 36 Add

Medical knowledge
1 Know the principles of cardiovascular computed tomographic scanning and the scanning modes I
2 Know the risks and safety measures for cardiovascular computed tomographic scanning, 

including radiation reduction strategies
I

3 Know the appropriate indications for cardiovascular computed tomography for screening or 
evaluating symptoms in patients with suspected cardiac disease

I

4 Know the indications, potential adverse effects, prevention, and treatment of complications of 
iodinated contrast agent use in cardiovascular computed tomographic studies

I

5 Know the indications and protocols for beta-adrenergic blocking drugs and nitroglycerin during 
cardiovascular computed tomographic studies

II

6 Know the principles of cardiovascular computed tomographic scan collimation, temporal 
resolution, table speed, field of view, and window and level view settings

II

7 Know the principles of post-processing methods for cardiovascular computed tomographic 
scanning

II

8 Know the algorithms used for reconstruction, and recognize and isolate causes of artifacts II
9 Know the principles of quantitative coronary artery calcium scoring II
10 Know normal chest anatomy and common incidental extra cardiac findings II
11 Know the characteristic cardiovascular computed tomographic images of normal cardiac 

chambers and great vessels, normal coronary arteries and veins, and normal variants
I

12 Know the characteristic cardiovascular computed tomographic findings of coronary 
atherosclerosis including plaque morphology and assessment of stenosis severity

II

13 Know the characteristic cardiovascular computed tomographic findings of anomalous coronary 
arteries and other common congenital anomalies

II

14 Know the characteristic cardiovascular computed tomographic findings in postoperative cardiac 
surgical patients including internal mammary artery and saphenous vein bypass grafts

II

15 Know the characteristic cardiovascular computed tomographic findings of acquired and 
congenital valvular disease

II

16 Know the characteristic cardiovascular computed tomographic findings of left atrial and 
pulmonary and coronary venous abnormalities

II

17 Know the characteristic cardiovascular computed tomographic findings of pericardial disease II
18 Know the characteristic cardiovascular computed tomographic findings of cardiomyopathies and 

infiltrative myocardial diseases
II

19 Know the differential diagnosis of cardiac masses identified by cardiovascular computed 
tomography

II

20 Know the characteristic cardiovascular computed tomographic findings of common diseases of 
the aorta and great vessels

II

21 Know the characteristic cardiovascular computed tomographic findings of pulmonary embolism 
and primary and acquired pulmonary vascular diseases

II

22 Know when to request help with the interpretation of difficult studies, such as patients with 
complex congenital heart disease

I

Evaluation tools: conference presentation, direct observation, and in-training examination
Patient care and procedural skills
1 Skill to appropriately utilize cardiovascular computed tomography in the evaluation and 

management of patients with known or suspected cardiovascular disease
I

2 Skill to integrate cardiovascular computed tomographic findings with other clinical information in 
patient evaluation and management

I

3 Skill to recognize and treat contrast-related adverse reactions I
4 Skill to independently perform and interpret cardiovascular computed tomography II
5 Skill to perform and interpret hybrid CT/SPECT and CT/PET imaging III

Evaluation tools: conference presentation, direct observation, and logbook
Systems-based practice
1 Incorporate appropriate use criteria, risk/benefit, and cost considerations in the use of 

cardiovascular computed tomography and alternative imaging modalities
I

Evaluation tools: conference presentation, direct observation, and multisource evaluation
Practice-based learning and improvement
1 Identify knowledge and performance gaps and engage in opportunities to achieve focused 

education and performance improvement
I
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Competency component
Milestones (months)
12 24 36 Add

2 Utilize point-of-care educational resources (e.g., guidelines, appropriate use criteria, and clinical 
trial results)

I

Evaluation tools: conference presentation, direct observation, and reflection and self-assessment
Professionalism
1 Work effectively in an interdisciplinary cardiovascular computed tomographic imaging 

environment
I

2 Reliably obtain patient-informed consent, ensuring that patients understand the risks and benefits 
of, and alternatives to, cardiovascular computed tomographic testing

I

3 Know and promote adherence to clinical practice guidelines I
Evaluation tools: conference presentation, direct observation, and multisource evaluation

Interpersonal and communication skills
1 Communicate testing results to physicians and patients in an effective and timely manner I

Evaluation tools: direct observation and multisource evaluation

From Garcia et al. [12], with permission
Add additional months beyond the 3-year cardiovascular fellowship, CT computed tomography, PET  positron emission tomography, SPECT 
 single-photon emission computed tomography

Table 5.1 (continued)

ongoing interpretation of a minimum of 150 cardiac CT 
studies over a 36-month period. Details regarding eligibility 
requirements for initial certification are available on the 
CVCCT website [cccvi.org].

 ACR Certificate of Advanced Proficiency 
in Cardiac CT
In 2008, the American College of Radiology developed a 
certification examination for practitioners to demonstrate 
advanced competency in cardiac CT. Initially, this examina-
tion included a live workstation case review. The current 
examination is computer-based and consists of 100 multiple- 
choice questions administered over a 2-h period at more than 
850 testing centers around the world.

The ACR Certificate of Advanced Proficiency (CoAP) 
examination covers a wide variety of topics related to 
 cardiovascular CT (http://www.acr.org/Education/Exams-
Certifications/CoAP). Successful completion of the examina-
tion conveys a certificate which is valid for a period of 
10 years. Eligibility requirements to sit for the examination 
and a list of designated testing centers are available on the 
ACR website [acr.org] [14].

 Conclusion

Although accreditation of equipment and credentialing of 
practitioners are not the first topics that come to mind when 
discussing cardiac CT, each is important for establishing and 
maintaining a successful cardiovascular imaging program. 
As cardiovascular CT continues to develop as an imaging 
subspecialty, maintenance of certification and employment 
of appropriate technology will become increasingly impor-
tant as means of demonstrating expertise in this rapidly 
changing field.
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Cardiac CT Platforms: State of the Art

Bernhard Schmidt, Katharine Grant, Thomas G. Flohr, 
and Thomas Allmendinger

Shorter scan times and the desire for higher resolution were 
the driving forces behind the development of spiral scanning 
in 1990 and the first multi-detector row computed tomogra-
phy (CT) systems in 1998 [1–6]. With the introduction of 
ECG-gated scanning on four-slice CT scanners in 1999, the 
first step toward cardiac imaging with multi-detector row 
computed tomography (MDCT) had been made.

Available since 2004, 64-slice CT systems are currently 
considered prerequisite for routine cardiac imaging in 
clinical scenarios [7–10], and with its introduction, the 
task of imaging coronary arteries and calcium scoring 
replaced EBCT (electron beam CT) completely. 64-slice 
CT scanners allowed for comprehensive diagnosis of mor-
phology and cardiac function within one integrated CT 
examination, including high-resolution imaging of the 
coronary arteries [11–14]. Improved temporal resolution 
(< 200  ms) was enabled by faster gantry rotation times 
down to 0.33 s and leading to an increased clinical robust-
ness of ECG-gated scanning techniques at higher heart 
rates [9, 10]. ECG-gated 64-slice CT also started being 
used for rapid triage of patients with acute chest pain in the 
emergency room and for diagnosis of pulmonary embo-
lism, aortic dissection or aneurysm, or significant coronary 
artery disease in one scan.

Despite the new clinical opportunities and the increasing 
use of CT for routine cardiac imaging, several challenges 
still remained: For high heart rates, multi-segment recon-
structions allowing for temporal resolutions beyond half the 
rotation time were still desired for robust imaging of coro-
nary arteries. Multi-segment reconstructions unfortunately 
do not guarantee images with a well-defined improved tem-
poral resolution in combination with the need for redundant 

data and thus due to acquisitions with reduced pitch result-
ing in substantially increased patient dose values [15]. 
Irregular or arrhythmic heart rates posed a challenge for 
artifact-free combination of images that were reconstructed 
from multiple cardiac cycles into a single volume, often 
yielding “stack artifacts” in these cases. Moreover, calcium 
blooming was still an issue – mainly due to operation in an 
X-ray tube limited, and therefore noise-dominated regime, 
resulting in the routine application of medium-sharp recon-
structions in cardiac images exhibiting the undesired bloom-
ing of high- contrast calcium. Adaption of X-ray tube 
voltages (kVs) to lower kVs to reduce patient dose was used 
in particular for regular contrast-enhanced scans, to improve 
image quality in pediatric patients. These adaptations 
occurred manually, often on weight-based selection criteria, 
and application was limited to a select group of the general 
population due to the demand of high X-ray tube current 
capacities required for cardiac imaging [16]. Finally, scan 
times for coronary CTAs were still in the range of 10–15 s 
given the limited detector coverage and the lack of alterna-
tive scan technology.

In 2004, all major CT vendors offered 64-slice CT scan-
ners. The remaining challenges of cardiac CT imaging, the 
pursuit for even more clinical applications, the risk that MR 
imaging could further improve on and replace CT for not 
just functional but for morphological imaging, the tena-
cious competition of the vendors, and the relentless 
improvements in engineering and scientific innovations, 
made cardiac imaging the main driving force for further CT 
innovations, technical developments, and new CT plat-
forms. In contrary to previous innovations, technical solu-
tions and directions of development differed substantially 
between different vendors, ranging from wide detector sys-
tems with single-source systems over two X-ray source 
systems with a single detector to systems with two X-ray 
tubes and two detectors.

In 2005, a dual-source CT (DSCT) system, i.e., a CT sys-
tem with two X-ray tubes and two corresponding detectors 
offset by 90°, was introduced [17]. It provided improved 
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temporal resolution of 83  ms independent of the patient’s 
heart rate as compared to 165–190 ms with MDCT systems 
at that time. DSCT scanners proved to be well suited for inte-
grated cardiothoracic examinations even in acutely ill 
patients and for the triage of patients with acute chest pain 
[18]. The introduction of dual-energy scanning with DSCT 
enabled tissue characterization and provided combined func-
tional and morphological information, i.e., to depict local 
perfusion deficits in the lung parenchyma in patients with 
pulmonary embolism [19, 20].

The second and third generations (introduced in 2009 and 
2013, respectively) of DSCT systems offer high-pitch scan 
modes which enabled coverage of the heart in a single car-
diac cycle [21, 22]. In addition, high-resolution CT scans of 
the entire thorax in less than 1 s scan time with an acquisition 
time per image better than 100 ms were now possible [23, 
24]. These scan modes are potentially advantageous for eval-
uating the lung parenchyma and vascular structures in 
patients who have difficulty complying with breath-holding 
instructions [25]. High-pitch scan modes have also been used 
for fast CTA scans of the aorta [26]. Combined with ECG 
triggering, they provide adequate visualization of the coro-
nary arteries, the aortic valve, the aorta, and the iliac arteries 
in one scan at low radiation dose, which is beneficial in the 
planning of transcatheter aortic valve replacement (TAVR) 
procedures [27, 28].

Another challenge for CT is the visualization of dynamic 
processes in extended anatomical ranges, i.e., to character-
ize the inflow and outflow of contrast agent in the arterial 
and venous system in dynamic CT angiographies or to 
determine the enhancement characteristics of the contrast 
agent in volume perfusion studies. One way to address this 
problem is by utilizing wide-area detectors large enough to 
cover organs such as the heart, the kidneys, or the brain in 
one axial scan. Besides temporal resolution, registration or 
mismatch artifacts from the combination of multiple cardiac 
cycles or slabs in z-direction are another challenge, natu-
rally leading to the idea of increasing the detector coverage 
to such a level that the entire heart is covered in a single 
prospectively gated sequential acquisition. Meanwhile, two 
vendors have introduced CT scanners with 16 cm detector 
coverage at isocenter, providing 320 × 0.5 mm collimation 
at 0.28  s rotation time or 256  ×  0.625  mm collimation at 
0.28 s rotation time [29]. Additionally these scanners have 
the potential to acquire dynamic volume data by repeatedly 
scanning the same anatomical range without table move-
ment (e.g., [30–32]).

In the following sections, after a short historic review of 
EBCT, general technical demands of MDCT for cardiac 
image quality are discussed. Then a technical overview of 
the main currently available platforms and CT systems is 
provided, and details about advantages and technical chal-
lenges of the different approaches are discussed.

 From EBCT to Multi-detector CT for Cardiac 
Imaging

 EBCT

Generation of X-rays for medical imaging is typically 
accomplished by using X-ray tubes. Electrons emitted from 
a cathode are accelerated by a high-voltage power source and 
collide with the anode, at which X-rays are generated by the 
interaction of electrons within the anode material. For CT 
imaging, X-ray attenuation data from multiple angles around 
the patient are required. Thus, first CT systems were equipped 
with X-ray tubes set up opposite a detector, which in con-
junction rotated around the patients at rotation times of about 
5  s or longer. Mechanical constraints and challenges with 
rotating components, mainly data and power transmission, 
prevented continuous rotation at faster rotation times back 
then. Unfortunately, for cardiac imaging in particular, faster 
rotation times were desired to minimize motion artifacts and 
provide better temporal resolution. Already in the late 1970s, 
electron beam scanners were proposed with the goal of pro-
viding a substantially higher temporal resolution for cardiac 
imaging by avoiding rotating parts. In the early 1980s, 
D.P. Boyd – a Stanford researcher and partner in the radiol-
ogy department at the University of California, San Francisco 
(USA)  – invented the first clinically used EBCT system: 
“Electron beam control assembly and method for a scanning 
electron beam computed tomography scanner.” It related to 
“… a high speed multiple section computed-tomographic 
(CT) x-ray transmission scanner and more particularly to a 
multiple target scanning-electron beam x-ray source provid-
ing rapid scan …” (see also Figs. 6.1 and 6.2) [33]. Instead 
of rotating tube and detector around the patient, a stationary 
detector ring is used for data acquisition. To generate X-rays, 
an electron beam originating from an electron gun is deflected 
and steered over an anode that was ringlike enclosing the 
patient. Temporal resolutions of 100  ms and shorter were 
possible. The main application  – in particular in the early 
days of EBCT – was the detection and quantification of coro-
nary calcium at dose levels of about 0.6 mSv [34]. Later on, 
studies reported the use of EBCT for coronary CTA imaging 
[35], assessment of ventricular anatomy and function [36], as 
well as myocardial perfusion [37].

Despite the unquestionable benefit of high temporal reso-
lution of EBCT, only a few systems were installed world-
wide, by the end of 1987 about 14 units. The high price, low 
production volume, system design issues (e.g., the inability 
to use scatter collimators), and limited clinical benefit beside 
the heart were preventing cardiologists and radiologists to 
invest into an EBCT system. Finally, the limited spatial reso-
lution was yet another factor making the already niche scan-
ner even less attractive. Although with the latest generation 
of EBCTs (GE’s e-Speed), slice thicknesses of 1.5 mm were 
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Fig. 6.1 Illustration of an EBCT (electron beam computerized tomogra-
phy) system – taken from Boyd’s patent in 1982; US 4352021: Electrons 
emitted from the electron gun [22] are accelerated and steered around the 
patient. The electron beam hitting the target rings [28–31] created X-rays 
at the respective position on the ring. From there the X-rays passed 

through the patient to the detector [14] on the opposite end of the scan 
tube tomography system. (From US patent US4352021 https://www.
google.com/patents/US4352021?dq=us+patent+4352021&hl=en&sa=X
&ved=0ahUKEwitp6_N38vYAhXDY98KHT01DXwQ6AEIJzAA)

a b

Fig. 6.2 Axial image of a contrast-enhanced EBCT scan, showing the left main and left anterior descending coronary artery (arrow) (a). Surface- 
rendered view of the heart by visualizing only voxels above a certain threshold (b) (From Achenbach et al. [35], with permission)
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enabled [38], this relevant specification parameter for coro-
nary CT imaging was already matched by 16-slice CT sys-
tems at the end of 1990s and then outperformed substantially 
by the introduction of 64-slice MDCT systems providing 
routinely submillimeter image resolution in the early 2000s. 
In addition, volume scanning, the ability to apply modern 
dose reduction techniques such as low kV scanning, utiliza-
tion of shaped filters, or patient-specific tube current modu-
lation never became available or were technically impossible 
to implement on an EBCT system.

 Multi-detector Row CT Setup (MDCT)

The basic CT system design of modern MDCT system is 
shown in Fig. 6.3. Today, all manufacturers use the same fan- 
beam CT design, characterized by an X-ray tube and an 
opposing detector which are mounted on a rotating gantry 
ring. The detector is a two-dimensional array, consisting of 
2–320 element rows aligned in the z-axis direction (the z-axis 
is the length axis of the patient) and around 650–1000 detec-
tor elements in each row. The fan angle of the detector is 
wide enough (approximately 45–55°) to cover a whole-body 
scan field of view (SFOV) of typically 50 cm in diameter. In 
a CT scan, the detector array measures the X-ray attenuation 
profile of the patient at 1000–5000 different angular posi-

tions depending on the rotation time, during a full gantry 
rotation. All measurement values acquired at the same angu-
lar position of the measurement system are called a “projec-
tion” or “view.” Slip ring designs which pass the electrical 
signals across sliding contacts allow for continuous rotation 
of the measurement system.

State-of-the-art X-ray tubes are powered by onboard gen-
erators and provide peak powers of 60–120 kW at different 
user-selectable voltages ranging from 70 to 150 kV. Scanning 
at low tube voltage is favorable for dose-efficient scans, such 
as pediatric CT [39, 40] or CT angiographic scanning [16, 
41–43], because the X-ray attenuation of iodine significantly 
increases at lower kV [40].

All modern MDCT systems use solid-state scintillation 
detectors. The incident X-rays interact with a radiation- 
sensitive crystal or ceramic (such as gadolinium oxide, gado-
linium oxysulfide, or garnets) with suitable doping. They are 
absorbed, and their energy is converted into visible light 
which is detected by a silicon photodiode attached to the 
backside of the scintillation detector. The resulting electrical 
current is then converted into a digital signal. Key require-
ments for a detector material are good detection efficiency, 
i.e., high atomic number, very good signal linearity, and very 
short afterglow time to enable fast readout at the high gantry 
rotation speeds that are essential for cardiothoracic CT.

The image noise in a CT image is caused by the quantum 
noise of the X-ray photons and the electronic noise of the 
detection system. In high-dose scanning situations, the image 
noise is dominated by quantum noise, whereas when larger 
patients are scanned or in examinations at low radiation 
dose, e.g., in low-dose thorax scans, electronic noise is more 
dominant. In addition, electronic noise degrades image qual-
ity and the stability of CT values. Recently, detector systems 
with integrated electronics were commercially introduced 
(e.g., Stellar, Siemens Healthcare, Forchheim, Germany; 
NanoPanel Elite, Philips Healthcare, Amsterdam, 
Netherlands), with the goal of reducing electronic noise and 
detector cross talk. In these designs, photodiodes and analog- 
to- digital converters (ADC) are combined and directly 
attached to the ceramic scintillators, without the need for 
noise-sensitive analog connection cables (Fig.  6.4). In a 
recent study, for a 30 cm phantom corresponding to an aver-
age abdomen, reduction of image noise by up to 40% was 
demonstrated with the use of an integrated electronic detec-
tor at 80 kV [44]. According to the authors, this noise reduc-
tion translated into a dose reduction of up to 50% while 
achieving equivalent image noise.

In early MDCT detectors, ADC electronics and data 
transmission were a limiting factor and a strong contributor 
to the total cost of a system. An efficient way of enabling 
higher scan speeds based on a larger z-axis collimation was 
through the development of detector elements with a larger 
number of detector rows. The total beam width in the z- 

x-ray tube

Collimator

High voltage generator

Control
systems

Detector with electornics

Patient table

Fig. 6.3 Main components of a modern MDCT system. The X-ray fan 
beam is indicated in red; it covers a SFOV of typically 50 cm in diam-
eter. The data measurement system consists of detector and detector 
electronics. The patient is positioned within the gantry using a dedi-
cated patient table
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direction is subsequently adjusted by pre-patient collimation 
at the expense of fusing two (or more) detectors along the 
z-axis electronically into thicker slices.

The detector of a 16-slice CT (Siemens SOMATOM 
Emotion 16) as an example comprises 16 central rows, each 
with 0.6  mm collimated slice width, and 4 outer rows on 
either side, each with 1.2  mm collimated slice width  – in 

total, 24 rows with a z-width of 19.2  mm at isocenter 
(Fig. 6.5). By adjusting the X-ray beam width such that only 
the central detector rows are illuminated, the system pro-
vides 16 collimated 0.6 mm slices. By  illuminating the entire 
detector, reading out all rows and electronically combining 
the signals of every 2 central rows, the system provides 16 
collimated 1.2  mm slices. The 16-slice detectors of other 

Fig. 6.4 Comparison of the Si-tile without scintillator ceramics – with 
and without integrated electronics (top) (Siemens Healthcare). At the 
bottom CT images of a 30 cm water phantom acquired at same dose 

(80 kV, 30 mA) are illustrated. The integrated design leads to substan-
tially lower noise values (right bottom image)
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manufacturers are similarly designed, with slightly different 
collimated slice widths (0.5  mm, 0.6  mm, or 0.625  mm, 
depending on the manufacturer).

With the introduction of MDCT detectors with 64 or more 
detector rows and a vendor-dependent minimal slice width of 
0.5  mm, 0.6  mm, or 0.625  mm, the detector row fusing 
mechanisms described above was no longer necessary. As of 
today a wide variety of detector row configurations exist 
(e.g., 96  ×  0.6  mm, z-width 6  cm at the isocenter; 
128 × 0.625 mm, z-width 8 cm at the isocenter) up to the 
widest commercially available CT detectors covering 16 cm 
at isocenter. The acquisition is either based on 320 colli-
mated 0.5  mm slices (Aquilion ONE, Toshiba Medical, 
Japan) or 256 collimated 0.625 mm slices (Revolution, GE 
Healthcare, USA).

All modern MDCT scanners enable reconstruction of 
images with different image slice widths from the same raw 
data according to the clinical needs (e.g., 3 mm or 5 mm for 
initial viewing and additional submillimeter slices or 1 mm 
slices for post processing).

Some CT systems employ a hardware-based oversam-
pling scheme effectively doubling the number of simultane-
ously acquired slices by means of a z-flying focal spot [45, 
46] (Z-FFS, Siemens Healthcare, Forchheim, Germany; 

Ingenuity DAS, Philips Healthcare, Amsterdam, 
Netherlands). The focal spot in the X-ray tube is periodically 
moved between two z-positions on the anode plate by elec-
tromagnetic deflection. As a consequence, the measurement 
rays of two readings are shifted by half a collimated slice 
width at isocenter and can be interleaved to one projection 
with double the number of slices but half the z-sampling dis-
tance (Fig.  6.6). Two 64-slice readings with 0.6  mm slice 
width and 0.6 mm z-sampling distance, as an example, are 
combined to one projection with 128 overlapping 0.6  mm 
slices at 0.3 mm z-sampling distance. The z-flying focal spot 
provides improved data sampling in the z-direction for better 
through-plane resolution, reconstruction of thinner slices, 
and reduced spiral windmill artifacts (Fig. 6.7).

 ECG-Based Imaging with MDCT

To acquire images of the heart, recording of the ECG signal 
is mandatory. On one hand one wants to be able to process 
and view a dedicated phase of the cardiac cycle which 
requires a time stamp-based link between the cardiac phase 
of the patient and the acquired CT data. On the other hand, in 
the case of limited detector coverage, data from multiple 
heart beats is acquired over time and then stitched together to 
allow the reconstruction and display of the whole heart. For 
MDCT with 64 or more detector rows, typically two differ-
ent acquisition modes are used  – ECG-gated spiral/helical 
and prospective ECG-triggered sequence acquisition. More 
details about data acquisition and reconstruction are pro-
vided in Chaps. 6 and 11. However, to illuminate recent tech-
nical developments in CT technology, a short summary of 
the acquisition techniques and influencing parameters on 
coverage and temporal resolution is provided.

During the first years of routine clinical integration of 
coronary CT angiography, retrospectively ECG-gated spiral 
(helical) scanning was the most widely used data acquisition 

4x1.2, 4x1.2 mm16x0.6,

16 x 0.6 mm

16 x 1.2 mm

Fig. 6.5 Example of a 16-slice detector, which consists of 24 detector 
rows and provides either 16 collimated 0.6 mm slices or – by combina-
tion of the signals of every 2 central rows – 16 collimated 1.2 mm slices

focal spot position 1

reading 1
reading 2

2

anode

shift by half a collimated
slice-width at iso-center

detector

through-plane direction
(z-direction)

Fig. 6.6 Basic principle of a z-flying focal spot. Consecutive readings 
are shifted periodically by half a slice width on the anode plate. Every 
two readings are interleaved to one projection with double the number 
of slices and half the z-sampling distance
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technique. A spiral CT scan with continuous data acquisition 
and table movement at low table feed (low spiral pitch of 
approximately 0.2) is performed to examine the patient’s 
heart. Simultaneously, the patient’s ECG is recorded. 
Following data acquisition, the ECG serves as guidance to 
select those data intervals in the spiral CT data set that 
describe the same user-selected cardiac phase, measured in 
different cardiac cycles. Those data are then used for phase- 
consistent image reconstruction of the coronary anatomy. 
The upper part of Fig. 6.8 shows the principle of retrospec-
tively ECG-gated spiral scanning. This scan mode is very 
versatile because it allows for retrospective optimization of 
the reconstruction window and image reconstruction in dif-
ferent cardiac phases.

As a downside, retrospectively ECG-gated spiral scan-
ning of the heart requires strongly overlapping spiral data 
acquisition at low table feed for phase-consistent imaging 
and is therefore associated with relatively high radiation 
dose to the patient, which can be somewhat reduced by using 
ECG-controlled dose modulation approaches (“ECG- 
pulsing”). Many modern CT scanners are equipped with 
such versatile ECG-pulsing algorithms which react flexibly 
to arrhythmia and ectopic beats and have the potential to 
extend the clinical application spectrum of ECG- 
synchronized dose modulation to patients with irregular 
heart rates.

As an alternative scan mode, prospectively ECG-triggered 
sequential scanning in a “step-and-shoot” technique is more 
commonly used with newer generations of CT systems. 
During the CT examination, the patient’s ECG is used to 
trigger the start time for the acquisition of axial (sequential) 
CT images; see lower part of Fig. 6.8. The patient table is 
moved to its defined start position: with a user-selectable 
temporal distance from an R-wave, an axial CT scan without 
table movement is performed. The CT system acquires scan 
data covering a sub-volume of the patient’s cardiac anatomy 
which corresponds to around 90% of the total z-width for a 
64-row detector and is reduced for CT systems with large 
detectors in the z-axis direction which have to cope more 

with cone-beam effects. The table is then moved to the next 
z-position, and the next axial CT scan is performed at the 
corresponding temporal distance from the next R-wave. This 
way, the heart volume is sequentially covered by axial scans.

ECG-triggered axial scanning is a very dose-efficient 
scan technique. In a simple technical realization, a partial 
scan data interval – the minimum amount of data necessary 
for image reconstruction  – is acquired in a user-selected 
phase of the patient’s cardiac cycle. Then, however, neither 
retrospective reconstruction in a slightly different phase of 
the patient’s cardiac cycle to minimize motion artifacts is 
possible nor are multiphase reconstructions for evaluation of 
cardiac function. Furthermore, due to the fact that incom-
plete data is acquired, the temporal offset of scan data acqui-
sition to the next R-wave is based on a prospective estimate 
of the previous cycle’s length. This is a challenge in patients 
with irregular heart beat and arrhythmia, unless the acquisi-
tion strategy is properly tailored and aimed at an end-systolic 
cardiac phase [47].

 From 4 cm MDCT CT Systems to Area 
Detector and Dual-Source CT

 Area Detector CT

ECG-synchronized CT volume imaging of the heart 
acquired by the abovementioned MDCT systems typically 
results in 3–4 sub-volumes reconstructed from data mea-
sured over multiple consecutive heart beats (Fig. 6.9) [48]. 
Variations of heart motion from one cardiac cycle to the 
next, as well as contrast media dynamics between the 
cycles, can result in these image sub-volumes being shifted 
relative to each other and, as a consequence, resulting in 
stairstep or slab  registration artifacts in multi-planar refor-
mations (MPRs) or volume rendered images (VRTs). 
Recently, 128-row, 256-slice CT systems with 80  mm 
z-axis coverage were commercially introduced (Philips 
ICT, Philips Healthcare, Best, the Netherlands). They facil-

0.6 mm Slice 2.0 mm Slice

Fig. 6.7 Impact of slice 
thickness on resolution. 
Z-flying focal spot techniques 
allow for the reconstruction of 
thinner slices and this sharper 
delineation of anatomical 
structures
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itate examinations of the heart with two axial scans, thereby 
reducing the number of potential “steps” in the volume 
image to one [49]. In a study with 160 consecutive patients, 
prospectively triggered axial coronary CTA performed on 
256-slice CT provided significantly improved and more 
stable image quality at an equivalent effective radiation 
dose compared with 64-slice CT [50].

As of today, two CT vendors provide single-source CT 
systems with large area detectors capable of imaging the 
entire heart in one beat, using one axial scan without table 
movement. With 320 × 0.5 mm collimation at 0.28 s rotation 
time (Toshiba Aquilion ONE, Toshiba Medical Systems 
Corporation, Tokyo, Japan) and 256 × 0.625 mm collimation 
at 0.28  s rotation time (GE Revolution, GE Healthcare, 
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Fig. 6.8 Established acquisition modes for cardiac scanning with CT 
systems up to 4 cm coverage: In retrospective ECG-gated scan mode 
(upper part), a helical scan with a comparatively small, fixed heart rate- 
dependent table feed is performed. For higher heart rates, table feed is 
increased. In case of a 4 cm system, after 3–4 heart beats, the heart is 

covered. Similar scan times are accomplished in prospectively ECG- 
triggered axial (sequential) scanning of the heart (lower part). Based on 
the user-selected phase position of ECG signal, an axial scan is per-
formed. After each axial scan, the table moves to the next z-position. 
This acquisition technique is also called “step-and-shoot”
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Waukesha, USA), these systems can cover 16  cm in the 
z-axis direction at isocenter, large enough to cover the entire 
heart in one beat and hence avoid stairstep and slab registra-
tion artifacts, as well as problems related to inconsistent con-
trast enhancement in different sub-volumes [51].

A possible consequence of the large cone-beam angle 
that those systems have compared to systems with smaller 
z- coverage can be limitations in the field of view available 

for reconstruction (Fig. 6.10). In addition, due to this effect 
also dose efficiency is compromised since not all acquired 
data can be utilized fully for the reconstruction of the 
images. Another challenge of larger detector z-coverage is 
increased X-ray scatter. Scattered radiation may cause 
hypo-dense cupping or streaking artifacts, and the scatter-
induced noise may reduce the contrast-to-noise ratio (CNR) 
in the images [52]. To reduce scatter – in this case forward 
scatter – some vendors have added scatter grids. While anti-
scatter grids are a well-known topic for dual-source CT sys-
tems, it is important to note that anti-scatter grids are also 
recommended in the case of single-source system with wide 
detectors. A study by Engel et al. showed that the contribu-
tion of scatter for a 16  cm single-source system is even 
higher than in the case of an 8 cm dual-source system, which 
again motivates the need for anti-scatter grids (ASG) even 
for single-source systems in case of wide detectors [53]. 
The requirements were intensely evaluated by Vogtmeier 
et al. [54]. Figure 6.11 shows the impact on scatter for 1D 
and 2D scatter grids, for different collimations. In particular, 
for collimations between 8 and 16  cm coverage, the 2D 
grids performed substantially better.

Another challenge of area detectors are the often neces-
sary changes to the tube design. In order to compensate for 
the so-called Heel effect and to accomplish a homogeneous 
intensity on the detector along the scan direction (Fig. 6.12), 
the anode angle is often flatted [55]. The intensity profile is 
improved, however, at the price of reduced tube power. This 
consequence can also be seen when looking at the maximum 

Fig. 6.9 Non-axial view of a cardiac examination performed with 
ECG-gated spiral mode. Due to the limited coverage, slab artifacts are 
pronounced due to contrast dynamics and a slight phase mismatch 
between different acquired heart beats combined with limited temporal 
resolution

XY-FOV
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Fig. 6.10 Comparison of systems with 16 cm and 4 cm detector cover-
age in axial scan mode. Left side: view from the side. The area of full 
FOV is substantially reduced in case of wide detector systems. Although 

regions are exposed (highlighted in red), they cannot be reconstructed 
with traditional reconstruction techniques. As a consequence distorted 
regions are often cropped in the reconstructed images (see right side)
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tube currently available on high-end CTs. For non-16  cm 
systems, tube currents up to 1000 mA (Philips) and 1300 mA 
(Siemens) are enabled, whereas the 16  cm systems have 
maximum mA values of 735 mA (GE) and 600 mA (Toshiba).

Despite all the abovementioned challenges, successful 
use of CT systems with 16 cm detector coverage for coro-
nary CTA has been demonstrated [53, 56, 57]. The applica-
tion spectrum has been extended to scanning of patients with 
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have a more homogeneous intensity, typically the anode angle is 

changed to a flatter design. The drawback might be a reduced power 
output of the tube. (From Li et al. [55], with permission)
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atrial fibrillation [58] and coronary CTA combined with first 
pass perfusion evaluation [59, 60]. The second generation of 
320-row CT scanners has been shown to enable coronary 
CTA at reduced radiation dose compared to the first genera-
tion [52, 56].

As a second benefit, CT systems with wide-area detectors 
can acquire dynamic volume data by repeatedly scanning the 
same anatomical range without table movement. This is use-
ful in dynamic CT angiographic examinations or for whole 
heart functional data acquisition. So et  al. published first 
results on phantoms and an animal model, demonstrating 
general feasibility for the quantitative evaluation of the myo-
cardial blood flow [61].

As discussed above in detail, systems with 16 cm detec-
tors suffer multiple limitations. Some of the challenges are 
related to the X-ray source. To compensate for some of the 
effects, multiple sources in z-direction have been proposed 
(Fig.  6.13). Fast alternating switching is realized between 
two X-ray tubes during data acquisition. Due to the improved 
geometry setup, this approach does not suffer, for example, 
from cone-beam artifacts compared to traditional wide-area 
16 cm CT systems. A commercially available system of this 
kind was introduced in 2016 (SpotLight CT, Arineta Ltd., 
Israel). Optimized for a small footprint, the system has a 
diagnostic field of view limited to 250  mm, 192 detector 
rows with z-coverage of 140 mm and a fast gantry rotation 
time of 0.24 s [62]. One can derive from these specifications 
that the system comprises a highly specialized cardiac CT 
system in contrast to the above-described multipurpose full- 
body scanners.

 Dual-Source CT

A dual-source CT (DSCT) is a CT system with two X-ray 
tubes and two detectors at an angle of approximately 90° 
(Fig. 6.14). Both measurement systems acquire CT scan data 
simultaneously at the same anatomical level of the patient 
(same z-position).

The first generation of DSCT scanners with 2 × 64 slices 
using z-flying focal spot (19.2 mm detector coverage) and 
0.33  s gantry rotation time was introduced in 2006 
(SOMATOM Definition, Siemens Healthcare, Forchheim, 
Germany), the second generation with 2  ×  128 slices 

Fig. 6.13 Setup of CT 
system in so-called inverse 
geometry

Fig. 6.14 DSCT with two independent measurement systems. The 
image shows the first-generation DSCT with an angle of 90° between 
both measurement systems. To increase the SFOV of detector B, an 
angle of 95° was chosen for the second- and third-generation 
systems
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(38.4 mm detector coverage) and 0.28 s gantry rotation time 
in 2009 (SOMATOM Definition Flash, Siemens Healthcare, 
Forchheim, Germany), and the third generation with 2 × 192 
slices (57.6 mm detector coverage) and 0.25 s gantry rotation 
time in 2014 (SOMATOM Definition Force, Siemens 
Healthcare, Forchheim, Germany).

DSCT systems provide significantly improved tempo-
ral resolution for cardiothoracic imaging. The shortest 
data acquisition time for an image corresponds to a quar-
ter of the gantry rotation time. Close to the isocenter, 180° 
of scan data is the minimum needed for image reconstruc-
tion. Due to the 90° angle between both X-ray tubes, each 
of the measurement systems needs to acquire only 90° of 
scan data. The two 90° segments at the same anatomical 
level are put together to form the 180° scan. Using this 
technique, a temporal resolution of 83  ms, 75  ms, and 
66 ms, respectively, is achieved for the three generations 
of DSCT systems. With the dual-source approach, tempo-
ral resolution is independent of the patient’s heart rate, 
because data from only one cardiac cycle are used to 
reconstruct an image. This is a major difference to single-
source MDCT systems, which can provide similar tempo-
ral resolution by combining data from several heart cycles 
to an image in a multi-segment reconstruction. Then, 
however, temporal resolution strongly depends on the 
relation of heart rate and gantry rotation time. Meanwhile, 
several clinical studies have demonstrated the potential of 
DSCT to reliably perform coronary CT angiographic 
studies in patients with high and even irregular heart rates 
(e.g., [63–65]). DSCT is sufficiently accurate to diagnose 
clinically significant coronary artery disease in difficult to 
image patients [66, 67]. The high temporal resolution is 
also beneficial for reducing motion artifacts in cardiotho-
racic studies (e.g., [68]).

With a DSCT system, both X-ray tubes can also be oper-
ated at different kV settings, e.g., 80 and 140 kV, to acquire 
dual-energy CT data. The advantages and disadvantages of 
different techniques to acquire dual-energy CT data as well 
as clinically relevant applications will be discussed substan-
tially more in detail in Chap. 4.

While the maximum spiral pitch in single-source CT 
images is limited to about 1.5 to ensure gapless volume cov-
erage, DSCT systems can be operated at twice the pitch. 
Data acquired with the second measurement system a quarter 
rotation after the first measurement system can be used to fill 
the sampling gaps up to a pitch of about 3.2  in a limited 
SFOV that is covered by both detectors [69, 70]. At maxi-
mum pitch, no redundant data are acquired, and a quarter 
rotation of data per measurement system is used for image 
reconstruction. Temporal resolution is then a quarter of the 
gantry rotation time. At decreasing pitch, temporal resolu-
tion decreases because of the increasing angular data seg-
ment that corresponds to an image. At a pitch of 2, for 

example, temporal resolution is about 0.4 times the rotation 
time – this is 100 ms with the second-generation DSCT [70].

With the high-pitch scan mode, very high scan speed is 
achieved – up to 450 mm/s with the second-generation DSCT 
(38.4 mm detector coverage, 0.28 s gantry rotation time) and 
up to 737 mm/s with the third-generation DSCT (57.6 mm 
detector coverage, 0.25 s gantry rotation time). This is ben-
eficial for the examination of larger anatomical ranges in 
very short scan times, e.g., for chest CTA at high temporal 
resolution [24], for the evaluation of pulmonary embolism 
and visualization of most cardiac structures and proximal 
coronary arteries [71], for fast CTA scans of the aorta at low 
radiation and contrast dose [72], or when the patient has lim-
ited ability to cooperate, such as in pediatric radiology 
[73–76].

The high-pitch scan mode can also be used in combina-
tion with ECG-triggering – the patient’s ECG triggers both 
table motion and data acquisition. The patient table is posi-
tioned, and table acceleration is started in a way that the table 
arrives at the prescribed start z-position (e.g., the base or the 
apex of the heart) at the requested cardiac phase after full 
table speed has been reached (Fig. 6.15). Then data acquisi-
tion begins. The scan data for images at adjacent z-positions 
are acquired at slightly different – typically diastolic – phases 
of the cardiac cycle. Meanwhile, several clinical studies have 
demonstrated the successful use of the high-pitch scan tech-
nique for coronary CT angiography in patients with suffi-
ciently low and stable heart rate (<62  bpm with the 
second-generation DSCT, <70 bpm with the third-generation 
DSCT), with the potential to scan the entire heart in one beat 
at very low radiation dose [23, 77–80].

ECG-triggered high-pitch scans can be used also for com-
prehensive thorax examinations in the emergency room and 
in the planning of TAVR procedures, because they provide 
adequate visualization of the coronary arteries, the aorta, and 
the iliac arteries in one scan at low radiation dose and high 
temporal resolution. The very short total scan time may 
potentially allow for a reduction of the amount of contrast 
agent; see, e.g., [27, 81]. Figure 6.15 shows an ECG-triggered 
high-pitch CTA of the aorta as an example.

Despite their clinical benefits, DSCT systems have to 
cope with some challenges. One challenge is the presence of 
cross-scattered radiation, i.e., scattered radiation from X-ray 
tube B detected by detector A and vice versa. Cross-scattered 
radiation – if not corrected for – can result in image artifacts 
and degraded CNR of the images [69]. Another challenge is 
the limited SFOV of the second detector, which was increased 
from 25 cm in the first-generation DSCT to 35.5 cm in the 
third-generation DSCT.

The most straightforward correction approach is to 
directly measure the cross-scattered radiation in detectors A 
and B and to subtract it from the measured signal. This tech-
nique was first implemented in the second-generation 
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DSCT.  It requires additional detector elements on each 
detector outside the direct beam (Fig. 6.16). An alternative to 
direct measurement is a model-based cross-scatter correc-
tion. The primary source of cross-scattered radiation is 
Compton scatter at the object surface. In the first-generation 
DSCT, pre-stored cross-scatter tables for objects with similar 
surface shape are used for an online correction of the cross- 

scattered radiation in each measured projection. In the 
 third- generation DSCT, an iterative cross-scatter correction 
based on a simplified Monte Carlo simulation is applied.

While image artifacts caused by cross-scattered radiation 
can be significantly reduced by either model-based or 
measurement- based correction approaches, these corrections 
are often considered to come at the expense of increased 
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Fig. 6.15 ECG-triggered start of table movement and data acquisition for the high-pitch DSCT spiral
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image noise and reduced contrast-to-noise ratio (CNR) in the 
images. It has been demonstrated, however, that careful low 
pass filtering of the scatter correction term can efficiently 
mitigate the image noise increase without visually affecting 
image detail resolution or image contrast. CNR can in fact be 
increased beyond the values achieved without cross-scatter 
correction, and it approaches or sometimes even surpasses 
the CNR performance of a comparable single-source scan 
using these techniques.

Another  – evitable  – challenge of dual-source dual-
energy CT (DE) is the 90° offset of projections acquired by 
both X-ray tubes at the same z-position. Because high-
energy and low-energy projections are not simultaneously 
acquired at the same projection angle, raw data-based DE 
algorithms are difficult to realize. DE algorithms are there-
fore image based – which has the huge advantage of avoid-
ing the limited and sensitive calibration of raw data-based 
methods. It is often claimed that image-based methods are 
strongly limited by the problem of beam hardening. 
However, under certain conditions – which are typically ful-
filled in modern CT scanners  – image-based methods are 
practically equivalent for clinical tasks. A prerequisite for 
image-based material decomposition is the validity of the 
thin absorber model. For example, if one uses water and 
iodine as the basis materials for image-based dual-energy 
decomposition, the maximum X-ray attenuation of the 
iodine along any measured ray path is expected to be so 
small that it is valid to assume a linear contribution to the 
total attenuation. In clinical practice, this prerequisite is 
typically fulfilled. If necessary, still dedicated established 
single energy-based methods for beam- hardening correc-
tions can be applied to allow for respective data correction. 
As a second prerequisite, both the CT value of water and the 
CT values of small iodine samples are expected to be inde-
pendent from their position within the scanned object. 
DSCT scanners are therefore equipped with an optimized 
bowtie filter of sufficient beam hardening, and the approxi-
mately cylindrical patient cross-section has to be centered 
within the SFOV – typically being fulfilled in case of clinical 
CT systems. Anyhow, in practice, electronic noise, scanner 
calibration, stability of emitted spectra, cone-beam effects, 
and scattered radiation can have a larger impact on the 
obtained results than the raw data or image-based analysis 
method itself. Further on, the ability for an optimized, inde-
pendent selection of X-ray voltage and spectral filtration – 
but still dose- wise well and optimally balanced high and 
low energy beam – and therefore an optimal spectral separa-
tion enables robust dual-energy imaging at a huge variety 
for applications and thus compensates for potential limita-
tions and challenges. Further details are provided in Chap. 
4, dedicated to dual-energy imaging of the heart.

A third challenge is the fact that moving objects, such as 
the heart, are seen by both detectors with an angular offset 

of about 90°. Motion artifacts in the corresponding A and B 
images can therefore be slightly different, which can affect 
the material decomposition of the dual-energy images. In 
practice, however, this problem is not relevant thanks to the 
good temporal resolution of DSCT, and it can be further 
mitigated by nonrigid registration of A and B images.
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Principles of Cardiac CT Image 
Acquisition

Thomas Henzler, Patricia Carrascosa, Brian S. Ko, 
and Ronen Rubinshtein

Ongoing technical developments in CT have established car-
diac CT angiography (cCTA) as a robust noninvasive imag-
ing test of the heart and coronary arteries, with ever-improving 
image quality and diagnostic accuracy [1–3]. However, con-
cerns have been raised (with the first- and second-generation 
scanners) regarding radiation exposure from cCTA, which 
has traditionally been comparatively high relative to other 
CT applications, although the dose levels compare well with 
other longer established cardiac imaging tests such as 
radionuclide- based myocardial perfusion imaging. 
Considering the increasing number of cCTA investigations 
around the globe, however, and expected sustained growth, 
the contribution of cCTA to the radiation exposure of the 
general population is not negligible. While there is no evi-
dence that the level of radiation that is ordinarily applied at 
cCTA bestows any kind of risk, the current uncertainties 
regarding the biological effects of radiation, our commit-
ment to the ALARA (As Low As Reasonably Achievable) 
principles, and increasing public radiation awareness 
behoove us to keep radiation dose at medical imaging to a 
minimum.

Over the past years, several acquisition techniques for 
cCTA have been developed in order to minimize patients’ 
radiation exposure including prospective ECG gating, high- 
pitch cCTA, and single-heartbeat cCTA using large detectors 

that allow whole-heart coverage. Moreover, the last years 
have also seen significant progress in novel iterative recon-
struction techniques that allow further dose reduction for 
cCTA as well as improved image quality [4, 5]. However, all 
CT vendors have slightly different approaches within their 
cCTA protocols that make it difficult to provide a universal 
overview on cCTA acquisition principles. Therefore, this 
chapter separately describes cCTA acquisition protocols for 
the major vendors from the perspective of experienced users 
in order to provide the readership with a practical approach 
that can be directly transferred into their own clinical 
routine.

 General Principles for Cardiac CT Image 
Acquisition

 Scan Coverage Optimization

The scan coverage is planned using the topogram or “scout” 
view identical to other CT acquisitions. As the total radiation 
dose delivered is directly proportional to the scan coverage, 
precise collimation is important to minimize the DLP (dose 
length product = scan length × CTDIvol). With the improved 
capabilities of CT systems, there is a general tendency to 
increase the area of coverage, due to faster acquisition and 
less limitation of tube power. If the z-axis of the scan is too 
long, for example, including the upper part of the abdomen 
or the neck, there will be unnecessary radiation delivered to 
abdominal organs or the thyroid gland. However, if the scan 
length is too short, excluding a portion of the coronary artery 
tree, the examination would not be complete and repeat scan-
ning would be required, resulting in increased radiation and 
contrast media volume to the patient. For dedicated coronary 
artery imaging (i.e., excluding coronary artery bypass and 
“triple-rule-out” acute chest pain studies to rule out aortic 
dissection or pulmonary embolism in addition to coronary 
disease), scanning should begin at the level of the bifurcation 
of the trachea in most cases, but the exact starting position is 
dependent on individual anatomy. For example, in thin 
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patients with a small, vertically oriented heart, scanning may 
start lower than the carina without the risk of missing the 
proximal coronary artery tree. It is also important to be able 
to stop the scan during the acquisition once the entire cardiac 
anatomy is covered, so as to avoid unnecessary radiation to 
the upper abdomen. Thus, adjustment of scan length, and 
thus optimization of the radiation dose, requires the careful 
attention of the CT technologist. Scan length optimization 
solely based on the topogram may be difficult, as the heart 
position may vary with diaphragmatic motion, and some 
patients may have difficulty keeping the same respiratory 
state for successive acquisitions. If a noncontrast calcium 
scoring scan is acquired preceding cCTA, as it is practice at 
many institutions, the landmarks obtained at calcium scoring 
can be advantageously used for more exact planning of the 
scan range of the contrast-enhanced study.

 Retrospective Versus Prospective ECG 
Synchronization

Retrospective ECG gating has been the traditional method of 
ECG synchronization with mechanical CT scanners, which 
comprises simultaneous acquisition of the ECG signal com-
bined with constant X-ray emission during slow-pitch spiral/
helical scan acquisitions [6–10]. Because of this constant, 
slow-pitch application of radiation, which enables the acqui-
sition of oversampled data sets that allow interrogation of the 
entire cardiac anatomy across the RR interval, cardiac CT 
has traditionally been considered radiation dose-intensive, 
especially in light of the small volume covered (i.e., only 
approximately 12–13 cm in the z-axis for adult hearts) (Fig. 
6.1). The relatively high radiation dose is the result of the 
particular requirements of this imaging test, where, more 
than with other applications, diagnostic evaluation of the 
small and rapidly moving coronary arteries depends on the 
combination of high temporal resolution, spatial resolution, 
and signal-to-noise ratio [7]. Image noise is mainly influ-
enced by the number of X-ray photons reaching the detector, 
which in turn is a factor of the object attenuation and tube 
voltage and is proportional to the slice width, tube current, 
and amount of time required to acquire the projection data 
needed for image reconstruction [11]. For cCTA, the best 
possible temporal resolution is required to minimize artifacts 
resulting from cardiac motion. This goal is achieved by using 
only projections gathered in a defined, short time window for 
image reconstruction, which in turn requires relatively high 
X-ray tube settings to ensure sufficient photon flux during 
this narrow acquisition window. High temporal resolution is 
ordinarily achieved by fast gantry rotation times [8]; how-
ever, in most available CT scanners, this necessitates the use 
of a slower pitch to avoid discontinuities in the anatomic 
coverage of the heart. A slow pitch in turn yields a higher 

radiation dose. Thus, the high temporal, spatial, and contrast 
resolution required for retrospectively ECG-gated cCTA is 
obtained at the expense of an increase in radiation exposure. 
Increased awareness of these relationships has prompted the 
development of a variety of strategies aimed at improving the 
efficiency of ECG-synchronized acquisition techniques. 
With appropriate application of these techniques, a more 
efficient utilization of X-ray photons does not necessarily 
sacrifice the image quality of a cCTA study [12]. Choice of 
the ECG synchronization method at cCTA should be 
informed by various factors, such as patients’ heart rate or 
rhythm, and the clinical question. Until a few years, the most 
frequently used scan technique for ECG synchronization at 
cCTA has been retrospective ECG gating. The ECG signal is 
continuously recorded, while a low-pitch spiral/helical CT 
scan with continuous emission of X-rays is acquired. Because 
the spiral/helical pitch used for this technique is very low 
compared to a standard CT examination (usually around 
0.2), the radiation exposure may be up to three times higher 
than that of a standard (non-ECG-gated) CT examination of 
the same anatomic region (Fig. 7.1). This scan technique is 
still commonly employed in patients with an irregular heart 
rhythm or in whom functional assessment of the myocar-
dium or the valves is desired. However, the increased radia-
tion burden with use of this technique has to be individually 
justified by the additional diagnostic benefit of functional 
assessment, particularly if other radiation-free tests such as 
echocardiography or MRI are available.

Prospective ECG triggering, also in jargon referred to as 
“step-and-shoot mode” [13], has developed to be the most 
frequently used technique for cCTA over the last years. This 
scan mode eliminates redundant radiation that occurs from 
low-pitch cardiac spiral/helical scanning, since radiation is 
exclusively applied during a defined, predetermined phase of 
the cardiac cycle (typically during diastole with slower heart 
rates and during systole with faster heart rates), while the 
X-ray tube is completely shut off or turned down by approxi-
mately 80% during the remainder of the cardiac cycle 
(Fig. 7.1). With this technique, the effective radiation dose 
equivalent can be an order of magnitude lower than with tra-
ditional retrospective ECG gating. However, prospective 
ECG triggering may suffer from image degradation as more 
heartbeats are necessary for the acquisition of the entire scan 
volume. Accordingly, prospective ECG triggering will only 
provide adequate image quality if the detector of the CT sys-
tem is wide enough to scan the entire heart within a limited 
number of cardiac cycles (around four steps with a detector 
of 4 cm), as is the case with 64-slice and higher CT systems. 
More importantly, the use of prospective ECG triggering has 
traditionally been restricted to patients with regular sinus 
rhythm, while this acquisition technique has been considered 
unsuitable for patients with an arrhythmia, because the 
occurrence of the desired cardiac phase for image acquisition 
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becomes increasingly unpredictable with varying length RR 
intervals. Accordingly, patients with an arrhythmia have tra-
ditionally not benefited from this radiation protection strat-
egy and had to be imaged with conventional retrospective 
ECG gating, which leaves the operator with more flexibility 
to choose the portion of the cardiac cycle with the least car-
diac motion for image reconstruction.

There are various technical attempts at improving the 
robustness of prospective ECG triggering vis-à-vis faster and 
more irregular heart rates. These include prolonging the 
acquisition interval during the RR cycle (“ECG padding”) to 
provide more flexibility in choosing the most suitable phase 
of image reconstruction. While ECG padding provides 
greater flexibility and improves the robustness to account for 
variations in heart rhythm, it also increases radiation expo-
sure by widening the temporal window (“tolerance”) during 
which the X-ray tube is turned on. A more sophisticated 
method to account for heart rate variability is adaptive online 
monitoring of the ECG.  This technique detects the occur-
rence of extrasystoles and automatically rejects arrhythmic 
beats in order to ensure that image acquisition occurs only 
during the desired cardiac phase. Last, recent developments 
have successfully addressed the inability of obtaining func-
tional information with prospective ECG triggering. Hybrid 
acquisition techniques use a short, prospectively ECG- 
triggered pulse of nominal tube output radiation to supply 
morphological data flanked by phases of low-radiation image 
acquisition covering end-systole and end-diastole, which 
enables functional evaluation (Fig.  7.1). However, again, 
since this involves exposure through a longer period of the 
cardiac cycle, this approach is associated with an increase in 

radiation compared with traditional prospective ECG 
 triggering albeit with dose levels that are still substantially 
lower than with conventional retrospectively ECG-triggered 
techniques and ECG-based tube current modulation.

 High Pitch Versus Broad Detector Coverage

Dual-source CT (DSCT) was introduced in 2005 and pro-
vides particularly high temporal resolution for cCTA.  The 
system uses two X-ray tubes and two detectors arranged at 
an angle of 90° (95° in the second and third generation). 
Therefore, only one-quarter rotation of the gantry is neces-
sary to acquire the X-ray data for one cross-sectional image. 
This effectively doubles the temporal resolution when com-
pared with single-source CT at the same rotation speed. With 
the introduction of second-generation DSCT, so-called high- 
pitch single-heartbeat acquisition became feasible. In early 
reports, the ability to perform ECG-triggered spiral data 
acquisition using very high-pitch values (around 3.2) has 
been described for DSCT [14, 15]. The high pitch allows 
image acquisition of the entire volumetric data set of the 
heart within a single cardiac cycle. Since with high-pitch 
acquisitions no redundant data is acquired, this scan mode is 
associated with approximately 1/10 the exposure of a retro-
spectively gated spiral scan and 1/2 to 1/3 the dose of a pro-
spectively ECG-triggered scan. In combination with low 
tube voltage techniques, effective radiation doses of 1 mSv 
or less can be routinely obtained [16]. When applied to the 
entire chest for the purpose of “triple-rule-out” acute chest 
pain studies, the effective radiation dose equivalent still 

Retrospective ECG gating without ECG
dependent tube current modulation

a b
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e

Retrospective ECG gating with ECG
dependent tube current modulation

Prospective ECG triggering without ECG
dependent tube current pulsing

Prospective ECG triggering with ECG
dependent tube current pulsing

High-pitch spiral acquisition

Heart rate

Radiation dose

Fig. 7.1 General principles of cardiac CT angiography acquisition protocols. The light blue bars represent the time and intensity of the tube 
 current during the different ECG phases
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remains at below 2 mSv, depending on the X-ray tube set-
ting. However, since the heart must remain motion-free for 
the entire scan time, this mode has been predominantly 
applied in patients with slow heart rates below 65–75 beats 
per minute [15, 16]. Similar to second- and third-generation 
DSCT, broad detector 320-row CT scanners allow image 
acquisition of the entire heart within a single heartbeat. With 
this technology, the entire z-axis of the heart is covered by a 
broad (i.e., 16 cm) detector, allowing for the single-heartbeat 
acquisition.

 ECG-Based Tube Current Modulation

ECG-based tube current modulation is currently the most 
widely used technical tool to reduce radiation dose without 
sacrificing image quality at retrospectively ECG-gated 
acquisitions as well as during prospective ECG triggering 
with a second low-dose pulsing window. Radiation may be 
reduced by up to 60% by the application of a simple princi-
ple: radiation dose is decreased during phases of the cardiac 
cycle that are not anticipated to be useful for morphological 
evaluation, and the full dose is delivered only during the car-
diac phase which is expected to yield diagnostic results for 
morphological evaluation [17]. Some CT manufacturers 
allow adjustment of the temporal window receiving full 
dose, which can be beneficial for optimizing the performance 
of ECG-dependent tube current modulation. For example, if 
the cardiac rhythm is regular, sinusoidal, and slow, there is a 
high probability that the most suitable phase for reconstruc-
tion will be found in diastole. In such cases it is advisable to 
apply the full dose during end-diastole, representing a tem-
poral window of only 20% of the full RR interval. The 
remaining 80% of the cardiac cycle receives reduced tube 
current. For faster heart rates, the most suitable phase for 
reconstruction becomes more difficult to predict and may 
vary from 30% to 80%. In this scenario, it is possible to set 
the full-dose period from 30% to 80% (or less), which 
increases the likelihood of including the optimal reconstruc-
tion phase in the full-dose window, albeit with reduced radia-
tion savings. Future developments should aim at providing 
operators with the ability to adjust the temporal amplitude of 
the modulation more flexibly across the RR cycle. For exam-
ple, with faster heart rates, it may be desirable to have avail-
able both mid-diastolic and end-systolic images at full dose.

It is also important to remember that the effectiveness of 
ECG-based tube current modulation varies with heart rate: 
the slower the heart rate, the more efficient the modulation, 
because the full-dose phase is proportionally shorter within 
the RR interval. Consequently, the use of rate-controlling 
agents for lowering the heart rate will lengthen the diastolic 
phase and thus enhance the effectiveness of ECG-based tube 
current modulation with lower incident radiation doses.

ECG-based dose modulation is activated prospectively, 
according to an automated analysis of the preceding heart-
beats. One drawback associated with the use of ECG-based 
dose modulation is that, similar to prospective ECG trigger-
ing, the exact occurrence of systolic and/or diastolic phases 
cannot be reliably predicted in patients with arrhythmia or 
frequent premature ventricular contractions. In these cases, 
there is a risk of incurring image reconstructions during a 
low-radiation dose phase, with consequent increases in 
image noise and loss of image quality within the z-extent of 
the data acquired during the arrhythmic beat. Thus, in cases 
of cardiac arrhythmia, the use of ECG-based tube current 
modulation should be used with caution. Similar as with 
automated online ECG monitoring techniques for prospec-
tive ECG triggering, however, this limitation is increasingly 
addressed by the recent availability of sophisticated algo-
rithms that automatically detect premature contraction of the 
heart and suspend ECG-based tube current modulation mid-
scan in a real-time fashion. Despite these current limitations, 
ECG-based tube current modulation has become one of the 
most successful and widely used techniques for radiation 
protection in clinical routine [18].

 Tube Voltage

Lowering the X-ray tube voltage is one of the most effective 
and simplest methods for radiation dose reduction, since the 
radiation dose roughly changes with the square of the tube 
voltage [19–21]. However, reduced tube voltage causes an 
increase in image noise [19, 22]; thus, use of low tube volt-
age protocols requires an increase in the tube current and 
performs best with state-of-the-art iterative reconstruction 
techniques in order to maintain a diagnostic contrast-to- noise 
ratio [21, 23]. With further development of X-ray tubes, a 
wider variety of tube voltage options has become available in 
cCTA with potential benefits considering luminal contrast 
and radiation exposure. X-ray photon absorption of a partic-
ular object is dependent on the object’s material composi-
tion. Different materials show different mass attenuation 
coefficients, dependent on the photon energy. In addition, the 
photon energy itself is dependent on the particular X-ray 
tube and tube voltage. Iodine molecules effectively absorb 
photons with photon energies ranging from 33.2 to 43.3 keV 
with the highest absorption at 33.2 keV (k-edge). However 
clinical CT systems’ X-ray tubes always generate a poly-
chromatic X-ray beam with resulting mean photon energy. 
This limits the capability to generate photons in the range of 
iodine k-edge to some extent. In recent years the X-ray tubes 
with 80 kV were the method of choice to get close to iodine 
k-edge. 80kV tube voltage has been successfully used in 
chest CTA with beneficial effects on image quality and 
improved vascular attenuation. A further decrease in tube 
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voltage to 70 kV, which is equivalent to mean photon energy 
of approximately 53,5 keV, stresses these benefits. However, 
until recently the applicability of 70 kV was limited by the 
maximum tube current output of 500 mA in previous CT sys-
tems. This issue has been overcome with the introduction of 
new-generation scanners allowing higher tube output (such 
as the third-generation DSCT with a potential maximum 
tube current of up to 1300 mA) which enables routine cCTA 
at 70  kV tube voltage in patients with BMI <26  kg/m2. 
Moreover, higher tube output (higher mA) and low tube volt-
age (lower kV) allow better tissue penetrance and may be 
suitable for obese patients thus allowing better image quality 
without significant increase in image noise.

 Iterative Reconstruction
Iterative reconstruction (IR) techniques were developed 
almost two decades ago, and their advantages over tradi-
tional filtered back projection (FBP) reconstruction have 
long been recognized. However, only a few years ago, the 
increasing performance of mainframe computers enabled 
their entry into clinical CT routine. IR methods substantially 
reduce image noise and thereby may also allow substantial 
reduction of radiation dose. Modern IR algorithms are all 
vendor specific leading to slight differences in the image 
appearance. By now every big vendor (e.g., General Electric, 
Philips, Toshiba, and Siemens) offers and develops different 
IR algorithms with increasing capabilities considering image 
quality and noise reduction. While early algorithms mainly 
relied on statistical IR, increasingly sophisticated and com-
plex full or partially raw data domain-based methods are 
implemented and available with the latest scanner 
technology.

The use of IR algorithms results in reduced image noise 
thus enabling primary acquisition with decreased tube volt-
age and/or tube current while maintaining or even improving 
diagnostic image quality with cCTA. Besides lower radiation 
exposure, a reduction in tube voltage has other beneficial 
effects on vessel-to-tissue contrast as explained in the tube 
voltage section. In addition, IR is a possibility for noise 
reduction in obese patients where other measures of noise 
reduction, like increased tube voltage and tube current, might 
be limited by the specific CT system used. Since use of IR 
means a tremendous change to the image generation process, 
there have been concerns this might alter image characteris-
tics such as degree of stenosis or plaque composition. At this 
juncture it is uncontroversial that the use of IR techniques 
results in fewer blooming artifacts on cCTA which induces 
less overestimation of degree of stenosis, especially in heav-
ily calcified vessels and stents [24, 25]. Consecutively there 
is a tendency to lower percentage of high attenuation plaque 
if compared to FBP. Studies evaluating the effect on plaque 
volume and plaque composition assessment have shown 
minimal effect in quantified plaque volume [26]. Besides 

improvements in image quality, IR has a great impact on 
radiation exposure in cCTA by two different means. In gen-
eral IR enables reduction of tube current during primary 
image acquisition with preserved image quality compared to 
FBP. This is caused by IR inherently better denoising capa-
bilities and results in dose savings of around 50% [4]. 
Furthermore the lower image noise enables reduction of tube 
voltage in the latest CT systems with potential for further 
reduction of radiation exposure [16].

 Overview of Cardiac CT Acquisition 
Platforms and Techniques Used by 
the Various CT Vendors

 Siemens

 CT Systems for cCTA
Nowadays, robust cCTA imaging vendor independently 
requires CT systems with 64 slices or higher. In general, 
Siemens CT systems have to be divided into single-source CT 
systems (SSCT) and dual-source CT systems (DSCT). DSCT 
systems are equipped with two X-ray tubes and two corre-
sponding detectors that are oriented in the gantry with an 
angular offset of 90° (Fig. 7.2). The two X-ray source/detector 
systems rotate simultaneously capturing image data in half the 
time required with conventional technology which is of sig-
nificant importance in patients with high heart rates and or 
arrhythmia. Using this technology, DSCT systems have been 
the leader in temporal resolution when compared to other 
manufacturers over the last 10 years. Moreover, the temporal 
resolution continuously decreased from first-, second-, to 
third- generation DSCT from 83 ms, 75 ms, to 66 ms. DSCT 
was also the first technology that allowed dual- energy CT 
(DECT) without a temporal offset. DECT means that the sys-
tem uses two X-ray sources simultaneously at different energy 
levels. This makes it possible to differentiate not only between 
fat, soft tissue, and bone but also between calcifications and 
iodinated contrast material on the basis of their unique energy-
dependent attenuation profiles. For cCTA, DECT allows to 
quantitatively measure the myocardial iodine concentration as 
a surrogate of myocardial perfusion at a single time point 
(“snapshot” perfusion during peak enhancement) [27, 28]. 
Moreover, novel DECT approaches from Siemens also allow 
subtraction of coronary calcifications using the spectral differ-
ences between iodine and calcium. This approach has the 
potential to further improve the specificity of cCTA which was 
traditionally hampered by blooming artifacts in patients with 
severe calcifications leading to false-positive test results. The 
selective visualization of iodinated contrast material does also 
allow the calculation of so-called virtual noncontrast images 
which could be used for coronary artery calcium scoring based 
on a single cCTA acquisition [29]. However, although DECT 

7 Principles of Cardiac CT Image Acquisition



74

offers several advantages for cCTA, it is important to keep in 
mind that the inherent high temporal resolution of DSCT sys-
tems is reduced by 50% using DECT settings. However, novel 
advantages in image reconstruction that are currently under 
investigation have the potential to virtually save the high tem-
poral resolution during raw data reconstruction using iterative 
reconstructions that require less than 180° of projections [30]. 
State-of-the-art SSCT systems from Siemens also provide a 
high temporal resolution for cCTA up to 142  ms (e.g., 
SOMATOM Edge) due to a high gantry rotation time of 0.28 s.

 Scan Acquisition
Siemens recognized early the general need for low tube 
voltage imaging in cardiovascular CT.  Today, all cardiac 
CT systems from Siemens provide sufficient tube current 
output to perform low tube voltage cCTA studies dependent 
on patients’ BMI. With the introduction of third-generation 
DSCT, routine cCTA at 70 kVp has become a reality even 
in adult patients with a high BMI.  Technically, routine 
70  kVp imaging was realized by the integration of two 
Vectron tubes that both provide a tube current of up to 
1300 mA, utilizing power reserves from two 120 kW gen-
erators. One of the main breakthroughs related to this tech-
nology is the possibility to have full tube voltage setting 
flexibilities since the system allows the tube voltage modi-
fication from 70 to 150 kVp in 10 kVp intervals. Siemens 
also integrated automated tube voltage selection into all of 
their novel CT systems. Automated tube voltage selection 
interacts with the well- known automated tube current mod-
ulation and automatically selects the optimal tube voltage 
tube current combination based on patients’ anatomy 
detected with the topogram.

Likewise, to other manufacturers Siemens continuously 
developed and improved IR techniques over the past 6 years. 
Whereas the first-generation of IR (IRIS) was slightly ham-
pered by a so-called plastic-like appearance of the CT images 
compared to traditional FBP, this issue was solved by the two 
following generations of IR techniques (SAFIRE/ADMIRE). 
IR is of paramount importance for low kVp imaging since 
image noise significantly increases with decreased tube volt-
age. Thus, it is recommended to use IR techniques in all 
cCTA studies acquired with a tube voltage below 100 kVp. 
Lowering the tube voltage in combination with IR has the 
advantage to simultaneously reduce radiation dose and the 
amount of contrast material. A recently published study 
demonstrated the total amount of contrast material can be 
reduced from 80  cc for a cCTA performed at 100  kVp to 
50  cc for a cCTA performed at 70  kVp, recommending a 
reduction of 10 cc per 10 kVp tube voltage reduction [31].

 Acquisition Protocol Selection
Selection of the scan acquisition protocols (retrospective gat-
ing, prospective gating, high-pitch acquisition) should be 
based on patient’s heart rate and rhythm and the clinical sce-
nario (high-risk elderly patient  =  robust imaging; low risk 
young patient = robust but as gently as possible; LV function 
required = no high-pitch acquisition). Generally, high-pitch 
acquisitions deliver high diagnostic image quality in patients 
with regular heart rates of up to 70 bpm (up to 75 with third- 
generation DSCT) (Fig.  7.3). With Siemens CT systems 
above 64 slices, prospective ECG triggering has become the 
most frequently used technique for cCTA especially since 
the technique also enabled LV function analysis. Traditionally, 
evaluation of cardiac function with cCTA was restricted to 
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Fig. 7.2 Retrospective ECG-gated cardiac CT angiography (cCTA) of 
a 52-year-old male patient with acute chest pain performed on a third- 
generation dual-source CT. The retrospective cCTA protocol was cho-
sen due to the high irregular heart rate of the patient 95 bpm. In order to 
save radiation dose, the protocol was performed at 70 kVp tube voltage 

resulting in a total radiation dose of 3.2 mSv. The case demonstrates the 
high potential of radiation dose reduction due to low tube voltage imag-
ing even in adult normal weight patients in which retrospective ECG 
gating was necessary

T. Henzler et al.



75

retrospective ECG gating with or without ECG-dependent 
tube current modulation which resulted in high radiation 
dose levels. Using the concept of ECG-dependent tube cur-
rent modulation, Siemens introduced low-dose imaging of 
the whole cardiac cycle also for prospective ECG gating. By 
using this so-called adaptive cardiac sequence, the tube volt-
age is reduced to 20% of the maximum tube current output 
during the desired phase of the cardiac cycle before moving 
to the next table position. However, this technique should 
only be used with CT systems that allow to cover the heart in 
only three single steps in order to minimize contrast inhomo-
geneities throughout the coronary arteries in the z-axis direc-
tion. Based on our experience, the full tube current should be 
applied throughout a larger part of the cardiac cycle (30–
80%) in patients with heart rated above 80 bpm in order to 
obtain both systolic and diastolic images at full dose. 
Table  7.1 provides an overview on basic characteristics of 
three typical CT systems from Siemens.

 General Electric

GE Healthcare with the Revolution CT family offers three 
options to perform these studies: (1) Revolution CT, (2) 
Revolution HD (with /without GSI), and (3) Revolution 
EVO.

All of them operate with any of the two contrast injection 
protocols: (a) bolus timing scan (BTS) or SmartPrep (SM) 
also known as automatic bolus tracking system.

There are differences between each of the three scanners 
regarding coverage, temporal resolution, and number of 
slices among other issues that are shown in Table 7.2.

Revolution CT is GE’s newest CT scanner, also known as 
volume high definition (VHD).

It has a wide coverage detector width of 160 mm allow-
ing to scan a complete organ as the heart in a single gantry 
rotation. Revolution CT offers uncompromised image qual-

ity and clinical skills through the junction of coverage, spa-
tial and temporal resolution: all in one system [32]. This 
scanner has been built using the new Gemstone Clarity 
detector of 256 detector rows of 0.625 mm thickness. The z 
coverage extends up to 160 mm width achieving up to 512 
slices with 280 ms of gantry rotation and temporal resolu-
tion of 140 ms (Fig. 7.4).

 Cardiac Protocols
Calcium Score The technical parameters to perform this 
study in this scanner are 120 Kv, 300 mA, 0.28 s gantry rota-
tion, noise index 20, and ASIR 50%.

Coronary CT Angiography Revolution CT has a wide 
coverage thus allowing to scan the heart in a single gantry 
rotation.

It has a wide cone cardiac axial (WCCA) that provides an 
approximately 35% dose reduction with constant mA profile 
for single-phase acquisition, generating a great dose advan-
tage compared to Revolution HD and Revolution EVO.

If the region to be covered is larger such as patients with 
bypass grafts, two axial volumes have to be selected for opti-
mal visualization.

It is recommended to scan the heart at least an additional 
1 cm in all directions because there is excellent temporal and 
spatial resolution in the center of the selected region but 
reduction of both at the outer margins. The first and last 
images will have reduced field of view and will be more sus-
ceptible to motion artifacts.

Revolution CT has a tool called “auto-gating” that auto-
matically determines the heart rate-dependent settings for 
triggered acquisition and gated reconstructions. In this 
way the scanner automatically establishes the best scan 
mode for that patient: snapshot pulse or cardiac helical. 
With regard to patients’ heart rate, it will also establish the 

Fig. 7.3 High-pitch (3.2) 
cardiac CT acquisition of a 
59-year-old female patient 
with chest pain. The study 
was performed with 70 kVp 
using automated tube voltage 
selection in combination with 
automated tube current 
modulation resulting in a 
radiation dose of 0.2 mSv. 
The heart rate of the patient 
was regular with 73 bpm

7 Principles of Cardiac CT Image Acquisition



76

cardiac phase range to acquire, which phase needs to be 
reconstructed, and when snapshot freeze should be applied. 
Regarding patients’ beat-to-beat HR variation, it will 
determine how much additional padding may be needed, 
whether +ms-based trigger should be used instead of % of 
the RR interval or if retrigger double scan is appropriate in 
patients with irregular rhythm such as arrhythmias or pre-
ventricular contraction.

For functional evaluation, regardless of the heart rate, 
the tube current will be 100% power at 40% and 75% and 
only 20% at the other phases. In this acquisition mode, 
additional phases every 10% will be reconstructed to show 
the complete heartbeat and allow ejection fraction 
calculation.

Parameter settings such as pitch and ECG modulation are 
also determined automatically. Based on patient size 
observed in a scout view, kV assist will provide with optimal 
mA and kVp. Cardiac modulation of mA is available allow-
ing to provide the adequate exposure to the patient in order 
to attain the best image quality with the lowest radiation dose 
in keeping with the ALARA principle (as low as reasonably 
achievable). This new tool admits simplification and robust-
ness pressing only one button and no longer in need of heart 
rate-specific protocols.

Revolution CT applies new iterative reconstruction algo-
rithm called ASIR-V that enables up to 80% radiation dose 
reduction compared to standard filtered back projection 
(FBP) with similar reconstruction speed. It also improves 
low-contrast detectability up to 135% at the same dose, spa-
tial resolution, and image noise and can reduce low-signal 
artifacts such as streak artifacts.

Snapshot freeze (SSF) can be used to reduce coronary 
artery motion artifacts in high-definition or in standard car-
diac studies. A three-phase image series is generated for sub-
sequent motion correction processing on the AW workstation 
or AW server [33].

 1. Revolution HD (with/without GSI): consists in a high- 
definition scanner that works in single energy (SE) or dual 
energy (DE) using Gemstone Spectral Imaging (GSI).

This scanner is 64-row detectors and has coverage of 4 cm. 
Other technical information: collimation width 0.625  mm, 
gantry rotation 0.35 s, and temporal resolution 175 ms.

Table 7.1 Basic characteristics of Siemens CT scanners

Model Source Coverage Slice Detection
Rotation 
time Acquisition mode Recon mode Recon algorithm

Definition 
edge

Single source, 
with dual focal 
spot, 100 kW

38.4 mm 2 × 64 × 0.6 Single 
layer

0.28 s Sequential 
(step-and-shoot), 
helical

Standard, 
second gen. 
Iterative 
(SAFIRE)

Sequential: 
multi-cycle, single 
cycle
Helical: multi-
cycle, single cycle

Definition 
flash

Dual source, with 
dual focal spot, 
2 × 100 kW

38.4 mm 2 × 64 × 0.6 
per source/
detector pair

Single 
layer

0.28 s High pitch (flash 
mode), sequential 
(step-and-shoot), 
helical

Standard, 
second gen. 
Iterative 
(SAFIRE)

High pitch: single 
cycle
Sequential: 
multi-cycle, single 
cycle
Helical: multi-
cycle, single cycle

Definition 
force

Dual source, with 
dual focal spot, 
2 × 120 kW

52.2 mm 2 × 96 × 0.6 
per source/
detector pair

Single 
layer

0.25 s High pitch (flash 
mode), sequential 
(step-and-shoot), 
helical

Standard, 
third gen. 
Iterative 
(ADMIRE)

High pitch: Single 
cycle
Sequential: 
multi-cycle, single 
cycle
Helical: multi-
cycle, single cycle

Table 7.2 Comparison between GE scanners for cardiac studies

Technical parameters 
and tools Revolution CT

Revolution 
HD

Revolution 
EVO

Detector row (N°) 128 64 64
Slices per rotation 
(N°)

512 128 128

Gantry rotation (ms) 280 350 350
Temporal resolution 
(ms)

140 175 175

Iterative 
reconstruction

ASIR V ASIR ASIR V

Snapshot freeze ✓(Intelligent) ✓ ✓
Dual energy mode Work in 

progress
✓optional x

Other cardiac tools Cardiac 
auto-gating

Cardiac 
assist

Cardiac 
assist
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It operates with Smart Dose technologies such as kV 
assist, dosed organ modulation, 3D dose modulation, and 
dose check among others. It also operates with ASIR.

Single Energy Single energy works in standard or high- 
definition mode allowing to improve spatial resolution 
to 0.28 mm [34]. Snapshot assist (SSA) helps the user to 
determine the acquisition mode according to the patient’s 
heart rate, beat-to-beat variation, and size. SSF can be 
applied in prospective or retrospective techniques. For 
intermediate heart rates (65–74  bpm), especially with 
moderate to high variability, SSF has to be prescribed at 
75% phase (mid- diastole) and 45% RR interval 
 (end-systole), and in cases with high HR > 75 bpm, only 
45% phase is needed [35]. Appropriate cardiac phase 
selection is mandatory for optimal performance. 
Excellent contrast opacification is essential for ideal 
SSF  correction [36].

Dual-Energy GSI It operates exclusively in prospective 
mode for all cardiac studies. It acquires the information per-
forming rapid switching (0.3–0.5 ms) between low and high 
tube potentials (80–140  kVp) using only one source [37]. 
According to the patient’s heart rate and variability, different 
phases and additional padding could be necessary. For patients 
with (a) <65 bpm, center phase at 75%. Additional padding of 
100 ms can be complemented if the rhythm is unstable: (b) 
65–74 bpm center phase at 60%, padding 150–200 ms, and (c) 
>75 bpm center phase at 40%, padding 100 ms. SSF can be 
applied to improve temporal resolution with similar results 
with single energy [38]. ASIR is actually available in GSI in all 
energy levels (40–140 keV) admitting to reduce noise mainly at 
40–60 keV (levels with highest noise). Dual-energy CT signifi-
cantly reduces blooming in patients with severe calcification of 
the coronary arteries and beam-hardening artifacts improving 
combined  anatomo- functional evaluation present with single-
energy CT in determined population (Fig. 7.5) [39].

Fig. 7.4 The newest CT 
scanner with wide coverage 
of 160 mm that allows 
scanning the complete heart 
in one gantry rotation. In 
cases of patients with bypass 
grafts, two volumes need to 
be acquired. The fast gantry 
rotation of 0.28 ms gives an 
ideal temporal resolution to 
scan patients even with high 
heart rates and obtains 
excellent image quality. 
Cardiac auto-gating tool 
automatically determines the 
best scan mode for that 
patient (snapshot pulse or 
cardiac helical), the cardiac 
phase range to acquire, which 
phase needs to be 
reconstructed, and when 
snapshot freeze should be 
applied making the scan very 
simple. Also it determines if 
retrigger double scan is 
necessary in patients with 
irregular rhythm such as 
arrhythmias or pre-ventricular 
contraction
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 2. Revolution EVO: this scanner has a coverage of 4  cm, 
gantry rotation of 0.35 ms, collimation width of 0.625 mm, 
and clarity detector that improves dose efficiency and 
signal-to-noise ratio.

It operates with ASIR V and applies Smart Dose technol-
ogies, snapshot assist, snapshot pulse, ECG dose modula-
tion, 3D mA modulation, and pre-scan dose estimates.

 Philips

Several CT scanners from Philips Medical Systems are cur-
rently available (Table 7.3). Those include the 64-slice ver-
sion (Brilliance 64) which was the first 64-slice scanner 
offered for clinical use in October 2004. The later 64- and 
128-slice scanners using a dual focal spot correction, there-

fore allowing for 128-row and 256-row acquisition (Brilliance 
iCT-SP (128), and Brilliance iCT (256)) were introduced in 
2008 for clinical use and underwent several iterations until 
its current configuration. Philips takes special care toward its 
detector technology and rapid gantry rotation time. Image 
analysis may be performed via dedicated software available 
on their Extended Brilliance Workstation (EBW) and also 
via a PC-based portal that allows most analysis processes to 
be performed on raw data accessed from a laptop or office-/
home-based personal computer.

Recently, Philips introduced a new version of the 64-slice 
scanner equipped with their new detector technology 
(NanoPanel Prism) allowing separation between low- and 
high-energy raw data resulting in spectral imaging. This new 
spectral CT scanner (IQon) technology will not be discussed 
here. The IQon gantry rotation speed is higher than the con-
ventional Brilliance 64 and similar to the Brilliance iCT-SP, 
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Fig. 7.5 A 75-year-old female with cardiovascular risk factors such as 
hypertension, dyslipidemia, and diabetes. She presents with angina and 
dyspnea FC II–III. A combined anatomo-functional evaluation was per-
formed with dual-energy CT (GSI) to assess coronary stenosis and 
myocardial perfusion with reduction of booming and beam-hardening 
artifacts. Monochromatic evaluation at medium energy levels (85 keV) 
was used for the analysis. (a–c) Stress CT at short-axis, four-chamber, 
and long-axis views, respectively, showing severe hypoperfusion in 

septal, anteroseptal, apical, and inferior walls (white arrows). (d–f) Rest 
CT in the same views demonstrating normal perfusion stress (g, h, l) 
and rest (j, l, ll) SPECT images show the same findings than dual- 
energy CT confirming an anteroseptal, septal, apical, and inferior isch-
emia. (m) CTCA of the left anterior descendent (LAD) artery exhibiting 
a severe stenosis in the midportion (arrow head). (n) Invasive coronary 
angiography showing the same lesion in the LAD
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and most acquisition parameters are similar too. The funda-
mentals of dual energy and spectral imaging are presented 
elsewhere in this textbook. Additionally, all Philips platforms 
allow for the use of iterative reconstruction (either conven-
tional “iDose” or the model-based “iMR”).

 Brilliance 64: Typical Image Acquisition 
and Commonly Used Protocols
Calcium Score Acquisition The coronary artery calcium 
score (Agatston units) may be measured on a non-enhanced 
scan using prospective ECG triggering. Typical scan param-
eters include a tube voltage of 120  kV, tube current of 
55 mAs, gantry rotation time of 0.42/s, and collimation of 
64 × 0.625 mm. Reconstruction is performed with a CB filter 
with 2.5  mm or 3  mm slice thickness without overlap. 
Coronary CT angiography when using the 60 kW tube of the 
scanner may be performed with retrospective electrocardio-
graphic (ECG) gating or with prospective ECG triggering 
(step-and-shoot mode). The contrast-enhanced scan is per-
formed using a bolus of approximately 70 (range 40–120) ml 
of contrast media injected into an antecubital vein at a flow 
rate of 5–7 ml/s, followed by a 50 ml saline chaser bolus. 
Scanning is typically performed at 120  kV, effective tube 
current 600–1000 mAs, slice collimation of 64 × 0.625 mm 
acquisition, 0.42  s gantry rotation time, and pitch 0.2 as a 
standard. ECG-based tube current modulation for retrospec-
tive gating (“DoseRight Cardiac”) may be used to decrease 
radiation when possible. Reconstruction is performed using 
a window centered at 75% of the RR interval as default (to 
coincide with ventricular diastasis). For heart rates above 
70 beats/min, an earlier reconstruction phase (usually 45% 
or less) is frequently used (coinciding with isovolumic relax-
ation). Typically a multi-cycle scan image reconstruction 
with XCC filter (Philips) and slice thickness reconstruction 
of 0.67 mm with 50% overlap is used (allowing spatial reso-
lution of 10–24  lp/cm depending on scanner version). If 
movement artifacts are apparent, additional reconstruction 
windows may be analyzed. A dedicated cardiac gating algo-

rithm is used that identified the same physiologic phases of 
the cardiac cycle while taking into account the nonlinear 
changes in the individual cardiac states with the heart rate 
variations during CT acquisition. As mentioned above car-
diac adaptive multi-cycle (or multi-segment) reconstruction 
technique is typically used that combined data from consec-
utive cardiac cycles, thus improving temporal resolution. 
Dedicated software (Arrhythmia Editing, Philips Medical 
Systems, Cleveland, OH) allowed correction for R wave 
irregularity after data acquisition in patients with marked 
sinus arrhythmia or frequent premature beats. Local “phase 
point” editing is also available post acquisition (not only 
R-tag detection).

 Brilliance iCT (256)
cCTA is performed on this 256-row scanner which has a lon-
gitudinal coverage of 8 cm, offers options for different rota-
tion times which can be as fast as 0.27/s, and has a 120 kW 
generator. cCTA is performed either as prospectively trig-
gered “step-and-shoot” mode or with helical retrospective 
ECG gating. ECG-based tube current modulation can be 
used when possible with retrospective gating (DoseRight 
Cardiac).

The coronary artery calcium score (Agatston units) may 
be measured on a non-enhanced scan using prospective ECG 
triggering. Typical scan parameters include a tube voltage of 
120 kV, tube current of 55 mAs, and gantry rotation time of 
0.27/s, and autocollimation is frequently 128 × 0.625 mm. 
Reconstruction is performed with a XCB filter with 2.5 mm 
or 3 mm slice thickness without overlap.

Contrast-enhanced scan is performed on the iCT using a 
bolus of 65 (range 50–100) ml contrast media injected into 
an antecubital vein at a flow rate of 5–7 ml/s, followed by a 
mixed 50% contrast/saline injection and then a 20–30  ml 
saline chaser bolus. Contrast media dose with Philips scan-
ners is calculated according to the following formula: [(pre-
dicted scan time in seconds +5)  ×  IV contrast flow rate]. 
Scans are performed at 120 kV [or 80/100/140 kV depending 

Table 7.3 Basic characteristics of Philips CT scanners

Model Source Coverage Slice Detection
Rotation 
time

Acquisition 
mode Recon mode Recon algorithm

Br64/
Inginuity64

Single source, with 
dual focal spot, 
80 kW

40 mm 64 × 0.625 Single 
layer

0.42 s/rot Axial 
(step-and- 
shoot), helical

Standard, 
iDose4, IMR

Helical: multi-
cycle, single cycle
Axial: single cycle

iCT-SP (128) Single source, with 
dual focal spot, 
120 kW

40 mm 128 × 0.625 Single 
layer

0.27 s/rot Axial 
(step-and- 
shoot), helical

Standard, 
iDose4, IMR

Helical: multi-
cycle, single cycle
Axial: single cycle

iCT-SP (256) Single source, with 
dual focal spot, 
120 kW

80 mm 256 × 0.625 Single 
layer

0.27 s/rot Axial 
(step-and- 
shoot), helical

Standard, 
iDose4, IMR

Helical: multi-
cycle, single cycle
Axial: single cycle

IQon Single source, with 
dual focal spot, 
120 kW

40 mm 128 × 0.625 Dual 
layer

0.27 s/rot Axial 
(step-and- 
shoot), helical

Standard, 
iDose4, IMR

Helical: multi-
cycle, single cycle
Axial: single cycle
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on body mass index (BMI)] with a slice collimation of 
128  ×  0.625  mm, with dual z-focal spot positions (which 
leads to a double number of simultaneous imaged slices per 
gantry rotation, therefore 256-row acquisition) and a rotation 
time of 0.27 or 0.33 s. For low kV scans (80 or 100 kV), a 
slower injection rate (4 ml/s) is frequently used resulting in 
an overall lower volume of contrast thus maintaining a rela-
tively stable contrast to noise ratio. The helical scans (retro-
spective ECG gating) are performed with an effective tube 
current (rotation time product normalized by the pitch) in the 
range of 900–1500 mAs (effective) depending on BMI and 
body habitus and a pitch of 0.14–0.18. The step-and-shoot 
(prospective triggering) scans are performed in patients with 
stable heart rhythm and heart rate < 65 beats per minute with 
a tube current X-ray ON time product of 160–300 mAs. The 
scanner provides several predefined protocols which deter-
mines the pitch and rotation time in each protocol according 
to scanning mode, heart rate, and whether a “bariatric 
mode”(high mA) is used (to allow optimal temporal resolu-
tion at all settings). Reconstruction is again performed using 
a window centered at 75% of the RR interval as default. For 
heart rates above 70 BPM, an earlier reconstruction phase 
(usually 45% or less) is frequently used with retrospective 
gating. Typical filter used for reconstruction is XCC and 
same 0.67 mm slice thickness with 50% overlap (Fig. 7.6).

 Toshiba

Toshiba manufactures both narrow (80 detectors) and wide 
detector (320 detectors) CT scanners (Table 7.4), the latter is 
the focus of the chapter. Wide detector scanners with 320 
detector rows and up to 16  cm of craniocaudal coverage 
uniquely enable whole-heart coverage in an axial (not heli-
cal) scan mode with one gantry rotation typically within a 
single heartbeat in as little as 0.138  s. The short duration 
required for scan acquisition makes the technique applicable 

even in patients with atrial fibrillation [40] and reduces the 
time required for patient breath hold (1–2  seconds) hence 
rendering the technique very convenient for the patient while 
minimizing potential artifacts secondary to respiratory 
motion [41].

Image data is reconstructed using a half-scan reconstruc-
tion algorithm, typically with a 512 × 512 matrix and 0.5 mm 
thick sections. Wide detector imaging eliminates “stair-step” 
or misalignment artifacts and permits uniform attenuation 
when evaluating the coronary arteries, when analyzing 
 myocardial defects [42, 43], or when measuring contrast 
attenuation gradients across atherosclerotic lesions [44] 
(Figs. 7.7, 7.8, and 7.9). The ability to cover the entire heart 
in one shot permits dynamic volume assessment including of 
left ventricular function and assessment of absolute myocar-
dial blood flow [45]. Radiation doses are lower with wide 
detector scanners owing to shorter scan times and reduction 
of redundant radiation from either overlapping of sequential 
axial scans or helical oversampling [46]. In addition, total 
iodinated contrast volume can be decreased to as low as 
40 ml at 5 ml/s in patients with normal cardiac output [47].

There have been three generations of 320 detectors CT 
(Aquilion ONE, Aquilion VISION, and Aquilion GENESIS). 
Despite equivalent spatial resolution (0.5  mm), the gantry 
speed for the VISION and GENESIS generation scanner is 
faster than that of the first-generation scanner (275 vs. 
350  ms), with a temporal resolution of 138 vs. 175  ms, 
respectively. In patients with elevated heart rates, in order to 
improve the temporal resolution, data from two or three car-
diac cycles can be used for image reconstruction, which is 
called multi-segment reconstruction. Accordingly, in the 
first-generation scanner, the temporal resolution of multi- 
segment reconstruction can be theoretically improved to 88 
or 58 ms, using two- and three-beat reconstruction. With its 
improved temporal resolution, the newer-generation scan-
ners have been demonstrated to permit single-beat imaging 
in vast majority (93%) in those with heart rates of up to 

Fig. 7.6 High-risk/ruptured 
plaque (napkin-ring sign) 
(right panel-long axis, left 
panel-short axis) in the 
proximal left anterior 
descending coronary artery 
demonstrating the high- 
resolution image that may be 
acquired with Brilliance iCT
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Table 7.4 Basic characteristics of Toshiba cardiac CT scanners

Aquilion PRIME Aquilion ONE Aquilion ONE vision Aquilion ONE GENESIS
Basic 
performance

No. of detectors 80 320 320 320

Thickness of detectors 0.5 mm 0.5 mm 0.5 mm 0.5 mm
No. of slices acquirable 160 using double-slice 

technology
640 using double-
slice technology

640 using double-
slice technology

640 using double-slice 
technology

Cranial caudal coverage 4 cm 16 cm 16 cm 16 cm
Gantry rotation speed 350 ms 350 ms 275 ms 275 ms
Opening size 78 78 cm 78 cm 78 cm
Tilt angle 30 22 30 30
Acquisition mode Prospective or 

retrospective helical
Axial volume Axial volume Axial volume

Single beat cardiac CT 
acquisition

No, 4–5 beats Yes – up to 65BPM Yes up to 65 bpm Yes – up to 75BPM

Tube and 
generator

Generator capacity 72 kW 72 kW 100 kW 100 kW

Tube voltage 80/100/120/135 kV 80/100/120/135 kV 80/100/120/135 kV 80/100/120/135 kV
Tube current 10–600 mA 10–600 mA 10-10-900 mA 10–900 mA

Computer 
system

Iterative reconstruction AIDR 3D hybrid AIDR 3D hybrid AIDR 3D hybrid/
FIRST model based

Reconstruction speed 30 ips 50 ips 80 ips

a

d

b c

e f

Fig. 7.7 Wide detector CT examination of a patient with critical steno-
sis in the proximal left anterior descending artery secondary to mixed 
calcified and noncalcified atherosclerotic plaque as demonstrated on 
axial, curved planar reformat and volume-rendered images on CTCA 
(a–c). There are corresponding perfusion defects in the basal, mid-, and 
distal anteroseptal, anterior, and anterolateral myocardial segments (red 

arrows) observed during CT stress myocardial perfusion imaging (d–f), 
which are also present but to a much less extent on the corresponding 
rest images (g–i). This case highlights volumetric assessment providing 
both coronary anatomy and perfusion using single-beat imaging. 
(Adapted from Ko et al. [42], with permission.)
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Fig. 7.8 Left anterior descending artery (LAD) with significant obstruc-
tive plaque burden imaged by invasive angiography (a) and 320-detector 
CTCA (b). Curved planar reformat and representative cross-sectional 
views with corresponding luminal attenuation on CCTA (c–g), which per-
mitted the calculation of the intraluminal attenuation gradient (h) across a 
single heartbeat. The gradient was considered significant (−38.3); the cor-
responding invasive fractional flow reserve value was 0.76  in the distal 
LAD. (Adapted from Wong et al. [44], with permission.)

Fig. 7.7 (continued)

g h i

75 bpm [48]. When compared with the first-generation scan-
ner in patients with elevated heart rates, it has been demon-
strated to provide superior image quality with 35% radiation 
dose reduction [49, 50].

Until recently, body weight or body mass index (BMI) 
has been used to manually select the tube voltage and tube 
current for cardiac CT applications. Based on observations 
that attenuation and body habitus over the thorax can be 
discrepant from BMI or weight, Toshiba scanners are cur-
rently equipped with automated exposure control 
(SureExposure 3D) which determine a tube potential on the 
basis of the X-ray attenuation on anterior-posterior and lat-
eral scout images, body profile of the individual patient and 
the reconstruction kernel [51]. SureExposure 3D adopts the 
standard deviation noise as a measure of image quality and 
aims to match the image noise to the targeted standard 
deviation [52]. This has demonstrated to reduce radiation 
exposure by up to 42% [51], without significant impair-
ment of image quality compared to the results obtained 
using a BMI-based protocol.

Similar to other CT vendors, as part of a dose reduc-
tion strategy, Toshiba scanners are equipped with adap-
tive iterative dose reduction (AIDR 3D), a reconstruction 
algorithm which is uniquely adapted for large cone-beam 
CT examinations and wide-volume acquisitions. The 
AIDR algorithm can be applied to all acquisition modes 
for routine clinical use including CTCA and calcium 
scores [53] and efficiently eliminates noise and streak 
artifact due to photon starvation with a statistical noise 
and scanner model considering both photon and elec-
tronic noise in the raw data domain. The raw data are 
reconstructed with filtered back projection (FBP), and 
then a sophisticated iterative technique which optimizes 
reconstructions for the particular regions is applied in the 
image domain, resulting in noise reduction while pre-
serving spatial resolution and image texture [54]. It 
enables the elimination of up to 50% of image noise [55], 
compared with FBP reconstruction, and may reduce the 
radiation dose up to 22–65% [56, 57].
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Aquilion One 2008 Aquilion Vision 2016

a b

c d

Fig. 7.9 The same patient 
underwent CTCA with 
Toshiba Acquilion ONE 
scanner in 2008 using 
retrospective ECG gating and 
standard filter back projection 
reconstruction (a, b) and 
again with the Toshiba Vision 
scanner in 2016 using 
prospective ECG gating and 
AIDR3D iterative 
reconstruction (c, d). The 
representative right coronary 
arteries are displayed, 
respectively (b, d). The heart 
rate acquired in both scans 
was 58 bpm. DLP has 
reduced by 60% from 440 to 
176 mGy-cm

 Arineta Inc. SpotLight CT, Cesarea, Israel

A new type of “stereo” CT with a compact size and high 
gantry rotation speed intended specifically for cardiovascu-
lar imaging was recently introduced and received FDA 
approval. This new scanner has two overlapping cone beams 
facing a single detector array rotating around the patient. It 
has a coverage (14 cm) sufficient for whole heart scanning 
in a single beat (acquisition time of 120 ms). This scanner 
has the  fastest CT gantry rotation time currently available 
(0.24 s). Default acquisition is with prospective ECG trig-
gering. This 280-slice CT scanner (192 detector rows) with 
a temporal resolution of 120 ms is of small size (60 cm gan-
try), compatible with small rooms, and was designed for 
optimal spatial and temporal resolution at a lower cost. The 
initial clinical assessment is promising with this scanner.
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Dual Energy and Spectral CT Techniques 
in Cardiovascular Imaging

B. Krauss and C. H. McCollough

The terms “Dual Energy CT” and “spectral CT” or “spectral 
imaging” [1, 2] refer to X-ray computed tomography scan-
ners that image a patient using two or more X-ray spectra so 
that differences in the chemical composition of body materi-
als can be analyzed. At the moment all commercially avail-
able CT scanners of this type work with only two X-ray 
spectra, and therefore the term Dual Energy CT will be used 
for all of them in the following. Several technologies can be 
used to either generate different spectra at the side of the 
X-ray source or to measure two different spectra at the side 
of the detector [3]. Effectively, all of these technologies gen-
erate similar information, but they differ in terms of dose 
efficiency, sensitivity to motion, and effectiveness for spe-
cific applications. One of the most important clinical appli-
cations of Dual Energy CT is the selective [4], quantitative 
[5], and possibly enhanced visualization [6] of iodinated 
contrast material, which is enabled by the special X-ray 
attenuation properties of iodine. In contrast to soft body tis-
sues, the X-ray attenuation of iodine decreases strongly with 
energy within the spectral range that is commonly used for 
clinical CT scanners. This is a consequence of the high 
atomic number of iodine (Z = 53), which results in a domi-
nance of the photoelectric effect. For water and soft body 
tissues, the decrease of the attenuation coefficient with 
energy is much less pronounced due to a dominance of 
Compton scattering. Since the definition of the Hounsfield 
unit uses water as reference material, the CT number of these 
tissues in Hounsfield units (HU) is almost independent of the 
X-ray spectrum.

Dual Energy CT has a long history and is almost as old 
as single energy CT.  In the 1970s, it was demonstrated 
that Dual Energy CT could be used to make CT images 
more quantitative and to differentiate materials with low 

atomic numbers from materials with high atomic num-
bers [7, 8]. In contrast to some other imaging modalities, 
CT is not sensitive to chemical binding but mainly 
depends on the total number of electrons in a given vol-
ume (electron density) and the atomic number of the 
atoms (effective atomic number). The same applies also 
to Dual Energy CT, which also allows for explicitly mea-
suring these two quantities [9, 10]. One of the earliest 
clinical applications of Dual Energy was related to the 
detection of calcium. In the 1980s, the first commercially 
available Dual Energy CT scanner was introduced, which 
could measure bone mineral density in the spine with 
improved accuracy [11]. However, at that time multi-
slice spiral CT scanning was not yet invented, limiting 
the clinical capabilities of the technique. Dual Energy CT 
disappeared again from the market, until it was revived in 
2005, when the first clinical Dual-Source Dual Energy 
CT scanner was introduced [12].

Since then, there has been an increasing interest in this 
technology, indicated by the several hundred peer-
reviewed clinical publications on this topic. Each of the 
large manufacturers of CT scanners is currently offering 
Dual Energy CT scanners, and many new diagnostic 
applications have been identified [1]. Some of them are 
related to oncological questions [3], but there are also 
benefits for other fields like urology [13], rheumatology 
[14], and pulmonology [15]. As with single energy CT, 
most of the cardiovascular applications require high-
speed arterial phase imaging and are therefore mainly fea-
sible with CT scanners that have at least 64 data channels 
along the z-axis and rotation times no greater than 0.3 s. A 
power injector is needed, and for pulmonary CT angiogra-
phy (CTA), it may be advantageous if the injector allows 
for several injection phases with different saline admix-
tures within the same bolus [16].B. Krauss (*) 
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 Dual Energy CT Technology

 Scanner Types

Dual Energy CT scanning can be realized in two very differ-
ent ways, as the measured X-ray spectrum depends on the 
X-ray spectrum emitted by the X-ray source as well as the 
energy-dependent measurement response of the detector. 
Hence, energy separation can take place either at the side of 
the X-ray source or at the side of the detector. Under these 
two main categories exist several subcategories representing 
different technical implementations.

Because of the requirement for high scan speed, not all of 
the currently available Dual Energy CT scanners are suitable 
for cardiovascular imaging. This refers, for example, to the 
case of Dual Spiral (also called single-source helical) Dual 
Energy CT, where two independent spiral scans, each at a 
different X-ray tube voltage, are performed one after the 
other [17]. In this case, the time delay between measuring 
the same anatomic region with the two different spectra is in 
the order of several seconds, so that arterial phase iodine 
concentrations in the vessels change considerably. For non- 
contrast Dual Spiral scans, effects from patient motion can 
be reduced by appropriate motion correction algorithms. 
This is not possible, however, if CT numbers change due to 
changing concentrations of the iodinated contrast material. 
Under these conditions, an approach that scans a non- contrast 
phase and a contrast-enhanced phase, and subtracts the two 
resulting image sets, may be more promising for measuring 
or isolating iodine enhancement [18].

Lower sensitivity to patient motion or contrast agent 
dynamics is realized with slow kV-switching (also called 
single-source sequential) Dual Energy CT scanners [19] and 
split-filter (also called single-source twin beam) Dual Energy 
CT scanners [20]. For slow kV-switching, data are acquired 
during one gantry rotation using one tube voltage, and for the 
following gantry rotation, data are acquired at a different 
tube voltage. Since the minimum amount of projection data 
that are needed for image reconstruction of the scanned anat-
omy is less than one rotation (i.e., 180° + fan angle), these 
data can be acquired during a portion of the first gantry rota-
tion, and the remaining time in the rotation can be used to 
switch the tube voltage and tube current before the next rota-
tion. This can be done in a sequential or spiral acquisition 
mode; in both cases there is a delay of approximately one 
rotation between the projection data acquired with different 
spectra for the same anatomic region.

For split-filter scanners, two different filter materials sep-
arate the fan beam into two different spectra so that half of 
the detector (along the z-axis) is exposed to one spectrum 
and the other half to the other spectrum. This acquisition 
mode is only possible with spiral CT scanning, when the 
same anatomic region of the patient is translated through 

both beams. Data acquisition at both spectra is simultaneous, 
as well as continuous, so that motion artifacts can be sup-
pressed by conventional motion correction algorithms [21]. 
However, there is less freedom in the choice of spectra, and 
the delay between the acquisition of data for the same ana-
tomic region with the low and high beam spectra is about one 
rotation. Because of this one rotation delay, slow kV- 
switching scanners and split-filter scanners are in principle 
suitable for Dual Energy CTA of the head-neck area [22] or 
of the abdomen. Even pulmonary angiography has been 
shown to be feasible [23], but cardiac scanning is likely not 
feasible. Both methods appear to be most useful for coopera-
tive patients and relatively static situations (body parts that 
do not move quickly or iodine concentrations that do not 
change quickly).

The lowest sensitivity to patient motion is obtained with 
Fast kV-switching (also called single-source rapid- switching) 
[24], Dual-Layer [25], and Dual-Source [26] Dual Energy 
CT technologies. With Fast kV-switching, the tube voltage is 
switched after each acquisition of an individual “frame” of 
the X-ray projection data. Switching speed is reported to be 
below one millisecond so that corresponding projection data 
frames obtained with the two spectra are well aligned. In 
addition, gantry rotation times of 0.28 s have been achieved. 
Possible disadvantages of the technology are a reduced 
frame rate (number of projections acquired per unit time) at 
each energy, finite switching time which reduces spectral 
separation, and limitations concerning the combination of 
this technique with fast and automatic tube current 
modulation.

Dual-Layer detectors have the advantage that no special 
technology is needed on the side of the X-ray tube. 
Conventional tube voltages such as 120 kV or 140 kV can be 
used, and the fairly wide spectrum is decomposed into two 
effective energy spectra by the detector. Technically this is 
achieved by using a detector consisting of two layers of scin-
tillators. While low-energy photons are typically stopped in 
the top layer, high-energy photons are typically stopped in 
the bottom layer. Due to the statistical nature of photon 
absorption in the scintillator material, energy discrimination 
in such a setup is less than for other methods [27].

Dual-Source Dual Energy configurations have the advan-
tage that no modification is needed for the X-ray tube or for 
the detector. In order to increase spectral separation, the 
available X-ray spectra are modified by applying additional 
filtration to the high kV spectra. Because the two tube/detec-
tor systems are separate, the tube potential and tube current 
settings, and also tube current modulation, are independent. 
While spectral quality and the potential for low radiation 
dose [28] are the strengths of this technique, fast and sub-
stantial motion can lead to false iodine enhancement at  air/
tissue boundaries because of lower temporal coherence (as 
will be discussed below).
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All three of the discussed techniques are suitable for vas-
cular imaging in all contrast phases and also pulmonary 
angiography. For cardiac imaging at higher heart rates, there 
are limitations with all three methods because of potentially 
rapid motion during data acquisition. As a conclusion, not all 
Dual Energy CT scanners can be used for vascular imaging, 
and even fewer can be used for cardiac imaging.

 Special Requirements for Cardiovascular 
Imaging

For cardiovascular Dual Energy CT, strong iodine enhance-
ment is required in the CT images so that vessel anatomy can 
be assessed. This means that the average photon energy of 
the applied X-ray spectra should be rather low, which is in 
conflict with the idea that a wide spectral separation is 
needed for best post-processing results. Typically, the noise- 
optimized weighted average of the low- and high-energy 
images has similar iodine enhancement as a conventional 
120 kV image, but techniques like iterative reconstruction or 
nonlinear image filter algorithms can be used to further 
increase the iodine contrast-to-noise ratio.

In spite of good iodine contrast, there are other effects that 
can impede the spectral evaluation of small vessels. In order 
to demonstrate this, the cross-sectional view of a partly calci-
fied vessel will be considered. Under ideal conditions it 
looks like as shown in Fig. 8.1a.

One important effect is spatial resolution of the images 
(Fig. 8.1b), which must be sufficient to see the vascular anat-
omy of interest [29]. Spatial resolution depends on the size 
of the detector pixels, the use of flying focal spot techniques 
[30], and the reconstruction kernel. A typical clinical case is 
the question of in-stent restenosis in coronary arteries, where 
the typical diameter of the vessel is less than 5 mm. In this 
situation, improved spatial resolution helps to reduce the size 
of blooming artifacts, which are caused by the high CT num-
bers of metal [31]. If spatial resolution is not sufficient to 
separate the plaque from the blooming, visualization of ves-
sel anatomy cannot really be improved by using spectral 
information. Similar problems arise when plaque composi-
tion is assessed on contrast-enhanced images; for both spec-
tra the neighboring dense iodine in the vessel may 
contaminate the measured attenuation values of the plaque 
due to its close proximity [32]. In general, a quantitative 
interpretation of CT numbers often requires structures that 
are considerably larger than the nominal spatial resolution of 
a CT scanner, which is usually assessed based on the visibil-
ity of high-contrast features. Moreover, depending on the 
technique, the Dual Energy or spectral scan mode may offer 
poorer spatial resolution than the corresponding single 
energy scan mode. In reality, one additional complication is 
that there is image noise in addition to finite spatial resolu-

tion. The effect of reduced resolution in combination with 
realistic noise is shown in Fig. 8.1c.

Good temporal resolution and coherence are essential for 
cardiac imaging and have already been mentioned in the con-
text of different scanner technologies. Typically, temporal 
resolution is defined by the time interval that is needed in 
order to collect all projection data for the reconstruction of at 
least one image. On single-source systems and especially in 
cardiac mode, it is assumed to be gantry rotation time divided 
by two. If some structure moves faster than this, motion arti-
facts will be present in both projection data sets, so that ves-
sel blurring or false stenosis may be seen on the resulting 
images. For cardiac scanning the three fastest Dual Energy 
methods have similar temporal resolution, with Dual-Source 
Dual Energy being the fastest with its 0.25 s gantry rotation 
time. The effect of low temporal resolution on spectral data 
is schematically shown in Fig. 8.1d.

Temporal coherence denotes the time over which motion 
leads to a displacement between object contours in the low- 
and high-energy projection data set. Here the Dual-Source 
Dual Energy scan mode has a temporal coherence that is 
about a factor of 2 better than its temporal resolution, while 
Fast kV-switching and Dual-Layer detectors have almost 
perfect temporal coherence. The occurrence of motion arti-
facts depends on both time components, temporal resolution 
and coherence. As a consequence, the visual appearance of 
motion artifacts may differ between the three CT scanner 
types, but all of them are sensitive to motion that occurs on a 
time scale of less than 150 ms. The combined effect of fast 
vessel motion and non-zero temporal coherence is schemati-
cally shown in Fig. 8.1e.

Another criterion to be considered is spectral resolution 
[33]: in order to separate, e.g., calcium from iodine with high 
spatial resolution, the original spatial resolution of the low- 
and high-energy images is not the only concern. For most 
body materials, low- and high-energy images only show 
small differences. For Dual Energy CT, these small differ-
ences have to be amplified, and this leads to an enormous 
increase in image noise if, e.g., iodine enhancement is to be 
selectively visualized. There are different strategies to reduce 
noise: radiation dose can be increased – which may not be 
appropriate for each patient – or spectral resolution can be 
increased. In both cases, dedicated denoising algorithms are 
also needed. However, for very small structures, the effec-
tiveness of such algorithms may be limited. The effect of 
increased spectral resolution in the absence of motion is 
shown in Fig.  8.1f, which can be compared directly to 
Fig. 8.1c.

In addition to these properties of Dual Energy technolo-
gies, there are several effects in cardiac imaging that can 
decrease image quality, although they may be difficult to 
avoid [34]. The first limitation arises as a consequence of 
scattered radiation: all multi-slice CT scanners that are fast 
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enough for cardiac imaging either use a wide collimation or 
a Dual-Source configuration. In both cases the amount of 
scattered radiation relative to transmitted radiation increases 
and can lead to a potential distortion of CT numbers in both 
spectral channels. This effect is more prominent if only half 
a rotation of raw data is collected instead of a full rotation, as 
is commonly done for cardiac CT [35]. Strategies against 
scattered radiation include improved anti-scatter grids as 
well as the subtraction of a simulated or measured scatter 
signal [36].

In addition, beam-hardening artifacts may originate from 
the large amount of dense contrast material inside the ven-
tricles, which may exceed an enhancement-length product of 
5000 HU-cm along certain directions. Apart from the 
enhancement-length product, the strength of the observed 
artifacts also depends on the tube voltage and prefiltration 
and thus on the scanner type. The generated artifacts can be 
especially problematic for the detection of iodine in the myo-
cardium and the assessment of blood clots inside the ventri-

cles. Beam-hardening artifacts may either be reduced by 
projection data Dual Energy processing [37] or by projection 
data-based iterative beam-hardening correction [38]. Strong 
iodine enhancement of ventricles and vessels may also cause 
cone-beam artifacts related to these structures.

Finally there may be step artifacts, if the detector is not 
wide enough to cover the heart in a single heartbeat. All 
effects together imply that high-quality quantitative CT 
imaging of the beating heart is a much more challenging task 
than Dual Energy imaging of the abdomen.

 Data and Image Processing

Dual Energy CT data contain a wealth of additional informa-
tion, and the analysis of this information can be performed in 
different ways. The traditional approach starts with a 
 projection data-based base material decomposition that con-
verts the measured X-ray attenuations at low and high energy 
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Fig. 8.1 Schematic cross-section of a cardiac vessel that contains a 
calcified plaque (high CT values on the left side) as well as highly con-
centrated iodine (plateau on the right side). The low-energy profile is 
shown in red; the high-energy profile is shown in blue. (a) Ultrahigh 
spatial resolution at infinite radiation dose; (b) effect of finite spatial 

resolution; (c) finite spatial resolution and image noise; (d) finite spatial 
resolution, image noise, and patient motion (high temporal coherence); 
(e) finite spatial resolution, image noise, and patient motion (lower tem-
poral coherence); (f) finite spatial resolution, image noise, and improved 
spectral resolution
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into base material column densities from which material 
density images are reconstructed. Typical base materials for 
this approach are aluminum and Lucite or iodine and water. 
Because of the dominance of the photoelectric effect and the 
Compton effect, all naturally occurring body materials will 
receive meaningful equivalent water and iodine densities [7]. 
However, contrast agents with high effective atomic num-
ber – like gadolinium – will not be handled consistently in 
this approach. The generated base material images can be 
used to perform further material differentiation and quantifi-
cation or to calculate beam-hardening free CT images 
(monoenergetic images). Alternatively, images can first be 
corrected for beam-hardening using an iterative projection 
data-based method and the following analysis performed in 
CT number space. In both cases, image-based analysis can 
be used once the beam-hardening effects are removed.

In image space, the concept of base material decomposi-
tion can be understood by considering a CT number diagram 
(Fig. 8.2) that plots the low-energy CT number against the 
high-energy CT number. Different body materials are located 
at different positions in this diagram. Most soft body tissues 
are located on one of two lines: the air-water line or the fat- 
soft tissue line. Adding iodine or calcium to soft body tissues 
simply shifts their CT values in a characteristic direction. If 
this direction is known, it is mathematically possible to 
reverse this shift by means of simple geometrical projection. 
In this way the CT numbers of the underlying body material 
can be obtained from the measured CT numbers. At the same 

time, the contrast material concentration in mg/ml or the 
iodine enhancement in HU can be calculated.

One feature of base material decomposition is that the 
user has to make assumptions about the chemical composi-
tion of the body materials that are present in the image. For 
example, a three-material decomposition into air, water, and 
iodine will show false-negative enhancement in body fat, 
while a three-material decomposition into fat, soft tissue, and 
iodine will be corrected in fat and liver tissue but not in the 
lungs. It is therefore important to choose the correct material 
decomposition or post-processing application for the clinical 
question that has to be answered. The image obtained after 
iodine subtraction is commonly known as “virtual non- 
contrast” image, since it shows similar CT numbers as a true 
non-contrast scan. The deviation between the two images 
depends on the calibration of the scanner and the post- 
processing software and can be in the order of ±10 Hounsfield 
units. This has to be compared with deviations between dif-
ferent scanners and scan modes in single energy mode, 
which may also be in the order of several HU [39].

Base material decomposition is also the first step for the 
calculation of monoenergetic or monochromatic images. 
These images show the same CT numbers as images that 
have been acquired with a real monochromatic X-ray source 
such as a synchrotron. After measuring the equivalent water 
and iodine concentrations with Dual Energy CT, the  tabulated 
iodine attenuation for each X-ray energy can be used to 
derive the monoenergetic CT number at the selected energy. 
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Fig. 8.2 Base material 
decomposition (left) and 
material classification or 
labeling (right). In case of 
base material decomposition, 
the measured attenuation is 
projected to the soft tissue 
line in order to obtain the 
virtual non-contrast image 
and the iodine concentration. 
In case of material 
classification, the measured 
CT value is above the 
separation line (blue dot) so 
that the voxel is classified as 
iodine
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Due to the dominance of photoelectric effect and Compton 
effect, this works not only for mixtures of these base materi-
als but also for all other body tissues.

An alternative method for the analysis of Dual Energy 
results is material classification or material labeling. In this 
case two or more body materials have to be distinguished, 
which are embedded in the same body tissue. The in vivo dif-
ferentiation of various kidney stone types is a typical applica-
tion of Dual Energy CT, but also the differentiation between 
calcified plaques and contrast agent belongs into this category. 
Separation between the various materials is typically achieved 
by using separation lines in the CT value diagram (Fig. 8.2). In 
the right side of Fig. 8.2, calcifications are located below the 
separation line, while iodine contrast material is located above 
the separation line. For low concentrations of iodine and cal-
cium, it is not possible to distinguish the two materials because 
of the small distance between the two lines.

 Denoising

Image noise is one of the known limitations of Dual Energy 
CT. Even for iodine, the difference between the low-energy 
and the high-energy image is typically much smaller than the 
iodine enhancement in the low kV image. So the spectral dif-
ferences to be evaluated are relatively small, and image noise 
in virtual non-contrast images is strongly increased relative 
to the original images. This means that a straightforward 
base material decomposition is usually too noisy to be clini-
cally useful. Different strategies have been developed to 
compensate for this effect. An example is shown in Fig. 8.3.

Some methods exploit the anticorrelation [40] of iodine 
and water images after base material decomposition to dis-
tinguish between image noise and image features. Other 
researchers have proposed to tailor iterative reconstruction 
techniques specifically for Dual Energy data [41] or to use 
spectral denoising [42]. Another noise reduction method 
uses frequency band decomposition to extract the high spa-
tial frequencies from the low noise average of the original 
images [43]. For all techniques, it is important to note that 
nonlinear processing can modify image resolution, as well as 
noise texture, depending on the image content. On clinical 
products, denoising is usually applied as part of the base 
material decomposition, which may be accomplished in one 
step during image reconstruction or post-processing.

 Radiation Dose

The question of radiation dose and radiation dose efficiency 
is important for all new techniques in medical imaging, 
including Dual Energy [44]. First it must be clarified whether, 
for the same applied dose, images that emulate conventional 

single energy CT images can be obtained with no loss in 
information from Dual Energy CT examinations. At least in 
the absence of major beam-hardening effects by bone or 
iodine, this is indeed the case. Virtual monoenergetic images 
that are generated without additional denoising algorithms 
have been shown to have the same CT number values as sin-
gle energy CT images for naturally occurring body materials 
as long as the correct virtual monoenergetic energy level is 
selected [45]. The same image can also be generated by cal-
culating the appropriately weighted average of the original 
low- and high-energy images.

Thus, two CT data sets, acquired with different spectra 
and reduced radiation dose levels relative to a standard clinic 
CT exam, can be combined into one conventional CT image 
that uses all of the applied dose, which is typically set at the 
level of a standard clinical exam. As noted as early as 1979 
[46], it is in general not true that radiation dose must increase 
with the usage of Dual Energy techniques to obtain the same 
diagnostic value. It is true, however, that the average dose 
efficiency of the low- and the high-energy spectra can be 
worse than the dose efficiency of some optimum spectrum in 
the middle. Hence, the dose efficiency of a Dual Energy scan 
mode depends on the selected spectra but also on patient 
size, electronic noise of the detector, and specifications of the 
Dual Energy scan mode, such as a different gantry rotation 
time or a different exposure time per reading.

For example, low noise readout electronics [47] and addi-
tional filtration for the high-energy spectrum [48] can be 
combined, so that similar image noise and iodine contrast 
can be generated at the same radiation dose as with a conven-
tional 120  kV spectrum [49]. A similar behavior can be 
expected from split-filter scanners [19] and scanners with 
energy-sensitive detectors that are operated at 120 kV [50]. 
For other techniques, differences in dose efficiency may also 
be small depending on protocol optimization and patient 
diameter. One major consideration is the extent to which the 
approach supports automatic tube current modulation and 
whether the minimum and maximum dose levels for a given 
patient and protocol can actually be achieved. Software mod-
ifications such as iterative reconstruction [51] may help to 
improve dose efficiency, although the change in diagnostic 
image quality is hard to assess in terms of simple metrics 
such as image noise or contrast-to-noise ratio [52].

A very different criterion to measure dose efficiency is 
the quality of the resultant Dual Energy images. For exam-
ple, the best dose efficiency of weighted average images 
may be obtained with one scan mode, but the best quality of 
virtual non-contrast (VNC) images may be obtained with 
another scan mode [33]. In general, the use of extra radia-
tion for a Dual Energy CT scan (relative to a single energy 
technique) is only justified if the additional information can-
not otherwise be obtained or if competing methods have 
similar risks and benefits.

B. Krauss and C. H. McCollough



93

In summary, the dose efficiency of Dual Energy CT depends 
on the comparison that is made: typical approaches include the 
comparison of single energy and Dual Energy reference proto-
cols on the same scanner, the comparison of protocols on differ-
ent scanners that are designed to accomplish the same diagnostic 
task, or the comparison between Dual Energy and highly opti-
mized single energy protocols. Because results differ depending 
on the approach, published studies have shown mixed results 
[53–56]. The observed differences between Dual Energy and 
single energy dose results also have to be compared with the 
significant dose variations that have been observed between dif-
ferent single energy scanners for the same diagnostic task [57].

 Clinical Applications for Cardiovascular 
Imaging

 Vascular Imaging

Dual Energy CT has numerous applications in the field of 
vascular imaging [58]. Probably the most obvious applica-

tion is the automatic removal of the bone from CTA images. 
The iodine and bone can have similar high CT number val-
ues, but because they are chemically different, they can be 
distinguished using Dual Energy CT and a material classi-
fication approach. This method can be compared with sin-
gle energy techniques, which try to differentiate between 
the bone and iodine based on anatomical and morphologi-
cal criteria. Both approaches can achieve high-quality 
results, but especially on scanners with good spectral sepa-
ration, the Dual Energy method provides superior results 
for unusual vessel anatomy or aneurysms close to the bone 
[59]. One feature of Dual Energy bone removal is that hard 
plaques and bones are both removed, since both contain 
large amounts of calcium. In order to display the calcified 
plaques without displaying the bone, morphological algo-
rithms are used to  identify plaques. An example for this is 
shown in Fig. 8.4. Also, trabecular bone containing yellow 
bone marrow requires special processing, as its Dual 
Energy behavior is similar to iodinated contrast media in 
the blood and Dual Energy techniques alone therefore can-
not remove all of the bone.

a

c d

b

Fig. 8.3 Image-based processing was used to generate virtual monoen-
ergetic images (a and b). These are in comparison to virtual monoener-
getic images with an applied denoising algorithm (bottom row). 
Although there is negligible difference between the 70 keV images (c), 

noise is substantially reduced by the denoising algorithm for the 40 keV 
images (d). This makes, for example, structures in the contrast- 
enhanced pancreas clearer
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However, material classification may not be the best 
approach to remove calcified plaques in small vessels. Due 
to the finite spatial resolution of CT images, there is a transi-
tion range (one or more voxels) between the plaque and the 
vessel lumen (e.g., see Fig.  8.1). Segmentation algorithms 
that try to preserve the vessel lumen will typically differenti-
ate between plaque and lumen at the middle of this transition 
region, but this may leave a bright rim surrounding the 
lumen. At the expense of increased image noise, this can be 
avoided by explicitly performing a base material decomposi-
tion [60]. That is, by decomposing the imaging into the 
blood, calcium hydroxyapatite, and iodine, the calcium 
hydroxyapatite signal can be subtracted from the image, 
which also subtracts all blooming effects. However, since 
this approach does not simultaneously increase image reso-
lution, quantification of the remaining lumen may still be a 
challenge.

Virtual monoenergetic imaging can be helpful for assess-
ing the vessel lumen; the CT number values of iodinated 
contrast media change more quickly with energy than do the 
CT number values of calcium. In this way, the relative con-
trast between the lumen and plaques can be optimized [61]. 
Monoenergetic images can also be used to reduce metal arti-
facts and blooming from stents [62], so that an optimum bal-
ance can be found between artifact strength, which decreases 
with energy, and iodine contrast-to-noise ratio, which also 
decreases with energy, but not necessarily at the same rate. 
At the lower photon energies, virtual monoenergetic imaging 
can also be used to enhance the contrast-to-noise ratio of 
iodinated vessels. This may be especially helpful for the 
visualization of small vessels on maximum intensity projec-
tion (MIP) images. Energy levels of 40–55 keV are usually 
recommended for this purpose, provided that state-of-the-art 
denoising methods are implemented in the software [63].

a b

c d

Fig. 8.4 Four views of the same patient: original CTA image (maxi-
mum intensity projection (MIP), a); after Dual Energy-based calcium 
subtraction (MIP, b); after adding plaques and other calcifications based 

on morphological criteria (MIP, c); combined visualization with differ-
ent coloring of bone and vessels (bottom right, d). No manual editing 
was applied
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On scanners with wide spectral separation, similar effects 
can also be obtained from nonlinear image blending of the 
low- and high-energy images, where the low-energy image 
receives a higher weight in vessels, such that the iodine con-
trast is increased [64–66]. Also, the optimization of linear 
blending can lead to improved contrast-to-noise ratio of 
iodinated vessels and differentiation of plaque from the 
lumen [67].

Analysis of the vessel wall [68] and plaques attached to it 
is a challenging task. Diagnostic tasks such as the detection 
of intramural hemorrhage [69] are very sensitive to the use of 
different noise reduction algorithms and may also be difficult 
to answer if the dense contrast agent in the vessel lumen is 
not fully subtracted. In this context, it is important to note 
that the subtraction of iodine enhancement is usually easier 
at low concentrations than at high concentrations, so that 
VNC images tend to be less reliable in the vessels during 
arterial phase than during portal venous phase [70]. Attempts 
have been made to look for chemical anomalies, such as the 
presence of iron in soft plaques [71] or iodine uptake in soft 
plaques [72]. The results of these studies suggest a possible 
clinical value, but more research is necessary before such 
methods can be used for routine imaging of human patients 
under realistic conditions.

It has been convincingly demonstrated that patients who 
have undergone endovascular repair may benefit from the 
application of Dual Energy CT techniques. Acute leakage of 
contrast agent after such a procedure (referred to as an 
endoleak) is not always easily distinguishable from previous 
bleedings or calcifications in the same area. With single 
energy CT, multiphase examinations are usually performed 
including a non-contrast phase, so that false-positive find-
ings can be avoided. Alternatively, it has been shown that a 

single-phase Dual Energy CT scan achieves very high sensi-
tivity and specificity for this diagnostic task [73, 74]. An 
example for this application is shown in Fig. 8.5. In addition, 
endoleaks may be more conspicuous on low-energy virtual 
monoenergetic images [75].

The lungs are especially interesting for Dual Energy tech-
niques, since they represent a highly movable and compress-
ible organ with a strong air/soft tissue contrast and delicate 
structures. One limitation of single energy CT is the diffi-
culty to assess the iodine content of lung vessels below 
1–2 mm in diameter because of partial volume effects with 
the neighboring low-density lung tissue. Dual Energy CT 
can be used to visualize the iodine content in such small ves-
sels, as it is possible to calculate a ratio which is almost inde-
pendent of the partial volume effects. This technique has 
been used for the detection of peripheral emboli [76].

Another popular method for the visualization of pulmo-
nary embolism with Dual Energy CT is the measurement of 
the iodine uptake in the lung parenchyma [77, 78]. After a 
good arterial injection, iodine enhancement in the lung 
parenchyma can reach values of more than 30 HU. But with 
single energy CT, a reduction of iodine uptake is not easily 
distinguished from variation in parenchymal density, which 
can produce effects on a similar scale. With Dual Energy CT, 
the iodine uptake can be selectively visualized so that perfu-
sion defects can be readily recognized. Depending on the 
analysis software, iodine enhancement in the lungs may be 
displayed in the parenchyma only or together with the 
enhancement of the vessels. Results can be compared with 
other methods to quantify lung perfusion such as scintigra-
phy, SPECT [79], and MR [80]. Because of the different 
contrast agent kinetics, scintigraphy and Dual Energy CT 
may not agree in all cases.

a b

Fig. 8.5 Endoleak detection with Dual-Source Dual Energy. (a) The 
leakage of contrast agent is seen as an orange area outside the stent 
(circled region of interest). In this fused image, the virtual non-contrast 
(VNC) image is displayed in gray, and the iodine base material image is 

shown in red and orange colors; the measured iodine density is 7.3 mg/
ml. (b) At the same position, the VNC image alone does not show 
increased CT number values; hence, calcium and hemorrhage can be 
excluded
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 Cardiac Applications

Dual Energy CT techniques can also be applied to the mov-
ing heart [81], provided that the scanner is fast enough. 
Similarly to other vessels in the human body, virtual 
monoenergetic imaging can be used for the coronary arter-
ies to either optimize iodine contrast-to-noise ratio [82] or 
to reduce calcium blooming and metal artifacts [83–85]. 
Vessel segments that are subject to very rapid motion may 
have to be excluded from the evaluation in the same way as 
for single energy CT. There are also sources of metal arti-
facts, which are only found for cardiac CT scans, such as 
valve implants, pacemakers, and sternal wires. Especially 
for the less massive metal objects such as clips and sternal 
wires, Dual Energy- based metal artifact reduction has been 
reported to be helpful [86].

Other artifact patterns, however, are not completely 
reduced. For example, projection- as well as image-based 
Dual Energy CT approaches show limited improvement 
for artifacts associated with dense contrast media in the 
superior vena cava [87]. These artifacts are related to a 
combination of effects, including motion, beam-harden-
ing, and scattered radiation. By removing only the beam-
hardening component, the artifact pattern may not improve 
substantially.

Beam-hardening artifacts are more prominent in other 
situations. In coronary CTA, beam-hardening is often seen 
along the axis of the left ventricle, the aorta, and the spine as 
a dark shadow in the soft tissue between these areas. The 
dark shadow may also extend beyond the tip of the ventricle 
into the myocardium. Such a feature can cause difficulties in 
the assessment of myocardial enhancement; Dual Energy CT 
[88] as well as single energy iterative methods [38] can be 
used to improve image quality. Beam-hardening correction 
also appears to be relevant when measuring the attenuation 
properties of ventricular thrombi.

Dual Energy CT can be used to extract first-pass enhance-
ment of the myocardium [89], as shown in Fig. 8.6. Compared 
to other imaging techniques, this method has been 
 demonstrated to achieve high sensitivity and specificity for 
the detection of relevant reduction of myocardial perfusion. 
In order to stabilize the measured CT number values, full 
rotation reconstructions, instead of half rotation reconstruc-
tions, tend to be more suitable for this application.

Dual Energy CT has also been used in stress testing, 
where patients receive adenosine before the coronary CTA 
exam [90]. One side effect of this approach is that – after the 
application of adenosine – the heart rate can increase; con-
sequently it may not be possible to reconstruct motion-free 
images. Motion will have a bigger effect on the iodine-only 
images than on the low- or high-energy images or weighted 
CT images. Thus, a failure of the iodine/tissue decomposi-
tion process does not automatically imply a waste of radia-
tion dose.

Due to the absence of dense contrast media in the ventri-
cle, image quality appears to be better later after the injection 
of iodinated contrast media. In particular, late enhancement 
scans have been proposed, which can highlight contrast 
media in an infarcted area several minutes after application 
of the contrast agent. Promising results have been obtained 
for chronic myocardial infarction [91].

VNC imaging has also been studied to determine whether 
VNC images can be used for calcium scoring. This approach 
has been confirmed by several studies [92, 93] and may be 
close to clinical routine.

The analysis of soft cardiac plaque composition is a chal-
lenging task. Currently, single energy CT has limitations 
concerning quantitative assessment and correlation with 
clinical symptoms [94], and it is not clear if Dual Energy can 
add any additional relevant information [95]. At very high 
spatial resolution, Dual Energy could potentially be useful to 
detect diffuse calcium accumulation or iodine uptake inside 

a bFig. 8.6 Dual Energy CT for 
the detection of reduced 
myocardial perfusion. 
Occluded left anterior 
descending coronary artery 
(a) and resulting perfusion 
defect in the anterior wall and 
septum in a patient with acute 
myocardial infarction (b). The 
reduced iodine uptake (dark 
area) is visualized by using 
three-material decomposition 
(Courtesy of R. Bauer, 
University Hospital Frankfurt, 
Frankfurt, Germany)
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the plaque [96]. Neither technique has yet been verified 
in vivo with existing clinical CT scanners.

Finally, the use of Dual Energy CT has been suggested in 
order to detect chemical anomalies in soft tissues. For exam-
ple, Dual Energy CT can be used for the detection of iron in 
the myocardium [97]. It may also reveal iodine deposition 
from amiodarone in the liver [98]. Both indications require 
non-contrast Dual Energy CT scans.

 Future Directions: Multi-energy CT

For true spectral CT imaging, referred to as multi-energy CT, 
more than two X-ray spectra have to be measured simultane-
ously [99]. This is feasible with energy-sensitive detectors, 
where the individual energy of each X-ray photon can be 
measured. In this way, X-ray spectroscopy becomes possible, 
which is potentially useful to separate K-edge contrast agents, 
such as gadolinium or gold, from iodine and body tissues.

Technically, multi-energy CT is realized by using a high 
atomic number semiconductor like CdTe or CdZnTe, which 
can stop X-ray photons within a short range due to a strong 
photoelectric effect. A rather large voltage is applied to the 
semiconductor so that the generated charges drift toward the 
top and bottom electrodes. In this way, a voltage pulse is cre-
ated at the input of the readout electronics, and its height 
correlates with the energy of the original photon. Technically, 
large photon fluence rates of the order of 109 photons/mm2/
second have to be accurately measured, which has been one 
of the biggest obstacles in developing such CT scanners. For 
this reason, it is not possible to measure and store the energy 
of each photon. Instead, a number of counters are imple-
mented in the readout electronics so that each counter counts 
the number of photons above a preset energy threshold. 
X-ray attenuation is measured as a fractional reduction of the 
photon fluence rate for each energy threshold.

So far, there is no commercially available clinical scanner 
of this type. However, prototype installations have been 
reported in literature [100, 101], and these have shown prom-
ising results for phantoms, animals, and a limited number of 
patients. The advantage of such photon-counting detectors is 
that very good spectral resolution can be combined with per-
fect temporal coherence, which has advantages for vascular 
as well as cardiac imaging.

The analysis of multi-energy data with more than two spec-
tral channels is much more involved [27]. If K-edge contrast 
agents such as gadolinium or gold are to be used, a corre-
sponding multi-material decomposition is needed to measure 
the concentrations of these contrast agents in addition to the 
CT number values of body tissues or iodine. The efficient cali-
bration of a projection-based multi-material decomposition is 
not a trivial task. Additionally, noise propagation and system-
atic uncertainties have to be carefully evaluated and addressed.

 Conclusions

More and more clinical CT scanners have Dual Energy CT 
capabilities, and routine usage of this technique, as well as 
the number of scientific publications on this topic, is increas-
ing rapidly. At the moment, several technical approaches are 
commercially available that have different strengths and 
weaknesses. Also, post-processing features differ consider-
ably between different software products. However, the need 
for a certain degree of standardization has already been rec-
ognized by the community [2].

For cardiovascular imaging, the main focus of Dual 
Energy CT is on the visualization and quantification of iodin-
ated contrast media in vessels. Virtual monoenergetic images 
allow for an interactive optimization of iodine contrast rela-
tive to soft tissue, calcium, or stent material. Virtual monoen-
ergetic CT number values are independent of the patient or 
the prefiltration of the used scanner; they are in this way 
more objective and reproducible. Additional diagnostic 
information is available through the calculation of iodine 
maps for the heart and lungs. While some of the discussed 
applications are at the very early stage of feasibility studies, 
others, such as bone removal, virtual monoenergetic imag-
ing, or the visualization of iodine uptake in the lung paren-
chyma, are already now widely used.

There are also other opportunities for the future. As auto-
matic segmentation algorithms will have access to chemical 
information as well as X-ray attenuation information, 
increased automation based on Dual Energy data may be pos-
sible. In addition, further technological improvements such as 
better temporal resolution can be expected on the scanner 
side, so that new clinical applications may become feasible.
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Drugs in Cardiac CT

Sebastian Rogowski, Virginia W. Lesslie, 
and Ullrich Ebersberger

In spite of the advances in scanner technology in coronary 
CT angiography (CCTA), image quality is still influenced by 
heart rate (HR) and the consistency of the cardiac cycle. 
Additionally, HR is related to the diagnostic value and level 
of radiation exposure of CCTA [1–3].

The reason for pharmaceutical intervention in patients’ 
CCTA examinations for the assessment of coronary disease 
(CAD) and myocardial perfusion is the reduction of HR and 
the instigation of coronary vasodilatation in order to achieve 
maximal coronary flow. The current guidelines propose a HR 
of <65 bpm before imaging [4].

 Pharmacological Interventions to Lower 
the Heart Rate

The use of medication to lower HR in cardiac CT is common 
in clinical practice. In many centers, the intravenous (IV) and 
oral administration of β-blockers is used to reduce HR [5, 6]. 
However, there is no widely accepted protocol for this prac-
tice. Furthermore, the use of non-dihydropyridine calcium 
channel blockers (CCBs), nitrates, and ivabradine is 
described.

 Role of β-Blockers in Controlling Heart Rate

At many centers, clinicians control HR by administering a 
cardio-selective β-adrenergic antagonist [7]. Metoprolol has 
become the standard agent (Table 9.1). It is safe to use in 
patients with congestive heart failure as well as in patients 
with significant chronic obstructive pulmonary disease. In 
addition, the agent is low cost and reliable [8]. The most 
common oral approach involves a dose of 100 mg of meto-
prolol. Hence, one possible protocol is to give 100 mg orally 
1 h before the scan (slow-release forms should not be used). 
If HR remains ˃60 bpm, additional metoprolol may be given 
intravenously to expedite HR reduction. Atenolol may be 
chosen for patients with significant hepatic dysfunction 
because of its renal route of clearance.

Beta-blockers have the potential to cause a variety of side 
effects related to their β1-receptor activity. At high one-off 
doses, the risk of β2-receptor-mediated adverse effects 
increases. Potential adverse events include bradycardia, atrio-
ventricular block, hypotension, bronchospasm, Raynaud phe-
nomenon, and anaphylaxis [9]. The half-life of IV metoprolol 
is approximately 3–7  h; therefore, an adverse effect may 
debilitate the patient for an extended period of time [10].

In such cases, esmolol may be used as an alternative. 
Esmolol is an ultrashort-acting cardio-selective IV β-receptor 
blocking agent with rapid onset (within 2–3 min) and ultra-
short duration of action (mean half-life 9 min) [10, 11]. In con-
trast to the longer-acting β-receptor antagonists, the activity of S. Rogowski 
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Table 9.1 β-Blockers

Administration Drug Dose Onset Half-life
Oral Metoprolol 50–100 mg 1 h 3–7 h

Atenolol 50–100 mg 2 h 6–10 h
Intravenous Metoprolol 2.5–5.0 mg

(up to 15 mg)
1 min 3–4 h

Atenolol 2.5–5.0 mg
(up to 10 mg)

1 min 6–10 h

Esmolol 0.5 mg/kg
(25–50 mg)

1–2 min 9 min
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esmolol is short with a fast onset and short duration of activity, 
which constitutes a major safety factor [12]. Efficient HR con-
trol is crucial during CCTA; therefore, esmolol might be an 
effective alternative to the standard of care metoprolol. At 
present, esmolol is routinely used in intensive care treatment 
of acute supraventricular arrhythmias; however, administra-
tion before CCTA for HR reduction is an “off-label” indica-
tion. In an observational study, Degertekin et al. [13] reported 
that 65% of patients achieved a HR of <65 bpm using 50 mg 
of oral β-blocker (atenolol) combined with 1–2 mg/kg of IV 
esmolol (range, 50–300 mg).

More evidence is needed regarding the safety and effi-
ciency of IV esmolol administered in a stepwise bolus proto-
col. Furthermore, no direct comparison of esmolol and 
metoprolol administration for HR control during CCTA is 
available (Table 9.2).

Active bronchospastic disease is considered a contraindi-
cation to treatment with β-blockers. Another medical treat-
ment option for these patients is the use of short-acting CCBs 
or ivabradine. However, there is no robust data available in 
the literature. Caution is advised in the use of β-blockers in 
patients with the following: known or suspected sick sinus 
syndrome, unexplained pre-syncope or collapse, current use 
of other antiarrhythmic medications (including but not lim-
ited to CCBs, digoxin, or amiodarone), depressed left or 
right ventricular function, or allergy to β-blockers.

 Role of Calcium Channel Blockers (CCBs) 
in Controlling Heart Rate

When β-blockers are contraindicated, CCBs can be an alter-
native method to control HR (Fig.  9.1). Phenylalkylamine 
non-dihydropyridine, verapamil, and diltiazem are the only 
CCBs used for this purpose; however, poor HR control with 
CCBs and benzodiazepines was reported in a recent trial [14].

 Role of Ivabradine in Controlling Heart Rate

Ivabradine is another attractive option for reducing patient 
HR for CCTA. It selectively inhibits the If-current, which is 
a mixed K+-Na+-inward current activated by hyperpolariza-
tion, and contributes to the activity of the sinoatrial node 
[15, 16]. It slows the diastolic depolarization phase of the 
sinoatrial cells and slows the HR at rest and during exercise 
without affecting myocardial contractility [17, 18]. 
Therefore, it can be administered in patients in sinus rhythm 
but not other rhythms such as atrial fibrillation. Guaricci 
et  al. showed that the administration of ivabradine over a 
5-day period prior to CCTA is successful in reducing HR for 
CCTA [19].

A recently published trial with administration of an IV 
bolus of ivabradine achieved rapid, safe, and sustained HR 
reduction during CCTA, increased procedural convenience, 
and reduced radiation exposure when compared to the pla-
cebo [20, 21].

There is not yet a consensus about the protocol for 
ivabradine administration. In a recent study, a larger number 
of patients achieved a HR under 65 bpm by oral administra-
tion of a 7.5  mg dose of ivabradine in comparison with a 
5 mg dose [21].

 Pharmacological Interventions 
for Vasodilatation

Reducing motion artifact alone may not be enough to achieve 
the best possible image results. The diameter of coronary 
arteries can be increased significantly by coronary vasodila-
tation. Administration of sublingual nitrate can dilate the 
coronary arteries by approximately 15%. Administration of 
nitrates also increases the visualization of side branches 
including septal branches.

Nitroglycerin leads to the release of nitric oxide, which in 
turn initiates smooth muscle relaxation independent of endo-
thelial function [22] and reduces the likelihood of coronary 
artery vasospasm. The administration of nitrates was recom-
mended by the American College of Cardiology/American 
Heart Association (ACC/AHA) in 1999 for a reliable assess-
ment of the extent of coronary stenosis [23, 24]. Nitroglycerin 
is also used for dilatation of coronary arteries in CCTA 
examinations, optimizing visualization of the vessel lumen 
and improving stenosis assessment [25].

Administration in the form of a sublingual spray  
(0.4–0.8  mg) is the most efficacious method with the 
least amount of side effects. The most common side 
effect is dizziness caused by nitroglycerin-induced hypo-
tension or headaches, which are of short duration and 
self-limiting [9].

Table 9.2 Side effects of B-blockers

Drug class Cardiac adverse effects
Non-cardiovascular 
side effects

Ivabradine Dizziness, weakness 
(symptomatic bradycardia)

Eyesight problems:
Increased brightness
Phosphenes (bright 
spots)
Blurred vision

Metoprolol, 
esmolol, and 
other 
beta-blockers

Hypotension
Bradycardia
Adrenergic-mediated 
coronary spasm on sudden 
withdrawal

Fatigue
Erectile dysfunction
Insomnia
Hyperlipidemia
Depression
Airway disease
Raynaud’s 
phenomenon

CCB Hypotension
Bradycardia

Constipation
Drowsiness

S. Rogowski et al.
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Another point of concern with the administration of nitro-
glycerin is the potential decrease in blood pressure or reflex 
tachycardia, which can result in more motion artifacts on 
CCTA [26]. Furthermore nitroglycerin should never be used 
in patients taking erectile dysfunction medications like silde-
nafil or patients with severe anemia. In patients with severe 
aortic stenosis, nitroglycerin should also be administered 
with extreme caution.

 Pharmacological Interventions for Stress 
Perfusion Evaluation

The diagnostic accuracy for CAD is similar for all vasodila-
tors, which have a higher cardiac uptake than catecholamines 
and improve the heart/background contrast ratios. In combi-
nation with exercise, dobutamine may double coronary per-
fusion as compared to coronary flow at rest. However, 
vasodilators may even quadruple the flow.

Pharmacological stress agents most extensively validated 
by feasibility trials include adenosine and dipyridamole [27, 
28]. Dipyridamole blocks adenosine reuptake. Adenosine 
dilates coronary arteries by interaction with adenosine A2 
receptors.

 Adenosine

The main effect of adenosine consists of a coronary arterio-
lar vasodilation by specific activation of the A2A receptor 
and leads to a 3.5- to 4-fold increase in myocardial blood 
flow. If perfusion is limited by coronary stenosis, there is a 
diminished hyperemic response.

Adenosine has a short half-life (<10  s) and is rapidly 
removed from the body upon administration. Thus, it has a 
rapid onset and short duration of action. Continuous infu-
sion of 140 mcg/kg/min is required for the purpose of CT 
myocardial perfusion (CT-MPI). At the 3-minute mark, the 
stress radiopharmaceutical is injected and the infusion is 
continued for 3 additional minutes. Due to the short dura-
tion of the treatment with adenosine, medication is not 
expected to be associated with prolonged side effects 
(Tables 9.3, 9.4, and 9.5).

Absolute contraindications for adenosine stress testing 
include asthma, second- or third-degree AV block, sick sinus 
syndrome, or the recent use of dipyridamole.

 Dipyridamole

Dipyridamole increases the level of endogenous adenos-
ine by decreasing the level of reuptake by endothelial 
cells [28]. Both adenosine and dipyridamole have good 
sensitivity and specificity for the detection of myocardial 
perfusion defect with stress CT-MPI (Table  9.5). They 
have similar side effects, including reflex tachycardia, and 
are similarly contraindicated in patients with asthma, 
COPD, and high-grade atrioventricular block in the 
absence of a pacemaker. The standard dose of dipyridam-
ole (0.142 mg/kg/min) is infused over 4 min. However, its 
effects last longer than 4 min. If side effects occur, admin-
istering aminophylline  – an adenosine receptor antago-
nist  – might be necessary to reverse the effects of 
dipyridamole. Both dipyridamole and adenosine require 
weight-based dosing.

Heart rate <65 bpm?

Yes
Proceed with CCTA

Yes
Sinus Rhthym?

Yes
Ivabradin 7.5 mg p.o.

No
No Ivabradin

No
Contraindication to β-Blockers?

No

Oral β-Blocker

Intravenous β-Blocker

(Metoprolol 50-100mg one
hour before scan)

(Metoprolol 5mg with repetitive
administration or Esmolol
1-2mg/kg

Fig. 9.1 Heart rate control in 
CCTA
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 Regadenoson

Another A2A adenosine receptor agonist is regadenoson. 
Similar to adenosine, it induces selective coronary vasodila-
tion by binding to A2A adenosine receptors in the walls of 
the heart blood vessels.

The recommended dose of regadenoson is a single injec-
tion of 400 micrograms (5  mL), without dose adjustment 
according to the body weight. Regadenoson is injected into a 
peripheral vein for 10 s. The injection should be immediately 
followed by a 5 mL saline flush. The same contraindications 
must be observed as with adenosine.

 Dobutamine

Another option for the medical stress test is the administra-
tion of a synthetic catecholamine  - dobutamine. It raises 
blood pressure, myocardial contractility, and HR by unselec-
tive stimulation of the β-receptor.

According to protocol, it should be given at a starting 
dose of 5 mcg/kg/min for 3 min with subsequent increases 
(10, 20, 30, and 40 mcg/kg/min) until the stress endpoint is 
achieved. The endpoints are reaching target HR or the expe-
rience of chest pain, ECG changes, or hypotension. In case 
of adverse side effects, administration should be stopped 
immediately and can be reversed using 0.5  mg/kg of IV 
esmolol.

The application of medications in CCTA enables demon-
strably improved results by means of better image quality 
and dose reduction. Practitioners should be aware of the 

dose, half-life, and effects of medications as well as their 
indications, contraindications, and interaction with other 
medications.
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Contrast Media Injection Protocols in CT 
Coronary Angiography

Casper Mihl, Madeleine Kok, Joachim E. Wildberger, 
and Marco Das

Optimal contrast enhancement of the coronary arteries is 
of pivotal importance for the proper assessment of coro-
nary artery disease (CAD). Despite the degree of intravas-
cular enhancement, overall image quality in coronary 
computed tomography angiography (CCTA) will depend 
on patient- and scan-related parameters. Previous studies 
have demonstrated that at a tube voltage of 120  kV 
enhancement levels in the coronary arteries above 325 
Hounsfield units (HU) are necessary for optimal diagnosis 
[1, 2]. Attenuation values >500 HU may lead to underesti-
mation of the degree of stenosis [3]. This necessitates syn-
chronization of contrast material (CM) administration 
protocols with the scanning protocol offering individual 
timing based on the patient- specific situation [4, 5]. 
Technological advances in CCTA including shortening of 
the overall acquisition time and the broad availability of 
advanced reconstruction techniques (iterative reconstruc-
tion, [IR]) allow utilization of individual low-dose proto-
cols without compromising image quality parameters in a 
broad range of patients.

 Contrast Material Application

In order to achieve optimal opacification and contrast 
between vessel lumen and surrounding tissue, respectively, 
high and constant iodine contrast must be maintained 
throughout acquisition of the entire dataset. A state-of-the- 
art CM delivery in CCTA consists of several components, 
each of which will be addressed separately and linked to a 
concise recipe for robust clinical use.

 Concentration

Different CM concentrations are used in CCTA and vary 
between 240 and 400 mg iodine per millilitre (mgI/ml). In 
terms of the degree of intravascular enhancement, all con-
centrations can be comparably used in the clinical setting, as 
long as the iodine delivery rate (IDR) or iodine flux (gI/s) 
remains constant.

 Flow Rate

Contrast material will be intravenously delivered at a dedi-
cated speed of injection. Flow rates <5 ml/s are most com-
monly used in clinical practice. Higher flow rates (up to 
8.8  ml/s), however, can also be used safely [6]. Injections 
with high flow rates lead to a shorter and steeper peak 
enhancement and thus a proportional increase in vascular 
and parenchymal enhancement at the expense of a shorter 
time window in which these high enhancement levels are 
available [5, 7].

 Volume

The overall iodine volume is the key determinant for solid 
organ imaging. In general, shorter acquisition times may to 
some extent reduce the total amount of CM required. For 
CCTA, this aspect is of minor importance. However, fixed 
CM volumes show large variation between different weight 
groups. Diagnostic attenuation of the coronary arteries can 
be acquired with total injected CM volumes varying between 
50  ml and 94  ml (tube voltage: 100  kV, concentration: 
300 mgI/ml), depending on weight of the patient (39–109 kg) 
and scan duration [8].C. Mihl (*) · M. Kok · J. E. Wildberger · M. Das 
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 Saline Chaser

A saline chaser pushes the tail of the injected CM bolus 
into the central blood volume. Otherwise, approximately 
20–30  ml of CM will be retained in the “dead space” 
between the brachial vein and the superior vena cava [9]. 
Consequently, saline flushing improves arterial enhance-
ment and reduces the amount of contrast needed for a diag-
nostic examination. Therefore, the use of dual-head power 
injectors and a saline chaser is highly recommended. The 
latter should be injected at the same flow rate as used for 
the CM bolus.

 Preheating

There is an exponential relationship between iodine 
 concentration and viscosity. In general, the higher the 
iodine concentration, the higher the viscosity. High vis-
cosity increases the friction resistance and the pressure 
needed for the same flow rate [10]. In addition, viscosity 
is directly influenced by temperature and can be lowered 
by preheating [11–13]. Low viscosity can be advanta-
geous in several ways and has a direct influence on differ-
ent aspects in CM injection: accelerated CM distribution, 
sustaining mixing of CM with blood as well as lower 
injection pressure [14, 15]. Therefore, standardized pre-
heating of CM should be a prerequisite for clinical CM 
administration (Fig. 10.1).

 Iodine Delivery Rate (IDR)

The IDR is the decisive factor for attenuation of the coronary 
arteries and can easily be calculated by multiplying the iodine 
concentration of the CM used (mg/ml) by the flow rate of the 
injector (ml/s). Injection of lower concentrated CM will pro-
vide identical attenuation of the coronary arteries in compari-
son to higher concentrated CM when keeping IDR identical 
[16, 17]. As a rule of thumb, an IDR of 2 gI/s is reasonable for 
CCTA applications at 120 kV. This can be done by either using 
a higher flow rate or using a higher concentration of CM. This 
implies a flow rate of approximately 6.7 ml/s for a CM con-
centration of 300 mgI/ml, and a flow rate of 5 ml/s for a CM 
concentration of 400 mgI/ml would produce identical attenua-
tion. Normalizing IDR is a straightforward means of making 
different injection protocols comparable. At first glance, it 
seems obvious that the choice of high iodine-concentration 
contrast agents permits the use of lower flow rates. However, 
as already outlined, it should be kept in mind that the relation-
ship between iodine concentration and viscosity is exponen-
tial. It follows that pressure created by the power injector, 
resulting pressures at the site of injection, and subsequent 
pressures inside the patient’s veins can even be higher with 
high iodine- concentration agents than with low iodine-con-
centration agents. The benefits of preheated CM (to a mean 
body temperature of 37 °C) in order to reduce viscosity are 
obvious. As technical advances are aimed at scanning with 
lower tube voltages, which leads to an increase in attenuation, 
IDR will have to be modified (e.g. lowered) accordingly.

Fig. 10.1 Standardized preheating of CM should be a prerequisite for 
clinical CM administration. Left: Heating cabinet for storage of CM 
bottles up to 500  ml in the preparation room. CM will be heated to 
38 °C (100°F), in order to ensure that the CM is injected at body tem-
perature. Right: Small incubator in the scanner room, accommodating 

one CM bottle of up to 500 ml, to prevent temperature drop on site. 
Note: the small warming pads regularly delivered with the power injec-
tor are usually not capable of maintaining a constant temperature of 
37 °C (99 °F)
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 Total Iodine Load (TIL)

The TIL can easily be calculated by multiplying the iodine con-
centration of the CM used (mgI/ml) by the overall volume of 
CM to be delivered (ml) and is mostly relevant for organ stud-
ies and, as a minor factor, as a weight-related aspect in CCTA.

In summary, all concentrations can be used in the clinical 
setting, as long as the IDR remains constant. However, in terms 
of injection pressure, the use of lower concentrations is advan-
tageous as viscosity increases exponential with higher concen-
trations of CM. The latter results in higher pressures created by 
the power injector despite usage of lower flow rates.

 Patient Care

 Injection Site

The preferred site for CM injection is the right antecubital 
vein. The administrated CM will drain into the basilic vein or 
a forearm vein that subsequently drains into the deep venous 

circulation of the elbow or the subclavian vein through the 
cephalic vein. The clinical effect of different flow rates and 
CM viscosities on the incidence of paravasation is not fully 
understood due to the absence of prospective large popula-
tion studies. Large-access lines (e.g. 18G needles) are rec-
ommended for CCTA. When experiencing difficulties, due 
to impairment of peripheral veins (e.g. old patients, patients 
under chemotherapy or who are receiving corticosteroids), 
consider using 20G needles and bring down IDR accordingly 
(e.g. 1.5 gI/s max.).

 Comfort

Results from the EICAR trial nicely show that a broad range 
of flow rates, up to 8.3 ml (at 240 mgI/ml) can be applied 
without an increased risk of extravasation and without the 
presence of negative side effects such as discomfort, pain or 
stress [6]. Injection with higher flow rates should not be con-
sidered a drawback in clinical practice. Furthermore, this 
creates a final doorway towards applicability of a broad 
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Fig. 10.2 Comparison 
between fixed CM injection 
(left) and individualized 
injection protocol (right) 
based on CCTA protocols on 
a third-generation dual-source 
scanner. Two different 
protocols are presented with 
acquisition times of around 
1 s and 7 s, respectively. 
Error bars show the mean 
attenuation values with 
standard errors for all 
coronary arteries in both 
injection protocols and all 
weight classes. Reference 
line for attenuation was set to 
325 HU
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 variety in flow rates and IDR’s and subsequently more 
 individually tailored injection protocols.

 Weight and Body Mass Index

Body weight and body mass index (BMI) are known to have 
a substantial impact on vascular attenuation and time to peak 
in CCTA. A fixed injection protocol causes a large variation 
between different weight groups indicating suboptimal use 
of CM in different patient weight groups, ranging from high 
contrast levels in patients with low body weight (as a result 
of too much contrast) to low contrast levels in heavy patients 
(e.g. not enough contrast) [8]. Individually tailored CM 
injections are beneficial in terms of individual adaptation of 
the IDR and the overall volume based upon a non-linear rela-

tionship between patient weight and scan duration in order to 
achieve diagnostic and comparable intravascular enhance-
ment in all patients (Fig. 10.2). For a CCTA acquisition at 
100  kV and patients weighing between 39 and 109  kg, a 
graded IDR between 1.6 and 2.2 gI/s and TIL between 15 
and 28 gI are recommended (Fig. 10.3) [8].

 Cardiac Output

Physical factors such as cardiac output may cause variability 
of vascular enhancement as well. The patient’s cardiovascu-
lar circulation critically affects CM bolus transit time which 
needs to be considered when determining individualized 
scan timing [7, 18]. Empiric scan delays can no longer be 
recommended. Test bolus technique and bolus tracking 

a b c

d e f

Fig. 10.3 Example of individualized CM injection protocol tailored to 
patient’s weight. Patient 1 (a–c): body weight, 59 kg; length, 162 cm; 
BMI, 22.5; total injected CM volume, 71  ml. Patient 2 (d–f): body 

weight, 95 kg; length, 182 cm; BMI, 28.7; total injected CM volume, 
100  ml. Note an equal homogeneous attenuation in RCA in both 
patients
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 technique are both proper techniques for calculation of the 
CM bolus transit time in routine clinical practice and the 
total amount of CM which is needed. The use of test bolus 
technique can overcome suboptimal attenuation due to 
timing- related issues. Alternatively, the scan delay can be 
determined individually by acquisition of a single-level 
dynamic CT series (automated bolus tracking). In this mode, 
a pre- monitoring scan is performed within the target volume 
to localize the target vessel for contrast timing; a low-dose 
scanning technique (e.g. 120  kVp; 20  mAseff.) is usually 
applied for this purpose. A region of interest (ROI) is then 
placed in the target vessel (ascending aorta), and attenuation 
values (in HU) are measured every 2 s during the contrast 
injection. When the predefined trigger threshold level is 
reached (e.g. 140 HU; range 50–150 HU based on the cur-
rent literature) [7], an automated start of the CT scan is ini-
tialized. In this mode the additional transition delay has to be 
considered, defined as the delay between reaching the thresh-
old and the start of the actual CT scan (e.g. 6–7 s; usually 
ranging between 0 and 18 s).

 Scanner

 Bolus Geometry

Bolus geometry is the pattern of enhancement plotted on a 
time (s)/attenuation (Hounsfield units [HU]) curve measured 
in the ROI [19]. A physiological time enhancement curve 
shows a rapid rise in aortic contrast enhancement followed 
by a very short steady state plateau and a steady decline in 
enhancement due to recirculation and hemodynamic pertur-
bation [5, 19]. Bi- and multiphasic protocols aim to create a 
longer plateau of enhancement during scan time by means of 
a higher injection rate at the beginning of the injection and a 
lower rate in the second part [20]. Sixty-four-slice systems 
provide a scan time of approximately 7–12  s for a spiral 
CCTA. As the acquisition time is rather in the range of 1–5 s 
for latest equipment, these (complex) injection protocols are 
no longer needed and a monophasic injection protocol is 
appropriate for clinical routine.

 Tube Voltage

Technical developments of CT technique have also made the 
use of lower tube voltage (kVp) feasible. The use of lower 
kVp settings is accompanied by higher contrast enhance-
ment; this is explained by the fact that lower tube voltage 
translates into lower effective photon energy (effective pho-
ton energy being approximately half the kVp), bringing the 
latter closer to the K-edge of iodine (33.2  keV) [21, 22]. 
However, if lower tube voltages will be used without 

 concordantly increasing tube-current-time product (mAs), 
image noise will increase and invariably the signal-to-noise 
ratio (SNR) will decrease as a result of radiation dose reduc-
tion. Therefore, low tube voltage settings should only be 
used in combination with an adaptation of the tube-current-
time product (mAs) to higher levels.

Practically, when the selection of lower tube voltage is pos-
sible by the available scanner, the total amount of iodine can 
be reduced accordingly. In general, 12% reduction of iodine 
dose is diagnostically acceptable for a 100 kV scan compared 
to a 120 kV scan. For 80 kV and 70 kV, reduction percentages 
of 45% and 56% might be considered,  respectively [21].

 Reconstruction Technique

Newly available reconstruction technologies such as IR 
reduce image noise and significantly improve image 
quality in terms of SNR and contrast-to-noise ratio 
(CNR) compared to routinely used  filtered back projection  

Table 10.1 Checklist for various parameters in CM injection protocol 
in CCTA, based on a tube voltage of 100 kVp

Parameters Range
Factors influencing 
range

CM concentration (mgI/ml) 240–400 Supplier
Flow rate (ml/s) 2.5–8.8 Based on IDR

CM concentration
Acquisition time
Needle size
Needle position

Volume (ml) 50–94 Based on TIL
CM concentration
Acquisition time

Saline chaser (ml) ~30–50a volume Flow rate
Preheating Body 

temperature 
(37 °C)

IDR (gI/s) 1.6–2.2 Tube voltage
Patient size/
weight

TIL (gI) 15–28 Tube voltage
Patient size/
weight

Injection site Right 
antecubital vein

Patient condition

Needle size (G) 18 Needle position
Vessel size

Timing Bolus tracking
Test bolus

Cardiac output
(Ir)regular heart 
rate

Reconstruction technique IR (preferred) Scanner technique
Tube voltage (kVp) 70–120b Patient size/

weight
Scanner technique

aMake sure the flow rate is identical to the flow rate used for main bolus
bAll values estimated for this CM injection protocol are based on a tube 
voltage of 100 kVp. For lower kVp settings, reductions of TIL and IDR 
can be applied [21]. If so, please go through the checklist (again)
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(FBP) in contrast-enhanced CT [23–26]. When available, 
the use of IR and dedicated cardiac reconstruction ker-
nels are recommended to ensure diagnostic image quality 
whilst using reduced radiation dose.

In summary, optimal CM injection during CCTA is key. 
Many parameters influence attenuation patterns and overall 
image quality of CCTA.  A thorough understanding of the 
underlying principles and their interaction is necessary to 
provide the full picture on the interplay of the various CM 
aspects, scanner-related factors as well as patient-related 
aspects. The ultimate goal is to create a personalized CM 
injection protocol, where all these parameters are tailored 
individually in order to provide adequate diagnostic attenua-
tion values and image quality, based on a standardized con-
cept. Table  10.1 is provided to serve as a checklist, where 
recommended values and ranges of all parameters stated 
above are briefly addressed. In addition, Table 10.2 states the 
CM injection parameters based upon body weight adapted 
CM injection software, currently used in our clinical routine.
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Saline 
flush 
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(gI/s)

39–59 kg Sequential/
spiral
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60–74 kg Sequential/

spiral
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High pitch ~60 ~18
75–94 kg Sequential/

spiral
~80 ~24 30 6.7 2.0

High pitch ~70 ~21
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spiral
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High pitch ~80 ~24
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Cardiovascular CT: Image 
Reconstruction

Annemarie M. den Harder, Arnold M. R. Schilham, 
and Martin J. Willemink

Image reconstruction is the formation of images based on CT 
projection data. This process has undergone tremendous 
improvements in recent years. This chapter focuses on the 
different types of image reconstructions. First, the steps 
before the actual reconstruction can take place will be 
explained, including calibration of the CT system, formation 
of raw data, z-interpolation for spiral acquisitions, and ECG 
editing. Subsequently, the most common reconstruction 
techniques filtered back projection (FBP) and iterative recon-
struction and their applications in cardiac CT will be 
discussed.

 Calibration

Low-energy x-ray photons attenuate more easily than high- 
energy photons. Therefore, the fraction of low-energy pho-
tons decreases more than the fraction of high-energy photons 
when passing through different tissues. This results in beam 
hardening: an increased mean energy of the beam, which can 
cause artifacts. This is especially the case when dense mate-
rials are imaged (e.g., bone or metal implants). The CT sys-
tem is calibrated to correct for beam hardening and 
inhomogeneities based on assumptions of tissue attenuation 
and x-ray photon energy [1, 2]. Inhomogeneities can, for 
example, be caused by a defective detector element or low 
attenuation in air. Calibration phantoms with known attenua-
tion profiles are used to compare known attenuation proper-
ties to acquired attenuations.

 Raw Data

X-ray photons travel from the CT tube to the detector. Once 
they hit the detector, x-ray photons are converted to light 
photons which are converted to an electrical signal that 
scales with the number of light photons and thus the intensity 
of the detected x-rays. Those electrical signals have certain 
intensities. The detector will receive multiple signals with 
different intensities. This can be used to create a signal inten-
sity profile, which displays the number of signals with a spe-
cific intensity. All signals received from a certain beam angle 
form a projection. The signal intensity profiles of each pro-
jection are transformed into x-ray attenuation values. If an 
object is placed between the CT tube and the detector, a 
decreased electrical signal is measured, which reflects an 
increase of the total x-ray attenuation along the line between 
the detector and the tube.

Projection data can be stored in a two-dimensional image, 
which is called a sinogram because of its sinusoid shape. A 
sinogram is a set of projections for certain orientations using 
line integrals (Fig. 11.1). The x-axis represents the distance 
along the projection direction, and the y-axis represents the 
angle of the projection. The intensity in the sinogram repre-
sents the attenuation values; more attenuation results in 
lower signal and vice versa. The collection of projection data 
in a sinogram is called the raw data set, which can be used to 
reconstruct an image.

 Z-Interpolation

In spiral CT acquisitions, the x-ray beam rotates continu-
ously with simultaneous movement of the table. The table 
movement per rotation divided by collimator width is defined 
as the pitch. A pitch below 1 results in beam overlap, while a 
pitch above 1 results in gaps (Fig. 11.2). In cases of the latter, 
data from different projections have to be interpolated to 
form transverse slices of projection data. Interpolation is the 
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Fig. 11.1 Sinogram of a cardiac CT acquisition
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Fig. 11.2 Schematic 
illustration of z-interpolation. 
An acquisition with a pitch of 
1 (a) and a pitch of 2 (b) is 
shown. Using 360° 
interpolation, a pitch of 2 will 
result in sampling gaps. With 
180° interpolation it is still 
possible to use a pitch of 2 
without sampling gaps, 
because the spaces between 
the rotations are filled by 
synthesizing data using 
projections from opposite 
directions

computation of an unknown value by using known values on 
either side. The distance between the values on either side is 
the z-spacing. A higher pitch results in an increased distance, 
which can result in interpolation artifacts [3]. Values can be 
separated by a full rotation (360° interpolation) or a half 
rotation (180° interpolation). 180 degrees interpolation can 
be performed by synthesizing data using projections from 
opposite directions. Linear interpolation of 180° is often pre-
ferred, since this will result in improved resolution and thin-
ner slices because the values used are closer to the desired 

plane. It also offers the possibility to increase the pitch to 2 
without sampling gaps. However, images are noisier com-
pared to 360° interpolation [4].

 ECG Editing

With retrospective electrocardiography (ECG)-gated acquisi-
tions, images can be reconstructed at different time intervals. 
R-waves are automatically detected, and images can be 
reconstructed throughout the entire cardiac cycle, usually at 
an increment of 5–10%. The most optimal reconstruction 
phase can be selected in the post-processing phase. Although 
usually the end-diastolic phase is used for reconstruction 
(approximately 75% of the R-R interval), occasionally a dif-
ferent phase might result in better image quality, for example, 
in patients with atrial fibrillation [5]. The most optimal phase 
can be selected manually by evaluating reconstructions of all 
R-R intervals; however this is a very time- consuming pro-
cess. To overcome this drawback, algorithms are available 
which automatically reconstruct the entire cardiac cycle and 
select the best reconstruction based on motion [6].

Due to irregular or high heart rates, the detection of R 
waves might be incorrect, leading to artifacts, or the tempo-
ral window can be too short leading to a lack of data. As 
illustrated in Fig. 11.3, the affected temporal window can be 
deleted, and additional windows can be added in the next 
heartbeat. If there are long pauses, additional windows can 
also be added [7].

 Back Projection

Images are created from projection data using a technique 
called back projection. Every projection contains the sum 
of the single attenuation values of each pixel along the line 
of projection. The total sum of attenuation values is known; 
however the exact positions of those values along the 
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 projection are unknown. To compute an image from those 
values, the total sum of attenuations is averaged over the 
different pixels on the projection line. This is explained in 
Fig. 11.4. In Fig. 11.4a, an image is shown with four pixels 
(a). The number in the left upper matrix represents the 
attenuation value of a pixel. P1 to P4 show the total mea-
sured attenuation values from different projections acquired 
from the true object. It is possible to get an approximation 
of the numbers based on the total sum of attenuation values. 
To this aim, the values are smeared out across the projec-
tion, and the different projections are summed and renor-
malized by dividing the total amount by the number of 
projections (in this example 4). Increasing the number of 
projections will lead to a better approximation of the true 
object. However, even with hundreds of projections, the 
image will still remain an approximation, and with simple 
back projection, the final image will be blurred (Fig. 11.4b). 
A convolution kernel is necessary for mathematical filter-
ing to improve the approximation.

 Convolution Kernels

Because back projection alone results in blurred images, a 
convolution kernel is applied. The kernel is also called a fil-
ter. Convolution takes the values of neighboring pixels into 
account with certain weights based on the distance. 
Depending on the kernel, this can result in a smooth or a 
sharp image and everything in between (Fig. 11.5). All man-
ufacturers developed their own kernels with different names. 
After the convolution kernel is applied to the projection data, 
back projection is performed to create an image.

The choice of convolution kernel will influence the 
amount of noise and the spatial resolution. A smooth kernel 
will result in reduced noise at the cost of spatial resolution, 
while a sharper kernel results in improved spatial resolution 
at the cost of increased noise. In cardiac CT this can, for 
example, influence quantification of coronary plaques [8]. 
Sharper kernels will reduce blooming and are therefore pre-
ferred when stents are present or for heavily calcified  arteries. 

Correct phases

Correct phases

Correct phases

Incorrect phases

a

b

c

Fig. 11.3 Schematic 
illustration of ECG editing. 
The first ECG signal (a) 
represents a normal sinus 
rhythm resulting in correct 
phase detection. The second 
ECG signal (b) is arrhythmic 
resulting in incorrect phase 
detections. With ECG editing 
the wrongly detected phases 
can be deleted (c), and images 
are based on correct phases
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Fig. 11.4 Back projection schematically explained (a). The upper left 
matrix indicates the measured attenuation values of the true object. In 
this example there are four pixels, and four projections are acquired at 
different angles (P1 to P4). The first projection (P1) shows the measured 
attenuation from left to right, and the other projections (P2 to P4) are 
rotated by 45°. The values are smeared out across the projection. For 
example, the 10 in P1 is divided by two (number of pixels); therefore a 
5 is allocated to each pixel. While in P2 the 8 and 6 are not divided 

because these are projections of a single pixel. Subsequently the projec-
tions are summed. Finally the numbers are divided by the number of 
projections, which is 4 in this case. The final reconstruction is shown in 
the left lower corner. Increasing numbers of projections improve the 
quality of the approximated final reconstruction. However, even with a 
large number of projections, the reconstructed image will be blurred 
with simple back projection (b)

Original profile Convolution kernel

Standard kernel

Smooth kernel

Sharp kernel

Filtered profile

× =

=

=
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×

Fig. 11.5 Example of 
different convolution kernels. 
A convolution kernel uses the 
value of neighboring pixels to 
smoothen the image or to 
enhance the edges. The use of 
a convolution kernel will 
result in a filtered profile, 
which can be used for back 
projection
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However, smooth kernels will result in less noise, which will 
improve lumen visualization. Usually medium-smooth ker-
nels are used for cardiac CT angiography, while sharper ker-
nels are applied for coronary calcium scoring.

 Iterative Reconstruction

A commonly used reconstruction method is FBP, in which a 
convolution kernel is applied to the projection data, followed 
by a back projection as explained above. This method works 
well in most situations; however at low-radiation doses and 
in large patients, FBP produces noisy images. To reduce the 
amount of noise, iterative reconstruction algorithms have 
been developed [9]. A form of iterative reconstruction was 
first described in the 1970s under the name algebraic recon-
struction [10]. Due to the limited computational power at 
that time, it was not suitable for clinical practice.

The first step of iterative reconstruction is a FBP. From the 
images derived from the FBP, new projection data are gener-
ated based on prior information concerning the scanner geom-
etry, the x-ray spectrum, the detector characteristics, and a 
noise model. Subsequently the new projection data are com-
pared to the original projection data, and corrections in noise 
modeling are performed. This process is repeated (iterated) 
several times. Each time the newly generated projection data 
will represent a closer match to the original projection data. 
This iteration process can be repeated until the differences are 
very small or until a certain number of iterations are reached. 
This process is also called model- based iterative reconstruc-
tion. A simplified, less time- consuming method is hybrid iter-
ative reconstruction. In hybrid iterative reconstruction, noise is 
iteratively filtered in the projection domain and in the image 
domain without multiple iterations in forward and backward 
projection steps (Fig.  11.6). In image-based iterative recon-
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Fig. 11.6 Image-based (a), hybrid (b), and model-based (c) iterative 
reconstruction schematically explained. The numbers represent the sub-
sequent steps undertaken. In image-based iterative reconstruction (b), a 
FBP is performed after which noise is reduced in the image domain 
(steps 5–6). Hybrid iterative reconstruction (c) reduces noise both in the 
projection domain (steps 3–4) and in the image domain (steps 7–8). 

Model-based iterative reconstruction (a) is more advanced and com-
pares and corrects the modeled projection data to the true projection 
data (step 4) after which a new back projection is performed. This pro-
cess is iterated several times to acquire model projection data that are a 
close match to the measured projection data
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Table 11.1 Overview of current clinically used iterative reconstruc-
tion algorithms

Algorithm Vendor Type
Iterative Reconstruction in Image Space 
(IRIS)

Siemens Image- 
based

Adaptive Iterative Dose Reduction 3D 
(AIDR 3D)

Toshiba Hybrid

Adaptive Statistical Iterative 
Reconstruction (ASiR)

General 
Electric

Hybrid

Adaptive Statistical Iterative 
Reconstruction (ASiR – V)

General 
Electric

Hybrid

Advanced Modeled Iterative 
Reconstruction (ADMIRE)

Siemens Hybrid

iDose4 Philips Hybrid
Sinogram-Affirmed Iterative 
Reconstruction (SAFIRE)

Siemens Hybrid

Model-Based Iterative Reconstruction 
(MBIR-Veo)

GE Model- 
based

Iterative Model Reconstruction (IMR) Philips Model- 
based

Forward projected model-based Iterative 
Reconstruction SoluTion (FIRST)

Toshiba Model- 
based

Measured projection data 

Model projection data 

True object CT Projection Back Projection
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Fig. 11.6 (continued)

struction, noise is only reduced in the image domain. In both 
hybrid and image- based iterative reconstruction, no forward 
projection steps are performed based on the acquired image 
resulting in less computational demanding algorithms.

The current clinically available iterative reconstruction 
algorithms are provided in Table  11.1. Most current clini-
cally available algorithms have several levels or percentages 
indicating the amount of noise reduction. A larger level or 
percentage implies more noise reduction, which can, for 
example, be achieved by a higher number of iterations.

Iterative reconstruction is nowadays widely implemented 
and used. Some of the latest CT systems do not offer FBP 
anymore but only use iterative reconstruction. Iterative recon-
struction has several advantages and disadvantages. The main 
advantage is noise reduction, which results in two major 
applications. First, image quality is improved compared to 
FBP at a similar dose level. Second, it also offers the oppor-
tunity to acquire images at lower radiation dose levels with 
comparable image quality compared to FBP at routine dose 
levels. The reported achievable dose reduction for cardiac CT 
acquisitions using iterative reconstruction varies widely and 
is dependent on several factors including the reconstruction 
algorithm, CT system, and study population. Recent studies 
have shown that iterative reconstruction allowed for coronary 
CT angiography at radiation dose levels of 2–3 mSv, while 
with FBP doses up to 10 mSv are used [11]. Using iterative 
reconstruction, non-contrast-enhanced acquisitions for coro-
nary calcium scoring can be reduced to submillisievert dose 
levels [12, 13]. These results are mainly based on hybrid iter-
ative reconstruction algorithms. Further dose reduction is 
expected using model-based iterative reconstruction. 
Reported disadvantages of iterative reconstruction are longer 
reconstruction times and a different, smoother image appear-
ance. Iterative reconstruction requires more computational 

power, and therefore reconstruction times can be prolonged. 
The delay with image-based and hybrid iterative algorithms 
is limited and is not likely to result in clinically relevant 
delays, not even in the emergency setting [14]. Model-based 
algorithms initially required several hours for image recon-
struction, but advancements in reconstruction algorithms and 
computational power have reduced this to less than half an 
hour and for some algorithms to only a few minutes [15]. It is 
likely that the reconstruction time will be reduced even fur-
ther in the future and therefore will not be a barrier anymore. 
The second commonly mentioned disadvantage is the differ-
ent image appearance, also described as “plastic,” “blotchy,” 
or “artificial” (Fig. 11.7). This is caused by low noise levels 
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and is more pronounced in higher noise reduction settings for 
hybrid iterative reconstruction algorithms and for all model-
based iterative reconstruction algorithms. There are concerns 
that this will result in decreased diagnostic accuracy; however 
this has not been investigated yet.
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Fig. 11.7 Contrast-enhanced CT acquisition of the heart in a 56-year- 
old male with a heart rate of 59 beats/minute and a weight of 80 kilo-
grams. Reconstructed with FBP (a), hybrid iterative reconstruction (b, 

iDose level 4, Philips), and model-based iterative reconstruction (c, 
IMR level 2, Philips). Note the smoother image appearance with model- 
based iterative reconstruction, due to low noise levels
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The Challenging Patient

Damiano Caruso, Domenico De Santis, Taylor M. Duguay, 
Sheldon E. Litwin, and Carlo N. De Cecco

In the past decade, coronary CT angiography (CCTA) has 
established itself as a robust imaging technique for the exclu-
sion of coronary artery disease (CAD) in patients presenting 
with acute chest pain [1, 2] and moderate cardiovascular risk 
[3–5] due to its high sensitivity and negative predictive value 
in detecting significant coronary artery stenosis [6]. 
Noninvasive CCTA has become a reliable alternative to inva-
sive angiography [7] and, thanks to recent technical innova-
tions, has raised its power from just a morphological evaluation 
to a more comprehensive morphological and functional 
assessment [2, 8]. Specifically, novel CT technological 
advancements such as CT myocardial perfusion imaging 
(CT-MPI) provide a reliable functional analysis of the heart 
capable of accurately presenting hemodynamically significant 
coronary artery stenosis [9–11]. CCTA coupled with CT-MPI 
could raise CT as the stand-alone image modality for a com-

prehensive evaluation of CAD and direct assessment of myo-
cardial ischemia in a single examination [12].

Technically speaking, CCTA presents a greater challenge 
and is more demanding than other CT applications due to the 
nature of its target, the continuously moving heart [13, 14]. 
Thus, higher spatial and temporal resolutions are mandatory 
for a proper visualization of small-caliber vessels such as cor-
onary arteries. In addition, image acquisition should be syn-
chronized with the patient’s electrocardiogram (ECG) in order 
to achieve optimal image quality. Due to its technical com-
plexity, the accurate selection and preparation of the patient 
are mandatory for obtaining a high-level examination [15].

Despite the continuous technological advances that have 
unleashed the diagnostic power of CCTA and allowed accu-
rate diagnoses even in difficult clinical scenarios, some 
minor limitations should still be taken into account when 
performing CCTA examinations. The comprehensive defini-
tion of a challenging patient embraces some clinical condi-
tions that should be investigated in order to always guarantee 
a safe and accurate CT examination.

 The Ideal Patient

Due to the technical limitations of CT in its early years, 
CCTA had to be reserved to a select population in order to 
achieve diagnostic results [16–18]. On one hand, the accu-
rate selection of patients who can benefit from a CCTA is 
important in order to avoid unnecessary invasive procedures 
such as coronary angiography, while on the other hand, it is 
necessary to ensure that all CCTA examinations provide 
diagnostic input. The most important factors that allow suc-
cessful CCTA examinations are a heart rate less than 60 
beats per minute (bpm) and a sinus rhythm [19, 20]. 
Additionally, sufficient renal function is also mandatory for 
patients undergoing CCTA due to the need for IV iodinated 
contrast media.

The main goal of CCTA is to obtain high-quality images 
while delivering the lowest reasonably achievable radiation 
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dose to the patient [21, 22]. Generally speaking, image qual-
ity and radiation dose are intrinsically linked  – high-dose 
examinations return higher perceived image quality. 
However, radiation dose is not the only contributing factor to 
the quality of images. Patient weight has been shown to 
affect image quality [23, 24]; and in fact the diagnostic qual-
ity of CCTA images of obese patients is often severely lim-
ited. In addition, the ideal patient must be hemodynamically 
stable, able to perform a sufficient breath-hold of 15 s, and 
able to lay in a supine position with their arms extended 
behind their head. The administration of beta-blockers and/
or sublingual nitroglycerine is common in clinical practice in 
order to achieve an optimal heart rate less than 60 bpm and 
sufficient vasodilation, both of which have been shown to 
provide superior image quality [25, 26]. However, patients 
contraindicated for beta-blockers and/or sublingual nitro-
glycerine (discussed further in subsequent sections) also 
present a challenge in terms of producing optimal image 
quality [27].

 The Challenging Patient

 Elevated Heart Rates and Arrhythmias

The accuracy of CCTA is highly dependent on the image 
quality of the dataset, and robust heart rate control, ideally 
less than 60 bpm, is essential for optimizing image quality 
and minimizing radiation dose [28]. Beta-blockers are rou-
tinely administered in clinical practice for heart rate reduc-
tion and cardiac rhythm stabilization. Drugs classified as 
beta-blockers are grouped based on the β1 selectivity, lipid 
solubility, and partial agonistic activity [28]. Dedicated 
guidelines have been established in order to avoid complica-
tions with the administration of beta-blockers. These contra-
indications are as follows: severe chronic obstructive 
pulmonary disease, asthma, sensitivity to beta-blockers, sec-
ond- or third-degree heart block, and sinus bradycardia with 
systolic blood pressure less than 100 mmHg [29].

Patients who have a heart rate < 60 bpm during pre- scan 
monitoring do not require beta-blockers, whereas patients 
with irregular rhythms or a heart rate > 60 bpm require beta-
blockers to avoid any motion artifacts. Despite having sev-
eral cardio-selective beta-blockers, metoprolol tartrate 
(5 mg) is typically chosen due to its availability and cardio-
selectivity. Metoprolol tartrate (5  mg) is typically intrave-
nously administered in order for the drug to take effect 
quickly (5–10 min), whereas metoprolol oral tablets need to 
be administered 60–90 min before the scan. In the absence of 
contraindications, an initial bolus of 5 mg is usually injected 
once the patient is lying on the scanner table. In cases of 
unsatisfactory heart rate response, a maximum 15  mg of 
metoprolol tartrate can be administered.

The most commonly seen heart rate irregularity is atrial 
fibrillation. In order to overcome the irregular heart rhythm, 
CCTA image acquisition is usually performed using a retro-
spective acquisition protocol. CCTA has been described to 
have a high diagnostic accuracy in patient affected by atrial 
fibrillation, as reported in a recent meta-analysis [30]; how-
ever, the retrospective acquisition protocol often results in an 
increased radiation dose. A recent study evaluated the feasi-
bility of prospective ECG-triggered sequential acquisition in 
patients affected by atrial fibrillation and reported an excel-
lent diagnostic accuracy (around 90%) [20].

Ivabradine, a selective inhibitor of If channels located in 
the sinus node, is an alternative choice to metoprolol tartrate 
for heart rate reduction. Unfortunately, it is recommended 
that ivabradine only be administered to patients with a sinus 
rhythm [31]. On the other hand, ivabradine has a good safety 
profile and does not lower left ventricle contractility. 
Moreover, no rebound effects were reported after drug cessa-
tion nor was there an onset of tolerance reported after pro-
longed use. Ivabradine is administered orally and generally 
allows for a heart rate reduction of around 10 bpm at the rec-
ommended dosage (no more than 15 mg/day). Several trials 
have demonstrated the efficacy of ivabradine in lowering the 
heart rate [27, 32–36] and established it as a single-dose pre-
medication proven to be effective and safe in heart rate 
reduction prior to CCTA [27, 35].

The most recent generation of CT scanners have provided 
superior image quality and improved diagnostic performance 
that is less dependent on heart rate. These scanners allow for 
the acquisition of the entire heart in a single heartbeat, pro-
viding great image quality with a lower radiation dose and 
administered contrast media amount [37].

 Reduced Renal Function

Patients with a reduced renal function present a unique chal-
lenge as they are limited to the amount of intravenous con-
trast media they can be administered. Contrast-induced acute 
kidney injury (CI-AKI) is an iatrogenic disease that occurs 
within 3 days of the intravascular injection of iodinated con-
trast media in absence of an alternative etiology. It is defined 
as an absolute increase in serum creatinine concentration of 
≥0.5 mg/dL or a relative increase of ≥25% above baseline. 
CI-AKI has received significant public attention which has 
resulted in the administration of iodinated contrast media 
being considered a general risk factor for worsening renal 
function [38].

Estimated glomerular filtration rate (eGFR), calculated 
from the serum creatinine, is the preeminent method of esti-
mating renal function prior to contrast media administration. 
The Chronic Kidney Disease Epidemiology Collaboration 
(CKD-EPI) formula gives the most accurate eGFR.  An 
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eGFR value below 45  ml/min/1.73m2 is considered a risk 
factor for contrast-induced nephropathy (CIN) as reported 
from dedicated guidelines [39], and preventive measures are 
required in such patients.

Hydration is considered the common strategy for CIN 
prevention. In patients with eGFR between 30 and 45 mL/
min/1.73m2, intravenous hydration should be arranged 
before and after the administration of contrast media. ESUR 
guidelines suggest intravenous protocol of 1.0–1.5 mL/kg/h 
for at least 6 h before and after contrast media administration 
[38, 40]. If intravenous hydration cannot be appropriately 
performed, oral hydration should be prescribed.

Contrast media volume has also been shown to be associ-
ated with CIN [41]. As such, reducing contrast media vol-
ume used during CCTA is a reliable option in reducing the 
risk of CIN. The ability to lower contrast media volume is 
directly related to reducing the tube current. Low tube ener-
gies are closer to the iodine k-edge (33.2  keV), and thus, 
lower energy levels maximize iodine attenuation allowing a 
substantial reduction contrast media [42]. Recent studies 
confirm the possibility to use low volumes of contrast media 
(30  mL) in CCTA by using prospectively ECG-triggered 
high-pitch gated acquisition at 70 kVp without any lack of 
image quality in selected patients with BMIs <23 kg/m2 and 
heart rates <65 bpm [43]. Unfortunately, high BMI values 
significantly limit the image quality when low tube voltages 
are applied.

 The Obese Patient

Obese patients are considerable challenges for CCTA, as 
the higher image noise generated by the photon starvation 
phenomenon [44] degrades both contrast and spatial reso-
lution causing a poor evaluation of small vessels and non-
calcified atherosclerotic plaques. With previous generations 
of CT scanners, increasing the tube voltage to 140 kVp was 
considered one of the most effective solutions for improv-
ing the image quality in obese patients [45]. Although this 
increases photon flux, higher tube voltage returns lower 
attenuation and consequently lowers the signal of iodinated 
contrast media, all while bearing the cost of an increased 
radiation dose.

In such patients, slower gantry rotation speeds may be 
advisable to enhance photon flux and improve the signal-to- 
noise ratio. In addition, the use of a high iodine concentra-
tion contrast medium at a faster flow rate could be helpful in 
compensating for the increased levels of image noise that 
limit contrast resolution. Moreover, dedicated iterative 
reconstructions, by using different strategies and mathemati-
cal algorithms, allow for a reduced image noise and an 
improved image quality compared to standard filtered back 
projection [46, 47].

The introduction of the latest generation of dual-source 
CT scanner overcame the need to increase the tube voltage to 
140  kV.  These new CT scanners, equipped with the latest 
technical developments, are able to improve the image qual-
ity even in obese patients thanks to the increased power of 
the tubes, a higher spatial resolution related to a smaller focal 
spot, and an improved temporal resolution due to shorter 
gantry times, along with a fully integrated circuit detector 
system for noise reduction. Mangold et  al. have demon-
strated that even severe obese patients with a BMI greater 
than 40 kg/m2 can be imaged at 120 kVp if high amperage 
and dedicated iterative reconstructions are available. This 
technical approach led to satisfactory objective and subjec-
tive CCTA image quality and adequate coronary intravascu-
lar attenuation with an approximate contrast media dose of 
80  mL [24]. In addition, automated tube voltage selection 
(ATVS) technology and the most recent generation of itera-
tive reconstructions can be reliably used to assess coronary 
artery disease in obese patients returning an excellent diag-
nostic accuracy at a reduced radiation dose compared to 
standard 120  kV CCTA examinations. ATVS individually 
selects the tube voltage based on the patient’s habitus, sys-
tem specifics, and the clinical task. With the implementation 
of this technology, even obese patients can undergo CCTA 
examination with tube voltages less than 120 kV and main-
tain adequate diagnostic accuracy [48].

 The Anxious Patient

Beta-blockers are administered in CCTA in order to achieve 
low and stable heart rates that are mandatory for obtaining 
diagnostic image quality at the lowest radiation dose. 
However, not all patients respond to beta-blocker treatment, 
which is sometimes due to patient anxiety [49]. Different 
strategies have been considered to reduce patient anxiety 
such as the use of benzodiazepines. Even if benzodiazepines 
are not significantly involved in the mechanism for lowering 
the heart rate, they can be useful in reducing the physiologi-
cal burden of the examination [50]. According to one study, 
benzodiazepines are usually used when beta-blockers are 
required but contraindicated. A comprehensive overlook of 
different challenging scenarios and related countermeasures 
are summarized in Table 12.1.

 How to Manage Angina Onset During  
Stress Cardiac CT

With the use of pharmacological stress agent, patients can 
experience common side effects such as flushing, chest 
pain, dyspnea, headache, and gastrointestinal discomfort. 
The most common pharmacological stress agents used 
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during CT-MPI are regadenoson and adenosine. 
Regadenoson has been shown to have a lower incidence of 
flushing and chest pain and higher incidence of abdominal 
discomfort and headache compared to adenosine [51]. 
Both stress agents have reported extremely rare but serious 
side effects such as seizures and myocardial infarction 
[52]. In cases where a patient experiences pharmacological 
stressor-induced seizures, the use of methylxanthines 
(aminophylline, theophylline, and caffeine) is not recom-
mended [53, 54]. Moreover, it should be pointed out that 
some seizures can be prolonged and may require anticon-
vulsive therapy.

Patients affected by angina during a stress cardiac CT are 
somewhat fortunate in the sense that they are already hospi-
talized and can receive treatment almost immediately, avoid-
ing the common delay of 1.5–2 h reported for patients that 
develop stress-induced angina outside of a hospital setting 
[55, 56]. Since the patient is ECG-monitored during the 
exam, any suspicious change in the baseline ECG, even if 
non-specific for myocardial ischemia, is immediately identi-
fiable. Intravenous injection of aminophylline (50–250 mg) 
at a slow rate (50–100 mg over 30–60 s) is the first choice in 
cases of adverse side effects [57] and usually leads to resolu-
tion of the patient’s symptoms.

Table 12.1 Challenging scenarios and related strategies

Challenge Strategy Drug Dose Peak Side effects Contraindications
Elevated 
heart rates 
and 
arrhythmias

Βeta-blockers Metoprolol 
(IV)

5 mg (up to 15 mg) 5–10 min LV contraction 
depression, 
arteriolar and 
bronchiolar 
constriction

Sinus bradycardia, heart 
block greater than first 
degree, systolic blood 
pressure < 100 mmHg

Metoprolol 
(oral)

100 mg 60–
90 min

Atenolol (IV) 5 mg 5 min
Selective If 
channel inhibitor

Ivabradine 
(oral)

15 mg 60 min Luminous 
phenomenon 
(phosphenes); 
enhanced 
brightness in 
visual field

Acute decompensated heart 
failure, blood 
pressure < 90/50 mmHg, 
sick sinus syndrome

eGFR 
<45 mL/
min/1.73 m2

Hydration Saline or 
bicarbonate

Saline: IV 
injection1.0–1.5 mL/
kg/h for at least 6 h 
before and after CM
Bicarbonate: 154 mEq/L 
in dextrose (5% water): 
3 mL/kg/h for 1 h before 
CM and 1 mL/kg/h for 
6 h after CM

– – –

Lower the CM 
amount

Obese 
patient

ATVS
Iterative 
reconstruction

– – – – Increased radiation 
exposure

Anxious 
patient

Benzodiazepines Lorazepam 
(oral)

0.5–1 mg (20–40 drops) 60 min Sedation, 
tremor, 
agitation, 
dizziness, 
hypersomnia

Acute narrow-angle 
glaucoma

Diazepam 
(oral)

2 mg (10 drops) 30–
120 min

Heart 
ischemia

Methylxanthines Aminophylline 
(IV)

50–250 mg at slow rate 
(50–100 mg over 
30–60 s)

1–2 min Abdominal 
pain, blurred 
vision, fainting

Not to be used in case of 
seizures

Nitrates Nitroglycerine 
(SL)

0.4 mg 5 min Headache, 
blurred vision, 
fainting

Severe anemia, increased 
intracranial pressure, 
hypersensitivity to 
nitroglycerin

Cardiopulmonary 
resuscitation 
maneuvers
Transfer the 
patient to the 
emergency 
department

Abbreviations: LV Left ventricle, eGFR estimated glomerular filtration rate, CM contrast media, ATVS automatic tube voltage selection
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Cases of asystole following regadenoson administration 
have been reported [58]. In such rare scenarios, CT person-
nel must be prepared to perform immediate cardiopulmonary 
resuscitation and medical stabilization. Rare cases of acute 
myocardial infarct up to 15 min after pharmacological stress 
test were also reported [59, 60] and are typically treated with 
sublingual nitroglycerine and intravenous administration of 
heparin and saline. IV atropine administration (0.5–1  mg) 
should also be considered. It is highly recommended that in 
the CT section, there is an availability of transcutaneous pac-
ing for bradyarrhythmias or heart block associated with 
regadenoson or adenosine. Most importantly, patients suffer-
ing from rare but serious side effects must be transferred to 
the emergency department for comprehensive monitoring 
and further medical management.

 Summary

The aforementioned scenarios represent just some of the 
challenges that can be observed around the CT scanner in 
everyday practice. Despite being coined a “challenge,” the 
challenging patient represents an objective issue in clinical 
management. However, with the continuous technological 
and pharmacological advances in addition to an effective 
training of CT personnel, we are nowadays able to effec-
tively face and overcome many of these issues, all in an effort 
to guarantee safe and adequate examinations for all patients.
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Cardiac CT: Contemporary Clinical 
Image Data Display, Analysis, 
and Quantification

Moritz H. Albrecht, Marwen Eid, and Pal Spruill Suranyi

 Why Do We Need “Advanced Visualization” 
and Quantification?

One of the most significant breakthroughs in cardiac CT 
imaging was being able to acquire isotropic resolution data-
sets with sufficient temporal resolution to take “snapshots” 
of this dynamic, ever-moving organ. Isotropic three- 
dimensional (3D) datasets acquired with either prospective 
triggering or retrospective gating, and further complicated 
by the dimension of time within the cardiac cycle, effectively 
yielding four-dimensional (4D) datasets, allow for a variety 
of post-processing techniques useful for advanced visualiza-
tion of cardiovascular anatomy and pathology. Some of these 
techniques are fancy, colorful, and eye-pleasing or just serve 
as an aid to student or patient education, but others have 
become a crucial part of our clinical routine when evaluating 
cardiac CT images and discussing findings with non- 
radiology physicians.

Secondly, in the era of “precision medicine” and “imag-
ing biomarkers,” it is paramount to strive for more quantita-
tive analysis of our findings. Thus, teasing out objective 
numbers and values from our large datasets is becoming 
increasingly important. Initially calcium scoring was the pio-
neer in quantitative cardiac evaluation. Since then various 
workstations and algorithms have been developed for routine 

clinical use to measure myocardial mass and function, to 
evaluate cardiac chamber sizes, and to assess coronary 
plaques and stenoses.

Lastly, as we are striving to understand the correlation 
between pathophysiology, qualitative and quantitative image 
findings, and patient outcomes, multiple investigational meth-
ods are still being developed, holding the promise of future 
clinical utility for myocardial perfusion imaging and analysis 
of coronary hemodynamics. In this chapter, we will briefly 
touch on each of these methods and will try to elucidate their 
diagnostic value and potential future clinical implementation.

 Clinical Image Data Display and Analysis

 3D Volume Rendering Techniques (VRT)

Although initially developed by the animation movie indus-
try, 3D VRT reconstructions have been rapidly adopted in 
clinical medical imaging [1]. While the exact technical 
details are beyond the scope of this chapter, the general idea 
is that interactive probability-based algorithms and worksta-
tions build virtual 3D models of an organ using the 3D matrix 
of enhancement values by deciding whether a given volume 
element, i.e., voxel, belongs to an adjacent structure or not.

To stay on focus, this chapter will include all of these 
techniques under the umbrella of 3D VRT.  However, it 
should be noted that there are fine nuances differentiating the 
various surface rendering techniques, e.g., shaded realistic 
surface displays (Fig.  13.1), and volume rendering 
approaches which can be further manipulated to generate fly- 
through or fly-around views of various organs [2]. Using cre-
ative display colors for different tissue types as well as 
various lighting methods and depth shading, these techniques 
enable the analysis of a dataset from any desired angle, 
including from within the vessel lumen. By changing the 
attenuation level-based visualization thresholds, one can 
hide or accentuate certain organs and tissue types or even 
make them semitransparent. In order to simplify the  selection 
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of the best technique for a given indication, workstations 
have presets stored for various purposes which often require 
further interactive manual adjustment by the reader.

Volume rendering of the heart and adjacent anatomic 
structures is helpful to obtain an overall understanding of 
the spatial relationship between organs, airways, the chest 
wall, and vascular pathologies (Fig. 13.2). 3D VRT is also 
beneficial in providing an overview of the quality of our 
datasets, especially in the case of arrhythmias or misregis-
trations, also called “step-offs,” which can be easily spotted 
in a 3D view.

When emphasizing vessels, however, one must under-
stand that the goal of contrast media administration in car-
diac CT is to improve the visualization of the vascular lumen 
rather than its surface. Also, when analyzing vessels with 
stents, 3D VRT shows the presence of the stent but does not 
show its content. Thus, 3D VRT cannot determine whether a 
stented vessel lumen is patent, occluded, or if it has intimal 
hyperplasia.

Further shortcomings of 3D VRT include locating the 
presence of calcifications, which may appear to be located 
on the surface of the vessel when in fact they are in the vessel 
wall. It is also important to note that motion artifacts and 

a bFig. 13.1 Several approaches 
exist for 3D visualization of 
the heart and coronaries. 
While traditional 3D volume 
rendering technique (VRT) 
images (a) facilitate the 
orientation and anatomical 
relations to adjacent organs, 
novel cinematic rendering  
(b) allows furthermore for a 
photo-realistic appearance 
and analysis of the organ 
surfaces

a b c

Fig. 13.2 3D reconstruction images displaying the utility of 3D VRT 
images in a patient with Marfan syndrome with prior history of ascend-
ing aorta repair (note sternal wires highlighted in purple, a), presenting 
with acute chest pain and shortness of breath. The sagittal image (a) 
shows a type-B aortic dissection (arrow). The oblique axial (b) and 
sagittal (c) images show the aneurysmal descending aorta (arrow) com-

pressing on the left main bronchus (arrowhead). The various tissue 
types and metallic sternal wires can be clearly delineated by assigning 
different colors based on CT attenuation enabling us to demonstrate the 
relationship of airways to great vessels and the proximity of anterior 
structures to sternal wires
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streak artifacts may cause artifactual vessel stenosis on 3D 
VRT, which may be misleading for beginners in cardiac 
CT. Therefore, experts do not recommend making diagnoses 
solely based on VRT reconstructions but advise using 3D 
VRT as an auxiliary technique to supplement standard cross- 
sectional images when making a diagnosis.

 Automated, Semiautomated, or Manual 
Segmentation of the Heart

Sophisticated workstations offer the option for automatic 
segmentation of the heart, which virtually “removes” the rib-
cage and the lungs to allow for 360-degree visualization of 
the heart’s chambers and vessels. Such automated segmenta-
tion simplifies the visualization of routine cases, but semiau-
tomated or manual segmentation is preferred when trying to 
analyze more challenging postsurgical cases or patients with 
unusual anatomies.

Unfortunately, automated segmentation algorithms may 
“remove” venous bypass grafts, the internal mammary arter-
ies, or parts thereof, which may lead to the erroneous diagno-
sis of occluded bypass grafts. Similarly, human observers 
may inadvertently “remove” vessel segments or create 
“nicks” in vessels during post-processing when generating 
the volume-rendered segmented heart, thus causing potential 
problems for interpretation. This is why most experts 
strongly emphasize looking at the “source images” whenever 
a 3D VRT image suggests abnormal pathology.

The alternative to segmenting out the heart is to look at 
the entire 3D dataset using a cut plane or a slab, which allows 
the user to scroll through the organs in the chest in 3D while 
also making sure that no structures remain hidden due to 
erroneous segmentation (Fig. 13.3).

 Dedicated Cardiac Planes, MPR,  
and Thick-MPR

Multi-planar reformatting (MPR) images represent the stan-
dard cross-sectional reconstructions in cardiac CT. A 3D or 
4D dataset with essentially isotropic resolution allows one to 
arbitrarily choose the ideal plane when studying the heart. 
Whether it is one of the standard long- and short-axis planes 
(Fig. 13.4) or a more dedicated view such as one showing the 
aortic valve leaflets or any other structure of interest, this can 
be performed at a workstation in a matter of seconds using 
MPR of the original source imaging data. Thus, a “simple” 
MPR image shows the reconstructed data in arbitrary non- 
axial planes with a thickness of one voxel. These views are 
useful in performing anatomic measurements in vessels or 
valves or within the chambers.

Most workstations also offer the option of generating 
“thick-MPRs,” which consist of virtually thickened CT slices 

that improve the signal-to-noise ratio in compromised datas-
ets and help visualize structures that may be moving in and 
out of the imaging plane during the cardiac cycle (e.g., aortic 
valve). Furthermore, thick-MPRs are also useful if structures 
have both high- and low-density components, e.g., a sclerotic 
aortic valve with superimposed vegetation or thrombus 
(Fig. 13.5).

 Curved MPR, Stretched MPR, and MAR

The basic principle of curved MPR (cMPR) is similar to that 
of linear MPR in that it uses the reconstructed dataset with-
out additional manipulation of the Hounsfield units (HU) 
but still allows for the close-up analysis of vessels. The key 
feature of cMPR is the “centerline,” which is either auto-
matically or semiautomatically predetermined. 
Subsequently, the dataset is reformatted with resulting 
images showing data that is perpendicular to this centerline. 
It is paramount that the centerline should go through the 
vessel lumen, because otherwise the vessel may appear arti-
factually stenosed. Thus, before actually examining the 
cMPRs, one must carefully check – and if needed, adjust – 
the centerline. Normally there are two cMPR images dis-
played next to each other, where one is perpendicular to the 
other and both are perpendicular to the centerline. This data-
set can then be manually “swiveled” about the centerline to 
look at all possible aspects of a vessel and take a closer look 
at any particular vessel segment of interest (Fig. 13.6).

In this context, it is important to emphasize the relevance 
of the window/level settings when studying vessels with ste-
nosis, especially with the presence of calcifications or 
implanted stents. The apparent size of the calcified lesions 
greatly depends on the window/level settings, as shown in 
Fig. 13.7. Therefore, when stents or calcifications are present 
and cause blooming artifacts, it is important to take a second 
look at the vessel after “darkening” the image prior to mak-
ing a diagnosis. This can be achieved by widening the win-
dow settings, which reduces the influence of blooming 
artifacts that can potentially lead to an overestimation of 
luminal narrowing.

A second caveat to remember is that stents and calcified 
vessel segments are better evaluated using a sharper recon-
struction kernel and iterative reconstruction techniques. 
Unfortunately, these need to be applied at the time of recon-
structing the axial datasets from the raw imaging data [3] 
(Figs. 13.8 and 13.9).

Another capability of the above technique is that the 
centerline’s natural curves can be virtually stretched, 
resulting in sMPR images (“s” for stretched or straight). 
However, some experts consider this method too unnatu-
ral and vulnerable to over manipulation. Additionally, 
multiple aligned reformats can be generated by combin-
ing the cMPRs of multiple vessels. This technique uses 

13 Cardiac CT: Contemporary Clinical Image Data Display, Analysis, and Quantification



134

the same principles as cMPR but aims to depict several 
vessel paths simultaneously by taking into account the 
multiple centerlines of multiple vessels. This technique 
provides an overview of the coronary anatomy and may 
prove useful in planning the placement of multiple stents 
near bifurcations.

The efficient segmentation of the coronary tree can pro-
vide us with a quick overall understanding of the blood 
supply routes of the myocardium. The coronary tree may 
then be projected onto polar maps of regional function or 

perfusion (Fig. 13.10), which has the added benefit of being 
able to “pair” vessel-specific stenosis with corresponding 
regional myocardial dysfunction or perfusion abnormality.

 Projection Techniques

Maximum and minimum intensity projections are obtained 
when a 3D slab of the original reconstructed dataset is taken 
(more than one voxel in thickness) and a single two- 

a

c d

b

Fig. 13.3 3D reconstruction of the heart in a patient after coronary 
arterial bypass graft (CABG) surgery. The heart can be automatically 
segmented (a) and isolated from the remaining structures; however, this 
technique sometimes artificially removes important parts of the anat-
omy, like the proximal aspect of the LIMA graft in this case. 

Unfortunately, the heart and grafts cannot be seen in their entirety on 
the full volume either, due to overlying ribs and sternum. (b) The solu-
tion is a semitransparent (c) rib cage or a clip plane/slab, which both can 
visualize structures obscured by the chest wall (d), without losing infor-
mation, thus reducing the likelihood of misinterpretation
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dimensional image is generated. This can be performed by 
either taking only the lowest (minimum intensity projec-
tion  (MINIP)) or only the highest attenuation (maximum 
intensity projection  (MIP)) across the slab. An additional 
technique called average intensity projection (AIP), also 
called “thick-MPR” as previously described, uses the aver-
age attenuation values of all voxels across the slab.

 MIP

Thin (<10 mm) and thick (>10 mm) MIPs are most useful 
for the assessment of vessels or bypass grafts when the 
contrast medium-filled lumen is of high interest. MIPs 
facilitate the tracking of the vessel paths, bifurcation anal-
ysis, and the evaluation of the length of stenotic segments. 
It is worth mentioning that some workstations have the 
capability to generate curved MIP images (cMIP), which 
uses the same principles as cMPR except that the end 
result is a MIP that is perpendicular to the centerline 
throughout the length of a given vessel. Although MIP is 
very useful for the aforementioned purposes, care must be 

taken when using it to assess the severity of vessel stenosis 
due to its potential to mislead the observer and cause over- 
or underestimation of stenosis. Thus, for the quantification 
of stenosis, it is most appropriate to use either the source 
images or cMPR images. An additional shortcoming of 
only using MIPs is the potential to “miss” low-density 
lesions such as small emboli, intimal flaps, abnormal valve 
apparatus (e.g., ruptured chordae), or even myocardial 
hypoattenuation.

 MINIP

When the structures of interest are of low attenuation, it is help-
ful to use MINIPs, which may reveal pathologies that would be 
too subtle, if not invisible when using MPRs or MIPs. 
Examples include ischemic regions of the myocardium, 
infarcted areas, fatty infiltration of the myocardium, valves, 
chordae tendineae, papillary muscles, vegetations, thrombi or 
dissection membranes, and even airways. Figure  13.11 pro-
vides an example where MINIP, MPR, and MIP are compared 
side by side.

a d

f g

b

c

e

Fig. 13.4 This figure shows the standard planes for cardiac CT evalu-
ation. As the cardiac axis is highly variable in every individual, conven-
tional radiological axial, sagittal, and coronal images are not optimal 
for assessment of the heart. Manual adjustment on a 3D workstation is 

necessary to define true long and short axes of the heart. The spatial 
correlation among the short-axis (a, apical; b, mid; c, basal), 2-chamber 
(d), 3-chamber (e), 4-chamber (f), and 5-chamber views (g) is demon-
strated here by white reference lines
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 Quantification

In addition to the relatively well-established contemporary 
clinical image data display and analyzing techniques, the field 
of objective image quantification is rapidly growing and repre-
sents the most investigated topic in state-of-the-art cardiac CT.

 Calcium Scoring

Coronary artery calcium scoring, also known as Agatston scor-
ing, is the most validated method for the prediction of patient 
outcome and risk stratification and has substantially enhanced 
the utility of cardiac CT imaging. In a standardized fashion, the 
Agatston score is semiautomatically calculated based on two 
parameters: the area of calcified coronary plaques with an 
attenuation greater than 130 HU on an ECG- synchronized non-
contrast cardiac CT and a density factor which is based on the 
maximal attenuation of the same plaque. Using an online cal-
culator based on the Multi-Ethnic Study of Atherosclerosis 

(MESA) study (https://www.mesa-nhlbi.org/Calcium/input.
aspx), patients can be assigned to standardized risk categories 
with a low user-dependent variability compared to purely sub-
jective or qualitative CT analysis. More advanced quantitative 
methods include calcium volume and density scores, and the 
hope is that fully automated Agatston scoring may be available 
in the near future [4]. Further details regarding Agatston scor-
ing are discussed in another chapter of this book.

 Coronary Stenosis Quantification/Fractional 
Flow Reserve

Workstations have evolved to the point where algorithms 
based on attenuation levels within the coronary lumen allow 
us to quantitatively evaluate vessel stenosis [5, 6]. Currently, 
this is performed in a semiautomated fashion in which the 
observer defines the segment of interest by placing a mark 
just proximal to the starting point of the plaque and another 
just beyond the distal end of the plaque using cMPR images 

a

d

b c

e

Fig. 13.5 Varying cross-sectional visualization techniques lead to dif-
ferent depictions of a calcified and stenotic aortic valve. (a) Minimum 
intensity projection (MINIP), showing only low-density portions of the 
valve. (b) Thick multi-planar reformat (thick-MPR) shows all portions 
of the valve but is blurry due to volume averaging. (c) Standard MPR, 

with high spatial resolution, does not show the entirety of the valve and 
the true extent of disease. (d) Maximum intensity projection (MIP) 
highlighting calcifications but hiding noncalcified portions of the valve. 
(e) Valve orifice measurement on the thick-MPR

M. H. Albrecht et al.
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a

d e f

b c

Fig. 13.6 The assessment of curved multi-planar reformat (cMPR) 
images from multiple views is crucial for accurate coronary artery eval-
uation. Varying angulations, achieved by manual swiveling around the 
coronary centerline, reveal different details of a coronary stenosis 
(arrow) with mixed calcified and soft-plaque of the LAD proximal to an 
implanted stent. Note that the severity of luminal narrowing could be 
over- or underestimated by only examining one cMPR image (d, arrow-

head). The full extent of this mixed calcified-noncalcified plaque, and 
its effect on the lumen, is best understood when all different projections 
are considered. Figure (d) accentuates the noncalcified portion (arrow-
head) and makes the stenosis appear more severe than it really is. (a), 
(b), (c), (e), and (f) demonstrate the mixed nature of the plaque and less 
severe stenosis

a b c

Fig. 13.7 cMPR images of a diseased LAD show the effect of adjusted 
window/level settings on the apparent size of calcifications within a 
significant stenotic lesion. Both window width decreases and level 
increases from image (a) to (c). The calcifications are overestimated 
using narrower and brighter window settings due to blooming artifacts 

(c, arrow). The same effect can be observed for an implanted stent 
(arrowhead). This highlights the necessity of widening preset settings 
for improved luminal visualization in the presence of calcified plaque 
or stents
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a

c d

bFig. 13.8 In this patient, 
post-processing was 
performed using filtered back 
projection (a and c), as well 
as with iterative 
reconstruction (b and d). A 
mixed stenosing plaque of the 
LAD (arrow) and a coronary 
stent in the RCA (arrowhead) 
are more sharply depicted by 
means of iterative 
reconstruction, whereas 
filtered back projection 
images show a grainier image 
appearance and blurry 
coronary lumen

a

c d

bFig. 13.9 In this patient, an 
LAD stent is visualized on a 
cMPR (a) and a sMPR (b), 
both of which are based on 
soft tissue kernel 
reconstructions. The same 
coronary is then depicted 
using a dataset reconstructed 
with stent (sharp) kernel on 
cMPR (c) and sMPR (d). The 
coronary stent is more sharply 
depicted by means of the stent 
kernel reducing blooming 
artifacts and increasing our 
ability to detect subtle intimal 
hyperplasia in the midportion 
of the stent
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a

d e

b

c

Fig. 13.10 Segmentation and 
evaluation of the coronary 
tree (a) of this patient 
revealed subtotal occlusion of 
the LAD (cMPR, b) and 
severely diseased, stented 
RCA (cMPR, c). By 
projecting the coronary tree 
onto polar maps of regional 
function obtained from the 
functional CT dataset (wall 
motion, d; wall thickening, e), 
the significance of coronary 
disease and consequent 
functional impairment (shown 
in cold colors) becomes 
apparent

a b c

Fig. 13.11 (a–c) Three-chamber views applying MPR (0.75  mm), 
MINIP (10 mm), and MIP (10 mm) algorithms of the same location of 
a patient with aortic dissection. Note that hypoattenuating structures 

such as valves or dissection membranes (arrowheads) are best visual-
ized with MINIP while they are almost invisible on MIP images
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(see above). Some workstations will also ask for the user to 
mark the point of maximal stenosis in the vessel of interest. 
However, defining the point of maximal stenosis is often dif-
ficult due to the presence of bifurcations, calcifications, and 
potentially motion artifacts that may cause erroneous 
measurements.

Therefore, automated stenosis quantification using car-
diac multi-detector CT (MDCT) data is a controversial issue, 
despite the fact that some investigators have shown that spe-
cialized software may be just as efficient as visual grading or 
invasive coronary angiography with regard to quantitative 
analysis [6, 7]. Many studies have demonstrated the out-
standing negative predictive value of MDCT [8, 9]. However, 
the accurate determination of whether a stenotic lesion 
causes myocardial ischemia remains a challenge. Even if our 
images and anatomic stenosis quantification methods were 
impeccable, simulating the hemodynamic characteristics 
over a narrowed coronary is incredibly complex and is 
dependent on numerous additional factors beyond the extent 
of stenosis. For example, stenosis length, lesion geometry, 
blood viscosity, blood pressure, heart rate, myocardial mass, 
and peripheral resistance in the capillary bed are all 
 contributing factors to determining the hemodynamic sig-
nificance of a lesion. In an effort to standardize stenosis-
severity reporting, a new reporting system (CAD-RADS) has 
just been published [10]. This system stratifies patients into 
risk categories and provides the probability that the source of 
observed chest pain is visible in the epicardial coronary 
arteries using CTA. The current consensus is that a radiolo-
gist – whose decision is based solely on anatomic imaging – 
is unable to definitively assess the hemodynamic significance 
of a lesion and should defer their diagnosis to the treating 
clinicians who should ultimately exercise clinical judgment 

to decide between discharge, observation, functional stress 
testing, and invasive catheterization.

An emerging technique of CT-derived fractional flow 
reserve (CT-FFR) is gaining increasing interest by using 
computational fluid dynamic models to quantify stenosis 
severity and to “simulate” how a coronary would respond to 
vasodilator stress testing. In general, FFR describes the 
decrease of blood pressure over a coronary stenosis and thus 
indicates the hemodynamic relevance of a lesion. Notably, 
current CT-FFR algorithms are based on normal static CCTA 
datasets and can be retrospectively employed in addition to 
the standard examination when more information is required 
[11]. To date, CT-FFR is performed mainly by outsourcing 
CCTA images to off-site, specialized core labs. This method 
takes the purely anatomic imaging a step further to virtual 
physiologic testing but is still highly dependent on the qual-
ity of anatomic data acquired (Fig. 13.12).

 Plaque Composition Analysis

Current approaches to plaque composition analysis are 
still mainly investigational tools used in research projects; 
however, these techniques hold great promise for future 
CCTA evaluation and subsequent risk stratification [12]. 
Using threshold limits for various plaque components 
allows for the differentiation and volumetric determina-
tion of calcified, dominantly fibrous, and lipid-rich plaque 
components and provides the cardiac imager with quanti-
tative measurements (Fig. 13.13). Analogous to the quan-
tification of total  calcified plaque burden in the context of 
calcium/Agatston scoring described above, these tech-
niques may allow for more comprehensive and robust 

a b c

Fig. 13.12 While a stenotic calcified lesion of the LAD is clearly 
depicted using only cMPR images (a) and invasive catheterization 
(arrow in b), the assessment of its hemodynamic relevance remains 
uncertain. By means of retrospective CT-FFR calculation (c), this limi-

tation can be overcome. A CT-FFR of 0.76 was shown, with almost 
perfect agreement to invasive FFR measurement of 0.75, an indication 
of a flow- restrictive coronary stenosis. (Courtesy of Christian Tesche, 
MD, Medical University of South Carolina, Charleston, SC, USA)
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evaluation of CCTA examinations by providing quantita-
tive results on the total lipid-rich versus fibrous plaque 
burden. Figure 13.13 demonstrates the processing steps of 
VRT, MIP, cMPR, and plaque analysis in a patient with 
calcified and noncalcified plaque components. Other than 
quantitative approaches, qualitative criteria for plaque 
composition and vulnerability have also been described in 
the literature [13].

 Chamber Volumes and Ejection Fraction

The assessment of cardiac chamber dimensions and ejection 
fraction is an important diagnostic tool for managing patients 
with heart disease and making clinical decisions regarding 
device implantation and catheter-based or surgical interven-

tions. Although the temporal resolution of cardiac CTA is 
sub-par relative to MRI or echocardiography, in patients 
where the first-line modalities fail or are contraindicated, 
CTA becomes an important surrogate to assess biventricular 
size and function. Various post-processing software which 
offer semiautomated and automated applications for volu-
metric analysis of cardiac chambers have become widely 
adopted in clinical workflows (Fig.  13.14). Most software 
use a combination of thresholding and contour-detection 
algorithms to delineate the actual complex shape of cardiac 
chambers, offering a tremendous advantage over conven-
tional 2D echocardiography which mainly uses geometrical 
assumptions.

Quantification of ventricular chamber volumes is not only 
useful in assessing global systolic function and ventricular 
dilation but can also be utilized in assessing regurgitant frac-

Fig. 13.13 Entire vessel 
plaque burden measurement 
using user-defined thresholds 
for lumen (blue), lipid-rich 
plaques (yellow), fibrous 
plaques (green), and 
calcifications (white). 
Epicardial fat and severely 
fatty plaques appear red
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tion or pulmonic to systemic flow (Qp/Qs) in patients with 
valve disease or shunts.

As with any other post-processing technique, there are 
certain caveats one should bear in mind before “blindly” 
accepting the automatically generated results. The data are 
only as good as the source images, and the results will be 
influenced by overall image quality, i.e., temporal resolu-
tion, partial coverage of the cardiac cycle, signal-to-noise 
and contrast- to-noise relationships, streak artifacts from 
devices, motion artifacts, misregistrations due to arrhyth-
mia, or patient motion. Moreover, erroneous segmentation 
of the chamber vs. myocardium, inclusion of atria or out-
flow tracts, and the faulty delineation of valve levels can all 
lead to an incorrect estimation of cardiac volumes 
(Fig. 13.15).

 Assessment of the Myocardium, Regional 
Function, and Epicardial Fat

Hypertrophic cardiomyopathy, hypertension, and aortic ste-
nosis are the most common causes of myocardial 
 “overgrowth.” By delineating endo- and epicardial contours, 
the total left ventricular myocardial mass can be determined, 
which can be helpful to assess disease severity and progno-
sis. If the contouring is performed for both end-diastole and 
end-systole, objective and quantitative parameters of regional 
function can be obtained (such as wall thickening, wall 
motion, segmental ejection fraction), which may help in 
identifying vessel territories with impaired blood supply 
(Fig. 13.16). However, in routine clinical practice, the tradi-
tional subjective, visual inspection of regional wall motion 
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Fig. 13.14 Myocardial function analysis. Long- (a) and short-axis (b) 
views of the heart showing the segmentation of the right ventricle (yel-
low line) and left ventricle (red and green lines) for function analysis. 

Subsequently, a table with the different volumetric values is generated 
(c), providing the cardiac imager with quantitative data to assess global 
cardiac function, myocardial mass, and ventricular volumes
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remains the standard method of choice and is performed 
using dedicated cardiac planes in the long and short axis, as 
discussed above.

While contrast-enhanced MRI remains the gold standard 
for myocardial viability assessment, the phenomenon of 
delayed hyperenhancement has also been described as useful 
in delineating subacute infarcts and fibrosis with cardiac CT 

[14, 15]. Extracellular volume fraction (ECVF) calculations 
can also be performed to quantify and assess myocardial 
fibrosis [16]. ECVF is calculated based on attenuation 
 characteristics on unenhanced and contrast-enhanced CT 
images, taking the patient’s hematocrit into account. These 
techniques are discussed in more detail elsewhere in this 
book, but are not currently part of routine clinical evaluation.

a

c d

bFig. 13.15 It is crucial to 
visually assess the 
segmentation provided by 
automated software 
algorithms to avoid erroneous 
functional measurements. 
Automatically segmented 
images are demonstrated in 
systole (a and c) and diastole 
(b and d). In this particular 
case, the initial segmentation 
(a and b) included large parts 
of the left atrium (black 
arrows), and this leads to 
marked underestimation of 
the ejection fraction (38%). 
After manual adjustment of 
the mitral valve level (white 
arrows), the ejection fraction 
was calculated to be 70%, 
within normal range

a bFig. 13.16 Dual-energy CT 
myocardial iodine maps. This 
figure shows a short-axis 
MPR image of the heart (a) 
where the myocardium 
appears normal. Post- 
processing of the dual-energy 
CT dataset allowed the 
generation of an iodine map 
of the myocardium (b) which 
helped detect areas of subtle 
hypoperfusion (arrows)
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Several studies have quantified epicardial fat in both semi-
automated and automated fashions and suggested an added 
value for predicting patient outcome and risk stratification 
[17]. The most sophisticated, cutting-edge post- processing to 
date is using CTA-derived data to depict infiltrating myocar-
dial fat and delayed hyperenhancing infarcts/fibrosis fused 
with electrophysiological mapping data [18]. This method 
holds the promise to potentially guide radiofrequency abla-
tion for ventricular or atrial arrhythmias.

 Dual-Energy CT/Perfusion Imaging

Another rapidly growing field in cardiac CT is the develop-
ment of gated dual-energy cardiac scans, which is further 
detailed in other chapters of this book. One method to gener-
ate these images is to use two different tube currents (e.g., 
80 kV and 140 kV) in two tubes of a dual-source scanner, 
which acquires two accurately co-registered image sets with 
a temporal resolution of a single-source 64-slice CT scanner. 
In many cases, this is sufficient for simultaneous CCTA. The 
mAs setting is usually adjusted so that the noise levels are 
similar in the two image sets. Thus, the trade-off is temporal 
resolution (for instance, 165 ms vs. 83 ms), but the benefit is 
the ability to identify, localize, and quantify the amount of 
iodine present in varying tissues. This value is correlated 
with tissue perfusion, which can be quantified in mg/ml, and 
may be beneficial in cases of suspected perfusion deficits and 
myocardial tissue characterization. Using dedicated filtering 
(D kernels) for reconstruction is essential, and various color 

codes can be used to visualize hypoperfused regions of the 
myocardium (Fig. 13.17).

CT myocardial perfusion during vasodilator stress, based 
on principles similar to MRI-based first-pass perfusion, is 
yet another exciting field emerging and receiving growing 
acceptance from the radiology community. One approach 
provides a “subtraction” dataset, depicting areas of differen-
tial perfusion between rest and stress datasets (Fig. 13.17). 
While other chapters in this book will discuss the various 
ways of acquiring these images, we wanted to include an 
example of a post-processed dataset where myocardial blood 
flow is quantitatively mapped over time with dynamic, also 
known as time-resolved, perfusion CT technique (Fig. 13.18).

 Fusion with Other Modalities

The volumetric data from cardiac CTA is also being used to 
enhance visualization and provide guidance for several 
additional modalities. While a comprehensive overview of 
this topic is beyond the scope of our current chapter, CT has 
been fused with nuclear medicine SPECT or PET myocar-
dial perfusion imaging [19], where the power of anatomic 
detail with CT is paired with the physiologic information 
from SPECT or PET. CT has also been instrumental in the 
developments of electrophysiology, where surface mapping 
fused with CT data helps identify the substrate for ventricu-
lar arrhythmia and 3D visualization of pulmonary venous 
anatomy can aid in radiofrequency ablations for atrial fibril-
lation [20].

a bFig. 13.17 Myocardial stress 
perfusion images can be 
subtracted from the rest 
dataset. The resulting 3D VRT 
(a) and superimposed polar 
map (b) show green areas of 
stress-induced ischemia. 
(Courtesy of FUJIFILM 
Medical Systems USA, Inc.)
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 Outsourcing, Web Clients, and the “Cloud”

Outsourcing of the post-processing steps  – whether to the 
well-trained CT technologist in the department or to 
 dedicated 3D-workstation experts overseas  – has become 
somewhat of a routine in some centers. This approach is 
meant to speed up interpretation by providing the interpret-
ing physician with snapshots of MIPs, 3D VRTs, and cMPRs 
of the heart and allowing them to “flip through” the pictures, 
which clearly has advantages in terms of workflow and 
throughput. Still, we firmly believe that in complex or chal-
lenging cases, the ability to interact with the post-processed 
dataset firsthand is crucial for avoiding errors in interpreta-
tion. The clinician needs to be able to adjust the window/
level settings, rotate the 3D VRT heart, swivel around the 

entire vessel when using cMPR, and adjust the thickness of a 
MIP or a MINIP to fully assess and understand the true 
extent of the pathology. Thus, interpreters of cardiac CT 
need to train themselves and become comfortable with 
applying these techniques to allow for a comprehensive anal-
ysis of CT images of the heart (Fig. 13.19). A great aid for 
this are “web-client”-based systems, allowing simultaneous 
use of a 3D workstation by multiple users from anywhere, at 
any time, provided they have a computer and a reasonable 
internet connection. In addition, ongoing and future research 
is needed to investigate the clinical value and cost- 
effectiveness of various existing visualization and quantifica-
tion techniques. Workflow optimization remains a major 
concern as we strive to adopt these novel approaches into the 
routine clinical workflow of cardiac imaging.
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Fig. 13.18 Quantitative myocardial perfusion analysis. Color-coded 
maps of myocardial blood flow (a) and myocardial blood volume (b) 
illustrating myocardial perfusion. Note the apical area of hypoperfusion 
(blue area). ROIs can be placed to generate arterial input functions 
(AIF) and perfusion curves (c), where each point indicates the attenua-

tion during the dynamic sequential image acquisition. As a result, a 
table of objective calculated values (d), such as myocardial blood flow 
(MBF) and myocardial blood volume (MBV), can be generated for 
quantitative myocardial perfusion analysis

13 Cardiac CT: Contemporary Clinical Image Data Display, Analysis, and Quantification



146

References

 1. Fishman EK, Ney DR, Heath DG, et al. Volume rendering versus 
maximum intensity projection in CT angiography: what works best, 
when, and why. Radiographics. 2006;26:905–22.

 2. van Ooijen PMA, Ho KY, Dorgelo J, Oudkerk M. Coronary artery 
imaging with multidetector CT: visualization issues. Radiographics. 
2003;23:e16.

 3. Geyer LL, Glenn GR, De Cecco CN, et al. CT evaluation of small- 
diameter coronary artery stents: effect of an integrated circuit detec-
tor with iterative reconstruction. Radiology. 2015;276:706–14.

 4. Hecht HS.  Coronary artery calcium scanning. JACC Cardiovasc 
Imaging. 2015;8:579–96.

 5. Busch S, Johnson TRC, Nikolaou K, et  al. Visual and auto-
matic grading of coronary artery stenoses with 64-slice CT 
angiography in reference to invasive angiography. Eur Radiol. 
2007;17:1445–51.

 6. Arbab-Zadeh A, Hoe J. Quantification of coronary arterial stenoses 
by multidetector CT angiography in comparison with conventional 
angiography. JACC Cardiovasc Imaging. 2011;4:191–202.

 7. Boogers MJ, Schuijf JD, Kitslaar PH, et al. Automated quantifica-
tion of stenosis severity on 64-slice CT. JACC Cardiovasc Imaging. 
2010;3:699–709.

 8. Stein PD, Yaekoub AY, Matta F, Sostman HD. 64-slice CT for diag-
nosis of coronary artery disease: a systematic review. Am J Med. 
2008;121:715–25.

 9. Janne d’Othée B, Siebert U, Cury R, et al. A systematic review on 
diagnostic accuracy of CT-based detection of significant coronary 
artery disease. Eur J Radiol. 2008;65:449–61.

 10. Cury RC, Abbara S, Achenbach S, et  al. CAD-RADS™: coro-
nary artery disease – reporting and data system. J Am Coll Radiol. 
2016;13(12 Pt A):1458–1466.e9.

 11. Gaur S, Taylor CA, Jensen JM, et  al. FFR derived from coro-
nary CT angiography in nonculprit lesions of patients with recent 
STEMI. JACC Cardiovasc Imaging. 2016;10:424–33.

a b

c d

Fig. 13.19 Working up a 
case: 3D VRT showed a 
suspicious bifurcation of the 
LAD and the first diagonal 
(a). MIP showed the presence 
of mixed, calcified and 
noncalcified components (b). 
cMPRs of the LAD (c) and 
color-coded plaque analysis 
(d) showed the lipid-rich 
nature of the noncalcified 
portions of the lesion

M. H. Albrecht et al.



147

 12. Gitsioudis G, Schüssler A, Nagy E, et  al. Combined assessment 
of high-sensitivity troponin T and noninvasive coronary plaque 
composition for the prediction of cardiac outcomes. Radiology. 
2015;276:73–81.

 13. Maurovich-Horvat P, Schlett CL, Alkadhi H, et al. The napkin-ring 
sign indicates advanced atherosclerotic lesions in coronary CT 
angiography. JACC Cardiovasc Imaging. 2012;5:1243–52.

 14. Lardo AC.  Contrast-enhanced multidetector computed tomogra-
phy viability imaging after myocardial infarction: characterization 
of myocyte death, microvascular obstruction, and chronic scar. 
Circulation. 2006;113:394–404.

 15. Gerber BL.  Characterization of acute and chronic myocar-
dial infarcts by multidetector computed tomography: compari-
son with contrast-enhanced magnetic resonance. Circulation. 
2006;113:823–33.

 16. Bandula S, White SK, Flett AS, et  al. Measurement of myo-
cardial extracellular volume fraction by using equilibrium 

contrast- enhanced CT: validation against histologic findings. 
Radiology. 2013;269:396–403.

 17. Spearman JV, Meinel FG, Schoepf UJ, et al. Automated quantifica-
tion of epicardial adipose tissue using CT angiography: evaluation 
of a prototype software. Eur Radiol. 2014;24:519–26.

 18. Truong QA, Thai W, Wai B, et  al. Myocardial scar imaging by 
standard single-energy and dual-energy late enhancement CT: 
comparison with pathology and electroanatomic map in an experi-
mental chronic infarct porcine model. J Cardiovasc Comput 
Tomogr. 2015;9:313–20.

 19. Thilo C, Schoepf UJ, Gordon L, et  al. Integrated assessment of 
coronary anatomy and myocardial perfusion using a retractable 
SPECT camera combined with 64-slice CT: initial experience. Eur 
Radiol. 2009;19:845–56.

 20. Cochet H, Dubois R, Sacher F, et al. Cardiac arrhythmias: multi-
modal assessment integrating body surface ECG mapping into car-
diac imaging. Radiology. 2014;271:239–47.

13 Cardiac CT: Contemporary Clinical Image Data Display, Analysis, and Quantification



149© Humana Press 2019
U. J. Schoepf (ed.), CT of the Heart, Contemporary Medical Imaging, https://doi.org/10.1007/978-1-60327-237-7_14

Workflow Optimization

Thomas Allmendinger, Andrew N. Primak, 
and Christian D. Eusemann

Cardiac CT imaging is considered to be complicated due to a 
wide variety of rules, recommendations, and different guide-
lines in combination with a rapid technological development 
in the last 15 years. However, the primary underlying acqui-
sition challenge stems from the fact that cardiac imaging is a 
patient-dependent optimization problem with diagnostic 
image quality being the first and X-ray radiation dose the 
second important degree of freedom which need to be bal-
anced against each other. If there were absolutely no concern 
for radiation dose, cardiac CT acquisition would most likely 
be identical to the approach 15 years back – a retrospective 
ECG-gated spiral scanning without any tube current modula-
tion enabling maximum freedom for image reconstruction 
based on the acquired data. However, as this approach con-
flicts with the ALARA principle, today’s approaches are 
more finely tuned.

This chapter has two parts. The first part focuses on acqui-
sition strategy recommendations applicable to a broad spec-
trum of state-of-the-art CT systems. In the second part, 
specific key elements of the patient preparation, important 
for a successful cardiac workflow, are discussed  – patient 
positioning, ECG, and breath-hold training.

 A Brief Recap of the Available Tools 
for Cardiac CT Data Acquisition

A detailed technical description of the state-of-the-art car-
diac CT technology and the different acquisition modes was 
provided in Chap. 6. Therefore, only a brief summary and 
refresher of the technical nomenclature is provided here.

From a cardiac CT point of view, the oldest most widely 
used scanning technique is retrospective ECG-gated spiral 
scanning also called helical scanning. The scan is character-
ized by a continuous data acquisition in combination with a 
continuous table motion at relatively low table feed (low spi-
ral pitch) with simultaneous recording of the patient’s 
ECG. After the data acquisition, the recorded ECG is utilized 
as guidance to select those data intervals in the CT data set 
that were measured in different heartbeats in the same user- 
selected cardiac phase, subsequently building a consistent 
image volume. Over the years the dose efficiency and com-
fort of this “straight-forward” approach were improved by 
technological features like the tube current modulation dur-
ing the individual cardiac cycles [1, 2], automatic calculation 
of the optimal spiral pitch based on the patient’s heart rate 
[3], and algorithms for optimized reconstruction with mini-
mal cardiac motion [4, 5].

In contrast to the spiral acquisition, the sequence tech-
nique, also called a step-and-shoot acquisition, was devel-
oped from the opposite direction. In its earliest form, an axial 
CT scan without table movement was performed in a single 
prospectively ECG-triggered cardiac phase. The CT system 
acquired scan data covering a sub-volume of the patient’s car-
diac anatomy corresponding roughly to the total z-width of 
the CT detector. The duration of such a sub-volume acquisi-
tion was limited to a quick-scan range to enable the recon-
struction of a single set of images at this position corresponding 
to around three quarters of a rotation. Afterwards the table is 
moved to the next z-position, and the next axial CT scan is 
performed at the same cardiac phase in a later cardiac cycle. 
This way, the heart volume is sequentially covered by multi-
ple axial scans. By design the table feed of such a sequential 
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scan is only determined by geometrical factors of the CT sys-
tem and independent of the patient’s heart, which contributes 
already significantly to the improved dose efficiency of this 
scan acquisition. By further limiting the data acquisition to a 
single cardiac phase as it was done in the early years, the 
sequence technique was considered optimized for “low-dose 
scanning” however at the cost of a limited robustness. 
Technological developments of later years vastly increased 
the flexibility and robustness of sequential techniques by 
introducing features like arrhythmia rejection and recovery 
scanning [6, 7], a flexible definition of the desired cardiac 
phase acquisition window and an automatic adjustment of 
this acquisition based on the cardiac rhythm [8].

A common remaining challenge for both acquisition tech-
niques described above is the proper alignment and registra-
tion of the images acquired and reconstructed in stacks over 
multiple cardiac cycles. A hardware-based system solution 
to this “last” challenge of cardiac imaging, which is cur-
rently available in the form of several high-end CT systems 
from different manufacturers, is provided in two rather fun-
damentally different ways – single-source volume scanning 
with wide-area detector systems [9, 10] and ECG-triggered 
high-pitch scanning with dual-source systems [11].

As of today, cardiac volume scanning is offered by two 
vendors. With a detector collimation of 320  ×  0.5  mm at 
0.28 s rotation time (Toshiba Aquilion One, Toshiba Medical 
Systems Corporation, Tokyo, Japan) and 256  ×  0.625  mm 
detector collimation at 0.28 s rotation time (GE Revolution, 
GE Healthcare, Waukesha, USA), these systems are capable 
of a 16-cm volume coverage in the z-axis direction at the 
isocenter, large enough to scan the entire heart in one beat in 
most of the clinical cases, therefore avoiding stair-step and 
banding artifacts and problems with inconsistent contrast 
enhancement in different sub-volumes. Even if these wide- 
area detector CT systems do not need to answer the basic 
scan mode acquisition technique question, the planning of 
the suitable cardiac phases and the width of the acquisition 
window remain. Therefore, these systems are also discussed 
as a part of the single-source discussion below.

As an alternative, single-heartbeat volume scanning can 
also be achieved with dual-source CT systems by means of a 
spiral acquisition at high pitch values of around 3.2–3.4. 
Depending on the generation of the CT system, this approach 
yields table feeds of 450 mm/s (SOMATOM Definition Flash, 
Siemens Healthineers) or 736  mm/s (SOMATOM Force, 
Siemens Healthineers) enabling the coverage of an entire car-
diac volume in the diastolic rest phase by controlling the 
acquisition in a prospective ECG-triggered fashion. The pro-
spective nature of the scan mode limits the application of the 
scan mode in patients with irregular heart rate, as discussed 
below; however the possibility to cover an extended range 
beyond the heart anatomy in a single acquisition makes it a 
clinical valuable tool for CABG or TAVI scans [12, 13].

 Customizing Cardiac Data Acquisition 
to the Individual Patient

Whether to scan in a retrospective gated spiral mode or a 
prospectively triggered sequence mode is considered the 
basic first decision step for a cardiac CT acquisition. As 
described above, the very steep, near steplike, transition 
from a retrospective spiral without tube current modulation 
to a prospective sequence limited to a single cardiac phase 
should be a thing of the past. Basically all modern CT sys-
tems enhanced the capabilities of their respective sequence 
acquisition modes with an automatic heart rate rhythm- 
dependent acquisition window adjustment, the possibility to 
manually select wide acquisition windows, which allow cov-
erage of end-systole and end-diastole phases, combined with 
mechanisms for handling extra-systolic events (PVCs, SVC). 
The reasons for sticking to retrospective spiral acquisitions 
are a possible lack of some of those features in sequence 
mode on some scanner platforms and an improved shorter 
total scan time for high heart rates due to the commonly 
applied heart rate-dependent automatic pitch adaptation. 
This shortening of the total scan time is important for higher 
heart rates as it counters the effect of increased cardiac 
throughput, which would otherwise trigger a necessary 
increase of the contrast injection time as it is the case in high 
heart rate sequence acquisitions.

Besides the scan mode, the second decision to be made is 
the targeted cardiac phase, typically choosing between end- 
diastole, end-systole, or both and whether the phase target is 
limited to a single time point or if a slightly wider acquisition 
window is configured to enable the possibility to search 
locally for the best image reconstruction time. In addition, 
due to the nature of the contraction and filling of the cardiac 
chambers throughout the cardiac cycle, the question whether 
to make the phase definition in a relative fashion (in units of 
percent relative to the 100% of a cardiac cycle RR interval) 
or in an absolute millisecond-based parameter setting needs 
to be answered. A more detailed discussion on the acquisi-
tion and reconstruction consequences of the phase unit selec-
tion is done further below.

Finally, similar to the desired cardiac acquisition phase 
and unit, the target for the image reconstruction needs to be 
defined as well. However, this decision is secondary to the 
acquisition as one can add multiple reconstructions within 
the available acquired data set or utilize motion-optimized 
image reconstructions [4, 5]. Nevertheless, a manual selec-
tion of the target phase unit is, in most cases, still required, 
which could potentially have significant effects on the final 
image quality.

A “correct” level of tuning and separation into individual 
scan parameter sets or classes cannot be easily specified due 
to the fact that a very detailed description into many indi-
vidual classes based on clinical question, heart rate, cardiac 
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rhythm, patient size, age, sex, and possible other additional 
factors might be desirable from an academic point of view. 
However, such a detailed approach is not feasible in a daily 
routine, if the protocol adjustments are made by manual 
parameter modifications. As a consequence, the approach 
discussed below is, to some extent, a compromise with a lim-
ited amount of individual classes still maintaining a certain 
high level of detail.

Of note, the subgroups described below can be combined 
if further simplification is desired.

The first selection step is indication-driven, based on the 
required diagnostic image quality level. Even if there is a 
very wide range of clinical questions, the two most common 
applications on opposite sides of the image quality spectrum 
are coronary calcium scoring (CaSc) and coronary CT angi-
ography (CCTA). CaSc, applied since the early 1990s and 
originally driving cardiac CT system development with dedi-
cated designs (e.g., EBCT [14]), has nowadays become a 
“screening-like test” focusing primarily on limiting X-ray 
radiation dose. The image quality requirements for accurate 
calculation of a calcium score are rather relaxed even allow-
ing the evaluation in non-ECG-gated scans [15]. In contrast 
to this, the image quality requirements for CCTA were rela-
tively high to begin with, in terms of spatial resolution, visi-
ble contrast, and absence of cardiac motion. These 
requirements tightened in recent years, due to the fact that 
the reporting of additional coronary plaque features, beyond 
a “simple” stenosis quantification, became clinically rele-
vant, driving the image quality needs even further [16].

Besides this obvious clinical choice, a characterization of 
the individual patient’s cardiac heart rate and rhythm needs 
to take place in order to adjust the scan parameters 
appropriately.

The determination of an average heart rate is rather 
straightforward and often provided automatically by the 
attached ECG system. One should however be mindful that 
these values are typically derived during a free-breathing 
patient state, while the CT exam is normally done with the 
patient holding his/her breath. Patient heart rates typically 
drop by an average of 4–6 BPM during a breath-hold and 
often in combination with a reduction of the overall heart 
rate variability. In general, this behavior is beneficial for the 
CT acquisition. One still needs to pay attention in cases of an 
automatic pitch selection with retrospectively gated spiral 
scans, as the heart rate determining the pitch value is mea-
sured during the free-breathing state of the patient and is set 
prior to the scan, with a safety reserve of around 8–10 
BPM. In rare cases, the heart rate of patients can drop below 
these values during breath-hold, requiring a manual pitch 
selection in order to avoid image artifacts from data gaps.

A standardized method of calculation or classification of 
cardiac rhythm, comparable to a mean or median value for 
the heart rate, is not established and agreed on a wide basis 

with a necessary focus on the requirements of cardiac CT 
imaging. The established clinical classifications of cardiac 
arrhythmia are too detailed and therefore not really suitable 
for this kind of application. A simple, robust, and mostly 
descriptive classification scheme which can be applied is the 
utilization of the three different cardiac rhythm groups – reg-
ular, unstable, and arrhythmic. A regular heart rate is classi-
fied as a normal sinus rhythm with minimal variation in 
correlation with the breathing rate of the patient. An unstable 
rhythm is characterized by continuous beat-to-beat variation 
of up to 8–10 BPM or multiple extra beats within a few 
cycles. An arrhythmic cardiac rhythm, as it is used in this 
context, is characterized by the fact that the determination of 
a valid average heart rate is already difficult if looking at 
10–15 cardiac cycles. Typical examples of ECG yielding a 
classification like that would be a bigeminy rhythm or atrial 
fibrillation.

In addition to the clinical and physiological grouping 
detailed above, the CT hardware itself needs to be clustered, 
to some extent, to allow the development of a practical deci-
sion guide. The solution chosen here splits the guidance into 
four different blocks illustrated by Figs. 14.1, 14.2, 14.3, and 
14.4. These blocks are separated according to the clinical 
indication, CCTA (Figs. 14.1 and 14.2) and CaSc (Figs. 14.3 
and 14.4), and one key technical differentiator, the temporal 
resolution for cardiac imaging. Based on this temporal reso-
lution difference, the guidance is also separated into single- 
source (Figs.  14.1 and 14.3) and dual-source technologies 
(Figs. 14.2 and 14.4).

Illustrated in Fig. 14.1 is a CCTA classification scheme 
for single-source CT systems. The classification assumes 
that the prospective sequence has modern features, which 
can handle extra beats properly and allow a separate defini-
tion of the start and end of a cardiac phase. To provide some 
guidance despite the wide range of available rotation times, 
ranging from 0.27 s to 0.35 s [17], and detector collimations, 
ranging from 2 cm to 8 cm, the cutoff values for the classifi-
cation into low, moderate, and high heart rates are made sys-
tem dependent as shown on the left side of Fig. 14.1. As a 
general pattern, one can explain the approach as follows, 
starting in the bottom left with a regular low rhythm, which 
enables the utilization of an end-diastolic single-phase car-
diac sequence acquisition. With increasing heart rate or vari-
ability, the uncertainty of where to image optimally is 
mitigated by increasing the acquisition window, slightly in 
the unstable direction or considerably in the elevated heart 
rate region, as it is undetermined if an end-diastolic or an 
end-systolic image reconstruction provides the more 
 diagnostic images. For high heart rates, the full transition 
into a solely end-systolic acquisition is natural as diastole 
simply becomes too short for imaging. The explanation for 
the strategy of end-systolic imaging, based on an absolute 
millisecond phase definition, can be found in the next section 
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as it is a clinically proven concept established for dual-source 
CT. Even though this concept can be applied to single-source 
systems, it does (as all end-systolic approaches) depend on a 
very good temporal resolution and, therefore, is more suit-
able for dual-source systems.

Handling the heart rate rhythm in dedicated separate 
groups with specific measures, switching between percent-
age diastolic or millisecond systolic acquisitions, is to a 
large extent attributed to the previously described stack 
alignment and the registration challenge of systems acquir-
ing only a part of the heart anatomy in single detector z-cov-
erage. With wide-area detector systems, the dedicated 
handling of the cardiac rhythm can be neglected to some 
extent and the scan parametrization can be solely based on 
the regular heart rate in combination with the average heart 
rate determined by the ECG.

Figure 14.2 illustrates the CCTA selection scheme for 
dual-source systems. The grouping into the three different 
heart rate levels (low, moderate, and high) is also system 
dependent reflecting the technical advancement between the 

second and third dual-source generations. The most notice-
able difference compared to the single-source approach is 
the lack of an undetermined region, which would require 
both end-systolic and end-diastolic combined acquisitions, 
but a rather sharp transition from a diastolic to a systolic 
approach at a certain heart rate. The change of the cardiac 
phase unit toward absolute milliseconds is an effective mea-
sure to limit the radiation dose despite an increasing irregular 
heart rate. The reason for this behavior is simply the fact that 
all percent-based definitions are relative with respect to the 
best guess time point into the future where the R-peak clos-
ing the current cardiac cycle should appear. If the quality or 
precision of this estimate deteriorates due to an irregular 
rhythm, nearly all modern CT systems react with an auto-
matic widening of the acquisition window, which can lead to 
a greatly increased radiation dose. If the cardiac target phase 
is configured by an absolute millisecond approach, aiming at 
the end-systole, no prospective estimate is required, and the 
necessary X-ray control time points are derived in a stop-
watch-like manner, without any effect on the width of the 

Coronary CTA – Single Source Systems

Regular (±3-4 BPM)

End-Systolic Scan
Phase:   30-40% RR
Mode:    Spiral (BiSegment)
Recon:   % Syst.

End-Systolic Scan
Phase:   200ms-400ms RR
Mode:    Spiral (BiSegment)
Recon:   ms Syst.

End-Diastolic Scan
Phase:   70% RR
Mode:    Sequence
Recon:  % Diast.e

End-Diastolic, wider window
Phase:   60-80% RR
Mode:    Sequence
Recon:   % Diast.

Unspecific RR Target
Systolic + Diastolic Scan
Phase:  30-80% RR
Mode:   Spiral
Recon:  % Diast.

Questionable !
End-Systolic Scan
Phase:  200ms-400ms RR
Mode:   Spiral
Recon:  ms Syst.

Not recommended,
If necessary end-systolic
millisecond strategy.

Unstable (±10 BPM) Arrhythmic (> ±10 BPM)

L
o
w

S
ys

te
m

 1
<

 6
5 

B
P

M
<

 7
5 

B
P

M
>

 7
5 

B
P

M

>
 8

0 
B

P
M

<
 8

0 
B

P
M

<
 7

0 
B

P
M

S
ys

te
m

 2

M
o
d
er
at
e

H
ig
h

Unspecific RR Target
Systolic + Diastolic Scan
Phase:   30-80% RR
Mode:    Spiral
Recon:   % Diast.

Unspecific RR Target
Systolic + Diastolic Scan
Phase:   30-80% RR
Mode:    Spiral
Recon:   % Diast. + ms Syst. 

System 1 : Single Source, 64×0.6mm, rot. time ≥ 0.33s, e.g. Siemens Definition AS64

System 2 : Single Source, 128×0.6mm, rot. time ≤ 0.3s, e.g. Siemens Definition Edge

Fig. 14.1 Practical decision guide – coronary CT angiography using a 
single-source imaging system. The cutoff values for the different heart 
rate ranges depend on the capabilities of the CT scanner system, illus-

trated for a mid-range and high-end single-source scanner system with 
different temporal resolution and detector coverage

T. Allmendinger et al.



153

acquisition window. A detailed description of this approach 
including its clinical results in terms of dose and image qual-
ity can be found here [18–20].

The approaches for CaSc illustrated in Figs. 14.3 and 14.4 
can be summarized as single-phase limited acquisitions 
focusing primarily on radiation dose in combination with a 
simplified grouping and classification scheme for easy 
application.

 Future: Fully Automated Cardiac  
CT Systems?

In the advent of self-driving cars and deep learning tech-
nologies which are rapidly evolving, one can raise the ques-
tion if such a manual set of recommendations as presented 
above are still state of the art and will be relevant in a few 
years. So far, initial steps have been undertaken by different 
manufacturers to support the user in their decision and 
selection process. Examples are the FlashCheck [21] for 

high-pitch scanning, the FAST Phase feature on Siemens 
systems with syngo CT VB10 [22] or the Auto Gating fea-
ture on GE Revolution CT [23].

However, a truly intelligent system would need to include 
way more patient- and indication-specific input factors in 
order to reach a dedicated tailored scan and reconstruction 
solution, which would lead to a dramatic increase in the level 
of details in the decision tree. While such a system can easily 
handle a finely tuned classification scheme from a technical 
point of view, the user operating the system still needs to be 
empowered to understand the underlying reasoning of the sys-
tem (i.e., “why will this patient be scanned and reconstructed 
in this specific way?”) beyond the actual displaying of all scan 
and reconstruction parameters (“what will be done?”), as he/
she still bears the full responsibility for the CT scan and there-
fore for patient image quality and radiation dose. This “trust in 
automation” challenge is well known [24, 25], and a satisfying 
answer needs to be provided in the context of CT systems by 
the manufacturers to enable the widespread acceptance of par-
tially or fully automated CT scanners.

Coronary CTA – Dual Source Systems
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System 1 : Dual Source, 128×0.6mm, rot. time 0.28s, e.g. Siemens Definition Flash

System 2 : Dual Source, 196×0.6mm, rot. time 0.25s, e.g. Siemens Force
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End-Systolic Scan
Phase:   30-40% RR
Mode:    Spiral
Recon:   % Syst.

End-Diastolic
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End-Diastolic Scan
Phase:   n.a.
Mode:    High-Pitch
Recon:   n.a.

End-Diastolic
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End-Diastolic
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End-Systolic Scan
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Mode:    Spiral
Recon:   ms Syst.

End-Systolic Scan
Phase:   200ms-400ms RR
Mode:    Sequence
Recon:   ms Syst.

Fig. 14.2 Practical decision guide – coronary CT angiography using a 
dual-source imaging system. The cutoff values for the different heart 
rate ranges depend on the capabilities of the dual-source scanner gen-

eration. This is especially important for the definition of the “low heart 
rate” category, where second- and third-generation systems differ in 
their upper limits for dual-source high-pitch scanning
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 Patient Positioning, ECG, and Breath-Hold 
Training

Preparing the patient prior to the CT scan includes multiple 
steps, typically performed by the technologist staff, prior to 
the actual scan, ranging from communicating to the patient 
about the upcoming exam, checking laboratory values up to 
the management of contrast media administration. From this 
wide range of responsibilities, three are discussed in greater 
detail here as they are an integral part of a successful cardiac 
CT examination – patient positioning, ECG acquisition, and 
breath-hold training.

 Patient Positioning

When positioning the patient on the CT table, one question 
arising in cardiac exams is whether to put the heart itself, as 
anatomic organ of interest, into the isocenter of the CT 

 system or if the entire chest should be placed in the system 
 isocenter. Depending on the individual patient anatomy, the 
two approaches can yield different table height settings, 
between 5 cm and 10 cm, and can significantly influence the 
results of the exam. Unfortunately, a decisive answer to this 
question is difficult as both approaches have their merits and 
limitations. A suitable approach needs to be picked individu-
ally based on the available CT hardware, requested clinical 
procedure, and body habitus.

Some CT systems, e.g., GE VCT scanners [26], enable 
the manual selection of a dedicated cardiac bowtie filter, 
which limits the X-ray radiation to a smaller scan field of 
view (SFOV). This selection needs to be done prior to the 
scan and therefore, if selected, mandates the positioning of 
the heart into the isocenter of the system as it leads to a limi-
tation of the reconstruction field of view to values ranging 
from 32 cm to 40 cm. On the other hand, the benefit of such 
an aggressive bowtie filter approach is a possible lowering of 
the radiation dose of up to 40% [26]. The routine use of small 

Calcium Scoring – Single Source Systems
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End-Systolic Scan
Phase:   250ms RR
Mode:    Sequence
Recon:   ms Syst.

End-Diastolic Scan
Phase:   70%
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Recon:   70%

System 1 : Single Source, 64×0.6mm, rot. time ≥ 0.33s, e.g. Siemens Definition AS64

System 2 : Single Source, 128×0.6mm, rot. time ≤ 0.3s, e.g. Siemens Definition Edge

Fig. 14.3 Practical decision guide – coronary calcium scoring using a 
single-source imaging system. The primary focus of calcium scoring 
exams is the minimization of X-ray dose therefore accepting a some-

what reduced overall image quality. This approach is reflected by a 
guide, which is drastically simplified compared to the CTA approach 
limiting it to a single decision point
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bowtie filters and small FOV will both reduce radiation dose 
and limit incidental findings related to non-cardiac disease 
(primarily non-cancerous lung nodules). Whether these inci-
dental findings improve outcomes is still debated in the sci-
entific literature [27–29].

Other CT systems, e.g., Siemens scanners, do utilize car-
diac bowtie filters focusing the radiation dose more strongly 
to the isocenter of the scanner yet still enable the reconstruc-
tion images in the full field of view (on most scanner systems 
50 cm) at the price of slightly elevated image noise in the 
periphery. The achievable dose reduction comparing to a 
standard body bowtie setting with the corresponding cardiac 
settings is approximately 20–30% in this approach [3, 30]. 
This freedom naturally leads to the recommendation to posi-
tion the chest into the isocenter as it enables the reconstruc-
tion of the heart and lung anatomy in separate reconstruction 
jobs in its entirety. An important benefit of this approach can 
be derived from the fact that, on some systems, the automatic 
exposure control (AEC) of a scanner is due to user prefer-

ence relying on a single AP topogram (or scout) for the esti-
mation of the necessary scan exposure settings. If in this case 
the positioning of the patient is chosen systematically off- 
center, the image aberration introduced in the topogram 
image due to the fan beam nature of the CT system could 
yield an unwanted bias in the AEC estimation. In case of a 
personal preference for the heart isocenter placement 
approach, it is recommended to add a second lateral topo-
gram to the exam, which provides the full attenuation infor-
mation to the AEC system, therefore removing all possible 
bias [31].

Another quite interesting, more specialized technique is 
the less known so-called breast displacement technique for 
female patients. The idea is simply to push the breasts up so 
they are covering a smaller portion of the scan range. A recent 
publication describes this approach in a cardiac CT practice, 
which is accomplished by using the Velcro patient positioning 
strap attached to the scanner table. This “reshaping” of the 
patient anatomy prior to the acquisition of the topogram (or 

Calcium Scoring – Dual Source Systems
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Fig. 14.4 Practical decision guide – coronary calcium scoring using a 
dual-source imaging system. The guide is drastically simplified reflect-
ing the lowered image quality expectations for this kind of exam while 

at the same time optimizing the acquisition in the direction of an overall 
low X-ray dose
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scout) images supports overall dose reduction by keeping the 
more radiation-sensitive breast tissue partially outside of the 
cardiac scan range in combination with the reduced patient 
chest attenuation, which leads to an improved image quality 
or alternatively a lowered exposure [32].

 ECG

The acquisition of quality ECG data is critical to provide a 
reliable and resilient signal for controlling the X-ray exposure 
during a cardiac CT examination. This statement is valid for 
all acquisition strategies, a retrospective spiral with ECG puls-
ing, which modulates the tube current, based on the phase in 
the cardiac cycle and all prospectively triggered acquisitions, 
which determine the X-ray on and off time points from the 
ECG information. Poor ECG quality can result in the CT sys-
tem’s inability to recognize the R-wave, thus affecting X-ray 
exposure with a high likelihood of increasing the patient dose 
substantially combined with a potentially detrimental effect on 
the final image quality of the exam. This section only provides 
a brief summary of essential elements; more detailed guidance 
can be found in these white papers [33, 34].

Citing a relatively old article from 1984, in Critical Care 
Nursing, this statement discussing ECG artifacts still holds 
true despite advancements in ECG devices: “Improvement in 
electrode preparation techniques and a better understanding 
of the sources of artifact can enhance equipment performance, 
resulting in improved patient assessment, more effective uti-
lization of nursing time, and reduced operating costs” [35]. 
Improving ECG quality is an important factor built on the 
following key elements: correct placement, good skin prepa-
ration, use of quality electrodes, proper electrode application, 
good electrode-to-patient contact, and proper lead selection.

When positioning ECG electrodes, it is important to avoid 
bony protuberances and scar tissue and keep enough distance 
between the individual electrodes. Bones and scar tissue can 
interfere with the electrical impulse transmission. Larger dis-
tances between the electrodes typically provide signals with 
larger amplitude. One should avoid, if possible, positioning 
electrodes in the scan field, i.e., near or at the level of the 
heart, because ECG trace artifacts may be generated when 
electrodes are hit by the X-ray beam.

The skin is a poor conductor of electricity, and artifacts 
from the outer layer of the skin (epidermis) are more trouble-
some than other types of artifacts because it is difficult to 
filter electronically, and its amplitude is often larger than the 
ECG signal [36]. Unfortunately, clinical studies have shown 
that the electrode-skin interface is frequently overlooked as a 
major source of artifacts affecting many electrophysiological 
recordings [37]. Although skin preparation can add a little 
time, the extra effort may reduce the time spent dealing with 
a poor CT examination. To prepare the skin for electrode 
placement, dry, dead epidermal layers of the skin must be 

removed, along with any natural oils and dirt that impede 
electrical flow and thus create a resistance to signal quality. 
Prepare the skin by cleaning the area for application of elec-
trodes. This can be done with soap and water. Alcohol may 
only be used on particularly oily skin as alcohol dries out the 
skin while removing the oil. Wipe the skin area multiple 
times with gentle pressure and an abrasive skin prep pad 
(e.g., 3M 2236 One Step Skin Prep).

The use of suitable quality electrodes is an important part 
of the overall monitoring process. When selecting electrodes 
the following simple guidelines apply:

 1. All electrodes selected should be of the same brand and 
type to help minimize noise.

 2. Adhere to all instructions for use found on the electrode 
packaging (e.g., ‘Use by’ date).

 3. Electrodes that are packaged together in large quantities 
should be used shortly after the packaging is open or the 
packaging should be tightly resealed since extended 
exposure to air will dry out electrodes prematurely and 
reduce their adhesive and conductive properties.

 4. Using wet gel electrodes (e.g., 2700 Cleartrace 2) is ben-
eficial for the needs of a short-term ECG in combination 
with a CT exam.

Recent technological developments support the efforts of 
the clinicians at this critical patient-machine interface in the 
form of an automated ECG electrode impedance measure-
ment combined with reporting the result in real-time on the 
gantry display of the CT system (ECG Monitor, Siemens 
Drive, Siemens Force). The example of Fig. 14.5 illustrates 
such a support mechanism yielding, in case of a poor critical 
left arm electrode connection, a very high electrical imped-
ance and a red warning triangle (Fig. 14.5a), and an accept-
able, but not very good, “yellow” warning (Fig. 14.5b). In 
case of good electrode connections, the patient view is 
replaced by a display of the current heart rate, the overall 
ECG signal strength, and the selected ECG lead channel 
(Fig. 14.5c).

 Breath-Hold: Training Prior to the Scan 
and Image Analysis After the Scan

It is well known that the suspension of the respiration during 
scan acquisition is of great importance for a successful and 
high-quality CT of the upper chest area such as a cardiac CT 
exam. On the other hand, one could get the impression that this 
topic is treated as the “annoying poor cousin” of cardiac 
CT. For example, an otherwise very good book on technologist 
training devotes only few lines of text to this crucial topic [38].

The first part of the section provides a comprehensive sum-
mary of respiratory instructions based on this excellent detailed 
publication [39]. In the second part, illustrations of breathing 
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artifacts in cardiac exams are shown. They provide some image 
analysis strategies answering the question: “How to distinguish 
breathing artifacts from cardiac motion artifacts?”

 Breath-Hold Training

All explanations to the patient should be as simple and figu-
rative as possible. A cardiac CT exam might be a simple rou-
tine task for a radiologist or technologist; however, it can be 
an unusual and potentially alienating experience for most 
patients. Using brief, simple, and figurative sentences 
explaining the procedure and what is expected from the 
patient serves as framework for the following steps.

The breathing instructions should be performed in the 
same body position as the CT exam that is typically supine 
and with the arms extended behind the head. Ideally, training 
should be performed with the patient positioned on the CT 
table simulating the experience of the later CT scan. The 
technologist or radiologist should proactively demonstrate 
the breathing maneuver as many patients are not properly 
instructed or have never seen a demonstration on how maneu-
vers are supposed to be performed. One should carefully 
check if the training is successful and the patient adheres to 
the instructions by closely monitoring motion of the chest 
during the breath-hold or if there is a considerable delay 
between the breath-hold command and the actual breath- 
hold state of the patient.

Almost all CT systems provide digitally recorded voice 
commands, a convenient solution with a consistent level of 

repeatability. However, it needs to be checked initially if the 
available built-in breath-hold commands are suitable for the 
specific needs of a cardiac exam as they tend to be quite short 
in order to minimize effects on the inter-scan delay of auto-
matically coupled scan ranges. A possible solution, which is 
offered by most modern CT systems, is the possibility to 
record and save an individual breath-hold command of the 
technologist during the setup of the scan protocol, which can 
be applied if the need for such a dedicated command arises.

Finally, there are often additional CT scans occurring prior 
to the more critical contrast-enhanced cardiac exam (e.g., 
topogram, a test bolus series scan, CaSc scan). Briefly review-
ing these images for the presence of breathing motion arti-
facts can prevent a failed exam by reinstructing the patient.

 Breathing Artifacts in Cardiac Images

In Fig. 14.6 one can see examples of curved planar reformat 
(CPR) images of the main coronaries with clear indications 
of stack registration and misalignment artifact of the under-
lying prospectively triggered cardiac sequence. In case of 
this kind of artifact, a question arises, whether these align-
ment issues are due to cardiac motion, which could poten-
tially be fixed by alternative reconstructions at different 
cardiac phase points, or if the misalignment is due to an 
incomplete breath-hold of the patient.

Figure 14.7 shows coronal and sagittal reconstructions of 
the lung. The original thin-slice axial reconstructions were 
chosen with an option that limits each individual image 

a

c

bFig. 14.5 Example of a poor 
and acceptable ECG electrode 
connection indicated on the 
gantry display either by (a) 
red (“bad impedance”) or (b) 
yellow (“weak impedance”) 
warning signs. A proper 
high-quality electrode 
connection is indicated by (c) 
displaying average heart rate, 
overall ECG signal strength, 
and ECG lead channel
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source data to a single cardiac cycle without allowing any 
data stack overlap (TrueStack, Siemens Healthineers). The 
location of the coronal and sagittal image planes were set at 
a deliberate distance of a few centimeters away from the 
heart minimizing the influence of residual cardiac motion on 
these images. The misalignment of the individual stacks is 
clearly visible in these image views, indicating breathing 
motion as the root cause of the image artifacts. In addition, as 
a characteristic sign of breathing through the diaphragm, one 
can see that the misalignment is limited to the lung vessels 
including the flat liver dome and no signs of misalignment or 
steps are present in the ribs or thorax surface of the patient. 
Due to the good alignment of the outer thorax and ribs, this 
kind of diaphragm breathing-induced artifact is often wrong-
fully attributed to cardiac motion.

A viable alternative for the identification of these kinds of 
artifacts to the MPR reconstructions of Fig. 14.8 are thick- 

slice MIP images with a slice thickness of 40–50 mm illus-
trated in Fig.  14.8. Breathing motion artifacts through the 
diaphragm can also be easily demonstrated if visualized 
using thick-slice MIP images. Two additional cases of insuf-
ficient breath-hold and subsequent breathing artifacts are 
illustrated in Fig. 14.9, both visualized as thick 40-mm MIP 
images in the coronal view making the root cause of the 
problem easily identifiable.

 Conclusion

In this chapter key workflow elements that are crucial for a suc-
cessful cardiac CT examination were described. Ignoring any of 
them can easily result in a suboptimal or non- diagnostic exam. 
Since the described workflow is quite complex, a dedicated car-
diac CT training of the technologists is highly desirable. Keeping 

Fig. 14.6 Examples of curved planar reformat (CPR) images of the RCA (left), LCA (middle), and CX (right) coronaries. The reconstructions 
were derived from a prospectively triggered cardiac sequence and stack misalignment artifacts are clearly visible

Fig. 14.7 Coronal (left) and sagittal (right) MPR images of the 
lung. The misalignment of the different stacks is clearly visible in 
the lung vessels with a considerable gap between the structures 
shown in these images and any fast-moving cardiac structures. A 

characteristic signature of breathing through the diaphragm can be 
seen as the misalignment is limited to the lung vessels in combina-
tion with the flat liver dome and no misalignment is visible for the 
thorax surface or ribs
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in mind that cardiac CT technology is quickly evolving, such 
training should occur on a regular basis. Clinical practices with 
well-trained dedicated cardiac CT technologists perform excep-
tionally well. For example, a recent publication from one of 
such practices reports only one non-diagnostic CCTA in 1022 
consecutive examinations [40]. This example clearly proves that 
cardiac CT can (and should) be successfully performed when all 
the key workflow instructions are followed. This chapter at hand 
only focused on two major aspects of the cardiac CT workflow: 
patient preparation and selection of the most appropriate acqui-
sition mode. Other important aspects such as use of beta-block-
ers, contrast injection, dealing with difficult-to- image patients 
(e.g., morbidly obese or with poor renal function), and cardiac 
CT post-processing were deliberately omitted here because they 
are described in other chapters of this book.
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Defining the Role and Benefits of a 3D 
Laboratory for Cardiovascular CT

Laura J. Pierce, Daniel T. Boll, and Geoffrey D. Rubin

In addition to understanding methods for successfully 
acquiring and interpreting computed tomographic angio-
gram (CTA) images of the heart and cardiovascular struc-
tures, cardiovascular (CV) radiologists and cardiologists 
must also be facile with the creation and evaluation of 
post-processed three- and four-dimensional images and 
analyses of these structures. Particularly for assessing car-
diovascular structure and function across modalities and 
over time for longitudinal comparisons, CT post-process-
ing is essential (Fig. 15.1). The primary interpreter of the 
CTA should be capable of exploring the CT data using 
three- and four-dimensional analysis tools and performing 
a full spectrum of assessments including the creation of 
volume renderings, curved planar reformations (CPR), 
maximum intensity projections (MIP), and the measure-
ment of the cardiac and vascular dimensions, quantitation 
of coronary calcium, and assessing myocardial function 
through qualitative review of regional wall motion and 
quantitation of ventricular ejection fraction [1]. This work 
is most often accomplished separately from the CT scan-
ner, using independent 3D workstations or client applica-
tions to remotely interact with server-based analytical 
tools over a network. While physicians bear primary 
responsibility for fully interpreting the CT data, there are 
compelling reasons for physicians to partner with technol-
ogists within a formal “3D laboratory” to facilitate the cre-
ation, communication, and curation of post- processed 
images and measurements and, in collaboration with radi-
ologists and referring clinicians, facilitate structured 
reporting. This chapter focuses on the rationale for estab-
lishing a 3D laboratory for managing CV CTA workflows 

and on some of the operational aspects to consider to 
assure consistently high-quality output and service.

 Developing a 3D/CV Service to Meet Needs 
of the Medical Community

When performing 3D analyses of CT data, there are many 
priorities that imaging practices and hospitals may have. 
These include the creation of consistently high-quality visu-
alizations and measurements, operations and results that 
comply with regulations for payment and communication of 
the results, efficient operations to off-load tasks from physi-
cians, freeing them to engage in higher value activities, 
enhanced and intuitive communication with patients and 
referring providers, marketing of clinical programs, facilita-
tion of clinical research protocols, and education and train-
ing of medical staff (Fig. 15.2).

 Assessing Community Needs and Priorities

Cardiovascular 3D image post-processing can be very time- 
consuming for physicians, especially when the CTA dataset 
contains several thousand images from multiple time points 
throughout the cardiac cycle. If the local medical community 
has a large population with cardiovascular imaging needs, it 
may be prudent and more efficient for physicians to central-
ize the CV image post-processing in a 3D Laboratory, staffed 
by 3D radiologic technologists who have received advanced 
training in cardiovascular image post-processing and super-
vised by radiologists to grow and evolve offerings according 
to the needs of referring clinicians and their patients.

Because the source datasets are very large and present the 
anatomy from perspectives that may not be intuitive to refer-
rers and their patients, cardiologists, cardiovascular sur-
geons, and other medical specialists rely on 3D images to 
understand a patient’s anatomy and pathologies, to plan 
interventions, and to communicate these details to their 
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Fig. 15.1 Schematic emphasizing the multidimensionality of imaging 
data. High-resolution isometric-voxel acquisitions (left pictogram) are 
acquired either days, weeks, or years apart as follow-up examinations 

(pictogram second from left) or only milliseconds apart (middle picto-
gram) and then compared in an intermodal approach (right pictogram)
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Fig. 15.2 Flowchart highlighting the complex workflows of a post- 
processing laboratory. Following the source data acquisition (lower 
left-hand corner), various forms of post-processing and creation of 

structured reporting are performed on different types of post-processing 
solutions. Every workflow step is logged and thereby lends itself to 
continuous workflow optimization procedures
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patients. When interpreting CTA scans, radiologists and car-
diologists are principally focused upon the interpretation and 
its narrative report and less on the creation of images for the 
referrers. Even when considering the needs of referring pro-
viders, physicians interpreting the scans rarely take an orga-
nized approach to image creation, preferring to capture a few 
views analogous to “spot views” captured during other real- 
time imaging explorations such as with gastrointestinal fluo-
roscopy or sonography. While a couple of well-positioned 
and annotated images can be valuable for referring physi-
cians and their patients, most prefer a standard set of views 
similar to those that are routinely acquired by sonographers 
and radiologic technologists following upper or lower gas-
trointestinal tract contrast studies. The task of creating reli-
ably formatted and labeled standard views is an excellent 
task for a 3D technologist. Labeled standard views of previ-
ous imaging can be easily incorporated to document longitu-
dinal assessments of cardiovascular atherosclerosis and 
cardiac function, for example.

Establishing these standard views is best done in partner-
ship with the physicians who need to use them to manage 
their patients. Understanding and assessing referring physi-
cians’ needs and expectations for CV imaging is an impor-
tant first step in the development of a 3D laboratory service. 
The optimal approach for extracting this information is to 
identify and interview key referring cardiovascular physi-
cians in the local community. Significant insights may be 
extracted from these interviews, which will assist a radiology 
group in establishing a service that reflects the voice of its 
customers [2] (Fig. 15.3). Some physicians may be princi-
pally focused on standard image creation, while other may 
need detailed measurements recorded on standardized forms. 
Structured reporting facilitates reports that are targeted to the 

specific needs of referring clinicians and their patients. Some 
referring physicians may express an interest in manipulating 
and constructing the post-processed images themselves, thus 
requiring remote access to the 3D server software in the clin-
ical or surgical environment. Remote access would require 
additional technical and training support that may be pro-
vided by the 3D laboratory staff. Workflow prioritization, 
reporting of quantitative analysis, and coordination of image 
review between cardiothoracic surgery and radiology ser-
vices are also services that may be facilitated by a 3D 
laboratory.

In a large medical center where many surgical specialists 
may practice, protocol standardization is imperative for effi-
cient workflows and reliable results. The development of five 
different 3D coronary CTA protocols for a group of five dif-
ferent cardiothoracic surgeons is a recipe for errors and 
unhappy referrers, particularly when cross-covering one 
another. A physician champion in the role of 3D laboratory 
director may need to intervene with the group of referrers to 
help them organize themselves and create a single consensus- 
driven solution. Regardless of the nuances and  idiosyncrasies 
encountered, a fundamental approach to a successful system-
wide 3D lab resource is outreach to referrers and regular 
engagement to maximize the value of the lab’s output and 
enhance dependencies between the referrers and the lab.

 Quality, Efficiency, and Compliance

According to the American College of Radiology [3] 
practice parameters for cardiac CT, 3D post-processing 
should be performed by a physician, a registered radio-
logic  technologist, or other experienced personnel who 

Fig. 15.3 Example of an affinity chart analysis performed to learn wants and needs from referring clinicians. Which type of post-processing and 
reporting is desired as part of a “voice of the customer” service improvement initiative
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have  sufficient knowledge of cardiovascular anatomy and 
pathophysiology [3]. Because 3D post-processing for 
large cardiac CT datasets can be very time-consuming, it 
may be cost-efficient to off-load most of the 3D tasks to a 
trained 3D technologist, rather than an MD. Assigning the 
bulk of the creation and quantitation of 3D images to a 
technologist allows the radiologist or cardiologist to focus 
upon interpretation and reporting of the examination. 
Because 3D technologists devote all their time to post-
processing and quantitative data analysis, they can become 
very efficient at these tasks. 3D lab staffing models ideally 
should be flexible and responsive to variations in demand 
to assure that turnaround time goals are met. In the event 
of after-hours emergencies, 3D technologists may be 
given access to the 3D processing server to process urgent 
CTA studies remotely.

Quantitative analyses of cardiovascular structures and 
pathology are important measures of disease progress. Key 
management decisions may be based on subtle changes in 
vascular dimensions. However, 3D cardiovascular structure 
measurement results vary with operator experience, intra- 
and interobserver inconsistencies, CT acquisition, and dif-
ferences among 3D software tools and algorithms [4].

3D technologists can provide baseline presurgical and 
follow-up postsurgical aortic diameters, areas, volumes, 
angles, and lengths, as well as coronary artery stenosis and 
cardiac chamber function measurements (Fig. 15.4). A qual-
ified 3D Laboratory will provide oversight and established 
consistency in cardiac and aortic measurements, perma-
nently store measurement images on a radiology imaging 
archive, and record quantitative findings into the electronic 
CTA examination report for review and signature by the 
interpreting radiologist or cardiologist. Preoperative mea-
surements may be useful for screening for patient candidacy 
for aortic stent graft or aortic valve replacement, as well as 
for stent/valve sizing selection. When follow-up exams 
come through, 3D technologists can recall the prior mea-
surements and assure that measurements are made in the 
same location and with the same techniques, providing 
greater reliability of serial measurements when compared to 
standard clinical reading. Graphical displays of variations in 
key measurements over time can be useful adjuncts to the 
standard images and measurement tables (Fig.  15.5). To 
reduce the potential for transposition errors in transcription, 
quantitative data may be exported directly from the 3D 
interface into the CTA text report or stored in a permanent 
database where it may be accessed for comparison with 
postoperative or follow-up CTA studies. The measurements 
may also be programmed to be automatically exported from 
the database into the CTA report for confirmation and final 
signature by the attending radiologist or cardiologist. When 
quantitative results are outside normal value, they may be 
flagged automatically for review.

Beyond the creation and curation of 3D images and mea-
surements, a 3D laboratory can act as a central point of com-
munication with the medical center to address any 3D 
post-processing requests or questions. A consistent point of 
contact built into the imaging workflow facilitates follow-
through and accountability to assure that the required pro-
cessing is completed and that exams do not slip through the 
cracks.

 Compliance

Beyond assuring that images are created consistently, the 3D 
lab can assure that necessary requirements are met to comply 
with requirements for billing. When scheduling a CTA study 
of the heart in the United States, the correct Current 
Procedural Terminology (CPT) code must be assigned to 
ensure that the correct bill is released to the payer. Radiology 
CPT codes are maintained by the American Medical 
Association (AMA) and uniformly describe diagnostic ser-
vices. CPT codes for cardiac CT range from 75571 to 75574, 
varying in complexity from a non-contrast CT of the coro-
nary arteries to a postoperative pre-/post-intravenous con-
trast CTA of the heart that includes arterial and/or venous 
structures. Reimbursement is not only dependent on valid 
medical indication but also correct documentation of the pro-
cedure performed. All cardiac CT CPT codes include some 
type of 3D post-processing. Because the 3D service is bun-
dled with the CTA charges, there is not a separate charge for 
3D imaging. To compliantly bill for the cardiac CT examina-
tion, 3D imaging must be performed, and the 3D results must 
be included in the final report. The American College of 
Radiology [3] also recommends that the post-processed 
images be labeled with patient and facility identification, 
examination date, and anatomic location depicted. The 3D 
images must be saved and archived with the CTA sectional 
images [3].

The 3D lab is excellently positioned to serve as a single 
point of contact to confirm billing compliance by reviewing 
exam charges, proofreading reports for proper technique ver-
biage, and validating that the 3D images are labeled correctly 
and stored in the proper CT examination folder for viewing 
in the enterprise PACS.  The Centers for Medicare and 
Medicaid Services (CMS) state that if a technologist per-
forms the CTA 3D examination, the procedure must be per-
formed under the direct supervision of a physician (level 2). 
Direct supervision means the physician must be present on 
premises and immediately available to furnish assistance and 
direction throughout the performance of the procedure. The 
physician need not be present in the room when a 3D proce-
dure is performed [5]. For audit purposes, a 3D laboratory 
administrator can confirm documentation of physician super-
vision for 3D examinations.
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Fig. 15.4 Longitudinal report describing the evolution of a treated aor-
tic aneurysm over time following endovascular treatment as a function 
of cross-sectional diameter (upper row of thumbnail images and corre-
sponding graphical chart), aneurysms’ craniocaudal extension (middle 

row of thumbnail images and corresponding graphical chart) and con-
figuration of the implanted endograft over time with a volumetric 
assessment of aneurysm size (lower role of thumbnail images and cor-
responding graphical chart)
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Fig. 15.5 Tabulated measurements (a) and corresponding measurement locations (b) as desired by referring clinicians for planning prior to TAVR 
procedure

Category

Orthogonal Diameter in
mm(wall to wall,
including calcium)

Orthogonal Diameter in
mm(flowlumen, within
calcium)

Angle in degrees

Length in mm

Circumference in mm

Ejection Fraction in
Percentage

Measurement Name Major

Left ventricular outflow tract

Major Aortic Annulus diameter (systole)

Perpendicular Minor Aortic annulus diameter (systole)

Aortic annulus in diastole

Sinus of Valsalva diameter, right coronary

Sinus of Valsalva diameter, left coronary

Sinus of Valsalva diameter, non-coronary

Sinotubular junction

Aorta 4 cm distal to annulus

Descending thoracic aorta distal to the LSA

Descending thoracic aorta at the level of diaphragm

Rightsubclavian artery minimum lumen diameter (MLD)

Rightsubclavian artery diameter perpendicular to MLD

Left subclavian artery minimum lumen diameter

Left subclavian artery diameter perpendicular to MLD

Abdominal aorta proximal to renal arteries

Abdominal aorta distal to renal arteries

Minimum abdominal aortic diameter

Perpendicular abdominal aortic diameter at minimum

Distal abdominal aortic proximal to aortic bifurcation

Right common iliac artery proximal

Right common iliac artery minimum lumen diameter

Right common iliac artery perpendicular to MLD

Right common iliac artery distal

Right external iliac artery minimum lumen diameter

Right external iliac artery perpendicular to MLD

Right common femoral artery minimum lumen diameter

Right common femoral artery perpendicular to MLD

Left common iliac artery proximal

Left common iliac artery minimum lumen diameter

Left common iliac artery perpendicular to MLD

Left common iliac artery distal

Left external iliac artery minimum lumen diameter

Left external iliac artery perpendicular to MLD

Left common femoral artery minimum lumen diameter

Left common femoral artery perpendicular to MLD

Aortic Root Angulation (diastole)

Angle of SOV leaflets, RAO

Angle of SOV leaflets, CAU

Annulus to RCA origin

Annulus to Lt main origin

Sinus of Valsalva height, Right coronary (diastole)

Sinus of Valsalva height, Left coronary (diastole)

Sinus of Valsalva height, Non coronary (diastole)

Average Sinuses of Valsalva height

Aortic annulus perimeter systole including mural calcium

LV Ejection Fraction

Minor

28.8

27.9

26.0

27.7

32.0

33.7

32.3

30.6

32.4

27.6

23.4

5.2

7.0

5.8

5.2

20.9

16.2

12.5

14.2

13.6

10.0

7.7

9.0

9.0

6.5

7.0

6.5

7.4

10.3

8.6

9.6

9.5

7.8

7.8

7.8

7.9

41.6

7.0

3.0

14.2

11.8

22.0

19.7

21.9

21.2

76.0

58.0

18.2

25.1

60.4

30.6

25.8

22.5

18.1

14.9

12.8

8.2

7.7

10.0

8.8
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Fig. 15.5 (continued)

Another critical compliance need in the United States 
centers around confidentiality of medical information and 
personal records. All staff in the 3D lab must follow protocol 
to maintain compliance with the Health Information 
Portability and Accountability Act (HIPAA). Training for 
HIPAA compliance is mandatory for all 3D staff. To ensure 
confidentiality, when 3D images are exported for education 
or research purposes, the 3D technologist can anonymize or 
de-identify the images electronically, stripping the 18 HIPAA 
Privacy Rule identifiers from the Digital Imaging and 

Communications in Medicine (DICOM) image header. 3D 
laboratory policies and procedures should contain language 
about the need to access only needed patient information, not 
sharing passwords, not emailing confidential images or 
information outside the institution, and not sharing patient 
information with unauthorized personnel. Lab policies must 
also include HIPAA protections for the enterprise-wide 3D 
software that resides on central servers. Rules must limit 
access to the 3D software to currently trained staff, with 
strong passwords and time-out limits to assure that 3D 
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 computers are not left unattended when patient accounts are 
open and active. This becomes even more important as users 
can access the 3D server remotely from off-site locations. 
Analogously and particularly for patients who are enrolled in 
clinical trials, the ability to de-identify or anonymize com-
plex source data and processed imaging series may represent 
another important type of “post-processing” if imaging data 
needs to be sent to an external facility.

 Outreach Facilitated by 3D Imaging

 Patient Centricity

The formal creation of 3D images provides benefits beyond 
those derived by referring physicians and interpreting physi-
cians directly. When surgeons are discussing options for car-
diothoracic surgery with their patients, 3D images that display 
aberrant anatomy or abnormal conditions may be very helpful 
for demonstrating the gravity of a newly diagnosed condition 
or to explain a surgical approach. Patients are better able to 
understand the benefits of a pending intervention after seeing 
a lifelike 3D model of their anatomy, compared with viewing 
the hundreds of stacked axial images that are produced in a 
CTA. Engaging patients in their treatment and diagnosis ben-
efits the patient and the referring physicians. Many referring 
physicians relish the opportunity to show beautiful 3D refor-
mations to their patients who provide word-of-mouth endorse-
ments that may enhance future referrals.

 Enhancing Referrals

3D images can also be used by the imaging practice or the 
hospital to support a strategy that promotes referrals for spe-
cialized cardiovascular procedures, such as an atrial fibrilla-
tion treatment program or a percutaneous trans-aortic valve 
replacement for aortic stenosis. 3D images in brochures, 
websites, and advertisements can highlight the technical 
expertise of an institution, which the public may find attrac-
tive when compared with other regional or international 
competitors. A 3D laboratory can prepare and anonymize 
high-resolution 3D static images and 4D temporal videos 
that highlight institution offerings for marketing or educa-
tional purposes.

 Benefits for Research and Education

When an institution performs clinical research, a 3D labora-
tory with trained technologists can ensure that consistency, 
quality, and integrity are built into the data collection for the 
research protocol. With proper documentation of training, 

performance, policies, and procedures, a 3D laboratory can 
assure compliance to the Food and Drug Administration 
(FDA) and research sponsors.

Within a large medical center, the 3D laboratory can act 
as a centralized 3D imaging training center for technologists, 
radiologists, fellows, residents, clinicians, researchers, and 
students. The completion of formalized training may be 
required prior to qualifying users for secure access to 
enterprise- wide 3D servers. If a remote user has any diffi-
culty with any 3D software, a 3D laboratory technologist 
may be made available for on-the-spot instruction.

Training protocols may be tailor-made for each group’s 
clinical 3D post-processing needs. This is important for con-
sistency and quality in imaging throughout an institution, as 
there is the potential for variation in 3D imaging depending 
on a user’s abilities and training. After completing and being 
signed off for training in the 3D laboratory, cardiovascular or 
radiology residents and fellows may be utilized for any real- 
time post-processing needs during emergency or clinical 
readout of CTA cardiac/thoracic studies. In addition, 
researchers from other medical departments who are trained 
in the 3D laboratory may in turn develop collaborations with 
radiologists and exchange valuable information regarding 
the latest advances in surgical technology. This increased 
communication between departments has been shown to be 
advantageous to diminishing organizational silos [2].

 Operational Considerations for an Effective 
3D Laboratory

 Establishment of Proper Communication 
Channels

One of the most challenging and important functions of a 3D 
laboratory is the establishment of proper communication 
channels between all stakeholders in the cardiovascular 
imaging service line. A key component of 3D laboratory pro-
cedures is the establishment of two-sided communication 
channels. Examples include communication of initial imag-
ing orders between the radiology information system and the 
3D laboratory, exchange of relevant clinical information 
between the referring MD and the responsible radiologist, 
assignment of proper scanning and post-processing proto-
cols from the radiologist to the CT and 3D technologists, 
requesting retrospective image reconstructions between the 
3D laboratory and CT technologists, and communication of 
CT and 3D results to the referring MD.

Because 3D post-processing is often performed on equip-
ment that is located apart from the CT scanners, communica-
tion between the scanners and the 3D laboratory is 
particularly critical to the acquisition and processing of clini-
cally effective imaging exams. Procedures should be 
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 developed within the 3D laboratory to collect and then 
review problematic CT acquisitions with the CT technolo-
gists. Mutual respect and regular communication between 
these two key groups is critical to assuring effective cardiac 
CT performance. Imaging workflow map should be devel-
oped and monitored starting from the generation of the CT 
examination request in the clinical arena to the finalized 
report in the medical record. This will assist in identifying 
and addressing key points of communication failure which is 
inherent in a system with several healthcare personnel 
addressing a patient’s clinical data in separate geographical 
locations.

A solution to assure effective communication may utilize 
customized workflow software that may be integrated with 
the institution’s electronic medical records. Continuous HL7 
data streams containing timestamped updates of clinical 
information may be transmitted from the electronic health 
record to the 3D laboratory workflow software, assisting 
with workflow prioritizations. The real-time 3D laboratory 
worklist may be accessed remotely by authorized 3D tech-
nologists, radiologists, and referring clinicians. Users may 
electronically convey any updated quantitative imaging 
needs or additional clinical information. Radiologists and 
clinicians may electronically request priority processing of 
urgent CTA examinations and may view the post-processing 
status of a CTA examination in real time [2].

 Managing Source Image Flow Across 
the Enterprise

Following the imaging workflow map, 3D laboratory person-
nel can instruct enterprise information technology services to 
automatically route all thin-section CTA images from the CT 
scanners to a server serving as a central repository, where the 
images may then be accessed throughout the enterprise. If 
desired, the images may be routed to the 3D server before 
being routed to PACS to allow preliminary 3D viewing and 
post-processing to begin immediately. After reviewing the 
initial imaging, the radiologist or 3D technologist may con-
tact the CT technologist directly for any additional image 
reconstructions to be performed retrospectively. For example, 
another series may be needed from a cardiac phase with less 
motion to improve the visualization of the coronary arteries 
or the cardiac valves on the 3D post-processed images.

In addition to 3D laboratory output, 3D images may be 
produced throughout the enterprise by physicians and their 
trainees. It is important to monitor which 3D images become 
a permanent part of the patient’s medical record in the 
PACS.  It is easy for someone with insufficient training to 
create a 3D image that falsely represents the patient’s anat-
omy. The 3D laboratory can validate all 3D images that 
arrive on PACS and remove any 3D images that contain 

errors in imaging. This is an important quality control func-
tion that should be built into 3D laboratory workflow.

 3D Laboratory Technologist Creates 
Protocolled Images/Reports

As discussed previously, input from requesting physicians is 
critical to the creation of clinically valuable post-processing 
protocols. 3D laboratory personnel must also work with the 
radiologists and cardiologists to formalize and harmonize 
standardized 3D imaging protocols and reports in a manner 
that attempts to accommodate the preference of requesting 
physicians as much as possible. All 3D technologists should 
be trained to produce the specific 3D images and standard-
ized measurements contained within each protocol in a con-
sistent manner to reduce output variability. 3D lab report 
formatting is another key target for formalization to assure 
consistency. One important source of flexibility to be built 
into the protocols is an opportunity for 3D technologists to 
include additional 3D images that demonstrate unexpected 
pathologies.

 Segmentation of CT Data for Surgical Planning 
and Guidance Programs

With their advanced knowledge of anatomy and pathology, 3D 
technologists have the capability to segment anatomical struc-
tures from a CTA dataset by using a combination of automatic 
and manual segmentation tools (Fig. 15.6). These segmented 
CT images can be exported as a new series, either in a standard 
radiology image format (Digital Imaging and Communications 
in Medicine (DICOM)) or in a format that is specific to an 
external application that might be used by the referring physi-
cians to plan or guide procedures. For example, a segmented 
CT dataset of the aorta may be fused with live fluoroscopic 
images in surgery for catheter and device implantation guid-
ance (Vessel Navigator, Philips Healthcare, Cleveland, Ohio). 
The segmented images may also be exported as stereolithog-
raphy files for rapid prototyping of 3D models or to create 
life-sized models of anatomical structures using a 3D printer. 
These models may be used for presurgical planning or cre-
ation of tailor-made anatomical implants [6].

 Software Upgrades

3D software companies release frequent patches (bug fixes) 
and updates with new features and functionalities. Although 
these software upgrades are tested by the manufacturers in 
their development environment, they cannot duplicate the 
typical clinical environment where the software will actually 
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be performing. Therefore, it is advisable to thoroughly assess 
and validate new releases in a test environment at each clini-
cal site, using anonymized clinical datasets and running pre-
determined 3D imaging and quantitative functions on each 
dataset. This will ensure that each 3D software application 
accurately, reliably, and consistently fulfills its intended pur-
pose. This time-consuming validation task may be performed 
by 3D personnel who will in turn feedback to the manufac-
turer any performance issues before the software upgrade is 
released into the clinical environment. This validation pro-
cess can help prevent the consequences of software failures 
in the clinical environment, which could potentially have a 
negative impact on patient care and clinical workflow [7].

 Training and Quality Control of Technologists

The success of a 3D laboratory depends on the selection and 
training of qualified radiologic technologists. Candidates 
should have several years of experience in CT or MRI scan-
ning and have completed a formal in-house training program 
in a radiology 3D laboratory. A valuable component of train-
ing includes mentorship by a cardiovascular radiologist, 
including case review of cardiovascular anatomy and pathol-
ogy, recognition of image artifacts, and preferred techniques 
for acquiring quantitative analysis. Technologists in training 
should participate in a quality control process that is speci-
fied within a 3D laboratory’s quality assurance policy and 

should include peer review of 3D images and measurements 
before they are submitted for interpretation. Offering a 
fellowship- like training program for external technologists 
may also increase the reputation of the local post-processing 
laboratory and provide a source for external referrals.

 Quality Assurance

A quality assurance (QA) program is critical for optimizing 
reliability and credibility in 3D imaging and measurements. 
Key components of a QA program include outlining proce-
dures for communication, following standardized protocols, 
quality control, obtaining and documenting measurements, 
reviewing reports, rectifying exam billing or scheduling 
errors, validating 3D software and upgrades, monitoring per-
formance of personnel, and assuring that all 3D operators 
receive consistent and updated training and mentoring [5, 8].

 Documentation and Archive of Results

Numerical results from 3D measurements should be included 
in the body of the formal CT report, but an institution’s 
 electronic medical records (EMR) system may also have the 
capability to store screen captures of key 3D images and vid-
eos associated with the examination. The 3D laboratory can 
validate and insert these images along with text into the final 

a b

Fig. 15.6 Volume renderings showing (a) the proximal and mid-right 
coronary artery and (b) ascending aortic repair with distal anastomotic 
pseudoaneurysm and residual aortic arch aneurysm. The clear anatomi-

cal depiction shown in both views is the result of detailed segmentation 
by 3D laboratory technologists
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report within the RIS prior to sign-off by the attending radi-
ologist or cardiologist. This mixed media presentation can 
enhance the clinical value of the CT reports.

 Clinical Protocols

The creation of specific post-processed images and mea-
surements are guided by standardized protocols, which as 
discussed previously will be institution specific and 
informed by the preferences of referring and interpreting 
physicians. Broad classes of cardiac CT applications that 
are commonly implemented in 3D laboratories are as 
follows:

• Coronary CT angiography: depiction of native vessel dis-
ease, bypass grafts, and stents.

• Coronary calcium measurement: risk assessment of coro-
nary heart disease.

• Pulmonary vein mapping: planning and guiding pulmonary 
vein ablation in the management of atrial fibrillation.

• Transarterial aortic valve implantation: preprocedural 
planning for aortic valve replacement. Results are used to 
plan delivery route, device type, and device size.

• Thoracic aortic CT angiography: depiction and measure-
ment of aortic aneurysm, traumatic injury, acute aortic 
syndrome, vasculitis, or congenital abnormality [9].

• Central vein mapping: assessment of stenoses, occlu-
sions, or thrombi within the superior vena cava and its 
primary supplying veins.

• Myocardial function: measurement of right or left ven-
tricular ejection fraction. Assessment of reginal wall 
motion abnormalities.

• Pulmonary artery CT angiography: while 3D assessment is 
not routine in the setting of suspected acute thromboembo-
lism, 3D assessment can be very helpful in mapping con-
genital lesions of the central pulmonary arteries and assessing 
anatomical relationships and graft status in the pre- or post-
operative assessment of congenital heart disease.

• Cardiac CT in congenital heart disease: depiction of the 
heart before or after repair of congenital heart disease.

An example of a pulmonary vein mapping protocol is 
illustrated in Table 15.1.

Table 15.1 Sample pulmonary vein mapping protocol

Task Number of images Notes
Curved planar reformations (two planes) Create curved images in two planes through each major coronary 

artery. Also, create curved planar reformations through the entire 
aorta and any takeoff vessels in the neck and abdomen, if included 
in the scan

All coronary arteries (gated or not per LH) 6–8
Aorta and takeoff vessels ~11

Multiplanar reformations
Three transverse images of the left atrium to 
demonstrate the esophagus

3

Volume rendering Create a volume rendered image of the left atrium, left atrial 
appendage, and several cm of pulmonary vein branches. Save as 
horizontal and vertical movies, ~36 images each. Also save 
horizontal and vertical movies as avi files, 72 images each, for PDFs

Horizontal and vertical left atrium movie 
including the left atrial appendage

36 × 2

Horizontal and vertical left atrium movie 
including the left atrial appendage, avi files for pdf

72 × 2

Measurements
Pulmonary mapping measurement protocol Perform measurements per PV measurement template:

  Orthogonal diameters and areas of the origins of each pulmonary 
vein. Measure only the contrast- filled flow lumen. Screen capture 
corresponding 2D image in two planes to demonstrate the 
location of your measurement. In 3D, screen capture a posterior 
VR reference image of the left atrium showing location of 
diameter measurements

  Measure the left atrium volume including the left atrial 
appendage

  Include Sup/inf and Ant/post diameters of the left atrium, 
measured on true sagittal image

  Measure centerline distance between LSPV and RSPV
  If patient has a prior study, look at prior measurements and try to 

duplicate the cardiac phase and positioning for comparison
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 Conclusion

Post-processing CT images is mandatory for many cardiac 
CT acquisitions. While the interpreting physician should 
always assess the images using an interface that provides 
ready access to multiplanar reformations, maximum inten-
sity projections, curved planar reformations, volume render-
ings, and measurement tools, a 3D laboratory is a key adjunct 
for an effective workflow. Staffed by technologists with 
administrative support, 3D laboratories offer consistent, 
high-quality image and measurement preparations and 
archive. They provide a reliable interface with referring phy-
sicians and are better positioned to address special process-
ing needs as they might arise. By serving as the primary 
resource for creating archival images for cardiac CT exams, 
they off-load work from interpreting radiologists and cardi-
ologists, allowing them to shift their focus away from record 
keeping and increase their focus on the interpretation of 
imaging studies.
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Structured Reporting for Cardiac CT

Anil Attili and Ella A. Kazerooni

The cardiac CT report is an important document that first and 
foremost communicates the findings and their clinical impli-
cations to the consumers of the report, including the refer-
ring physician, the patient and their families, and the 
cardiovascular specialists who use the information to make 
decisions about procedural intervention appropriateness, eli-
gibility, and approach. The report also serves as the docu-
mentation of the imaging episode of care and services 
rendered, used for medical record documentation, billing, 
and compliance. The structure of a report can also be used to 
enable quality improvement, outcomes tracking, and 
research. To these ends, a comprehensive, consistent easily 
readable cardiac CT report using standardized descriptive 
terminology and quantitative metrics where relevant is rec-
ommended [1–4].

Structured reports assure quality and consistency within 
and across practices, providing information in a consistent, 
predictable manner to those who consume it. Important ele-
ments are less likely to be omitted using a structured report 
template assembled using systematically defined and 
arranged elements. Standardized reports reduce the variabil-
ity of individual communication styles that may result in the 
same findings being perceived differently by the consumers. 
Specifically, the use of structured reporting has been shown 
to improve clinician’s comprehension of coronary CT angi-
ography (CCTA) reports [5]. This structure also facilitates 
research through the use of uniform data fields for data 
extraction and use of standard definitions. Educators will 
find structured reports aid trainees in learning the important 
elements of study description, clinical elements, definitions, 
and terminology. As cardiac CT has matured and now rec-
ommended in numerous clinical guidelines, ranging from 
stable and acute chest pain syndromes to structural heart dis-
ease, reporting templates can be tailored to specific study 
protocols and to disease states [6–11]. Finally, structured 

reporting ensures the elements required for billing and bill-
ing compliance are documented, including adequate infor-
mation to support clinical necessity, and a sufficient 
description of exam technique for accurate first time Current 
Procedural Terminology (CPT) coding. While the final out-
put and format do not need to be the same from practice to 
practice, inclusion of standard elements, terminology, and 
definitions are essential to meet the needs of those who con-
sume the reports. We will share our report formats with you. 
Details of how to obtain, analyze, and interpret examinations 
are covered in chapters throughout this text.

 Components of a Structured Report

A structured report begins with an organization of the key 
components. Each of the following key components will be 
discussed in detail.

• Clinical indications
• Review of prior cardiac imaging examination images and/

or reports
• Study technique
• Image quality
• Findings
• Impression and management recommendations when 

appropriate

 Clinical Indications

The specific reason(s) for the examination should be 
reviewed and documented, including the relevant clinical 
signs and symptoms, physical examination findings, and 
medical and surgical history, and should be sufficient for 
applicable ICD-10 coding. Cardiovascular risk factors and 
the inclusion of demographic information such as patient 
age, gender, body mass index, procedure date, and referring 
physician are recommended. Clinical history should include 
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coronary risk factors, nature and status of cardiac symptoms, 
prior tests and procedures (such as the location and extent of 
ischemia on stress testing), and the nature of any future 
planned procedures following the cardiac CT.

The major indications for cardiac CT include [11]:

 1. Coronary artery calcium scoring in asymptomatic patients 
with a low to intermediate risk of coronary artery disease 
(CAD)

 2. Evaluation of suspected or known coronary artery 
anomalies

 3. Evaluation of low to intermediate risk stable patients with 
chest pain or suspected acute coronary syndrome

 4. Discordant or inconclusive stress tests
 5. Evaluation of non-coronary pathology, including the 

great vessels, veins, cardiac chambers, myocardium, 
valves, and pericardium

 6. Evaluation of cardiac chamber function
 7. Evaluation of cardiac structure and morphology in the 

setting of congenital heart disease

 Study Technique

The procedure section of the CT report describes both image 
acquisition and image reconstruction.

Elements of image acquisition that should be documented 
include:

• Examination type or protocol, such as:
 – Coronary calcium score
 – Coronary CTA
 – Cardiac structural exam, such as for cardiac mass or 

congenital heart disease
 – Left atrium and pulmonary vein assessment
 – Left atrial appendage occluder planning
 – Transcatheter aortic valve planning (TAVR) or mitral 

valve planning
• Technical acquisition parameters, including collimation, 

mA and kVp
• Scanner type, such as detector configuration and single or 

dual source
• ECG gating used: prospective and at what phases of the 

cardiac cycle or retrospective
• Anatomic region scanned (e.g., carina to the base of the 

heart for routine CCTA)
• Contrast administration:

 – Volume, type, and rate
 – Timing method—bolus tracking or test bolus
 – Uni-, bi-, or triphasic

• Additional medications administered, such as nitroglyc-
erin and heart rate-reducing agents

• Radiation exposure (such as dose length product) and use 
of any dose-reduction strategies

• Clinical parameters if relevant, such as heart rate and 
rhythm

• Any complications, such as a contrast reaction or 
extravasation

Elements of image reconstruction that should be docu-
mented include:

• Slice thickness
• Slice increment
• Phase of cardiac cycle reconstructed
• Display field of view (DFOV)
• Additional elements to consider include:

 – Reconstruction filter
 – Reconstructed imaging planes
 – Post-processing methods used, such as multiplanar 

reformats (MPR), maximum intensity projections 
(MIP), and 3D volume-rendered reformations

 Image Quality

Overall image quality, contributing factors to reduced image 
quality, and the presence of artifacts should be reported. 
These variables impact both the reader as they interpret the 
study and the confidence in their findings and are used by 
the consumer report in their assessment of their confidence 
in the interpretation. Image quality may be degraded by 
technical factors and patient-related factors, and these 
impact the ability to obtain a better-quality examination in 
the future. While there are no standard statements to describe 
overall study quality, terms such as excellent, good, or diag-
nostic when there is a mild reduction in quality or minor 
artifacts that do not limit the interpretation, acceptable when 
there are further artifacts or reductions in quality that may 
limit a part of the interpretation, and nondiagnostic repre-
sent a scale of quality. The factors that contribute to any 
reduction in quality, particularly when it reduces diagnostic 
quality or confidence, should be specifically mentioned. For 
example, when segments of the coronary tree are not inter-
pretable, which segments and the reason(s) why should be 
clearly stated.

Patient-related factors to reduced image quality include:

• Large patient size which may reduce quality by an 
increase in image noise

• Metal implants or extensive calcification that may create 
beam hardening artifact

• Motion of the body in general, respiratory motion due to 
breathing, and cardiac motion due to a rapid and/or irreg-
ular heart rate
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• Poor contrast enhancement, due to poor cardiac output, 
hemodilution with increased circulating blood volume, 
intracardiac shunts including opening of a patent foramen 
ovale, and large patient size

Technical factors that may contribute to reduced image 
quality include:

• Insufficient signal to noise due to low photon number (mA)
• Insufficient image contrast due to inappropriate photon 

energy selection (kVp)
• Insufficient contrast volume or rate
• Inappropriate gating technique
• Insufficient or lack of heart rate-lowering medications or 

use of nitroglycerin

 Findings

The finding section should be tailored to the specific type of 
cardiac examination type; within a practice, consistency 
across templates is recommended where possible. A coro-
nary calcium CT report will have a different findings section 
than a coronary CTA or a TAVR planning examination. 
Sample reporting templates and reporting checklists are 
provided.

 Coronary Artery Calcium Scoring
Table 16.1 summarizes the reporting elements for a coro-
nary calcium CT.  This may be an independent exam or 
included with as part of a coronary CT in patients who have 
not previously undergone coronary artery stent(s) place-
ment or bypass surgery. The most frequently used measure 
for coronary calcium scoring remains the Agatston score 
(AJ-130 score) which has been validated with outcome 
studies, histological studies, and available nomograms [12, 
13]. The AJ-130 score measures the amount of calcium 
based on voxels which exceed 130 HU and reach a size 
threshold. Software programs measure each calcification 
and sum the score for each major vessel and for all vessels 
together, the latter representing the total calcium score. 
Each of these values should be reported, as well as the per-
centile rank by the patients’ age and gender as established 
on nomograms [14]. The newer scores such as the volume 
score and mass score for each vessel and total score by these 
methods may also be reported, as they have the advantage of 
greater reproducibility but have less data in aggregate 
behind them [15–18].

The presence of calcium in other portions of the heart 
such as the aortic valve, aorta, myocardium, mitral valve, 
and pericardium should be noted and reported semiquan-
titatively as mild, moderate, or severe. Evaluation of the 
cardiac chambers is limited on non-contrast exams, how-

ever if abnormally dilated should be reported. Low attenu-
ation of blood due to anemia reduces the density of blood 
in the cardiac chambers relative to myocardium and may 
serve as internal contrast by which to separate myocar-
dium from the chamber cavities. Coronary anomalies may 
be evident and should be described (see section on CCTA). 
Finally, all non- cardiac structures in the field of view 
should be reviewed and reported on (see section on non-
cardiac findings).

A standardized reporting and data classification system 
for coronary artery calcification scoring known as CAC- 
RADS for the Coronary Artery Calcification Reporting and 
Data System was developed by the Society of Cardiovascular 
Computed Tomography (SCCT) and the Society of Thoracic 
Radiology and is applicable for the reporting of coronary 
artery calcification on non-contrast, non-gated CT examina-
tions [19] and may be used when non-gated exams are 
obtained as part of a cardiac CT.

Table 16.1 Components of a coronary calcium non-contrast CT report

Section Specific component(s)
Clinical data
General Indication or reason for test, procedure date
Demographics Name, date of birth, sex, referring clinician, 

height, weight
History Symptoms, risk factors, relevant diagnostic 

tests
Procedure data
Equipment Scanner type: Number of detectors, rotation 

time
Acquisition Gating method

Tube voltage
Estimated radiation dose

Reconstruction Slice thickness
Slice increment, reconstruction filter, phases 
of cardiac cycle

Results
Technical quality Overall quality

Presence and type of artifact and effect on 
interpretation

Coronary Agatston score for individual vessels and 
total Agatston score
Agatston score percentile for age and sex
Volume score and mass score

Non-coronary 
cardiac

Presence of calcium in aortic wall, 
pericardium, myocardium, and valves
Dilated chambers or total heart enlargement
Presence of pericardial effusion or thickening

Non-cardiac Abnormalities in the lungs, mediastinum, 
esophagus, chest wall, and upper abdomen if 
present

Impressions and 
conclusions

Total Agatston score and percentile
Correlation to other or prior cardiac studies
Documentation of communication to 
referring physician for urgent finding(s)
Clinical recommendations
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 Coronary CT Angiography (CCTA)
Coronary findings: There are several sections that are impor-
tant to a structured report with respect to the coronary arter-
ies, including:

• Coronary artery dominance
• Coronary artery anatomy, specifically

 – Course:
• Normal
• Normal variants
• Anomalies, including origin; course; relationship to 

cardiac relevant anatomy including cardiac cham-
bers, the ascending aorta, pulmonary artery, and 
ventricular septum; anomalous artery lumen cali-
ber; shape and evidence of dynamic narrowing or 
occlusion during the cardiac cycle; and any intra-
mural course

 – Myocardial bridging
• Coronary artery atherosclerotic stenosis: by location, 

severity, plaque composition, and morphology
• Coronary artery aneurysms
• Coronary artery bypass grafts
• Coronary artery stents

The location of stenosis should be described for each 
major epicardial coronary artery using a standardized scheme 

the American Heart Association (AHA) segmentation devel-
oped for catheter-based coronary angiography; initially pro-
posed in 1975, this schema has stood the test of time and 
been used in many long-term outcome studies relating the 
location of stenosis to major adverse cardiac events (MACE) 
[20]. An axially based version of this standard model has 
been adapted for CCTA by the Society of Cardiac Computed 
Tomography (SCCT) and more closely emulates CCTA 
views than those obtained during invasive angiography [4], 
as illustrated in Fig. 16.1 and described in Table 16.2. Each 
major epicardial coronary arteries is divided into proximal, 
mid, and distal segments. The proximal right coronary artery 
(RCA) extends from the ostium to one-half the distance to 
the acute margin of the heart, mid RCA from the end of prox-
imal RCA to the acute margin of the heart, and distal seg-
ment from the end of mid RCA to PDA. The proximal left 
anterior descending (LAD) artery extends from the end of 
the left main to the origin of the first large diagonal or septal 
perforator, the mid LAD extends from the end of the proxi-
mal LAD to one-half the distance to the apex, and the distal 
LAD extends from the end of the mid LAD to the end of the 
LAD. The proximal left circumflex coronary artery (LCx) is 
the segment between the end of the left main and the origin 
of the first obtuse marginal branch (OM1), and the mid and 
distal LCx are the segments distal to the OM1 to the end of 
the vessel or the origin of a left PDA.

RCA

R-PDA

L-PDA

Circumflex

L-PLB

R-PLB
Obtuse marginal 2 (OM2)

Obtuse
marginal 1
(OM1)

Ramus

Diagonal (D1)

Diagonal
(D2)

LAD

Left main

3

2

11

4

5

15

11

12

17

9

6

7 10

8

18

13

16
14

Fig. 16.1 SCCT coronary 
segmentation diagram. The 
abbreviation and description 
for each segment can be 
found in Table 16.2. (From 
Leipsic et al. [4], with 
permission)

A. Attili and E. A. Kazerooni



177

Quantification of luminal stenosis, area stenosis, and 
plaque content may be done using analysis software; however 
current technology has not demonstrated sufficient reproduc-
ibility or accuracy in predicting invasive coronary angiogra-
phy findings to make such measurements a routine clinical 
practice [21]. Studies have reported that visual CCTA quanti-
fication of lesion severity by percent maximal diameter steno-
sis has good correlation with quantitative invasive angiography 
and intravascular ultrasound, but with a relatively large stan-
dard deviation [21–25]. These comparative studies suggest 
that at a 95% confidence limit, CCTA currently predicts inva-
sive quantitative angiography to within ±25%. The term “nor-
mal” in reference to the coronary arteries should be used only 

when there is no evidence of any coronary artery disease (i.e., 
normal lumen and no calcified and non-calcified plaque). 
Segments containing nonobstructive atherosclerotic plaque 
should not be described as normal. The following stenosis 
grading is recommended based on a visual semiquantitative 
maximal diameter stenosis assessment [4, 21]:

• Normal: Absence of plaque; no luminal stenosis
• Minimal: Plaque with <25% stenosis
• Mild: Plaque with 25–49% stenosis
• Moderate: Plaque with 50–69% stenosis
• Severe: 7 plaque with 0–99% stenosis
• Occlusion

Plaque composition should be described as calcified when 
the entire plaque appears as calcium by attenuation, non- 
calcified when the entire plaque is devoid of calcium, or par-
tially calcified when both elements are present [26]. Very low 
attenuation within plaque, indicating lipid-rich plaque, should 
also be described. Plaque morphology can be used to identify 
vulnerable plaque, with some features independently associ-
ated with future acute coronary events [27, 28]. These include 
positive remodeling (the ratio of outer vessel diameter at the 
site of plaque divided by the average outer diameter of the 
proximal and distal vessel greater than 1.1), low-attenuation 
plaque (less than 30 HU), spotty calcium defined as punctate 
calcium within a plaque, and the napkin- ring sign, defined as 
central low attenuation with a peripheral rim of higher CT 
attenuation. The presence of any of these high-risk features 
should be evaluated and reported. Other morphological 
descriptors including bifurcation or ostial involvement, 
plaque ulceration, dissection, or fissuring should be reported. 
Arterial occlusion should be described by location and length. 
Several features indicative of lesions that are less amenable to 
successful percutaneous coronary intervention should be 
reported if present, including stenosis length >3 cm, ostial or 
bifurcation location, calcification particularly at the proximal 
cap, and the degree of collateralization [29–32]. CAD-RADS 
is a structured reporting tool for CCTA that uses stenosis 
severity and plaque composition to grade the severity of dis-
ease and is discussed in detail later on in this chapter.

If bypass grafts are present, the type and number of grafts 
and their origin and insertion should be reported. There is 
extensive evidence validating the accuracy of CCTA for 
evaluation of graft patency [33]. Patency of the proximal and 
distal anastomosis of each graft as well as the distal runoff 
vessels should be documented. Graft stenosis should be reus-
ing the same schema use for native coronary arteries. Review 
of the surgical report from bypass surgery is critical to identi-
fying grafts. With chronic graft occlusion, grafts become 
markedly atretic and may be identified as occlusion by the 
inability to identify them. In the event of planned redo cardiac 
surgery, a detailed description of graft location relative to the 

Table 16.2 Axial coronary anatomy legend

Segment Abbreviation Description
1.  Proximal right 

coronary artery 
(RCA)

pRCA Ostium of the RCA to one-half 
the distance to the acute margin 
of the heart

2. Mid RCA mRCA End of proximal RCA to the 
acute margin of heart

3. Distal RCA dRCA End of mid RCA to origin of 
the PDA (posterior descending 
artery)

4. PDA-R R-PDA PDA from RCA
5. Left main (LM) LM Ostium of LM to bifurcation of 

LAD (left anterior descending 
artery) and LCx (left 
circumflex artery)

6. Proximal LAD pLAD End of LM to the first large 
septal or D1 (first diagonal; 
>1.5 mm in size) whichever is 
most proximal

7. Mid LAD mLAD End of proximal LAD to 
one-half the distance to the 
apex

8. Distal LAD dLAD End of mid LAD to end of 
LAD

9. D1 D1 First diagonal branch D1
10. D2 D2 Second diagonal branch D2
11. Proxiaml LCx pLAD End of LM to the origin of the 

OM1 (first obtuse marginal)
12. OM1 OM1 First OM1 traversing the lateral 

wall of the left ventricle
13.  Mid and distal 

LCx
LCx Traveling in the atrioventricular 

groove, distal to the OM1 
branch to the end of the vessel or 
origin of the L-PDA (left PDA)

14. OM2 OM2 Second marginal OM2
15. PDA-L L-PDA PDA from LCx
16. PLB-R R-PLB PLB from RCA
17.  Ramus 

intermedius
RI Vessel originating from the left 

main between the LAD and 
LCx in case of a trifurcation

18. PLB-L L-PLB PLD from LCx

From Leipsic et al. [4], with permission
Additional nomenclature may be added, for example, D3, R-PDA2, 
saphenous vein graft, and mLAD
PLB posterior-lateral branch
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chest wall is important for operative planning; CT has been 
shown to reduce the rate of reentry injury and improved peri-
operative outcomes in redo cardiac surgery [34–36]. The 
relationship of the brachiocephalic vessels, aorta, right ven-
tricle, and pericardium to the midline sternum should be 
assessed in axial or reconstructed sagittal and volume- 
rendered CT images. High-risk CT findings include <10 mm 
distance between the right ventricle and aorta to the chest 
wall or a graft crossing the midline within 10 mm of the ster-
num in the anteroposterior direction. In addition, extensive 
atherosclerotic calcification of the ascending aorta, known as 
a “porcelain” aorta, is associated with a high risk of plaque 
dislodgement during cannulation for cardiopulmonary 
bypass that may result in cerebrovascular accidents. 
Calcification of the thoracic aorta should be described with 
respect to location and extent (e.g., mild, moderate, severe, 
or porcelain) and may be demonstrated on maximum inten-
sity 3D reconstructions as a calcium map.

Coronary stents should be described with respect to loca-
tion, quality of interpretability, and the presence of obstruction. 
Evaluation of lumen patency inside stents is possible in most 
cases, though evaluation of in-stent stenosis is dependent on 
stent size and composition [37–39]. In general, 64-slice and 
newer-generation CT scanners exclude in-stent restenosis with 
a high negative predictive value; however, precise quantification 
of the in-stent restenosis is not accurate. CT is considered 
appropriate for risk assessment after revascularization in 
asymptomatic patients with a history of left main coronary 
artery stenting and a stent diameter of 3 mm or larger [11]. 
When interpretable, stents should generally be reported as 
patent, with mild in-stent stenosis (<50%), significant in-stent 
stenosis (50–99%), or occlusion.

 Non-coronary Cardiac Findings

All structures within the field of view should be reviewed and 
reported on. For CCTA, this includes the pericardium, cardiac 
chambers, atrial and ventricular septum, atrioventricular and 
ventriculoarterial valves, pulmonary arteries and veins, sys-
temic veins, and portions of the thoracic aorta. Depending on 
the contrast infusion protocol, typically, the left-sided cham-
bers and sometimes the right-sided are suitable for interpreta-
tion. Reconstruction of the axial source data in the standard 
cardiac planes (short axis, four-chamber, two-chamber, and 
three-chamber/LVOT view) should be performed. A descrip-
tion of the non-coronary cardiac structures should be pro-
vided in the report to include the following:

• Thoracic vasculature:
 – Aorta include diameters of the aortic root, ascending 

and descending aorta
 – Superior and inferior vena cava

 – Pulmonary arteries
 – Pulmonary veins

• Cardiac chambers:
 – Size and morphology, including aneurysms, 

diverticula
 – Myocardium: hypertrophy, thinning, fatty replace-

ment, lack of enhancement
 – Masses
 – Congenital anomalies
 – Wall motion and function if full cardiac cycle data is 

obtained
• Cardiac valves:

 – Atrioventricular and semilunar valve thickening, calci-
fication, or structural abnormalities such as a bicuspid 
aortic valve

 – Valvular stenosis or regurgitation if full cardiac cycle 
data is obtained, including planimetry of the open aor-
tic valve at early/mid-systole

• Pericardium: thickening, calcification, or effusion

Shunting between the atria and ventricles may be visible 
depending on the contrast injection protocol and should be 
mentioned. The interatrial and interventricular septum 
should be anatomically evaluated for integrity. Measurement 
and reporting of chamber diameter and wall thickness are 
considered optional. Most contemporary scan protocols do 
not include the true end-diastolic phase and mid-diastolic or 
end-systolic measures of ventricular cavity size, and wall 
thickness may not be representative.

Multiphase reconstruction of these structures may be 
available with retrospective ECG-gated protocols permitting 
dynamic display of segmental wall motion and quantitative 
evaluation of size and function. In such cases, left and right 
ventricular end-diastolic volumes, end-systolic volumes, 
stroke volumes, and ejection fractions referenced to body 
surface area can be measured and reported providing addi-
tional important information for patient management [40, 
41]. Regional wall motion abnormalities should be reported 
using the AHA 17-segment format and assigned to each of 
the major coronary artery distributions [42]. Wall motion 
may be reported as normal, hypokinetic, akinetic or dyski-
netic, and aneurysmal.

Myocardial CT enhancement patterns should be assessed. 
During the arterial, hypodense areas of myocardium may rep-
resent decreased myocardial perfusion as a result of prior 
myocardial infarction or severe obstructive CAD. Old myo-
cardial infarcts are characterized by hypoenhancement with 
wall thinning and/or fat replacement, ventricular remodeling, 
and/or the presence of calcifications and thrombi. 5–8-mm-
thick averaged MPR reconstructions, a narrow width and 
level, and the application of minimum intensity projection 
techniques improve detection of low-attenuation myocardial 
areas due to hypoperfusion and infarction. Perfusion defects 

A. Attili and E. A. Kazerooni



179

and myocardial abnormalities should be described using the 
AHA 17-segment model used for wall motion abnormalities. 
Aortic valve planimetry measurement has been shown to cor-
relate with the severity of aortic stenosis on transesophageal 
and transthoracic echocardiography [43, 44].

 CAD-RADS: The Coronary Artery Disease 
Reporting and Data System

A standardized reporting and data classification system for 
CCTA, called CAD-RADS, has been recently developed and 
reported as an expert consensus document of the Society of 

Cardiovascular Computed Tomography (SCCT), the 
American College of Radiology (ACR), and the North 
American Society for Cardiovascular Imaging (NASCI) [45]. 
The intent of CAD-RADS is to create a standardized method 
to communicate CCTA findings in order to facilitate decision-
making regarding patient management. The CAD- RADS 
classification is applied at the patient level, based on the high-
est-grade coronary lesion. CAD-RADS codes range from 0 in 
the absence of stenosis and plaque to CAD-RADS 5 in the 
presence of at least one totally occluded coronary artery. The 
CAD-RADS reporting and data system for patients with sta-
ble and acute chest pain is shown in Tables 16.3 and 16.4, 
respectively. The grading scale for stenosis severity suggested 

Table 16.3 CAD-RADS reporting and data system for patients presenting with stable chest pain

Degree of maximal 
coronary stenosis Interpretation

Further cardiac 
investigation Management

CAD- RADS 0 0% (no plaque or 
stenosis)

Documented 
absence of CAD

None Reassurance. Consider non- atherosclerotic 
causes of chest pain

CAD- RADS 1 1–24%—minimal 
stenosis or plaque with 
no stenosisa

Minimal 
nonobstructive 
CAD

None Consider non-atherosclerotic causes of chest 
pain
Consider preventive therapy and risk factor 
modification

CAD- RADS 2 25–49%
mild stenosis

Mild non- 
obstructive CAD

None Consider non-atherosclerotic causes of chest 
pain
Consider preventive therapy and risk factor 
modification, particularly for patients with 
non-obstructive plaque in multiple segments

CAD- RADS 3 50–69% stenosis Moderate stenosis Consider functional 
assessment

Consider symptom-guided anti-ischemic and 
preventative pharmacotherapy as well as risk 
factor modification per guideline-directed careb

Other treatments should be considered per 
guideline-directed careb

CAD- RADS 4 70–99% stenosis
or
B—left main >50% or 
three-vessel obstructive 
(≥70%) disease

Severe stenosis A: Consider ICA or 
functional assessment
B: ICA is 
recommended

Consider symptom-guided anti-ischemic and 
preventative pharmacotherapy as well as risk 
factor modification per guideline-directed careb

Other treatments (including options of 
revascularization) should be considered per 
guideline-directed careb

CAD- RADS 5 100% (total occlusion) Total coronary 
occlusion

Consider ICA and/or 
viability assessment

Consider symptom-guided anti-ischemic and 
preventative pharmacotherapy as well as risk 
factors modification per guideline-directed careb

Other treatments (including options of 
revascularization) should be considered per 
guideline-directed careb

CAD- RADS N Nondiagnostic study Obstructive CAD 
cannot be excluded

Additional or 
alternative evaluation 
may be needed

From Cury et al. [45], with permission
Note: The CAD-RADS classification should be applied on a per-patient basis for the clinically most relevant (usually highest-grade) stenosis. All 
vessels greater than 1.5 mm in diameter should be graded for stenosis severity. CAD-RADS will not apply for smaller vessels (<1.5 mm in 
diameter)
Modifiers: If more than one modifier is present, the symbol “/” (slash) should follow each modifier in the following order:
 First: modifier N (non-diagnostic)
 Second: modifier S (stent)
 Third: modifier G (graft)
 Fourth: modifier V (vulnerability)
CAD coronary artery disease, ICA invasive coronary angiography
aCAD-RADS 1—This category should also include the presence of plaque with positive remodeling and no evidence of stenosis
bGuideline-directed care per ACC Stable Ischemic Heart Disease Guidelines [46]
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by the SCCT is used. All vessels greater than 1.5 mm in diam-
eter should be graded for stenosis severity; CAD-RADS does 
not apply for vessels less than 1.5  mm in diameter. CAD-
RADS categories can be complimented by modifiers to indi-
cate that a study is not fully evaluable or nondiagnostic (N) or 
to indicate the presence of stents (S), grafts (G), and vulner-
able plaques (V). Specific recommendations are provided for 
further management of patients with stable or acute chest 
pain based on the CAD-RADS classification and code. These 
suggestions for further patient management should always be 
considered in light of the full clinical information available to 
the treating physician. The basic structure of a CCTA report 

incorporating CAD-RADS is as described in this chapter and 
in accordance with professional society guidelines. A CAD-
RADS code ranging from 0 to 5 is assigned in the impression 
section based on the highest-grade coronary stenosis along 
with corresponding management recommendations. CAD-
RADS reinforces the objective of structured reporting in 
communicating findings in a clear consistent manner, facili-
tating education, research, peer review, and quality 
assurance.

Examples of CAD lesions categorized using the CAD- 
RADS system are shown in Figs.  16.2, 16.3, 16.4, 16.5, 
and 16.6.

Table 16.4 CAD-RADS reporting and data system for patients presenting with acute chest pain, negative first troponin, negative or nondiagnostic 
electrocardiogram, and low to intermediate risk (TIMI risk score < 4) (emergency department or hospital setting)

Degree of maximal 
coronary stenosis Interpretation Management

CAD- RADS 0 0% ACS highly 
unlikely

No further evaluation of ACS is required
Consider other etiologies

CAD- RADS 1 1–24%a ACS highly 
unlikely

Consider evaluation of non-ACS etiology, if normal troponin and no 
ECG changes
Consider referral for outpatient follow-up for preventive therapy and risk 
factor modification

CAD- RADS 2 25–49%b ACS unlikely Consider evaluation of non-ACS etiology, if normal troponin and no 
ECG changes
Consider referral for outpatient follow-up for preventive therapy and risk 
factor modification
If clinical suspicion of ACS is high or if high-risk plague features are 
noted, consider hospital admission with cardiology consultation

CAD- RADS 3 50–69% ACS possible Consider hospital admission with cardiology consultation, functional 
testing, and/or ICA for evaluation and management
Recommendation for anti-ischemic and preventive management should 
be considered as well as risk factor modification. Other treatments should 
be considered if there is presence of a hemodynamically significant 
lesion

CAD- RADS 4 A: 70–99%
B: Left main >50% or 
three-vessel obstructive 
disease

ACS likely Consider hospital admission with cardiology consultation. Further 
evaluation with ICA and revascularization as appropriate
Recommendation for anti-ischemic and preventive management should 
be considered as well as risk factor modification

CAD- RADS 5 100% (total occlusion) ACS very likely Consider expedited ICA on a timely basis and revascularization if 
appropriate if acute occlusion.c

Recommendation for anti-ischemic and preventive management should 
be considered as well as risk factor modifications

CAD- RADS N Nondiagnostic study ACS cannot be 
excluded

Additional or alternative evaluation for ACS is needed

From Cury et al. [45], with permission
Note: The CAD-RADS classification should be applied on a per-patient basis for the clinically most relevant (usually highest-grade) stenosis. All 
vessels greater than 1.5 mm in diameter should be graded for stenosis severity. CAD-RADS will not apply for smaller vessels (<1.5 mm in 
diameter)
Modifiers: If more than one modifier is present, the symbol “/” (slash) should follow each modifier in the following order:
 First: modifier N (non-diagnostic)
 Second: modifier S (stent)
 Third: modifier G (graft)
 Fourth: modifier V (vulnerability)
ACS acute coronary syndrome, ICA invasive coronary angiography
aCAD-RADS 1—This category should also include the presence of plaque with positive remodeling and no evidence of stenosis
bCAD-RADS 2—Modifier 2/V can be used to indicate vulnerable/high- risk plaque
cUnless the total coronary occlusion can be identified as chronic (through CT and clinical characteristics or patient history)
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 Cardiac CT for Electrophysiology Applications

Pre-procedural cardiac CT imaging provides information 
about cardiac structure and anatomy that may be crucial for 
successful atrial and ventricular ablation for arrhythmias and 
structural interventions in electrophysiology. Pre-procedural 
CT combined with imaging obtained during EP interven-
tions enhances procedural safety, reduces exposure to ioniz-
ing radiation from fluoroscopy, reduces exposure time, and 
may improve outcomes.

 Pre-procedural CT Imaging for Left Atrial 
Ablation
Pre-procedural left atrial (LA) imaging by CT focuses on 
determining atrial and pulmonary venous anatomy, ruling 
out atrial thrombi, and identifying adjacent structures. 
Knowledge of patient-specific anatomy of the pulmonary 
veins facilitates guiding catheter manipulation and delivery 
of radiofrequency energy at antral or ostial locations, thereby 
reducing the risk of pulmonary vein stenosis [47, 48]. In 
patients with paroxysmal AF, circumferential PV isolation 

a b

c

Fig. 16.2 (a–c) CAD-RADS 0. Normal left main and LAD, LCX, and RCA without plaque or stenosis
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guided by image integration significantly improves clinical 
outcome in comparison with both circumferential PV 
 isolation guided by 3D mapping alone and with segmental 
electrophysiologically guided PV isolation [49]. The pre-
procedural CT report should include:

• Pulmonary veins:
 – Anatomy: number of veins and any anatomic variants 

and accessory or anomalous veins
 – Ostial diameter of each vein in long and short axis
 – Distance to first-order branch of each vein

• Left atrial dimensions and size
• Presence of absence of left atrial appendage thrombus
• Adjacent structures: esophagus and phrenic nerve

Conventional pulmonary venous anatomy is defined as 
the presence of single right and left superior and inferior pul-
monary veins that drain into the LA without any accessory 
veins. The most common variants are a common or con-
joined vein when the superior and inferior veins combine 
proximal to the LA, resulting in only one atriopulmonary 
venous junction on the involved side, as most commonly 

a b

Fig. 16.3 (a, b) CAD-RADS 1. Calcified plaque in the mid LAD with minimal luminal narrowing (less than 25% diameter stenosis)

a b

Fig. 16.4 (a, b) CAD-RADS 3. Predominantly non-calcified plaque in the proximal LAD with 50–69% diameter stenosis
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a b

c

Fig. 16.5 (a–c) CAD-RADS 4A. Non-calcified and calcified plaque in the mid LAD causing 70–99% diameter stenosis

a b

Fig. 16.6 (a, b) CAD-RADS 5. Complete occlusion of the LAD
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seen on the left. Supernumerary or accessory pulmonary 
veins are extra veins with independent atriopulmonary 
venous junctions separate from the superior and inferior pul-
monary veins and are named for the pulmonary lobe or seg-
ment that they drain, sometimes crossing pulmonary lobar 
fissures before emptying into the left atrium. Common 
examples include an additional right middle lobe vein. 
Anomalous pulmonary venous anatomy occurs when pulmo-
nary veins drain into a structure other than the left atrium.

A variety of post-processing methods are used to display 
left atrial and pulmonary venous anatomy including 3D vol-
ume rendering (extra-atrial surface views and intra-atrial 
endoscopic views) MPR, CPR, and MIP views. To obtain the 
correct measurement of ostial diameter of each PV, both 
MPR and CPR images should be selected to show the en face 
ostial image. Then, ostial diameter should be measured as 
minor and major axis diameter by orthogonal angles and 
reported [23, 50].

LA size is related to the chronicity of AF and the likeli-
hood of success for achieving sinus rhythm following abla-
tion procedures. Reference normal and indexed values for 
LA size, volumes, and function have been published for 
ECG-gated MDCT [51]. The LA diameter can be measured 
and reported as a single anterior-posterior measurement on a 
three-chamber reconstruction in end-systole. However due 
to the complex shape of the LA and asymmetrical remodel-
ing in AF, 2D measurements may not reflect the true size of 
the structure. LA function and volume can be calculated and 
reported using a modified method of Simpson with manual 
tracing of the endocardial borders on successive slices at 
both end-systole and end-diastole [52, 53]. An incremental 
predictive value has been shown for LA volumes by CT over 
echocardiographic dimensions in predicting the outcome of 
AF ablations.

The presence of LAA thrombus should be identified and 
reported. Poor contrast opacification of the LAA is often 
caused by slow flow and a delayed acquisition 1–2 min after 
the initial scan increases the accuracy for thrombus detection 
[54]. Phrenic nerve (PN) injury is a known complication of 
RF catheter ablation of AF. The right cardiophrenic artery 
can be visualized by CT and serves as a landmark to identify 
the adjacent phrenic nerve [55]. The anatomic path of the 
right cardiophrenic artery consistently runs anterior to the 
right superior pulmonary vein within the pericardial tissue 
anterior and adjacent to the right superior pulmonary vein 
and the SVC.  Although the CT tissue density of the right 
phrenic nerve remains the same as tissue densities of the sur-
rounding structures, the right cardiophrenic artery enhanced 
with contrast can be identified on the pre-procedural 
CT. During LA catheter ablation, an atrioesophageal fistula 
can develop as a result of thermal injury of the esophagus 
during ablation along the posterior LA. The esophagus and 
its relationship to the left atrium, pulmonary vein ostia, and 

pulmonary veins can be delineated on CT [56]; however it 
must be noted that the esophagus is a mobile structure and 
can shift by ≥2 cm in patients undergoing AF ablation under 
conscious sedation. Therefore real-time fluoroscopic imag-
ing during the procedure is preferable [57].

 Pre-procedural CT for Ventricular Ablation
Late gadolinium enhancement cardiac MR (CMR) is the ref-
erence standard for detection of myocardial scar and is used 
to guide and target arrhythmogenic tissue with catheter abla-
tion in ischemic and nonischemic cardiomyopathies. 
However, many patients with ventricular tachycardia (VT) 
have a cardiac implanted electronic device (CIED), with car-
diac MR services not widely available to these patients, or 
artifacts from the CIED may preclude assessment of scar tis-
sue on the CMR exam. Regional wall thinning and hypoper-
fusion on cardiac CT have been found to correlate with the 
arrhythmogenic substrate in postinfarction VT [58]. Both epi-
cardial fat and scar tissue result in low epicardial voltage on 
EP mapping procedures. Cardiac CT can differentiate epicar-
dial fat from scar or muscle on the basis of their distinct atten-
uation, with epicardial ablations at sites with >10 mm of fat 
found to be ineffective [59]. The thickness of the epicardial 
fat over areas of scar and low voltage on electroanatomic 
mapping is therefore relevant to patient selection and the suc-
cess of epicardial ablation procedures. Multiplanar and 3D 
images of epicardial fat generated from the pre-procedural 
CT examination are co-registered with the electroanatomic 
voltage map. Other relevant imaging features on pre-proce-
dural CT include the relationship and proximity of the site of 
the arrhythmic focus to the coronary venous system, coronary 
arteries, and phrenic nerve [60]. Evaluation and reporting of 
these measurements require close collaboration with refer-
ring electrophysiologists and knowledge of the abnormalities 
on electroanatomic voltage maps.

 Cardiac CT for Structural Heart Disease

CT offers high spatial resolution 3D anatomic assessment, 
with the temporal resolution enabled by gating permitting 
focused assessment at specific phases of the cardiac cycle, all 
important for patient selection, device eligibility, and pre- 
procedural planning for interventions in structural heart dis-
ease. This includes planning for transaortic valve replacement 
(TAVR), trans-mitral valve implantation, and left atrial 
appendage occlusion.

 Transcatheter Aortic Valve Replacement (TAVR)
TAVR has become the treatment of choice for symptomatic 
severe aortic stenosis in both high-risk and intermediate-risk 
patients. CT plays an important role in the workup of patients 
who are candidates for implantation of a transcatheter aortic 
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valve [61]. Essential elements of a TAVR CT report include 
detailed information about the aortic outflow, annulus, root, 
and proximal ascending aorta for valve sizing and assess-
ment of common access vessels for appropriateness, the lat-
ter usually being the iliofemoral arteries but may also include 
the upper extremity arteries as well. Details of each structure 
are provided below. For a detailed description of the use of 
CT in pre-procedural planning of a TAVR procedure, please 
refer to Chap. 40.

Elements of a structured report for TAVR planning 
include:

• Aortic valve:
 – Number of leaflets
 – Presence and severity of aortic valve leaflet calcifica-

tion (none, mild, moderate, or severe
• Aortic root:

 – Aortic annulus diameter (maximum and minimum)
 – Aortic annulus perimeter
 – Aortic annulus area
 – Sinus of Valsalva height for the right, left, and non- 

coronary sinuses
 – Sinus of Valsalva diameter for the right, left, and non- 

coronary sinuses
 – Height from annulus to left main and right coronary 

artery origins
 – Ascending aorta maximum diameter, including 4 cm 

above the aortic annulus
 – Aortic root angulation in degrees

• Access vessel assessment with minimum diameter (maxi-
mum and minimum diameter at this location), tortuosity 
and calcification assessment of each segment, and if pres-
ent any aneurysm (including maximum diameter and 
location), stent, endograft or anatomic variant:
 – Thoracic aorta
 – Abdominal aorta
 – Left common iliac artery, including high-riding 

bifurcation
 – Left external iliac artery
 – Left femoral artery
 – Right common artery, including high-riding 

bifurcation
 – Right external artery
 – Right femoral artery
 – Left subclavian artery
 – Right subclavian artery
 – Right innominate artery

 Mitral Valve Interventions
Transmitral valve implantation (TMVI) is an evolving treat-
ment strategy for patients with mitral regurgitation, requiring 
detailed pre-procedural imaging for evaluation of annulus 
shape and dimensions, the valve leaflets, coronary sinus 

anatomy, and papillary muscle structure. The geometry of 
the mitral valve and supporting structures is more complex 
and variable than the aortic valve and annulus, making real- 
time assessment with echocardiography more critical in 
decision-making. CT plays a complementary role to 3D 
echocardiography in determining patient suitability by 3D 
anatomical quantification and landing zone characterization 
[62]. Specific items for a structured report should include the 
details listed below. Currently, TMVI devices in use and 
development are typically placed by a transapical route, less 
often transeptal or transatrial route; therefore aortic and arte-
rial measurements are not required [63]. Leaflet length is 
generally measured using echocardiography and not CT.

• Mitral annulus calcification (none, mild, moderate, or 
severe)

• Mitral annulus diameter across each commissure
• Mitral annulus circumference
• Mitral annulus area
• Angle between coronary sinus and the mitral annulus
• Presence of leaflet prolapse if cine imaging obtained
• Subvalvular apparatus evaluation for unfavorable anat-

omy, including:
 – Irregular papillary muscle head branching or fused 

heads
 – Chordae tendinae extending to the subannular groove 

of the mitral valve
 – Large strut chordae

• Left ventricle:
 – End-diastolic diameter
 – Presence of basal septal bulging, hypertrophy, or 

thinning

 Left Atrial Appendage Occlusion
Percutaneous closure of the left atrial appendage (LAA) is an 
effective and safe alternative for treating patients with atrial 
fibrillation and contraindication for oral anticoagulants [64]. 
The Watchman LAA occlusion device is FDA approved in 
the United States for patients with nonvalvular atrial fibrilla-
tion with acceptable anatomy who are at increased risk for 
stroke and would be candidates for anticoagulation in whom 
there is concern about the risk/benefit ratio of chronic antico-
agulation [65]. Preimplantation cardiac CT can provide cru-
cial information for safe device planning and selection and 
has been shown to be more accurate than echocardiography 
for LAA measurements and overall geometry of this complex 
eccentric structure [66]. Important preimplantation consider-
ations to be mentioned in the structured report include the 
following:

• Left atrial appendage:
 – Morphology and shape: windsock, cactus, chicken 

wing, or broccoli [66, 67]
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 – Length and diameter
 – Volume
 – Presence or absence of thrombus
 – Relationship to the left superior pulmonary vein
 – Relationship to the adjacent pulmonary artery

• Atrial appendage ostium
 – Ostium shape: oval, foot-like, triangular, water drop- 

like, or round
 – Maximum and minimum diameter
 – Perimeter

• Relationship of LAA to adjacent left upper lobe pulmo-
nary vein and pulmonary artery

There are four types of LAA shape. The windsock type 
has a dominant central lobe allowing straightforward inser-
tion of the occlusion device. The cactus type has a dominant 
central lobe, with secondary lobes arising from the central 
lobe, however does not contraindicate insertion. The chicken 
wing type has a dominant central lobe with a sharp kink. A 
kink very proximal to the ostium creates a small usable 
length that may complicate insertion. The broccoli or cauli-
flower type is the least common with multiple lobes and a 
short length, generally considered unsuitable for occlusion.

The LAA ostium has a variable shape and may be classi-
fied into five types including oval, foot-like, triangular, water 
drop-like, and round. The shape has implications for device 
placement as the ostium has to adapt to the shape of the round 
device. The measured maximal diameter of a very flat ostium 
will not be reflective of the diameter at device insertion. The 
perimeter and a perimeter-based ostial diameter have been 
reported to be the best parameters for sizing the LAA occlu-
sion device due to the variable shape and morphology of the 
ostium [68]. The approximate LAA length is measured as the 
distance from the LAA ostial plane to the LAA apex in the 
primary lobe. LAA thrombus is a contraindication to implan-
tation, and its presence or absence should be reported. The 
LAA ridge is a barrier between the LAA orifice and the adja-
cent left upper lobe pulmonary vein (LUPV). The width of 
the LAA ridge and proximity of the LAA to the LUPV could 
also affect a safe occlusion. For example, the expansion of an 
occluder may markedly compress the pulmonary vein when a 
LAA orifice is extremely flat and in close proximity to the 
LUPV. Perforation of the pulmonary artery and consequent 
hemopericardium is a recognized complication of LAA 
occluder insertion. If the ostium is very close to the main pul-
monary artery, this should be described.

 Myocardial Perfusion Imaging and Delayed 
Enhancement CT

Technologic improvements allowing for faster lower radia-
tion exposure imaging facilitate the ability to perform CT 
myocardial perfusion imaging at rest and stress. Myocardial 

stress perfusion CT imaging is performed during the admin-
istration of a pharmacological vasodilator such as adenosine, 
regadenoson, or dipyridamole. Several single-center and 
multicenter trials indicate that stress CT perfusion is nonin-
ferior to SPECT and FFR to detect myocardial ischemia and 
hemodynamically relevant stenosis [69–71]. CT assessment 
of myocardial perfusion is based on the distribution of iodin-
ated contrast material during its first pass through the myo-
cardium. Contrast material distribution is dependent on the 
arterial supply; hence myocardial perfusion deficits are iden-
tified as hypoattenuating areas. Details of exam acquisition 
technique are covered in Chap. 62.

A stepwise approach to combined visual interpretation and 
reporting of CCTA and CT perfusion imaging is recommended 
[72] and should include (1) coronary CTA interpretation as 
covered earlier in this chapter, (2) reconstruction and process-
ing of myocardial CT perfusion images, (3) image quality 
assessment and the identification of potentially confounding 
artifacts, (4) rest and stress image interpretation for enhance-
ment patterns and areas of hypoattenuation, and (5) correla-
tion of coronary anatomy and myocardial perfusion deficits.

CT perfusion images should be reconstructed in the three 
traditional cardiac views: short axis, horizontal long axis, 
and vertical long axis that allow for evaluation of each myo-
cardial perfusion territory in more than two planes and 
viewed at a narrow window width and level (300/150 or 
200/100). The data set should be examined for image qual-
ity and artifacts such as poor signal to noise, misalignment, 
and beam hardening. Typical locations for artifacts due to 
beam hardening are the basal inferior lateral wall and the 
left ventricular apex. Multiphase data sets should be used if 
available to differentiate true perfusion defects from arti-
facts, the former persisting over several cycles and are in the 
distribution of a coronary artery. Rest and stress perfusion 
images are read serially and compared, to assess for isch-
emia and infarction. The content of a structured report 
should include:

• Quality of myocardial perfusion images and presence of 
any artifacts

• Visual assessment of the perfusion to each myocardial 
segment at rest and stress:
 – 0 = normal myocardial perfusion
 – 1  =  mild, perfusion deficit is less than one-third 

transmurality
 – 2 = moderate, ≤50% transmurality
 – 3 = severe, >50% transmurality
 – 4 = thinned chronic infarct

• Reversibility of each defect
• Transmyocardial perfusion ratio when relevant
• Whether each defect corresponds to an anatomic lesion 

on CCTA
• Absolute myocardial blood flow if dynamic CT perfusion 

technique is used
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A reversible perfusion deficit consistent with inducible 
myocardial ischemia will show normal resting perfusion and 
abnormal stress perfusion. A predominately fixed perfusion 
deficit may have two different appearances: (1) rest perfu-
sion deficit may persist on stress imaging and remain the 
same size, or (2) a rest perfusion deficit may partially hyper-
enhance to differing degrees due to relative hyperenhance-
ment of an infarct. The transmyocardial perfusion ratio 
(TPR) is a semiquantitative perfusion metric representing the 
ratio of subendocardial attenuation and the entire subepicar-
dial attenuation within a myocardial segment. TPR reflects 
the normal relation between subendocardial and subepicar-
dial blood flow, which is normally higher in the subendocar-
dium and is also the area compromised first during coronary 
stenosis [72, 73]. In subjects with no coronary disease, the 
mean TPR is 1.12  ±  0.13, and it is considered potentially 
abnormal when it is <0.99 or more than 1 SD below the mean 
normal TPR. In case of dynamic CT perfusion, a calculation 
of absolute blood flow in the myocardium can be performed 
and has been shown to have a good correlation to invasive 
fractional flow reserve [69, 74].

Delayed enhancement CT allows accurate visualization 
of myocardial infarction and viability and can be performed 
with a second CT scan performed 5–10 min after coronary 
CTA to demonstrate hyperenhancement [75–79]. The 
regional extent of delayed enhancement is assessed using a 
17-segment model. MinIP and thick MPR detect infarcted 
myocardium with greater visibility and definition than MIP 
and thin MPR [80]. Each segment is described and reported 
as involved or healthy and the percentage of transmural 
extent of enhancement graded using a 4-point scale (1–4): 
0–25%, 26–50%, 51–75%, or 76–100%.

 Congenital Heart Disease

Improved CT scanner technology and reconstruction meth-
ods allowing rapid, high spatial and temporal resolution 
imaging of the heart with low radiation doses make CT an 
attractive and increasingly used imaging modality for con-
genital heart disease (CHD) in both pediatric and adult 
patients. The use of cardiac CT for CHD is a guideline rec-
ommended in specific circumstances, such as inability to 
undergo MRI due to claustrophobia, nondiagnostic MRI due 
to metallic artifacts, and when higher spatial resolution ana-
tomical imaging is required [81–83].

Imaging targets and reporting elements of CT for CHD 
depend on the nature of the lesion and prior surgical inter-
ventions, e.g., right ventricular size, function, right ventricu-
lar outflow tract anatomy and branch pulmonary arteries 
after tetralogy of Fallot repair, recoarctation or pseudoaneu-
rysm formation after coarctation repair, and patency of baf-
fles and conduits after blood flow redirection surgery. 
Structured reporting for CHD should follow a sequential 

segmental approach with a systematic description as below 
and include a detailed description of lung parenchyma, air-
ways, and chest wall given the association of other congeni-
tal abnormalities.

• Visceral and atrial situs
• Position and location of the apex
• Systemic and pulmonary venous connections
• Atrioventricular connections
• Ventriculoarterial connections
• Atrial size and interatrial septum
• Ventricular size, function, and interventricular septum
• Relationship of the great vessels
• Outflow tracts and semilunar valves
• Patency, size, and branching of the aorta and pulmonary 

arteries
• Origins and course of the coronary arteries
• Functional and volumetric data relative to body surface 

area and available normal values

 Extracardiac Structures

Dedicated cardiac CT data sets include portions of noncar-
diovascular thoracic and upper abdominal anatomy, which 
should be reviewed and reported for two important reasons: 
recognizing associated primary and secondary comorbid 
pathology and identification of abnormalities that may lead 
to alternative cause for symptoms (e.g., pulmonary embo-
lism or pneumonia in the acute setting). A full field of view 
reconstruction should be performed, and all the extracardiac 
structures in the field of view should be examined and abnor-
malities reported [4].

 Impressions and Management 
Recommendations

The concluding section should summarize the major findings 
in a clear concise manner, answer the specific clinical ques-
tions posed, and guide further clinical management. In the 
context of CCTA for ischemic symptoms, the major findings 
regarding coronary artery and cardiac structure and function 
should be concisely stated. Additional tests may be recom-
mended if the significance of scan findings is uncertain, e.g., 
nuclear medicine or other functional ischemia tests to analyze 
borderline stenosis. The results of the CCTA can be broadly 
described in the conclusion as normal coronary arteries (no 
plaque or stenosis), nonobstructive CAD (1–49% stenosis), 
or significant CAD (>/=50% or >/=70% stenosis) with further 
qualification on the location and extent of disease. If the 
CAD-RADS reporting and data system is used, the specific 
CAD-RADS code for the findings and recommendations for 
further workup should be mentioned in the impressions.
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Table 16.5 Components of comprehensive cardiac CT report

Specific component(s) Necessity
Clinical data
General Indication or reason for test, procedure date Required
Demographics Name, date of birth, sex, referring clinician height, weight, BMI Required
History Symptoms, risk factors, relevant diagnostic tests Recommended
Procedure data
Description Test type (e.g., coronary CT angiography, calcium scoring, ventricular function, pulmonary 

vein, others)
Required

Equipment Scanner type: Number of detectors, rotation time, number of X-ray sources Recommended
Acquisition Gating method: Retrospective vs prospective ECG synchronization Required

Tube voltage, tube current, dose modulation (if used) Recommended
Estimated radiation dose, e.g., dose length product Recommended

Reconstruction Scanned or reconstructed phase of cardiac cycle Recommended
Slice thickness, increment, reconstruction filter Required

Medications Contrast type, volume, β-blockers, nitroglycerin, or any other, if given Required
Contrast rate Recommended

Patient parameters Complication(s), if present Required
Heart rate, arrhythmia, if present Recommended

Results
Technical quality Overall quality Required

Presence and type of artifact and effect on interpretation Required
Coronary Calcium score (if calcium scan performed) Required

Coronary anatomy: anomalies (origins and course), dominance, dilatation/aneurysms, 
anatomical variance, bridging

Required

Stenosis location and severity Required
Uninterpretable segments, arteries, or overall study Required
Stenosis plaque type: Calcified, non-calcified, or partially calcified Required
Stenosis extent and vulnerable features: length, ostial or branch involvement, positive 
remodeling, low-attenuation plaque, napkin-ring sign, spotty calcifications, tortuosity

Recommended

Use of SCCT stenosis severity classification Required
Use of SCCT axial coronary segmentation model Recommended
Calcium score percentile (if calcium scan performed) Required

Prior cardiac procedures Stents: Location, interpretability, patency
Prior CABG: Type, location, course and anastomosis, interpretability, patency, stenosis

Required

Non-coronary cardiac 
structures
Vessels Abnormalities of the aorta, vena cava, pulmonary arteries, and pulmonary veins, if present Required

Pulmonary vein morphology and ostia sizes (required for pre-ablation studies) Required
Cardiac chambers Abnormal chamber dilation, hypertrophy, masses, thrombus, shunts, and other structural 

diseases, if present
Required

Left ventricular size, EF, and volume (if function data is obtained) Required
Left atrial volume (for pre-ablation studies) Recommended
Right ventricular size and volume (if functional data obtained) Required
Left ventricular wall motion (17-segment model) and EF (if functional data obtained) Required

Myocardium Evidence of prior MI (hypoperfusion, wall thinning, fat, calcification, aneurysms) Required
End-diastolic left ventricular wall thickness Recommended
Perfusion defects and abnormal enhancement using a 17-segment model (if performed) Required

Pericardium Abnormal thickness, calcification, effusion if present Required
Valves Abnormal aortic and mitral valve calcification, thickness, stenosis, morphology

Prosthetic valves: type, location, pannus, thrombus, mobility
Required

Non-cardiac Abnormalities in the lungs, mediastinum, esophagus, bony structures, chest wall, etc., if present Required
Impressions and 
conclusions

Coronary interpretation Required
Abnormal non-coronary cardiac findings Required
Abnormal non-cardiac findings Required
Correlation to other or prior cardiac studies Recommended
Documentation of communication to referring physician for urgent finding(s) Recommended
Clinical recommendations Recommended
CAD-RADS code Recommended

A. Attili and E. A. Kazerooni



189

In case of extracardiac findings, their relevance and any 
recommendations for further workup should be stated. 
The components of a comprehensive cardiac CT report are 

summarized in Table 16.5. A sample standardized reporting 
template for CCTA with calcium scoring (normal examina-
tion) is provided below in Table 16.6.

Table 16.6 A sample standardized reporting template for CCTA (normal examination)

Procedure: CT cardiac (without and with contrast, with 3D reformatting)—coronary CTA protocol including coronary calcium CT
Clinical history: [ ]
Comparison: [ ]
Technique: Using a [scanner type], a preliminary scout study was obtained, followed by coronary artery calcium protocol. Following 
administration of [x] ml iodinated intravenous contrast [contrast name], [0.5] mm collimated images were obtained from the carina to the base 
of the heart. [Prospective; Retrospective>] ECG triggering was used. Heart rate at the time of acquisition was approximately [ ] bpm.
Multiplanar and 3D reformatted images were rendered and reviewed on an advanced processing workstation to further define anatomy and 
possible pathology (DFOV = 25/cm)
Medications: [100 mg of oral metoprolol and x mg IV metoprolol was administered prior to scanning]. [0.4 mg sublingual nitroglycerine was 
administered immediately prior to scanning]
Technical quality: [excellent, with no artifacts; good, with minor artifact but good diagnostic quality; acceptable, with moderate artifacts; 
poor/suboptimal, with severe artifacts]
Findings
CT coronary calcium scoring
  LMA =
  LAD =
  LCX =
  RCA =
  PDA =
Total calcium score = [ ] using the AJ-130 method. This score is in the percentile rank for age and gender, meaning that [ ] % of patients of the 
same age and gender will have a higher score. The total volume score is [ ]
Coronary CT angiography
The coronary artery origins and proximal course are normal. There is ____ (right/left/co) coronary artery dominance
Note: Stenoses are reported as maximum percentage diameter stenosis
Stenosis grading is reported using the following scheme:
Normal: no plaque
Minimal: negligible impact on the lumen (<25% stenosis)
Mild: no flow-limiting stenosis (25–49% stenosis)
Moderate: possible flow-limiting disease (50–69% stenosis)
Severe: probable flow-limiting disease (70–99% stenosis)
Occluded
Left main: The left main coronary artery is a _____ (short/medium/large) size vessel and (bifurcates in LAD and LCX/or trifurcates in LAD, 
LCX, and a ramus branch). It is patent with no evidence of plaque or stenosis
LAD: The left anterior descending artery is patent with no evidence of plaque or stenosis. It gives off ____ patent diagonal branches
LCX: The left circumflex artery is patent with no evidence of plaque or stenosis. It gives off ____ patent obtuse marginal branches
RCA: The right coronary artery is patent with no evidence of plaque or stenosis. It gives off a patent posterior descending artery and a patent 
posterior left ventricular branch
Cardiac structure and morphology
Cardiac chambers: Non-enlarged. No myocardial hypertrophy
Cardiac valves: There is no thickening or calcifications in the aortic and mitral valves
Pericardium: No effusion, thickening, or calcifications
Chest
Within the imaged field of view, evaluation of the visualized thoracic and upper abdominal structures demonstrates no additional 
abnormalities; specifically, there are no pulmonary nodules or enlarged lymph nodes. There is a three-leaflet aortic valve with no aortic leaflet 
calcification. The aortic root is normal in diameter, measuring – cm. The central pulmonary arteries are unremarkable
Impression
1. Total coronary calcium score = [ ] and is at the [ ] percentile for age and gender
2. Normal coronary arteries
3. Normal cardiac chamber size
4. Unremarkable aortic valve and aortic root
5. Unremarkable pericardium
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 Time Line for Report Distribution

To expedite patient flow in the emergency department (ED), 
cardiac CT studies for acute chest pain should be interpreted 
and reported within 60 min of reconstruction. It is also rec-
ommended that all emergency scans including normal stud-
ies be reported verbally to the ED providers and that all 
exams with moderate- or high-grade stenosis be communi-
cated in all clinical settings, with documentation of the ver-
bal communication in the report. Physicians should be 
notified immediately of life-threatening critical findings, 
such as pulmonary embolism or aortic dissection. Similarly, 
incidental unexpected findings requiring follow-up that may 
lead to later downstream medical problems, such as lung 
nodules requiring follow-up CT exams to ensure their lack of 
growth, should be communicated and documented. Elective 
studies should be reported within 1–2 working days of the 
procedure.

 Conclusion

The use of structured reporting in cardiac CT is recom-
mended to improve communication of results to referring 
physicians. Furthermore structured reporting benefits 
research, education, peer review, and quality assurance and 
results in improved quality of care. The structured report 
should contain adequate information to support the clinical 
necessity for the procedure and a comprehensive description 
of the findings and their significance using standardized ter-
minology to enable proper clinical management.
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Integration of CT Data into Clinical 
Workflows: Role of Modern IT 
Infrastructure Including Cloud 
Technology

Paul Schoenhagen and Mathis Zimmermann

Since its introduction to medical imaging in the 1970s [1, 2], 
CT has developed into a central imaging modality in a wide 
array of clinical conditions. In cardiovascular medicine, this 
includes emergent indication (e.g., acute aortic syndromes 
[AAS], pulmonary embolism [PE]), many elective indica-
tions, and novel indications (e.g., structural and valvular 
heart disease). Its use has increased exponentially, supported 
by rapid developments of scanner technology and software 
applications [3, 4].

Initial developments of cardiovascular CT technology 
were focused on scanner hardware and image generation. A 
critical step was ECG-synchronized imaging acquisition, 
which allowed to minimize cardiac motion artifacts. 
Subsequent, consecutive generations of scanners with 
increased cranio-caudal coverage and speed of acquisition 
expanded cardiovascular applications. Initially the acquired 
series of CT images were printed on film sheets and reviewed 
on film boxes (Figs. 17.1 and 17.2). This was subsequently 
replaced by digital review on expensive workstations in 
“reading rooms” close to the CT scanner. The true potential 
of CT lies in the ability to combine multiple thin-slice axial 
images into a 3-D dataset and digital manipulation. This was 
realized with development of increasingly powerful worksta-
tions and software allowing post-processing resulting in 
unlimited image planes oblique to the acquisition plane 
(Fig. 17.3). The ability of 3-D reconstruction has been a key 
element for the modern use of cardiovascular CT. Importantly, 
complex image reconstruction is performed by several users, 
including imaging specialist/radiologist and clinical inter-
ventionalist/surgeon. Review by these users is typically sep-
arated by time and location.

Imaging and image review/reconstruction are increasingly 
part of a stepwise decision-making process, transforming tra-
ditional single-observer reading and reporting to a process 
involving a team of interdisciplinary clinical specialists. This 
trend is observed in several subspecialties including oncology 
(e.g., “tumor board” for cancer treatment planning) and car-
diovascular medicine (e.g., “heart team” in the context of 
transcatheter aortic valve replacement, TAVR). These devel-
opments require a new level of data accessibility and perfor-
mance of imaging systems, including ability to share data 
beyond the “reading room” in large healthcare systems. It is 
supported by novel developments of IT architecture, allowing 
sharing of a centrally stored dataset between multiple periph-
eral workstations (client-server). Connection of scanners and 
workstations into a network or “cloud” with integration into 
the entire electronic health record (EHR) allows exchange of 
information across healthcare systems and supports multidis-
ciplinary teams working on defined clinical workflows. It has 
been adopted rapidly for CT imaging. In this chapter we will 
review these developments and discuss the impact on clinical 
workflows involving CT imaging.

 Computed Tomography: CT Scanner 
and Review Software/Workstation

The diagnostic use of computed tomography (CT) is based 
on developments in the field of physics during the 1970s [1, 
2]. Since then CT has developed into an established diagnos-
tic modality in cardiovascular medicine. The diagnostic 
spectrum includes routine indications such as the assessment 
of aortic, pulmonary, and coronary vascular disease, as well 
as novel applications, including the evaluation in the context 
of minimally invasive cardiothoracic surgery and transcath-
eter interventions.

Initially used electron-beam technology (EBCT) has 
almost completely been replaced by multi-detector CT 
(MDCT) systems. In MDCT systems, the gantry (X-ray tube 
and detector) rotates rapidly around the patient [5, 6]. 
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Subsequent generations of multi-slice scanners with 8, 16, 
64, 256, and 320 slice acquisition per rotation were intro-
duced in rapid progression over the last two decades [7–10]. 
Modern systems with fast gantry rotation and thin collimated 
detector rows with ECG-synchronized acquisition of multi-
ple slices per gantry rotation are optimized for cardiovascu-
lar imaging. Dual-source scanners, with two X-ray tubes/
detector systems, allow further reduction in temporal resolu-
tion [11, 12]. Today, high-end scanners permit rotation times 
as low as 250  ms, with resulting temporal resolution of 
135 ms (single source) and 66 ms (dual source). Modern sys-
tems acquire data with a minimum collimated detector row 
width of 0.5 mm resulting in isotropic spatial resolution of 
around 0.5 × 0.5 × 0.5 mm. The acquired raw data is recon-
structed at the scanner and then sent to workstations and/or 
storage systems (PACS).

Early generations of workstations were local systems with 
powerful local graphics hardware for 3-D reconstruction. The 
complete data from individual studies was transferred to the 
workstations as DICOM data, either directly from the scanner 
or via the PACS system. Because of the high cost of such 
workstations, only a few would be available, typically in the 
“reading room” close to the scanner. Sharing of data was lim-
ited to a few reconstructed images (printed or saved on CD or 
sent by e-mail). If a clinician wanted to directly review 
images, this was only possible in the reading room.

Subsequent generations of local client-server systems 
combine a central server with local access stations at several 
locations. In these systems, storage of the complete data and 

Fig. 17.1 This figure shows 
an old-fashioned viewing 
station. The X-ray films show 
images obtained from an 
ancient mummy

Fig. 17.2 This figure shows a traditional film library where X-ray 
images are archived and retrieved if necessary
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data reconstruction is performed at the central server level 
(“remote rendering”). The reconstructed images are dis-
played at the local client workstation, allowing use of less 
expensive computer systems, such as those used for access 
of the EHR. The central storage of images in a clinical data 
center facilitates the creation of a network of connected 
workstations but requires sufficient bandwidth for enterprise- 
wide data transfer (Fig. 17.4). This approach protects clinical 
data because data is maintained within the hospital IT net-
work. It enables shared access to the same imaging study for 
different clinical groups, e.g., surgeons or referring physi-
cians at multiple locations contributing diagnostic or inter-
ventional information.

The most recent approach is the use of “cloud servers.” 
Advantages are use of readily available cheaper cloud stor-
age and almost unlimited processing power. It allows new 
applications, e.g., retrospective and even prospective (pre-
dictive) data analytics, specifically in the context of integra-
tion into the EHR.  However, it introduces new challenges 
and requirements, e.g., data security aspects of storing 
patient health information in the cloud on third-party servers 
(Fig. 17.5).

 Integration of CT/Imaging Data and EHR

The digital availability of data and ability to share as part of 
the EHR support enhanced integration of imaging data into 
clinical pathways. Integration of CT data and EHR servers 

allows to consider the CT data in the context of the clinical 
pathway of the patient. Enterprise-wide access has the poten-
tial to streamline the ordering process (e.g., avoiding unnec-
essary repeat studies, tracking of cumulative radiation 
exposure) and allows collaborative reading and reporting. 
Data transfer of discrete values enables structured reporting 
and data mining/ analytics for clinical research and adminis-
trative purposes.

In large healthcare systems, this requires a complex infra-
structure/network spanning across multiple locations. A cen-
tral data center connects a large number of servers (“server 
farm”), with integration between EHR, PACS systems, and 
additional 3-D/4-D analysis tools (Figs. 17.4 and 17.5). The 
core storage provides access to all data generated in the 
healthcare system, which can be visualized in a patient- 
centric fashion through the electronic health record (EHR), 
PACS, or more dedicated systems. These systems already are 
a form of cloud computing, described as a “private medical- 
grade cloud.” Hospital systems may be able to maintain a 
“private cloud” or alternatively use third-party data service, 
but issues of reliable patient identification and data security 
need to be clarified. While technically complex, the benefit 
of “online” sharing of data files between professionals at 
multiple locations within a treatment network appears to be 
obvious [13, 14].

“Smart” computer systems are not limited to data storage 
but also contribute to its collection and analysis. Examples 
are computer-aided detection (CAD) systems in diagnostic 
imaging/radiology and automatic data analysis. A recent 

Fig. 17.3 This figure shows 
a modern workstation with 
multiple monitors. The 
workstation is connected to 
the central data center, where 
the imaging data is archived 
and processed
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paper examined the usefulness of CAD for the diagnosis of 
lung nodules on CT scans [15]. CAD systems detected lung 
cancers that were initially missed by a radiologist but failed 
to detect other lung lesions identified by the radiologist, sug-
gesting a complementary role of CAD systems. Automatic 
analysis (“data mining”) of large datasets can be performed 
with minimal human input. This process is called “machine 
learning” (ML) and is used for various applications  including 
weather forecasting or recommending items of interest to 
consumers while using online search engines [16–18]. 
Machine learning uses algorithms to identify expected and 
unexpected patterns and can consider a greater number and 
complexity of variables than traditional methods of predic-
tive analysis. ML techniques are increasingly applied to 
large amounts of imaging and other discrete data in health-

care in order to build predictive models, both for individual 
patients and larger populations [19–21].

While these approaches are exciting, it is important to 
consider potential limitations. The tremendous amount and 
complexity of patient-related data accumulating in large 
healthcare institutions require advanced software and hard-
ware and a dedicated group of IT professionals for mainte-
nance [22]. Data has to be available 24/7, and there are 
mandated requirements for long-term data storage. A par-
ticular challenge is unequivocal patient identification, in 
particular if data is to be shared across large healthcare sys-
tems and with other institutions. Complex issues related to 
data security and ownership (hospital system or patient) 
have to be addressed. Because of the complexity and asso-
ciated cost of maintaining such “data clouds”, healthcare 
systems may consider external providers for data manage-
ment, further complicating oversight and regulation 
(Fig. 17.5).

 Impact on Clinical Management

The potential clinical value of systems combining imaging 
data and the EHR can be studied using clinical scenarios, 
where CT imaging is central, e.g., transcatheter aortic valve 
replacement (TAVR) and acute aortic syndromes (AAS).

In the case of AAS, regional treatment networks have 
been established, which coordinate diagnosis, triage, and 
treatment between local emergency rooms as the initial 
point of contact, and central specialized centers, experi-
enced in definitive pharmacological, interventional, or sur-
gical treatment [23–27]. In contrast to acute myocardial 
infarction (MI), AAS lacks simple diagnostic biomarkers. 
Triage of patients with suspected AAS requires definitive 
imaging. Computed tomography is typically performed 
and interpreted at the initial point of access in the local 
ED, where subspecialized expertise is often lacking. As 
such, false- positive transfer activation is not uncommon, 
especially in the setting of complex prior endovascular 
repair [28–30]. The large image data files have tradition-
ally been transferred with the patient either in film or CD 
format. At the tertiary referral center, the images were then 
downloaded and subsequently reinterpreted to form the 
basis for definitive treatment. The availability of imaging 
data within a shared EHR would allow proactive triage 
prior or during patient transfer by specialists available 
within the network at different locations [31, 32]. Modern 
IT network structures and specifically “cloud” technology 
allow upload of data from multiple sites onto central 
“cloud servers” and subsequent access and review from 
anywhere within network [13, 14]. Mobile online access to 
the central electronic health record including imaging and 

Fig. 17.4 This figure shows a server farm in a data center
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non-imaging data from tablet computers and smartphones 
allows review without limitations to place and time and 
enables surveillance and online communication within a 
network of specialists [33].

The process of CT image acquisition and analysis in the 
context of TAVR has evolved and is increasingly standard-
ized [34–37]. After initial general review including non- 
cardiac structures, the cardiovascular analysis is focused on 
the access site/route and aortic root deployment zone. The 
peripheral access arteries (iliac and axillary arteries) are 
evaluated for luminal size, calcified and non-calcified 
 atherosclerotic plaque of the vessel wall, and vessel tortuos-
ity [38–43]. Because TAVR stent/valve prostheses are avail-
able in limited size ranges, precise measurement of the aortic 
annulus is critical. Specifically, the annulus is measured as 
the plane at the lowest insertion point of the aortic valve leaf-
lets and minimal/maximal diameter, circumference, and area 
are described. In addition, the spatial relation of the coronary 
ostia to the annulus and the angiographic plane orthogonal to 
the valve plane is defined to ensure optimal positioning/
alignment of the prosthesis with the vessel axis. The analysis 
process is best organized into a multistep workflow, which 
involves manual or semiautomated aortic root segmentation, 
centerline reconstruction of the aorta and iliac arteries, and 
additional 4-D functional analysis of ventricular and valvular 
function. While manual analysis with standard, basic 3-D 
software is possible, it is time-intensive and operator- 

dependent. Increasingly, semiautomated software systems 
pre-analyze the data, providing the evaluating physician with 
a structured template for final analysis and documentation/
reporting [44, 45].

In most clinical centers, selection of patients suitable for 
the TAVR procedure involves an interdisciplinary team of 
physicians, including cardiologists, cardiothoracic surgeons, 
and imaging specialists/radiologists. After an initial clinical 
appointment, subsequent testing including imaging is per-
formed. The imaging specialist analyzes the data and pre-
pares a report including saved key images and presentation 
states. The interventional cardiologist and surgeon review 
the accumulated data, which is used for decision-making and 
planning of the procedure. All these single steps do not nec-
essarily happen at the same place and time, they may be per-
formed independently at different places in the hospital at 
different time points. Therefore, organization of the huge 
amount of accumulated data in a centralized archive and cus-
tomized reading software models optimized for the work-
flow of individual groups of clinicians support the clinical 
pathway.

The examples of TAVR and AAS demonstrate the impact 
of an integrated EHR including imaging data on clinical 
workflows in acute and elective clinical scenarios involving 
CT imaging. Other clinical examples including those involv-
ing other imaging modalities, e.g., echocardiography or 
MRI, can be readily identified [46, 47].

• Anonymized and protected medical data
• Long term archiving
• Retrospective and prospective data analytics
• Research exchange
• Ontologies

• Electronic Health Record
• Image data
• Performance data

Authorized Users

Private Clinical Cloud
(Protected)

Public and Commercial Clinical Cloud Services

Physician Clients Physician Clients

Firewall Client
application

Mobile
App

Data Center

Fig. 17.5 Schematic 
state-of-the-art cloud services 
in context of reading and 
reporting
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 Conclusion

Following hard- and software development to optimize 
image acquisition and analysis of individual scanner/work-
station systems, recent and future developments increasingly 
create networks of systems integrated into the EHR. These 
“cloud” systems are transforming clinical workflows, exem-
plified by the examples of acute aortic syndromes (AAS) and 
transcatheter aortic valve replacement (TAVR), where CT 
imaging has a central role. However, experience is limited, 
and further evaluation of the appropriate infrastructure 
including requirement for reliable patient identification 
between provider organizations and data safety is critical. 
Further the potential clinical impact needs to be evaluated in 
clinical trials. The widespread use of CT and its standardized 
data structure makes CT a perfect example, but other imag-
ing modalities including echocardiography and MRI are also 
evaluated extensively.

References

 1. Ambrose J, Hounsfield G. Computerized transverse axial tomogra-
phy. Br J Radiol. 1973;46:148–9.

 2. Hounsfield GN.  Computed medical imaging. Science. 
1980;210:22–8.

 3. Mettler FA Jr, Bhargavan M, Faulkner K, Gilley DB, Gray JE, 
Ibbott GS, Lipoti JA, Mahesh M, McCrohan JL, Stabin MG, 
Thomadsen BR, Yoshizumi TT. Radiologic and nuclear medicine 
studies in the United States and worldwide: frequency, radiation 
dose, and comparison with other radiation sources  – 1950-2007. 
Radiology. 2009;253:520–31.

 4. Brenner DJ, Hall EJ. Computed tomography – an increasing source 
of radiation exposure. N Engl J Med. 2007;357:2277–84.

 5. Kalendar WA, Seissler W, Klotz E, Vock P. Spiral volumetric CT 
with single-breath-hold technique, continuous transport, and con-
tinuous scanner rotation. Radiology. 1990;176:181–3.

 6. Klingenbeck-Regn K, Schaller S, Flohr T, Ohnesorge B, Kopp A, 
Baum U. Subsecond multi-slice computed tomography: basics and 
applications. Eur J Radiol. 1999;31:110–24.

 7. Nieman K, Cademartiri F, Lemos PA, Raaijmakers R, Pattynama 
PMT, de Feyter PJ.  Reliable noninvasive coronary angiography 
with fast submillimeter multislice spiral computed tomography. 
Circulation. 2002;106:2051–4.

 8. Chao SP, Law WY, Kuo CJ, Hung HF, Cheng JJ, Lo HM, Shyu 
KG.  The diagnostic accuracy of 256-row computed tomographic 
angiography compared with invasive coronary angiography in 
patients with suspected coronary artery disease. Eur Heart J. 
2010;31:1916–23.

 9. Einstein AJ, Elliston CD, Arai AE, Chen MY, Mather R, Pearson 
GD, Delapaz RL, Nickoloff E, Dutta A, Brenner DJ.  Radiation 
dose from single-heartbeat coronary CT angiography per-
formed with a 320-detector row volume scanner. Radiology. 
2010;254:698–706.

 10. George RT, Arbab-Zadeh A, Miller JM, Vavere AL, Bengel FM, 
Lardo AC, Lima JA. Computed tomography myocardial perfusion 
imaging with 320-row detector computed tomography accurately 
detects myocardial ischemia in patients with obstructive coronary 
artery disease. Circ Cardiovasc Imaging. 2012;5:333–40.

 11. Flohr TG, CH MC, Bruder H, Petersilka M, Gruber K, Suss C, 
Grasruck M, Stierstorfer K, Krauss B, Raupach R, Primak AN, 
Kuttner A, Achenbach S, Becker C, Kopp A, Ohnesorge BM. First 
performance evaluation of a dual-source CT (DSCT) system. Eur 
Radiol. 2006;16:256–68.

 12. Achenbach S, Ropers D, Kuettner A, Flohr T, Ohnesorge B, Bruder 
H, Theessen H, Karakaya M, Daniel WG, Bautz W, Kalender 
WA, Anders K.  Contrast-enhanced coronary artery visualization 
by dual-source computed tomography  – initial experience. Eur J 
Radiol. 2006;57:331–5.

 13. Schoenhagen P, Zimmermann M, Falkner J. Advanced 3-D analy-
sis, client-server systems, and cloud computing-Integration of car-
diovascular imaging data into clinical workflows of transcatheter 
aortic valve replacement. Cardiovasc Diagn Ther. 2013;3:80–92.

 14. Schoenhagen P, Falkner J, Piraino D.  Transcatheter aortic valve 
repair, imaging, and electronic imaging health record. Curr Cardiol 
Rep. 2013;15:319.

 15. Liang M, Tang W, Xu DM, Jirapatnakul AC, Reeves AP, Henschke 
CI, Yankelevitz D.  Low-dose CT screening for lung cancer: 
computer-aided detection of missed lung cancers. Radiology. 
2016;281:279–88.

 16. Waljee AK, Higgins PDR. Machine learning in medicine: a primer 
for physicians. Am J Gastroenterol. 2010;105:1224–6.

 17. Deo RC.  Machine learning in medicine. Circulation. 
2015;132:1920–30.

 18. Dietterich TG. Ensemble methods in machine learning. Lect Notes 
Comput Sci. 2000;1857:1–15.

 19. Waljee AK, Joyce JC, Wang S, Saxena A, Hart M, Zhu J, Higgins 
PD. Algorithms outperform metabolite tests in predicting response 
of patients with inflammatory bowel disease to thiopurines. Clin 
Gastroenterol Hepatol. 2010;8:143–50.

 20. Singal AG, Mukherjee A, Elmunzer BJ, Higgins PD, Lok AS, Zhu 
J, Marrero JA, Waljee AK. Machine learning algorithms outperform 
conventional regression models in identifying risk factors for hepa-
tocellular carcinoma in patients with cirrhosis. Am J Gastroenterol. 
2013;108:1723–30.

 21. Motwani M, Dey D, Berman DS, Germano G, Achenbach S, 
Al-Mallah M. Machine learning for prediction of all-cause mortal-
ity in patient with suspected coronary artery disease: a 5-year multi-
center prospective registry analysis. Eur Heart J. 2017;38(7):500–7.

 22. Drowning in big data? Reducing information technology complexi-
ties and costs for healthcare organizations. http://www.emc.com/
collateral/analyst-reports/frost-sullivan-reducing-information-tech-
nology-complexities-ar.pdf.

 23. Boyd DR, Dunea MM, Flashner BA. The Illinois plan for a state-
wide system of trauma centers. J Trauma. 1973;13:24–31.

 24. Cowley RA, Hudson F, Scanlan E, Gill W, Lally RJ, Long W, et al. 
An economical and proved helicopter program for transporting the 
emergency critically ill and injured patient in Maryland. J Trauma. 
1973;13:1029–38.

 25. Harris KM, Strauss CE, Duval S, Unger BT, Kroshus TJ, Inampudi 
S, et  al. Multidisciplinary standardized care for acute aortic dis-
section: design and initial outcomes of a regional care model. Circ 
Cardiovasc Qual Outcomes. 2010;3:424–30.

 26. Henry TD, Sharkey SW, Burke MN, Chavez IJ, Graham KJ, Henry 
CR, et al. A regional system to provide timely access to percutane-
ous coronary intervention for ST-elevation myocardial infarction. 
Circulation. 2007;116:721–8.

 27. Jollis JG, Roettig ML, Aluko AO, Anstrom KJ, Applegate RJ, 
Babb JD, et  al., Reperfusion of Acute Myocardial Infarction in 
North Carolina Emergency Departments (RACE) Investigators. 
Implementation of a statewide system for coronary reperfu-
sion for ST-segment elevation myocardial infarction. JAMA. 
2007;298:2371–80.

 28. Aggarwal B, Raymond CE, Randhawa MS, Roselli E, Jacob 
J, Eagleton M, Kralovic DM, Kormos K, Holloway D, Menon 

P. Schoenhagen and M. Zimmermann

http://www.emc.com/collateral/analyst-reports/frost-sullivan-reducing-information-technology-complexities-ar.pdf
http://www.emc.com/collateral/analyst-reports/frost-sullivan-reducing-information-technology-complexities-ar.pdf
http://www.emc.com/collateral/analyst-reports/frost-sullivan-reducing-information-technology-complexities-ar.pdf


201

V.  Transfer metrics in patients with suspected acute aortic syn-
drome. Circ Cardiovasc Qual Outcomes. 2014;7:780–2.

 29. Raymond CE, Aggarwal B, Schoenhagen P, Kralovic DM, Kormos 
K, Holloway D, Menon V. Prevalence and factors associated with 
false positive suspicion of acute aortic syndrome: experience in a 
patient population transferred to a specialized aortic treatment cen-
ter. Cardiovasc Diagn Ther. 2013;3:196–204.

 30. Aggarwal B, Raymond C, Jacob J, Kralovic D, Kormos K, 
Holloway D, Menon V. Transfer of patients with suspected acute 
aortic syndrome. Am J Cardiol. 2013;112:430–5.

 31. Schoenhagen P, Mehta N. Big data, smart computer systems, and 
doctor-patient relationship. Eur Heart J. 2017;38(7):508–10.

 32. Cowie MR, Chronaki CE, Vardas P.  E-health innovation: time 
for engagement with the cardiology community. Eur Heart J. 
2013;34:1864–8.

 33. Matar R, Renapurkar R, Obuchowski N, Menon V, Piraino D, 
Schoenhagen P. Utility of hand-held devices in diagnosis and triage 
of cardiovascular emergencies. Observations during implementa-
tion of a PACS-based system in an acute aortic syndrome (AAS) 
network. J Cardiovasc Comput Tomogr. 2015;9:524–33.

 34. Leon MB, Piazza N, Nikolsky E, et al. Standardized endpoint defi-
nitions for transcatheter aortic valve implantation clinical trials: a 
consensus report from the valve academic research consortium. Eur 
Heart J. 2011;32:205–17.

 35. Vahanian A, Alfieri OR, Al-Attar N, et  al. Transcatheter valve 
implantation for patients with aortic stenosis: a position state-
ment from the European Association of Cardio-Thoracic Surgery 
(EACTS) and the European Society of Cardiology (ESC), in 
collaboration with the European Association of Percutaneous 
Cardiovascular Interventions (EAPCI). Eur J Cardiothorac Surg. 
2008;34:1–8.

 36. Achenbach S, Delgado V, Hausleiter J, et al. SCCT expert consensus 
document on computed tomography imaging before transcatheter 
aortic valve implantation (TAVI)/transcatheter aortic valve replace-
ment (TAVR). J Cardiovasc Comput Tomogr. 2012;6:366–80.

 37. Schoenhagen P, Hausleiter J, Achenbach S, et al. Computed tomog-
raphy in the evaluation for transcatheter aortic valve implantation 
(TAVI). Cardiovasc Diagn Ther. 2011;1:44–56.

 38. Kurra V, Kapadia SR, Tuzcu EM, et al. Pre-procedural imaging of 
aortic root orientation and dimensions comparison between X-ray 

angiographic planar imaging and 3-dimensional multidetector row 
computed tomography. JACC Cardiovasc Interv. 2010;3:105–13.

 39. Gurvitch R, Wood DA, Leipsic J, et  al. Multislice computed 
tomography for prediction of optimal angiographic deployment 
projections during transcatheter aortic valve implantation. JACC 
Cardiovasc Interv. 2010;3:1157–65.

 40. da Gama RV, Vouga L, Markowitz A, et  al. Vascular access in 
transcatheter aortic valve implantation. Int J Cardiovasc Imaging. 
2011;27:1235–43.

 41. Petronio AS, De Carlo M, Bedogni F, et al. Safety and efficacy of 
the subclavian approach for transcatheter aortic valve implanta-
tion with the CoreValve revalving system. Circ Cardiovasc Interv. 
2010;3:359–66.

 42. Svensson LG, Dewey T, Kapadia S, et  al. United States feasibil-
ity study of transcatheter insertion of a stented aortic valve by the 
left ventricular apex. Ann Thorac Surg. 2008;86:46–54; discussion 
54–5.

 43. Walther T, Simon P, Dewey T, et al. Transapical minimally inva-
sive aortic valve implantation: multicenter experience. Circulation. 
2007;116:I240–5.

 44. Schoenhagen P, Tuzcu EM, Kapadia SR, Desai MY, Svensson 
LG. Three-dimensional imaging of the aortic valve and aortic root 
with computed tomography: new standards in an era of transcath-
eter valve repair/implantation. Eur Heart J. 2009;30:2079–86.

 45. Schoenhagen P, Numburi U, Halliburton SS, Aulbach P, von 
Roden M, Desai MY, Rodriguez LL, Kapadia SR, Tuzcu EM, 
Lytle BW. Three-dimensional imaging in the context of minimally 
invasive and transcatheter cardiovascular interventions using multi- 
detector computed tomography: from pre-operative planning to 
intra-operative guidance. Eur Heart J. 2010;31:2727–40.

 46. Cavalcante JL, Lalude OO, Schoenhagen P, Lerakis 
S. Cardiovascular magnetic resonance imaging for structural and 
valvular heart disease interventions. JACC Cardiovasc Interv. 
2016;9(5):399–425.

 47. Natarajan N, Patel P, Bartel T, Kapadia S, Navia J, Stewart W, 
Tuzcu EM, Schoenhagen P.  Peri-procedural imaging for trans-
catheter mitral valve replacement. Cardiovasc Diagn Ther. 
2016;6(2):144–59.

17 Integration of CT Data into Clinical Workflows: Role of Modern IT Infrastructure Including Cloud Technology



203© Humana Press 2019
U. J. Schoepf (ed.), CT of the Heart, Contemporary Medical Imaging, https://doi.org/10.1007/978-1-60327-237-7_18

Thoughts on Coding 
and Reimbursement

Adefolakemi Babatunde and Pamela K. Woodard

Accurate Current Procedural Terminology (CPT) [1] and 
International Classification of Diseases (ICD) coding [2] 
along with documentation within the report are critical parts 
of the reporting and billing processes. Errors in coding ulti-
mately lead to denial of claims from Medicaid and Medicare 
and insurance payers. CPT codes provide third-party payers 
with information about the procedure that was performed, 
while ICD codes provide them with the indication for the 
procedure.

In reporting cardiac computed tomography (CT) exami-
nations, as with any imaging study, the report should clearly 
document the examination performed and the volume of 
contrast, and the title of the study performed in the report 
should match the CPT code. In addition, information on any 
3D processing that was performed on a dedicated worksta-
tion (apart from standard 3D reconstructions at the scanner) 
should be reported. Documenting processing performed is 
important in reporting cardiac CT scans as the processing 
component of the examination is included within the CPT 
code description. It is important to note that no additional 3D 
processing code should be added to the cardiac CT codes. 
Other information important to include is the indication for 
the examination, for the purposes of ICD-10 coding.

It is also important to note whether or not the insurance 
provider requires precertification or preauthorization for the 
study. For cardiac CT studies, most insurance providers do 
require preauthorization. Ensuring that the referring physi-
cian’s office has obtained insurance company preauthoriza-
tion prior to the examination and not afterwards significantly 
increases the likelihood of reimbursement for the 
procedure.

 CPT Codes

In late 2009 four cardiac CPT codes were released by the 
American Medical Association (AMA) as category I codes 
to be used for all cardiac CT billing purposes. CPT codes are 
standardized codes published by the AMA for medical pro-
cedures [1]. There are four CPT codes for cardiac CT:

• 75571: computed tomography, heart, without contrast 
material, with quantitative evaluation of coronary 
calcium

• 75572: computed tomography, heart, with contrast mate-
rial, for evaluation of cardiac structure and morphology 
(this includes 3D image post-processing, assessment of 
cardiac function, and evaluation of venous structures, if 
performed)

• 75573: computed tomography, heart, with contrast mate-
rial, for evaluation of cardiac structure and morphology in 
the setting of congenital heart disease (this includes 3D 
image post-processing, assessment of LV cardiac func-
tion, RV structure and function and evaluation of venous 
structures, if performed)

• 75574: computed tomographic angiography, heart, coro-
nary arteries, and bypass grafts (when present), with con-
trast material, including 3D image post-processing 
(including evaluation of cardiac structure and morphol-
ogy, assessment of cardiac function, and evaluation of 
venous structures, if performed) [1]

These codes are used with ICD-9 codes for indications for 
scan use.

 Indications for Calcium Scoring

The coronary artery calcium (CAC) scan is a non-contrast 
prospectively gated cardiac CT scan used to define coronary 
calcium in the epicardial coronary arteries. Its indications are 
coronary artery disease screening and further patient risk 
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stratification in asymptomatic patients of intermediate risk 
[3]. It is rarely if ever appropriate for asymptomatic patients 
with low global risk for CAD and for symptomatic patients. 
The code 75571 should be billed alone and should not be 
billed with either codes 75572 or 75574.

The first coronary calcium score was developed by Arthur 
Agatston and is defined as the product of calcified plaque 
area and weighted density score given to the highest attenua-
tion value (HU) in the area of calcium [4]. The threshold for 
selection of calcium for Agatston scoring is any coronary 
calcium that is greater than 130 Hounsfield units (HU) [4].

Calcium score ranges from 0 for absence of calcium, 
1–10 for minimal plaque, 11–100 for mild plaque, 101–400 
for moderate plaque, and >400 for severe plaque [5]. The 
calcium volume score, defined as volume of calcium greater 
than 130 HU in the epicardial coronary system, may also be 
reported and is thought to be more reproducible than the 
Agatston score and thus a better indicator to be followed in 
patients to determine disease progression [6].

CAC score is currently a class of recommendation (COR) 
IIb with the principal indication for CAC scoring further risk 
stratification of individuals that are at intermediate risk after 
formal risk assessment [2].

The CAC scan (CPT code 75571), as a screening tool, 
initially was not covered by either the Center for Medicaid 
and Medicare Services (CMS) or private insurance compa-
nies, and most patients who underwent the examination paid 
out of pocket. Currently some CMS carriers and insurance 
companies cover the cost of this examination.

 Indications for Coronary CTA

Indications for coronary CT angiography include both acute 
and chronic angina as well as newly diagnosed heart failure 
in order to determine whether the etiology is ischemic or 
nonischemic. It is important to note that coronary CT angi-
ography is not a screening examination. The CPT code 
75574, at present, is used whether or not the study is per-
formed alone as a dedicated coronary CT angiogram, or with 
a stress agent such as adenosine or regadenoson for perfu-
sion, and whether or not the CT data is sent for fractional 
flow reserve (FFR) calculation. The single code of 75574 
should also be billed if the study is performed with calcium 
scoring (the code 75571 should not also be billed). The code 
75574 should also be billed alone in the performance of a 
“triple rule-out” for coronary CTA, aortic dissection, and 
pulmonary embolism assessment, although the entirety of 
the chest is covered. If billing for coronary CTA rest/stress 
perfusion, the 75574 code should be billed only once (not 
twice  – once for coronary assessment/rest and once for 
stress). It is possible, depending upon the insurance com-
pany, to bill for the stress supervision component of a CT 

perfusion examination and the adenosine and/or regadeno-
son stress agent separately using a J code. The dose of stress 
agent, along with the dose of iodinated contrast agent, should 
be reported.

 Acute Chest Pain
Because of its high negative predictive value, use of coronary 
CT angiography (CTA) (CPT code 75574) has shown to be 
useful in the emergency department. Several studies have 
supported the early use of cardiac CT in the emergency 
department in patients that present with acute chest pain con-
cerning for acute coronary syndrome [7–9]. The Rule Out 
Myocardial Infarction using Computer-Assisted Tomography 
(ROMICAT) trial was an observational cohort study of 
patients with chest pain that demonstrated low-to- 
intermediate risk patients with a negative CCTA were 
unlikely to be diagnosed with ACS [9]. These findings 
resulted in a follow- up trial, ROMICAT II, which random-
ized patients who presented with symptoms of ACS to the 
emergency department to either early coronary CTA or stan-
dard of care. This study further supported the use of early 
coronary CTA in chest pain evaluation. Early coronary CTA 
led to decreased length of stay with no missed ACS events 
[7]. Also supporting the use of coronary CTA in the emer-
gency department for early acute chest pain triage in low-to- 
intermediate risk patients is the ACRIN 4005 trial (CT 
Angiography for Safe Discharge of Patients with Possible 
Acute Coronary Syndromes) [8]. This study was a similar 
study of patients presenting to the emergency department 
with possible ACS but with the primary end point of safety. 
In ACRIN 4005, there was a higher rate of detection of CAD 
than in ROMICAT II; however, the high negative predictive 
value of CCTA still allowed patients to be safely discharged 
from the ED [8].

 Chronic Stable Chest Pain
While there is less evidence for use of coronary CT angiog-
raphy in patients with chronic stable angina, there are studies 
that suggest its utility [10].

The Prospective Multicenter Imaging Study for Evaluation 
of Chest Pain (PROMISE) trial evaluated ambulatory patients 
with stable chest pain using coronary CTA compared to 
functional testing. Patients who received coronary CTA had 
a better correlation with cardiac catheterization results. 
Coronary CTA again demonstrated excellent negative pre-
dictive value and, unlike functional testing, led to fewer inva-
sive coronary angiograms (ICAs) that showed no obstructive 
CAD. This led to the finding of less radiation exposure with 
coronary CTA, if the comparative functional testing included 
radiation because there would be an elimination of many 
unnecessary cardiac catheterizations. Coronary CTA has the 
advantage over other functional testing, in that it provides 
anatomy. Although coronary CTA does not change clinical 
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outcomes, it appears to reduce the number of unnecessary 
invasive studies [10].

In addition, investigators in the Randomized Evaluation 
of patients with Stable angina Comparing Utilization of non-
invasive Examinations (RESCUE) trial sought to use coro-
nary CTA to specifically determine which patients had left 
main disease and which did not, directing patients without 
left main disease to optimal medical therapy (OMT) alone 
and those with left main disease to OMT plus ICA and inter-
vention [11]. This trial design was based on the results of the 
Clinical Outcomes Utilizing Revascularization and 
Aggressive Drug Evaluation (COURAGE) trial which 
showed that in stable coronary artery disease percutaneous 
coronary intervention does not reduce the risk of death, MI, 
or other major cardiovascular events when compared to 
OMT [12]. Whether CCTA will ultimately be used to triage 
patients to ICA and intervention, or OMT alone, will depend 
upon the results of larger CCTA trials designed in the man-
ner of the COURAGE and RESCUE trials.

 Other Indications
Coronary CTA is appropriate for assessing newly diagnosed 
systolic heart failure in determining whether its etiology is 
ischemic or nonischemic and may be appropriate in newly 
diagnosed diastolic heart failure and syncope with interme-
diate for high global CAD risk. Coronary CTA can be used 
in patients with arrhythmia, especially in diagnosing the eti-
ology of sustained ventricular tachycardia (VT), ventricular 
fibrillation, exercised induced VT, or nonsustained VT, and 
prior to initiation of anti-arrhythmia therapy in high global 
CAD risk patients [3].

Coronary CTA can be used as follow-up imaging proce-
dure to further assess a prior abnormal test or uncertain prior 
results. This might include abnormal imaging studies such as 
an abnormal echocardiogram or nuclear medicine stress test 
but may also be used to further assess abnormal rest ECG 
findings in patients with low, intermediate, or high global 
CAD risk. Lastly, coronary CTA may be appropriate for 
assessing symptomatic patients post revascularization. 
Coronary CTA is rarely appropriate for follow-up testing in 
asymptomatic patients [3].

 Indications for Anatomic Assessment

The code 75572 should be used for routine anatomic assess-
ment, such as in pulmonary vein anatomy assessment for 
radiofrequency (RF) ablation, whereas 75573 should be used 
in patients being assessed for congenital heart disease.

 Pulmonary Vein Assessment Pre-RF Ablation
Atrial fibrillation is the most common arrhythmia and is 
associated with significant morbidity. Prevalence increases 

with age. In the United States, an estimated 5% of patients 
over the age of 65 are affected by atrial fibrillation [13]. 
One important mechanism described in the initiation and 
maintenance of atrial fibrillation is the rapidly discharging 
triggers that arise in the smooth muscle of the pulmonary 
veins. Electrophysiologists try to isolate the pulmonary 
veins to prevent propagation of the rapid discharge from the 
musculature lining the pulmonary veins to the endocardium 
[14]. An indication for cardiac CT is the mapping of pul-
monary vein anatomy prior to pulmonary vein isolation 
during atrial fibrillation RF ablation as it can be time con-
suming when done with traditional angiography. In addi-
tion to mapping, cardiac CT can be used to assess for the 
presence of pulmonary stenosis as a complication of RF 
ablation [15].

 Assessment of Prosthetic Valves
The two main types of prosthetic heart valves (PHVs) are 
biologic and mechanical. Biological valves have the advan-
tage of not requiring anticoagulation but over time deterio-
rate. Multiple imaging modalities exist to monitor the 
integrity of PHVs. ACC/AHA guidelines recommend TTE 
for the initial evaluation of bioprosthetic valve hemodynam-
ics and then an annual TTE after the first 10 years, even in 
the absence of a change in clinical status [16].

Mechanical PHV dysfunction is rare but should be sus-
pected if there is a change in a patient’s clinical status. The 
estimated prevalence of mechanical valve dysfunction is 
0.01%–6% [17–20]. Because there are limitations in ana-
tomical visualization with TTE, cardiac CT provides an 
attractive alternative as it is quick and can allow for multiple 
cardiac phase reconstruction to assess for valve leaflet mobil-
ity. Mechanical valves have reference guides that describe 
opening and closing angles and the interpreting physician 
can consult these to determine if there is a change in the 
opening or closing leaflet angle. Moreover, contrast- 
enhanced cardiac CT can help to diagnose pannus formation, 
thrombus, paravalvular leak, endocarditis, or mycotic aneu-
rysm [21–23] as well as provide information about adjacent 
structures including coronary arteries, distance from the ster-
num, and involvement of the aorta, all of which may be 
important for surgical planning [24].

 Congenital Heart Disease
CT can play a role in the assessment of congenital heart 
disease. When used for this purpose, cardiac CT has its own 
CPT code, 75563. This study can be performed with pro-
spective gating to define anatomy or retrospective gating in 
order to diagnose functionality (ventricular function and 
valve mobility), realizing retrospective gating techniques 
will provide the patient with greater radiation dose expo-
sure. Regardless of the gating technique, the same CPT 
code is used.
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Some centers provide 3D printing services as part of pre-
surgical planning for congenital heart patients. At present 
there is no code to cover the added costs associated with 3D 
printing.

 Transcatheter Aortic Valve Replacement:  
A New Indication
Aortic stenosis leads to progressive left ventricular outflow 
obstruction. Symptoms include angina, dyspnea, syncope, 
and heart failure. Transcatheter aortic valve replacement 
(TAVR) is an alternative to surgical aortic valve replacement 
for patients with severe aortic stenosis and high surgical risk 
because of age and comorbidities. Significant pre-procedural 
planning must occur, and computed tomographic angiogra-
phy is becoming a more central piece in planning. Information 
is needed regarding aortic root anatomy, aortic valve annulus 
(measured in systole), coronary arteries, deployment angle, 
abdominal aorta and iliofemoral artery diameters, tortuosity, 
and extent of calcification [25, 26]. Patient eligibility for 
TAVR depends upon annular size, location of coronary arter-
ies, and peripheral access. Precise and accurate deployment 
of the valve is crucial for safety [25]. If the valve is too low, 
there is increased risk of heart block, paravalvular regurgita-
tion, and mitral valve regurgitation. If deployment is too 
high, risks of valve embolization, aortic root injury, and para-
valvular regurgitation are increased. CT when used with 2D 
echo reduces paravalvular regurgitation, as more information 
can be gathered regarding aortic annulus size, geometry, and 
anatomy. Specific protocols have been designed for TAVR 
assessment. Heart rate is marginally less important in data 
acquisition for TAVR and beta blockers can be detrimental in
severe AS given the risk of low cardiac output in these 
patients with a fixed left ventricular outflow tract obstruction 
[26]. The cardiac CT CPT code usually used for this purpose 
is 75572 rather than 75574 since the goal of this study is not 
coronary atherosclerosis assessment but rather anatomic 
evaluation. An additional CPT code of 74174 is required 
when this study is performed along with CTA of the abdo-
men and pelvis for aorta and iliofemoral artery assessment.

 Summary

In short, following the above rules when coding for cardiac 
CT examinations will increase accuracy in coding and 
increase likelihood of reimbursement.
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Pathology and Pathophysiology 
of Coronary Atherosclerotic Plaques

Hiroyoshi Mori, Frank D. Kolodgie, Aloke V. Finn, 
and Renu Virmani

The death rate from coronary artery disease has declined in 
the past few decades through greater understanding of risk 
factors of coronary heart disease as well as through better 
treatment, including the creation of coronary care units. 
However, because of the lack of an animal model of unstable 
plaque, our understanding of atherosclerotic plaque mor-
phology comes only from static histology of lesion morphol-
ogy in patients dying of acute coronary syndromes [1]. 
Although transgenic models of atherosclerosis have mark-
edly enhanced our understanding of certain aspects of plaque 
progression and regression, they have failed thus far to 
explain the relationship of the coagulation parameters and 
plaque morphology that precipitate coronary thrombosis [1]. 
Until we are able to create a better model or study plaque 
morphology prospectively and determine the mechanisms 
and the anatomic markers of progression, we will make 
progress very slowly. This review is based on the examina-
tion of human coronary artery pathology in patients dying a 
sudden coronary death, in order to ascertain the pathologic 
lesion morphologies that are linked to plaque progression 
and thrombosis, which will be necessary for us to be able to 
recognize by invasive or noninvasive means the prospective 
lesions that are likely to produce symptoms.

 Classification of Atherosclerosis

Our understanding of atherosclerosis has been enhanced by 
the development of the various classifications that have come 
from the insights of scientists like Virchow, who was a pio-
neer in pathology. Systematic studies of lesion development, 
described by the giants of atherosclerosis including Robert 
Wissler, Herbert Stary, Henry McGill, and Michael Davies in 

the last century, have made enormous contributions to the 
better understanding of early lesions, the influence of risk 
factors on plaque progression, and the role of plaque rupture 
in the occurrence of luminal thrombosis.

The cellular participants of atherosclerosis include smooth 
muscle cells, endothelial cells, macrophages, T- and 
B-lymphocytes, red cells, platelets, neutrophils, and basophils. 
The noncellular components include lipid, proteoglycans, col-
lagen, elastic fibers, calcium, iron (hemosiderin), and blood 
components, including fibrin and factor VIII.  These various 
components help to form the various lesions that are recog-
nized as part of the atherosclerotic process. These include 
adaptive intimal thickening (AIT), intimal xanthomas, patho-
logical intimal thickening (PIT), fibroatheroma, thin-cap fibro-
atheroma, plaque rupture, plaque erosion, calcified nodule, 
fibrocalcific plaque, healed plaque rupture, and fibrous plaque 
(either from healed plaque erosion or propagated thrombus).

The best known of the classifications is the American 
Heart Association (AHA) reported by Stary et  al. [2]. 
However, this classification missed two important clinical eti-
ologies of coronary thrombus that are distinct from rupture. 
One is surface erosion, which accounts for 25–30% of throm-
bosis, and the other is calcified nodule, which occurs in <5% 
of patients. Furthermore, plaque fissure which is another form 
of communication between the lumen and underlying necrotic 
core was not included to the AHA classification [3]. Another 
important concept missing in the AHA classification was the 
recognition of precursor lesions to plaque rupture, known as 
“thin-cap fibroatheroma” or “vulnerable plaque.” Table 19.1 
shows our modified AHA classification [4]. AHA lesion types 
I–IV were replaced by descriptive terms of adaptive intimal 
thickening, intimal xanthoma (fatty streak), pathological inti-
mal thickening, and fibroatheroma. AHA categories V and VI 
were discarded because it doesn’t explain three etiologies of 
coronary thrombosis (rupture, erosion, and calcified nodule). 
The concept of healed plaque rupture and healed erosion was 
also added, which can lead to increases in plaque burden, 
luminal  narrowing, or even silent or symptomatic chronic 
total occlusion.
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 Adaptive Intimal Thickening (AIT)

AIT occurs in most arteries once flow is established in utero 
or soon after birth, consisting primarily of smooth muscle 
cells, which are strongly α-actin positive and surrounded by 
a proteoglycan-rich matrix (Fig.  19.1a). Macrophages are 
rarely detected. These lesions are most prominent at branch 
points and are considered by many to be precursor lesions of 
atherosclerosis [5]. Studies of neonates, adolescents, and 
young adults have indicated that intimal masses forming 
near branch points enlarge with advancing age and might be 
precursors to high-risk plaques [6, 7].

 Intimal Xanthomas (Fatty Streak)

We have used the microscopic term intimal xanthoma for 
fatty streak, the corresponding designation for the lesion as 
grossly seen in the aorta. We believe intimal xanthoma is not 

a lesion of atherosclerosis, as it eventually regresses in 
humans. The Pathobiological Determinants of Atherosclerosis 
in Youth (PDAY) study showed that fatty streaks are promi-
nent in the third decade in the thoracic aorta but regress later 
in life [8]. The site of advanced lesions is generally the 
abdominal aorta, where fatty streaks are relatively uncom-
mon. Fatty streaks are rich in macrophages [9, 10] (hence the 
term xanthoma) but lack necrotic cores or lipid pools 
(Fig. 19.1b).

 Pathological intimal thickening (PIT)

PIT lesion is also rich in smooth muscle cells in a proteogly-
can matrix (Fig. 19.2a). However, the area close to the media 
shows loss of smooth muscle cells and an accumulation of 
fat as a lipid pool, which stains positive with oil red O. A 
significant number of smooth muscle cells close to the media 
show accumulation of intracellular fat and may appear 

Table 19.1 Updated classification of atherosclerotic lesions based on morphology

Type of lesion Subtype of lesion Morphological description
Nonatherosclerotic intimal 
lesions

Intimal thickening Natural accumulation of neointimal smooth muscle cells in the absence 
of lipid, macrophage foam cells, and thrombosis

Intimal xanthoma Superficial accumulation of foam cells without a necrotic core, fibrous 
cap, or thrombosis

Progressive atherosclerotic 
lesions

Pathological intimal thickening Plaque rich in smooth muscle cells, with hyaluronan and proteoglycan 
matrix and focal accumulation of extracellular lipid. Absence of 
thrombosis

Fibroatheroma During early necrosis: focal macrophage infiltration into areas of lipid 
pools with an overlying fibrous cap. During late necrosis: loss of matrix 
and extensive cellular debris with an overlying fibrous cap. With or 
without calcification. Absence of thrombosis

Intraplaque hemorrhage or 
plaque fissure

Large necrotic core (size >10% to plaque area) with hemorrhage, and 
plaque area shows the presence of angiogenesis. Necrotic core 
communicates with the lumen through a fissure. Minimal tear without 
obvious thrombus

Thin-cap fibroatheroma A thin, fibrous cap (<65 μm) infiltrated by macrophages and 
lymphocytes, with rare or no smooth muscle cells and relatively large 
underlying necrotic core (size >10% to plaque area). Intraplaque 
hemorrhage and/or fibrin might be present. Absence of thrombosis

Lesions with acute thrombi Plaque rupture Thin-cap fibroatheroma with cap disruption. Thrombosis is present and 
may or may not be occlusive. The luminal thrombus communicates with 
the underlying necrotic core

Plaque erosion Can occur on pathological intimal thickening or on a fibroatheroma. 
Thrombosis is present and may or may not be occlusive. No 
communication of the thrombus with the necrotic core.

Calcified nodule Eruptive (shedding) of calcified nodule with an underlying fibrocalcific 
plaque with minimal or no necrosis. Thrombosis is usually not occlusive

Healed lesions Healed plaque rupture, erosion, 
or calcified nodule

Healed lesion composed of smooth muscle cells, proteoglycans, and type 
III collagen with or without underlying disrupted fibrous cap, necrotic 
core, or nodular calcification. Lesions can contain large areas of 
calcification with few inflammatory cells and have a small or no necrotic 
core. The fibrotic or fibrocalcific collagen- rich plaque is associated with 
significant luminal stenosis. Absence of thrombosis

From Yahagi et al. [4], with permission
An updated version of the modified AHA classification [1, 4], which was based on the original AHA classification published in the mid- 1990s [2]
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foamy, best appreciated by transmission electron micros-
copy. The smooth muscle cells may appear as ghosts with 
surrounding thickened basement membrane, which stains 
strongly periodic acid-Schiff (PAS) positive [11] (3a). The 
surrounding matrix also stains positive for oil red O and 
often shows the presence of monohydrate cholesterol, which 
may appear as cholesterol crystals (lipid pools). There may 
be macrophage infiltration in the superficial regions of the 
plaque, but these macrophages are not in proximity to the 
lipid pools. It is believed that smooth muscle cells are under-
going apoptosis, degeneration, and calcification [12]. We 
believe that pathological intimal thickening is the precursor 
lesion of the fibroatheroma.

 Fibroatheroma

Fibroatheromas are lesions with a necrotic core and a thick 
fibrous cap (Fig. 19.2b). The necrotic core is rich in acellular 
debris and varies in size. The fibrous cap covers the necrotic 
core completely, is rich in smooth muscle cells within a col-
lagen/proteoglycan matrix, and may contain macrophages 
and lymphocytes. The thickness of the fibrous cap varies; a 
thin cap is believed to impart instability and therefore war-
rants a separate designation of thin-cap fibroatheroma. We 
recently subcategorized fibroatheromas into “early” and 
“late” phase [4]. Early fibroatheroma is associated with a 
decrease in the expression of biglycan, hyaluronan, and 

a b

Fig. 19.1 Adaptive intimal thickening (a) and intimal xanthoma (b). 
Lesions uniformly present in all populations, although intimal xantho-
mas are more prevalent with exposure to a Western diet. Intimal xantho-
mas are commonly produced in animal models; however, they usually 
do not develop into progressive atherosclerotic lesions. Both lesions 
occur soon after birth; the intimal xanthoma (otherwise known as a fatty 

streak) is known to regress. Intimal thickening consists mainly of 
smooth muscle cells in a proteoglycan-rich matrix, while intimal xan-
thomas primarily contain macrophage-derived foam cells, 
T-lymphocytes, and varying degrees of smooth muscle cells. (From 
Virmani et al. [1], with permission)
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 versian within the lipid pool together with infiltrating macro-
phages, which are undergoing necrosis or apoptosis. Late 
fibroatheroma is deficient in extracellular matrix and has 
more cholesterol clefts and calcification [13, 14]. How the 
necrotic core enlarges and becomes rich in free cholesterol is 
poorly understood. Hemorrhage into a plaque, either through 
the leaky vasa vasorum or possibly through plaque fissuring, 
plays an important role in the enlargement of the necrotic 
core. Because the vasa vasorum become leaky, allowing 
fibrinogen to seep into the plaque, especially if pressure 
within them rises, as they have a poorly developed basement 
membrane and often lack pericytes and smooth muscle cells. 

In support of this concept is the frequent finding of fibrin, by 
immunohistochemical methods, within the necrotic core.

 Thin-Cap Fibroatheroma

The original description of AHA classification did not men-
tion the thin-cap fibroatheroma (TCFA) as a precursor lesion 
of plaque rupture. Partly based on their morphologic resem-
blance to acute ruptures, we believe that they are the precur-
sor lesions. The TCFA is defined as a lesion with a necrotic 
core and an overlying fibrous cap that is <65 μm and infil-

a b

Fig. 19.2 Pathological intimal thickening (a) vs. atheroma (b). 
Pathological intimal thickening is a poorly defined entity sometimes 
referred to in the literature as an “intermediate lesion.” True necrosis is 
not apparent, and there is no evidence of cellular debris; some lipid may 
be present deep in the lesion near the elastic lamina (EL), but it is dis-
persed. The fibrous cap overlying the areas of lipid is rich in smooth 
muscle cells and proteoglycans. Some scattered macrophages and lym-

phocytes may also be present but are usually sparse. The more defini-
tive lesion or fibrous cap atheroma classically shows a “true” necrotic 
core (NC), containing cholesterol esters, free cholesterol, phospholip-
ids, and triglycerides. The fibrous cap consists of smooth muscle cells 
in a proteoglycan-collagenous matrix, with a variable number of mac-
rophages and lymphocytes. The media underneath the plaque is often 
thin. (From Virmani et al. [1], with permission)
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trated by macrophages (>25 per high-power magnification 
[0.03 mm diameter field]) [15] (Fig. 19.3). The thickness cri-
terion of TCFA was chosen because 95% of fibrous caps 
adjacent to acute plaque rupture measured <65 μm, with a 
mean cap thickness of 23 ± 19 μm. We have also compared 
other morphologic characteristics between plaque rupture 
and TCFA. The necrotic core is smaller than that seen in rup-
ture (Table 19.2). In addition, the percent area occupied by 
the necrotic core is greater in rupture than TCFA, although 
we were unable to determine any significant differences in 
length (Table 19.2). The cross- sectional luminal narrowing 
of TCFA is less than that of acute rupture; nearly 80% of 
TCFAs had luminal narrowing <75% in contrast to rupture 
(Fig. 19.4).

 Lesions with Thrombi

From studies carried out in patients dying sudden coronary 
death, we have observed three main causes of luminal 
thrombi: plaque rupture (the precursor of which is presum-
ably the TCFA), erosion, and calcified nodule (Fig.  19.5). 
The most frequent cause of thrombosis is plaque rupture 
(over 60%), plaque erosion is the second most frequent 
(about 35%), whereas calcified nodule is a rare cause of 
thrombosis (<5%). These three types of thrombosis occur, 
respectively, in the setting of a TCFA, fibroatheroma or path-

ological intimal thickening, and a calcified plaque with or 
without a necrotic core (Fig. 19.1).

 Plaque Rupture

Plaque rupture is defined as a disruption, discontinuous 
fibrous cap, underlying necrotic core, and superimposed 
luminal thrombus. Ruptured plaques that result in occlusive 
luminal thrombi almost invariably have a large necrotic 
core, which occupies =25% of the plaque area in 80% of 
cases. Plaque rupture is the major underlying mechanism of 
luminal thrombosis in sudden death (60%), acute myocar-
dial infarction (75%), and unstable angina (70%) and is 

Insignificant
Plaque burden

Large eccentric
necrotic core

Large concentric
necrotic core

Healed
Rupture(s)

a b c d

Fig. 19.3 Morphologic variants of the thin-cap atheroma. Thin caps 
may emerge in fibroatheromas with insignificant plaque burden and 
insignificant luminal narrowing, in fibroatheromas with large cores that 
are eccentric or eccentric, and frequently in plaques with evidence of 
prior rupture. (a) In this plaque with insignificant plaque burden, there 
is an area of proteoglycan-rich smooth muscle cells (arrowheads) 

 suggestive of a prior rupture and multiple areas of thin caps (arrows). 
(b) The necrotic core (NC) is large, with an area of thinned cap (arrow). 
(c) The necrotic core (NC) is concentric with an extensive area of cap 
thinning (arrow). (d) There may be a healed rupture (arrows) with a 
proteoglycan- rich smooth muscle cell reparative layer (arrowhead)

Table 19.2 Approximate sizes of necrotic core in fibroatheroma, thin- 
cap atheroma, and acute rupture

Plaque type

Dimension
Fibroatheroma Thin-cap 

atheroma
Acute plaque 
rupture

Length (mm) 
mean/range

6 mm (range 
1–18 mm)

8 mm (range 
2–17 mm)

9 mm (range 
2.5 ± 22)

Cross- 
sectional area, 
mm2

1.2 ± 2.2 1.7 ± 1.1 4.1 ± 5.5

% Cross- 
sectional area

15 ± 20% 23 ± 17% 34 ± 17%

From Ref. [45], with permission
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rarely present in stable angina [16–18]. The mechanism of 
rupture is poorly understood; however, it is generally 
believed that macrophages infiltrate the cap and release 
matrix metalloproteinases, which are responsible for the 
breakdown of the collagens [19, 20]. There is also evidence 
that macrophage myeloperoxidase may be responsible for 
the disruption of the fibrous cap by producing the prooxi-
dant species, hypochlorous acid. We have shown that up to 
15% of macrophages within ruptured fibrous caps are rich in 
myeloperoxidase. We have observed that the numbers of 
plaque hemorrhages in the coronary arteries of patients 
dying suddenly with acute plaque rupture are greater than in 
patients with severe coronary disease dying with other 
forms of thrombosis or without coronary thrombosis [21]. 
These data suggest that hemorrhage, due to plaque fissure or 
rupture of vasa vasorum, may be precursors to plaque rup-

ture. Davies has shown that 11% of hearts have plaque fis-
sure with intra-intimal thrombus, 2% have intimal thrombus 
as the only mechanism of sudden death, while rupture with 
thrombosis was identified in 74%, and only 5% had no acute 
coronary lesion [3]. We have observed vasa vasorum to be 
more prominent in patients dying suddenly during exercise 
with plaque rupture, compared to patients dying at rest. 
Also, hemorrhage into a plaque was more frequent in 
patients dying during exercise than in patients dying at rest 
[22]. The site of rupture was located at the shoulder more 
frequently in the cases dying at rest (65%) versus dying dur-
ing exercise (25%) (P = 0.02) [22]. Plaque rupture corre-
lated with high total cholesterol, low HDL cholesterol, and 
an elevated ratio of total/HDL cholesterol while smoking 
was found to be a predictor of acute thrombosis regardless 
of plaque etiology [15].
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Fig. 19.4 The distribution frequency of plaque ruptures (a, b) and 
thin-cap atheromas (c, d) by size of lipid core or lipid core as a percent 
of plaque area (x-axis). The majority of plaque ruptures occur when 
lipid core area forms 25% to 50% of plaque area or 1–3 mm2 lipid core 

area. In the case of thin-cap atheromas, the degree of cross-sectional 
area luminal narrowing and area of necrotic core is shifted to the left 
(lesser or smaller) as compared to plaque ruptures. (From Ref. [45], 
with permission)
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 Plaque Erosion

Plaque erosion is defined as an acute thrombus in direct con-
tact with intimal plaque rich in smooth muscle cells within a 
proteoglycan matrix and an absence of endothelium [1, 17]. 
There are relatively few macrophages and lymphocytes adja-
cent to the thrombus in the majority of plaque erosions. 
Plaque erosion accounts for 20% of all sudden coronary 
deaths and 35% of coronary thrombi in patients dying sud-
denly with coronary thrombosis [1, 17]. The mean age of 
patients dying with plaque erosion is less than that of patients 
dying with acute rupture, and there is less severe narrowing 
at the sites of thrombosis in plaque erosion. Plaque erosion 
accounts for over 80% of thrombi occurring in women less 
than 50 years of age. The lesions tend to be eccentric and are 
infrequently calcified [17]. Plaque erosions tend to embolize 
more frequently than plaque rupture (71%, vs. 42%, respec-
tively) [23]. The thrombi of eroded plaques often show at 
later stage of organization than that of ruptured plaques (88% 
vs. 54%, respectively, P < 0.0001). The risk factors for ero-
sion are poorly understood; similar to acute rupture, there is 
an increased risk among smokers, but there appears to be a 
lesser association with dyslipidemia, as compared to plaque 
rupture [15]. The underlying plaque in erosions is generally 

the pathological intimal thickening or fibrous cap atheroma 
(pathological intimal thickening 16%, early fibroatheroma 
50%, late fibroatheroma 34%) [24]. Erosion lesions show 
less calcification with more than half of erosions (56%) 
showing no calcification, while 40% show microcalcifica-
tion, while fragmented and sheet of calcification are rarely 
observed [24]. The most frequent location for both erosion 
and rupture is the proximal left anterior descending coronary 
artery (nearly two-thirds of patients) followed by the right 
coronary artery and the left circumflex. However, patients 
dying with plaque erosion frequently do not have extensive 
disease, unlike patients dying with stable plaque or plaque 
rupture. Over one-half of deaths are seen in patients with 
single-vessel disease and one-quarter with double-vessel dis-
ease. The etiology of plaque erosion is poorly understood; 
however, it is believed that coronary vasospasm may be 
involved.

 Calcified Nodule

The least frequent lesion that results in coronary luminal 
thrombus is the calcified nodule, a plaque that contains calci-
fied plates at the site of luminal disruption. The incidence of 

Fig. 19.5 Lesions with thrombi. Ruptured plaques are thin-cap fibro-
atheroma with luminal thrombi (Th). These lesions usually have an 
extensive necrotic core containing large numbers of cholesterol crystals 
and a thin fibrous cap (<65 μm) infiltrated by foamy macrophages and 
a paucity of T-lymphocytes. The fibrous cap is thinnest at the site of 
rupture and consists of a few collagen bundles and rare smooth muscle 
cells. The luminal thrombus is in communication with the lipid-rich 
necrotic core. Erosions occur over lesions rich in smooth muscle cells 
and proteoglycans. Luminal thrombi overlay areas lacking surface 
endothelium. The deep intima of the eroded plaque often shows extra-

cellular lipid pools, but necrotic cores are uncommon; when present, 
the necrotic core does not communicate with the luminal thrombus. 
Inflammatory infiltrate is usually absent, but if present, it is sparse and 
consists of macrophages and lymphocytes. Calcified nodules are 
plaques with luminal thrombi showing calcific nodules protruding into 
the lumen through a disrupted thin fibrous cap (FC). There is an absence 
of endothelium at the site of the thrombus, and inflammatory cells 
(macrophages, T lymphocytes) are absent. (From Virmani et  al. [1], 
with permission)
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calcified nodules was only 5% [25]. There may or may not be 
necrotic core within the plaque, but the characteristic fea-
tures are the breakage of calcified plates, often with a fibrotic 
reaction, an interspersed fibrin, a disrupted surface, and an 
overlying thrombus. Occasionally, bone formation with 
osteoblasts and osteoclasts is present [1]. Although the pre-
cise mechanism is unknown, one hypothesis is that mechani-
cal stress might lead to breakage of the calcified sheets. In 
between the calcified spicules, fibrin is commonly observed, 
potentially arising from the surrounding break in the capil-
laries. Eruptive calcified nodules typically happen in eccen-
tric lesions where protrusion causes disruption of the 
overlaying cap and endothelium. The lesion is more com-
monly located in the mid-right coronary artery or left ante-
rior descending artery, generally in a heavily calcified 
segment [1]. It is more common in older male individuals 
than women. We have observed these lesions in the carotid 
arteries as well as the coronaries.

 Healed Plaque Ruptures

Not all plaque ruptures result in symptoms; therefore, there 
should be morphologic hallmarks that could be recognized 
within plaques that are representative of a previous site of 
thrombus [26]. Healed ruptures in the coronary vascular bed 
are readily detected microscopically by the identification of 
the breaks in the fibrous cap, which is rich in type I collagen, 
and an overlying repaired lesion, which is richer in type III 
collagen. The healed lesion can be more easily recognized by 
Movat’s stain (healed site identified by the brilliant blue- 
green color of the proteoglycan-rich matrix) and confirmed 
by picrosirius red staining and polarized microscopy. When 
viewed under polarized light, this stain highlights the breaks 
in the fibrous cap, which is rich in type I collagen, as yellow- 
red birefringence with an underlying necrotic core (Fig. 19.6). 
The plaque overlying the fibrous cap consists of smooth 
muscle cells in a proteoglycan matrix, which is rich in type 

a b

c
d

Fig. 19.6 Healed plaque rupture. (a) demonstrates areas of intra- 
intimal lipid-rich core with hemorrhage and cholesterol clefts. (b) 
shows a higher magnification of the looser smooth muscle cell forma-
tion within a collagenous proteoglycan-rich neointima showing a clear 
demarcation with the more fibrous regions of the old plaque to the right. 
(c) and (d) demonstrate the layers of collagen by Sirius red staining. In 
(c), note the area of dense dark red collagen surrounding the lipid hem-

orrhagic cores seen in corresponding view in panel a. (d) demonstrates 
an image taken with polarized light. The dense collagen (type 1) which 
forms the fibrous cap is lighter reddish-yellow and is disrupted (arrow), 
with the newer greenish type III collagen on the right and above the 
rupture site (a and b, Movat’s pentachrome). (From Burke et al. [46], 
with permission)
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III collagen and has green birefringence under polarized 
light (sirius red stained) [22].

We and others believe that healing of a disrupted plaque is 
the main stimulus for plaque progression beyond 40% cross- 
sectional area narrowing and is one of the major factors lead-
ing to high-grade coronary stenosis [26]. Incidence of healed 
plaque rupture was 16% in arteries with ≦20% diameter ste-
nosis, 19% with 21–50% diameter stenosis, and 73% for 
plaque with >50% diameter stenosis [26]. This mechanism 
would explain the phasic rather than linear progression of 
coronary disease observed in angiograms carried out annu-
ally in patients with chronic ischemic heart disease [26]. 
However, these are speculations that need to be proven when 
we can prospectively recognize the sites of vulnerability and 
follow up the lesional morphologies with advanced imaging 
techniques. We have also shown that these lesions are the 
most heavily calcified as compared to acute rupture or thin- 
cap fibroatheroma, suggesting that healing of a ruptured 
plaque also results in greater extent of calcification [27].

 Total Occlusions

Among patients dying sudden coronary death without prior 
symptoms, total occlusion is a frequent finding at autopsy 
(Fig. 19.7). The frequency is as high as 40% when there are no 
other sites with acute plaque rupture. Healed myocardial 
infarcts are seen in 90% of patients with a total occlusion [1]. 
The lumen is composed of dense collagen and/or proteogly-
cans with interspersed capillaries, arterioles, smooth muscle 
cells, and macrophages [28]. In the case of total occlusions 
secondary to thrombi, the proximal and distal ends organize 
initially, followed by the middle segment, which may demon-
strate entrapped red cells and fibrin without cellular ingrowth 
for long periods. Sites of total occlusion are often associated 
with negative remodeling of the vessel, probably related to 
collagen replacement of the thrombus with eventual cross-
linking, resulting in artery shrinkage. There is often little cal-
cification within total occlusions, probably because the plaque 
has formed via organized thrombus, as opposed to successive 
ruptures of necrotic cores with preserved blood flow.

 Fibrous and Fibrocalcific Plaques

A subset of coronary artery plaques have little evidence of 
lipid pool or necrotic core formation and are designated as 
fibrous or fibrocalcific plaques, depending on the presence of 
calcification. The mechanism of plaque enlargement of such 
plaques is unknown but may be in some cases related to 
propagated thrombus or healed plaque erosions (Fig. 19.8). 
These lesions are rich in type I collagen, but type III collagen 
and proteoglycans may also be present. The calcium deposi-
tion may be related to calcified apoptotic smooth muscle 

cells in the absence of a significant influx of macrophages 
and other inflammatory cells. The term fibrous plaque has 
not been typically used in formal classifications of coronary 
artery atherosclerosis, partly because it is a general category 
that may represent an etiologically diverse set of lesions.

 Intraplaque Hemorrhage

As mentioned above, the interrelationship between intra-
plaque hemorrhage, fibrin, necrotic core, and vasa vasorum 
has not been fully explained. Most vasa vasorum originate 
from the parent artery and ramify plexogenically in the 

Fig. 19.7 Total occlusion. Plaques with total occlusion from prior 
thrombi contain mostly smooth muscle cells in a collagen- proteoglycan- 
rich matrix with capillaries and inflammatory cell infiltrate. This sec-
tion shows a necrotic core (NC), although this is not always present, 
and the lumen is filled with an organized thrombus (orgTh) with mul-
tiple capillary channels
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adventitia [29]. There is a clear relationship between num-
bers of vasa vasorum (Fig.  19.9) and blood flow through 
them and mass of coronary plaque [30]. In addition, increased 
vasa vasorum are associated with atherosclerotic plaque 
expansion [29], and plaque regression is paralleled by a 
decrease in blood flow through the vasa vasorum [31]. 
Further evidence for a dynamic relationship between vasa 
vasorum and the atherosclerotic process are the fact that they 
respond to vasoconstrictor stimuli and that their density is 
associated with exertional plaque rupture [22].

The mechanisms by which vasa vasorum contribute to 
plaque growth are poorly understood. Plaque iron content is 
a surrogate marker of preceding hemorrhage and correlates 
with plaque neovascularization [29]. The frequency of iron 

deposition in the coronary plaques is higher in patients with 
acute coronary syndrome than in those dying of noncardiac 
causes [32]. Since plaque hemorrhage is a frequent phenom-
enon, especially in advanced plaques, it is not surprising that 
some of the free cholesterol may have its origin from the red 
cell membrane. The increase in iron content correlated with 
intraplaque hemorrhage is identified by glycophorin A stain-
ing, a red-cell specific anion-exchange protein [13].

Rupture of vasa vasorum is not the sole etiology of intra-
plaque hemorrhage. As Constantinides originally suggested, 
plaque hemorrhage may occur from cracks or fissures origi-
nating from the lumen [33]. Intraplaque hemorrhage, whether 
from vasa vasorum or the lumen, may be critical to the lesion 
progression, as it may provide a significant source of non-
metabolic cholesterol [13, 34].

 Coronary Calcification

In early coronary atherosclerotic plaques, coronary calcifica-
tion is identified using sensitive histochemical stains, such as 
the von Kossa stain. When such tests are applied to fatty 
streaks, there is little if any calcium is present. However, 
pathological intimal thickening and fibrous plaques have a 
high propensity for microscopic calcification, especially 
when there is evidence of smooth muscle cell apoptosis. The 
biology of intimal calcification within atherosclerotic regions 
is complex and involves smooth muscle cell matrix vesicles 
(related to apoptotic bodies), bone-associated proteins, lip-
ids, and inflammation in the formation of extracellular inti-
mal calcifications [12]. Almost all necrotic cores with 
apoptotic smooth muscle cells contain calcification (at least 
90%), and those cores with predominantly macrophage infil-
trates are less likely to initially calcify. The nature of the cal-
cifications differs by cell type, in that fibrous cores contain 
finely granular calcifications, occasionally coalescing into 
masses, whereas macrophage “necrotic” cores often contain 
larger crystalline deposits. Calcification of fibrous plaques in 
which there is smooth muscle cell death cores progresses to 
plate-like sheets of calcification and often pipestem-like 
arteries. However, calcification of necrotic, inflamed, 
macrophage- rich cores tends to be more irregular, resulting 
in a radiographic appearance of irregular calcification. 
Ultrastructural study of coronary plaques will demonstrate 
calcifications in close contact with dying smooth muscle 
cells, macrophages, and surrounding cholesterol clefts 
(Fig. 19.10). In less than 5% of plaques, actual ossification 
may occur, with osteoblasts, osteoclasts, and even marrow 
formation (Fig. 19.11).

Calcification does not in itself appear to play a role in the 
thrombotic process, except under the unusual circumstances 
of nodular calcification. Successive ruptures or fissures of 
the fibrous cap result in layering of the plaque, and the deeper 

Fig. 19.8 Healed erosion shows deep multilayering of collagen sepa-
rated by elastin layers (arrowheads) and a paucity of smooth muscle 
cells. The superficial plaque is rich in smooth muscle cells, collagen, 
and proteoglycans
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layers close to the internal elastic lamina typically demon-
strate more severe calcification than the surface layers.

We have performed quantitative analysis of calcified 
matrix in intermediate and later plaque stages, including 
fibroatheromas, acute and healed plaque ruptures, total 
occlusions, and plaque erosion. In contrast to rupture, plaque 

erosion does not expose the contents of the necrotic core to 
the lumen. Eroded plaques, perhaps partly as a function of 
their pathogenesis, do not typically occur in calcified arteries 
and demonstrate far less calcified matrix than acute or healed 
ruptures. The degree of calcification by plaque type is illus-
trated in Fig. 19.12.

a b

c d

Fig. 19.9 The vasa vasorum within plaque. (a) At low magnification, 
there is thinning of the media with dilated spaces within the plaque. (b) 
A higher magnification of the boxed area in (a) shows dilated channels 
to be blood vessels (arrows). (c) A higher magnification of the boxed 

area in B shows a muscular artery feeder vessel traversing the media. 
(d) A different segment of near-total occlusion stained with Ulex euro-
paeus lectin highlighting neovessels brown within the adventitia and 
intima
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a b c

Fig. 19.10 Ultrastructural images of coronary atherosclerotic plaques 
show extracellular calcifications adjacent to an apoptotic smooth mus-
cle cell (SMC) (a), spherical calcification associated with degenerating 

smooth muscle cell organelles (b), and small calcifications surrounding 
cholesterol clefts in area of macrophage degeneration (c)

a b c

Fig. 19.11 Ossification in coronary plaque. (a) demonstrates a low- 
magnification image of a coronary artery section (proximal left anterior 
descending artery) in the left anterior descending coronary artery of an 
obese elderly woman with hypertensive atherosclerotic heart disease. 

(a) is a low magnification of the cross section of the artery; contrast 
material (black) was injected into the artery postmortem. (b) demon-
strates the bony trabeculae and (c) a higher magnification of lacunae 
containing osteoblasts
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a bFig. 19.12 Amount of 

calcification by plaque 
morphology. Morphometric 
measurements were made of 
calcified matrix in several 
hundred coronary lesions 
classified by plaque type. (a) 
Healed ruptures demonstrated the 
greatest mean area of 
calcification; plaque erosions 
demonstrate almost no 
calcification. (b) When expressed 
as a percentage of the plaque 
area, total occlusion and plaque 
ruptures have relatively little 
calcium and plaque erosions the 
least. Fibroatheroma and healed 
ruptures demonstrate the greatest 
amount of calcified matrix. (From 
Burke et al. [27], with 
permission)
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The relationship between coronary plaque calcification 
and plaque instability has been debated. Biomechanical stud-
ies have calculated stress at different regions of the plaque. 
Mathematical models using large-strain finite element analy-
sis have shown that increased lipids are associated with areas 
of weakness of the fibrous cap, but not calcification [35]. 
Although calcification is a good marker for plaque burden, 
absolute calcium scores do not indicate plaques that are 
unstable or prone to result in clinical events. It has been 
stated that calcification is a “disease marker” as opposed to a 

“process marker,” unlike markers of inflammation [36]. 
These findings are corroborated by autopsy studies that dem-
onstrate a good correlation between plaque size and morpho-
metric analysis of calcification, but no correlation between 
residual lumen and calcification (Table  19.3). Few studies 
have correlated the radiologic pattern of calcification with 
plaque instability [37], but there is some suggestion that 
speckled or fragmented calcification patterns as determined 
radiologically are most likely associated with unstable 
plaque types (Fig. 19.13).

Table 19.3 Relationship between calcification and percent luminal narrowing and residual lumen, by arterial section

Artery

Calcified area vs. percent luminal narrowing (simple regression)
Calcified area vs. residual lumen 
area (simple regression)

Men Women Men and women (combined)
ra P DF ra P DF rb P

LM .20 .20 30 .15 .59 14 .14 .58
PLAD .56 <.0001 122 .15 .27 53 .07 .53
MLAD .45 <.0001 91 .50 <.0001 66 .10 .29
DLAD .64 .0003 27 .31 .11 24 .18 28
LD .59 .001 26 .75 .0004 17 .13 .71
PLC .30 .01 78 .25 .07 51 .11 .32
MLC .02 .90 35 .31 .29 13 .21 .40
LOM .60 .0001 34 72 0.01 11 .13 .30
PRC .12 .15 143 .09 .54 54 .09 .38
MRC .29 .001 127 .63 <.0001 68 .09 .37
DRC .32 .0004 116 .36 .06 27 .17 .29

From Burke et al. [27], with permission
Segments are bolded showing r values >0.4 and a significant correlation P < 0.05
Abbreviations: LM left main, PLAD proximal left anterior descending, MLAD mid-left anterior descending, DLAD distal left anterior descending, 
LD left diagonal, PLC proximal left circumflex, MLC mid-left circumflex, LOM left obtuse marginal, PRC proximal right coronary, MRC mid- 
right coronary, DRC distal right coronary, df degrees of freedom
aT values are all positive (positive correlation)
bT values are negative (PLAD, MRC, DRC, LD) or positive (LM, LOM, MLAD, PLC, MLC, PRC)
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none

speckled

fragmented

diffuse

none
speckled

fragmented

diffuse

none

acute ruptures

healed ruptures

speckled

speckled
fragmented

diffuse

Vulnerable plaques

a b

c d

Fig. 19.13 Relationship between 
plaque morphology and radiographic 
calcification. Plaque erosions (a) 
were exclusively present in areas with 
stippled or no calcification. Plaque 
ruptures (b) were most frequently 
seen in areas of speckled calcification 
but were also present in blocked or 
diffuse calcification. Curiously, there 
were no ruptures in segments devoid 
of any calcification. Thin-capped 
atheromas were most frequently 
present in areas of speckled 
calcification (c) but were also seen in 
heavily calcified or uncalcified areas, 
suggesting that calcification pattern is 
not helpful in diagnosing these 
lesions. Healed ruptures are almost 
always seen in areas of calcification 
and most frequently in diffusely 
calcified areas (d). (From Burke et al. 
[27], with permission)
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Longitudinal Image of CT

Fig. 19.14 The longitudinal CT image of the RCA demonstrates ath-
erosclerotic plaques with spotty calcification in the proximal segment 
of the RCA. The bars (PRCA 1 and PRCA2) indicate cross sections 
within the coronary plaques that were compared with histopathology. 
The cross-sectional CT images from PRCA1 show a coronary athero-
sclerotic plaque cross section with napkin-ring-like attenuation pattern 
and spotty calcification. The circumferential outer rim (red dashed 
line) of the plaque has a higher CT attenuation in both the noncontrast- 
(A) and contrast-enhanced (B) images (61.8 ± 9.3 HU, range 42.4–74.9 
HU vs. 67.3 ± 11.6 HU, range 43.4–87.0 HU, respectively) as com-
pared to the attenuation within the central part of the plaque (43.4 ± 7.5 
HU, range 35.2–62.9 HU and 43.2 ± 14.0 HU, range 21.2–72.5 HU, on 
noncontrast- and contrast-enhanced images, respectively). The aver-
age noncalcified plaque attenuation on nonenhanced CT was 
52.8 ± 10.9 HU versus 58.5 ± 17.1 HU attenuation on the contrast-
enhanced image. Histopathology revealed a thin-cap fibroatheroma (C, 
D) with spotty calcification (E). Again, the necrotic core (stars) cor-
relates with the low-attenuation plaque core on the CT images. Similar 
to the previous figures, the outer-rim attenuation (red dashed line) on 
the noncontrast- and contrast-enhanced CT images corresponds to the 

fibrous plaque tissue. In addition, the presence of spotty calcification 
correlates to the CT findings. The CT images from PRCA2 show a 
pronounced napkin-ring-like attenuation pattern. The circumferential 
outer rim (red dashed line) of the plaque has a higher CT attenuation 
in both the noncontrast- (A) and contrast-enhanced (B) images 
(57.2 ± 8.8 HU, range 40.0–81.0 HU vs. 57.9 ± 8.7 HU, range 35.0–
76.0 HU, respectively) as compared to the attenuation within the cen-
tral part of the plaque (21.8  ±  4.3 HU, range 13.5–31.6 HU and 
26.0  ±  2.0 HU, range 22.0–31.0 HU on noncontrast- and contrast-
enhanced images, respectively). The average plaque attenuation on 
nonenhanced CT was 48.1 ± 14.2 HU versus 52.2 ± 14.0 HU on the 
contrast-enhanced CT.  The corresponding histopathological section 
(C) demonstrates a late fibroatheroma. Again, the plaque contains a 
necrotic core (stars), which correlates to the low-attenuation plaque 
core on the CT images. The outer portion of the plaque (red-dashed 
line) contains a significant amount of fibrous plaque tissue correlating 
to the high-attenuation CT rim. Moreover, the histopathological analy-
sis revealed significant vasa vasorum (C, arrowheads) accompanied by 
macrophage infiltration in the basal plaque area. (From Maurovich-
Horvat et al. [42], with permission)

 Vulnerable Plaque by Computed 
Tomography

Cardiac computed tomography (CT) imaging is now able 
to visualize the coronary lumen and atherosclerotic 
plaques. Motoyama et  al. reported that the features of 
high-risk plaque for acute coronary syndrome were posi-
tive remodeling, spotty calcification, and low plaque atten-
uation (<30 Hounsfield units [HU]) [38]. Other studies 
have described specific attenuation pattern of atheroscle-

rotic plaques on coronary CT images characterized by a 
necrotic core with low CT attenuation area surrounded by 
a rim-like area of higher CT attenuation as “napkin ring” 
[39–41] (Fig.  19.14). This “napkin-ring” finding has a 
high specificity and high positive predictive value for the 
presence of advanced lesions [42, 43]. The noninvasive 
identification of vulnerable plaque is one of the ultimate 
goals of coronary imaging because it would improve risk 
stratification of both symptomatic and asymptomatic 
patients [44].
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CT Cardiac Anatomy

Michael A. Kadoch and Hans-Christoph R. F. Becker

The heart is a mediastinal structure that rests on the dia-
phragm and is separated from the lung parenchyma on either 
side by the pericardium, pleura, and fat. The innermost layer 
of the ventricle is the endocardium, the bulk of the ventricu-
lar wall is comprised of the myocardium, and the outermost 
layer is the epicardium. The fat layer just beyond the epicar-
dium represents epicardial adipose tissue. The visceral and 
parietal layers of the pericardium are identified just beyond 
the epicardial fat. A small amount of pericardial fluid is 
physiologically present between these layers. The normal 
thickness of the pericardium is usually 1–2 mm and is con-
sidered abnormal when greater than 4 mm. The fat layer just 
beyond the parietal pericardium represents paracardial 
adipose tissue. The base of the heart refers to its posterior 
surface and is formed by the atria, mainly the left atrium, and 
is separated from the vertebral bodies by the esophagus and 
aorta. The apex of the heart refers to its inferior tip and is 
usually formed by the left ventricle.

 Coronary Arteries

The coronary arteries (Fig. 20.1) originate normally from the 
aortic sinuses of Valsalva that face the pulmonary root. The 
left main coronary artery (LM) arises from the left coronary 
sinus and courses between the left atrial appendage and the 
right ventricular outflow tract. The LM usually bifurcates 
into the left anterior descending (LAD) and left circumflex 
(LCx) coronary arteries. In approximately 20% of patients, 
the LM trifurcates with a ramus intermedius (RI) branch 
identified between the LAD and LCx.

The LAD courses in the anterior interventricular groove 
and gives off septal perforator braches that supply the inter-
ventricular septum in addition to diagonal branches that sup-
ply the anterior and anterolateral walls of the left ventricle. 
Myocardial bridging is a common congenital anomaly that is 
seen in approximately 25% of the population and is most 
commonly identified within the midportion of the LAD. This 
bridged segment is classically described as being protected 
from the development of atherosclerotic disease but can 
occasionally be a cause of anginal symptoms and may pre-
dispose to increased plaque development within more proxi-
mal portions of the LAD with an associated increased risk of 
acute coronary events due to rupture of this plaque forma-
tion. The LAD typically gives off two diagonal branches (D1 
and D2), and its distal end can be seen wrapping around the 
left ventricular apex in the majority of patients.

The LCx courses in the left atrioventricular groove and 
contributes obtuse marginal branches (typically two, OM1 
and OM2) that supply the lateral and inferolateral walls of 
the left ventricle. The most common coronary artery anom-
aly involves the LCx arising from either the right coronary 
sinus independently or as a branch of the right coronary 
artery (RCA) before taking a retroaortic course to the left 
atrioventricular groove. Knowledge of this anomaly is 
important in patients undergoing aortic valve surgery since 
its presence can introduce complications during the 
procedure.

The RCA arises from the right coronary sinus and courses 
within the right atrioventricular groove. The first branch of 
the RCA is often the conus artery, which typically supplies 
the anterior interventricular septum in addition to the conal 
tissue of the right ventricular outflow tract. Independent ori-
gin of the conus artery from the right coronary sinus is a 
common variant seen in up to 50% of patients. The second 
branch of the RCA is typically the sinoatrial (SA) nodal 
artery, which courses posteriorly to supply the SA node. The 
SA nodal artery is a branch of the LCx as a variant in approx-
imately 40% of patients. The acute marginal branches arise 
from the mid to distal RCA and are its largest branches, 
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Fig. 20.1 (a–q) Axial CT cardiac anatomy. 1. Main pulmonary artery. 
2. Ascending thoracic aorta. 3. Descending thoracic aorta. 4. Right pul-
monary artery. 5. Superior vena cava. 6. Left superior pulmonary vein. 
7. Left main coronary artery. 8. Left atrial appendage. 9. Right atrial 
appendage. 10. Right superior pulmonary vein. 11. Left atrium. 12. Left 
anterior descending coronary artery. 13. First septal perforator. 14. First 
diagonal branch. 15. Left inferior pulmonary vein. 16. Conus artery. 17. 
Right coronary artery. 18. Left circumflex coronary artery. 19. Conus. 
20. Great cardiac vein. 21. Coumadin ridge. 22. Right middle pulmo-
nary vein. 23. Second diagonal branch. 24. Sinoatrial nodal artery. 25. 

Aortic valve. 26. First obtuse marginal branch. 27. Acute marginal 
branch. 28. Pericardium. 29. Anterior leaflet of the mitral valve. 30. 
Posterior leaflet of the mitral valve. 31. Right atrium. 32. Interatrial 
septum. 33. Right inferior pulmonary vein. 34. Left ventricle. 35. Fossa 
ovalis. 36. Crista terminalis. 37. Moderator band. 38. Interventricular 
septum. 39. Anterior papillary muscle of the left ventricle. 40. Right 
ventricle. 41. Tricuspid valve. 42. Posterior papillary muscle of the left 
ventricle. 43. Coronary sinus. 44. Second obtuse marginal branch. 45. 
Posterolateral branch. 46. Inferior vena cava. 47. Posterior descending 
coronary artery. 48. Middle cardiac vein
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Fig. 20.1 (continued)

which supply the right ventricular free wall. The atrioven-
tricular nodal artery is usually a branch of the RCA at the 
crux of the heart where it can be seen coursing anteriorly to 
supply the atrioventricular node. The posterior descending 
artery (PDA) and the posterolateral branch (PLB) are the ter-
minal branches of the RCA in a right-dominant system sup-
plying the inferior and inferolateral walls of the left ventricle. 
The PDA courses in the posterior interventricular groove.

Coronary artery dominance is most accurately defined by 
the coronary artery that supplies the PDA and PLB.  In a 

right-dominant system (approximately 80% of patients), 
both branches are supplied by the RCA. In a left-dominant 
system (approximately 15% of patients), both branches are 
supplied by the LCx. In a codominant system (approximately 
5% of patients), the PDA and/or PLB are supplied by 
branches of both the RCA and LCx.

In 2009, the Society for Cardiovascular Computed 
Tomography (SCCT) released guidelines for the interpreta-
tion and reporting of coronary computed tomographic 
angiography (CCTA) (Fig. 20.2; Table 20.1) [1]. As part of 
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that publication, the SCCT advocates for the use of an 
18- segment model of the axial coronary anatomy, which 
more closely emulates the CCTA views of the coronary 
arteries than the standard views obtained from invasive 

angiography. Adopting this standardized approach to coro-
nary segmentation can improve the description and com-
munication of findings among radiologists and with 
referring clinicians.

Table 20.1 SCCT segmentation of axial coronary anatomy

Segment Abbreviation Description
Proximal RCA pRCA Ostium of the RCA (right coronary artery) to one-half the distance to the acute margin of 

heart
Mid-RCA mRCA End of proximal RCA to the acute margin of heart
Distal RCA dRCA End of mid-RCA to origin of the PDA (posterior descending artery)
PDA-RCA R-PDA PDA from RCA
PLB-RCA R-PLB PLB (posterior-lateral branch) from RCA
LM LM Ostium of LM (left main) to bifurcation of LAD (left anterior descending artery) and LCx 

(left circumflex artery)
Proximal LAD pLAD End of LM to the first large septal or D1 (first diagonal), whichever is most proximal
Mid LAD mLAD End of proximal LAD to one-half the distance to the apex
Distal LAD dLAD End of mid-LAD to end of LAD
Diagonal 1 D1 First diagonal branch D1
Diagonal 2 D2 Second diagonal branch D2
Proximal LCx pCx End of LM to the origin of the OM1 (first obtuse marginal)
OM1 OM1 First OM1 traversing the lateral wall of the left ventricle
Mid and distal LCx LCx Traveling in the AV groove, distal to the first obtuse marginal branch to the end of the 

vessel or origin of the L-PDA (left posterior descending artery)
OM2 OM2 Second marginal OM2
PDA-LCx L-PDA PDA from LCx
Ramus intermedius RI Vessel originating from the left main between the LAD and LCx in case of a trifurcation
PLB-L L-PLB PLB from LCx

Dashed lines represent division between RCA, LAD, and LCx and the end of the 
LMPLB = PLV (posterior left ventricular branch). Additional nomenclature may be added, 
for example, D3, R-PDA2, SVF (saphenous vein graft), mLAD

See Fig. 20.2 for accompanying diagram. From Raff et al. [1], with permission
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Fig. 20.2 SCCT coronary 
segmentation diagram. See 
Table 20.1. (From Raff et al. 
[1], with permission)
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 Coronary Veins

The anatomy of the coronary veins (Fig.  20.1) is not as 
straightforward as the arterial anatomy since variations are 
common [2]. However, knowledge of the coronary venous 
system is increasingly important as more CT imaging is 
being performed prior to cardiac pacing and transvenous 
ablation procedures.

The great cardiac vein accompanies the LAD along the 
anterior interventricular groove and the LCx along the left 
atrioventricular groove before terminating in the left end of 
the coronary sinus (CS). The middle cardiac vein accompa-
nies the PDA along the posterior interventricular groove 
before terminating in the right end of the CS. The small car-
diac vein accompanies the RCA along the right atrioventric-
ular groove before terminating in the right end of the CS. The 
right marginal vein runs along the inferior margin of the 
heart before terminating in the small cardiac vein. The 
oblique vein of the left atrium runs along the posterior sur-
face of the left atrium before terminating in the left end of the 
CS.  The posterior vein of the left ventricle runs along the 
diaphragmatic surface of the left ventricle before terminating 
in the middle of the CS.

The CS is identified within the posterior atrioventricular 
groove and is of variable length. A prominent Thebesian 
valve is occasionally seen at the ostium of the CS, which 
may pose an obstacle to interventionalists trying to engage 
the CS.

The anterior cardiac veins of the right ventricle and the 
smallest cardiac veins (Thebesian veins) terminate directly 
into the right atrium. The small cardiac vein may also termi-
nate directly into the right atrium.

 Cardiac Chambers

The right atrium (RA) receives blood from the superior vena 
cava (SVC), inferior vena cava (IVC), and the CS. The crista 
terminalis is a vertically oriented smooth muscle ridge within 
the superior portion of the right atrium that might occasion-
ally be mistaken for a mass when increased in prominence. 
The Eustachian valve is occasionally seen at the junction of 
the IVC and the RA. The right atrial appendage (RAA) is 
pyramidal in shape and larger in size than the left atrial 
appendage (LAA).

Blood enters the right ventricle (RV) from the RA via the 
tricuspid valve (TV). The RV is more coarsely trabeculated 
than the left ventricle (LV) and can also be distinguished by 
the presence of the moderator band, which is seen extending 
from the base of the anterior papillary muscle to the interven-
tricular septum. The TV and pulmonic valve (PV) are sepa-
rated by the muscular conal tissue of the right ventricular 

outflow tract (RVOT), which is in distinction to the fibrous 
continuity of the mitral and aortic valves of the left heart.

Blood returns to the left atrium (LA) via the pulmonary 
veins. The LAA is variable in shape but can be distinguished 
from the RAA by its smaller size, finger-like configuration, 
and corrugated internal surface owing to the presence of par-
allel pectinate muscles. The atria are separated by the inter-
atrial septum. The fossa ovalis (FO) is an oval-shaped 
depression on the right atrial side of the interatrial septum, 
which may be traversed during interventional procedures 
requiring transseptal puncture. The FO is an important land-
mark to identify because it may be spared in cases of lipoma-
tous septal hypertrophy, is the location where a patent 
foramen ovale may be seen, and is the most common region 
of attachment for cardiac myxomas. Maximum anteroposte-
rior diameter measurements of the LA greater than 4.5 cm at 
the level of the aortic root on axial images are 91% specific 
for LA enlargement [3]. LA enlargement is a common find-
ing in patients with atrial fibrillation.

Blood enters the left ventricle (LV) via the mitral valve 
(MV). The LV lies posterior and to the left of the RV and is 
distinguished by its smoother wall and two large papillary 
muscles (anterior and posterior). The left ventricular apical 
thin point (LVATP) is an important landmark to identify in 
order to generate the standard cardiac planes. Maximum 
diameter measurements of the LV greater than 5.5 cm at the 
level of the papillary muscle tips on axial images are 93% 
specific for LV enlargement [3].

The American Heart Association (AHA) recommends 
dividing the heart into 17 segments for assessment of the 
myocardium and the left ventricular cavity [4]. According to 
this segmentation system, the heart is divided into equal 
thirds perpendicular to its long-axis with the basal portion 
identified at the tips of the mitral valve leaflets, the mid- 
cavity identified at the level of the papillary muscles, and the 
apical portion identified beyond the papillary muscles but 
before the cavity ends (Fig.  20.3). Individual myocardial 
segments are then assigned to the three major coronary arter-
ies recognizing that there is anatomic variability (Fig. 20.4).

 Cardiac Valves

The TV is comprised of anterior, septal, and posterior leaf-
lets. The anterior leaflet is the largest and separates the inflow 
and outflow tracts of the RV.  The septal leaflet has many 
direct chordal attachments to the interventricular septum, 
and the posterior leaflet is usually the smallest. The normal 
TV is slightly displaced apically as compared with the 
MV.  In Ebstein’s anomaly, this displacement will exceed 
8 mm/m2 of the body surface area.

The MV is comprised of anterior and posterior leaflets 
(Fig. 20.1). The large semicircular anterior leaflet separates 

20 CT Cardiac Anatomy



232

a b

c d

Fig. 20.3 (a–d) Short axis 
view of the heart with AHA 
17-segment model of the left 
ventricle. Segment 1: basal 
anterior wall. Segment 2: 
basal anteroseptal wall. 
Segment 3: basal inferoseptal 
wall. Segment 4: basal 
inferior wall. Segment 5: 
basal inferolateral wall. 
Segment 6: basal anterolateral 
wall. Segment 7: mid-anterior 
wall. Segment 8: mid- 
anteroseptal wall. Segment 9: 
mid-inferoseptal wall. 
Segment 10: mid-inferior 
wall. Segment 11: mid- 
inferolateral wall. Segment 
12: mid-anterolateral wall. 
Segment 13: apical anterior 
wall. Segment 14: apical 
septal wall. Segment 15: 
apical inferior wall. Segment 
16: apical lateral wall. 
Segment 17: apex
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Fig. 20.4 Assignment of the 17 AHA myocardial segments to the cor-
onary artery territories. (LAD left anterior descending coronary artery, 
RCA right coronary artery, LCX left circumflex coronary artery). (From 
Cerqueira et al. [4], with permission)

the inflow and outflow tracts of the LV. The anterior and pos-
terior papillary muscles arise from the left ventricular wall 
and attach to the MV leaflets via fan-like chordae tendineae. 
Mitral valve prolapse (MVP) is defined by systolic atrial dis-
placement of one or both of the MV leaflets by greater than 
2 mm above the mitral annulus in a long-axis view.

The aortic valve (AV) is normally tricuspid and is com-
prised of semilunar-shaped left, right, and noncoronary 
cusps and associated commissures extending from the aortic 
annulus to the sinotubular junction (Fig. 20.5). The noncoro-
nary cusp typically faces the interatrial septum and the right 
coronary cusp typically faces the sternum. The PV is also 
normally tricuspid and defines the point of transition from 
the RVOT to the main pulmonary artery (MPA). The MV and 
AV are better evaluated with CT than the TV and PV.

 Pulmonary Veins

The muscular sleeves of the distal pulmonary veins are a fre-
quent source of ectopic foci in patients with atrial fibrilla-
tion. CT is routinely performed for anatomic mapping of the 
pulmonary veins prior to ablation therapy (Fig. 20.6). The 
most common configuration of the pulmonary veins includes 
four separate branches for the right superior, right inferior, 
left superior, and left inferior pulmonary veins. Common 
variants include independent drainage of the right middle 
lobe vein into the left atrium and a single left-sided venous 
ostium [5, 6]. The “Coumadin ridge” is a ridge of smooth 
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Fig. 20.5 (a–d) The aortic root. 1. Aortic 
annulus. 2. Sinuses of Valsalva. 3. Sinotubular 
junction. 4. Right coronary sinus. 5. Left-right 
commissure. 6. Left coronary sinus. 
7. Left-noncoronary commissure. 
8. Noncoronary sinus. 9. Right-noncoronary 
commissure. 10. Left main coronary artery. 
11. Right coronary artery. 12. Sinoatrial nodal 
artery

a

b c

Fig. 20.6 (a–c) Pulmonary veins. 1. Left 
superior pulmonary vein. 2. Left inferior 
pulmonary vein. 3. Right superior pulmonary 
vein. 4. Right middle pulmonary vein. 5. 
Right inferior pulmonary vein. 6. Coumadin 
ridge. 7. Left atrial appendage. 8. Left main 
coronary artery
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muscle found along the wall of the LA at the junction of the 
LAA and the entrance of the left superior pulmonary vein. Its 
name is derived from the fact that it is frequently mistaken 
for a thrombus (or mass) with subsequent initiation of anti-
coagulation therapy. Partial anomalous pulmonary venous 
return is occasionally encountered as an incidental finding in 
asymptomatic adults with the left upper lobe being the most 
common site for this abnormality.

 Cardiac Planes

In addition to routine axial, sagittal, and coronal planes, stan-
dard cardiac planes analogous to those obtained with echo-
cardiography and MRI are often generated from CT data sets 
for better evaluation of the valves, ventricular walls, and out-
flow tracts (Fig. 20.7). These planes may be obtained using 
three points as follows (Fig. 20.7): the horizontal long-axis 
(HLA, or four-chamber) view using the center of the MV, the 
center of the TV, and the LVATP; the left ventricular outflow 
tract (LVOT, or LV three-chamber) view using the center of 
the MV, the center of the AV, and the LVATP; the vertical 
long-axis (VLA, or LV two-chamber) view using the center 
of the MV, the LVATP, and the bifurcation line between the 
HLA and LVOT views; the RV three-chamber view using the 

center of the TV, the center of the PV, and the RV apex; and 
the RVOT view using the center of the TV, the center of the 
PV, and the bifurcation line of the MPA.  The short-axis 
(SAX) view can then be generated as a stack of perpendicu-
lar sections through either of the long-axis views of the heart.
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Fig. 20.7 Cardiac planes. (a) Horizontal long-axis (HLA) view. (b) 
Left ventricular outflow tract (LVOT) view. (c) Vertical long-axis 
(VLA) view. (d) Right ventricular three-chamber view. (e) Right ven-

tricular outflow tract (RVOT) view. 1. Left ventricular apical thin point. 
2. Mitral valve. 3. Tricuspid valve. 4. Aortic valve. 5. Left atrial append-
age. 6. Pulmonic valve. 7. Right ventricular apex
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Patient Selection: When to Use Cardiac 
CT Versus Other Imaging or  
Non- imaging Tests

Pal Spruill Suranyi, Akos Varga-Szemes, 
Marques L. Bradshaw, Richard R. Bayer II, 
Salvatore A. Chiaramida, Peter L. Zwerner, 
and David Gregg

 Preamble: The Importance 
of Appropriateness

Technological advances in imaging may be contributing to the 
increasing healthcare expenditures as our ability to vividly 
visualize pathology has skyrocketed the utilization of these 
imaging techniques. These trends collide with our fears of 
potentially limited resources in the near future as baby boom-
ers reach old age and healthcare expenditures are cut back. 
This has led to the crescendoing outcry for cost- effective, pre-
cision medicine. Responsible care dictates that we do not per-
form novel imaging tests just because we can but rather 
because we are convinced that there is significant benefit in 
guiding patient management. Heart disease is the leading 
cause of death in both women and men and consumes a sig-
nificant amount of advanced imaging. Appropriate utilization 
of cardiac CT remains a topic of discussion in the evolving 
healthcare delivery system, and we will need to be mindful in 
our quest to improve outcomes in all cardiovascular diseases. 
Numerous societies have joined forces to create and periodi-

cally revise guidelines and appropriateness criteria [1–10]; 
however, our aim here is to give a practical overview of how 
cardiac CT can complement  – rather than compete with  – 
other imaging and non-imaging tests (Table 21.1).

 Overview of the Disadvantages of CT When 
Compared to Other Modalities

The critics of cardiac CT voice concerns over the inherent 
radiation exposure, the need for iodinated contrast media, the 
relatively low temporal resolution, the inability to measure 
flow, the limits on myocardial tissue characterization, and 
suboptimal viability imaging with CT.  Several factors can 
degrade image quality including arrhythmias, inability to do 
breath- holds or raise arms, large body habitus, and metallic 
hardware in the chest. Cardiac CTA is felt to be a more “ana-
tomic” than a “physiologic” test, which is certainly true in 
the way CT is used clinically today; however, newer 
advances, such as CT fractional flow reserve (FFR), iodine 
content mapping, and quantitative CT perfusion for myocar-
dial blood flow during vasodilator stress, are making strides 
to mitigate those claims. We refer the reader to the respective 
chapters for further detail on these new approaches. Lastly, 
the relatively high cost of equipment is a disadvantage when 
compared to gamma cameras or echo machines.

 Overview of the Advantages of CT Relative 
to Other Modalities

To date, cardiac CT is the most easily accessible, fastest, non-
invasive, high spatial resolution (submillimeter) tomographic 
imaging modality (Table 21.2). Rapid advances in radiation 
dose reduction are minimizing exposure to a point where, in 
some patients, sub-milliSievert whole-chest coronary CTAs 
have become a reality [11]. These low-dose scans are far 
below the nuclear exposure by SPECT nuclear imaging [12].
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Table 21.1 Simplified summary for common “appropriate” (ACR appropriateness criteria) indications for cardiac CT

Indication Patient population Notes
CAD risk stratification (Ca scoring) Asymptomatic patient with low to intermediate 

risk with strong family history
Preoperative assessment of CAD risk 
(coronary CTA)

Asymptomatic patients with intermediate 
probability for CAD, undergoing major 
noncardiac or valve surgery

Acute chest pain Low to intermediate probability with negative or 
equivocal initial cardiac enzymes and 
nondiagnostic/equivocal ECG or serial troponins 
and ECG still negative or borderline for 
NSTEMI/ACS

In patients with low clinical suspicion of acute 
aortic syndrome or pulmonary embolism, a 
cardiac CTA is preferred over an entire chest 
triple-rule-out

Chronic chest pain Low-, intermediate-, or high-probability patients 
(especially following a negative or inconclusive 
ECG exercise stress or discordant stress ECG 
and stress imaging results)

Post- revascularization Symptomatic (ischemic equivalent) patients 
after CABG to assess graft patency or location if 
graft markers not present
Asymptomatic patients with prior left main stent 
or stents ≥3 mm

Whole chest should be covered to include 
origins of internal mammary arteries

Planning of open heart surgery, 
(coronary, valve, or congenital)

Minimally invasive valve surgeries
Any redo surgery (retrosternal anatomy)

Native or prosthetic valve disease Clinically suspected valve dysfunction with 
inadequate images from other noninvasive 
methods

CT occasionally may act as an arbitrator if CT 
and ECHO yield conflicting results

Pre-procedural evaluation for 
transcatheter valve placement

Most commonly in patients with severe aortic 
stenosis who are poor surgical candidates
Mitral, tricuspid, and pulmonic valve disease 
(native or bioprosthetic valves) may also be 
good candidates

The indication may soon be expanded even to 
patients who would be good surgical candidates
Note CT is a one-stop shop also for assessing 
vascular access, which could be imaged using 
the same contrast bolus

Known or suspected congenital heart 
disease

Patients where echocardiography was 
inconclusive or raised additional questions

Scanning of the entire chest is likely warranted 
to image all great vessels for potential anomalies

New heart failure (systolic or 
diastolic), assessment of left or right 
heart function

Patients where echocardiography was 
inconclusive and CAD risk is low to 
intermediate

Adjust injection protocol (longer bolus) when 
right heart function assessment is needed

Suspected cardiac mass/thrombus Inadequate images from other methods or 
contraindications for MRI

Precontrast and delayed scans should also be 
obtained

Pericardial abnormality Congenital or acquired diseases of the 
pericardium

Arrhythmia/EP procedure, PM/ICD 
placement

Suspected ARVD/ARVC
Planning for RFA – pulmonary vein anatomy
Planning RFA to treat potential sources for VF/
VTACH
Coronary venous mapping

Table 21.2 Advantages and challenges of cardiac CT

Advantage Challenge Solution on the horizon?
Spatial resolution High spatial resolution Spatial resolution still inferior 

to invasive angiography
Decreasing detector size

Contrast resolution Depending on body habitus, 
low-Kv scanning provides 
improved soft tissue contrast 
even at low iodine doses

Relatively low soft tissue 
contrast resolution

Soft tissue contrast improved by iodine 
mapping with dual energy, ECVF, spectral CT

Temporal resolution Low effective temporal 
resolution, dependent on 
scanner type and scanning mode

Dual source scanners offer highest temporal 
resolution to date

Anatomic and 
physiological 
information gained

Excellent depiction of anatomy Less information gained on 
physiology and function

CT-FFR, CT myocardial perfusion

Function Can assess gross systolic 
function, wall motion, chamber 
volumes, and ejection fraction

Relatively low temporal 
resolution, cannot assess flow, 
regurgitation, velocity, or 
diastolic function

Improvements in gantry rotation time and other 
means of increasing temporal resolution (e.g., 
dual-source techniques) may make CT 
competitive for function assessment in the future
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For a successful cardiac CTA in its current iteration, all 
one needs is an imaging unit and power-injectable intrave-
nous access. With advances in scanner technology, diagnos-
tic images can be obtained even in patients with high heart 
rate and arrhythmias. Although prior surgeries, sternal wires, 
stents, prosthetic valves, and implanted devices may cause 
some artifacts, it is rare that the entire study is nondiagnostic. 
Even many bariatric patients can be imaged successfully, as 
well as those unable to do breath-holds.

Cardiac CT can be useful when contrast cannot be admin-
istered. ECG-synchronized non-contrast CT is invaluable for 
risk stratification of patients for coronary disease and is also 
able to identify some acute aortic pathologies (e.g., acute 
intramural hematoma and sometimes dissection).

Additionally, surgeons and most cardiologists  – even if 
imaging is not their primary interest – have become familiar 
and comfortable with CT images. This ability of clinicians to 
“look for themselves,” especially with web-based intuitive 
and interactive 3D workstations, has further contributed to 
the appeal of this modality.

 When Should Cardiac CT Be the First 
Advanced Imaging Test?

 Risk Stratification

In very low-risk patients, imaging is likely unwarranted, 
but calcium scoring is an inexpensive, quick, and effective 
risk stratification tool. This study can be considered in 
asymptomatic and low-risk patients, in whom – based on 
lifestyle, family history of premature CAD, or lab results – 
advanced or premature coronary atherosclerosis is sus-

pected. Calcium scoring, discussed in detail elsewhere in 
this book, is most appropriate for intermediate-risk 
asymptomatic patients, in whom it may provide reassur-
ance of low cardiac risk or, on the other hand, may help 
guide preventive measures and lipid-lowering therapies 
[13]. Newer, low-voltage tin filtration protocols allow 
75% radiation dose reduction with accurate cardiac risk 
stratification [14].

An additional indication where CTA may precede or sub-
stitute other imaging tests is preoperative assessment of car-
diac risk, which can be appropriate in certain patient groups 
undergoing evaluation for major surgeries (noncardiac sur-
geries or cardiac valve surgeries) [15, 16].

 Acute Chest Pain

Acute chest pain is one indication, where, following a nor-
mal CXR and equivocal initial workup in the emergency 
department (vitals, cardiac enzymes, and ECG), a cardiac 
CTA (or a whole-chest triple-rule-out) could prove useful for 
swift and cost-effective patient management [17, 18]. This 
can be referred to as the “early assessment pathway” [5]. The 
appropriateness of CTA depends on the pretest probability, 
which ideally should be low to intermediate, with a TIMI 
risk score of 0 [19]. CTA is also useful in cases where 
 ischemic symptoms have resolved hours before presenting to 
the emergency room. Even in patients who undergo the 
“observational pathway”, and serial ECG and troponins 
remain negative or borderline, CTA is considered an appro-
priate choice.

There is extensive evidence in the literature that CTA 
offers an outstanding negative predictive value and low- 

Advantage Challenge Solution on the horizon?
Speed Faster and more easily 

accessible than MRI, SPECT, 
PET, and even echo (especially 
transesophageal)

Difficulties with IV access and 
need for medications (beta 
blockers, nitrates) may delay 
scanning

Scanners with improved temporal and spatial 
resolution can scan without medications

Radiation Some techniques allow 
sub-mSv scanning

Relatively large breast dose; 
arrhythmic or large patients will 
receive higher dose

Low kV scanning

Contrast Peripheral IV access is 
sufficient

Ideally a power-injectable 
access is needed; severe 
allergies or acute renal 
insufficiency can be 
contraindications

Low kV scanning can help reduce the contrast 
volume needed

Equipment cost Typically cheaper than MRI More expensive than gamma 
camera or echo machines

Implanted medical 
hardware, electronics, 
prior intervention/
surgeries

Hardware in patient is never a 
contraindication

Metallic streak artifact may 
somewhat degrade image 
quality

Streak-artifact reduction algorithms, 
dual-energy scanning

Patient comfort Claustrophobia is rarely a 
problem; scan itself lasts only 
seconds, noninvasive

Need for power injection of 
contrast, may lead to 
extravasation

Advanced low kV and dual-energy techniques 
can reduce contrast amount needed

Table 21.2 (continued)
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to intermediate-risk patients can be safely discharged if 
no or only mild coronary stenosis is found [20]. Moreover, 
a chest or cardiac CTA will not only visualize coronaries 
but is very efficient in pointing the clinician to other 
sources of chest pain, such as acute aortic pathology, pul-
monary embolism, lung pathology, chest wall, or gastro-
intestinal (e.g., hiatal hernia, reflux esophagitis) problems 
[21]. Admittedly, these findings may lead to increased 
downstream testing that detracts from the appeal of coro-
nary CTA use in the ER as shown in the ROMICAT II 
study [17]. These will be further discussed in a separate 
chapter in this book.

When acute aortic syndrome is included in the differen-
tial, ECG-synchronized CTA is preferred over non-gated 
chest CTA, as ECG gating is crucial when visualizing the 
aortic root and ascending aorta, with the added benefit of 
visualizing coronary, aortic valve, and pericardial involve-
ment, when present [22]. Of note, CTA is the only appropri-
ate imaging modality in hemodynamically unstable patients, 
regardless of whether or not they had prior aorta interven-
tions, since it is “less invasive” than transesophageal echo.

Some have advocated using a negative Ca score scan 
(NPV 97%) as a means to rule out acute coronary syndrome 
in the emergency room (ER) setting [23, 24]. However, this 
approach is certainly not universally accepted, especially 
because it is possible to have ruptured noncalcified plaques, 
coronary emboli, thrombosed coronary, or dissected coro-
naries even in the absence of any calcium.

The last thing to consider in the acute setting is what to do 
when there are extensive coronary calcifications. The 2010 
Appropriateness Criteria warn us that the use of CTA in 
acutely symptomatic patients with Ca score above 400 is not 
definitively appropriate. The assessment of “uncertain appro-
priateness” was rendered due to concerns over poor visual-
ization of the coronaries from beam hardening and 
“blooming” effects. However, in everyday practice, this is 
rarely a major problem, especially considering rapidly 
improving scanner technology. Additionally, performing Ca 
scoring “on the fly” while the patient is in the scanner is not 
very practical, as this would require the radiologist to be 
physically present for every scan. While extensive coronary 
calcium is certainly a drawback in assessing the coronaries, 
it does not completely negate the usefulness of a triple-rule- 
out or coronary CTA in finding the source for chest pain.

 Chronic Chest Pain

In the past, guidelines recommended stress ECG to be among 
the first to evaluate patients with persistent or chronic chest 
pain, despite the fact that sensitivity and specificity are only a 
little better than a coin toss, and its accuracy has been shown to 
be poor in women [25]. Growing evidence suggest that coro-
nary CTA should be the first test when evaluating patients with 

suspected anginal chest pain [26, 27]. In the United Kingdom, 
the updated National Institute for Health and Care Excellence 
(NICE) guidelines have included coronary CT as a first-line 
test for coronary artery disease, citing its relatively low cost and 
high sensitivity [28]. CTA has been shown to be at least equiva-
lent in the workup of patients with stable chest pain with good 
outcomes. CTA’s ability to detect nonobstructive coronary dis-
ease by way of visualizing not only the lumen but also plaques 
is very helpful in our efforts trying to understand microvascular 
disease, plaque erosion, and myocardial infarction with no 
obstructive coronary artery (MINOCA) [29].

A particularly interesting group is competitive athletes, in 
whom cardiac CT may prove useful to visualize anomalous 
coronaries or other cardiac pathologies. Indications in this 
patient group would include family history of sudden cardiac 
death, uncertain syncope, post-resuscitation, positive stress 
ECG without symptoms, and equivocal ischemic symptoms 
with normal stress ECG [30].

 How Can CT Complement Echocardiography?

Echocardiography is likely the first choice for cardiologists 
to “screen” a patient for suspected congenital heart disease, 
valvular disease, new heart failure (systolic or diastolic), car-
diac embolic source, and pericardial abnormalities [31–34]. 
Albeit echocardiography is easily accessible and effective in 
many patients, body habitus and suboptimal acoustic win-
dows may prevent us from reaching a conclusive diagnosis 
solely with echo in others. Further, echo has clear shortcom-
ings when it comes to visualization of great arteries and 
veins. The right heart is challenging due to its retrosternal 
position, the left atrial appendage is faintly seen with trans-
thoracic approach, and the contents of the pericardium can 
look rather ominous, when there is anything in there, aside 
from clear serous fluid. The assessment of regional myocar-
dial function and the quantification of chamber volumes and 
systolic function are known to be operator dependent, sub-
jective, and poorly reproducible when using two- dimensional 
methods. Lastly, echocardiography is rarely able to visualize 
the coronaries, and its ability to determine myocardial perfu-
sion and viability is also limited, unless an aggressive stress 
agent like dobutamine is used. Below we will discuss what 
cardiac CT can offer when an initial echo is unable to answer 
the clinical question or when echo raises new questions 
based on its findings.

 Congenital Heart Disease (CHD) and Great 
Vessel Anomalies/Abnormalities

In newborns and adults alike, CT can prove useful in visual-
izing anatomic abnormalities of the coronaries, the airways, 
and the great arteries and veins (anomalous pulmonary 
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veins, left SVC, etc.), aortopulmonary or other systemic to 
pulmonary collaterals, and pulmonary arteriovenous mal-
formations [35, 36]. Cardiology guidelines emphasize that 
cardiac CT might be useful in detailed assessment of com-
plex cardiac anatomy, e.g., in unusual VSDs, such as inlet or 
apical defects, which may be poorly seen by echocardiogra-
phy [37].

When undetected in childhood, the suspicion of congeni-
tal heart disease may be raised in adults due to chamber 
enlargement or a murmur in the absence of significant valve 
disease or visible intracardiac shunt, prompting the cardiolo-
gist to look for an extracardiac shunt or anomaly.

Although due to its low temporal resolution CT-derived sys-
tolic function is not as accurate as cine MRI, functional images 
can be used to assess regional and global systolic function to 
provide reasonably accurate volumes of chamber sizes (both 
the left and right heart) in patients in whom MRI is contraindi-
cated (e.g., unapproved devices or severe claustrophobia).

Chest CTA can be useful in assessment of aortic dimen-
sions (degenerative aortic aneurysms, bicuspid valve, or 
Marfan-/Ehlers-Danlos-related aneurysms), for which  – 
truthfully  – only ECG-synchronized or superfast spiral 
acquisitions with excellent temporal resolution should be 
used as only these techniques provide motion-free, accurate 
measurements of the aortic root and ascending aorta [22].

Cardiac CT is a great tool for postsurgical evaluation and 
follow-up (anastomoses, baffles, conduits, homografts, 
shunts, patches, and plasties) and also for preoperative 
assessment prior to repeat or multistage operations. The 
ability to visualize retrosternal anatomy in detail is an 
important benefit before redo sternotomy to plan a safe 
reentry into the chest.

 Valve Disease

When echocardiography is unable to visualize the valves 
reliably and endocarditis or other acute valve pathology is 
suspected (e.g., papillary muscle rupture), CTA can be more 
efficacious. This is especially useful in prosthetic valves, 
where artifact from the metallic frames often renders echo 
studies suboptimal. Vegetations, thrombi, pannus, leaflet 
malfunction, paravalvular leaks, and aneurysms can be beau-
tifully visualized with CT.

Rarely, as a third-line evaluation, when echocardiography 
and catheter-based pressure measurements disagree and an 
MRI is contraindicated, CT can act as an arbitrator to mea-
sure valve orifice area [38].

Preceding minimally invasive mitral and aortic valve sur-
geries, CTA can help in planning the best surgical approach 
and visualizing the complexities of the mitral valve appara-
tus. For planning percutaneous valve placement, CT is 
extremely helpful in visualizing the anatomy of the valve 
annulus, or the potential landing site in a homograft or con-

duit, as well as calcifications, stenoses, aneurysms, and 
nearby structures that may be compromised (e.g., coronar-
ies). In addition, the same contrast bolus can be used in some 
scanners to interrogate also the entire aorta, iliofemoral, and 
axillary-subclavian access routes to elucidate where the 
cleanest and safest pathway can be found. For further detail 
on these, we refer to other chapters of this book.

 New Systolic or Diastolic Heart Failure 
and Regional Wall Motion Abnormalities

Ischemic heart disease is one of the most common reasons for 
impaired global or regional cardiac function, which can be 
efficiently ruled out or detected with cardiac CT, if the overall 
clinician impression about the pretest probability is low to 
moderate. In patients where ARVD/ARVC is suspected and 
MRI cannot be done, CT can be performed to evaluate right 
ventricular function and areas of fatty infiltration.

 Cardiac Embolic Source

In patients with embolic events (e.g., strokes, splenic infarct, 
etc.) where transthoracic echocardiography is unrevealing 
(e.g., poor acoustic windows) or equivocal (e.g., questionable 
mass) and transesophageal echo is unavailable (e.g., at night in 
an understaffed hospital), contraindicated (e.g., unstable/unco-
operative patient), or unsuccessful, cardiac CT is a reasonable 
next step to visualize intracardiac masses. Of note, it is crucial 
that the imager reviews the images immediately after the scan 
to decide whether a delayed scan is warranted (i.e., question-
able clot in the left atrial appendage). When this is logistically 
not possible, a low-dose ECG- synchronized delayed scan 
should be obtained routinely. If a cardiac neoplasm is sus-
pected, a precontrast scan should also be obtained to assess 
enhancement of the mass, when present. Of the common “nor-
mal variants” that can look ominous on echo, CT can usually 
identify the majority with certainty providing reassurance 
(lipomatous hypertrophy of the interatrial septum, crista termi-
nalis, prominent Eustachian valve, accessory appendages).

 Pericardium

CT can visualize the size of a pericardial effusion but is lim-
ited in the ability to detect hemodynamic significance. CT is 
unable to conclusively demonstrate whether constriction is 
physiologically present, since ventricular interdependence 
cannot be demonstrated during a breath-hold. Pericardial 
enhancement and thickening can only rarely be seen on early 
arterial phase; therefore it is difficult to decide if active 
inflammation is present on CTAs; however a delayed pro-
spectively gated scan may highlight pericardial inflammation. 
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CT is certainly useful in visualizing the extent and distribu-
tion of calcification in chronic constrictive pericarditis and 
may aid in surgical planning for pericardial stripping. When a 
small pericardial effusion is present, prominent epicardial fat 
may give the impression of an intrapericardial mass on echo-
cardiograms, which can be easily visualized on CT. In meta-
static malignancies, pericardial metastases are also usually 
well visualized with cardiac CT.

 Following Cardiac Devices and Cardiac Surgery

Pacemaker/ICD leads, ventricular assist devices, or other 
embolized devices (e.g., IVC filters) can best be visualized 
with CTA. Visualizing retrosternal and great vessel anatomy 
is crucial prior to LVAD implantation. Following LVAD 
implantation, CT will be the best modality to visualize 
thrombus formation in or around the inflow and outflow can-
nulae or kinking/compression of the non-radiopaque tubing 
connecting to the ascending aorta.

Following cardiac or aortic surgery, CT can be useful to 
identify early complications such as anastomotic leaks or 
pseudoaneurysms. When sternal osteomyelitis and mediasti-
nitis are suspected, a gated cardiac scan will provide better 
visualization of paracardiac structures to accurately assess 
the extent of infection, and as a bonus, it also gives superb 
view of the sternum itself.

 Should We Get a Cardiac CT or an MRI Next?

In the United States, between the two major advanced tomo-
graphic methods, cardiac CT seems to be preferred, more so 
than in other parts of the world. When MRI is unavailable or 
contraindicated (unapproved electronic devices, metallic for-
eign bodies, severe claustrophobia), CT is obviously a better 
choice. For some MRI applications, gadolinium-based con-
trast is crucial, which is contraindicated in pregnancy, end- 
stage renal failure, or severe allergies to MRI contrast. 
Nonetheless, for many questions detailed in the above para-
graph, cardiovascular MRI is just as efficacious and offers 
ionizing radiation-free assessment.

In the below paragraphs, we briefly discuss when MRI 
should be the next step after CT and, vice versa, when a CT 
might be indicated following cardiac MRI.

 Congenital Heart Disease, Great Vessel 
Abnormalities, Valve Disease, 
and Biventricular Function

When CHD is suspected based on clinical workup and echo 
findings, or patients have history of CHD and valve disease 
of great vessel anomalies, and cardiac CT is chosen as the 

next step after ECHO, the following questions may remain 
unanswered even after the CT scan, to which MRI is likely to 
be able to provide answers:

 – What is the Qp/Qs if a shunt is present?
 – What is the peak velocity when valvular, subvalvular, or 

supravalvular stenosis is noted on CT?
 – What is the regurgitant fraction in valvular 

insufficiency?
 – What is the pulmonary blood flow to each of the lungs 

(balanced or unbalanced)?
 – Is there a clot in poorly opacified parts of the cardiovascu-

lar system, when delayed CT was not obtained to clarify 
areas of mixing or suboptimal contrast enhancement (e.g., 
Fontan shunt, when lower extremity is not injected and 
delays were not obtained)?

 – Is there focal myocardial fibrosis/scarring from prior sur-
gery or ischemic event that may lead to arrhythmia?

 – Is there stress-inducible ischemia in the myocardium 
when coronary anomalies/stenoses are detected on CT?

 – Depending on the contrast injection protocol, it may be 
challenging to determine right ventricular function 
with CT, not to mention that due to its low temporal 
resolution, CT-derived ventricular volumes are not as 
accurate as MRI anyways. Thus, MRI might be needed 
for accurate assessment of biventricular size and sys-
tolic function.

 – If based on clinical symptoms and CT findings an active 
vasculitis is suspected, MRI (T2-weighted imaging, 
dynamic contrast enhancement, and diffusion-weighted 
imaging) might prove helpful after CTA.

 – When an aneurysm is found that needs follow-up in 
younger patients, it is prudent to schedule routine follow-
 up with MRI rather than CT to avoid radiation. Of note, if 
simple sizing is the question, a non-contrast MRA may be 
sufficient.

When MRI/MRA is ordered first in CHD patients, there 
may be a number of dilemmas raised that cannot be com-
pletely answered without a CT:

 – Questionable coronary anomaly, coronary fistula, or 
 stenosis due to postsurgical changes

 – Questionable coronary atherosclerosis in older patients
 – Calcifications in baffles, patches, shunts, conduits, and 

homografts
 – In-stent intimal hyperplasia
 – Stent-graft evaluation where MRI was suboptimal
 – Incomplete closure with a closure device
 – Suspected artificial valve complications (mechanical fail-

ure, clot, pannus, vegetation, small paravalvular aneurysm, 
or leak)

 – Poorly visualized retrosternal anatomy due to artifact 
from sternal wires
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 Cardiac Masses

When evaluating a patient with CT for cardiac mass or 
embolic source, the following issues may arise:

 – Visualization of lesions in the right heart (particularly the 
right atrium) might be compromised due to swirling and 
mixing of contrasted and non-opacified blood.

 – If no precontrast scan is available, it may be difficult to 
decide if a mass is enhancing.

 – Some masses, e.g., fibroma, will only show delayed enhance-
ment and may mimic a thrombus on an arterial phase CT.

 – If a thrombus is suspected on CT but delayed images are 
not available, MRI might be helpful in clarification.

On the other hand, sometimes a mass is detected on 
MRI, for which further clarification is needed using car-
diac CTA:

 – Pericardial/paracardiac/mediastinal/pleural/lung mass with 
suspected coronary or myocardial invasion.

 – Suspected calcifications.
 – Suspected perivalvular lesion/thrombus/vegetation/pan-

nus/aneurysm adjacent to a prosthetic valve.
 – Central line or ICD/pacemaker lead-associated thrombi 

are better characterized with CT.

 Pericardial Disease

As described above, the strength of CT is its ability to visual-
ize calcifications, but differentiating of pericardial thicken-
ing from dense fluid is often fraught with difficulty as 
pericardial enhancement is only rarely visible with CT. CT is 
also unable to generate real-time deep inspiratory imaging, 
which is necessary to detect ventricular interdependence, a 
hallmark of constriction. Further, MRI is the best modality to 
show pericardial tethering (myocardial tagging) and enhance-
ment (early and delayed).

 Ischemic Heart Disease

If based on CT findings and clinical workup the thought of 
catheterization and revascularization is entertained, it may be 
prudent to obtain a cardiac MRI stress test, where stress- 
induced ischemia and viability can be detected with great 
accuracy. Growing evidence suggests that MRI is superior to 
nuclear cardiac SPECT myocardial perfusion imaging [39, 
40]. It has also been shown that MRI stress is much superior 
to SPECT in women [41]. The anatomic findings of coronary 
CTA may be complemented by dual-energy iodine mapping, 
CT myocardial perfusion assessment, and CT-FFR for a 
more functional assessment [42]. However, these are cur-

rently only practiced at some institutions (detailed in other 
chapters), and the widespread use of these CT techniques has 
not yet been implemented. Ultimately it seems that the best 
diagnostic accuracy will be achieved when anatomic and 
functional imaging is combined in some form, providing 
“hybrid cardiac imaging”  – as shown in a recent meta- 
analysis by Rizvi et al. [43].

A currently hot topic of recanalizing chronic total occlu-
sions (CTO) may also benefit from a CTA after MRI estab-
lishes viability of the vessel territory: a CTA might be the 
next best step to serve as a 3D “map” prior to the recanaliza-
tion procedure.

Transplant-related coronary disease is another realm 
where CTA may be helpful to rule out epicardial disease, but 
MRI may be better at picking up on microvascular disease in 
the peripheral capillary bed. However, to date, neither MRI 
nor CT is fully reliable in assessing rejection.

 Cardiac CT and Nuclear Cardiac Imaging: 
Friends or Adversaries?

Nuclear cardiac imaging boasts with extensive historical 
data, tradition, and a vast following. However, SPECT 
nuclear imaging has been shown to yield particularly low 
sensitivity and specificity in women, compared to men, 
seems to struggle demonstrating three-vessel disease and 
small subendocardial infarcts, and has no ability to visualize 
epicardial coronary lumens or plaques. In a recent meta- 
analysis, where invasive angiography and fractional flow 
reserve were used as the ground truth, SPECT myocardial 
perfusion was outperformed by cardiac CTA, myocardial 
perfusion MRI, and even PET perfusion [44]. In another 
recent meta-analysis, coronary CTA showed higher diagnos-
tic performance than exercise ECG or SPECT testing in sta-
ble angina [45].

Since attenuation artifacts have been identified as one of 
the important causes for false positives, many centers have 
now implemented an ECG-gated non-contrast CT scan for 
attenuation correction and used this scan for concurrent cal-
cium scoring for additional risk stratification, which cer-
tainly seems like a viable solution for enhancing the accuracy 
of nuclear imaging.

Cardiac CT has other measurable advantages, namely, 
that it is able to expedite discharge and has lower radiation 
exposure and lower cost in the emergency room setting when 
compared to the standard workup, which – interestingly – is 
even more pronounced in women vs. men [46]. Additionally, 
in some institutions, cardiac CT is available 24/7 [47], 
whereas nuclear imaging is offered typically only during 
regular work hours. While a complete stress-rest SPECT 
may take hours and even PET perfusion (where available) 
will take at least an hour, CT can be done in a matter of min-
utes. The in-plane spatial resolution of nuclear imaging tests 
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even with the latest improvements is an order of magnitude 
lower, around 10–5  mm (SPECT vs. PET), as opposed to 
CT’s half a millimeter resolution.

As detailed in other chapters, the radiation dose with 
cardiac CT has been a downward moving target, and 
SPECT certainly is unable to keep up with the race. PET 
perfusion, however, offers relatively lower radiation doses 
that compete with advanced CT scanners (when function is 
acquired with tube current modulation) in the 2–5  mSv 
effective dose range. Thus, depending on the scanners used 
at one’s institution, PET perfusion may be a reasonable 
option particularly for women in whom quantitative myo-
cardial perfusion measurement may reveal ischemic heart 
disease where CTA or even conventional angiography can-
not find luminal obstruction. Of note, as detailed in another 
chapter, myocardial perfusion CT has also been getting 
increasing coverage in the “press.” PET imaging has fur-
ther advantages over CT, especially if MRI is not available 
in imaging active inflammation, which is particularly use-
ful in sarcoidosis, where CT would be unlikely to detect 
any changes in the heart.

It is not unusual after an equivocal nuclear cardiac scan – 
or after a scan when the results are not what the clinician 
hoped for – that a cardiologist will order a cardiac CTA, to 
conclusively demonstrate the absence or presence of epicar-
dial disease, before the patient is subjected to an invasive 
procedure. And indeed, CT has been most helpful in exclud-
ing coronary disease when a false-positive nuclear result is 
suspected, given its high negative predictive value [48]. CT 
has also proven to be helpful in visualizing epicardial coro-
nary disease, positive remodeling, and noncalcified plaques 
in patients where perfusion defects were absent, but the per-
sistent clinical signs and symptoms prompted the clinician to 
pursue the disease with further imaging (i.e., clinically 
deemed false negatives). In the recent PROMISE trial, com-
paring coronary CTA to functional testing, CTA has proven 
to be a significantly better prognostic indicator than the alter-
natives, including exercise electrocardiography, exercise or 
pharmacological nuclear myocardial perfusion imaging, and 
exercise or pharmacological stress echocardiography [49]. 
This, again, is particularly important in women, in whom 
nonobstructive coronary disease (or as some would prefer 
ischemic heart disease) is more prevalent than in men.

 Conclusion: Comprehensive Care, 
Collaboration, Communication, 
and Coexistence

There is obviously no simple algorithm for deciding when 
and how cardiac CT should be used. One has to consider risk 
factors, pretest probability, clinical presentation, and other 
noninvasive test results to decide whether cardiac CTA is the 

best next step in patient management. The question should 
not be about one modality lording over another but, rather, 
how we can integrate cardiac CT best into the comprehen-
sive multidisciplinary workup and management of cardio-
vascular diseases. It is also important to mention that 
professional society-driven appropriateness criteria cannot 
keep up with the incredible speed of scanner technology 
development and rapid advances in novel cardiac device uti-
lization. Therefore, imagers have to maintain flexibility and 
be ready to take cardiac CTA even to previously uncharted 
territories for the benefit of our patients.

It seems that cardiac CT is best utilized in an environment 
where the stakeholders of various modalities communicate 
and collaborate even before a test is ordered, to ensure that a 
diversity of opinions is considered and optimal image acqui-
sition is performed, tailored to the specific clinical questions 
and suspicions, while also keeping individual patient- specific 
factors in sight. Then, following image acquisition and post- 
processing, the team should again reconvene to allow for 
thorough interpretation involving several subspecialties. 
This is the only way that cardiac CT will find its rightful 
place in heart disease management and will provide true 
value while reducing cost and minimizing risk.
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In an effort to improve quality, various societies across the 
globe have developed appropriate use criteria and guidelines 
for the use of cardiac CT. Imaging guidelines are generally 
incorporated into various disease conditions or clinical sce-
narios [1–8] and include qualifications of interpreting physi-
cians, equipment standards, and drugs used for heart rate 
control and vasodilation [9, 10]. There are two major sources 
of guidelines in the USA, the American College of Radiology 
(ACR) and the American College of Cardiology Foundation 
(ACCF), that discuss the training expectations of physicians 
for interpretation of cardiac CT. The ACR focuses on radiol-
ogy training requirements [9], while the ACCF is more 
focused on cardiologists [11]. The Society of Cardiovascular 
Computed Tomography (SCCT) has incorporated the train-
ing requirements of the ACCF and encourages board certifi-
cation through the Certification Board of Cardiovascular 
Computed Tomography (CBCCT) [10]. The ACR offers a 
Certificate of Advanced Proficiency (CoAP) after passing a 
rigorous examination [12]. This has greater requirements for 
experience in interpreting cardiac CT than the minimum 
ACR requirements. The European Board of Cardiac 
Radiology and the British Society of Cardiovascular Imaging 
(BSCI) also provide a diploma confirming competence in 
performing and interpreting cardiac CT [13, 14]. Tables 22.1 
and 22.2 show the differences and similarities between the 
ACR and the ACCF training requirement guidelines. The 
ACR and SCCT have helped immensely by providing com-
prehensive guidelines on optimized image acquisition, image 
processing, as well as image interpretation and reporting [9, 
15, 16]. Recently, both the ACR and SCCT leaders in con-
junction with the North American Society for Cardiovascular 
Imaging (NASCI) have developed a standardized reporting 

document (CAD-RADS) that not only provides the severity 
of coronary artery disease (CAD) as detected by cardiac CT 
but also attempts to guide both patients and ordering physi-
cians on the appropriate interpretation and management of 
patients based on the degree of CAD stenosis identified on 
cardiac CT (Tables 22.3 and 22.4) [15].

The ACR and the ACCF have critically evaluated cardiac 
imaging modalities to guide patients and healthcare provid-
ers on the utility of the available cardiac imaging procedures 
in terms of which are appropriate (A), maybe appropriate 
(M), or rarely appropriate (R) depending on various cardiac 
conditions. There are guidelines which discuss the use of 
imaging for stable coronary heart disease and heart failure 
[2, 5, 7, 8]. These recommendations are summarized in 
Tables 22.4, 22.5, 22.6, 22.7, 22.8, 22.9, 22.10, 22.11, 22.12, 
22.13, 22.14, 22.15, 22.16, 22.17, 22.18, 22.19, 22.20, 22.21, 
22.22, 22.23, 22.24, 22.25, 22.26, 22.27, 22.28, 22.29, 22.30, 
22.31, 22.32, 22.33, and 22.34.

There is a strong consensus agreement across the globe 
with respect to class II and class III indications for the use 
of cardiac CT [2, 4, 5, 7, 8, 17–19]. Most of the guidelines 
stress that there are a class II indication for the use of car-
diac CT in patients at low to intermediate risk for CAD and 
a class III indication for patients at high risk. Class I indica-
tions for the use of cardiac CT are very limited except in 
Brazil where there a class I indication for the use of cardiac 
CT to detect coronary calcium in asymptomatic patients 
with intermediate risk for CAD [1]. There is also strong 
consensus agreement among the various cardiac imaging 
and cardiovascular societies when it comes to appropriate 
and rarely use criteria for cardiac CT [2, 3, 5, 17, 19–21]. 
The gray area lies in the maybe appropriate use criteria 
where clinical judgment (just as in any patient encounter) is 
strongly advised. In South Korea and most Asian countries, 
the cardiovascular societies tend to rely heavily on appropri-
ate use criteria alone [19, 20], whereas Western counterparts 
utilize both appropriate use criteria and guidelines on the 
use of cardiac CT [2, 3, 5, 7, 8, 22]. Currently, most other 
countries across the world tend to utilize the ACCF and the 
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Table 22.1 Qualifications and responsibilities of personnel: ACR–NASCI–SPR practice parameter for the performance and interpretation of 
cardiac computed tomography

Cardiac CT procedures must be supervised and 
interpreted by a physician with one of the 
following qualifications below:

The supervising physician must also 
have the following:

Additional qualifications include:

Certification in radiology or diagnostic radiology 
by the:
  (a) American Board of Radiology
  (b) American Osteopathic Board of Radiology
  (c)  Royal College of Physicians and Surgeons of 

Canada
  (d) Collège des Médecins du Québec
  (e)  Involvement with the supervision, 

interpretation, and reporting of 300 CT 
examinations in the past 36 months

  (a)  The physician should have 
documented training in the 
physics of diagnostic radiology

  (b)  The physician must be familiar 
with:

   (a)  The principles of radiation 
protection

   (b) The hazards of radiation
   (c)  Radiation monitoring 

requirements as they apply to 
both patients and personnel

Cardiac CT Category I CME or training in 
cardiac CT in a training program approved by:
  (a)  The Accreditation Council for Graduate 

Medical Education (ACGME)
  (b)  The Royal College of Physicians and 

Surgeons of Canada (RCPSC)
  (c) The Collège des Médecins du Québec
  (d)  The American Osteopathic Association 

(AOA)

Completion of a diagnostic radiology residency 
program approved by:
  (a)  The Accreditation Council for Graduate 

Medical Education (ACGME)
  (b)  The Royal College of Physicians and 

Surgeons of Canada (RCPSC)
  (c) The Collège des Médecins du Québec
  (d)  The American Osteopathic Association 

(AOA)
  (e)  Involvement with the supervision, 

interpretation, and reporting of 500 CT 
examinations in the past 36 months

The physician should be thoroughly 
acquainted with the many morphologic 
and pathophysiologic manifestations 
of artifacts demonstrated on CT.
Additionally, supervising physicians 
should have appropriate knowledge of 
alternative imaging methods including 
the use of and indications for general 
radiography and specialized studies 
such as:
  (a) Angiography
  (b) Ultrasonography
  (c) Magnetic resonance imaging
  (d) Nuclear medicine studies

Education in cardiac anatomy, physiology, 
pathology, and cardiac CT imaging for a time 
equivalent to at least 30 h of CME

Physicians not board certified in radiology or not 
trained in a diagnostic radiology residency 
program who assume the responsibilities for CT 
imaging exclusively in a specific anatomical area 
should meet the following criteria:
  (a)  Completion of an ACGME- approved 

residency program in the specialty practiced 
plus 200 h of Category I CME in the 
performance and interpretation of CT in the 
subspecialty where CT reading occurs

  (b)  Supervision, interpretation, and reporting of 
500 cases in that subspecialty area during the 
past 36 months in a supervised situation

The physician should be familiar with 
patient preparation for the examination
The physician must have training in 
the recognition and treatment of 
adverse effects of contrast materials 
used for these studies (see the ACR 
Manual on Contrast Media and the 
ACR–SPR Practice Parameter for the 
Use of Intravascular Contrast Media)

Supervision, interpretation, or reporting of at 
least 50 cardiac CT examinations in the last 
36 months. Coronary artery calcium scoring 
does not qualify as meeting these requirements

Completion of an accredited radiology residency 
in the past 24 months will be presumed to be 
satisfactory experience for the reporting and 
interpreting requirement

The physician must have the 
responsibility for:
  (a)  Reviewing all indications for the 

examination
  (b)  Specifying the use, dosage, and 

rate of administration of contrast 
agents

  (c)  Specifying the imaging 
technique, including available 
techniques to reduce radiation 
dose

  (d) Interpreting images
  (e)  Generating official/final 

interpretation reports
  (f)  Maintaining the quality of the 

images and the interpretations

For any physician or any other physician who 
assumes responsibilities for cardiac CT 
imaging, additional qualifications should 
include:
  (a)  Completion of an ACGME-approved 

training program in the specialty 
practice plus 200 h of Category I CME 
in the performance and interpretation of 
CT in the subspecialty where CT 
reading occurs
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The physician’s continuing medical 
education should be in accordance 
with the ACR Practice Parameter for 
Continuing Medical Education (CME) 
of 150 h of approved education every 
3 years and should include CME in 
cardiac CT as is appropriate to the 
physician’s practice needs

Supervision, interpretation, or reporting of 
500 cases in cardiothoracic imaging that 
include at least 50 cardiac CT examinations 
during the past 36 months in a supervised 
situation and at least 450 additional thoracic 
CT or thoracic CT angiography cases
Coronary artery calcium scoring does not 
qualify as meeting these requirements
Completion of at least 30 h of Category I 
CME in cardiac imaging, including cardiac 
CT, anatomy, physiology, and/or pathology, or 
documented equivalent supervised experience 
in a facility actively performing cardiac CT

Data from ACR–NASCI–SPR practice parameter for the performance and interpretation of cardiac computed tomography (CT) [9]

Table 22.1 (continued)

Table 22.2 Qualifications and responsibilities of personnel (ACCF: COCATS 4 Task Force 7: training in cardiovascular computed tomographic 
imaging)

It is required that at least 1 physician should have a 
minimum of 2 years of clinical experience and/or 300 
scan interpretation of coronary CTA

It is recommended that interpretation physicians must have:
  (a) CBCCT certification
  (b) ACR board certification
  (c) Dedicated fellowship training in advanced cardiac imaging

It is required that all other physicians must maintain level 
2 coronary CTA certification or equivalent

Cardiac CT fellows must be familiar with cardiovascular:
  (a) Anatomy
  (b) Physiology
  (c) Pathophysiology

Interpreting physicians must be trained in the best-practice 
protocol selection of the scanner(s) in use

Fellows must also understand the:
  (a) Clinical application of cardiac CT
  (b) Principles of cardiac CT physics
  (c) Radiation generation/exposure

A qualified physician must interpret the non-cardiac 
anatomy on all scans either as the primary reader or as a 
consulting physician

To be eligible to sit for the CBCCT examination:
  (a)  US-trained cardiovascular fellows must have undergone training in a 

program accredited by the ACGME
  (b) Meet Level II training requirements

Cardiac CT fellows must be familiar with the protocols:
  (a) For contrast administration and contrast kinetics
  (b)  The potential adverse events resulting from contrast 

exposure and appropriate treatment

Every cardiovascular fellow should develop familiarity with CCT:
  (a) Technical performance
  (b) Strengths
  (c) Limitations of CCT
  (d)  Gain an understanding of how to effectively use the information provided 

by CCT
Level II training requirements:
  (a)  Be present in the scanning suite control room and 

actively participate in the acquisition of 50 cases
  (b)  View a maximum of 50 cases from an educational 

CD or presentation granting continuing medical 
education credit that contains CCT data review

  (c)  150 cases must involve interactive manipulation of 
reconstructed datasets using a three-dimensional 
imaging workstation

  (d) 20 cases must include evaluation of cardiac function
  (e)  20 cases should involve evaluation of structural and/

or congenital heart disease
  (f)  15 cases must involve evaluation of bypass graft 

vessels
  (g)  40 cases should be correlated with invasive 

angiography and/or myocardial perfusion imaging
  (h)  Be actively involved in acquisition, interpretation, 

and reporting of 50 cases CCT images

Level III training requirements (in addition to Level II):
  (a) Additional training and experience beyond the cardiovascular fellowship
  (b)  Acquire specialized knowledge and experience in performing, interpreting, 

and training others to perform specific procedures or render advanced 
specialized care at a high level of skill

  (c) Be involved in the acquisition and interpretation of imaging examinations
  (d)  Participation in research, teaching, and the administrative aspects of 

laboratory operations
  (e)  Data management, report generation and distribution, quality 

improvement, and accreditation as well as development of an 
understanding of evolving multimodality imaging technologies

Data from Garcia et al. [11]
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Table 22.3 Equipment specifications (ACR–NASCI–SPR practice parameter for the performance and interpretation of cardiac computed 
 tomography [9])

For diagnostic-quality cardiac CT, the CT scanner should meet or exceed the following specifications:
ECG synchronization for all scans, with the ability to perform 
prospective triggering and retrospective gating

Non-contrast-enhanced MDCT for coronary artery calcium scoring 
may be adequately performed on a scanner with a temporal 
resolution of 0.50 s using prospectively ECG- triggered “step-and-
shoot” sequential acquisition

Setup for bolus tracking of the administered contrast material for 
appropriate timing of contrast-enhanced cardiac CT exams

Minimum section thickness should be:
  (a) ≤5 mm
  (b) ≤3 mm for coronary calcium scoring
  (c) ≤1.5 mm for CT coronary arteriography

Automated tube modulation during image acquisition for dose 
reduction

Volumetric computed tomography dose index (CTDI vol) and dose 
length product (DLP) must be available after each scan for transfer 
to individual PACS workstations

Contrast-enhanced cardiac CT by MDCT (should meet or exceed a 
64-detector scanner), including:
  (a) CT coronary arteriography
  (b)  A scanner capable of achieving in-plane spatial resolution 

≤0.5 × 0.5 mm axial
  (c) z-axis spatial resolution ≤1 mm longitudinal
  (d) Temporal resolution ≤0.25 s

Data from ACR–NASCI–SPR practice parameter for the performance and interpretation of cardiac computed tomography (CT) [9]

Table 22.4 CAD-RADS reporting and data system for patients presenting with stable chest pain

Degree of maximal 
coronary stenosis

Corresponding 
CAD-RAD 
classification Interpretation

Recommendation on 
further cardiac 
investigation Recommendation on management

0% (no plaque or 
stenosis)

CAD-RADS 0 Documented 
absence of CAD

None Reassurance. Consider non-atherosclerotic 
causes of chest pain

1–24% minimal stenosis 
or plaque with no 
stenosis

CAD-RADS 1 Minimal 
non-obstructive 
CAD

None Consider non-atherosclerotic causes of chest 
pain
Consider preventive therapy and risk factor 
modification

25–49% mild stenosis CAD-RADS 2 Mild non- 
obstructive CAD

None Consider non- atherosclerotic causes of chest 
pain
Consider preventive therapy and risk factor 
modification particularly for patients with 
non-obstructive plaque in multiple segments

50–69% stenosis CAD-RADS 3 Moderate stenosis Consider functional 
assessment

Consider symptom-guided anti-ischemic and 
preventive pharmacotherapy as well as risk 
factor modification per guideline-directed 
care
Other treatments should be considered per 
guideline-directed care

A: 70–99% stenosis
or
B: Left main >50% or 
3- vessel obstructive 
(≥70%) disease

CAD-RADS 4 Severe stenosis A: Consider ICA or 
functional
assessment
B: ICA is 
recommended

Consider symptom-guided anti-ischemic and 
preventive pharmacotherapy as well as risk 
factor modification per guideline-directed 
care
Other treatments (including options of 
revascularization) should be considered per 
guideline-directed care

100% (total occlusion) CAD-RADS 5 Total coronary 
occlusion

Consider ICA and/or 
viability
assessment

Consider symptom-guided anti-ischemic and 
preventive pharmacotherapy as well as risk 
factors modification per guideline-directed 
care
Other treatments (including options of 
revascularization) should be considered per 
guideline-directed care

Nondiagnostic study CAD-RADS N Obstructive CAD 
cannot be 
excluded

Additional or 
alternative evaluation 
may be needed

Data from Cury et al. [15]
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Table 22.5 CAD-RADS reporting and data system for patients presenting with acute chest pain, negative first troponin, negative or nondiagnostic 
electrocardiogram, and low to intermediate risk (TIMI risk score <4) (emergency department or hospital setting)

Degree of maximal 
coronary stenosis

Corresponding 
CAD-RAD 
classification Interpretation Recommendation on management

0% CAD-RADS 0 ACS highly 
unlikely

No further evaluation of ACS is required
Consider other etiologies

1–24% CAD-RADS 1 ACS highly 
unlikely

Consider evaluation of non-ACS etiology, if normal troponin and no 
ECG changes
Consider referral for outpatient follow-up for preventive therapy and 
risk factor modification

25–49% CAD-RADS 2 ACS unlikely Consider evaluation of non-ACS etiology, if normal troponin and no 
ECG changes
Consider referral for outpatient follow-up for preventive therapy and 
risk factor modification
If clinical suspicion of ACS is high or if high-risk plaque features are 
noted, consider hospital admission with cardiology consultation

50–69% CAD-RADS 3 ACS possible Consider hospital admission with cardiology consultation, functional 
testing, and/or ICA for evaluation and management
Recommendation for anti-ischemic and preventive management should 
be considered as well as risk factor modification. Other treatments 
should be considered if presence of hemodynamically significant lesion

A:70–99%
B: Left main >50% or 
three-vessel obstructive 
disease

CAD-RADS 4 ACS likely Consider hospital admission with cardiology consultation. Further 
evaluation with ICA and revascularization as appropriate
Recommendation for anti-ischemic and preventive management should 
be considered as well as risk factor modification

100% (total occlusion) CAD-RADS 5 ACS very 
likely

Consider expedited ICA on a timely basis and revascularization if 
appropriate if acute occlusion
Recommendation for anti-ischemic and preventive management should 
be considered as well as risk factor modifications

Nondiagnostic study CAD-RADS N ACS cannot be 
excluded

Additional or alternative evaluation for ACS is needed

Data from Cury et al. [15]

Table 22.6 Recommendation on advance imaging in patients with suspected SIHD who require noninvasive testing (ACCF/AHA/ACP/AATS/
PCNA/SCAI/STS)

Indications Class Level of evidence
CCTA may be reasonable for patients with intermediate pretest probability of IHD IIb B
CCTA is reasonable for patients with low to intermediate pretest probability of IHD who are unable to 
perform moderate physical functioning or have disabling comorbidity

IIa B

CCTA is reasonable for patients with an intermediate pretest probability of IHD who:
  (a) Continue to have symptoms despite normal prior test results
  (b) Have inconclusive results from prior ETT/pharm stress
  (c) Are unable to undergo stress nuclear MPI or stress echo

IIa C

For patients with low to intermediate pretest probability of obstructive IHD, non-contrast cardiac CT to 
determine CAC score may be considered

IIb C

In asymptomatic adults with diabetes, 40 years of age and older, measurement of CAC is reasonable for 
cardiovascular risk assessment

IIa B

Measurement of CAC may be reasonable for cardiovascular risk assessment in persons at low to 
intermediate risk (6–10% 10-year risk)

IIb B

Persons at low risk (<6% 10-year risk) should not undergo CAC measurement for cardiovascular risk 
assessment

III B

Cardiac CT is not recommended for routine evaluation of LV function in patients who have normal ECG, 
have no history of MI, have no symptoms, have no signs indicative of heart failure, and have no complex 
ventricular arrhythmias

III C

Repeat cardiac CT for LV function evaluation in patients who have had prior LV functional evaluation less 
than 1 year ago and in whom there has been no change in clinical status or anticipation of a change in 
therapy is not recommended

III C

Data from Fihn et al. [2]
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Table 22.7 Risk assessment in patients able and unable to exercise (ACCF/AHA/ACP/AATS/PCNA/SCAI/STS)

Indications Class Level of evidence
In patients with SIHD who have uninterpretable ECG, CCTA may be reasonable for risk assessment even 
if they can exercise

IIb B

In patients who are able to exercise and have interpretable ECG, CCTA is not recommended III C
CCTA can be used as a first-line test for cardiovascular risk evaluation in patients with SIHD who are 
unable to exercise even if they have interpretable ECG

IIa C

CCTA can be used for cardiovascular risk evaluation in SIHD patients with indeterminate functional test 
results

IIa C

CCTA may be used for cardiovascular risk evaluation in SIHD patients who cannot undergo stress imaging 
tests; or it may be used as an alternative to invasive coronary angiogram in patients with unknown coronary 
anatomy in whom functional test show moderate- to high-risk result

IIb C

Performance of stress imaging and CCTA at the same time is not recommended III C

Data from Fihn et al. [2]

Table 22.8 Follow-up noninvasive testing in patients with known SIHD who have new, recurrent, or worsening symptoms that is not consistent 
with unstable angina (ACCF/AHA/ACP/AATS/PCNA/SCAI/STS) [2]

Indications Class Level of evidence
In patients with new or worsening symptoms that are not indicative of UA and who have prior stents (with 
stent diameter of ≥3 mm) or CABG, CCTA can be useful to evaluate for patency of coronary stents and 
CABG even if they can exercise

IIb B

In patients with new or worsening symptoms that is not indicative of UA and who have prior stents (with 
stent diameter of ≥3 mm), CCTA may be useful if there is no evidence of moderate or severe coronary 
calcifications even if they can exercise

IIb B

CCTA is not recommended in patients who have evidence of moderate to severe coronary calcifications or 
prior stents (with stents diameter of less than 3 mm) whether or not they can or cannot exercise

III B

CCTA is not recommended in asymptomatic patients with prior CABG less than 5 years or prior PCI less 
than 2 years ago

III C

Data from Fihn et al. [2]

Table 22.9 Heart failure imaging guidelines (ACCF/ACR/ASE/ASNC/SCCT/SCMR [5])

Recommendations Class type Level of evidence
In patients with angina/ischemic equivalent syndrome/angina, noninvasive imaging may be considered to 
define the likelihood of CAD in patients with HF and LV dysfunction

IIb C

In patient without angina/ischemic equivalent syndrome/angina, noninvasive imaging may be considered to 
define the likelihood of CAD in patients with HF and LV dysfunction

IIb C

Data from Patel et al. [5]

Table 22.10 Stable ischemic heart disease guidelines (ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS [8])

Test indications Calcium scoring CCTA
Low pretest probability of CAD, ECG interpretable, and able to exercise R R
Low pretest probability of CAD, ECG uninterpretable, or unable to exercise R M
Intermediate pretest probability of CAD, ECG interpretable, and able to exercise R M
Intermediate pretest probability of CAD, ECG uninterpretable, or unable to exercise R A
High pretest probability of CAD, ECG interpretable, and able to exercise R M
High pretest probability of CAD, ECG uninterpretable, and unable to exercise R M

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; R – Rarely appropriate; NA – No determination of appropriateness

Table 22.11 Asymptomatic (without symptoms or ischemic equivalent) (ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS [8])

Test indications Calcium scoring CCTA
Low global CHD risk, regardless of ECG interpretability and ability to exercise R R
Intermediate global CHD risk and ECG interpretable and able to exercise M R
Intermediate global CHD risk ECG uninterpretable or unable to exercise M R
High global CAD risk and ECG interpretable and able to exercise M M
High global CAD risk and ECG uninterpretable or unable to exercise M M

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; R – Rarely appropriate; NA – No determination of appropriateness
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Table 22.12 Newly diagnosed heart failure (resting LV function pre-
viously assessed but no prior CAD evaluation) (ACCF/AHA/ASE/
ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS [8])

Test indications Calcium scoring CCTA
Newly diagnosed systolic heart failure R A
Newly diagnosed diastolic heart failure R M

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate;  
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.13 Evaluation of arrhythmias without ischemic equivalent (no prior cardiac evaluation) (ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/
SCCT/SCMR/STS [8])

Test indications Calcium scoring CCTA
Sustained VT R M
Ventricular fibrillation R M
Exercise-induced VT or nonsustained VT R M
Frequent PVCs R M
Infrequent PVCs R R
New-onset atrial fibrillation R R
Prior to initiation of anti-arrhythmia therapy in high global CAD risk patients R M

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; R – Rarely appropriate; NA – No determination of appropriateness

Table 22.14 Syncope without ischemic equivalent (ACCF/AHA/
ASE/ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS [8])

Test indications Calcium scoring CCTA
Low global CAD risk R R
Intermediate or high global CAD risk R M

Data from Wolk et al. [8] A – Appropriate; M – May be appropriate;  
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.15 Prior testing without intervening revascularization (sequential testing (≤90 days): abnormal prior test/study) (ACCF/AHA/ASE/
ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS)

Test indications Calcium scoring CCTA
Abnormal rest ECG findings (potentially ischemic in nature such as LBBB, T-wave inversions) and low 
global CAD risk

R M

Abnormal rest ECG findings (potentially ischemic in nature such as LBBB, T-wave inversions) and 
intermediate to high global CAD risk

R M

Abnormal prior exercise ECG test R A
Abnormal prior stress imaging study (assumes not repeat of same type of stress imaging) R A
Obstructive CAD on prior CCTA study NA NA
Obstructive CAD on prior invasive coronary angiography R R
Abnormal prior CCT calcium (Agatston score >100) NA M

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; R – Rarely appropriate; NA – No determination of appropriateness

Table 22.16 Sequential or follow-up testing (≤90  days): uncertain prior results (ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/
SCMR/STS)

Test indication Calcium scoring CCTA
Abnormal rest ECG findings (potentially ischemic in nature such as LBBB, T-wave inversions) and low 
global CAD risk

R M

Abnormal rest ECG findings (potentially ischemic in nature such as LBBB, T-wave inversions) and 
intermediate to high global CAD risk

R M

Abnormal prior exercise ECG test R A
Abnormal prior stress imaging study (assumes not repeat of the same type of stress imaging) R A
Obstructive CAD on prior CCTA study NA NA
Obstructive CAD on prior invasive coronary angiography R R
Abnormal prior CCT calcium (Agatston score >100) NA M

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; R – Rarely appropriate; NA – No determination of appropriateness
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Table 22.19 Follow-up testing (>90  days): asymptomatic or stable 
symptoms – abnormal prior exercise ECG test asymptomatic or stable 
symptoms (ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/
SCMR/STS [8])

Test indication Calcium scoring CCTA
Last test <2 years ago R R
Last test ≥2 years ago R R

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.20 Abnormal prior stress imaging study asymptomatic or 
stable symptoms (ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/
SCMR/STS [8])

Test indication Calcium scoring CCTA
Last study <2 years ago R R

Last study ≥2 years ago R R

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.21 Obstructive CAD on prior coronary angiography (inva-
sive or noninvasive) asymptomatic (without ischemic equivalent) or 
stable symptoms (ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/
SCMR/STS [8])

Test indications Calcium scoring CCTA
Last study <2 years ago R R
Last study ≥2 years ago R R

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.22 Prior coronary calcium Agatston score asymptomatic 
(without ischemic equivalent) or stable symptoms (ACCF/AHA/ASE/
ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS [8])

Test indications
Calcium 
scoring CCTA

Agatston score <100 R R
Low to intermediate global CAD risk Agatston 
score between 100 and 400

R R

High global CAD risk Agatston score between 
100 and 400

R R

Agatston score >400 R R

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.23 Normal prior exercise ECG test asymptomatic (without 
ischemic equivalent) (ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/
SCCT/SCMR/STS)

Test indications
Calcium 
scoring CCTA

Low global CAD risk R R
Intermediate to high global CAD risk and test 
<2 years ago

R R

Intermediate to high global CAD risk and test 
≥2 years ago

R R

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.24 Normal prior stress imaging study or non-obstructive 
CAD on angiogram (invasive or noninvasive) asymptomatic (without 
ischemic equivalent) (ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/
SCCT/SCMR/STS)

Test indications
Calcium 
scoring CCTA

Low global CAD risk R R
Intermediate to high global CAD risk and 
study <2 years ago

R R

Intermediate to high global CAD risk and 
study ≥2 years ago

R R

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.25 Normal prior exercise ECG test stable symptoms (ACCF/
AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS)

Test indications
Calcium 
scoring CCTA

Low global CAD risk R R
Intermediate to high global CAD risk and test 
<2 years ago

R R

Intermediate to high global CAD risk and test 
≥2 years ago

R R

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.17 Sequential or follow-up testing (≤90  days): uncertain 
prior results  – equivocal, borderline, or discordant prior noninvasive 
evaluation where obstructive CAD remains a concern (ACCF/AHA/
ASE/ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS)

Test indications
Calcium 
scoring CCTA

Prior exercise ECG test R A
Prior stress imaging study (assumes not repeat 
of same type of stress imaging)

R A

Prior CCTA NA NA

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.18 Prior coronary angiography (invasive or noninvasive) 
(ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS [8])

Test indication
Calcium 
scoring CCTA

Coronary stenosis or anatomic abnormality of 
unclear significance found on cardiac CCTA

NA NA

Coronary stenosis or anatomic abnormality of 
unclear significance on previous coronary 
angiography

R R

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness
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Table 22.26 Normal prior stress imaging study or non-obstructive 
CAD on angiogram (invasive or noninvasive) stable symptoms (ACCF/
AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS)

Test indications
Calcium 
scoring CCTA

Low global CAD risk R R
Intermediate to high global CAD risk and 
prior study <2 years ago

R R

Intermediate to high global CAD risk and 
prior study ≥2 years ago

R R

From Wolk et  al. [8]. A – Appropriate; M – May be appropriate;  
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.27 Follow-up testing: new or worsening symptoms (ACCF/
AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS)

Test indications
Calcium 
scoring CCTA

Normal exercise ECG test R A
Non-obstructive CAD on coronary 
angiography
(invasive or noninvasive) or normal prior 
stress imaging study

R R

Abnormal exercise ECG test R A
Abnormal prior stress imaging study R A
Obstructive CAD on CCTA study R R
Obstructive CAD on invasive coronary 
angiography

R R

Abnormal CCTA calcium (Agatston 
Score > 100)

R M

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.28 Post-revascularization (PCI or CABG) symptomatic 
(ischemic equivalent) (ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/
SCCT/SCMR/STS)

Test indication Calcium scoring CCTA
Evaluation of ischemic equivalent R M

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.29 Asymptomatic (without ischemic equivalent) (ACCF/
AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS)

Test indications
Calcium 
scoring CCTA

Incomplete revascularization/additional 
revascularization feasible

R R

Prior left main coronary stent R M
<5 years after CABG R R
≥5 years after CABG R R
<2 years after PCI R R
≥2 years after PCI R R

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.30 Preoperative evaluation for non-cardiac surgery  – 
Moderate-to-good functional capacity (≥4 METs) or no clinical risk 
factors (ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/SCMR/
STS)

Test indications Calcium scoring CCTA
Any surgery R R

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.31 Asymptomatic and  <1  year post any of the following: 
normal CT or invasive angiogram, normal stress test for CAD, or revas-
cularization (ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/
SCMR/STS)

Test indication Calcium scoring CCTA
Any surgery R R

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.34 Prior to the initiation of cardiac rehabilitation (as a stand- 
alone indication): able to exercise (ACCF/AHA/ASE/ASNC/HFSA/
HRS/SCAI/SCCT/SCMR/STS)

Test indications Calcium scoring CCTA
Post-revascularization (PCI or CABG) R R
Heart failure R R

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.32 Poor or unknown functional capacity (<4 METs) (ACCF/
AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS)

Test indications Calcium scoring CCTA
Low-risk surgery
≥1 clinical risk factor

R R

Intermediate-risk surgery
≥1 clinical risk factor

R R

Vascular surgery
≥1 clinical risk factor

R R

Kidney transplant R R
Liver transplant R R

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness

Table 22.33 Determine exercise level prior to initiation of exercise 
prescription or cardiac rehabilitation exercise prescription (ACCF/
AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS)

Test indication Calcium scoring CCTA
No prior revascularization R R

Data from Wolk et al. [8]. A – Appropriate; M – May be appropriate; 
R – Rarely appropriate; NA – No determination of appropriateness
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World Health Organization [23, 24] guidelines on the use of 
cardiac CT. Recommendations from various appropriate use 
criteria and guidelines are shown in Tables 1-34.

By far, the USA has the most comprehensive set of guide-
lines and appropriate use criteria, and therefore many other 
countries tend to utilize the guidelines and the appropriate 
use criteria found in the USA. Furthermore, the USA is cur-
rently shifting from single modality appropriate use criteria 
to multimodality imaging for various disease scenarios. 
There is a strong agreement among the guidelines found 
around the globe with respect to class II and III indications 
for the use of cardiac CT. There is also a strong agreement 
among the guidelines across the globe regarding the use of 
cardiac CT in low- to intermediate- and intermediate-risk 
patients. There is currently no class I indications for the use 
of cardiac CT except in Brazil.

References

 1. Cesar LA, Ferreira JF, Armaganijan D, Gowdak LH, Mansur AP, 
Bodanese LC, et al. Guideline for stable coronary artery disease. 
Arq Bras Cardiol. 2014;103(2 Suppl 2):1–56.

 2. Fihn SD, Gardin JM, Abrams J, Berra K, Blankenship JC, Dallas AP, 
et  al. 2012 ACCF/AHA/ACP/AATS/PCNA/SCAI/STS Guideline 
for the diagnosis and management of patients with stable isch-
emic heart disease: a report of the American College of Cardiology 
Foundation/American Heart Association Task Force on Practice 
Guidelines, and the American College of Physicians, American 
Association for Thoracic Surgery, Preventive Cardiovascular 
Nurses Association, Society for Cardiovascular Angiography 
and Interventions, and Society of Thoracic Surgeons. J Am Coll 
Cardiol. 2012;60(24):e44–e164.

 3. Mancini GB, Gosselin G, Chow B, Kostuk W, Stone J, Yvorchuk 
KJ, et al. Canadian Cardiovascular Society guidelines for the diag-
nosis and management of stable ischemic heart disease. Can J 
Cardiol. 2014;30(8):837–49.

 4. Montalescot G, Sechtem U, Achenbach S, Andreotti F, Arden C, 
Budaj A, et al. 2013 ESC guidelines on the management of stable 
coronary artery disease: the Task Force on the management of sta-
ble coronary artery disease of the European Society of Cardiology. 
Eur Heart J. 2013;34(38):2949–3003.

 5. Patel MR, White RD, Abbara S, Bluemke DA, Herfkens RJ, Picard 
M, et al. 2013 ACCF/ACR/ASE/ASNC/SCCT/SCMR appropriate 
utilization of cardiovascular imaging in heart failure: a joint report 
of the American College of Radiology Appropriateness Criteria 
Committee and the American College of Cardiology Foundation 
Appropriate Use Criteria Task Force. J Am Coll Cardiol. 
2013;61(21):2207–31.

 6. Rybicki FJ, Udelson JE, Peacock WF, Goldhaber SZ, Isselbacher 
EM, Kazerooni E, et  al. 2015 ACR/ACC/AHA/AATS/ACEP/
ASNC/NASCI/SAEM/SCCT/SCMR/SCPC/SNMMI/STR/STS 
Appropriate Utilization of Cardiovascular Imaging in Emergency 
Department Patients With Chest Pain: A Joint Document of 
the American College of Radiology Appropriateness Criteria 
Committee and the American College of Cardiology Appropriate 
Use Criteria Task Force. J Am Coll Cardiol. 2016;67(7):853–79.

 7. White RD, Patel MR, Abbara S, Bluemke DA, Herfkens RJ, Picard 
M, et al. 2013 ACCF/ACR/ASE/ASNC/SCCT/SCMR appropriate 
utilization of cardiovascular imaging in heart failure: an executive 
summary: a joint report of the ACR Appropriateness Criteria (R) 

Committee and the ACCF Appropriate Use Criteria Task Force. J 
Am Coll Radiol. 2013;10(7):493–500.

 8. Wolk MJ, Bailey SR, Doherty JU, Douglas PS, Hendel RC, 
Kramer CM, et  al. ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/
SCCT/SCMR/STS 2013 multimodality appropriate use criteria 
for the detection and risk assessment of stable ischemic heart dis-
ease: a report of the American College of Cardiology Foundation 
Appropriate Use Criteria Task Force, American Heart Association, 
American Society of Echocardiography, American Society of 
Nuclear Cardiology, Heart Failure Society of America, Heart 
Rhythm Society, Society for Cardiovascular Angiography and 
Interventions, Society of Cardiovascular Computed Tomography, 
Society for Cardiovascular Magnetic Resonance, and Society of 
Thoracic Surgeons. J Am Coll Cardiol. 2014;63(4):380–406.

 9. ACR–NASCI–SPR practice parameter for the performance 
and interpretation of cardiac computed tomography (CT). 
2016. Available from: http://www.acr.org/~/media/f4720a18f-
03b4a26a0c9c3cc18637d87.pdf.

 10. Abbara S, Arbab-Zadeh A, Callister TQ, Desai MY, Mamuya W, 
Thomson L, et al. SCCT guidelines for performance of coronary 
computed tomographic angiography: a report of the Society of 
Cardiovascular Computed Tomography Guidelines Committee. J 
Cardiovasc Comput Tomogr. 2009;3(3):190–204.

 11. Garcia MJ, Blankstein R, Budoff MJ, Dent JM, Drachman 
DE, Lesser JR, et  al. COCATS 4 Task Force 7: Training in 
Cardiovascular Computed Tomographic Imaging. J Am Coll 
Cardiol. 2015;65(17):1810–21.

 12. ACR Cardiac CT Certificate of Advanced Proficiency Cardiac 
CT: American College of Radiology. Available from: http://www.
acr.org/~/media/ACR/Documents/PDF/Education/Exams/CoAP/
CoAPBrochure.pdf.

 13. European Diploma Cardiac Imaging: European Society of Cardiac 
Radiology. Available from: http://escr.org/cms/website.php?id=/en/
education/diploma.htm.

 14. CT Coronary Angiography Service Specification: British Society of 
Cardiovascular Imaging. 2012. Available from: https://bsci.org.uk/
standards-guidelines/ct-coronary-angiography-service-specification.

 15. Cury RC, Abbara S, Achenbach S, Agatston A, Berman DS, Budoff 
MJ, et al. CAD-RADS: Coronary Artery Disease - Reporting and 
Data System.: An Expert Consensus Document of the Society of 
Cardiovascular Computed Tomography (SCCT), the American 
College of Radiology (ACR) and the North American Society 
for Cardiovascular Imaging (NASCI). Endorsed by the American 
College of Cardiology. J Am Coll Radiol. 2016;13(12 Pt A):1458–
66.e9

 16. Leipsic J, Abbara S, Achenbach S, Cury R, Earls JP, Mancini GJ, 
et al. SCCT guidelines for the interpretation and reporting of cor-
onary CT angiography: a report of the Society of Cardiovascular 
Computed Tomography Guidelines Committee. J Cardiovasc 
Comput Tomogr. 2014;8(5):342–58.

 17. Beanlands RS, Chow BJ, Dick A, Friedrich MG, Gulenchyn KY, 
Kiess M, et al. CCS/CAR/CANM/CNCS/CanSCMR joint position 
statement on advanced noninvasive cardiac imaging using positron 
emission tomography, magnetic resonance imaging and multidetec-
tor computed tomographic angiography in the diagnosis and evalu-
ation of ischemic heart disease--executive summary. Can J Cardiol. 
2007;23(2):107–19.

 18. Kitagawa K, Choi BW, Chan C, Jinzaki M, Tsai IC, Yong HS, et al. 
ASCI 2010 appropriateness criteria for cardiac magnetic resonance 
imaging: a report of the Asian Society of Cardiovascular Imaging 
cardiac computed tomography and cardiac magnetic resonance 
imaging guideline working group. Int J Cardiovasc Imaging. 
2010;26(Suppl 2):173–86.

 19. Tsai IC, Choi BW, Chan C, Jinzaki M, Kitagawa K, Yong HS, et al. 
ASCI 2010 appropriateness criteria for cardiac computed tomog-
raphy: a report of the Asian Society of Cardiovascular Imaging 

K. Appau and A. E. Stillman

http://www.acr.org/~/media/f4720a18f03b4a26a0c9c3cc18637d87.pdf
http://www.acr.org/~/media/f4720a18f03b4a26a0c9c3cc18637d87.pdf
http://www.acr.org/~/media/ACR/Documents/PDF/Education/Exams/CoAP/CoAPBrochure.pdf
http://www.acr.org/~/media/ACR/Documents/PDF/Education/Exams/CoAP/CoAPBrochure.pdf
http://www.acr.org/~/media/ACR/Documents/PDF/Education/Exams/CoAP/CoAPBrochure.pdf
http://escr.org/cms/website.php?id=/en/education/diploma.htm
http://escr.org/cms/website.php?id=/en/education/diploma.htm
https://bsci.org.uk/standards-guidelines/ct-coronary-angiography-service-specification
https://bsci.org.uk/standards-guidelines/ct-coronary-angiography-service-specification


255

Cardiac Computed Tomography and Cardiac Magnetic Resonance 
Imaging Guideline Working Group. Int J Cardiovasc Imaging. 
2010;26(Suppl 1):1–15.

 20. Kim YJ, Yong HS, Kim SM, Kim JA, Yang DH, Hong YJ, et  al. 
Korean guidelines for the appropriate use of cardiac CT. Korean J 
Radiol. 2015;16(2):251–85.

 21. Taylor AJ, Cerqueira M, Hodgson JM, Mark D, Min J, O'Gara 
P, et  al. ACCF/SCCT/ACR/AHA/ASE/ASNC/NASCI/SCAI/
SCMR 2010 appropriate use criteria for cardiac computed 
tomography. A report of the American College of Cardiology 
Foundation Appropriate Use Criteria Task Force, the Society of 
Cardiovascular Computed Tomography, the American College of 
Radiology, the American Heart Association, the American Society 
of Echocardiography, the American Society of Nuclear Cardiology, 
the North American Society for Cardiovascular Imaging, the 

Society for Cardiovascular Angiography and Interventions, and 
the Society for Cardiovascular Magnetic Resonance. J Am Coll 
Cardiol. 2010;56(22):1864–94.

 22. Greenland P, Alpert JS, Beller GA, Benjamin EJ, Budoff MJ, Fayad 
ZA, et al. 2010 ACCF/AHA guideline for assessment of cardiovas-
cular risk in asymptomatic adults: a report of the American College 
of Cardiology Foundation/American Heart Association Task Force 
on Practice Guidelines. J Am Coll Cardiol. 2010;56(25):e50–103.

 23. Global health risks: mortality and burden of disease attributable to 
selected major risks: World Health Organization. 2009. Available 
from: http://www.who.int/healthinfo/global_burden_disease/
GlobalHealthRisks_report_full.pdf.

 24. Global atlas on cardiovascular disease prevention and control: 
World Health Organization. 2011. Available from: http://www.who.
int/cardiovascular_diseases/publications/atlas_cvd/en/.

22 Current Guidelines

http://www.who.int/healthinfo/global_burden_disease/GlobalHealthRisks_report_full.pdf
http://www.who.int/healthinfo/global_burden_disease/GlobalHealthRisks_report_full.pdf
http://www.who.int/cardiovascular_diseases/publications/atlas_cvd/en/
http://www.who.int/cardiovascular_diseases/publications/atlas_cvd/en/


Part V

Where We Are:  
Risk Stratification and Management



259© Humana Press 2019
U. J. Schoepf (ed.), CT of the Heart, Contemporary Medical Imaging, https://doi.org/10.1007/978-1-60327-237-7_23

Clinical Application of the Coronary 
Artery Calcium Score and Implications 
for Cardiovascular Disease Prevention

Pamela B. Morris and Michael D. Shapiro

 Introduction: The Burden of Atherosclerosis

Despite advances in medical technologies and pharmaceuti-
cal treatments, the burden of atherosclerotic cardiovascular 
disease (ASCVD) remains formidable [1]. Applications of 
evidence-based therapies, including the use of thrombolysis, 
coronary artery bypass grafting, percutaneous transluminal 
coronary angioplasty and stents, beta-blockers, angiotensin- 
converting enzyme inhibitors, spironolactone, and HMG- 
CoA reductase inhibitors (statins), have contributed to a 
substantial decline in ASCVD morbidity and mortality in the 
United States over the past two decades [2]. However, the 
direct and indirect costs of these treatments for symptomatic 
heart disease continue to rise, making primary prevention of 
new onset ASCVD a global priority [1].

To reduce morbidity and mortality from ASCVD, two 
approaches have been widely implemented: a population 
(public health) approach and a high-risk (clinical strategy) 
approach. The population approach focuses on community- 
wide education encouraging individuals to maintain an opti-
mal ASCVD risk factor profile, including adoption of a heart 
healthy dietary pattern, maintenance of optimal weight, reg-
ular physical activity, avoidance of tobacco products, and 
achievement of optimal lipid and blood pressure levels. This 
approach can be expected to have the greatest long-term 
impact on reducing the burden of ASCVD across the globe. 
However, in individuals with established risk factors for ath-
erosclerosis, the high-risk approach intensifies management 
and specifies evidence-based interventions proven to reduce 
ASCVD death and disability. The high-risk approach lever-

ages biomarkers that most reliably identify individuals at 
greatest risk and most likely to benefit from intervention.

More recently, there has been a paradigm shift in the 
identification of at-risk individuals to include strategies for 
early detection of ASCVD (the presence of subclinical ath-
erosclerosis), in addition to the use of traditional ASCVD 
risk factors. Quantification of coronary artery calcification 
(CAC) with electrocardiographic (ECG)-gated non-contrast 
cardiac computed tomography (CCT) has emerged as the 
most effect means to refine ASCVD risk estimation. Studies 
consistently demonstrate that CAC scores (CACS) provide 
incremental predictive value above and beyond traditional 
risk factors and improve the identification of at-risk patients 
as discussed below.

 Global Risk Assessment Tools for ASCVD: 
Matching Intensity of Intervention 
with Severity of Risk

Matching intensity of preventive treatments to the severity of 
risk is based on the concept that high-risk patients receive the 
greatest benefit from therapeutic intervention, thereby opti-
mizing efficacy, safety, and cost-effectiveness [3]. Risk 
assessment algorithms have been developed from epidemio-
logic studies for a variety of populations using conventional 
ASCVD risk factors to guide selection of candidates for 
evidence-based preventive drug therapies. The Framingham 
Risk Score (FRS) algorithms are derived from a predomi-
nantly Caucasian population in the USA [4], whereas the 
Prospective Cardiovascular Munster (PROCAM—Germany) 
[5] and the Systemic Coronary Risk Evaluation (SCORE) [6] 
models are derived from European population studies. The 
2013 American College of Cardiology (ACC)/American 
Heart Association (AHA) Cardiovascular (CV) Risk 
Calculator (based on the Pooled Cohort Equations) is derived 
from a US population that is composed of primarily 
Caucasians and blacks [7]. Each algorithm predicts either 
10-year risk of coronary heart disease (CHD) events 
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 (coronary death or myocardial infarction [MI]) or global 
ASCVD events (fatal or nonfatal MI, fatal or nonfatal stroke, 
CHD death). The ACC/AHA CV Risk Calculator also pro-
vides an estimate of lifetime or 30-year risk of ASCVD 
events for individuals between the ages of 20 and 59 years.

As cardiovascular risk is most strongly related to age, risk 
prediction algorithms may underestimate the relative or 
long-term absolute risk of younger individuals, particularly 
younger men and middle-aged men and women. Recognizing 
these limitations, the Reynolds Risk Score was developed to 
more accurately predict ASCVD risk in men and women 
before age 60 years [8, 9]. This algorithm includes not only 
conventional ASCVD risk factors (age, systolic blood pres-
sure, total- and high-density lipoprotein-cholesterol, and 
tobacco use) but also incorporates hemoglobin A1C levels, 
high-sensitivity C-reactive protein (hs-CRP), and family his-
tory of premature MI. In a recent analysis of calibration and 
discrimination among five cardiovascular risk scoring algo-
rithms in the more contemporary MESA population (Multi- 

Ethnic Study of Atherosclerosis), four of the tools, including 
the 2013 AHA/ACC CV Risk Calculator, demonstrated over-
estimation of risk (25% to 115%) in this cohort without base-
line clinical ASCVD [10]. The Reynolds Risk Score 
overestimated risk by 9% in men but underestimated risk by 
21% in women.

Nearly 660,000 previously asymptomatic people present 
annually in the USA with a first MI, and 610,000 people 
present with a first stroke [1]. This would suggest that 
although our current risk assessment algorithms are useful 
for population-based prediction, clinicians evaluating the 
individual patient may need additional information to accu-
rately identify those at higher risk. While most of the excess 
risk for ASCVD events in a population may be explained 
by conventional ASCVD risk factors, there is considerable 
variability in how the disease is expressed in individuals 
within the population. The majority of ASCVD events con-
tinue to occur in patients considered either low- or interme-
diate-risk at baseline assessments, and most individuals are 
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Fig. 23.1 Strategies for risk prediction. Traditional risk models (a) use 
one-time measurements of risk factors taken later in life—in this exam-
ple at age 50—and project coronary heart disease (CHD) risk during the 
coming 10 years. Lifetime risk models (b) similarly use one-time mea-
surements of risk factors but instead project long-term CHD risk. 

Subclinical atherosclerosis (c), by directly visualizing the accumulated 
burden of atherosclerosis, integrates lifetime risk exposure and may 
provide more accurate estimates of near-term and long-term risk. (From 
Blaha et al. [15], with permission)
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not recognized as high-risk prior to first CHD event [11–
14]. Previous risk assessment algorithms have focused only 
on a single measure of traditional risk factors taken at a 
relatively later stage in adult life and may not accurately 
capture the risk of cumulative exposure to all risk determi-
nants over a lifetime (Fig.  23.1). This can contribute to 
over- and underestimation of risk and resultant over- or 
undertreatment with preventive therapies. To enhance the 
predictive power in individuals, current interest is focused 
on the identification of emerging risk factors that influence 
how the major risk factors affect absolute ASCVD risk, as 
well as early disease detection strategies such as preventive 
imaging techniques to identify subclinical atherosclerotic 
disease. The 2013 ACC/AHA cardiovascular risk assess-
ment guideline suggests consideration of these risk markers 
if, after quantitative risk assessment, a risk-based treatment 
decision is uncertain [7]. Recommended risk markers 
include family history of premature ASCVD, hs-CRP, and 
measures of subclinical atherosclerotic disease (ankle bra-
chial index [ABI] and CACS).

The presence of subclinical atherosclerosis can inform 
the treatment decisions (e.g., initiation, intensification) for 
preventive therapies in carefully selected asymptomatic 
individuals. CACS directly quantifies the accumulated 
burden of coronary atherosclerosis and provides a more 
personalized assessment of risk. As noted by Blaha et al., 
by integrating the cumulative interaction of early risk 
determinants (genetic and epigenetic factors) with lifetime 
exposure to traditional risk factors and other influences 
(e.g., passive tobacco smoke exposure, air quality), CACS 
provides a unique measure of the resultant effect on the 
vasculature [15, 16].

 Coronary Artery Calcium: Age, Gender, 
and Ethnic Differences

The extent of CAC varies with ethnicity, gender, and age 
as demonstrated in the MESA study [17, 18]. One analysis 
from MESA included 6110 subjects of which 53% were 
female. Ethnicity distribution was balanced across gender 
with 41% white, 11.8% Chinese American, 26.4% black, 
and 20.9% Hispanic individuals. Men had higher CACS 
than women in every age group for each ethnicity. 
Moreover, the extent and severity of CAC increased with 
age in both men and women. Approximately 62% of 
women demonstrated no evidence of CAC, whereas only 
40% of men had a CACS = 0. Overall, for men, blacks had 
the lowest, and whites had the highest prevalence of 
CAC.  White women had the highest prevalence of 
CACS > 0, whereas Hispanic women had the lowest. The 
prevalence of subclinical atherosclerosis was intermediate 
in Chinese and black women (Fig. 23.2).

 Prognostic Implications of CACS 
and Prognostic Implications of Coronary 
Artery Calcium in ASCVD Risk Evaluation

Discrimination is a measure of a marker’s ability to differen-
tiate between individuals who do and do not have events. The 
most popular measure of discrimination is the receiver oper-
ating characteristic (ROC) curve, a plot of sensitivity vs 
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Fig. 23.2 Estimated 90th percentile of the CACS distribution by gen-
der, age, and race/ethnicity. Note that the y-axis scales for these two 
plots are very different, with the scale for the men (b) >3 times as large 
as that for women (a). (From McClelland et al. [18], with permission)
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1-specificity [19]. The area under the curve (AUC) is also 
known as the c-statistic and can range from 0.5 (no predic-
tive ability) to 1 (perfect discrimination). CACS has been 
repeatedly demonstrated to be a robust predictor of ASCVD 
events, including CHD, stroke, and fatal ASCVD and is 
associated with a significantly better c-statistic (improved 
discrimination) as compared to traditional risk factors, par-
ticularly in patients who are deemed to be in the intermediate 
risk category (Table 23.1) [20–35]. CACS has emerged as 
the most powerful predictor of risk in asymptomatic indi-
viduals as demonstrated in every cohort in which it has been 
studied. One stunningly consistent observation is the approx-
imate tenfold increased hazard of hard events associated 
with high CACS compared to CACS = 0 [21, 36]. In a head- 
to- head comparison of novel risk markers (CACS, ABI, hs- 
CRP, and family history) for improvement in ASCVD risk 
assessment in intermediate-risk individuals, all were inde-
pendent risk markers, but CACS provided markedly superior 
discrimination and risk reclassification compared to other 
markers [37]. In MESA, findings suggested that CACS was 
associated more strongly than carotid intima-media thick-
ness (cIMT) with the risk of incident ASCVD with a 
c- statistic of 0.81 (95% CI 0.78–0.83) for CACS versus 0.78 
for cIMT (95% CI 0.75–0.81) [38].

The data from five large prospective, randomized studies 
provide approximate 10-year event rates associated with 
increasing levels of CACS (ASCVD events defined in three 
studies as CHD death, MI, and revascularization and in two 
studies as CHD death and MI) (Table 23.2) [20, 25, 30, 34, 
35, 39, 40]. Asymptomatic patients with CACS 101–400 
Agatston had a 10-year event rate of 12.8–16.4%, and 
patients with CACS 1–100 Agatston had an approximate 
10-year event rate between 2.3% and 5.9%. According to the 
2018 ACC/AHA Guideline on the Management of Blood 

Cholesterol, patients with 10-year ASCVD risk of ≥7.5 
to <20% are identified as one of four statin benefit groups in 
primary prevention. Patients with risk from 5% to <7.5 may 
also be considered for statin therapy in the setting of shared 
decision making [41, 42]. Thus, the 10-year risk of ASCVD 
events as estimated by CACS may help to inform the patient 
clinician discussion regarding preventive therapies.

Historically, duration of follow-up after baseline CACS 
was only approximately 4–5  years. This is a significant 
shortcoming given the fact that contemporary risk assess-
ment algorithms, such as the ACC/AHA Pooled Cohort 
Equations, predict 10-year and lifetime risk of ASCVD 
events [7]. However, two recent studies have demon-
strated that CACS accurately predicts 15-year mortality 
and support effective long-term risk prediction and reclas-
sification [43, 44].

The net reclassification index (NRI) is used for calibra-
tion of risk markers to measure the improvement in risk 
prediction or risk reclassification when comparing new 
biomarkers or measures of subclinical atherosclerosis to 
traditional risk prediction strategies [19]. Several large 
prospective, population-based studies have demonstrated 
that CACS improves not only risk stratification and dis-
crimination but also improves accurate reclassification of 
ASCVD risk beyond traditional risk factors and risk 
assessment algorithms [37, 40, 45–48]. Though CACS has 
primarily been recommended for use in patients at inter-
mediate ASCVD risk as determined by conventional risk 
assessment algorithms, there has also been considerable 
interest in defining its potential role in individuals at low 
risk. An early analysis of the MESA study included 2684 
women followed for a mean of 3.75 years who were clas-
sified as low-risk based on the FRS [33]. The prevalence of 
any CAC in these low-risk women was 32%. There was a 

Table 23.1 Prognostic power of coronary artery calcium in asymptomatic patients

First author 
(Reference #) N

Mean age 
(years)

Follow-up 
(years)

Calcium score cutoff 
(Agatston)

Comparator group for relative risk 
calculation

Relative risk 
ratio

Arad et al. [22] 1172 53 3.6 >160 <160 20.2
Wong et al. [24] 926 54 3.3 Top quartile

(>270)
First quartile 8.8

Greenland et al. [29] 1312 66 7.0 >300 CACS = 0 3.9
Shaw et al. [28] 10,377 53 5 ≥400 <10 8.4
Arad et al. [30] 4903 59 4.3 ≥100 <100 10.7
Taylor et al. [31] 2000 43 3.0 >44 0 11.8
Vliegenthart et al. 
[25]

2013 71 3.3 >1000
400–1000

<100
<100

8.3
4.6

Budoff et al. [32] 25,503 56 6.8 >400 0 9.2
Lakoski et al. [33] 3601 60 3.75 >0 0 6.5
Becker et al. [34] 1726 57.7 3.4 >400 0 6.8 (men)

7.9 (women)
Detrano et al. [20] 6722 62.2 3.8 >300 0 9.67
Erbel et al. [35] 4129 45–75 5 >75th percentile <25th percentile 11.1 (men)

3.2 (women)

Adapted from Weber et al. [21], with permission
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sixfold greater risk for a CHD event in women with 
CACS > 0 compared to women with no evidence of CAC 
(HR 6.5; 95% CI 2/6–16.4, p < 0.001).

Among another cohort of 9715 patients referred for 
CACS, a total of 2363 asymptomatic men and women were 
classified as low-intermediate risk using the FRS [47]. After 
a mean follow-up of 14.6 years, the total mortality ranged 
from 5.0% for women with a CACS = 0 to 23.5% for those 
with CACS > 400 (p < 0.001). For men, the 15-year mortal-
ity ranged from 3.5% among those with CACS = 0 to 18% 
for those with CACS > 400 (p < 0.001). Thus, even among 
men and women with low-intermediate risk factor burden, 
the presence of CAC effectively identifies those who are at 
significantly higher risk than predicted by the FRS alone. 
Women with CACS > 10 were noted to have higher mortality 
risk compared to men with similar CACS. The fact that risk 
assessment based on the traditional risk factor-based algo-
rithm performed poorly in women, suggests that CACS may 
play an important role to improve risk prediction in women.

More recently, data from MESA was used to calibrate the 
Pooled Cohort Equations used in the 2013 ACC/AHA cho-
lesterol guideline and to determine whether use of nontradi-
tional risk markers can improve assessment in low-risk 
individuals who fall below the threshold for statin therapy 
[49]. During the 10 years of follow-up, 57% of events in the 
MESA cohort occurred among participants with an esti-
mated 10-year ASCVD risk <7.5%. The presence of signifi-
cant subclinical atherosclerosis with CACS ≥ 300 reclassified 
6.8% as being at higher risk with an event rate of 13.3% and 
relative risk of 4.0 (95% CI 2.8–5.7, p < 0.0001).

A recent meta-analysis assessed the utility of CACS for 
ASCVD risk estimation among 6739 women with 10-year 
risk <7.5% by the Pooled Cohort Equations in five large 
population- based cohorts (the Dallas Heart Study, the 
Framingham Heart Study, the Heinz Nixdorf Recall study, 
MESA, and the Rotterdam Study) [50]. The median follow-
 up period ranged from 7.0 to 11.6 years. CAC was present in 
36.1% of these low-risk women. Compared to women with 

CACS = 0, the presence of any CAC (CACS > 0) was associ-
ated with increased risk of ASCVD event (multivariable- 
adjusted hazard ratio, 2.04 [95% CI, 1.44–2.90]) and modest 
improvement in prognostic accuracy compared to traditional 
risk factor-based algorithm (c-statistic 0.77 [95% CI, 0.74–
0.81] versus 0.73 [95% CI, 0.69–0.77]).

The role of CACS in patients with a low lifetime risk of 
ASCVD as measured by optimal risk factor status (total cho-
lesterol <180  mg/dL, untreated blood pressure 
<120/80 mmHg, non-smoking and nondiabetic status) was 
evaluated in the MESA cohort [51]. At 10.4 years of follow-
 up, the event rates for CACS = 0, CACS > 0, and CACS > 100 
were 0.9/1000, 5.7/1000, and 11.0/1000 person- years, 
respectively. The presence of CAC was the strongest predic-
tor of incident CHD in this low-risk cohort.

CAC has been found to be predictive of CHD events 
across all age groups [52]. The MESA cohort ranged in age 
from 45 to 84  years. With increasing age, there was an 
increased proportion of the cohort with CACS 1–100 and 
CACS  >  100 and a decreased proportion of patients with 
CACS  =  0 (Fig.  23.3). Compared with CACS  =  0, CACS 
1–100 and CACS > 100 were associated with a 2-fold and 
12-fold increased risk of all CHD events for younger indi-
viduals (ages 45–54), respectively. Among patients 
75–84  years of age, CACS 1–100 and CACS  >  100 were 
associated with 11-fold and 20-fold increased risk of events 
compared to those with no evidence of CAC. CACS = 0 in 
the 75–84 year-old group had an 8.5-year survival of approx-
imately 98% which was comparable to younger patients with 
no CACS.

In 2015, a novel risk score was derived in the MESA pop-
ulation to estimate 10-year CHD risk using CACS in con-
junction with traditional ASCVD risk factors and validated 
in the Heinz Nixdorf Recall Study (HNR) and the Dallas 
Heart Study (DHS) [53]. The addition of CACS to the tradi-
tional risk factors improved risk prediction significantly 
(c-statistic 0.80 vs. 0.75; p < 0.0001) (Fig. 23.4). External 
validation in both the HNR and DHS populations provided 
very good discrimination and validation, with Harrell’s 
c-statistic of 0.779 in HNR and 0.816 in DHS. The MESA 
risk score is available online at https://www.mesa-nhlbi.org/
MESACHDRisk/MesaRiskScore/RiskScore.aspx and may 
be used to aid clinicians when communicating risk to patients 
and as part of the determination of risk-based treatment 
strategies.

The dominant effect of age on eligibility for statin therapy 
according to the ACC/AHA cholesterol guideline means that 
all healthy people, even with optimal risk factors, will auto-
matically qualify for statin therapy between the ages of 63 
and 71 years, depending upon sex and ethnicity. A disease- 
guided approach based upon the presence of subclinical ath-
erosclerosis as assessed by CACS or carotid plaque burden 
was evaluated in elderly individuals in the BioImage Study 

Table 23.2 Summary of absolute event rates by coronary artery 
 calcium score (CACS) from 14,856 patients in five prospective studies

CACS
FRS 
equivalenta

2013 ACC/AHA statin 
benefit groupb

10-year event 
rate (%)

0 Very low No 1.1–1.7
1–100 Low May consider 2.3–5.9
101–
400

Intermediate Yes 12.8–16.4

>400 High Yes 22.5–28.6
>1000 Very high Yes 37.0

Adapted from Hecht [39], with permission
aFRS indicates Framingham Risk Score (Ref. [4])
b2013 ACC/AHA statin benefit group indicates eligibility for statin 
therapy based on 10-year ASCVD risk as calculated by the Pooled 
Cohort Equations
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to more accurately assign statin therapy (Fig.  23.5) [54]. 
Participants (N = 5805) who were mean age 69 years (range 
55–80 years) underwent 10-year ASCVD risk assessment by 
the ACC/AHA Pooled Cohort Equations, as well as CACS 
and carotid ultrasound imaging to detect and quantify carotid 
plaque. In the study population, 86% of participants quali-
fied for risk-based statin therapy, but imaging demonstrated 
that up to one third had no evidence of CAC. The investiga-
tors tested the disease-guided reclassification approach to 
improve specificity (less overtreatment) and sensitivity (less 
undertreatment) among elderly people. Those individuals 
with 10-year ASCVD risk ≥7.5% were down-classified from 
statin eligible to ineligible if there was no evidence of sub-
clinical atherosclerosis. Individuals with intermediate 
10-year ASCVD risk (5% to <7.5%) were up-classified from 
statin optional to statin eligible if CACS ≥ 100 or there was 
evidence of significant carotid plaque. During the median 
follow-up of 2.7 years, there were 91 CHD events and 138 
CVD events. The specificity for CHD and CVD events 
improved significantly with CACS-guided reclassification 
without loss in sensitivity, leading to a binary NRI of 0.20 for 
CHD and 0.14 for CVD. The positive NRIs were driven pri-
marily by down-classifying the patients with CACS = 0 or no 
evidence of carotid plaque. The investigators proposed that 
limiting statin therapy to those with CACS > 0 or evidence of 
carotid plaque could spare a significant proportion of asymp-
tomatic elderly people from lifelong statin therapy.
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 Diabetes

Asymptomatic individuals with diabetes exhibit more 
extensive subclinical coronary atherosclerosis than do non-
diabetic patients. Moreover, younger patients with diabetes 
manifest CACS comparable to older individuals without 
diabetes [55]. Among traditional ASCVD risk factors, dia-
betes is the strongest correlate for CACS > 0. In a study of 
young individuals with diabetes (age  <  40  years), 3723 
asymptomatic patients (4% with diabetes) underwent 
CACS [56]. Overall, the prevalence of CAC was 43% in 
young patients with diabetes and was >50% in those aged 
>35 years. The presence of diabetes was associated with a 
fourfold higher odds of CACS ≥ 100 when compared to 
nondiabetic individuals.

In a systematic review and meta-analysis of eight obser-
vational studies with a mean follow-up of 5.18 years, includ-
ing 6521 patients with diabetes, the relative risk for all-cause 
mortality or CV events, or both, was 5.47 (95% CI, 2.59–
11.53, p < 0.001) when comparing CACS ≥ 10 compared to 

CACS < 10 [57]. The relative risk for CV events comparing 
CACS ≥ 10 to CACS < 10 was 9.22 (95% CI, 2.73–31.07, 
p = 0.005) (Fig. 23.6). The risk of CV events increased with 
increasing CACS levels of ≥100, ≥400, and ≥1000 com-
pared to patients with diabetes and CACS < 10.

Multiple large prospective studies have demonstrated that 
baseline CACS is an independent predictor of ASCVD 
events in patients with diabetes. The prognostic value of 
CACS in patients with and without diabetes was assessed in 
10,377 asymptomatic individuals (903 with diabetes) over an 
average follow-up of 5.0 years [58]. Overall, mortality was 
significantly greater in patients with diabetes than in those 
without diabetes. Mortality increased with increasing CACS 
for both diabetic and nondiabetic individuals. However, for 
every increase in CACS, there was a greater increase in mor-
tality for diabetics compared to nondiabetic (Fig. 23.7).

In the MESA population, there were 881 participants 
(13%) with diabetes [59]. Compared to individuals without 
diabetes, the adjusted hazard ratios for CHD events in dia-
betics with CACS 1–99, CACS 100–399, and CACS ≥ 400 
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Fig. 23.5 Disease-Guided 
Primary Prevention With 
Statins. (a) Following 
guideline-recommended 
formal risk assessment and 
atherosclerosis imaging, 
statin-eligible individuals are 
down-classified to ineligible in 
the absence of atherosclerosis 
and other high-risk features, 
and statinineligible patients are 
up-classified to eligible if 
significant atherosclerosis is 
present. This principle 
facilitates an informed 
clinician-patient discussion, 
leading to an individualized 
treatment decision. (b) In the 
BioImage cohort, beneficial 
reclassification was achieved 
using coronary artery calcium 
(CAC) and carotid plaque 
burden (cPB). ACC/AHA 
American College of 
Cardiology/American Heart 
Association, ASCVD 
atherosclerotic cardiovascular 
disease, CHD coronary heart 
disease, CVD cardiovascular 
disease, NRI net 
reclassification index. (From 
Mortensen et al. [54], with 
permission)

23 Clinical Application of the Coronary Artery Calcium Score and Implications for Cardiovascular Disease Prevention



266

were 2.9, 3.3, and 6.2, respectively. Thus, although patients 
with diabetes are at higher ASCVD risk overall, recent evi-
dence does suggest a wide range of risk and supports a role 
for CACS in selected individuals (particularly in those with 
diabetes who are younger and with duration of disease of 
less than 10 years).

 The Power of Zero

The focus for integration of CACS into clinical practice for 
ASCVD risk assessment has largely been on the intermediate- 
risk patient with evidence of subclinical atherosclerosis to 
identify higher-risk individuals who may be candidates for 

more intensive preventive medical therapies. However, mul-
tiple population-based studies have clearly demonstrated the 
favorable prognosis associated with the absence of CAC, 
leading many experts to suggest that a CACS = 0 may iden-
tify patients who could avoid lifelong pharmacotherapy [60, 
61]. This is particularly relevant as the 2013 ACC/AHA cho-
lesterol guideline increased the number of US adults eligible 
for statin therapy from 43 million to 56 million, with the 
majority of these newly eligible candidates being individuals 
without clinical ASCVD [62]. Therefore, the value of CACS 
may now be finding CACS = 0 in a patient with an intermedi-
ate 10-year ASCVD risk or uncertainty after consideration of 
risk estimation to inform clinical decision making when con-
sidering the initiation of statin therapy.

Raggi 200430

All cause mortality or cardiovascular
events (fatal and non-fatal), or both

Study

Cardiovascular events (fatal and non-fatal)

Sample size Relative risk
(95% Cl)

Relative risk
(95% Cl)

Weight
(%)

Anand 200631

Anand 200631

Elkeles 200814

Elkeles 200814

Chiu 201012

Agarwal 201132

Malik 201133

Malik 201133

Shemesh 201234

Shemesh 201234

Silverman 201213

Overall: P<0.001, I2=82.4%

Overall: P<0.005, I2=76.7%
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5.47 (2.59 to 11.53)
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10.36

14.62

14.03
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23.69

30.97

27.41

100.00

181

589

225

1048

871

164

2384

181

589

871

164

0.00568 1761

Fig. 23.6 Meta-analyses of 
association between coronary 
artery calcium score ≥10 and 
outcome in people with type 2 
diabetes. Weights are from 
random effects analysis. 
(From Kramer et al. [57], with 
permission)
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Fig. 23.7 Cox proportional 
hazards survival (n = 10,377) 
by electron beam tomography 
coronary calcium 
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with and without diabetes 
(chi-square = 204, 
p < 0.0001). The number of 
subjects in each calcium score 
category is in parentheses. 
(From Raggi et al. [58], with 
permission)
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 Asymptomatic Patients

In a systematic review of 49 studies of the diagnostic and 
prognostic utility of CACS (N = 64,873 individuals), 29,312 
asymptomatic patients demonstrated a CACS = 0 [45]. Over 
a mean follow-up period of 50 months, there was a very low 
event rate (154 ASCVD events; 0.47%) in this cohort. 
Compared to patients with any CAC, the cumulative relative 
risk rate for ASCVD events with a CACS = 0 was 0.15 (95% 
CI: 0.11–0.21, p < 0.001).

The absence of CAC and all-cause mortality was 
assessed in a study of 44,052 consecutive patients referred 
for CACS [63]. Among the 19,898 patients (45%) with no 
evidence of CAC, there were 104 deaths (0.52%) over a 
mean follow-up period of 5.6  years. The annualized all-
cause mortality rate for CACS = 0 was 0.87 per 1000 per-
son-years (Table 23.3).

In the MESA population, there were a total of 3415 
asymptomatic participants with no detectable CAC [64]. 
During a median follow-up period of 4.1 years, there were 17 
all CHD events (MI, cardiac arrest, fatal CHD, angina, revas-
cularization) and 10 (0.3%) hard CHD events (nonfatal MI 
and CHD death). Compared to participants with CACS = 0, 
there was a more than threefold increase in all CHD events 
(HR, 3.66; p65% CI 1.71–7.85) when even only minimal 
CAC (CACS 1–10) was present.

The implications of CACS = 0 among statin candidates 
according to the ACC/AHA cholesterol guideline were also 
evaluated in the MESA population [65]. Approximately 50% 
of the 4758 MESA participants in this analysis qualified for 
statin therapy as per the guidelines, the majority because of 
an estimated 10-year ASCVD risk ≥7.5% by the Pooled 
Cohort Equations. Of all participants who were statin eligi-
ble (recommend or consider statin therapy per guideline), 
44% had CACS = 0 and an event rate of 4.2 per 1000 person- 
years, which is a lower observed ASCVD risk than the 
threshold recommended for treatment. Thus, it is suggested 
that there is significant heterogeneity of risk among patients 
who are eligible for statin therapy according to the guideline, 
and the absence of CAC may reclassify approximately half 
of these individuals to a lower-risk group.

The landmark JUPITER trial demonstrated that healthy 
patients without clinical ASCVD, normal LDL-C, and ele-
vated hs-CRP benefit from high-intensity statin therapy with 
a significant reduction in major cardiovascular events [66]. 
In a subset of MESA participants who met criteria for entry 
into the JUPITER study, nearly half of the population had no 
evidence of CAC (47%) [67]. During the mean follow-up 
period of 5.8 years, the rate of CHD events was 0.8 per 1000 
person-years, and there was an unfavorable 5-year number 
needed to treat (NNT) of 549 (Table 23.4). Most of the events 
occurred in individuals with CACS > 100 which was associ-

Table 23.3 All-cause mortality rates by CAC scores in overall population (N = 44,052) of consecutive asymptomatic individuals

No. of patients No. of events
Rate/1000 person-years  
at risk 95% CI for rate

CAC = 0 19,898 (45%) 104 (0.52%) 0.87 0.72–1.05
CAC 1–10 5388 (12%) 58 (1.06%) 1.92 1.48–2.48
CAC > 10 18,766 (43%) 739 (3.96%) 7.48 6.95–8.04
Total 44,052 (100%) 901 (2.05%) 3.62 3.39–3.89

From Blaha et al. [63], with permission

Table 23.4 CHD and CVD events by CAC status in the MESA population eligible for JUPITER

N (%) CHD events CVD events

CHD events 
(%)

Event rate (per 1000 
person-years)

Hazard ratio 
(95% CI)

CVD events 
(%)

Event rate (per 1000 
person-years)

Hazard ratio 
(95% CI)

CAC 0 444 
(47%)

2 (0.5%) 0.8 1* (ref) 9 (2.0%) 3.7 1* (ref)

CAC 1–100 267 
(28%)

7 (2.6%) 4.8 4.91 
(0.97–24.9)

12 (4.5%) 8.4 1.86 
(0.73–4.76)

CAC >100 239 
(25%)

25 (10.6%) 20.2 27.8 
(5.97–129.8)

32 (13.4%) 26.4 6.16 
(2.51–15.1)

Any CAC 
present

506 
(53%)

32 (6.3%) 11.0 11.0 
(2.51–48.5)

44 (8.7%) 16.6 3.20 
(1.41–7.24)

From Blaha et al. [67], with permission
CHD coronary heart disease, CVD cardiovascular disease, CAC coronary artery calcium, MESA Multi-ethnic Study of Atherosclerosis, JUPITER 
Justification for the Use of statins in Prevention: an Intervention Trial Evaluating Rosuvastatin
*Hazard ratios of 1 were used as a reference
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ated with a NNT of only 24. These findings led the authors to 
suggest that CACS may be used to identify patients most 
likely to benefit from statin therapy, focusing treatment on 
those patients with evidence of subclinical atherosclerosis.

One of the most important considerations when using 
CACS = 0 to reclassify an individual to a lower ASCVD risk 
category is whether the absence of subclinical atherosclerosis 
confers long-term protection that is incremental to and inde-
pendent of traditional risk assessment tools. The “warranty 
period” (defined as <1% annual mortality) associated with the 
absence of CAC was evaluated in 9715 consecutive asymp-
tomatic individuals referred for CACS at a single site [44]. 
Participants were stratified by age and CVD risk (FRS and 
National Cholesterol Education Program Adult Treatment 
Panel III [NCEP ATP III] categories) and were followed for a 
mean of 14.6 years. Among the 4864 patients with CACS = 0, 
the annual observed rate of mortality remained <1% during 
the entire follow-up period with a warranty period of 15 years 
(Fig. 23.8). Compared with the FRS or NCEP ATP III risk 
assessment tools alone, CACS significantly improved dis-
crimination when added to the models. At all levels of calcu-
lated risk, CACS improved risk classification (Table  23.5). 
Interestingly, a similar study was performed in asymptomatic 
diabetic subjects who were followed for a mean of 14.7 years. 
A CACS = 0 in diabetic patients was associated with a favor-
able 5-year prognosis. However, after 5 years, the risk of mor-
tality increased significantly among diabetics even in the 
presence of a baseline CACS = 0 [68].

The role of negative risk markers for ASCVD (including 
CACS = 0, cIMT <25th percentile, absence of carotid plaque, 
and other risk markers) was also evaluated in recent analysis 

of the MESA population [48]. The study cohort consisted of 
6814 participants who were followed for a mean of 
10.3 years. The lowest proportion of total CVD, CHD, and 
hard CHD events occurred in participants with CACS = 0. 
Among all negative risk factors, CACS = 0 was the strongest 
and resulted in the largest, most accurate downward risk 
reclassification (Fig. 23.9). CACS = 0 was particularly infor-
mative in older adults with lower diagnostic likelihood ratios 
with increasing age, making the test more useful for down-
grading disease risk compared to younger adults.

In the BioImage Study of elderly people, the improved 
sensitivity, specificity, and NRI of a disease-guided approach 
that incorporates CACS were largely driven by down- 
classifying, or “de-risking,” statin-eligible patients who had 
a CACS = 0 [54]. CHD and CVD event rates were low in 
individuals with CACS = 0 and the absence of carotid plaque, 
even among participants with diabetes. Investigators suggest 
that withholding statin therapy in older adults without 
 subclinical atherosclerosis could spare patients from lifelong 
statin therapy that may benefit only a few.

 Low- and High-Risk Patients

CACS = 0 has also been demonstrated to provide important 
prognostic information among asymptomatic individuals with-
out traditional risk factors who are considered to be at low- or 
high-risk of ASCVD events. In a study cohort of 44,052 indi-
viduals referred for assessment of CACS, patients were fol-
lowed for a mean of 5.6 years [69]. Risk factors were assessed 
by self-report, and patients were characterized as having 0, 1, 2, 
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Fig. 23.8 The 15-year 
cumulative mortality rate for 
low-risk individuals. (Adapted 
from Valenti et al. [44], with 
permission)
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Table 23.5 Net reclassification index with the addition of coronary artery calcium (CAC) Scoring to a Model Including the FRS or NCEP ATP 
III Score

NRI 95% CI p Value
% of events correctly 
reclassified Event p value

% of nonevents 
correctly reclassified

Noneventp 
value

Overall cohort (N = 9715)
FRS + CAC 0.58966 0.5251–

0.6542
<0.0001 29 <0.0001 30 <0.0001

NCEP ATP 
III + CAC

0.57966 0.5149–
0.6444

<0.0001 28 <0.0001 30 <0.0001

Low cardiovascular risk
FRS + CAC 0.52561 0.3961–

0.6551
<0.0001 12 0.07 41 <0.0001

NCEP ATP 
III + CAC

0.49967 0.3878–
0.6116

<0.0001 13 0.02 37 <0.0001

Intermediate cardiovascular risk
FRS + CAC 0.46417 0.3611–

0.5672
<0.0001 23 <0.0001 23 <0.0001

NCEP ATP 
III + CAC

0.51544 0.3955–
0.6354

<0.0001 28 <0.0001 23 <0.0001

High cardiovascular risk
FRS + CAC 0.58347 0.4709–

0.6961
<0.0001 40 <0.0001 18 <0.0001

NCEP ATP 
III + CAC

0.55956 0.4494–
0.6698

<0.0001 37 <0.0001 19 <0.0001

From Valenti et al. [44], with permission
CI confidence interval, NRI net reclassification improvement
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Fig. 23.9 Negative risk markers for cardiovascular disease. 
Relationship between pretest and posttest cardiovascular disease (CVD) 
risk after the knowledge of the negative result of each risk marker. The 
regression lines display the relationship between the pretest predicted 
10-year CVD risk (x axis) and the posttest risk (y axis) after the knowl-
edge of the negative result of each risk marker. A broken back line is 
displayed as reference (risk shift with no additional testing). Results 

were obtained by plotting the pretest and posttest risk on the basis of the 
diagnostic likelihood ratio of each MESA participant and then applying 
a linear fit. MESA indicates Multi-Ethnic Study of Atherosclerosis, 
ABI ankle-brachial index, BNP brain natriuretic peptide, CAC coro-
nary artery calcium, CHD coronary heart disease, CIMT carotid intima- 
media thickness, FMD flow-mediated dilation, hsCRP high-sensitivity 
C-reactive protein. (From Blaha et al. [48], with permission)
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or  >  2 risk factors. A total of 19,898 patients (45%) had 
CACS = 0. As shown in Fig. 23.10, more than half of individu-
als with no ASCVD risk factors (53%) had evidence of sub-
clinical atherosclerosis with CACS > 0. The lowest all-cause 
mortality occurred in those with no CAC and no ASCVD risk 
factors. Of interest, individuals with no risk factors but evi-
dence of significant disease with CACS > 400 had a substan-
tially higher mortality compared to individuals with multiple 
risk factors but CACS = 0 (16.89 versus 2.72 per 1000 person-
years). The authors suggested that the exclusive use of risk 
assessment tools which rely only upon traditional risk factors 
may be inadequate in all low- and high-risk patients for guiding 
the intensity of primary prevention therapies.

The role of CACS in patients at the extremes of calculated 
ASCVD risk was also evaluated in the MESA cohort [70]. A 
total of 6698 individuals were followed for a mean of 
7.1 years. Fifty percent of the study population had CACS = 0, 
and only 13% of all CHD events occurred in this group with 
a total event rate of 1.8 per 1000 person-years (Table 23.6). 
The annualized event rate increased slightly with increasing 
risk factors; however, the absolute event rate remained very 
low at all levels of traditional risk factors. CACS was also 
able to further risk stratify individuals at the extremes of risk 
as estimated by the FRS (Fig. 23.11). These findings indicate 
that assessment of subclinical coronary atherosclerosis may 
play a role even in patients who are considered to be at low- 
or high-risk by traditional risk factor assessments.

The MESA cohort was also used to examine two para-
digms of risk assessment, in this case dyslipidemia as a risk 
factor and CACS as a measure of disease burden [71]. 
Participants (N = 5534) were not on baseline lipid-lowering 
medications and were classified as having 0–3 lipid abnor-
malities (including elevated LDL-C, low HDL-C, and/or 
high triglycerides). Over a median follow-up of 7.6  years, 
82% of events occurred in participants with evidence of 

CAC. However, 65% of events occurred in individuals with 
only 0–1 lipid abnormality. CACS stratified ASCVD risk 
across varying levels of dyslipidemia, and when CACS = 0, 
the absolute rates of ASCVD events were relatively low 
regardless of the dyslipidemia burden (Fig. 23.12). Even in 
the presence of three lipid abnormalities, when there was no 
evidence of subclinical atherosclerosis, the absolute event 
rate over the 7.6-year follow-up period was <6%. In such 
individuals, the NNT with statin therapy was 154. The inves-
tigators suggested that CACS may help to personalize pre-
ventive strategies, especially in individuals with a history of 
statin-related side effects.

 Diabetes

Diabetes was previously considered to be a CHD risk equiv-
alent by the NCEP ATP III guidelines due to the high inci-
dence of ASCVD events among patients with this diagnosis 
[72]. Patients with diabetes have been shown to have more 
extensive CAC and an increase in risk of events when com-
pared to nondiabetic as discussed above. However, CACS = 0 
is associated with a low short-term risk of death, even in the 
presence of diabetes [58]. In a study of 10,377 asymptomatic 
patients (903 diabetics), there are 4800 patients without dia-
betes and 267 patients with diabetes who had CACS  =  0. 
Over a mean follow-up period of 5.0 years, participants with 
diabetes and CACS = 0 demonstrated a survival similar to 
that of individuals without diabetes and CACS  =  0 
(Fig. 23.13).

Participants in the Diabetes Heart Study (N = 1051) were 
followed for a mean of 7.4 years [73]. The estimated annual 
risk of all-cause mortality was lowest in individuals with 
CACS = 0–9 (0.9%), compared to annual risk of 20.0% in 
those with CACS ≥ 1000.

Table 23.6 Coronary heart disease events by risk factor burden (A) and coronary artery calcium score (B)

n (%)
All CHD events  
(% of total events)

Total CHD event rate (per 
1000 person- years)

Hard CHD events  
(% of total events)

Hard CHD event rate  
(per 1000 person- years)

A
  0 RF 1067 (16%) 16 (5%) 2.1 11 (5%) 1.4
  1 RF 2310 (34%) 82 (24%) 5.0 50 (25%) 3.0
  2 RF 2116 (32%) 126 (37%) 8.7 83 (41%) 5.7
  ≥3 RF 1205 (18%) 115 (34%) 14.6 60 (29%) 7.4
B
  CAC 0 3349 (50%) 44 (13%) 1.8 31 (15%) 1.3
  CAC 1–100 1774 (27%) 85 (25%) 6.9 54 (26%) 4.3
  CAC 101–300 747 (11%) 73 (22%) 14.4 46 (23%) 8.8
  CAC >300 828 (12%) 137 (40%) 26.3 73 (36%) 13.3

From Silverman et al. [70], with permission
RFs considered: high LDL-C, low HDL-C, hypertension, diabetes, current cigarette smoking. Coronary heart disease event rates were significantly 
different by RF burden (P < 0.001). Coronary heart disease event rates were significantly different by CAC score (P < 0.001)
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Fig. 23.10 The prevalence 
and extent of coronary artery 
calcium (CAC) in 
asymptomatic patients 
according to burden 
traditional risk factors (RFs). 
(From Nasir et al. [69], with 
permission)
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In the MESA population, 38% of patients with diabetes 
(n  =  881) had CACS  =  0 [58]. The annualized CHD and 
CVD event rates in this group were 0.4% and 0.8%, respec-
tively, compared to CHD and CVD event rates of 4% and 
5.1%, respectively, in diabetics with CACS > 400. The ten-
fold increase in CHD event rates according to the extent of 
CAC suggests that CACS may play an important role in 
improvement in risk stratification in patients with diabetes.

 Symptomatic Patients: Stable and Acute  
Chest Pain

Assessment of CAC is primarily recommended for ASCVD 
risk assessment in asymptomatic individuals, but the prog-
nostic implication of CACS = 0 has also been evaluated in 
patients presenting with symptoms of suspected CHD [60, 
74]. The CONFIRM (Coronary CT Angiography Evaluation 
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for Clinical Outcomes: An International Multicenter) 
Registry evaluated the prevalence and severity of CAD in 
relation to prognosis in symptomatic patients who under-
went coronary angiography and concomitant CCTA [75]. 
Among 10,037 individuals, 51% had CACS  =  0. Among 
these patients, CCTA showed no evidence of CAD in 84% of 
patients. Approximately 13% of patients had nonobstructive 
CAD, 3.5% had ≥50% stenosis, and 1.4% had ≥70% steno-
sis. CACS = 0 had a sensitivity and specificity for stenosis 
≥50% of 89% and 59%, respectively. The negative and posi-
tive predictive values were 96% and 29%, respectively. 
During the 2.1-year period of follow-up, there was no differ-
ence in mortality among patients with CACS = 0 regardless 
of the presence of obstructive CAD. However, CACS did not 
add incremental prognostic information compared with 
extent of CAD at CCTA for the composite endpoint of mor-
tality, MI, or coronary revascularization. Among patients 
with CACS = 0, the presence of ≥1 coronary stenosis ≥50% 
was predictive of nonfatal MI and late revascularization.

The CRESCENT (Computed Tomography vs. Exercise 
Testing in Suspected Coronary Artery Disease) trial evalu-
ated the effectiveness and safety of a CCTA algorithm com-
pared with functional testing with a symptom-limited 
treadmill stress test in patients with stable angina referred to 
an outpatient clinic [76]. Myocardial perfusion imaging or 
stress echocardiography was performed when there was a 
contraindication to treadmill testing or in cases of non- 
interpretable or equivocal results. The tiered cardiac CT pro-
tocol included CACS followed by CCTA if CACS > 1 to 
400. A total of 350 patients with stable angina were prospec-
tively randomized 2:1 to cardiac CT (N = 242) or functional 
testing (N  =  108). In the CT group, 100 patients had 
CACS = 0 and 2 went on to CCTA due to pretest probability 
of CAD > 70%. During the mean 1.2-year follow-up period, 
none of the 98 patients with CACS = 0 underwent further 
testing, and no adverse events occurred. The authors 
 suggested that a tiered cardiac CT protocol offers an effec-
tive and safe alternative to functional testing in patients with 
stable chest pain.

Among 2088 patients presenting to the hospital with a 
chest pain syndrome (considered atypical or non-anginal 
chest pain by clinicians) who underwent CCTA, CACS = 0 
was identified in 1114 patients (53%) [77]. Obstructive CAD 
was found in 48 patients (4.3%), and during the mean 2.8- 
year follow-up, there were 14 CHD events (1.3%) among the 
CACS = 0 patients. CAD severity was a strong predictor of 
events in this group.

The 2013 ACCF/AHA/ASE/ASNC/HFSA/SCAI/SCCT/
SCMR/STS Multimodality Appropriate Use Criteria for the 
Detection and Risk Assessment of Stable Ischemic Heart 
Disease indicate that CACS is rarely appropriate for evalua-
tion of acute chest pain among patients at any level of base-
line ASCVD risk [78]. Preferred diagnostic strategies include 

myocardial perfusion imaging, stress echocardiography, 
CCTA, or invasive coronary angiography based on presenta-
tion and risk assessment.

 Summary

Though there is overwhelming and consistent evidence that 
the absence of CAC is associated with a low risk of mortality 
(warranty up to 15 years) and hard CHD events (≥7 years 
based on MESA) in multiple patient populations, there is not 
yet clear randomized clinical trial (RCT) evidence that 
CACS = 0 justifies avoidance of prolonged use of preventive 
therapies such as statins [79]. Concern remains that ASCVD 
risk factors have a long latency period of effect and that even 
though patients with no evidence of CAC are at low near- term 
risk, they may have significant lifetime risk of events [80]. In 
addition, in high-risk symptomatic patients, the absence of 
CAC is not sufficient to rule out the presence of obstructive 
atherosclerotic coronary artery disease. The 2018 ACC/AHA 
blood cholesterol guidelines recommend that in individuals at 
intermediate risk with 10-year ASCVD risk of >7.5% to 
<20%, if the risk decision is uncertain, calcium scoring may 
be considered in selected adults [42]. Authors note that a 
CACS = 0 is useful to reclassify patients to a lower-risk 
group, often allowing statin therapy to be delayed or witheld 
unless additional high-risk conditions are present. For patients 
with a CAC score of 0, it is currently uncertain when follow-
up studies should be performed, though many experts con-
sider repeating evaluation at 5–10 years.

 CACS-Guided Prevention and Adherence 
to Therapies

In view of the numerous studies demonstrating that CACS 
can improve risk assessment in primary prevention, there has 
been strong interest in understanding whether noninvasive 
imaging can improve cardiovascular outcomes by guiding 
the implementation and intensity of preventive strategies and 
whether knowledge of CACS can increase adherence to pre-
ventive therapies [81].

The EISNER (Early Identification of Subclinical 
Atherosclerosis by Noninvasive Imaging Research) study 
was a prospective RCT to evaluate the effects of CACS on 
risk factor management and downstream diagnostic testing 
[82]. Trial participants (N = 2137) were middle-aged (mean 
58.5 years) individuals with established ASCVD risk factors 
who were randomized 2:1 to undergo CACS or no imaging 
and followed for a mean of 4  years. All subjects received 
standardized risk factor counseling. Compared with the no- 
CACS group, those who underwent CACS had greater 
improvement in systolic blood pressure, LDL-C, and waist 
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circumference (for those with elevated baseline waist girth). 
There was no difference in net utilization of downstream 
diagnostic testing, such as stress tests, carotid ultrasound, 
invasive coronary angiogram, or revascularization proce-
dures. Approximately two-thirds of subjects with CACS 
≥400 underwent some form of noninvasive stress testing, but 
the frequency of cardiac catheterization and revasculariza-
tion was substantially lower among patients who underwent 
CACS compared to those who did not. In patients with 
CACS = 0, there was a 37% reduction in procedure costs. 
These results were consistent with the hypothesis that CACS 
can improve ASCVD risk factor management without sig-
nificant increases in downstream health-care costs.

A recent systematic review examined the effects of CACS 
on behavioral or lifestyle modification, perception of risk for 
CHD, and medication adherence [83]. Of the 15 studies 
reviewed, 3 were RCTs and 12 were observational. The 
strongest impact of CACS was found to be improved medi-
cation utilization and adherence. The results on lifestyle 
modification and risk perception were either nonsignificant 
or inconsistent. In an observational study of 980 asymptom-
atic patients who underwent assessment of CAC, initiation of 
aspirin, improvement in dietary habits, and increase in exer-
cise were strongly associated with greater CACS [84]. The 
prospective incidence of aspirin and statin use was assessed 
in the PACC (Prospective Army Coronary Calcium) Project 
[85]. Men ages 40–50 years were screened for CHD risk fac-
tors and CACS. Preventive medications were not prescribed 
by the study investigators. Over the subsequent 6-year fol-
low- up period, patients with evidence of CAC were three 
times more likely to be prescribed a statin and more likely to 
receive aspirin than those with CACS = 0. CAC was strongly 
and independently associated with the use of statin, aspirin, 
or both (Fig. 23.14). In the largest RCT, the EISNER trial, 
the CACS group were noted to have high adherence rates for 
lipid-lowering and antihypertensive medications [83].

The motivational effects of CACS on adherence to statin 
therapy and behavioral modification for weight loss were ret-
rospectively analyzed in 2608 patients who had underwent 
baseline study and returned for follow-up at a mean of 
4.1 years [86]. Statin adherence was lowest (27.4%) among 
those with CACS = 0 and increased with increasing levels of 
CAC to 58.8% adherence among those with CACS > 400. 
Similarly, behavioral modification resulting in weight loss 
was lowest (19.8%) among those with CACS = 0 and gradu-
ally increased to 33.6% among those with CACS > 400. This 
study is the largest study to date demonstrating that the 
CACS results are associated with improved adherence with 
ASCVD risk reduction behaviors.

Current guidelines have generally only provided a level 
IIB (“may be considered”) endorsement for addition of 
CACS into risk assessment algorithms. This tepid recom-
mendation is largely due to the lack of large, prospective 

RCTs of CACS-guided ASCVD prevention strategies [7]. 
However, there also have not been RCTs demonstrating 
reduction in ASCVD events based upon risk assessment 
tools or other biomarkers, such as hs-CRP [87, 88]. In view 
of the limitations of current risk assessment tools which are 
strongly influenced by age and the increasing numbers of 
statin-eligible individuals, there is interest among many 
stakeholders to conduct such a trial. Recent processes for 
guideline development have restricted consideration to only 
large RCTs and have limited the use of observational data, 
thereby possibly necessitating such a CACS-guided RCT to 
strengthen recommendations for use of imaging to personal-
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ize preventive strategies [89]. The numerous considerations 
in conducting such a large RCT for CACS are discussed in a 
recent review and include cost associated with such a trial 
and previous evidence for cost-effectiveness of CACS, expo-
sure to ionizing radiation, trial feasibility and adequate sta-
tistical power, ethical considerations in randomizing patients 
with extensive CAC to placebo, selection of patients based 
on the level of risk-based factor risk assessment, and chal-
lenges of blinding [82]. Authors also propose consideration 
of incorporating such a trial into current guideline-based 
 recommendations for low-dose CT screening for lung cancer 
for persons 55–74 years of age with >30-pack year history of 
smoking.

The ROBINSCA (Risk Or Benefit IN Screening for 
Cardiovascular Disease) trial is currently being conducted 
in Europe and will include 33,000 individuals from the 
general population [90]. Participants will be randomized 
(non- blinded) to systematic screening by traditional 
ASCVD risk factors (SCORE algorithm), systematic 
screening by CACS, or no intervention (control). 
Participants in the risk factor- based intervention group with 
intermediate or high risk for ASCVD are referred to a pri-
mary care provider (PCP) for guideline-based preventive 
management. Participants in the CACS-based intervention 
group with a high or very high risk for ASCVD based on 
their CACS are also referred to a PCP and for treatment 
according to the study protocol. All participants will be fol-
lowed for 5 years, and the primary study outcome is 5-year 
fatal and nonfatal CHD. This study is currently enrolling 
with estimated completion in 2022.

 Progression of CACS and Role of Serial 
Scanning

Multiple retrospective and prospective observational studies 
have suggested that progression of CAC is associated with 
increased risk of CHD events and predicts all-cause mortal-
ity [91, 92]. In the MESA cohort, the absolute change in 
CACS was assessed from baseline study to follow-up scan 
obtained approximately 2.5  years later [93]. Among those 
individuals with CACS > 0 at baseline, greater change in 
absolute CACS was associated with higher cumulative 
 proportion of incident CHD events (Fig. 23.15). Those with 
annual progression of ≥300 had adjusted HRs of 3.8 and 6.3 
for total and hard CHD events, respectively, compared to 
individuals without CAC progression. For patients with 
CACS = 0 at baseline, compared to those with no increase in 
CAC, any increase was associated with 1.4- and 1.5-fold 
greater risks for total and hard CHD events, respectively.

A cohort of 4609 asymptomatic individuals underwent 
repeat CACS with a mean interscan time of 3.1 years [94]. 
CAC progression was evaluated as the absolute change in 
CACS, percent annualized difference between scans, and the 
difference between square root of the baseline and square 
root of follow-up CACS > 2.5 (the “SQRT” method). Among 
patients with baseline CACS > 0, CAC progression added 
incremental value in predicting all-cause mortality compared 
to baseline score and traditional risk factors. Progression in 
the setting of increasing baseline CACS (1–10, 11–100, 
101–400, and >400) was associated with increasing risk of 
all-cause mortality. At all levels of CACS, the risk for all-
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cause mortality was higher among those with significant pro-
gression compared to those with less progression (Fig. 23.16).

In the MESA cohort, individuals with the metabolic syn-
drome, diabetes, or both were demonstrated to have greater 
progression of CAC compared to individuals without these 
conditions. Furthermore, progression predicted CHD events 
among those in the highest tertile of CAC increase versus no 
increase [93].

Data from HNR demonstrated that age- and gender- 
related percentiles of CAC distribution follow an exponential 
curve, with a nearly indistinguishable shift along the  baseline 

over 5  years of follow-up (Fig.  23.17) [94]. Based on the 
observed CACS distribution of the cohort, investigators 
developed a mathematical tool to predict CAC progression 
for individuals in the study. The model indicated that pro-
gression of CAC is nearly inevitable and is only modestly 
influenced by adjustment for risk factors and lipid lowering 
and antihypertensive medications.

Continued progression of CAC in patients currently being 
treated with statin therapy has been shown to be associated 
with increased risk of MI in patients with and without 
 diabetes [95].
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 Preventive Therapies and CAC Progression

In a systematic review of trials of preventive therapies and 
progression of CAC, patients with clinical ASCVD received 
treatments including statins, antihypertensive agents, or pla-
cebo [96]. Patients with chronic kidney disease received 
interventions including low phosphorous diet, sevelamer 
hydrochloride, and calcium-based phosphate binders. There 
was no significant effect of any of these therapies on mean 
weighted annualized CAC increase in any of these patient 
populations.

The effects of statin therapy on plaque composition, 
plaque progression, and the extent and progression of CAC 
are of specific interest. The dose-dependent beneficial effects 
of statins on slowing progression of coronary atheroma vol-
ume and plaque regression have been well established with 
intravascular ultrasound (IVUS) [97, 98]. Given the docu-
mented correlation between the extent of CAC and total 
coronary plaque burden, one could hypothesize that statin 
therapy would be associated with a decrease in progression 
of CAC [99]. However, despite promising early data, large 
prospective trials have failed to demonstrate a reduction in 
CAC with low-, moderate-, or high-intensity statin [100].

Investigators for SALTIRE (Scottish Aortic Stenosis and 
Lipid Lowering Trial: Impact on Regression) randomized 
102 patients with calcific aortic stenosis and CAC to atorvas-
tatin 80  mg or placebo [101]. After a mean follow-up of 
2 years, despite significant reductions in LDL-C and hs-CRP, 
there was a nonsignificant increase in CAC progression in 
the atorvastatin group (26% per year) compared to the 
placebo- treated group (18% per year).

The BELLES (Beyond Endorsed Lipid Lowering with 
EBT Scanning) trial was a randomized, double-blind, multi-
center study of atorvastatin 80 mg or pravastatin 40 mg daily 
in 615 hyperlipidemia women without clinical ASCVD 
[102]. Women underwent baseline and 12-month CACS to 
measure percent change in total and single artery calcium 
volume score from baseline, as well as absolute changes in 
CACS.  Among the 475 women who completed the study, 
LDL-C was reduced by approximately 47% in those ran-
domized to atorvastatin and 25% in those randomized to 
pravastatin. Although, high-intensity statin therapy caused a 
greater reduction in atherogenic lipoproteins, there was no 
effect upon any measure of CAC progression. In the absence 
of a placebo group, it was not possible to determine if statin 
therapy similarly reduced progression of CAC in both treat-
ment groups. In addition, the short duration of the follow-up 
may have precluded observation of longer-term effects of 
statin therapy.

The St. Francis Heart Study was a randomized, double- 
blind, placebo-controlled trial of atorvastatin 20  mg daily, 
vitamin C, and vitamin E in 1005 asymptomatic individuals 
on baseline aspirin 81 mg with CACS ≥80th percentile for 

age and gender [103]. Participants were followed for a mean 
of 4.3  years. Though treatment reduced LDL-C by 43%, 
there was no effect on progression of CAC in the treatment 
group compared to individuals receiving placebo. The mean 
increase in CACS was 331  ±  421  in the treatment group 
compared with 323 ± 385 in the control group. Though there 
were fewer ASCVD events in the overall treatment group, 
this difference did not achieve statistical significance 
(p  =  0.08). However, among those individuals with 
CACS > 400 (47% of study population), treatment reduced 
the risk of events by 42% (p = 0.046).

Recent serial IVUS studies have provided new insights 
into the role of statins and plaque composition, progression 
of calcification, and plaque stability. An analysis of IVUS 
data from eight large multicenter clinical trials assessing the 
impact of medical therapies on serial changes in coronary 
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atheroma burden included two trials of intensive lipid low-
ering with statins (REVERSAL [Reversal of Atherosclerosis 
with Aggressive Lipid Lowering] and SATURN [the Study 
of Coronary Atheroma by Intravascular Ultrasound: Effect 
of Rosuvastatin Versus Atorvastatin]) [104]. High-intensity 
statin therapy was associated with mean 36.2% reduction in 
LDL-C and significant regression in percent atheroma vol-
ume (PAV) from baseline during 18- to 24-month follow-up, 
whereas low-intensity statin and no statin therapy were 
associated with significant PAV progression (Fig. 23.18a). 
All treatment groups had significant progression of CAC 
from baseline, and the change in CAC was greatest in the 
statin- treated groups versus the no-statin group (Fig. 23.18b). 
The change in CAC was not statistically greater in the high- 
intensity statin versus low-intensity statin comparison. The 
greatest increases in CAC were noted in patients on high- 
intensity statin with significant plaque regression, whereas 
in patients on no-statin therapy, there was profound progres-
sion of coronary atheroma with smaller increases in 
CAC.  Authors suggest that evidence supports the role of 
statin therapy in de-lipidation of atheroma and probable vas-

cular smooth muscle cell calcification, possibly promoting 
plaque stability (Fig. 23.19).

The effect of high-intensity statin on plaque composition 
and plaque burden by serial IVUS was also assessed in 82 
patients following non-ST segment elevation MI in IBIS-4 
(Integrated Biomarker Imaging Study) [105]. Patients were 
treated with rosuvastatin 40 mg daily, and IVUS with analy-
sis of matched segments was performed at baseline and 
13  months. Statin therapy was associated with significant 
reductions in percent atheroma volume, percent fibrous 
plaque volume, and necrotic core volume. The proportion of 
calcified plaque components was, however, significantly 
increased (+1.28%; CI 0.66–1.90%; p < 0.0001).

 Summary

Progression of CAC is clearly associated with an increased 
risk of future ASCVD events. Despite significant event 
reduction in patients treated with statin therapy and evidence 
of reduction in atheroma volume by IVUS, CAC progression 
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Fig. 23.19 Plaque Calcification in the Setting of No-Statin Therapy or 
High-Intensity Statin Therapy. Natural plaque progression likely involves 
lipid-pool expansion coupled with microcalcifications within lipid pools. 

Following long-term high-intensity statin therapy, plaque regression mani-
fests as delipidation and probable vascular smooth muscle cell calcifica-
tion, promoting plaque stability. (From Puri et al. [104], with permission)
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is not retarded and may even be accelerated on treatment. 
Greater progression of CAC on statin therapy has been inter-
preted by many as benign conversion of pre-existing non- 
calcified to calcified plaque. However, greater progression of 
CAC on statin therapy has been associated with higher major 
adverse cardiovascular event rates and does not support this 
prevailing view. Instead, progression of CAC, irrespective of 
statin therapy, supports the predominant formation of new 
atherosclerotic plaque that then becomes calcified. At the 
current time, there are no medical therapies which have been 
demonstrated to achieve reductions [98].

The 2013 ACCF/AHA/ASE/ASNC/HFSA/SCAI/SCCT/
SCMR/STS Multimodality Appropriate Use Criteria for the 
Detection and Risk Assessment of Stable Ischemic Heart 
Disease indicate that repeat CACS is rarely appropriate for 
patients at any level of ASCVD risk or any baseline level of 
CAC [79].

 Evolution of Guidelines, Recommendations, 
and Appropriate Use Criteria for Calcium 
Scoring in ASCVD Risk Assessment

In 2000, the ACC Task Force on Clinical Expert Consensus 
Documents published the first recommendations for CACS 
in the diagnosis and prognosis of coronary artery disease 
[106]. The Writing Group reviewed literature published 
between 1988 and 1999, which at that time primarily utilized 
electron beam computed tomography (EBCT). Findings of 
this meta-analysis demonstrated a high sensitivity of EBCT 
for the presence of obstructive CHD, a much lower specific-
ity, and an overall accuracy of approximately 70%. Available 
data at that time did not clarify whether the presence of CAC 
was additive to the FRS for risk assessment in asymptomatic 
patients. Additional information was felt to be needed on the 
value of a positive or negative calcium score in intermediate- 
risk individuals for risk adjustment. The test was felt to be 
equivalent but not superior to alternative noninvasive imag-
ing methods such as single- photon emission computed 
tomography (SPECT) imaging.

The Writing Group III of the American Heart Association 
(AHA) Prevention Conference V: Noninvasive Tests of 
Atherosclerotic Burden also considered the role of CACS in 
assessment of CHD risk in 2000 [107]. While acknowledg-
ing CAC as a definitive marker of atherosclerosis, the authors 
found relatively few prospective studies directly linking 
CACS to subsequent CHD outcomes. The extent to which 
CACS predicted events independently of traditional risk fac-
tors was also not evident from the data at that time. It was 
proposed that CAC had the greatest potential for risk adjust-
ment in patients who had an intermediate risk score as calcu-
lated by one of the above risk scoring algorithms, but further 
research was suggested. No definitive recommendations for 

incorporation of CACS into models of risk assessment and 
risk reduction were offered in this summary.

The NCEP ATP III released guidelines for detection, eval-
uation, and treatment of high blood cholesterol levels in 
2002 [72]. Authors supported the position of the Prevention 
V conference writers, recommending against routine CACS 
in asymptomatic persons for risk assessment. However, it 
was felt that data supported a higher risk of major coronary 
events in persons with advanced subclinical atherosclerosis. 
The ATP III guidelines supported the “measurement of coro-
nary calcium as an option for advanced risk assessment in 
appropriately selected persons, provided the test is ordered 
by a physician who is familiar with the strengths and weak-
nesses of noninvasive testing.” The guideline writers sug-
gested that the presence of subclinical atherosclerosis could 
be used to justify intensification of cholesterol therapy in 
intermediate-risk patients.

The first gender-specific guidelines for the use of noninva-
sive testing in the evaluation of women with suspected CHD 
were published in 2005 [108]. Women develop coronary ath-
erosclerosis approximately a decade later than men, and the 
occurrence of CAC tracks this incidence of clinical events. 
These differences make it important to consider gender- 
specific criteria when evaluating the clinical significance of 
CACS.  In the noninvasive testing guidelines for women, 
CACS was characterized as an “emerging imaging” modality, 
along with CCTA, magnetic resonance imaging, and carotid 
intima-media thickness. By the time of this report, a number 
of studies were available confirming that the presence and 
severity of CAC have independent and incremental value 
when added to major ASCVD risk factors in estimation of risk 
of MI or CHD death. Despite limited data in women, this con-
sensus statement proposed that CACS is useful in risk stratifi-
cation in women, particularly in women at intermediate CHD 
risk. Since the publication of these guidelines, MESA has pro-
vided a large prospective database for evaluation of age-, gen-
der-, and ethnic-related percentiles for CACS [17, 18].

Given technological advancements and the rapidly evolv-
ing literature, the AHA reissued a scientific statement on 
CCT [109] in 2006 and an expert consensus document on 
CACS in 2007 [110]. The AHA scientific statement reviewed 
the most current evidence for the use of CCT for noninvasive 
imaging of coronary atherosclerosis. Though the authors 
addressed CCT with and without contrast enhancement, the 
current discussion focuses on recommendations provided for 
non-contrast-enhanced CCT for assessment of CAC.

For reproducible and valid measurement of CAC, the 2006 
AHA Writing Group established minimum criteria for scan-
ning. Studies comparing measurement of CACS with EBCT 
and MDCT demonstrate good correlation over a large range 
of values in large, multiethnic population-based studies [111]. 
However, to minimize motion artifacts, reduce radiation 
exposure, and improve intra- and inter-scan reproducibility, it 
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was recommended to use an EBCT or at least four-slice 
MDCT scanner and to maintain consistency in gating, trig-
gering, and slice thickness parameters. The Agatston score 
remains the primary tool for risk assessment because of the 
availability of large prognostic databases that allow clinicians 
and patients to understand the implication of any given score.

The 2007 ACCF/AHA Clinical Expert Consensus 
Document on Coronary Artery Calcium Scoring by 
Computed Tomography in Global Cardiovascular Risk 
Assessment and in Evaluation of Patients with Chest Pain 
represented an updated review of scientific data published 
subsequent to the original ACC/AHA Expert Consensus doc-
ument on EBCT published in 2000 [112]. The focus of the 
Writing Committee was on clinical application of CAC 
quantification by cardiac CT in two areas: (1) CHD risk 
assessment in the asymptomatic patient to improve selection 
of candidates for preventive interventions and (2) to improve 
triage of symptomatic patients, refining selection of candi-
dates for subsequent hospitalization or further diagnostic 
testing. At the time of this document, significant scientific 
data was available supporting a directly proportional rela-
tionship between risk of CHD death or nonfatal MI, overall 
CHD events, all-cause mortality, and the extent of CAC, as 
previously described above. Thus, the measurement of CAC 
for risk assessment was considered “reasonable” in asymp-
tomatic patients with an intermediate (10–20% absolute 
10-year) risk of MI or CHD death by the FRS (Class IIb, 
Level of Evidence B). The presence of significant CAC in an 
intermediate-risk individual could appropriately reassign the 
patient to a higher-risk category and justify more aggressive 
reduction of CHD risk factors [113]. If an intermediate-risk 
patient had CACS = 0 or a very low score, the risk stratifica-
tion may be reduced. The probability of a CHD event in a 
patient without CAC present was approximately 0.1–0.6% 
per year (10-year CHD risk of 1.0–6.3%, consistent with 
FRS low-risk <10%) based on data available at that time. 
Imaging of CAC was not recommended for patients at low 
risk of CHD (<10% 10-year risk) or for high-risk (>20% 
10-year risk) patients (Class III, Level of Evidence B).

The 2010 ACCF/AHA Guideline for Assessment of 
Cardiovascular Risk in Asymptomatic Adults evaluated 
CACS among other emerging risk markers and provided the 
highest endorsement for its clinical application thus far 
[114]. CACS was considered reasonable for CVD risk 
assessment in asymptomatic adults at intermediate risk (10–
20% 10-year risk) as defined by the global FRS (Class IIa, 
Level of Evidence [LOE] B). CACS was also considered rea-
sonable in persons at low to intermediate risk (6–10% 
10-year risk) (Class IIb recommendation, LOE B). CACS 
was not recommended for persons at low risk (<6% 10-year 
risk) (Class III: No Benefit, LOE B).

As previously noted, the 2013 ACC/AHA Guideline on the 
Assessment of Cardiovascular Risk indicates that if a risk-based 

treatment decision is uncertain, CACS may be considered to 
inform treatment decision making (Class IIb, LOE B) [7].

According to the 2013 ACCF/AHA/ASNC/HFSA/HRS/
SCAI/SCCT/SCMR/STS Multimodality Appropriate Use 
Criteria for the Detection and Risk Assessment of Stable 
Ischemic Heart Disease, CACS “may be appropriate” in 
patients with intermediate or high global CHD risk regard-
less of baseline ECG or ability of patient to exercise [79]. 
However, CACS is considered “rarely appropriate” for 
asymptomatic patients with low global CHD risk or in symp-
tomatic patients.

The American College of Radiology Appropriateness 
Criteria for the Asymptomatic Patient at Risk for Coronary 
Artery Disease provides a rating scale for CACS as follows: 
1,2,3, usually not appropriate; 4,5,6, may be appropriate; and 
7,8,9, usually appropriate [115]. For the intermediate-risk 
patient, CACS is rated 8 or usually appropriate. However, for 
patients at high and low ASCVD risk, CACS is rated 3 or 
usually not appropriate.

The 2016 European Society of Cardiology Guidelines on 
Cardiovascular Disease Prevention in Clinical Practices rec-
ommend that “coronary artery calcium scoring may be con-
sidered as a risk modifier in CV risk assessment” (Class IIb, 
LOE B) [116]. However, routine screening with imaging 
modalities to predict future ASCVD events is generally not 
recommended in clinical practice.

The 2018 ACC/AHA blood cholesterole guidelines rec-
ommend calcium scoring for patients at intermediate risk 
(>7.5% to <20%) when the risk decision for statin therapy is 
uncertain (Class IIb, LOE B-NR). For patients with CAC = 0 
and no additional high-risk clinical features, consideration 
may be given to withholding or delaying initiation of statin 
therapy [42].

Nearly 7.1 million individuals undergo diagnostic non- 
contrast, non-ECG-gated, chest CT examinations each year 
in the USA [117]. Recommendations by the 2014 US 
Preventive Services Task Force for routine lung cancer 
screening in high-risk individuals (based on age and smok-
ing history) may increase the number of low-dose screening 
CT scans by another 7–10 million annually [118]. In 2017, 
the Society of Computed Tomography and the Society of 
Thoracic Radiology published consensus guidelines for the 
assessment of CAC from non-contrast chest CT scans [119]. 
CACS on non-gated CT examinations has been shown to 
correlate well with scores obtained from conventional ECG- 
gated scans and provide similar prognostic value in predict-
ing ASCVD events [120–123]. The guidelines recommend 
incorporation of CACS into all non-contrast chest examina-
tions as the appropriate standard of care. This is an extension 
of the already existing requirement of the American College 
of Radiology to report “coronary arterial calcification mod-
erate or severe” when present in all lung cancer screening 
registry patients [124].
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 Conclusion

Cardiovascular disease continues to be the leading cause of 
morbidity and mortality around the globe, and CACS is an 
important tool to readily identify individuals at high risk of 
events to initiate early lifesaving preventive interventions. 
The assessment of subclinical coronary atherosclerosis by 
CACS has been shown to be a robust predictor of both near- 
and long-term clinical ASCVD events and provides infor-
mation that outperforms traditional risk factor-based 
assessments. Current guidelines focus on the consideration 
of CACS in intermediate-risk patients to inform clinical 
decision making for initiation of preventive therapies. 
Knowledge of the subclinical disease can improve adher-
ence to preventive medications and lifestyle interventions.

There is expanding evidence that imaging for subclinical 
atherosclerosis also provides incremental prognostic infor-
mation in low- and high-risk individuals. This information 
may be used to “down-classify” (less overtreatment) or “up- 
classify” (less undertreatment) patient risk to more accu-
rately evaluate the role of lifelong pharmacotherapy for 
prevention of ASCVD events. Though there is compelling 
evidence that the absence of subclinical atherosclerosis by 
CACS may provide a rationale to de-escalate statins and 
other preventive therapies, a prospective randomized con-
trolled trial is needed to determine if imaging identifies a 
lower-risk population and results in accurate assignment of 
treatments for optimal ASCVD risk reduction. With the 
expansion of guideline-based low-dose lung cancer screen-
ing in high-risk patients and recommendations for simulta-
neous reporting of CACS, it will be possible to accurately 
characterize ASCVD risk for millions of individuals.
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The Many Uses of Epicardial Fat 
Measurements

Mohamed Marwan

The term “epicardial adipose tissue” (EAT)  – often called 
“epicardial fat”  – refers to the visceral adipose tissue sur-
rounding the heart and coronary arteries. Along with the 
pericardial fluid, epicardial adipose tissue creates a smooth 
surface that facilitates motion of the heart within the pericar-
dium. Notably, both the volume and the distribution of epi-
cardial adipose tissue vary widely between individuals and 
do not show a strict linear relationship to body weight, body 
mass index, obesity, or the extent of abdominal visceral fat. 
In the last years, there has been an increasing interest in 
imaging and quantification of epicardial adipose tissue. 
Evidence has so far accumulated showing a significant asso-
ciation between epicardial adipose tissue, risk factors for 
atherosclerosis, coronary artery disease, and cardiovascular 
outcome [1–6]. In addition, significant associations have 
been found between epicardial adipose tissue and non- 
atherosclerotic diseases, such as atrial fibrillation or left ven-
tricular diastolic dysfunction [7–9]. This chapter summarizes 
the current data concerning epicardial adipose tissue, its 
quantification, and its potential use as a novel risk factor for 
cardiovascular morbidity and mortality.

 Fat Stores Surrounding the Heart 
and Their Development

The nomenclature used in the current literature to define adi-
pose tissue surrounding the heart is heterogeneous. Terms 
such as “epicardial,” “pericardial,” “paracardiac,” and “intra-
thoracic” fat have been used [2, 3, 5, 10–15]. “Epicardial 
adipose tissue” (EAT) refers to the fat between the myocar-
dium and the visceral layer of the pericardial sac, the serous 
epicardium. Although the simpler term “pericardial fat” has 
been often used in the imaging literature to refer to adipose 

tissue enclosed within the pericardial sac, “epicardial adi-
pose tissue” is more accurate. It better describes the location 
below the epicardium and on the immediate surface of the 
heart (whereas “pericardial fat” could be on the outside of 
the pericardium), and “adipose tissue” is more accurate than 
simply “fat” since the tissue is metabolically active. Adipose 
tissue on the outer surface of the pericardial is termed “para-
cardiac fat”(see figure. 24.1). Epicardial fat is a visceral fat 
depot surrounding the heart similar to intra-abdominal fat, 
and both evolve embryologically from brown adipose tissue 
[16]. Vascular supply to epicardial fat is secured through the 
coronary arteries. Importantly, epicardial fat lies in direct 
contact with the myocardium with no muscle fascia in 
between which explains the potential interaction between 
both the myocardium and epicardial fat both supplied by 
coronary microcirculation [16].

 Imaging and Quantification of Epicardial Fat

Over the past decade, several imaging modalities have been 
used to detect and quantify epicardial adipose tissue. They 
include echocardiography, magnetic resonance, and com-
puted tomography (CT). Surrogate imaging measures to esti-
mate the true volume of epicardial fat include epicardial fat 
thickness, pericoronary fat thickness or volume, and epicar-
dial fat areas in single cross sections. However, given the con-
siderable inter-individual differences in epicardial fat spatial 
distribution, it remains questionable whether such surrogate 
measures correlate well with the absolute amount of epicar-
dial fat. In fact, data indicate that full volume quantification is 
preferable to surrogate measurements; Bastarrika et  al. 
directly compared volumetric and distance measurements of 
epicardial fat in relation to coronary artery stenosis in 45 
patients who underwent CT imaging and invasive coronary 
angiography [17]. Patients with significant coronary artery 
stenosis had greater epicardial fat volumes than those without 
significant arterial stenosis, while epicardial fat distance 
failed to show a difference between the two patient groups.
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Of the noninvasive imaging tools, CT and magnetic reso-
nance tomography offer complete volumetric coverage of the 
heart. Quantification of epicardial fat from CT is appealing 
given the high spatial resolution of CT, the full volume cov-
erage of the entire heart in all routinely acquired cardiac 
scans, and the fact that fat has distinctly lower attenuation 
values than other tissue types.

Semiautomated software are readily available which 
allow quantification of epicardial fat volume based on CT 
attenuation thresholds, after setting the upper and lower 
boundaries of the heart and tracing the pericardial sac. Fat 
attenuation thresholds in CT typically range from a lower 
value of −250 to −190 Hounsfield Units to an upper value of 
−50 and −30 HU [1, 10, 11, 15, 18]. For non-contrast CT, a 
typical fat attenuation range of −190 HU to −30 HU has 
been used. Contrast scans have regularly been used for quan-
tification of epicardial adipose tissue volume in published 
literature. However, care should be taken that the threshold 
for detection of epicardial fat needs to be adjusted for con-
trast scans. In fact, La Grutta et al. recently compared epicar-
dial fat volumes quantified in non-contrast and contrast scans 
in 76 patients systematically [19]. They observed an under-
estimation of epicardial adipose tissue volume even after 
adjustment of post-contrast attenuation.

Anatomical landmarks for measurement of total epicardial 
fat volumes include the pulmonary artery bifurcation, the mid 
left atrium, and the aortic root. For the lower boundary, the 

diaphragm, the left ventricular apex, and a single slice beyond 
the posterior descending artery have been proposed [2, 7, 11, 
15, 18, 20]. Processing time for epicardial fat measurements 
ranges from 5 to 11 min [11, 20].) Recently, automated EAT 
volume quantification tools particularly for contrast-enhanced 
CT are available on some commercial workstations, requiring 
only minor user interaction, which further decreases the time 
for EAT volume quantification. EAT volume measurements 
based on CT are highly reproducible, with reported interob-
server variabilities of 7%, 8%, and 15% in three studies 
[3, 11, 21], with lower variability for volume measurements 
compared to surrogate markers such as fat thickness [17]. For 
semiautomated measurements of epicardial and thoracic fat 
from non-contrast CT, the interscan reproducibility has also 
been reported to be high, with correlation coefficients ≥0.98 
between two separate measurements [22].

 Reference Values for Epicardial Fat

A major limitation for widespread clinical use of epicardial 
fat measurements is the absence of standardized reference 
values for what is to be considered as “normal” epicardial fat 
volumes. There is limited data to determine normal limits 
beyond which epicardial fat volume can be considered 
abnormally high. In a community-based sample of more than 
3000 middle-aged individuals, Thanassouslis et al. quantified 

Fig. 24.1 Fifty-two-year-old female patient. (a) Three-dimensional reconstruction of the heart within the epicardial adipose tissue depicted in 
yellow (light green arrow). (b) The pericardium is marked by the white arrow. Fat outside the pericardium is termed “paracardiac fat”

a b
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epicardial and paracardiac fat volumes in participants from 
the Framingham Heart Study [10]. For the overall sample, 
the median values for epicardial fat volume were 117.5 cm3 
and 93.9 cm3, respectively, in men and women and 117.7 cm3 
and 58.4 cm3 for paracardiac fat, respectively. The authors 
defined abnormally high epicardial and paracardiac fat vol-
umes on the basis of the age and gender-specific 90th percen-
tiles for these fat depots in a healthy reference sample 
(139.4 cm3 in men and 119 cm3 in women for epicardial fat 
and 150.5 cm3 and 73.3 cm3 for paracardiac fat). Using these 
thresholds, 29.3% of men and 26.3% of women with coro-
nary artery disease had elevated epicardial fat volumes. In 
the two studies, a simple threshold of 100 mm3 for epicardial 
fat volume was used, and higher epicardial fat volumes were 
associated with a significantly higher coronary artery cal-
cium score and higher incidence of CAD [18, 23]. Cheng 
et al. used a threshold of 125 cm3 and reported that epicardial 
fat volumes above that threshold were found more frequently 
in baseline CT scans of asymptomatic patients experiencing 
MACE on follow-up [20]. Tamarappoo et al. used the same 
threshold when comparing patients with myocardial isch-
emia by SPECT to controls [24].

Beyond absolute epicardial fat measurements, several 
authors suggested to index the volume of epicardial adipose 
tissue to the body surface area. In a healthy asymptomatic 
population of 226 subjects, Shmilovich et  al. identified a 
value of 68.1  cm3/m2 as the 95th percentile threshold for 
abnormally high epicardial fat volume [25]. They could 
show that values exceeding this threshold predicted major 
adverse cardiovascular events, with a trend to add to standard 
coronary calcium scoring and Framingham risk score in pre-
dicting cardiovascular events. Furthermore, Lee et al. could 
show recently that percentage epicardial fat and total body 
fat showed the maximum area under the curve for predicting 
presence of coronary artery disease and superior discrimina-
tive performance compared to epicedial adipose tissue vol-
ume and other indexed parameters of EAT [26]. After 
adjustment for Framingham risk score and calcium score, 
%EAT >41% was a predictor of obstructive CAD (stenosis 

>50%) and %EAT >47% for severe CAD (stenosis >70%) 
Table 24.1.

 Function of Epicardial Fat

Epicardial fat not only serves as a mechanical buffer for car-
diac motion and coronary artery distension but also has 
direct metabolic and biochemical effects on the myocar-
dium and coronary vessels. The anatomical, embryological, 
and biochemical diversity of adipose tissue enclosed within 
the pericardial sac compared to other adipose tissues, such 
as paracardiac fat, subcutaneous fat, or visceral adipose tis-
sue, has triggered numerous hypotheses concerning specific 
metabolic properties of epicardial adipose tissue [13, 14]. 
Epicardial adipose tissue has greater capacity for release 
and uptake of free fatty acids than other visceral fat depots. 
Since free fatty acid oxidation is responsible for about 
50–70% of the energy production of the heart, epicardial fat 
has been proposed to function as a buffer to protect the heart 
against exposure to excessively high levels of free fatty 
acids and to provide energy for the myocardium [27]. 
Furthermore, convincing evidence has emerged confirming 
the fact that epicardial adipose tissue is metabolically active 
and serves as a source of several adipokines. This has led 
numerous authors to assume a direct local influence of epi-
cardial adipose tissue on the neighboring coronary arteries 
through paracrine and vasocrine mechanisms [13, 14]. This 
inherent endocrine potential includes the secretion of sev-
eral pro- and anti- inflammatory mediators and cytokines 
such as adiponectin, interleukin 6 (Il-6), and tumor necrosis 
factor (TNF) alpha [1, 28–35]. With increasing amounts of 
visceral fat, plasma levels of adiponectin decrease [36, 37], 
which in turn causes an increase in TNF alpha levels and 
hence to a local increase of inflammation [32]. The resulting 
imbalance of pro- and anti-inflammatory mediators as well 
as cytokines secreted by epicardial adipose tissue is thought 
to contribute to a local influence on the embedded coronary 
arteries [38].

Table 24.1 Summarizes different thresholds and binary cut-off used in literature for epicardial fat quantification

Cohort Threshold Outcome/reference
Thanassoulis et al. [10] (healthy reference 
sample, n = 3312)

139.4 cm3 for men, 119 cm3 for women Abnormally high epicardial fat volumes on the basis 
of age and gender-specific 90th percentiles

Iwasaki et al. [23] (n = 197)
Sarin et al. [18] (n = 151)

100 cm3 Higher incidence of CAD and higher calcium score

Cheng et al. [20] (n = 232) 125 cm3 MACE on follow-up
Tamarappoo et al. [24] (n = 219) 125 cm3 Ischemia on SPECT
Shmilovich et al. [25] (n = 458) 68 cm3/m2 95th percentile threshold for abnormally high 

epicardial fat volume, MACE on follow-up
Lee et al. [26] (n = 846) %EAT >41% (from total body fat) Obstructive CAD

24 The Many Uses of Epicardial Fat Measurements
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 Epicardial Fat and Cardiovascular Disease

 Coronary Atherosclerosis

Two lines of evidence support the “local effect” of epicardial 
adipose tissue on the coronary arteries and atherosclerosis 
affecting these vessels. First, the volume of epicardial adi-
pose tissue appears to be relatively independent from overall 
body adipose tissue but, like intra-abdominal visceral fat, 
shows an association to the presence and severity of athero-
sclerosis. Second, histopathological and immunohistochemi-
cal studies indicate specific patterns of mediator secretion by 
epicardial adipose tissue – but not by fatty tissue in remote 
locations – which correlate to atherosclerosis. In a landmark 
study, Mazurek et al. analyzed epicardial fat as well as sub-
cutaneous fat of the lower extremity in obese patients referred 
for coronary artery bypass grafting. They observed an 
increased expression and secretion of several inflammatory 
mediators as well as chronic inflammatory cell infiltration 
with macrophages, lymphocytes, and basophils in epicardial 
adipose tissue as compared to subcutaneous fat [30]. Along 
the same line, an increased expression of CD45 mRNA in the 
epicardial fat of subjects with coronary artery disease has 
been observed in other studies, with elevated macrophage 
infiltration [28] and an increase of mast cells in the adventitia 
of coronary lesions [1, 29]. Moreover, in an immunohisto-
chemical study by Konishi et al., more leucocyte common 
antigen (LCA)-positive cells were observed in pericoronary 
fat of autopsy cases with coronary artery disease compared 
to patients without coronary disease, suggesting inflamma-
tion of pericoronary fat in the former group [39]. Hirata et al. 
analyzed patterns of macrophage polarization in epicardial 
adipose tissue of patients with and without coronary artery 
disease (CAD) [40]. They observed a change of the ratio of 
M1/M2 macrophages with an abundance of the proinflam-
matory M1-polarized state in patients with CAD [40]. 
Interestingly, recently Uchida et  al. could show in a study 
using immunohistochemical techniques that pericoronary fat 
store oxidized low-density lipoproteins (oxLDL) as well as 
high-density lipoproteins (HDL), both being supplied either 
by CD 68 (+)- macrophages or through vasa vasorum with 
the balance between oxLDL and HDL influencing either 
plaque growth (more oxLDL) or plaque maturation (more 
HDL) [41].

Clinical observations support a potential direct and local 
effect of epicardial adipose tissue on the coronary arteries. In 
an intravascular ultrasound (IVUS) study, Prati et  al. sug-
gested a permissive role of epicardial adipose tissue on the 
positive remodeling of atherosclerotic plaques [42]. Some 
authors attribute the fact that coronary arteries within myo-
cardial bridges are typically spared from atherosclerosis to 
the lack of contact to epicardial fat, which may protect the 
arteries from developing atherosclerosis [43].

In a community-based sample of the Framingham Heart 
Study (n = 1155), Rosito et al. observed a significant asso-
ciation between epicardial fat, but not intrathoracic fat, 
with coronary artery calcification quantified by computed 
tomography (CT) after adjustment for visceral adipose tis-
sue and traditional cardiovascular risk factors [5]. 
Furthermore, Konishi et al. could show that epicardial fat 
volume measured in CT, but not waist circumference, was 
significantly associated with the presence of any coronary 
plaques, non- stenotic plaques confirmed by coronary angi-
ography, and non-calcified plaques [44]. Moreover, in a 
study of 214 consecutive patients referred for coronary CT 
angiography, Alexopoulos et  al. observed a significantly 
larger epicardial fat volume in patients with mixed or non-
calcified plaques compared to patients with calcified 
plaques or no plaques [15]. This relationship remained sig-
nificant after adjustment for traditional risk factors of coro-
nary artery disease as well as after indexing the epicardial 
fat volume to body surface area. In an analysis of 402 
patients with no prior known CAD, Rajani et al. found that 
epicardial adipose tissue volume was elevated in patients 
with calcified plaque, non- calcified plaque, and partially 
calcified plaque [45]. Furthermore in patients with non-
calcified plaque or partially calcified plaque, epicardial fat 
volume was found to be an independent predictor of coro-
nary stenosis ≥70% even after adjustment of conventional 
cardiovascular risk factors [45]. Interestingly, in a cross-
sectional study of 128 patients with angina undergoing 
invasive coronary angiography, Gorter et al. observed that 
the significant association between the severity of coronary 
atherosclerosis and epicardial as well as pericoronary fat 
volumes as determined by CT was limited to patients with 
a low body mass index [12]. The authors assume a potential 
role of insulin resistance in patients with high body mass 
index where higher systemic plasma levels of inflammatory 
cytokines accelerate atherogenesis, so that – in that case – 
there is little addition to the atherosclerotic process through 
the local production of adipocytokines in fat surrounding 
the coronary arteries. In a study by Wang et al., epicardial 
fat volume and the thickness of epicardial fat in the left 
atrioventricular groove were found to be associated with 
the presence and extent of coronary atherosclerosis as 
defined by four CT-based scores (severity score, extent 
score, calcium volume score, and number of coronary arter-
ies with ≥50% luminal stenosis) [46]. Interestingly, only 
epicardial fat thickness in the left atrioventricular groove, 
but not total epicardial fat volume, was significantly associ-
ated with all four parameters of coronary atherosclerosis – 
in a dose- dependent manner  – after adjustment for 
conventional risk factors, body mass index, waist circum-
ference, C-reactive protein, and intra-abdominal visceral 
fat area [46]. The authors concluded that measurement of 
epicardial fat thickness in the left atrioventricular groove 
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may be more predictive concerning atherogenic risk than 
measurements of the total epicardial fat volume. These data 
again support the concept that the influence of epicardial 
adipose tissue on coronary atherosclerosis may be spatially 
heterogeneous and potentially due to local influence in 
addition to or instead of a systemic effect. Along the same 
line, Mahabadi et al. showed in 78 patients and 311 coro-
nary segments that pericoronary fat as quantified by cardiac 
CT was associated with the presence of calcified or non-
calcified coronary lesions in coronary CT angiography. 
They could demonstrate a 2.5- fold increase of the likeli-
hood to detect plaque in the underlying coronary segment 
per each doubling of local pericoronary fat volume [1]. As 
a possible confounder of their observation, it is worth men-
tioning that, based on anatomical reasons, epicardial fat 
accumulations are typically more pronounced in some 
regions of the coronary artery tree, such as the proximal left 
anterior descending coronary artery. The same regions typi-
cally show the first signs of atherosclerosis, so that the 
association between atherosclerosis and local fat volume 
may be a coincidence as well as a causal relationship.

 Coronary Spasm

Owing to the metabolic activity of epicardial adipose tissue 
that potentially influences coronary artery morphology by 
playing a role in the initiation and aggravation of the process 
of atherosclerosis, evidence is also emerging supporting a 
possible effect of epicardial adipose tissue on coronary artery 
function. Ohyama et al. could show recently that coronary 
perivascular adipose tissue volume measured using CT was 
significantly higher in patients with vasospastic angina com-
pared to controls [47]. Furthermore, in 97 patients with sus-
pected coronary spastic angina who underwent ergonovine 
provocation testing, Ito et al. measured epicardial fat volume 
in CT data sets [48]. In 27 patients with coronary spasm 
(28%), epicardial fat volume and male gender were signifi-
cant predictors of coronary spasm. A threshold of 149.4 cm3 
epicardial fat volume was found to be the optimal threshold 
for identifying patient with coronary spasms (70% sensitiv-
ity, 76% specificity, AUC 0.76). These data support a poten-
tial role of epicardial fat in inducing endothelial 
dysfunction.

 Acute Coronary Syndromes

The association between epicardial fat and “vulnerable” 
plaque features potentially leading to acute coronary syn-
dromes (ACS) and future events have been examined in sev-
eral patient cohorts. Oka et  al. assessed coronary plaque 
components and epicardial fat volume in 357 patients 

referred for 64-slice CT [49]. They found that a high epicar-
dial fat volume (above 100 cm3) was associated with vulner-
able plaque components (non-calcified plaque, low-density 
plaque, and positive remodeling) independent of obesity 
measurements (BMI and visceral adipose tissue) as well as 
coronary calcium score. Furthermore, Ito et  al. measured 
epicardial adipose tissue in 1308 consecutive symptomatic 
patients with a zero calcium score [50]. Significant coronary 
stenoses were present in 7% of the patients, and CT features 
of vulnerable plaques, specifically positively remodeled 
plaques with a mean density <30 HU, were found in 5% of 
the patients. Volume of epicardial adipose tissue was signifi-
cantly larger both in patients with significant coronary steno-
ses (mean 124.3 ± 43.2 cm3) and in patients with CT features 
of vulnerable plaques (mean 133.0 ± 40.2 cm3) as compared 
to controls (mean 95.1 ± 40.3 cm3). In multivariate analysis, 
epicardial adipose tissue was found to be a predictor for both 
significant coronary stenoses and CT features of vulnerable 
plaque. In an earlier study of patients who underwent both 
CT and intracoronary optical coherence tomography (OCT), 
the same authors showed that patients in the highest tertile of 
epicardial adipose tissue (>130.7 cm3) were more likely to 
display thin-capped fibroatheroma in OCT [51]. Harada 
et al. measured epicardial adipose tissue volume using CT in 
80 patients hospitalized for acute coronary syndromes 
(ST-segment elevation and non-ST-segment elevation infarc-
tions) in comparison to 90 outpatient controls with suspected 
acute coronary syndrome but in whom CT results were 
 normal [52]. Epicardial fat volume was significantly higher 
in patients with acute coronary syndromes, and a cutoff value 
of 100  ml was found to be independently associated with 
ACS in the multivariate analysis. Recently, in 467 patients 
enrolled in the ROMICAT II trial, indexed epicardial adipose 
tissue volume was significantly associated with high-risk 
plaque features even after adjustment for cardiovascular risk 
factors, coronary artery calcium score, and obstructive coro-
nary artery disease [53].

 Myocardial Ischemia

Earlier studies have investigated the relationship between 
epicardial fat and inducible myocardial ischemia in SPECT 
and uniformly report epicardial fat to be associated with an 
increased likelihood of myocardial perfusion defects [24, 
54]. Interestingly in a recent study of 396 consecutive 
patients undergoing SPECT perfusion imaging, regional 
thickness, cross-sectional areas, and total epicardial fat vol-
ume were quantified using CT.  In this study the authors 
could demonstrate increased regional epicardial fat in 
patients with reversible perfusion defect compared to 
patients with normal perfusion or myocardial scars (fixed 
defects) [55].

24 The Many Uses of Epicardial Fat Measurements



290

 Coronary Artery Disease Progression

Regarding the influence of epicardial adipose tissue on coro-
nary artery progression, Nakanishi et  al. could show that 
increase in epicardial fat volume is associated with greater 
progression of coronary artery calcification in intermediate- 
risk subjects [56]. Moreover, Yerramasu et al. performed a 
follow-up study of 333 asymptomatic diabetics referred for a 
repeat coronary calcium scan at a mean interval of 2.7 years. 
They observed that epicardial fat volume was an independent 
predictor for the presence and severity of coronary artery cal-
cification in the baseline scan as well as coronary calcium 
progression during follow-up [57]. In a long-term CT fol-
low- up study of asymptomatic individual without prior his-
tory of coronary artery disease (median 65 months), Hwang 
et  al. observed new development of non-calcified plaque 
with higher indexed epicardial fat volume at baseline CT 
(79.9 ± 30.3 cm3/m2) compared to patients with no plaque 
(62.5  ±  24.7  cm3/m2) or newly developed calcified plaque 
(63.7 ± 22.7 cm3/m2) [58].

 Cardiovascular Outcome

Patient-based cross-sectional analyses provided the first 
reports of an association between epicardial adipose tissue 
and prevalent cardiovascular disease. In 2001, Taguchi et al. 
described an association of epicardial fat determined by car-
diac computed tomography, with the presence of CAD in 
251 Japanese men [6]. Consecutively, investigators of the 
Framingham Heart Study described increased epicardial adi-
pose tissue volumes in subjects with prevalent CAD in a 
cross-sectional analysis in 1267 subjects from the Offspring 
cohort [10]. Intrathoracic fat, which was defined as fat inside 
the thorax but outside the pericardial sac, showed no associa-
tion with cardiac events. While associations of epicardial 
adipose tissue with CAD were independent of age and gen-
der as well as BMI and waist circumference, no significant 
association was found after adjusting for traditional cardio-
vascular risk factors.

For risk stratification purposes, prospective follow-up 
studies provide more accurate evidence compared to cross- 
sectional studies. Several prospective analyses have become 
available for epicardial adipose tissue. In a case-cohort study 
based on the Multi-Ethnic Study of Atherosclerosis (MESA), 
intrathoracic fat volume was quantified in the baseline CT of 
972 randomly selected individuals with no incident coronary 
artery disease and compared to the intrathoracic fat volume 
of 147 MESA participants who developed incident coronary 
heart disease (myocardial infarction, resuscitated cardiac 
arrest, angina or fatal coronary heart disease) during 

follow- up [59]. In unadjusted analysis, and even after adjust-
ment for cardiovascular risk factors, intrathoracic fat vol-
ume, but not BMI, was associated with the risk of coronary 
heart disease. More recently, Cheng et  al. confirmed these 
results in a case- control study based on a registry of 2751 
asymptomatic individuals and a 4-year follow-up for major 
adverse cardiovascular events (MACE), comparing 58 
patients with MACE to 174 event-free controls matched for 
age, risk factors, and coronary calcium score [20]. In this 
analysis, significantly higher mean epicardial and intratho-
racic fat volumes were observed in patients experiencing 
MACE compared to controls. In agreement with the findings 
of the Framingham investigators, adding epicardial fat vol-
ume and not intrathoracic fat to the coronary calcium score 
and Framingham risk score improved specificity and overall 
accuracy in predicting MACE, which supports the hypothe-
sis of a local influence of epicardial adipose tissue on disease 
development.

In 2013, investigators of the Heinz Nixdorf Recall Study 
reported the association of epicardial fat volume, quantified 
from cardiac CT, with incident myocardial infarction in a 
European, population-based random cohort [60]. The asso-
ciation of epicardial adipose tissue with coronary events was 
independent of traditional cardiovascular risk factors and 
remained statistically significant even after further adjust-
ment for the coronary calcium score. This finding was partly 
explained by a stronger correlation between epicardial adi-
pose tissue and incident events in subjects with low or no 
coronary calcium. This led the authors to conclude that 
 quantification of epicardial adipose tissue from cardiac CT 
may complement prognostic information above coronary 
calcium scoring. In a population of subjects with acute chest 
pain, however, Forouzandeh et al. found an additional prog-
nostic value of epicardial adipose tissue over coronary cal-
cium only in subjects with calcium scores >400 [61]. In a 
recent review of 9 studies assessing the prognostic value of 
epicardial fat volume including 10,252 patients, the majority 
of the studies suggested that epicardial fat volume is associ-
ated with clinical outcomes and provides incremental prog-
nostic value to coronary artery calcium scoring [62]. In this 
review, the authors observed different thresholds and aggre-
gates of epicardial fat volume used in different studies which 
renders comparisons between different cohorts difficult. 
More recently, Oikonomou et al. [63] assessd a novel imag-
ing biomarker  – the so-called perivascular fat attenuation 
index – in two large clincal cohorts from Europe and North 
America [63]. This index traces spacial changes of pericoro-
nary fat attenuation on coronary CT angiography secondary 
to coronary inflammation. In 3912 patients from the deriva-
tion and validation cohort, the perivascular fat attenuation 
index around the right coronary artery and the left anterior 
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descending coronary artery were predictive of all-cause and 
cardiac mortality in a median follow-up of 72 months and 54 
months for both cohorts, respectively. These data may poten-
tially help tailoring and intensifying preventive measures in 
patients deemed to be at high risk of cardiovascular events.

 Epicardial Fat and Non-atherosclerotic 
Cardiovascular Disease

Interestingly the association of epicardial adipose tissue to 
cardiac disease is not limited to coronary atherosclerosis. A 
number of studies have shown associations of epicardial fat 
with non-coronary heart disease. Several studies indicated a 
link between epicardial adipose tissue and atrial fibrillation 
which was suggested to be mediated by the inflammatory 
effects of epicardial fat. Al Chekakie et al. reported higher 
epicardial adipose tissue volume in subjects with atrial 
fibrillation compared to subjects with sinus rhythm, and 
subjects with persistent atrial fibrillation had even higher fat 
volume than subjects with paroxysmal atrial fibrillation [7]. 
Wong et  al. quantified periatrial, periventricular, and total 
epicardial fat volume in 110 patients undergoing first-time 
ablation of atrial fibrillation compared to 20 controls in 
sinus rhythm. They found a significant association between 
epicardial fat volume and left atrial volumes, the presence 
and severity of atrial fibrillation, and poorer outcome after 
ablation [64]. These data support a potential local effect of 
adipose tissue as a trigger for atrial fibrillation. Framingham 
investigators also described a cross-sectional association of 
epicardial adipose tissue with atrial fibrillation, independent 
of age, gender, hypertension, and BMI in over 3000 subjects 
[65]. However, it has to be acknowledged that longitudinal 
analyses of the role of epicardial adipose tissue regarding 
the prediction of future atrial fibrillation are lacking. 
Furthermore, Fox et  al. described a significant correlation 
between epicardial fat – quantified by CT – and left atrial 
dimension, which by itself is a strong predictor of atrial 
fibrillation [4].

A potential lipotoxic effect of epicardial adipose tissue on 
left ventricular function has been suggested in the literature. 
However, an analysis in participants from the Framingham 
Heart Study failed to confirm a correlation of epicardial adi-
pose tissue volume and magnetic resonance measures of left 
ventricular structure or function, independent of general adi-
posity [4]. In a study in 110 patients from a health screening 
program without prevalent CAD, Cavalcante et al. described 
a significant association of EAT with e′ and E/e′ additionally 
to LA size, suggesting that epicardial adipose tissue may be 
associated with diastolic dysfunction [9]. Further studies are 
needed to confirm these results and establish potential mech-

anisms for the link of epicardial adipose tissue with mea-
sures of left ventricular size and function.

 Conflicting Evidence

Besides the large body of evidence supporting an association 
between epicardial fat and coronary artery disease, several 
studies observed conflicting evidence concerning a causal 
association between epicardial fat and CAD. In 380 patients 
enrolled in the CORE320 trial who underwent coronary CT 
angiography, myocardial perfusion imaging, and clinically 
driven invasive angiography, no association was found 
between epicardial fat volume and presence, severity of cor-
onary artery disease, and myocardial perfusion abnormali-
ties [66]. Similarly, in 557 subjects enrolled in the 
Cardiovascular Risk in Young Finns Study, associations of 
coronary heart disease risk markers with epicardial fat vol-
ume were attenuated after multivariable adjustment with no 
evidence of increased EFV being independently associated 
with pre-clinical atherosclerosis [67]. On the same line, 
Romijn et al., in a study of 122 patients who underwent non- 
contrast- enhanced CT for quantification of coronary artery 
calcium and epicardial fat volume as well as invasive angiog-
raphy with fractional flow reserve measurements, could not 
demonstrate an incremental value of epicardial fat volume 
beyond coronary artery calcium score and traditional risk 
factors for detection of hemodynamically significant coro-
nary artery disease [68].

 Summary

In summary, the accumulating evidence over the last years 
strongly suggests a potential causal relationship between the 
metabolic and paracrine characteristics of epicardial adipose 
tissue and cardiovascular disease. Computed tomography is 
the most accurate imaging method to quantify epicardial adi-
pose tissue. Low-dose, non-contrast acquisitions could 
potentially be performed specifically to quantify epicardial 
fat. In addition, the information on individual volume and 
distribution of epicardial adipose tissue comes for free with 
the increasing numbers of clinically driven cardiac and coro-
nary CT examinations. Several limitations must be consid-
ered: First of all, there may a coincidental co-localization of 
higher amounts of perivascular adipose tissue and the typical 
predilection sites of coronary atherosclerotic lesions or vul-
nerable plaque (such as the proximal left anterior descending 
coronary artery). Second, the best “threshold” to identify 
abnormally elevated epicardial fat volumes, probably some-
where around 100–125 cm3, has not yet been identified, and 
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third, no data is available that would permit to base treatment 
decisions – specifically, intensification or withholding of risk 
modifying measures – on the individually determined vol-
ume of epicardial adipose tissue. All the same, epicardial fat 
clearly seems to be more than just a substance to fill empty 
space, and further prospective investigations will serve to 
clarify its intriguing association with coronary artery disease 
and other cardiac disorders.

Further prospective studies are needed to determine age- 
and gender-specific reference values to help clinicians inter-
pret individual epicardial fat volumes regarding their 
association with cardiovascular risk and to potentially iden-
tify symptomatic and asymptomatic subjects at increased 
risk who require more intensive risk factor modification.
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Nonatherosclerotic Coronary Artery 
Disease

Toru Sakuma, Kotaro Ouchi, and Kunihiko Fukuda

Atherosclerotic coronary artery disease (CAD) is not appar-
ent in coronary angiography or necropsy in approximately 
4–7% of all patients with acute myocardial infarction (AMI) 
[1]. Showing only the lumina of arteries, conventional coro-
nary angiography offers very low specificity for diagnosing 
CAD etiology. However, the temporal and spatial resolution 
of coronary angiography using computed tomography (CT) 
allows depiction of the vessel wall and adjacent tissue as 
well as the arterial lumen that permits the safe and noninva-
sive detection of various disease manifestations of both non-
atherosclerotic and atherosclerotic CAD.

Nonatherosclerotic CAD is rare but can result in severe 
and life-threatening complications, including coronary artery 
aneurysm, spasm, dissection, stenosis, and intraluminal 
thrombosis, that may occur in very young patients and are 
often silent in the early stages of disease. Accurate diagnosis 
and proper patient management require that clinicians recog-
nize CT findings associated with the various manifestations 
of nonatherosclerotic CAD.

We present an overview that includes the pathophysiol-
ogy, etiology, and findings on coronary CT angiography of 
coronary artery spasm, dissection, and vasculitis as well as 
immune-mediated conditions and lymphoproliferative disor-
der – information that is clinically useful and that can facili-
tate accurate diagnosis and treatment.

 Coronary Artery Spasm

In 1959, Prinzmetal et al. [2] described what they termed a 
variant form of classic angina pectoris that occurred at rest, 
was associated with elevation of the ST segment on electro-
cardiography (ECG), and was not induced by exertion. In the 

early 1970s, coronary angiography demonstrated spasms of 
the epicardial coronary artery during such an attack [3]. We 
now know that coronary artery spasm can lead to arrhyth-
mias and various myocardial ischemic diseases, including 
the variant angina, which is now described as vasospastic 
angina, as well as acute coronary syndrome (ACS), acute 
myocardial infarction, and sudden death [4, 5]. Coronary 
artery spasm is considered a disease of middle- to old-aged 
men and postmenopausal women [6]; premenopausal women 
benefit from the protective effects of estrogen on dilator 
response in coronary arteries [7].

A recent survey in Japan showed coronary artery spasm in 
40.9% of consecutive patients with angina pectoris who 
underwent coronary angiography [8]. The prominent risk 
factors for such spasm are age, smoking, and presence in the 
plasma of high sensitivity C-reactive protein (hsCRP) and 
remnant lipoproteins, and the rate of smoking is significantly 
higher among patients with coronary spastic angina than 
those with stable effort angina [9]. The exact mechanisms of 
coronary artery spasm remain unknown and may be related 
to endothelial dysfunction, polymorphisms of the eNOS 
gene, oxidative stress, chronic low-grade inflammation, 
hypercontractility of the coronary smooth muscle, and mag-
nesium deficiency [10].

Coronary artery spasm can be reliably diagnosed by prov-
ocation test using ergonovine or acetylcholine during coro-
nary angiography, but the test is invasive and can induce 
severe myocardial ischemia or arrhythmia [11]. As a nonin-
vasive alternative, coronary CT angiography can depict 
abnormalities of the coronary arteries, but its use does not 
guarantee visualization of the spasm, which is temporary and 
rarely occurs during the daytime, and imaging follows sub-
lingual administration of nitroglycerine to dilate the coro-
nary arteries. Nevertheless, Ito’s group [12] reported the 
utility of coronary CT angiography to predict coronary artery 
spasm, observing noncalcified plaques with intermediate 
attenuation and negative remodeling of the vessel diameter at 
spasm sites (Fig. 25.1). Male patients with these  characteristic 
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plaques should be given medication to prevent coronary 
artery spasm and/or undergo provocation testing to prevent 
fatal cardiac events. A pilot study by Kang and colleagues 
[13] demonstrated the safety and feasibility of a protocol 
using double-acquisition coronary CT angiography with and 
without intravenous infusion of nitrate as a noninvasive 
means of depicting vasospastic angina, yielding moderate 
sensitivity (73%) and high specificity (100%). Nonetheless, 
sensitivity remained insufficient to rule out vasospastic 
angina without the provocation test.

 Coronary Artery Dissection

Coronary artery dissection has been categorized as either pri-
mary, that is, occurring spontaneously, or secondary, occur-
ring after coronary angiography, coronary intervention, 
cardiac surgery, trauma, or dissection of the aortic root. 
Spontaneous coronary artery dissection (SCAD) is defined 
as an idiopathic separation of the coronary arterial wall by 
intramural hemorrhage that creates a false lumen with or 
without intimal tear. If the separation occurs in the media, 

a

b

c d

Fig. 25.1 Coronary computed tomography angiography in a 53-year- 
old man with chest pain at rest in the morning and suspected vaso-
spastic angina. Stretched multiplanar reconstruction (MPR) image 
(a), curved MPR image (c) of the left circumflex artery (LCX), and 
angiographic view of the left coronary artery (d) demonstrate  stenosis 

at the middle of the LCX. Cross-sectional images (b) at the middle of 
the LCX show noncalcified plaque with negative remodeling (white 
arrow). This patient was diagnosed with coronary artery spasm using 
the provocation test
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the resulting intramural hematoma or enlarged false lumen 
compresses the true arterial lumen, thereby compromising 
blood flow of the coronary artery, and may cause chest pain, 
subsequent myocardial ischemia, infarction, acute coronary 
syndrome, ventricular fibrillation, or sudden death. SCAD is 
atherosclerotic or nonatherosclerotic. Predisposing factors of 
the nonatherosclerotic type include peripartum state, con-
nective tissue disorders, coronary artery spasm, fibromuscu-
lar dysplasia, and systemic inflammatory diseases [14].

In 1931, Pretty [15] first reported the discovery of SCAD 
at autopsy in a 42-year-old woman who had died suddenly, 
and Forker’s team [16] reported the first angiographic diag-
nosis in 1973. SCAD has been reported in an estimated 
0.07–1.1% of patients undergoing coronary angiography 
[17], with higher prevalence (3–4%) among patients with 
acute coronary syndrome than those with stable symptoms 
(0.3%) and even higher prevalence (8.7%) among women 
younger than 50 years with ACS [18].

Though coronary angiography is most widely used to 
diagnose SCAD, the inability of conventional coronary angi-
ography to depict abnormalities of the arterial wall can pre-
vent definitive diagnosis. Thus, the appearance of multiple 
lumina on conventional coronary angiography demonstrates 
medial dissection with intimal tear, but stenosis or occlusion 
of the lumina caused by the dissecting medial hematoma fol-
lowing rupture of the vasa vasorum can be mistaken for ste-
nosis or occlusion due to atherosclerosis. In this setting, 
intravascular ultrasound (IVUS) or optical coherence tomog-
raphy (OCT) provides more detailed information about the 
coronary lumen and vessel wall of the lesion of SCAD [19, 
20]. Coronary CT angiography may also be useful in the 

diagnosis and assessment of SCAD because it allows direct 
visualization of the coronary wall as well as the arterial 
lumen without the use of invasive methods like IVUS or 
OCT (Fig. 25.2).

A large prospective study by Tweet and colleagues [21] 
suggests initial conservative management as a reasonable 
strategy for patients with SCAD. Those authors observed a 
10-year rate of recurrence after a primary SCAD event of 
29.4%, with the median time to a second episode of 2.8 years 
(range, 3 days–12 years), and a 10-year rate of major adverse 
cardiac events (death, recurrent SCAD, myocardial infarc-
tion, and congestive heart failure) of 47.4% [21]. Although 
SCAD demonstrates favorable long-term survival, the rate of 
associated major adverse events is high, and its recurrence is 
unpredictable. Its management therefore requires both close 
and long-term follow-up [22]. Noninvasive coronary CT 
angiography may be the optimal imaging method for the 
follow-up of patients with SCAD who are initially managed 
conservatively.

 Takayasu Arteritis

Takayasu arteritis (TAK) is an idiopathic systemic granulo-
matous vasculitis that involves medium and large arteries 
and is especially prominent in the aortic arch and subclavian 
and carotid arteries. Mikito Takayasu first described the dis-
ease in 1905, when he presented the case of a 21-year-old 
woman with arteriovenous anastomosis surrounding the 
papilla of the eyeground. The 2012 revision of the 
Nomenclature of Vasculitides of the International Chapel 

Fig. 25.2 Coronary 
computed tomography 
angiography in a 70-year-old 
man with chest pain during 
walking and suspected effort 
angina. Electrocardiography- 
gated reconstruction images 
of the right coronary artery 
(RCA) show dual channels 
and the intimal flap in the 
coronary lumen (arrowheads), 
which represent spontaneous 
coronary artery dissection 
(SCAD). The middle part of 
the SCAD shows aneurysmal 
dilatation with the 
thrombosed false lumen and 
narrowed true lumen (white 
arrow)
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Hill Consensus Conference (CHCC) now categorizes TAK 
along with giant cell arteritis (GCA) as a vasculitis of large 
vessels (LVV), defining it as arteritis that is often granuloma-
tous and that predominantly affects the aorta and/or its major 
branches [23]. Onset usually occurs in patients younger than 
age 50 but has been observed in older patients. Reported all 
over the world, TAK is seen more often in Japan, Southeast 
Asia, Korea, India, China, and Mexico than in the United 
States and Europe [24]. Its annual incidence is relatively 
similar in different countries and ranges from 0.4 to 2.6 cases 
per million in the population [25]. The highest rate is 40 
cases per million in the Japanese population. Patients with 
TAK are predominantly female (82.9–97.0%) and most com-
monly young women.

Cardiac manifestations of TAK include myocarditis, val-
vular regurgitation, and coronary involvement that may lead 
to myocardial infarction, heart failure, or sudden death [26–
28]. As minor diagnostic criteria of TAK, Ishikawa included 
annuloaortic ectasia with aortic regurgitation in 1988 [29], 
and Sharma’s group added the presence of a coronary artery 
lesion in the absence of risk factors in patients under age 
30 in 1995 [30].

Conventional coronary angiography reveals coronary 
artery disease in approximately 10–30% of cases [27, 31, 
32]. In contrast, CT angiography can show abnormalities of 
the vascular wall as well as luminal information and has been 
reported to depict coronary involvement in 53.2% of patients 
with TAK regardless of symptoms and disease activity [24]. 
An autopsy study of patients with TAK highlighted three 
abnormal conditions of the coronary artery  – stenosis or 
occlusion of the ostia, diffuse or focal coronary arteritis, and 

coronary aneurysm [33]. Coronary ostial stenosis in patients 
with TAK is attributed to the extension of the active inflam-
matory process from the ascending aorta with thickening and 
enhancement of the arterial wall in the early and active dis-
ease phases (Fig. 25.3). In the later and chronic phases, pro-
longed inflammation of the coronary vessels may produce 
diffuse or focal stenosis and the formation of aneurysms 
(Fig. 25.4). Kang and colleagues [24] observed a lower inci-
dence of non-ostial coronary arterial stenosis in patients with 
active disease.

 Kawasaki Disease

Kawasaki disease (KD) is an acute febrile illness that causes 
mucosal inflammation, skin rash, and cervical lymphade-
nopathy, is most often recognized in children younger than 
4  years of age, and is of unknown etiology. Dr. Tomisaku 
Kawasaki described the disease first in the Japanese litera-
ture in 1967 [34] and then in English in 1974 [35]. KD pro-
duces systemic vasculitis that is most severe in medium-sized 
arteries and especially prominent in the coronary arteries. 
The 2012 CHCC nomenclature now categorizes KD along 
with polyarteritis nodosa (PAN) as a vasculitis of medium 
vessels (MVV), defining it as arteritis associated with muco-
cutaneous lymph node syndrome that predominantly affects 
medium and small arteries. The disease often involves the 
coronary arteries, may involve the aorta and large arteries, 
and usually occurs in infants and young children [23].

There is no specific test to identify the presence of KD, so 
it is diagnosed according to the guidelines of the American 

a bFig. 25.3 Coronary 
computed tomography 
angiography in a 29-year-old 
woman with active-phase 
Takayasu arteritis. (a) Axial 
image depicts marked wall 
thickening of the ascending 
aorta (arrowheads). (b) 
Cross-sectional multiplanar 
reconstruction image of the 
root of the ascending aorta 
demonstrates constriction of 
the left main trunk (white 
arrow) passing through the 
thickened wall of the sinus of 
Valsalva
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Heart Association/American Academy of Pediatrics [36] and 
JCS Joint Working Group [37]. When coronary aneurysm is 
recognized on transthoracic echocardiography or coronary 
angiography (CAG) in patients with fever of at least 5 days’ 
duration, KD can be diagnosed by the observation of four of 
its five principal clinical features – changes in the extremi-
ties, polymorphous exanthem, bilateral bulbar conjunctival 
injection without exudate, changes in the lips and oral cavity, 
and cervical lymphadenopathy [36]. Associated morbidity 
and mortality may be considerable, mostly resulting from 
myocardial involvement and such coronary artery complica-
tions as aneurysm, calcification, and stenosis. KD is a lead-
ing cause of acquired heart disease in children in the United 
States as well as Japan [38].

Prevention of these cardiac abnormalities is the primary 
goal of its treatment. Though high-dose intravenous immu-
noglobulin (IVIG) has been administered as the standard 
therapy in the acute phase of KD, failure of this treatment has 
been shown in 20.3% of patients, and these patients are at 
high risk to develop coronary artery complications, particu-
larly aneurysm [39]. A second infusion of IVIG and inflix-
imab is currently used as a follow-up treatment in this group 
of initial nonresponders.

Orenstein’s team [40] reported three linked vasculopathic 
processes in the arterial wall – necrotizing arteritis, subacute/
chronic arteritis, and luminal myofibroblastic proliferation 
(LMP). Necrosis of the vessel wall in response to the infiltra-
tion of neutrophils contributes to aneurysmal formation in 
the coronary arteries in the acute phase of KD, and in the late 
phase, LMP narrows the lumina of the arteries [41]. 
Echocardiography is employed for the initial evaluation and 
follow-up of lesions of the coronary arteries in KD because 
it is considered to be the most useful and essential method to 
evaluate coronary aneurysms. However, as the child grows, 
visualization of the coronary arteries becomes progressively 
more difficult by transthoracic echocardiography. Evaluation 
of aneurysms also becomes more difficult as wall calcifica-
tion and luminal narrowing progress. For these reasons, cor-
onary CT angiography is the primary modality used in the 
lifelong surveillance of the coronary arteries.

Medium and giant aneurysms are often associated with 
thrombotic occlusion in the relatively early stage of KD, but 
neovascularization can occur. Such development of new ves-
sels has been reported in 15% of patients with coronary 
artery lesions and on the right coronary artery in 90% of 
these cases [42] (Fig. 25.5). In addition, localized stenosis, 

a b

Fig. 25.4 Computed tomography angiography of the thoracic and 
abdominal aorta in a 72-year-old woman with chronic-phase Takayasu 
arteritis. (a) Coronal image of the chest shows a large coronary artery 
aneurysm (white arrow) in the left main trunk to the proximal left ante-
rior descending artery. Severe calcification is noted in the aortic arch, 
and dilated collateral arteries are seen in the right lateral chest wall. (b) 

Sagittal image of the thoracic and abdominal aorta also shows a large 
aneurysm (arrowhead) in the distal right coronary artery. Severe calcifi-
cation of the thoracic and abdominal aorta, aneurysmal dilatation of the 
ascending aorta, and narrowing of the descending and abdominal aorta 
are also noted with occlusion of the left common carotid and subclavian 
arteries
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particularly at the entrance or exit of an aneurysm, developed 
in 4.7–12% of patients with coronary artery lesions between 
10 and 20  years after onset (Fig.  25.6), and findings of a 
Japanese multicenter survey reported by Suzuki’s group [43] 
showed that half of patients with giant aneurysms underwent 
coronary artery bypass grafting (CABG). Coronary CT angi-
ography is also thought to be a promising noninvasive alter-
native for the assessment of the patency of bypass grafts or 
residual aneurysms and stenosis.

 Immunoglobulin G4-Related Disease  
(IgG4- Related Disease)

IgG4-related disease is a recently recognized multi-organ, 
immune-mediated condition characterized by a high concen-
tration of IgG4-positive plasma cells in the site of disease 
with or without elevation of the serum level of IgG4. 
Kamisawa and associates [44, 45] first recognized IgG4- 
related disease as a systemic disorder in 2003, noting 

a

b

c d

Fig. 25.5 Coronary computed tomography angiography in a 32-year- 
old man with Kawasaki disease. Stretched multiplanar reconstruction 
(MPR) image (a), curved MPR image (c), and volume-rendering image 
(d) of the right coronary artery show a giant aneurysm in its proximal 

part. Cross-sectional images (b) show multiple channels (white arrow) 
in the coronary lumen, which represent recanalization of the throm-
bosed aneurysm
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 extrapancreatic features in patients with autoimmune pan-
creatitis. In Japan, the overall prevalence of IgG4-related 
autoimmune pancreatitis has been estimated as 2.2 cases per 
100,000  in the population [46]. Because it affects multiple 
organs in addition to the pancreas, its true prevalence is 
unclear and may be underestimated. A national study of 
autoimmune pancreatitis in Japan [47] showed a greater 
prevalence of IgG4-related disease among middle- to old-
aged men and greater prevalence in male than female patients 
in a ratio of 2.8 to 1. However, no male predilection is noted 
in the head and neck lesions. IgG4-related disease has been 
described in multiple organs  – the biliary tree, salivary 
glands, periorbital tissues, kidneys, lungs, lymph nodes, 
meninges, aorta, breast, prostate, thyroid, pericardium, and 
skin. It is also now known to comprise many and various 
conditions, including autoimmune pancreatitis, eosinophilic 
angiocentric fibrosis, fibrosing mediastinitis, hypertrophic 
pachymeningitis, idiopathic hypocomplementemic tubuloin-
terstitial nephritis with extensive tubulointerstitial deposits, 
inflammatory pseudotumor, Küttner’s tumor (chronic scle-
rosing sialadenitis), Mikulicz syndrome, multifocal fibro-
sclerosis, periaortitis and periarteritis, inflammatory aortic 
aneurysm, retroperitoneal fibrosis, Riedel’s thyroiditis, and 
sclerosing mesenteritis [48]. In the late phases after the 
administration of contrast material on CT, arterial lesions, 
including inflammatory aneurysm, retroperitoneal fibrosis, 

Fig. 25.6 Coronary computed tomography angiography in a 
36-year- old man with Kawasaki disease. Short-axis multiplanar 
reconstruction image shows a giant aneurysm (25 mm in diameter) 
in the proximal right coronary artery. The entrance of the aneurysm 
(white arrow) is occluded, and the aneurysm is thrombosed com-
pletely. Giant aneurysms are also detected in the proximal left ante-
rior descending artery, which is patent, and the proximal left 
circumflex artery, which also remains patent despite the large 
thrombosis

a bFig. 25.7 Coronary 
computed tomography 
angiography in a 70-year-old 
man with suspected 
immunoglobulin G4-related 
disease. Long-axis 
multiplanar reconstruction 
image (a) and axial image (b) 
of the proximal right coronary 
artery (RCA) show 
periarterial disease (white 
arrow) of the soft tissue 
density that causes narrowing 
of the RCA
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periaortitis, and periarteritis, have shown homogeneous wall 
thickening and enhancement [49]. In contrast to the vasculi-
tis of large vessels – giant cell and Takayasu arteritis – that 
affects the aortic branches, especially the subclavian arteries, 
IgG4-related disease often avoids these vessels. Several 
recent studies have suggested its association with such coro-
nary artery diseases as coronary aneurysm, periarterial pseu-
dotumor (Fig. 25.7), wall calcification, and intimal thickening 
[50–52]. However, the coronary artery abnormalities of 
IgG4-related disease have not been fully revealed, and their 
incidence remains unclear. IgG4-related disease has also 

been associated with malignant tumor [53]. We must be 
aware that the pseudotumor of IgG4-related disease resem-
bles the invasion of malignant lymphoma around the coro-
nary artery [54] (Fig. 25.8).

 Chronic Active Epstein-Barr Virus Infection

Epstein, Achong, and Barr first discovered the Epstein-Barr 
virus (EBV) in 1964 within cells cultured from Burkitt’s 
lymphoma tissue [55]. EBV is a herpes virus that infects 
over 90% of humans and persists throughout life. Primary 
EBV infection usually occurs in infants and children and is 
generally asymptomatic or shows nonspecific symptoms. 
Infections in adolescents and adults frequently result in 
infectious mononucleosis [56]. EBV directly infects resting 
B cells of the oropharynx via oral secretions [57]. The infec-
tion is controlled by cellular and humoral immune response, 
but the virus persists in the resting memory B cells [58]. 
Patients with congenital or acquired immunodeficiency have 
impaired cellular immunity and are unable to regulate the 
proliferation of EBV-infected B cells. Their EBV infections 
result in infectious mononucleosis and localized or dissemi-
nated lymphoproliferative disease involving the lymph 
nodes, liver, lung, kidney, bone marrow, central nervous sys-
tem, or small intestine [59]. In response to unknown signals, 
memory B cells may express uncontrolled growth that leads 
to the development of such tumors as nasopharyngeal carci-
noma, Burkitt’s lymphoma, and Hodgkin’s lymphoma, as 
well as other cancers [57].

CAEBV demonstrates the clonal expansion of EBV- 
infected T or natural killer cells. Clinically, patients with 
CAEBV show persistent and recurrent symptoms that 

Fig. 25.8 Computed tomography of the chest in a 77-year-old woman 
with diffuse large B-cell lymphoma reveals a recurrent tumor (white 
arrow) of the soft tissue density around the calcified right coronary 
artery. It is sometimes difficult to distinguish immunoglobulin 
G4-related disease of the coronary artery from malignant lymphoma of 
the heart

a bFig. 25.9 Coronary 
computed tomography 
angiography in a 37-year-old 
man with chronic active 
Epstein-Barr virus infection. 
Volume-rendering image (a) 
and short-axis multiplanar 
reconstruction image (b) 
show diffuse and 
inhomogeneous dilatation of 
the coronary arteries. The 
anomalous origin of the right 
coronary artery is also 
depicted
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 resemble those of infectious mononucleosis, including fever, 
lymphadenopathy, and hepatosplenomegaly, and they expe-
rience many other complications, such as hematological, 
digestive tract, neurological, pulmonary, ocular, dermal, and/
or cardiovascular disorders (including aneurysm and valvu-
lar disease) [60].

First described by Virelizier’s group [61] in 1978, CAEBV 
is now recognized as not only an infectious disease but also 
as one of the EBV-associated T- and NK-cell 
 lymphoproliferative disorders. Okano and associates [62] 
proposed a guideline for diagnosing CAEBV in 2005. 
Patients with CAEBV commonly experience cardiovascular 
complications because the EBV-infected cells infiltrate the 
vascular wall and induce vasculitis, and aneurysm of the 
coronary artery or sinus of Valsalva has been reported [63, 
64]. Muneuchi’s group [65] reported cardiovascular disease 
in 60% of patients with CAEBV, which included coronary 
artery aneurysm (Fig. 25.9), myocarditis, large-vessel arteri-
tis (Fig. 25.10), pulmonary artery hypertension, pericardial 
effusion, decreased cardiac function, and complete atrioven-
tricular block, and Kimura and colleagues [66] reported cor-
onary artery aneurysm and myocarditis as the complications 
with the poorest prognoses.

 Summary

Nonatherosclerotic CAD is associated with fatal myocardial 
infarction or sudden cardiac death in all age groups including 
young age. Cardiologists and radiologists need to be aware 
of the differential diagnosis of nonatherosclerotic CAD in 
patients with cardiac symptoms. Coronary CT angiography 
is a very useful and noninvasive tool to investigate the vari-
ous manifestations of the nonatherosclerotic CAD and is 

able to incidentally detect the findings of the disease before 
the development of life-threatening complications.
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The Many Faces of Atherosclerosis
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Coronary CT angiography (CTA) has been well established 
as a noninvasive imaging modality for the assessment of 
coronary artery disease (CAD) and the evaluation of athero-
sclerotic plaque within the coronary arteries, as reviewed 
earlier in this volume. While the pathology and pathophysi-
ology of atherosclerosis leading to the development of 
plaques within the coronary arteries have been covered in 
earlier chapters, familiarity with the various imaging appear-
ances of coronary artery plaque and their clinical signifi-
cance is essential for the cardiac imager. In this chapter, the 
CT imaging features of the range of presentations of athero-
sclerotic plaque within the coronary arteries will be reviewed 
and illustrated.

 Plaque Calcification

As described in earlier chapters, coronary artery calcification 
is part of the continuum of development of atherosclerosis 
[1]. Atherosclerotic plaques may be noncalcified, partially 
calcified, or predominantly/fully calcified. Of note, noncalci-
fied and partially calcified plaques have been previously 
referred to as “soft” and “mixed” plaque, respectively; how-
ever these terms have fallen out of favor and are no longer 
used in major society guidelines [2]. Calcification is never 
normal within the wall of a coronary artery, however the 

degree of calcification of a plaque is not linked directly to the 
degree of stenosis.

Heavily calcified plaque can result in minimal or no ste-
nosis, while noncalcified plaque can be obstructive or 
occlusive. Coronary artery calcium (CAC) is an indepen-
dent predictor of adverse events, however it remains 
unclear whether progression of CAC represents true pro-
gression of coronary artery disease or rather stabilization 
and healing of existing plaque [3]. From a technical per-
spective, the presence of calcification complicates inter-
pretation of CTA due to what is known as “blooming 
artifact,” which is the tendency of calcified objects to 
appear larger than their true size on CT images because of 
a complex interaction of volume averaging and beam hard-
ening [4]. Due to the contribution of beam hardening, this 
artifact is accentuated at lower tube potentials, meaning 
that dose reduction strategies can often increase the degree 
of blooming artifact. Care must be taken by the imager to 
account for blooming artifact when evaluating the degree 
of luminal stenosis secondary to calcified plaques; exam-
ining the degree of remaining contrast- opacified lumen 
that is visible can help resolve this issue, as can newer 
technologies such as dual-energy scanning and volume 
calcium subtraction.

Figure 26.1a depicts a noncalcified plaque in the distal 
right coronary artery (RCA), which not only demonstrates 
lack of calcification but also notably low attenuation values 
as measured by Hounsfield units (HU), a high-risk feature 
which will be discussed below. Figure 26.1b depicts a par-
tially calcified plaque in the left anterior descending coro-
nary artery (LAD). Partially calcified plaques can lead to 
diagnostic uncertainty when the density of calcification has 
a similar attenuation of contrast within the coronary artery 
lumen. Figure 26.1c demonstrates a fully calcified plaque 
in the left main coronary artery (LM). Note that in this case, 
the density of the calcium in this plaque is of significantly 
higher attenuation than the contrast within the vessel 
lumen.
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Fig. 26.1 Coronary CT 
angiography images 
demonstrating long-axis and 
short-axis (inset) views of 
noncalcified plaque with low 
attenuation (<30 HU) 
resulting in mild stenosis of 
the distal RCA (left, white 
arrow), partially calcified 
plaque and positive 
remodeling resulting in mild 
stenosis of the distal LAD 
(middle, light gray arrow), 
and calcified plaque in the 
wall of the LM resulting in 
mild stenosis (right, dark gray 
arrow)

 Coronary Artery Stenosis

As coronary CTA evolved from an area of research into a 
growing clinical subspecialty, the reporting of severity of 
stenosis resulting from atherosclerotic plaque has also 
evolved. Reports early on tended to be qualitative in nature 
and were not necessarily consistent between readers regard-
ing overall burden of atherosclerosis as well as hemody-
namic significance of each individual plaque. In 2009, Raff 
et  al. from the Society of Cardiovascular Computed 
Tomography (SCCT) issued society guidelines on the 
reporting of coronary CTA that were adopted in clinical 
practice at many institutions seeking to standardize interpre-
tation [5]. Under this system, if atherosclerotic plaque of 
any composition was identified in a coronary artery, the ste-
nosis could be graded as minimal (negligible impact on the 
lumen), mild (less than 49% stenosis), moderate (50–69% 
stenosis), severe (70–99% stenosis), or occluded. There has 
been some overlap in the literature with use of the terms 
“significant” plaque and “obstructive” plaque; one method 
of resolving this overlap is to reserve the use of “obstruc-
tive” for stenoses graded as severe and to use the more gen-
eral term “significant” for stenosis graded as moderate or 
higher, as these are of potential but not certain hemody-
namic significance.

A more recent multisociety guideline released in 2016 is 
the CAD-RADS™, or Coronary Artery Disease Reporting 
and Data System [6]. This system addresses the standardized 
reporting of degree of coronary artery stenosis in a fashion 
similar to that described in the 2009 guidelines but with the 
addition of a numerical score ranging from 0 for no plaque to 

5 for complete occlusion. The CAD-RADS system also 
includes management recommendations to facilitate clinical 
decision-making authored in collaboration with the American 
College of Radiology and the North American Society of 
Cardiovascular Imaging and endorsed by the American 
College of Cardiology. Separate recommendations exist for 
patients with acute chest pain and for stable outpatients with 
chest pain and are meant to integrate evolving clinical expe-
rience with the natural history of stenosis found on coronary 
CTA. Figures 26.2, 26.3, and 26.4 demonstrate atheroscle-
rotic plaques on coronary CTA resulting in mild [CAD- 
RADS 2), moderate (CAD-RADS 3), and severe stenosis 
(CAD-RADS 4), respectively, according to these 
guidelines.

Atherosclerosis in the coronary arteries is also the most 
common cause of coronary artery aneurysm in adults, 
defined as abnormal focal dilatation of a vessel with a diam-
eter exceeding the diameter of adjacent unaffected coronary 
segment by 1.5 times or greater [7]. As in other vessels, an 
aneurysm is defined as saccular if the transverse diameter 
exceeds the length of the aneurysm or fusiform if the con-
verse is true. Figure 26.5 demonstrates the CT appearance of 
a saccular atherosclerotic coronary artery aneurysm.

A specific entity that should be carefully evaluated for on 
coronary CTA is stenosis of the left main coronary artery. 
Left main stenosis is important to identify as it is associated 
with a high rate of complications during catheterization, and 
patients are often treated instead with coronary artery bypass 
grafting [8]. Evaluating left main stenosis on coronary CTA 
mandates the use of multiplanar reformatted images, and it is 
important for the imager to note that in both classification 
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Fig. 26.2 Coronary CT 
angiography images 
demonstrate partially calcified 
plaque in the wall of the 
proximal RCA resulting in 
mild (CAD-RADS 2) stenosis 
(left, yellow arrow). Invasive 
coronary angiography 
correlation demonstrating 
mild stenosis (right, yellow 
arrow). Comparison of the 
diameters at the level of mild 
stenosis (left inset, left panel) 
and distal to the stenosis 
(left inset, right panel)

Fig. 26.3 Coronary CT 
angiography demonstrates 
partially calcified plaque 
resulting in moderate luminal 
narrowing (CAD-RADS 3) at 
its proximal and mid segment 
(left and left inset, orange 
arrows). Coronary 
angiography confirms diffuse 
proximal-to-mid vessel 
calcification in the LAD 
resulting in focal moderate 
stenosis (right, orange arrow). 
Angiography shows 
additional severe stenosis in 
the mid LAD (red arrows)

systems described above, stenosis of >50% in the left main 
coronary artery constitutes a severe (CAD-RADS 4B) lesion. 
Figure 26.6 demonstrates the CT appearance of a severe left 
main stenosis.

When describing the overall extent of coronary artery 
disease burden throughout the entire coronary artery tree 

as opposed to for a single plaque, two potential commonly 
used clinical scores are the segment stenosis score and the 
 segment involvement score [9]. The segment involvement 
score can be calculated as the total number of coronary 
artery segments demonstrating any degree of plaque, with 
a minimum of 0 and a maximum of 16 when considering 
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Fig. 26.4 Coronary CT 
angiography demonstrates 
partially calcified plaque in 
the proximal LAD with severe 
(CAD-RADS 4) luminal 
narrowing in the long (left 
top, red arrow) and short axis 
(left bottom). Coronary 
angiography confirms 80% 
stenosis in the proximal LAD 
(left, red arrow)

Fig. 26.5 Atherosclerotic 
aneurysm within the distal 
RCA in a region of partially 
calcified plaque (top, red 
arrow). The diameter within 
the aneurysm (bottom right) 
measures >1.5 times that of 
the vessel proximal to the 
aneurysm (bottom left, white 
arrow in top image)

the entire  coronary tree. Alternatively, the segment steno-
sis score grades each coronary segment as demonstrating 
no to severe plaque (i.e., scores from 0 to 3), which are 
then summed to yield a total score ranging from 0 to 48. 
Figure  26.7 demonstrates multi-segment plaque involve-
ment of all three coronary arteries. Given that there is mild 
stenosis in the left main, mid LAD, and proximal and mid 

RCA (each 1 point) as well as moderate stenosis in the 
proximal LAD, proximal LCx, and distal RCA (each 2 
points), the segment stenosis score would be 
1+1+1+1+2+2+2 for a total of 10. The segment involve-
ment score would be 7, as 7 total coronary artery segments 
demonstrate plaque.
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 Chronic Total Occlusion

On the spectrum of coronary artery stenosis secondary to 
atherosclerotic plaque, the most extreme manifestation is 
chronic total occlusion (CTO). This entity is defined as 
complete occlusion of a coronary artery for greater than 
3  months [10] and in some situations can be clinically 
silent for an extended period of time before coming to 
attention after an acute event in another vessel. In recent 
years, techniques have been developed to attempt percuta-
neous coronary intervention (PCI) for revascularization of 
CTOs, although they remain quite technically challenging. 
Factors for which the imager should evaluate that are cor-
related with a lower chance of technical success during 
revascularization include a blunt stump, lesion  calcification, 
a CTO that is in a vessel other than the left anterior 
descending coronary artery, and lesion length ≥20  mm 
[11]. Detailed reporting of these factors may assist the 
referring interventional physician in understanding the 
likelihood of technical success and determining appropri-
ate candidates. Figure 26.8 demonstrates the CTA appear-
ance of a chronic total occlusion of the left anterior 
descending coronary artery.

Fig. 26.6 Severe (>50%) stenosis of the LM due to a noncalcified 
plaque viewed in long axis (left, red arrow). Short-axis images demon-
strate the vessel appearance at the level of the stenosis (top right) and 
distal to the stenosis (bottom right, white arrow in long-axis image)

Fig. 26.7 Multi-segment 
plaque involvement of all 
three coronary arteries (LM 
and LAD, left; LCx, middle; 
RCA, right). Curved planar 
reformats demonstrate mild 
luminal narrowing (yellow 
arrows) in the LM, mid LAD, 
and proximal and mid 
RCA. Moderate luminal 
stenoses (orange arrows) are 
in the proximal LAD, 
proximal LCx, and distal 
RCA

26 The Many Faces of Atherosclerosis
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 High-Risk Plaque Features

Multiple coronary artery plaque features have been identified 
that are independently linked with adverse outcomes. These 
have been termed high-risk plaque (HRP) features and are 
important to recognize clinically. The four most commonly 
referenced are low-attenuation plaque, spotty calcium, posi-
tive remodeling, and the “napkin-ring” sign. Low-attenuation 
plaque has been defined as attenuation less than 30 Hounsfield 
units (HU) in three regions of interest (ROIs) within the non-
calcified portion of a plaque [12, 13]. Low-attenuation plaque 
is thought to reflect lipid-rich plaque which is histologically 
vulnerable to rupture. Spotty calcium has been defined as the 
presence of calcified plaque with a diameter of less than 3 mm 
in direction, length less than 1.5 times the vessel diameter, and 
width less than two-thirds of the vessel diameter [14–16]. 
Positive remodeling is generally defined as a ratio of outer ves-
sel diameter in the region of plaque to uninvolved vessel of 1.1 

or greater [17, 18]. The  “napkin- ring” sign is defined as a non-
calcified portion of coronary artery plaque with a higher atten-
uation peripheral ring and a lower attenuation core [19–21]. 
The “napkin-ring” sign is thought to correspond by histology 
to a thin-cap fibroatheroma which may be vulnerable to rup-
ture. Figures 26.9, 26.10, 26.11, and 26.12 demonstrate the CT 
appearance of these four high-risk plaque features.

Fig. 26.8 Curved planar reformat demonstrates chronic total occlu-
sion of approximately 30 mm length (red arrows demarcate full length) 
of the mid RCA with following additional characteristics: tapered 
stump and calcification greater than 50%

Fig. 26.9 Coronary CT angiography images demonstrating mild ste-
nosis with positive remodeling (ratio of plaque to uninvolved vessel 
>1.1) due to a partially calcified plaque in the wall of the proximal LAD 
(white arrow) with corresponding short-axis view (inset)

Fig. 26.10 Coronary CT 
angiography images in long- and 
short-axis views demonstrating 
focal noncalcified plaque causing 
moderate luminal narrowing in 
the proximal LAD (left, white 
arrow). This plaque exhibits 
high-risk plaque features 
including low attenuation, positive 
remodeling, and napkin-ring sign 
(right, light gray arrows)

N. (N). M. Meyersohn et al.



315

Fig. 26.11 Curved planar reformat demonstrates spotty calcification 
in the proximal LAD (white arrows)

Fig. 26.12 Coronary CT angiography images in long-axis (left) 
and short-axis (right) views demonstrating noncalcified plaque with 
low attenuation (<30 HU) in the wall of the distal RCA (white 
arrows and ROI)

High-risk plaque features increase the rate of plaque rup-
ture, which can be responsible for acute coronary syndrome 
(ACS) secondary to atherothrombosis, which is the develop-
ment of coronary thrombosis superimposed on a ruptured 
plaque. Atherothrombosis is a main cause of unstable angina 
and acute myocardial infarction [22]. Figure 26.13 demon-
strates the CT appearance of an atherothrombotic occlusion 
of a coronary artery.

Perivascular fat stranding has been identified as a sign of 
plaque rupture, which is an important entity to identify in the 
emergency setting. Figure  26.14 demonstrates the CT 
appearance of perivascular stranding adjacent to an acute 
plaque rupture [23].

After a percutaneous intervention has been performed and 
a stent has been placed across a stenosis felt to be hemody-
namically significant, subsequent in-stent stenosis can 
develop over time due to neointimal hyperplasia. Challenges 
in imaging in-stent restenosis include beam hardening and 
partial volume averaging artifacts, which can be mitigated in 
part by the use of scanners with high spatial resolution and 
iterative reconstruction [24]. Figure 26.15 demonstrates the 
CT appearance of in-stent restenosis in a diagonal branch 
coronary artery.

A final entity which should not be confused for athero-
sclerotic plaque is a myocardial bridge, where a segment of 
coronary artery travels through the myocardium (Fig. 26.16). 
Plaque within a bridge is unusual, although plaque can form 
proximally, perhaps due to unusual shear stress at the entry 
point to the myocardium.

Fig. 26.13 Coronary CT angiography curved planar reformat demon-
strating short-segment atherothrombotic occlusion of the RCA at its 
ostium (red arrows)

26 The Many Faces of Atherosclerosis
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Fig. 26.14 Coronary CT 
angiography demonstrating 
perivascular fat stranding 
(white arrows) adjacent to an 
acute plaque rupture within the 
proximal RCA in axial view 
(left) and curved planar 
reformat (right)

Fig. 26.15 Curved planar reformat of the LAD with a partially calci-
fied plaque (white arrow) and a stent that spans approximately 40 mm 
from the distal LM to the mid LAD (light gray arrows) with segments 
of in-stent restenosis (red arrow)

Fig. 26.16 Coronary CT 
angiography demonstrating 
myocardial bridge in the mid 
LAD with myocardium 
overlying the vessel (top left, 
white arrows). Evidence of 
systolic compression (middle 
left, gray arrow; right, white 
arrow) and diastolic 
decompression (bottom left, 
black arrow)

N. (N). M. Meyersohn et al.
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 Conclusion

Atherosclerosis in the coronary arteries can have many faces 
and take on a wide variety of appearances on CT. Familiarity 
with the characteristic types of plaque composition as well as 
the degrees of stenosis in which they result is at the core of 
cardiac CT imaging. Knowledge of the appearance of chronic 
total occlusions and the relationship with PCI, as well as of the 
role of specific plaque features in conferring an elevated risk 
of adverse events, is also an essential component of a high-
quality practice of acquiring and interpreting CT of the heart.
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Chronic Chest Pain

Richard A. P. Takx and Csilla Celeng

Chronic chest pain is a multifactorial clinical problem, and 
the diagnosis is based on patients’ history. It is characterized 
by recurrent episodes of chest pain occurring in a relatively 
stable pattern. About four million cardiac stress tests (in 87% 
of cases combined with imaging) are performed annually in 
the United States [1] for chest pain evaluation. There is con-
cern regarding the rising healthcare costs, inappropriate uti-
lization, and patient safety of diagnostic testing, with 
approximately one-third of cardiac stress tests being likely 
inappropriately requested [1]. In addition, around 25% of 
invasive coronary angiography is performed among asymp-
tomatic patients [2].

The primary diagnostic consideration in patients with 
chronic chest pain is coronary artery disease (CAD). The 
prevalence of stable angina increases with age for both sexes, 
from 5–7% at 45–64  years to 10–12% at 65–84  years in 
females and from 4–7% at 45–64  years to 12–14% at 
65–84 in males [3]. Of note is that angina is more prevalent 
in middle-aged females than in males, most likely due to 
microvascular disease, while at older age angina is more 
prevalent in males [4, 5]. There is no accurate epidemiologi-
cal data on the frequency of microvascular angina and vaso-
spastic angina. However, recent clinical data suggest that 
coronary microvascular spasm is present in two-third of 
patients with normal angiograms [6]. Conventional cardio-
vascular risk factors such hypertension, hyperlipidemia, dia-
betes, physical inactivity, obesity, smoking and family 
history facilitate the progression of CAD. Patients with dia-
betes mellitus have a similar risk for myocardial infarction as 
patients without diabetes with prior myocardial infarction 
[7]. Nevertheless, the occurrence of chest pain in this patient 

population is less frequent due to a high threshold for pain. 
Diabetes and hypertension might be accompanied by renal 
dysfunction, which has a negative impact on the prognosis of 
patients with stable angina. In patients with chronic kidney 
disease (CKD), symptoms of chest pain are often misleading 
due to diabetic and uremic neuropathy [8]. Besides CAD, 
coronary artery anomalies can also lead to the development 
of chronic chest pain. Myocardial bridging is one of the most 
common coronary anomalies. The reported prevalence of 
myocardial bridging depends on the diagnostic method used. 
Autopsy studies report a wide prevalence of 5–86% [9], cor-
onary angiography studies 0.4–15.8% [10], and in CT stud-
ies numbers range between 4% and 58% [11].

 Pathophysiology of Stable Chest Pain

Stable CAD is typically characterized by recurrent episodes 
of myocardial ischemia due to a mismatch between oxygen 
demand and supply, which can be induced by exercise, emo-
tion, or other forms of stress, but it may also occur sponta-
neously. These ischemic/hypoxic episodes are commonly 
associated with transient chest discomfort (i.e. angina pec-
toris). The occurrence of angina can be attributable to vari-
ous pathological conditions including (1) plaque-related 
coronary artery stenosis, (2) focal or diffuse spasm of the 
coronary arteries, (3) microvascular disease, (4) ischemic 
cardiomyopathy/left ventricular dysfunction, and (5) coro-
nary anomalies. These mechanisms may act separate but can 
also overlap in the same patient, and some may change over 
time [4]. The clinical manifestation of angina may be spe-
cific for the underlying pathology. Effort-induced angina is 
associated with coronary artery stenosis and/or local vaso-
constriction at the site of the stenosis and/or microvascular 
dysfunction, while rest angina is related to focal or diffuse 
vasospasm of the epicardial vessels or the microvasculature. 
Hypoxia-induced metabolic changes initiate the ischemic 
cascade, and the consequences occur in a predefined 
 temporal manner (Fig. 27.1):
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 1. During ischemia, the anaerobic conditions prevail, which 
results in a decrease of cell pH. To balance the accumula-
tion of hydrogen ions, the Na+/H+ exchanger excretes 
excess hydrogen ions, which entails a large influx of 
sodium ions. Hypoxia also depletes the cellular concen-
tration of ATP, which leads to the decreased function of 
Na+/K+-ATPase pump and K-ATP channels. These mech-
anisms lead to accumulation of extracellular K+ and 
membrane depolarization, which inactivates the Na+ 
channels. Decreased action potential upstroke leads to 
reduced conduction velocity, which can result in the 
development of arrhythmias. Furthermore, ATP pump 
dysfunction reduces the active efflux of Ca2+ and its reup-
take to the endoplasmic reticulum, thus causing intracel-
lular Ca2+ overload, which induces Ca2+-dependent 
apoptotic cascade and tissue damage [12].

 2. Perfusion abnormalities lead to metabolic changes and 
abnormal myocardial performance that involves diastolic 
dysfunction (slowed ventricular relaxation) and systolic 
dysfunction with regional and later global wall motion 
abnormalities (reduced ejection fraction).

 3. These mechanisms result in the development of ST-T 
 segment changes on the ECG.

 4. Finally myocardial ischemia manifests in chest pain [13]. 
Other “angina equivalent” symptoms such as dyspnea, 
fatigue, palpitations, or syncope can be also present in 
addition to or instead of angina.

 Histological Characteristics 
of Atherosclerotic Plaques

Previous investigations revealed that atherosclerotic plaques 
in patients with stable chest pain show different histological 
characteristics than those with acute coronary syndrome: 
stable plaques are associated with smaller necrotic core and 
a thicker cap (>84 μm) [14] made up of smooth muscle cells 
and contain less macrophages [15–17]. In contrast plaques 
that are prone to rupture usually have a large necrotic core 
with an overlying thin fibrous cap (between 55  μm and 
84 μm), which is infiltrated by macrophages [14]. The pres-
ence of calcification as a marker of plaque stability is still 
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Fig. 27.1 The ischemic 
cascade; perfusion 
abnormality caused by 
reduced coronary blood flow 
initiates the ischemic cascade, 
and the consequences occur in 
a predefined temporal manner

R. A. P. Takx and C. Celeng



321

unclear. Unstable plaques detected in patients in their fourth 
decade tend to contain more calcification than stable plaques; 
however, with increasing age this difference disappears and 
more calcification is observed in stable plaques compared to 
unstable plaques [18]. Coronary computed tomography 
angiography (CTA) provides a noninvasive approach for the 
detection of coronary atherosclerotic lesions. Beyond the 
visualization of the coronary artery lumen, the submillimeter 
spatial resolution of CTA allows for detailed characterization 
as well as quantification of coronary plaques. Similar to his-
tology, stable and unstable plaques on CTA show different 
characteristics: stable plaques have smaller plaque volume 
and area, lower remodeling indices, and lower proportion of 
non-calcified material [19, 20]. In contrast unstable lesions 

have higher plaque volume and area, higher remodeling indi-
ces and contain a greater proportion of non-calcified compo-
nent representing the necrotic core (Fig. 27.2) [19, 20].

 Focal or Diffuse Spasm 
of the Coronary Arteries

Vasospastic angina (often called as variant or Prinzmetal’s 
angina) is determined as a focal and/or diffuse narrowing of 
normal or diseased epicardial artery that can result in the 
reduction of coronary blood flow [21]. Focal spasm is typi-
cally characterized by ST-segment elevation, while diffuse 
vasoconstriction is usually followed by ST depression. 

a b

d e

c

Fig. 27.2 Curved multiplanar reconstruction (a) of the LM-LAD 
with the presence of non-calcified plaques. Horizontal lines repre-
sent two different plaque types. Cross-sectional images of the first 
plaque without (b) and with color overlay (c) represent an unstable 
plaque, with positive remodeling, large necrotic core (red), and 

smaller amount of fibrous tissue (green). Cross-sectional images of 
the second plaque without (d) and with (e) color overlay show a 
stable plaque with a smaller necrotic core and more pronounced 
fibrous tissue
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Coronary spasm can result in myocardial ischemia, arrhyth-
mias, and heart failure and may even lead to myocardial 
infarction [22]. Spastic motion can be frequently found in 
the coronary microvasculature alone (microvascular 
angina) and might suggest the presence of the underlying 
microvascular disease [6]. The pathogenesis of abnormal 
coronary vasomotion is heterogeneous and involves several 
contributing factors such as increased kinase activity, which 
induces the phosphorylation of myosin light chain and con-
sequently the contraction of smooth muscle cells [23]; 
endothelial dysfunction that results in an altered paracrine 
signaling as well as in enhanced release of vasoactive sub-
stances such as endothelin [24]; hyperreactivity of the auto-
nomic nervous system, in which imbalances in both 
sympathetic and parasympathetic neurotransmitters can 
induce coronary artery spasm; smoking that results in the 
exposure of toxic agents, which can cause damage of the 
vascular system, thus increasing the risk of coronary spasm; 
and a high prevalence of coronary vasospasm that was 
observed in Asian people [25]. Also, in a recent European 
cohort, microvascular spasm was found in two-third of 
patients with normal coronary arteriograms and was shown 
to occur more frequently in females [6]. Currently, vaso-
spasm is demonstrated using invasive provocation tests 
(ergonovine or acetylcholine). In the future coronary CTA 
might become a useful tool for the diagnosis of vasospasm 

in the absence of provocation tests, for example, by per-
forming double-acquisition coronary CTA in the absence 
and presence of intravenous infusion of nitrate [26].

 Microvascular Dysfunction

Stable microvascular angina (often referred to as cardiac syn-
drome X) is described as effort-induced chest pain that is 
attributable to abnormal circulation in small coronary  arteries 
(<500 μm) [27]. Similar to epicardial stenosis, microvascular 
dysfunction is also characterized by the reduction of coronary 
blood flow; however, the pattern of myocardial ischemia is 
substantially different. Flow-limiting stenosis in epicardial 
arteries results in a homogenously distributed perfusion 
defect and is accompanied by impairment of segmental ven-
tricular contraction. In contrast, microvascular dysfunction is 
characterized by a more scattered manner of perfusion defects 
and preserved segmental ventricular contraction, due to the 
presence of normal myocardial cells. This phenomenon might 
explain the arising difficulties when trying to identify the 
presence of microvascular ischemia by standard imaging 
methods (Fig. 27.3). Microvascular dysfunction can be asso-
ciated with various pathological mechanisms. Impaired bio-
activity of the endothelium-dependent nitric oxide is the most 
common cause of reduced vascular relaxation. Abnormal 

Epicardial vessel Periarterioles Arterioles
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Fig. 27.3 Epicardial stenosis (a) and attributable gradual decreasing of 
coronary blood flow within myocardial layers covering the epicardial- 
endocardial axis. Homogenous distribution of the perfusion defect 
results in detectable segmental impairment of contractile function. 
Microvascular dysfunction (b) involves small myocardial areas and 

leads to the development of more localized perfusion defects. Patchy 
distribution of ischemic territories hampers the detection of abnormal 
contractile function due to the presence of normal contractile myocar-
dial cells within the same myocardial segment. Epi: epicardium, myo: 
myocardium, endo: endocardium
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endothelial function in patients with higher cholesterol level 
leads to reduced release of nitric oxide [28]. Similarly, 
decreased level of estradiol in postmenopausal females is 
associated with increased breakdown of nitric oxide [29]. In 
the Women’s Ischemia Syndrome Evaluation (WISE) study 
during a 5.4-year follow-up period, a significant association 
was found between lower coronary flow reserve (due to 
microvascular dysfunction) and major adverse outcomes in 
females of whom the majority (81%) had either no CAD or 
non-obstructive CAD on invasive angiography [30]. Other 
conditions including hypertension, diabetes, and ventricular 
hypertrophy can also contribute to the development of micro-
vascular dysfunction. Reduced vasodilator response of the 
diseased small vessels supports the development of coronary 
steal phenomenon by normal microvessels, thus leading to 
myocardial ischemia. The spatial resolution of current CT 
scanners (≈400 μm) limits the precise detection of microvas-
cular disease; however, future technical advances in stress- 
induced CT myocardial perfusion might serve as a noninvasive 
imaging method for detecting microvascular disease [31].

 Ischemic Cardiomyopathy

Chronic chest pain can be a clinical manifestation of ischemic 
cardiomyopathy, which has been defined as left ventricular 
systolic dysfunction with a history of prior myocardial infarc-
tion or revascularization, or ≥75% stenosis of left main or 
proximal LAD, or ≥75% stenosis of two or more epicardial 
vessels [32]. The development of chronic dysfunction is of 
particular interest due to the observation that chronically 
hypoperfused myocardium (i.e., hibernating myocardium) 
after revascularization can recover [33]. The pathophysiologi-
cal background of this phenomenon is characterized by a spec-
trum of adaptive mechanism (including myocardial stunning, 

hibernation, and scarring) in which the “smart heart” reduces 
the myocardial demand by a loss in contractile apparatus [34]. 
Myocardial stunning evolves after 15–20 min of reduced per-
fusion and is most probably caused by the abnormal function 
of the sarcoplasmic reticulum due to oxygen radicals [35]. 
After restoration of blood flow, impaired contractility can per-
sist up to several hours, but eventually it leads to full recovery. 
More prolonged periods of ischemia lead to the development 
of myocardial hibernation where besides metabolic alterations 
several structural changes in the contractile material occur 
(e.g., loss of sarcoplasmic reticulum and t-tubules). The hiber-
nated myocardium represents the hallmarks of left ventricular 
remodeling; however, at early stages no scarring mechanism is 
present. In case of chronic hibernation, structural changes 
such as diffuse fibrosis and expansion of extracellular matrix 
stay fixed and eventually result in myocardial scarring. The 
ability of delayed contrast-enhanced CTA to differentiate via-
ble and nonviable myocardium has been already established in 
animal studies, where both acute and chronic infarction 
appeared as hyperenhanced areas on CTA ≈5 min after the 
contrast injection [36]. Since the method is accompanied by 
only a slight increase in radiation dose in the future, its appli-
cation might be relevant in the comprehensive evaluation of 
patients with advanced cardiovascular disease.

 Coronary Anomaly

Myocardial bridging may also be associated with exertional 
angina. It is characterized by the presence of cardiac muscle 
overlying part of a coronary artery [37] and usually involves 
the left descending artery [38] (Fig. 27.4). Ultrasound stud-
ies showed that during early diastole, when coronary blood 
flow is highest, myocardial bridging results in delayed relax-
ation, thus limiting coronary flow [39]. Coronary lesions 

a b

Fig. 27.4 Myocardial bridge in a 53-year-old male with chronic chest 
pain. Curved multiplanar reconstruction of the LM-LAD (a) with the 
presence of a myocardial bridge in the middle part of the LAD (arrows). 

Short-axis reconstruction (b) and cross section of the LAD (arrow) with 
an overlying myocardial tissue
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usually evolve proximal to the bridge [40]. Anomalous ori-
gin of a coronary artery arising from the opposite sinus can 
be also a cause of chronic chest pain. A course between the 
pulmonary trunk and aorta is considered malignant or inter-
arterial course (Fig. 27.5). The 3D nature of CTA allows for 
precise characterization of the myocardial bridge and enables 
accurate visualization of the anomalous origin and course of 
the coronary artery.

 Diagnosing CAD in Patients 
with Chronic Chest Pain

All patients suspected of chronic chest pain without an obvi-
ous noncardiac cause should undergo 12-lead resting ECG 
[4, 41]. Though a normal resting ECG does not exclude the 
presence of myocardial ischemia, it may demonstrate signs 
of prior myocardial infarction and is useful as a baseline ref-
erence. Prior to diagnostic imaging, estimation of pre-test 
probability may assist in the decision on appropriate imaging 
technique and help to avoid unnecessary invasive procedures 
[42]. The pre-test probability can be determined using risk 
calculators such as ASCVD risk (https://tools.acc.org/
ASCVD-Risk-Estimator/) or SCORE (https://www.escardio.
org/Guidelines-&-Education/Practice-tools/CVD-
prevention-toolbox/SCORE-Risk-Charts). Patients with a 
pre-test probability between 15 and 85% are recommended 
to undergo noninvasive testing (Table  27.1) [4]. Exercise 
ECG can be used as an initial test for diagnosing stable coro-
nary artery disease, with a good specificity of 85–90% and a 
limited sensitivity of 45–50% [43, 44]. Prior to exercise ECG 
patients should temporarily stop taking anti-ischemic medi-
cation and have a relative normal ECG at baseline. 
Nonetheless the test may be inconclusive in some patients 
(usually when 85% of maximum heart rate is not reached) 
[4]. Therefore if available (i.e. equipment and expertise), 
myocardial perfusion imaging (MPI) or coronary CTA is 
recommended [4]. MPI can be performed using single- 
photon emission computed tomography (SPECT), 
 echocardiography (i.e., wall motion abnormality), magnetic 
resonance imaging (MRI), positron emission tomography 
(PET), and computed tomography (CT). In a meta-analysis 
[45], the diagnostic accuracy of the various MPI techniques 
was compared to invasive coronary angiography (ICA) with 
fractional flow reserve (FFR) for the diagnosis of hemody-
namically significant CAD. PET, CT, and MRI demonstrated 
superior diagnostic accuracy compared to SPECT and echo-
cardiography (Fig.  27.6). Considering that MRI does not 
expose the patient to ionizing radiation and has good diag-
nostic performance [46], MRI could be regarded as the tech-
nique of choice, with CT being an appropriate alternative in 
those who have contraindications for undergoing MRI. 
Adenosine stress-rest cardiac CT is able to identify stress- 
induced myocardial perfusion defects and as such is capable 
of reducing the number of false-positive CTA findings [47, 
48]. Using dual-source CT ventricular function and wall 
motion abnormalities can be obtained by prospectively ECG- 
triggered (80% reduced mAs) dual-step pulsing [49] or full 
radiation using retrospective ECG-gated CTA.

Coronary CTA is an increasingly popular alternative for 
ruling out CAD.  The examination traditionally consists of 
two diagnostic parts: first a non-contrast scan is made for 

a

b

Fig. 27.5 Axial (a) and coronal (b) reconstructions of a patient with-
out CAD but with an abnormal origin of the right coronary artery 
(arrow) with a malignant course (*) between the aorta (Ao) and the 
pulmonary trunk (P) above the pulmonary valve (arrowheads)
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Non-cardiac chest pain Atypical chest pain Typical chest pain

Age (y) Female Male Female Male Female Male

30 - 39 LowIntermediate Intermediate Intermediate Intermediate

40 - 49 LowIntermediate Intermediate Intermediate High

50 - 59 Low Intermediate Intermediate Intermediate Intermediate High

60 - 69 Intermediate Intermediate Intermediate Intermediate Intermediate High

70 - 79 Intermediate Intermediate Intermediate High High Very high

>80 Intermediate Intermediate Intermediate High High Very high

Low: <15% pre-test probability no further testing needed

Intermediate: 15–65% pre-test probability additional testing is warranted, consider MPI

High: 66-85% pre-test probability additional testing is warranted, consider coronary CTA or MPI

Very high: >85% pre-test probability CAD is assumed to be present.

Pre-test probability based on data from Genders et al. [80]

Table 27.1 Pre-test probability of CAD in patients with chest pain split on sex
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Fig. 27.6 Diagram relating 
pre- and posttest probability 
of hemodynamically 
significant coronary artery 
disease for the various 
techniques, with the upper left 
half representing a positive 
test and the lower right half a 
negative test. (From Takx 
et al. [45], with permission)
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measuring coronary artery calcification (CAC); second, 
iodine-containing contrast agent is administered intrave-
nously to visualize the coronary lumen, in combination with 
nitroglycerin [50] and depending on heart rate and site policy 
short-acting β-blockers. Examinations should be performed 
using modern hardware (≥64 slice).

CAC is defined as pixels above a threshold of 130 
Hounsfield units (HU) and is traditionally quantified using 
the Agatston score [51], which is calculated by multiplying 
the lesion area (mm2) by a density factor (between 1 and 4 
based on the voxel with the highest density). However, 
recent research suggests that density might be inversely 
related to cardiovascular events [52]. In addition, a CAC 
score of zero does not exclude the presence of a significant 
non-calcified stenosis [53]. Novel automated and semiauto-
mated software algorithms enable the quantification of 
CAC score using contrast-enhanced CTA series. Several 
studies demonstrated good correlations (above 0.95) and 
kappa values (above 0.87) for the quantification of CAC 
score using ECG-gated contrast-enhanced CTA series com-
pared to standard ECG-gated unenhanced CT, suggesting 
that the use of quantification tools might allow for a lower 
radiation dose in the future by omitting the non-contrast 
CAC scan from the scan protocol [54, 55].

Some centers use high CAC scores (≥400 Agatston 
score) as a threshold for not performing coronary CTA; 
however, modern scanners demonstrate good diagnostic 
performance even in cases with high CAC scores [56]. A 
64-row or higher coronary CTA has an excellent sensitiv-
ity of 95.6% and good specificity of 81.5%; nondiagnostic 
scans occur in 2.5% of patients with CAD and 7.5% with-
out CAD [57]. A significant stenosis on coronary CTA 
requires verification to confirm the hemodynamic severity 
of CAD (angiography optionally with FFR), nondiagnos-
tic coronary CTA requires alternative imaging (e.g., MPI), 
and a negative CTA reliably excludes significant CAD. Of 
note is that majority of CTA studies define obstructive 
CAD as ≥50% stenosis degree, while ICA studies usually 
consider ≥70% stenosis degree. Lesion characterization 
by stenosis degree alone on ICA might not be sufficient 
for intermediate stenosis (40–70%); therefore FFR mea-
surement is recommendable [58]. In addition, FFR values 
have a continuous and independent relationship with car-
diac events (i.e., the lower the FFR value, the more car-
diac events occur) [59]. Even so, there is an ongoing 
debate on the true reference standard for the quantifica-
tion of myocardial ischemia, and this question might be 
answered by results as obtained in the International Study 
of Comparative Health Effectiveness with Medical and 
Invasive Approaches (ISCHEMIA) trial (ClinicalTrials.
gov Identifier: NCT01471522). Furthermore advances 
in computational fluid dynamics allow for the modeling 
of FFR from coronary CTA datasets (FFRCT) [60]; as 

such the role of CTA is expected to increase in therapy 
guidance [61].

 Prognostic Value of CTA

A meta-analysis on the prognostic value of coronary CTA 
demonstrated that 50% stenosis degree is a strong indepen-
dent predictor of cardiovascular events [62]. In detail, the 
presence of significant coronary stenosis was associated 
with a sixfold increased hazard ratio (HR) for death, myo-
cardial infarction, and unstable angina pectoris independent 
of CAC score. Also, in patients with diabetes, no CAD on 
coronary CTA allows for safely ruling out future events, and 
the detection of CAD is associated with a higher risk for 
events [63]. In patients with CKD, a clear increase is seen in 
annualized event rates (myocardial infarction, cerebrovas-
cular accident, and death) when patients have both moderate 
CKD and obstructive CAD on CTA (3.7% for both vs. 2.5% 
for only moderate CKD or obstructive CAD) [64]. 
Multivariate Cox models demonstrated that both moderate 
CKD (HR 2.4, 95%CI 1.1–5.2, p  =  0.03) and obstructive 
CAD (HR 2.8, 95%CI 1.4–5.4, p < 0.01) are independent 
predictors of events [64]. Recently two large randomized 
controlled trials investigated the effect of coronary CTA on 
survival compared to standard-of-care treatment. The 
PROspective Multicenter Imaging Study for Evaluation of 
Chest Pain (PROMISE) trial randomized 10,003 symptom-
atic patients with suspected CAD to an initial strategy of 
either coronary CTA or to functional testing during a median 
follow-up period of 25  months [65]. The PROMISE trial 
showed no significant difference between the CTA strategy 
and functional testing in respect to cardiovascular events 
(HR 1.04, 95%CI 0.83–1.29, p  =  0.75). These results are 
partly influenced by the fact that CTA images were read at 
nonexpert centers and the limited statistical power (actual 
event rate 3.0% vs. 8.0% estimated). However the trial 
showed a reduction in the number of invasive angiograms 
with non- obstructive disease in the CTA group vs. func-
tional testing group (3.4% vs. 4.3%, respectively, p = 0.02). 
The Scottish COmputed Tomography of the HEART (SCOT-
HEART) trial randomly assigned 4146 patients with stable 
chest pain due to suspected coronary heart disease to stan-
dard of care plus CTA and standard of care alone group [66]. 
During a median follow-up of 1.7 years, the SCOT-HEART 
trial showed a considerable, though nonsignificant reduc-
tion of 38% in fatal and nonfatal myocardial infarction in 
standard of care plus CTA vs. standard of care alone group 
(HR 0.62, 95%CI 0.38–1.01, p = 0.053). Combined, these 
data demonstrate that coronary CTA is at least equivalent to 
conventional functional testing, and with growing experi-
ence, it is expected that it will be applied more widely in 
clinical practice.
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 Sex Differences

Despite improvements in healthcare, hospitalization rates 
for acute myocardial infarction have not declined in people 
younger than 55 years old, besides young females have 
more comorbidity and higher in-hospital mortality than 
young males [67]. Females commonly present with atypi-
cal chest pain (i.e. less exertional symptoms) [68]. In addi-
tion, risk scores poorly categorize females for pre-test CAD 
probability [69]. Traditionally, the goal of coronary CTA is 
focused on diagnosing obstructive CAD, while in females 
non- obstructive CAD is relatively common [30, 70]. Also, 
positive remodeling, plaque erosion, and microvascular 
embolization are more prevalent in females [71]. The 
importance of non-obstructive plaque in females is stressed 
by the finding that the number of non-obstructive plaques is 
predictive of mortality in females even after adjusting for 
the presence of obstructive CAD [72]. Results from the 
PROMISE trial found evidence that CTA yields more prog-
nostic information in females than stress testing compared 
to males [73], while the Coronary CT Angiography 
Evaluation for Clinical Outcomes: An international multi-
center (CONFIRM) registry observed no difference in 
prognostic value of CTA between both sexes with a similar 
disease extent [74]. As such there is still equipoise consid-
ering the role of non- obstructive CAD on coronary CTA in 
females.

 Therapy of Patients with Stable CAD

The Clinical Outcomes Utilizing Revascularization and 
Aggressive Drug Evaluation (COURAGE) trial [75] random-
ized 1149 patients with stable chest pain to percutaneous 
coronary intervention (PCI) plus optimal medical therapy 
(OMT) and 1138 for OMT alone. The trial demonstrated that 
during a median follow-up of 4.6 years, the addition of PCI 
to OMT reduced the occurrence of angina, but it did not 
reduce the risk of mortality, myocardial infarction, and hos-
pitalization for acute coronary syndromes compared to OMT 
alone [75]. Coronary artery bypass graft (CABG) surgery 
should be considered in patients with two- or three-vessel 
disease (complex CAD), while in less complex cases and in 
patients with high operative risk, PCI is recommended [76]. 
In patients with diabetes and significant coronary disease 
(≥50% stenosis on coronary angiography with a positive 
stress test or ≥70% stenosis with classic angina pectoris), 
CABG is preferred over OMT [77].

CTA has the potential to improve the identification and 
monitoring of high-risk patients who would benefit from 
lipid-lowering therapy. A recent study demonstrated that 
the use of statins results in the reduction of non-calcified 
plaque volume and low-attenuation plaque volume on coro-

nary CTA [78]. Guidelines on secondary prevention could 
be interpreted as supporting aggressive statin treatment in 
patients with obstructive CAD.  However, in case of non- 
obstructive CAD and high-risk plaque features, guidelines 
are unclear, despite literature showing that extensive non- 
obstructive CAD (≥4 involved coronary segments) yields 
similar event rates as obstructive CAD [79]. Also, high-risk 
plaque features (low-attenuation plaque and positive 
remodeling) result in a significant higher risk over >50% 
stenosis degree [80]. The available data suggest that coro-
nary CTA-guided therapy is expected to be incorporated in 
future guidelines.

 Conclusions

In the past years, coronary CTA has become an integral part 
of strategies for evaluation of chronic chest pain. It allows 
for quick and reliable ruling out of the presence of CAD; 
furthermore it is capable to perform perfusion imaging and 
has the potential to guide and monitor therapy. In patients 
with diabetes mellitus and CKD, CAD on CTA remains an 
independent predictor of events. In females coronary CTA 
also adds prognostic information, though the exact differ-
ences between CAD findings on CTA between the sexes still 
have to be elucidated. Advances in quantification algorithms 
as well as modeling of FFR from coronary CTA datasets 
have the potential to increase the role of CTA in decision- 
making and therapy guidance.
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Syndrome in the Emergency 
Department
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There is nearly one death from heart disease every 38 s in the 
United States [1]. Acute chest pain is the single most com-
mon complaint of patients older than 15 years of age present-
ing to the emergency department (ED) [2] and accounts for 
about 4% of ED visits in the United States [3]. Origins of 
chest pain include diseases of the heart, aorta, pulmonary 
system, esophagus, upper abdomen, and chest wall and even 
psychiatric disorders. Determination of the etiology of the 
chest pain is often difficult, although different types of chest 
pain are classically ascribed to different corresponding dis-
eases. Acute coronary syndrome (ACS) is estimated to be 
responsible for 20% of all clinical encounters for acute chest 
pain [4]. Patients with ACS present with unstable angina, 
acute myocardial infarction, or sudden cardiac death [5]; 
therefore, timely triage of ACS is important as it affects treat-
ment and prognosis. Also timely triage may save significant 
costs. Using coronary CTA to evaluate patients instead of 
admitting patients for a rule-out approach with serial tropo-
nin has the potential to save significant costs to the health- 
care system.

 Risk Assessment

The initial step in evaluation of potential ACS in the ED is 
assessment of patient risk; this may be performed using 
scales such as the thrombosis in myocardial infarction 
(TIMI) score, including clinical and medical history, coro-
nary artery disease risk factors, electrocardiogram (ECG) 
results, and serum cardiac enzyme levels [6]. In approxi-
mately 10% of all ED chest pain patients, with a TIMI risk 
score of zero combined with negative serial cardiac bio-
marker testing, the patient may be considered at low risk and 

discharged directly from the ED [7]. The presence or absence 
of specific symptoms is not reliable when used to rule out 
myocardial ischemia [8], and risk factors (hypercholesterol-
emia, hypertension, family history, and tobacco use) remain 
poor predictors of ACS [9, 10]. The standard 12-lead ECG 
cannot exclude ACS conclusively because diagnostic ECG 
findings are present only in a minority of patients, although 
it is the single best test to identify ST-segment elevation MI 
(STEMI) [11, 12]. Despite improvements in cardiac bio-
markers (creatine kinase, CK-MB, myoglobin, troponin I, 
troponin T) for early diagnosis and risk stratification of acute 
MI [13–16], they are not universally elevated in patients with 
unstable angina or transient myocardial ischemia [17]. 
Therefore, negative markers cannot exclude ACS entirely, 
and evaluation is still needed according to their clinical 
presentations.

Patients with low–intermediate TIMI score without initial 
enzyme level elevation or ECG changes are typically admitted 
for complete evaluation with further enzyme analysis and 
often for myocardial stress imaging, whereas patients with a 
high-risk score are referred for intravenous (IV) heparin and 
further investigation with catheterization for intervention [18].

The HEART score in another risk classification system is 
based on history, ECG, age, risk factors, and troponin. In the 
initial derivation cohort, MACE occurred in 1.7% of those 
with low HEART scores (values 0–3), which was 36.4% of 
patients; therefore low HEART scores (0–3) exclude short- 
term MACE with >98% certainty. Conservative evaluation 
policies might be considered for those patients compared to 
more aggressive evaluation in patients with high HEART 
scores (7–10) who have a higher risk of MACE [19]. The 
c-statistic of the HEART score (0.83) is significantly higher 
than the c-statistic of TIMI (0.75) and GRACE (0.70), 
respectively (p < 0.0001) [19].

Weinstock et al. showed in adult patients with chest pain 
admitted with two negative serial biomarkers, no concerning 
vital signs, and nonischemic ECG findings, short-term 
 clinically relevant adverse cardiac events were rare and com-
monly iatrogenic and suggested that routine inpatient admis-
sion may not be a beneficial strategy for this group [20]. 

N. J. Lee 
Department of Radiology, Mayo Clinic, Rochester, MN, USA 

H. Litt (*) 
Department of Radiology, Perelman School of Medicine of the 
University of Pennsylvania, Philadelphia, PA, USA
e-mail: harold.litt@uphs.upenn.edu

28

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-60327-237-7_28&domain=pdf
mailto:harold.litt@uphs.upenn.edu


332

However, the reported 2–4% rate of missed diagnosis of ACS 
[21–23] may expand the number of tests and hospitalizations 
in relatively low-risk populations with chest pain without 
definite evidence of ACS [24].

 CCTA for ACS Patients in ER

Patients with a low to intermediate risk of ACS are usually 
judged clinically according to initial risk assessment data 
including clinical history, ECG, biomarkers, and TIMI score 
of 0–2. CCTA may be performed for patients with prior neg-
ative stress test or even for those with TIMI score 3–4, which 
would allow cardiac CTA to be ordered for approximately 
60–70% of patients [25–27]. Recently, appropriate use of 
criteria for the imaging of ED patients presenting with chest 
pain has been published [28, 29].

Most international guidelines suggest that the least expen-
sive and most widely available stress test, treadmill ECG, 
should be the first-line test for patients at intermediate risk 
for acute coronary syndrome [30]. However, Hermann et al. 
demonstrated that routine provocative cardiac testing gener-
ated a small therapeutic yield with new diagnoses of coro-
nary artery disease being uncommon, but many false-positive 
results in an emergency department-based chest pain unit 
[31]. In their study, routine provocative testing was positive 
for coronary ischemia in 470/4181 (11.2%) patients, of 
whom 123 underwent coronary angiography. Obstructive 
disease was confirmed in 63 of 123 (51.2% true positive), 
and 28 (0.7% overall) had findings consistent with the poten-
tial benefit from revascularization (American Heart 
Association class I or IIa) [31].

The application of CCTA in the ED is based on trial data 
and observation from a limited number of centers [32–37], 
and CCTA is now seen as a viable alternative to functional 
testing in the evaluation of patients with acute chest pain in 
the ED [38–40].

Early utilization of CCTA in the ED for appropriately 
selected patients with a low to intermediate risk of ACS iden-
tifies low-risk patients quickly without the added delay of 
serial biomarkers or prolonged observation. It facilitates 
more rapid discharge from the ED compared to those under-
going non-CCTA standard care including serial ECGs, car-
diac biomarkers, and subsequent cardiac testing such as 
exercise testing, stress perfusion imaging, or cardiac cathe-
terization without a statistically significant difference in 
major adverse cardiac events (MACE) [34, 38–43]. In a pro-
spective cohort trial of 568 patients in the ED with low TIMI 
score, 84% of patients were discharged based on a negative 
CCTA without adverse outcomes in 30 days with only one 
potential cardiac death at 1-year follow-up [36].

ACRIN PA 4005 was a randomized controlled study of 
CCTA versus usual care for low-to-intermediate-risk patients 

presenting with a possible acute coronary syndrome. Of 640 
patients with a negative CCTA examination, none died or 
had a myocardial infarction within 30 days, and patients in 
the CCTA group had a higher rate of direct discharge from 
the ED (49.6% vs. 22.7%), a shorter length of stay (LOS) 
(median, 18.0 h vs. 24.8 h), and a higher rate of detection of 
coronary disease (9.0% vs. 3.5%) compared with patients 
receiving traditional care [39].

CCTA is comparable to myocardial stress perfusion imag-
ing in terms of safety and accuracy for excluding or diagnos-
ing ACS [33].

The Computed Tomographic Angiography for the 
Systematic Triage of Acute Chest Pain Patients to Treatment 
(CT-STAT) trial showed that CCTA and stress SPECT myo-
cardial perfusion imaging led to a similar number of patients 
referred to invasive coronary angiography, 6.9% and 6.2%, 
respectively, similar to findings in ACRIN PA 4005. Time to 
diagnosis and hospital costs were significantly reduced with 
CCTA, to an average of 3 h compared with 7 h for those who 
received stress SPECT MPI; direct costs were reduced by 
38%, from roughly $3500 to $2000. However, Salerno et al. 
pointed out that there was lack of stress ECG as a comparator 
[44].

CCTA also reduces cost in addition to reduction in diag-
nostic time in the intermediate-risk population [32, 45]. 
Recent randomized controlled trials in acute ED patients that 
compared CCTA to nuclear SPECT [39] or to a mixed stan-
dard of care showed lower length of stay at lower cost [38, 
40].

In the ROMICAT II trial, 1000 patients with symptoms 
suggestive of ACS were randomized to an early CCTA or 
standard ED evaluation. Similar to the other studies, 
ROMICAT II demonstrated a shorter length of stay (LOS) 
for patients who underwent CCTA than standard evaluation, 
and ED costs were lower. However, catheterization and 
revascularization rates were higher in the CCTA arm, leading 
to higher inpatient costs and overall cost neutrality. Women 
in the CCTA arm had greater reduction in LOS, lower hospi-
tal admission rates, and a smaller increase in cumulative 
radiation dose than men when comparing ED strategies 
(p-interactions ≤ 0.02) [46]. While women had lower ACS 
rates than men, sex differences in LOS persisted after adjust-
ment for baseline differences including ACS rate (p- 
interaction < 0.03). LOS was similar between sexes with 
normal CCTA findings (p = 0.11). However, there was limi-
tation of the lack of stress ECG as a comparator.

The recent CT Coronary Angiography Compared to 
Exercise ECG (CT-COMPARE) study represents the largest 
prospective, randomized trial of CCTA comparing to 
 treadmill exercise ECG as part of the standard of care in 
low–intermediate risk possible ACS patients presenting to 
the ED to evaluate diagnostic performance measures and the 
hospital- based costs of CCTA-based care as compared to 

N. J. Lee and H. Litt



333

ECG-based care [30]. The data showed that CCTA-based 
evaluation is 35% faster and 20% less expensive than ExECG 
in patients at low–intermediate risk of acute coronary syn-
drome. These results suggest that coronary CT angiography 
is faster and less expensive, with improved diagnostic perfor-
mance compared to exercise treadmill ECG-based care in 
symptomatic patients at low–intermediate risk for acute cor-
onary syndrome presenting to the emergency department 
[30]. These data add additional proof that protocols using 
CCTA rather than stress testing-based care in emergency 
departments should be considered [30].

CCTA has shown its safety and efficiency in excluding 
coronary artery disease or relevant stenosis for advanced risk 
stratification over the past decade in the setting of ambiguous 
acute chest pain of a low to intermediate risk of ACS with 
86–100% sensitivity, 92–98% specificity, 93–100% negative 
predictive value, and 50–90% positive predictive value [32, 
47–50]. However, patients with indeterminate lesions or 
nondiagnostic CCTA will be referred for stress testing to 
evaluate the physiologic relevance of intermediate lesions. 
There are minority of uninterpretable cases due to patient’s 
motion or unexpected variability of heart rate, with a goal to 
be below 5% of total studies.

 Performing CCTA

Patients with a serum creatinine level of greater than 1.5 mg/
dL or a severe allergy to iodinated contrast material and 
those who are pregnant are not eligible for CCTA. Conditions 
that may be not suitable for CCTA are active asthma or other 
contraindications to β-blocker administration, irregular heart 
rhythms such as atrial fibrillation, and weight more than 
150  kg, depending on the specific CT technology in use. 
Heart rate control to less than 70 bpm is required for high- 
quality CCTA, depending upon the technology in use [51]. A 
fast-acting β-blocker with a short half-life, typically oral 
metoprolol, is given at least 1 h before imaging for patients 
with fast heart rates when there is no contraindications, e.g., 
active or unstable small airways disease, hypotension, sinus 
bradycardia, or recent cocaine use. The initial dose is 
50–100  mg with additional doses up to 200  mg if needed 
[52]. IV metoprolol can be administered in the CT suite, and 
the effect occurs typically in 5–10 min; 5 mg IV can be given 
initially, with additional doses up to 20 mg if required. For 
patients with contraindications to β-blockers, calcium chan-
nel blockers, preferably diltiazem with the least negative ino-
tropic effect, can be considered as an alternative (initial IV 
bolus of up to 0.25 mg/kg). Careful monitoring of vital signs 
is required with IV medication. Utilizing sublingual nitro-
glycerin before contrast-enhanced images is valuable for 
improving the contrast-to-noise ratio and vessel visualiza-
tion by vasodilation of the coronary arteries [53, 54]. 

Contraindications to nitroglycerin include recent phosphodi-
esterase inhibitor therapy, commonly used for erectile dys-
function or pulmonary hypertension, hypotension, and 
critical aortic stenosis.

Cardiovascular computed tomography angiography 
(CCTA) had been associated with considerable radiation 
doses, with previous studies reporting high average radiation 
doses of >10 mSv [55]. Retrospective electrocardiographi-
cally (ECG)-gated CCTA was used in which radiation is 
applied during the entire cardiac cycle with 100% tube cur-
rent. A substantial reduction in radiation dose was achieved 
with the introduction of prospective ECG-triggered CCTA in 
which radiation is only administered during a predefined 
phase of the cardiac cycle and the tube current is turned off 
or reduced outside that phase [56]. Although retrospective 
ECG-triggering yields functional information during the car-
diac cycle, its use exposes patients to more radiation, whereas 
prospective ECG-triggering provides fewer cardiac phases 
for interpretation but reduces the radiation dose. A meta-
analysis comparing retrospective and prospective ECG-
triggering found that an almost fourfold reduction in radiation 
dose (11.3–3.5 mSv) was possible using prospective ECG-
triggering, while image quality remained comparable [57]. 
Therefore, prospective ECG- triggering is now widely used 
for the majority of CCTA acquisitions. Despite these 
advances, the ability to lower dose in CCTA by prospective 
ECG-triggering alone remains problematic in patients with 
high heart rates or arrhythmias [58].

Conventionally, a low pitch is used for retrospectively 
gated CCTA acquisitions to ensure adequate data sampling; 
however, with second- and third-generation dual-source 
scanners, high-pitch acquisitions are possible in which the 
entire chest including the heart is covered within a single 
heartbeat. This is possible because the second detector fills in 
the gaps in data sampling from the first detector. It is possible 
to maintain image quality using high-pitch spiral prospective 
ECG-triggering in patients with a regular heart rhythm up to 
70 beats/min [56]. Wide area or volume detector scanners are 
not constrained by pitch because the whole heart can be 
imaged within a single heartbeat [57].

Blooming artifact from densely calcified plaque limits the 
accurate evaluation of stenosis, and the degree of stenosis is 
often overestimated [59]. Despite concerns about image 
quality in patients with calcium score over 400, a study 
showed that only a small percentage of these scans in ED 
patients are uninterpretable [60]. Newer dual-energy tech-
nology using simultaneous or alternating imaging at two dif-
ferent X-ray tube potentials allows improved quantification 
of calcified plaque by reducing tissue blooming and beam 
hardening beyond single-energy MDCT [61]. Imagers may 
decide to proceed with scanning based on the likelihood of a 
diagnostic study even in patients with high calcium score. 
Evaluation of coronary stent patency is limited due to 
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 blooming artifacts similar to dense calcium [62]. However, 
stents are unlikely to be present in a patient with low to inter-
mediate risk of ACS presenting to the ED.

Triple-rule-out (TRO) CT examines the coronary arteries, 
the thoracic aorta, and the pulmonary arteries simultaneously 
[63]. For the diagnosis of coronary artery disease, TRO CT 
has a sensitivity of 94.3%, a specificity of 97.4%, and a nega-
tive predictive value of 99%, findings that are similar to those 
obtained with the use of dedicated coronary CTA [64]. 
Compared with dedicated CCTA, TRO CT has greater ana-
tomic coverage, including the structures above the carina, 
leading to a higher radiation dose [65]. Therefore, TRO CT 
requires a slightly higher IV contrast load to opacify both the 
right- and left-side circulations [64, 65]. TRO CT is thought 
to be beneficial in the evaluation of patients with chest pain 
for whom additional diagnoses other than ACS are consid-
ered in addition to a low to intermediate risk for ACS at base-
line, such as pulmonary embolism or aortic dissection [66]. 
Because of the relatively low prevalence of pulmonary 
embolism and aortic dissection in this patient population 
[64], appropriate patient selection is important for the effec-
tive application of TRO CT [63].

 Coronary Calcium Evaluation

Coronary artery calcification (CAC) can be seen in most 
patients with ACS or sudden cardiac death, and it has been 
established as a quantitative marker and indicator of athero-
sclerosis using the Agatston score [67–70]. The Agatston 
scoring scale calculates an area for all pixels above a thresh-
old of 130 HU, in contiguous 3 mm slices, (the slice thick-
ness and spacing used by Agatston et al), and multiplies it by 
a density factor. The score is the summed or total “score” for 
the entire epicardial coronary system. Prospective ECG- 
triggering is the current mode for measuring coronary cal-
cium at most centers.

A study of 1031 patients with a median CACS of 0 (61% 
with CACS of 0) showed a majority of patients evaluated for 
chest pain of uncertain cardiac cause have a CACS of 0, 
which predicts both a normal SPECT result and an excellent 
short-term outcome [71]. Only 2 events occurred in 625 
patients with a CACS of 0 (0.3%, 95% confidence interval 
0.04–1.1%). Both of these patients developed increased tro-
ponin levels during their index visit but had normal serial 
ECG and SPECT study results and no cardiac events at 
6-month follow-up [71].

However, a lack of coronary calcium does not definitely 
exclude coronary stenosis, and a high amount of calcium 
does not necessarily correlate with angiographic luminal ste-
nosis or vulnerability of plaques [72, 73]. The role of cal-
cium scoring in ED patients with suspected ACS continues to 
be debated, because it has been shown that calcium scores 

alone cannot be used to determine risk in patients presenting 
with potential ACS in the ED and does not add prognostic 
value for acute events although it may be useful for long- 
term management of cardiac risk in outpatients. One study 
showed that a significant number of patients with a zero 
CAC had CTA findings [74]; therefore, CTA is better than 
CAC scoring in determining the atheroma burden, especially 
in patients with risk factors.

However, higher Agatston score is correlated with 
increased risk of cardiac events and worse overall prognosis 
[75]. Framingham risk score combined with coronary cal-
cium score can improve 10-year risk stratification of asymp-
tomatic people, especially those with intermediate risk 
(Framingham risk score 10–20%) [76]. Calcium scoring may 
be recommended in this group to support clinical decision- 
making, particularly whether to start aggressive medical 
therapy. The risk is highest when the Agatston score is above 
400. Cardiovascular risk increases proportionally to the 
amount of calcium, and an annual progression of more than 
15% enhances the risk of myocardial infarctions although 
positive predictive value of CAC progression is low as a 
marker of risk [77–79]. After myocardial infarction, patients 
have higher CAC progression than event-free subjects [80]. 
CAC scoring does not necessarily add relevant information 
in high- or low-risk populations [47]. While an unenhanced 
series may be useful to customize the CCTA scan field and 
other parameters to reduce doses, the effective dose of a cal-
cium scoring acquisition is now similar to CCTA doses 
obtained with lower tube voltage technique, and therefore its 
value in the ED is uncertain [81].

 Coronary Stenosis

There is a very low MACE rate (0.5%) in the 30 days after 
ED presentation in patients with a stenosis of 25–50% on 
cardiac CTA [82], although one study reported that 2.6% of 
ED patients with visible atherosclerosis but less than 50% 
stenosis at CCTA experienced ACS as identified by serial 
cardiac markers but not by stress testing [37]. All patients 
had small vessel disease, which is associated with a low inci-
dence of adverse events and mortality, and is not generally 
amenable to revascularization [83–87]. Nonetheless, small 
vessels are a limitation of CCTA evaluation [88], and there-
fore, serial cardiac makers may be beneficial in patients with 
less than 50% stenosis on CCTA, but further evaluation such 
as stress testing is not indicated during the index visit [82]. 
Short-interval outpatient follow-up is important to establish 
strategies for primary prevention.

The ROMICAT I trial demonstrated a 77% sensitivity of a 
stenosis ≥50% for detection of ACS [37]. In the ROMICAT 
II study, a stenosis ≥50% was detected in 78% of patients 
with ACS, which is similar to invasive angiography studies 
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that observed an absence of significant stenosis in 12–14% 
of patients with ACS [89]. A clinical registry by Velzen et al. 
showed sensitivity, specificity, and positive and negative pre-
dictive values to detect significant CAD on CTA were 100, 
87, 93, and 100%, respectively [90]. During mean follow-up 
of 13.7 months, no cardiovascular events occurred in patients 
with a normal CTA examination. In patients with nonsignifi-
cant CAD on CTA, no cardiac deaths or myocardial infarc-
tions occurred and only one patient underwent 
revascularization due to unstable angina. In patients present-
ing with acute chest pain, an excellent clinical performance 
for the noninvasive assessment of significant CAD was dem-
onstrated using CTA.  Normal or nonsignificant CAD on 
CTA predicted a low rate of adverse cardiovascular events 
and favorable outcome during follow-up [90]. ROMICAT I 
demonstrated limited positive value of a stenosis >50% at 
CCTA for ACS because matching perfusion abnormalities 
on SPECT MPI testing were seen in only 46% of these 
patients [91]. The optimal management of patients with 
intermediate lesions at CCTA remains uncertain and may 
result in an increased frequency of downstream testing and 
interventions [38–40, 92]. However, patients with significant 
stenosis on CTA cannot be discharged from the ED after ini-
tial troponin and ECG [38–40, 92].

 Coronary Atherosclerotic Plaques

Atherosclerotic lesions can be characterized as calcified, 
non-calcified, and partially calcified (mixed plaques) on CT 
(Fig. 28.1). On a cellular basis, atherosclerotic changes can 
be classified in to six types (I–VI). Type III is the border 
where atherosclerotic changes become visible to the eyes 
[93]. Types IV, V, and VI are classified as advanced plaques 
[94]. The entire vessel grows with increasing plaque volume 
so that the lumen diameter is maintained; therefore, type IV 
lipid core atheroma and type V fibroatheroma (atheroma 
with fibrous tissue) can be asymptomatic with adaptive 
change of the arteries [95]. When thrombus or hemorrhage 
develops in type IV–V lesions, patients can be symptomatic 
(type VI, complicated). Most ACS are thought to be the 
result of sudden luminal thrombosis, which occurs from 
plaque rupture, plaque erosion, or calcified nodules [5, 96–
100]. Plaque rupture refers to luminal thrombosis occurring 
when the highly necrotic core of a ruptured thin-cap fibroath-
eroma contracts with platelets. Hemodynamically nonsig-
nificant plaque may be prone to rupture depending on the 
morphology and biochemical structure [89, 101–105]. Thin- 
cap fibroatheroma is often seen pathologically in plaque rup-
ture with myocardial infarctions, where speckled calcification 

Fig. 28.1 Characterization of 
atherosclerotic plaques by 
CT. Curved planar 
reformatted images from 
coronary CT studies 
performed on ED chest pain 
patients demonstrate 
non-calcified (left), mixed 
(center), and calcified (right) 
plaques
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can be visualized [5]. Luminal thrombus from plaque ero-
sion occurs when there is minimal inflammation of an under-
lying base rich in proteoglycans and smooth muscle cells, in 
which plaque is mostly devoid of necrotic core or the necrotic 
core dose not communicate with the lumen due to a thick 
fibrous cap. Calcified nodules are the least common in lumi-
nal thrombosis, and their effect on instability is less evident 
although coronary calcification correlates highly with plaque 
burden [5].

ACS develops frequently from relatively mild or moder-
ate lesions angiographically in the early stage of atheroscle-
rosis [104, 106, 107]. Coronary artery plaque features may 
assist in further stratifying risk beyond that obtained using 
percent stenosis [108–110]. Reported features of high-risk 
plaque (Fig. 28.2) are large plaque volume, positive remod-
eling, spotty calcium, greater proportion of non-calcified 
plaque, low mean and minimal CT attenuation value 
(Hounsfield units, HU), and a contrast-enhanced rim seen 
around the central filling defect (napkin-ring sign) [109, 
111–117], which are similar to high-risk findings on intra-
vascular imaging (positive remodeling, larger plaque area, 
spotty calcium, and large necrotic core) [118, 119] as well as 
histology. These changes can directly be visualized on CCTA 
but will not appear on invasive angiography because the ves-
sel wall is not visualized [47]. Multi-energy imaging tech-

niques may assess plaque composition [61], and myocardial 
perfusion provides prognostic information [120]. Dual- 
energy CT may assist in distinguishing densely calcified 
plaques from other plaque types although further plaque dis-
crimination such as fibrous vs. lipid-rich plaque is not cur-
rently possible [121].

High-risk plaque features have been associated with an 
increased risk for future cardiovascular events in patients 
with stable chest pain syndromes [110, 122, 123]. These 
findings are more often seen with culprit lesions in patients 
with ACS compared with similarly stenotic plaques in 
patients with stable angina [63]. Studies reported 5–15% 
prevalence of high-risk plaque features in the acute chest 
pain population, in patients undergoing invasive coronary 
angiography, and in non-culprit vessels of patients with 
ACS (Providing Regional Observations to Study Predictors 
of Events in the Coronary Tree, PROSPECT trial) [92, 
108–110, 114, 115]. The value of high-risk plaque features 
for the diagnosis of ACS in patients with significant steno-
sis was demonstrated in the ROMICAT I trial [124]. In the 
ROMICAT II trial, high-risk plaques on coronary CTA 
increased the likelihood of ACS independent of stenotic 
CAD and clinical risk assessment (age, sex, and number of 
cardiovascular risk factors) in patients presenting to the 
ED with acute chest pain but negative initial electrocardio-

a b c d

e

Fig. 28.2 High-risk plaque features. Curved planar and MPR images 
from coronary CT studies performed on ED chest pain patients show 
various high-risk plaque features including (a) low attenuation plaque 

and positive remodeling, (b) spotty calcification, (c) low attenuation 
plaque, positive remodeling, and spotty calcification, and (d, e) the 
napkin-ring sign
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gram and troponin [92]. The ROMICAT score derived 
from semiautomated quantitative measurements of high-
risk plaque features (volume of <60HU plaque, remodel-
ing index, spotty calcium, plaque length) was an 
independent predictor of ACS during the index hospital-
ization and was incremental to gender and presence of 
≥50% stenosis [125]. When applying the ROMICAT score 
derived from the ROMICAT I trial to the patient popula-
tion of the ROMICAT II trial, the ROMICAT score (OR 
2.9, 95% CI 1.4–6.0, p = 0.003) was a predictor of ACS 
after adjusting for gender and ≥50% stenosis [125]. The 
AUC of the model containing ROMICAT score, gender, 
and ≥50% stenosis was 0.91 (95% CI 0.86–0.96) and was 
better than with a model that included only gender 
and  ≥  50% stenosis (AUC 0.85, 95% CI 0.77–0.92, 
p = 0.002) [125].

Interestingly, nonalcoholic fatty liver disease (NAFLD) 
was reported to be associated with advanced high-risk cor-
onary plaque, independent of traditional cardiovascular 
risk factors and the extent and severity of coronary artery 
disease [126].

Patients with remaining obstructive non-culprit plaques 
and higher plaque burden index had a higher risk of 
MACE. In multivariate analysis, with diabetes, dyslipidemia, 
and plaque burden index, obstructive non-culprit plaques 
remained an independent predictor of MACE [127]. Almost 
a quarter of the study population experienced a new event 
arising from a non-culprit plaque during a follow-up of 
almost 5  years. ACS patients with remaining obstructive 
non-culprit plaques or high plaque burden have an increased 
risk of future MACE [127].

 Advanced Application of CCTA

In the presence of coronary stenosis, fractional flow 
reserve (FFR) can be measured angiographically to deter-
mine the coronary blood volume. Typically FFR over 
0.75–0.8 has been associated with more positive outcomes 
and decreased ischemia after revascularization [128]. 
CT-FFR adds functional aspects to stenosis assessment 
and reduces false- positive test results, which leads to 
improved specificity [129]. A recent meta-analysis [129] 
suggests that noninvasive CT-FFR offers improved speci-
ficity without noticeably altering the sensitivity of CCTA 
in detecting hemodynamically relevant lesions in patients 
with suspected or known coronary artery disease over ana-
tomic interpretation by CCTA alone [129]. At this time, 
three large prospective clinical trials have demonstrated 
the diagnostic value of a noninvasive FFR (fractional flow 
reserve from coronary computed tomographic angiogra-
phy [CT-FFR]) algorithm (HeartFlow, Inc., Redwood City, 
CA) [130–132]. Furthermore, an initial study presented 

results on the diagnostic performance of an alternative 
 on-site algorithm (Siemens Healthineers, Forchheim, 
Germany); these results were subsequently corroborated 
by a larger study [133, 134]. These investigations have 
demonstrated that algorithm-based noninvasive FFR deri-
vation from CCTA compares favorably to the diagnostic 
gold standard of invasive FFR.

CT myocardial perfusion is growing as a new tech-
nique that provides a functional assessment of the myo-
cardium along with a comprehensive evaluation of 
coronary artery disease within a single modality [135]. 
The addition of dynamic CT myocardial perfusion to stan-
dard coronary CTA can provide insightful information on 
significant coronary stenosis, particularly for hemody-
namically relevant lesions, which may be helpful for 
patient management [135]. Recently, CT myocardial per-
fusion studies have been performed with promising results 
[136–138]. Although results are promising, this technique 
comes at the price of additional radiation exposure and 
contrast media along with the need for pharmacologic 
stress agents [139].

 CCTA Reporting

CAD-RADS categories depend on stenosis severity, and a 
classification system suggested by the Society of 
Cardiovascular Computed Tomography is used to grade 
stenosis severity [140–142]. They range from CAD-
RADS 0 (absence of atherosclerosis) to CAD-RADS 5 
(presence of at least one total occlusion) (Table  28.1) 
(Fig. 28.3). Categories should reflect the clinically most 
relevant finding per patient and be complementary to the 
final impression of the report to provide specific informa-
tion regarding the location and extent of coronary plaque 
and stenosis.

Table 28.1 Grading scale for stenosis severity and CAD-RADS

CAD- 
RADS

Degree of luminal 
diameter stenosis (%) Terminology interpretation

N Nondiagnostic ACS cannot be 
excluded

1 0 No visible 
stenosis

ACS highly 
unlikely

2 1–24 Minimal 
stenosis

ACS highly 
unlikely

3 25–49 Mild stenosis ACS unlikely
4 50–69 Moderate 

stenosis
ACS possible

5 70–99 Severe 
stenosis

ACS likely

6 100 Occluded ACS very 
likely
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Fig. 28.3 CAD-RADS reporting categories. Curved planar and 
MPR images from coronary CT studies performed on ED chest pain 
patients show (a) CAD-RADS1, no luminal stenosis in the RCA; (b) 
CAD- RADS2, calcified and non-calcified plaque causing 1–24% ste-
nosis of the LAD; (c) CAD-RADS3, mixed plaque causing 25–49% 
stenosis of the LAD; (d) CAD-RADS4, calcified plaque causing 

50–69% stenosis of the LAD; (e) CAD-RADS5, non-calcified plaque 
causing 70–99% stenosis of the LAD (arrow) and a corresponding 
subendocardial perfusion defect in the anterior wall (arrowhead); (f) 
CAD-RADS6, occlusion of the circumflex artery (arrow) and a cor-
responding subendocardial perfusion defect in the lateral wall 
(arrowhead)
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 Non-atherosclerotic Causes of Chest Pain

Myocardial bridging (Fig. 28.4), a segment of an epicardial 
coronary artery coursing within the myocardium, is present 
in about one third of adults [143]. In the majority of cases, 
systolic compression of the tunneled segment remains clin-
ically silent. With provocative testing in patients with angi-
ographically normal coronary arteries, myocardial bridges 
are revealed in ≤40% of cases by increasing systolic com-
pression [144]. Rare complications of myocardial bridging 
include angina, myocardial ischemia, myocardial infarc-
tion, left ventricular dysfunction, myocardial stunning, par-
oxysmal AV blockade, exercise-induced ventricular 
tachycardia, and sudden cardiac death [145–148]. The like-
lihood of ischemia also increases with the intramyocardial 
depth of the tunneled segment; however, there is no consis-
tent association between the patient’s symptom and the 
length and depth of the tunneled segment or the degree of 
systolic  compression [149, 150].

CCTA is ideal to demonstrate the anatomic course of cor-
onaries and caliber change throughout the cardiac cycle 
when retrospectively ECG-gated CCTA is employed. About 
80% of coronary artery anomalies are benign and incidental 
findings at the time of catheterization [151]. Although the 
significance of coronary anomalies is mostly unclear, poten-
tially serious anomalies (Fig.  28.5) which include ectopic 
coronary origin from the pulmonary artery or opposite aortic 
sinus, single coronary artery, and large coronary fistulae can 
result in angina pectoris, myocardial infarction, heart failure, 
arrhythmias, and sudden cardiac arrest [151]. Younger 
patients in their first three decades with isolated coronary 

artery anomalies are at risk of dying, especially with exercise 
[152]. Sudden cardiac arrest (SCA) secondary to congenital 
anomalous coronary artery disease occurs due to insufficient 
coronary flow by the anomalous LCA to meet elevated left 
ventricular myocardial metabolic demand, usually during 
exertion or exercise. In a majority of previously reported 
cases, SCA was triggered by exertion, and most of these 
patients have a positive exercise stress test [153]. Contributing 
factors to an increased resistance in the LCA include com-
pression between the great vessels, a slit-like ostium, myo-
cardial bridging, or unfavorable geometry [154]. High-risk 
defects include those involved with the proximal coronary 
artery or coursing of the anomalous artery between the aorta 
and pulmonary trunk [152]. Left anterior descending coro-
nary arteries arising from the right cusp with an interarterial 
course have been considered malignant (Fig.  28.6), and 
anomalous coronary origins can be associated with acute 
chest pain [152].

 High-sensitivity Troponin 
Assays (Hs–Troponins)

The introduction of high-sensitivity troponin (hs-troponin) 
assays has changed standard optimal care (SOC) consider-
ably, and measurement has become standard practice in 
many institutions, allowing for more accurate and faster 

Fig. 28.4 Myocardial bridging. MPR image from a coronary CT study 
performed on an ED patient with chest pain demonstrates long intra-
myocardial course of the mid-LAD, without narrowing of the bridged 
segment

Fig. 28.5 Coronary anomalies. Thin-slab MIP image from a coronary 
CT study performed on an ED patient with chest pain demonstrates 
anomalous origin of the right coronary artery from the left cusp with 
interarterial course. This course has been associated with arrhythmia 
and sudden cardiac death
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 rule- out of ACS [15, 16]. These new assays are more  sensitive 
and reach negative predictive values of >97% for myocardial 
infarction within 3 h [15, 16]. Early observations indicated 
that hs-troponins would allow fast and accurate exclusion of 
ACS in a substantial proportion of low- to intermediate-risk 
patients, obviating the need for prolonged observation and 
in-hospital diagnostic testing in the absence of elevated high- 
sensitivity cardiac biomarkers or precarious ECG 
 abnormalities [155–157].

The BEACON (Better Evaluation of Acute Chest Pain 
with Coronary Computed Tomography Angiography) trial is 
a European randomized trial comparing a diagnostic strategy 
supplemented by early CCTA with SOC for patients sus-
pected of ACS in the era of hs-troponins [158]. In their study, 
CCTA applied early in the work-up of suspected ACS is safe 
and associated with less outpatient testing and lower costs. 
However, CCTA does not identify more patients with signifi-
cant CAD requiring coronary revascularization, shorten hos-
pital stay, or allow for more direct discharge from the ED in 
the era of hs-troponins [158]. Discharge from the ED was not 
more frequent after CCTA (65% vs. 59%, p  =  0.16), and 
length of stay was similar (6.3 h in both groups, p = 0.80). 
The CCTA group had lower direct medical costs (€337 vs. 
€511, p < 0.01) and less outpatient testing after the index ED 
visit (10 [4%] vs. 26 [10%], p < 0.01). There was no differ-
ence in incidence of undetected ACS [158].

Korley FK et al. showed that no subjects with undetect-
able hsTnI or zero calcium score (CACS) had a MACE. A 

strategy of avoiding further testing in subjects with unde-
tectable initial hsTnI, performing CACS on subjects with 
detectable initial hsTnI but nonincreased hsTnI (less than 
99th percentile), and obtaining CTA in subjects with 
Agatston greater than 0 will have a negative predictive 
value of 100.0% (95% confidence interval, 98.2%–
100.0%). The addition of CACS to hsTnI improves the 
identification of low-risk subjects in whom CTA might be 
avoided [159].

A cohort study in patients with suspected ACS enrolled in 
the ROMICAT II trial and randomized to coronary CTA who 
also had hsTnI measurement at the time of the emergency 
department presentation assessed coronary CTA for tradi-
tional (no CAD, nonobstructive CAD, ≥50% stenosis) and 
advanced features of CAD (≥50% stenosis, high-risk plaque 
features: positive remodeling, low <30-Hounsfield units 
plaque, napkin-ring sign, spotty calcium) [160]. hsTnI at the 
time of presentation followed by early advanced coronary 
CTA assessment improved the risk stratification and diag-
nostic accuracy for ACS as compared to conventional tropo-
nin and traditional coronary CTA assessment [160]. The 
study showed absence of ≥50% stenosis and high-risk plaque 
ruled out ACS in patients with intermediate hsTnI (n = 87, 
54.4%; ACS rate 0%), whereas patients with both ≥50% ste-
nosis and high-risk plaque were at high risk (n = 13, 8.1%; 
ACS rate 69.2%) and patients with either ≥50% stenosis or 
high-risk plaque were at intermediate risk for ACS (n = 39, 
24.4%; ACS rate 7.7%) [160].

a b

Fig. 28.6 Malignant coronary anomaly. (a) Thin-slab MIP image from 
a coronary CT performed on an ED patient with chest pain demon-
strates anomalous origin of the LAD from the right cusp, with an inter-

arterial course. The LAD is markedly narrowed in the interarterial 
segment, leading to a large subendocardial perfusion defect seen on a 
four-chamber MPR image (b)
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 Alternative Tests

In patients with low to intermediate pretest probability, other 
tests with high negative predictive value to rule in or rule out 
ACS or myocardial infarct (MI) to enable early discharge 
include rest CMR, echocardiography, and SPECT MPI, 
though these must be performed while the patient is experi-
encing chest pain. Resting SPECT MPI with technetium- 
99m sestamibi is useful in the setting of suspected ACS 
[161–164], and its use in the ED setting resulted in earlier 
discharge, lower cost, and fewer unnecessary admissions 
[165–167]. Observational studies demonstrated its high 
 negative predictive value to rule out MI or short-term cardiac 
events. However, a considerable limitation of resting SPECT 
MPI in ED patients is the limited availability of tracers and 
interpreting personnel as well as decreased accuracy when 
not performed during an episode of chest pain. Resting two- 
dimensional (2D) echocardiography provides information by 
evaluating wall motion and ejection fraction rapidly and non-
invasively [168, 169]. However, the positive predictive value 
is only 0–44% [168, 170, 171] with difficulty distinguishing 
acute from chronic ischemia. In addition, coronary stenosis 
cannot be evaluated unless the patient has a wall motion 
abnormality; as with multiphase CCTA, rest echo may be 
useful for evaluation of nonischemic causes of chest pain. 
Cardiac MR (CMR) can image coronary anatomy, ventricu-
lar function, myocardial perfusion, and myocardial fibrosis/
scar. In observational studies, CMR has a sensitivity of 
70–85% to detect ischemic heart disease [172–174], and 
coronary MR angiography showed 72% accuracy detecting 
stenosis. Although a normal CMR is associated with good 
prognosis and a very low risk, lower spatial resolution and 
limited availability compared to CCTA limit its clinical 
application in the ED setting [175]. Conventional catheter 
angiography, considered a gold standard for diagnosis of 
coronary artery disease, should be reserved for use as a con-
firmative test and for intervention for patients with signifi-
cant stenosis or occlusion who will undergo intervention 
with certain likelihood rather than for initial evaluation of 
patients at less than high risk for ACS. Hence, invasive cath-
eterization should be a purely therapeutic option.

 Future Direction: More or Less

Data suggest that the management of low- to intermediate- 
risk chest pain patients is changing to enable safe discharge 
and reduced testing at the index visit [19, 20]. With mounting 
evidence that early objective testing rarely changes manage-
ment [31] and that hospitalization provides no benefit in 
patients with timely and appropriate follow-up [20] and may 
incur harm [176], care should be taken to avoid unnecessary 

diagnostic interventions and resource use for low- to 
intermediate- risk populations [177, 178]. Applying risk 
stratification tools (such as the HEART score), combined 
with normal ECG findings and negative cardiac biomarker 
level results, is sufficient to identify a low- to intermediate- 
risk patient population who will not benefit from the addition 
of coronary CT angiography or other means of objective 
assessment [178, 179].

Also, at least one study has shown that patients who did 
not undergo initial noninvasive testing were no more likely 
to experience an MI than were those who did receive testing 
[177]. Compared with no testing, exercise electrocardiogra-
phy, myocardial perfusion scintigraphy, and coronary com-
puted tomography angiography were associated with 
significantly higher odds of cardiac catheterization and 
revascularization procedures without a concomitant improve-
ment in the odds of experiencing an MI [177]. Patients with 
chest pain evaluated in the ED who do not have an MI are at 
very low risk of experiencing an MI during short- and longer- 
term follow-up in a cohort of privately insured patients. This 
low risk does not appear to be affected by the initial testing 
strategy. Deferral of early noninvasive testing appears to be 
reasonable [177].
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The Role of Cardiac CT in Patients 
with Metabolic Disorders

Gianluca Pontone, Giuseppe Muscogiuri, 
and Mark Rabbat

 Diabetes

Diabetes mellitus (DM) is a complex and heterogeneous dis-
order that can be classified in two subtypes [1]. Type 1 has a 
juvenile onset and is caused by autoimmune destruction of 
the pancreatic beta cell and subsequent insulin deficiency. 
Type 2 is typically characterized by adult onset and associ-
ated with being overweight, a sedentary lifestyle, and a diet 
high in fat and/or calories [1]. Oftentimes, diabetes is associ-
ated with the presence of cardiovascular disease. Therefore, 
optimal cardiovascular risk stratification is needed for an 
optimal therapeutic approach [2].

Before the institution of contemporary coronary care, the 
mortality for myocardial infarction (MI) in diabetic patients 
was higher than 40% and at least double compared with 
patients without diabetes [3]. In a large cohort of patients, 
Haffner et  al. demonstrated that comparing patients with 
prior myocardial infarction, patients with DM had poor out-
comes with a higher probability of developing a myocardial 
infarction compared to nondiabetics [4].

Although diabetes has been associated with coronary 
artery disease (CAD), recently, some data suggests that it 
should not be considered a CAD equivalent. Indeed, associ-
ating imaging findings, functional tests and severity of diabe-
tes have reclassified the therapeutic approach and risk 
stratification to better identify and predict ischemic event in 
patients with DM [5].

A coronary artery calcium (CAC) score is easily acquired 
using cardiac CT and provides a wealth of diagnostic and 
prognostic information. The association of CAC scores with 
atherosclerotic plaque burden has been well described [6]. 
Hence, patients with high CAC are more likely to develop 

inducible ischemia [7]. In the CACTI study, Dabelea et al. 
showed that CAC is more extensive and prevalent in patients 
with type 1 DM compared to sex-matched controls [8]. 
Therefore, if the threshold of calcium scores associated with 
a high prevalence of ischemia in nondiabetic patients is 
>400, in diabetics the threshold maybe lower [9, 10].

Despite the CACTI study demonstrating an increased 
CAC value in patients with diabetes, a large portion of 
patients with DM show a very low or CAC score of 0 [5]. 
This finding supports the evidence that diabetes by itself is 
not a CAD equivalent.

Additionally, diabetics with a low CAC score have a low 
short-term risk of death similar to nondiabetic patients and 
do not appear to benefit from aspirin and statin use [11–13]. 
Extending the follow-up to 5 years, Valenti et al. support the 
theory that patients with a calcium score of 0 maintain low 
cardiovascular risk [14].

Although a large portion of diabetics have very low or 
CAC scores of 0, those with elevated CAC scores appear to 
have poor mid- and long-term outcome compared to nondia-
betics [11, 14]. Therefore the evaluation of CAC scores in 
patients with DM is extremely important to help determine 
the best therapeutic approach and risk stratification. In fact, 
CAC scoring demonstrated a specificity and sensitivity of 
diagnosing CAD in patients with asymptomatic type 2 dia-
betes mellitus of 100% and 88%, respectively [15].

Taking into account the importance of CAC for risk stratifica-
tion of patients, McClelland et al. suggested the use of a new 
algorithm that combines the CAC score with clinical information 
such as presence of diabetes, total cholesterol, HDL cholesterol, 
smoking, and systolic blood pressure in order to better predict 
the 10-year risk of developing coronary heart disease [16].

In addition to CAC, many papers in the literature have 
studied the role of coronary computed angiography (cCTA) 
for the assessment of CAD in patients with DM. In diabetics, 
although cCTA has high sensitivity for early identification of 
significant CAD, its diagnostic performance is reduced com-
pared to nondiabetics [17, 18]. In several studies, risk strati-
fication in patients with diabetes using cCTA has 
demonstrated greater extent, severity, and prevalence of 
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CAD, leading to an increased risk of mortality [19]. Kim 
et  al. demonstrated that a longer duration of diabetes in 
asymptomatic patients is associated with increased major 
adverse cardiac and cerebrovascular events in 10  years of 
follow-up. Another study by Min et al. demonstrated similar 
results despite shorter-term follow-up of 3 years [20, 21]. In 
addition, other studies have demonstrated that diabetics had 
worse prognosis at both 5 and 7 years [22, 23].

Despite the strong evidence of a real impact in progno-
sis and risk stratification of cCTA, currently, its use for 
screening of CAD is not recommended. In the FACTOR-64 
trial, at mean follow-up of 4 years, the primary composite 
end point of all-cause mortality, nonfatal myocardial 
infarction and hospitalization for unstable angina did not 
differ for DM patients compared to the control group. 
Furthermore, the secondary end point of ischemic major 
adverse cardiovascular events was similar [24]. Thus, the 
findings from FACTOR-64 do not support cCTA for 
screening of CAD.

However the lack of significant improvement for both 
primary and secondary outcomes observed in the 
FACTOR-64 trial may be explained by the low-risk study 
population and by the lack of benefit from an invasive thera-
peutic approach based solely on the anatomical evaluation 
of coronaries [24].

Studies comparing invasive fractional flow reserve (FFR) 
to anatomical imaging, including quantitative coronary angi-
ography (QCA), cCTA, or intravascular ultrasound (IVUS), 
have consistently demonstrated an unreliable relationship 
between anatomic measures of stenosis and lesion-specific 
ischemia [25, 26]. In addition, overestimation of stenosis in 
calcified plaque is a well-known limitation, and some ven-
dors have adopted technical strategies to reduce blooming 
artifact [27].

To overcome these limitations, CT perfusion (CTP) and 
fractional flow reserve CT (FFR-CT) have developed to 
bridge the anatomic evaluation of CAD to the functional 
relevance of stenosis [28, 29]. While the current guidelines 
state a level IIa recommendation for CAC scoring and 
level III recommendation for routine cCTA for risk strati-
fication, the novel noninvasive approach based on CTP, 
FFR-CT, and plaque analysis will likely expand and 
broaden the indication for cCTA in order to accurately risk 
stratify patients with DM (Table  29.1) [30, 31]. In fact, 
Vliegenthart et al. recently identified early abnormal CTP 
in patients with diabetes which may improve CAD risk 
stratification [32].

In conclusion, both CAC scoring and cCTA may be 
helpful in risk stratification and management of asymp-
tomatic patients with DM.  Moreover, a combined 
approach utilizing FFR-CT, CTP, and plaque characteris-
tics may play a key role in future CAD risk stratification 
(Table 29.2).

 Gaucher Disease

Gaucher disease (GD) is the most common lysosomal stor-
age disorder. It is characterized by the loss of function of the 
catabolic lysosomal enzyme acid beta-glucocerebrosidase 
causing accumulation of sphingolipid glycosylceramide in 
lysosomes. Different types of genetic mutations involving 
the GBA gene are responsible for the diminished function of 
the enzyme [33, 34].

Clinical manifestation of GD can be very heterogeneous 
but can be divided into three types [34].

• Type 1: Characterized by hepatosplenomegaly, anemia, 
thrombocytopenia, and bone disease.

• Type 2: Typical onset in infancy with neurologic and vis-
ceral manifestations associated with arrest of growth and 
death in early childhood.

• Type 3: Characterized by neurologic involvement usu-
ally with onset in early childhood. Based upon the 
involvement of visceral disease and neurological signs, 
type 3 GD can be further divided into three subgroups: 
3a, 3b, and 3c.

Table 29.1 Current guidelines in patients with diabetes mellitus [5]

Risk factor assessment Class I
Coronary artery calcium scanning Class IIa
Hemoglobin A1c for risk assessment Class IIb
Not supported
Carotid intima media thickness Class III
Routine functional testing Class III

Data from Budoff et al. [5]
Class III

Table 29.2 Computed tomography in metabolic disorders

Metabolic disorders Role of CT
Diabetes CAC

Extent and severity of CAD
Possible functional evaluation of CAD
  1. FFR-CT
  2. CTP

Gaucher disease Calcifications of valves and thoracic 
aorta

Mucopolysaccharidoses Evaluation of valve morphology
Narrowing of coronary arteries

Alkaptonuria CAC
Myocardial, valve, vascular calcification

Cystinosis CAC
Obesity CAC

EAT

CT computed tomography, CAC coronary artery calcium, CAD coro-
nary artery disease, FFR-CT fractional flow reserve computed tomogra-
phy, CTP computed tomography perfusion, EAT epicardial adipose 
tissue
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Cardiac involvement in GD is manifested as calcification 
of the myocardium and mitral and aortic valve [35–37]. Few 
case reports describe the role of CT for the evaluation of 
patients with GD. The papers do not use ECG-gated acquisi-
tion and describe the appearance of calcified valves and tho-
racic aorta in patients with GD [38, 39].

 Mucopolysaccharidoses

Mucopolysaccharidoses (MPS) is a genetic disease due 
to a lysosomal storage disorder that causes impaired deg-
radation of glycosaminoglycans (GAG) [40, 41]. There 
are nine different subtypes of MPS depending on the 
enzyme deficit with heterogeneous clinical manifesta-
tions [40].

MPS is a multivisceral disease and involves the musculo-
skeletal system, heart, lung, eyes, liver, spleen, and occasion-
ally the cerebral nervous system [41].

Cardiac involvement in MPS is caused by the accumula-
tion of GAG. Thickening of the cardiac valves, intramyocar-
dial deposition of GAG, patchy interstitial fibrosis, coronary 
artery narrowing from myointimal proliferation, and sys-
temic hypertension may all contribute to the development of 
heart failure [42].

Left-sided cardiac valves are commonly affected in MPS 
and these individuals typically have MPS subtypes I, II, and 
IV [43]. The mitral valve leaflets are usually thickened, the 
chordae tendineae are short, and the papillary muscles are 
dysmorphic. The abnormal morphologic changes of the 
valves result in pathologic valvular function and the develop-
ment of stenosis and insufficiency.

Transthoracic two-dimensional echocardiography is the 
first-line noninvasive technique that allows reliable evalua-
tion of valvular function and morphology. However, in 
patients with poor acoustic windows or in cases where trans-
esophageal echocardiography cannot be performed, cCTA 
represents an alternative diagnostic technique. While cCTA 
can provide key information regarding valvular morphology, 
it is important and good practice to consider the radiation 
exposure to patients [43].

Narrowing of coronaries is described in all subtypes of 
MPS; however, it is more common in subtypes I and II. A 
decrease in coronary lumen diameter is caused by the depo-
sition of GAG that leads to a progressive diffuse intimal pro-
liferation [43–45].

It is debatable whether cCTA is useful and maintains high 
diagnostic performance in patients with MPS mainly from 
the diffuse involvement of the vessels [43]. However, Felice 
et al. describe a case of a 30-year-old patient with MPS, aor-
tic stenosis, and left ventricular hypertrophy who underwent 
cCTA and successfully ruled out involvement of coronary 
narrowing [46].

 Alkaptonuria

Alkaptonuria is an autosomal recessive metabolic disorder 
caused by a deficient activity of homogentisate 1, 
2- dioxygenase (HGO), an enzyme involved in the metabo-
lism of tyrosine. The decreased function of HGO leads to an 
increase of homogentisic acid (HGA). Excessive production 
of HGA is eliminated in the urine or accumulates in connec-
tive tissue causing ochronosis and subsequent darkening of 
bones and cartilage, arthritis, joint destruction, and degener-
ation of cardiac valves [47].

In alkaptonuria, ochronosis seems to be upstream cause 
of cardiac valvular deterioration. The deposits of HGA mani-
fest a classic pigmentation to the cardiac valves that subse-
quently undergo a gradual progression to valvular 
calcification [48]. The association of degenerative aortic ste-
nosis and alkaptonuria has been described [49–51]. As in 
GD, cCTA can be useful for the evaluation of myocardial, 
valve, or vascular calcification [52]. CAC is commonly 
found in patients with alkaptonuria and can be quantified 
using the Agatston score [47, 52].

 Cystinosis

Cystinosis is a rare, autosomal recessive disease in which 
cystine is accumulated in the lysosomes. The biallelic muta-
tion of the cystinosin, lysosomal cystine transporter (CTNS) 
gene, leads to deficient cystinosin (which is a cystine-proton 
cotransporter) and consequently cystine is accumulated in 
the lysosomes [53].

Cystinosis is the most common cause of Fanconi syn-
drome. Typically onset of symptoms occurs in early child-
hood. Polyuria, polydipsia, vomiting, constipation, growth 
retardation, rickets, dehydration, and acidosis have been 
associated with the disease [54]. Photophobia and blepharo-
spasm are common in patients with cystinosis as result of 
corneal cystine crystals accumulation. Loss of thyroid func-
tion is caused by the gradual cystine accumulation and crys-
tal formation in thyroid follicular cells [53, 55]. Other 
extrarenal manifestations include pancreatic and pulmonary 
dysfunction, muscle atrophy or weakness, and rarely impair-
ment of the central nervous system [54].

The progressive renal impairment in patients with cysti-
nosis may lead to kidney failure and eventual kidney 
transplantation.

Ueda et al. observed the increase of coronary artery and 
vascular calcification in patients with cystinosis after kid-
ney transplantation [56]. They report that increased values 
of CAC were associated with to the onset of diabetes and/
or abnormalities of calcium and phosphate homeostasis 
[56]. Furthermore, in one cystinosis patient with significant 
CAC noted on CT, coronary angiography was performed to 

29 The Role of Cardiac CT in Patients with Metabolic Disorders



352

evaluate the severity of CAD [56]. However, it is yet to be 
determined whether patients with cystinosis may benefit 
from the evaluation of CAC scoring and severity of CAD 
using cCTA.

 Obesity

Obesity is characterized by a body mass index (BMI) higher 
than 30 Kg/m2 in adults and above the 95th percentile in the 
pediatric population. The development of obesity results 
from the complex interaction between genetic, socioeco-
nomic, and cultural influences [57].

Obesity represents an important and serious health 
problem in developed and developing countries which 
greatly influence the cost to healthcare system [58]. 
Furthermore, obesity is associated with several comorbidi-
ties that may adversely affect the clinical condition of 
patients, resulting in poor outcomes. The combination of 
being overweight and obese in 2010 was estimated to 
cause 3.4 million deaths [59, 60].

Comorbidities often associated with an obese body habi-
tus include but not limited to obstructive sleep apnea, female 
infertility, diabetes, and coronary heart disease [59, 61]. The 
relationship between obesity and development of CAC is 
debatable. In 2005, Cassidy et al. showed a positive correla-
tion between CAC and waist circumference, waist-to-hip 
ratio, and BMI [62]. In 2010, the CARDIA study demon-
strated that baseline BMI was associated positively and lin-
early with CAC at year 20 of follow-up [63]. In contrast to 
the above results, Kovacic et al. found an inverse correlation 
between BMI and CAC, while other studies report the lack 
of significant association [64–66].

The conflicting results regarding the association of 
CAC and BMI were further investigated by two large stud-
ies. Analysis performed on the CONFIRM registry found 
that obese patients have a statistically significant higher 
CAC compared to normal weight patients [67]. Similar 
results were observed by Fujiyoshi et  al. where after 
adjusting for age, smoking, alcohol, hypertension, lipids, 
and diabetes mellitus, CAC was independently and posi-
tively associated with prevalent CAC in a large population 
of 1212 patients [68].

Another finding that can be evaluated in obese and non-
obese patients is the amount of epicardial adipose tissue 
(EAT). EAT, the visceral adipose tissue located between the 
myo-epicardium and visceral pericardium, is an independent 
risk factor for CAD. EAT plays a local homeostatic role in 
management of lipid and energy. In particular, it is respon-
sible for free fatty acid release and uptake [69]. The amount 
of EAT is correlated with components of metabolic syn-
drome, and the increase in EAT has been associated with the 
progression of CAC [70, 71]. In addition, Spearman et  al. 

report that there may be incremental prognostic value of 
EAT over CAC alone [72].

Although cardiac CT can be useful in obese patients for 
the evaluation of CAC, EAT, and CAD extent and severity, 
image quality may be limited if tube potential and current 
are not adequately adjusted according to the individuals 
BMI [73].

However, one must be cognizant that the increase of tube 
voltage and current leads to increased radiation dose to the 
patient. Hence, several strategies have been developed by the 
vendors in order to overcome this issue. Mangold et al. report 
high diagnostic image quality in obese patients with third- 
generation dual-source CT using a tube voltage of 120-kV. In 
fact, diagnostic accuracy between obese and nonobese 
patients showed no significant difference in image quality 
even when 44% of the obese patients underwent cCTA with 
tube voltage <120 kV [74, 75].
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Angiography in Cardiac Risk 
Assessment for Non-cardiac Surgery
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It has been estimated that approximately 900,000 patients 
each year will suffer a major adverse cardiac event in the 
postoperative period [1]. As such preoperative cardiac risk 
stratification is an important aspect in the clincal practice of 
internal medicine physicians, cardiologists, anesthesiolo-
gists, and surgeons alike. Traditional risk assessment models 
utilize patient-specific comorbidities to allow estimation of 
perioperative cardiac risk. Such models have historically 
included the Multifactorial Cardiac Risk Index, Revised 
Cardiac Risk Index (RCRI), and Detsky’s Modified Cardiac 
Risk Index [2–4]. Once a patient-specific risk has been esti-
mated, the practitioner must not only determine the appropri-
ateness of further testing but if the results of subsequent 
testing would alter treatment plans [5]. Traditionally, if fur-
ther testing was deemed appropriate, this was accomplished 
utilizing stress treadmill electrocardiography (ECG), single-
photon emission computed tomography (SPECT), or stress 
echocardiography [6]. In recent years, coronary computed 
tomography angiography (CCTA) has become an alternative 
method for the evaluation of coronary artery disease. CCTA 
has repeatedly demonstrated the ability to exclude signifi-
cant coronary artery disease with an extremely high sensitiv-
ity and negative predictive value [7, 8]. However, to date its 
use in the evaluation of preoperative cardiac risk stratifica-
tion has not been well established [6].

 Preoperative Risk Assessment

The Revised Cardiac Risk Index (RCRI) is a multifactorial 
risk index developed in 1999 by Lee et al. which stratifies 
patients based upon specific medical comorbidities [3]. Both 
the American Heart Association (AHA) and the American 
College of Cardiology (ACC) have emphasized the use of 
the RCRI for preoperative cardiac risk evaluation [9]. This 
risk model utilizes patient-specific clinical risk factors 
including chronic kidney disease with a creatinine greater 
than 2.0, insulin dependent diabetes mellitus, history of cere-
brovascular accident (CVA), history of ischemic heart dis-
ease, and history of congestive heart failure (Table 30.1) [9]. 
In combination with assessing the risk of surgery itself, a 
patient’s risk of major adverse cardiac events can and should 
also be estimated. This can range from a very low risk of 
0.4% to high risk with an 11% risk of perioperative cardiac 
complications (Table 30.2) [10]. In addition to clinical risk 
factors, any assessment of preoperative risk also includes a 
functional assessment (Table  30.3) [5]. Utilizing both the 
RCRI risk score and patient’s functional capacity, the ACC 
and AHA have issued a stepwise algorithm for preoperative 
cardiac risk assessment (Fig.  30.1) [9]. The highlighted 
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Table 30.1 Clinical risk factors utilized in preoperative cardiac risk 
assessment via the Revised Cardiac Risk Index (RCRI)

Revised Cardiac Risk Index (RCRI)
History of ischemic heart disease
History of congestive heart failure
History of cerebrovascular accident
Chronic kidney disease with creatinine >2.0
History of insulin dependent diabetes mellitus

Table 30.2 Risk of perioperative complications based on number of 
RCRI risk factors

Risk class # of risk factors Risk of complications
Very low risk 0 0.4%
Low risk 1 0.9%
Moderate risk 2 7.0%
High risk ≥3 11.0%

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-60327-237-7_30&domain=pdf
mailto:bayer@musc.edu


356

Emergent 
Surgery?

Proceed with
Surgery

Proceed with
Surgery

Proceed with
Surgery

Proceed with
Surgery

Acute Cardiac
Issues

Functional 
Capacity
≥4 METs

Evaluation and
Management Prior to

Proceeding 
with Surgery

Low Risk Surgery?

No

No/Unknown

No

No

Yes

Yes

Yes

Yes

≥3 Risk Factors 1-2 Risk Factors

Vascular Surgery

Consider Non-
invasive Testing

Proceed with
Surgery OR

Consider Non-
invasive Testing

Proceed with
Surgery OR

Consider Non-
invasive Testing

Proceed with
Surgery OR

Consider Non-
invasive Testing

Vascular Surgery
Intermediate Risk

Surgery
Intermediate Risk

Surgery

No Clinical Risk
Factors

Fig. 30.1 Stepwise approach to 
preoperative risk stratification prior 
to undergoing non-cardiac surgery

Table 30.3 Physical activity and corresponding metabolic equivalents 
(METs)

Physical activity METs
Sleeping 0.9
Watching television 1.0
Walking slowly on level ground (1.7 mph) 2.3
Walking 3.0 miles per hour 3.3
Vacuuming, sweeping floor 3.3
Bicycling <10 miles per hour 4.0
Climb two flights of stairs 4.0
Washing car 4.5
Golf (carrying clubs) 4.5
Walking 4.0 miles per hour 5.0
Weightlifting 6.0
Jogging 7.0
Basketball 8.0
Jump roping 10.0
Running (9 min/mile) 11.0

sections represent situations where further testing may be 
appropriate.

With patients unable to complete ≥4 METs or who have 
an unknown functional capacity and are intermediate to high 
risk, further noninvasive testing may be appropriate. This of 
course is with the caveat that it will alter management prior 
to proceeding with surgery [5]. In accordance with the 
appropriate use criteria, only SPECT and stress echocardiog-
raphy receive scores of “appropriate” [9]. Additionally exer-
cise stress ECG and stress cardiac magnetic resonance 
(CMR) imaging earn scores of “may be appropriate” [9]. 
Conversely, in all situations CCTA is deemed “rarely appro-
priate” [9]. These recommendations stem largely from the 
lack of current evidence for the use of CCTA in the setting of 
preoperative risk stratification [11].
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 CCTA for Preoperative Risk Assessment

Although the indication for CCTA as part of preoperative 
evaluation has not been well defined, the excellent sensitivity 
and negative predictive value provides the rational for its use 
as a screening test to exclude significant coronary disease 
prior to non-cardiac surgery. While the volume of data is 
insufficient to allow recommendation for the use of CCTA as 
a noninvasive method in existing preoperative risk assess-
ment models, there does exist several small studies investi-
gating its utility.

The first study included 100 patients whom underwent 
CCTA prior to undergoing scheduled non-cardiac surgery 
[12]. Patients whom were found to have significant coronary 
artery stenoses or in whom motion artifact or significant cal-
cification prevented luminal assessment were referred for 
invasive angiography and excluded from analysis [12]. 
Significant stenosis was defined as luminal narrowing >50% 
[12]. Of the 100 patients enrolled, CCTA was able to exclude 
significant coronary artery disease in 81 patients and subse-
quently proceeded to surgery without further cardiac testing 
[12]. These patients were followed for the onset of any major 
adverse cardiac events (MACE) during the perioperative 
period and for 3  months postoperatively [12]. MACE was 
defined as death due to cardiac causes, acute myocardial 
infarction, cardiac arrest, or nonelective coronary revascular-
ization [12]. In these 81 patients, no MACE were noted dur-
ing either the observed perioperative nor the postoperative 
follow-up period [12].

A second study evaluated consecutive patients undergoing 
intermediate risk non-cardiac surgery [6]. RCRI scores were 
calculated in all patients [6]. Additionally, patients were not 
only evaluated with CCTA but also underwent coronary 
artery calcium scoring (CACS) [6]. While CACS alone is 
unable assess the degree of coronary artery stenosis or the 
precise location of potentially stenotic lesions, elevated 
CACS portends an increased risk of major cardiovascular 
events [13]. In one study of over 6500 asymptomatic patients 
who underwent calcium scoring, the baseline calcium score 
and the number of vessels involved were each independent 
predictors of future coronary revascularizations during an 
8.5-year follow-up period [13]. In another large observational 
registry of more than 25,000 patients, unadjusted survival 
over the follow-up period was 97.4% for patients with cal-
cium scores ranging from 11 to 100 and 73% for patients with 
calcium scores ≥1000 [14]. Conversely, the absence of coro-
nary artery calcification was associated with extremely low 
rates adverse cardiac events [15]. In the aforementioned 
study, 239 patients underwent evaluation with CACS and 234 
with CCTA [6]. Coronary stenoses were graded as minimal 
(<30%) (Fig.  30.2), nonsignificant (>30% but <50%), and 
significant (>50%) (Fig. 30.3) [6]. Patients were then subse-
quently followed for 30 days postoperatively for the presence 
of MACE, defined as cardiac death, unstable angina, nonfatal 

myocardial infarction, pulmonary edema, ventricular fibrilla-
tion/tachycardia, and complete heart block [6]. MACE was 
seen in 3.5% of patients with minimal coronary artery disease 
and 7.1% of patients with nonsignificant disease [6]. However, 
in patients with significant coronary artery disease, the rate of 
adverse events increased dramatically to 17.2% [6]. The pres-
ence of multivessel disease increased rates of adverse events 
above that of single-vessel disease, and higher CACS also 
resulted in higher rates of adverse cardiac events [6]. In 
patients with a CACS ≥113, the odds ratio (OR) for adverse 
cardiac events was 5.84 [6]. This difference persisted when 
stratified based on RCRI scores. In patients with CACS <113 
compared to CACS ≥113, event rates in the RCRI score of 0 
were 1.4% vs. 15.2%, 3.6% vs. 4.7% with a risk score of 1, 
0% vs. 21.1% with a risk score of 2, and 50% vs. 66.7% with 
a risk score of 3 or more [6].

Fig. 30.2 Calcified lesion in the left anterior descending (LAD) artery 
with resultant mild stenosis
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Finally, the third and largest study included 844 patients 
undergoing CCTA prior to elective non-cardiac surgery [16]. 
Similar to prior studies, patients were followed for 30 days 
postoperatively for the development of MACE, defined as 
pulmonary edema, myocardial infarction, or cardiac death [16]. 
As expected patients with a higher RCRI risk index had 
increasing postoperative MACE, an event rate of 1.2% with 
an RCRI score of 1 compared to a 5.8% event rate with a 
RCRI score of ≥3 [16]. With respect to CCTA findings, 
regardless of RCRI score patients with nonsignificant coro-
nary stenosis (<50%) had fewer events that those with sig-
nificant stenosis (≥50%), 1.7% vs. 8%, respectively [16]. 
When the two measures were combined, CCTA demon-
strated the ability to reclassify patients within the same RCRI 
score group. In patients with an RCRI score of 2 or 3, the 
presence of any significant coronary artery stenosis increased 
postoperative risk of MACE 3–17 times [16].

The previous studies would suggest that in patients with-
out significant coronary artery stenosis on preoperative 
CCTA, there is a low rate of postoperative MACE. 
Furthermore, positive and negative predictive values with 
CCTA were on par with those of myocardial perfusion imag-
ing and dobutamine stress echocardiography published 
within the European Society of Cardiology (ESC), AHA, 
and ACC guidelines [16–18].

 Additional Considerations

At present when additional noninvasive testing is indicated prior 
to non-cardiac surgery, guidelines recommend the use of func-
tional testing (myocardial perfusion imaging, stress echocar-
diography, stress CMR). However, these modalities do not 
provide anatomic assessment of the coronary arteries nor iden-
tify potential non-flow limiting stenosis, the latter of which 
could pose risk for plaque rupture and subsequent adverse clini-
cal outcomes. Indeed it has been demonstrated that many post-
operative MACE are a result of nonobstructive coronary lesions 
that may be more prone to plaque rupture in the increased 
inflammatory setting of the operative period [19–21]. The abil-
ity to diagnose the presence of any coronary artery disease may 
allow for modification of medical management in the preopera-
tive period resulting in mitigation of risk postoperatively. It has 
been observed that the addition of statins in patients undergoing 
surgery reduces rates of atrial fibrillation, myocardial infarction, 
as well as length of hospital stay [22]. Additionally, while data 
regarding beta-blockade in the perioperative period is conflict-
ing, there is data to support improved patient outcomes if beta- 
blockade is initiated early enough in the preoperative period 
[23–25]. Apart from the anatomical assessment of the coronar-
ies themselves, CCTA has the ability to provide additional clini-
cally relevant information pertaining to the lung parenchyma, 
pleura, mediastinum, and great vessels [26, 27].

Conversely, while myocardial perfusion imaging, stress 
ECG, stress echocardiography, and stress CMR do not pro-
vide anatomical assessment of the coronary arteries, CCTA 
does not provide functional assessment. However, with the 
advent of computed tomography-derived fractional flow 
reserve measurements (FFRCT), the ability to assess the 
hemodynamic significance of lesions identified on CCTA 
noninvasively exists [28–30]. Coupling CCTA with FFRCT 
would allow not only for anatomical assessment of the coro-
nary arteries as well as surrounding cardiac structures but 
also functional assessment as to the presence of ischemia. In 
a recent meta-analysis, the sensitivity for FFRCT was on par 
with that of stress CMR (90% and 90%, respectively) and 
surpassed that of both SPECT and stress echocardiography 
(70% and 77%, respectively) [31]. Specificity was similar 
between FFRCT, SPECT, and stress echocardiography at 
71%, 78%, and 75%, respectively [31].

 Clinical Challenges

A significant challenge in the decision-making process of 
preoperative evaluation is the timing and appropriateness of 
pursuing intervention if significant coronary artery disease is 
discovered. One must balance these findings against addi-
tional aspects of surgical planning, such as delay of non- 

Fig. 30.3 Calcified and non-calcified plaque in the LAD with  moderate 
stenosis
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emergent surgery to pursue revascularization, duration of 
dual antiplatelet therapy, and further evaluation of extracar-
diac findings (such as previously undiagnosed malignancies 
or incidental findings warranting further workup). Regardless 
of modality, preoperative noninvasive cardiac testing should 
be reserved for appropriate patients as determined by risk 
assessment and in whom results of testing would alter preop-
erative management [5].

 Conclusions

CCTA has proven to be a highly sensitive and reliable modal-
ity for the exclusion of significant coronary artery disease. 
When utilized in conjunction with techniques such as nonin-
vasive fractional flow reserve, it yields excellent sensitivity – 
on par with that of stress CMR – as well as good specificity, 
similar to that of SPECT and stress echocardiography. 
Despite these data, a paucity of data exists for the use of 
CCTA in preoperative cardiac risk assessment. As such cur-
rent guidelines and appropriate use criteria classify CCTA as 
“rarely appropriate” as it pertains to preoperative testing. 
While CCTA holds promise to be a valuable modality for 
preoperative risk assessment, further investigation and larger 
studies will be needed prior to its adoption into this arena.
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CT for Guiding Successful 
Revascularization

Maksymilian P. Opolski

Both percutaneous coronary intervention (PCI) and coronary 
computed tomography angiography (coronary CTA) belong 
to the most evolving fields in modern cardiology. In parallel 
to the expanding indications for coronary CTA, a continually 
increasing number of patients undergo PCI following coro-
nary CTA examination [1, 2]. In this regard, the abundance 
of anatomic, morphological, and physiological data incorpo-
rated from a one-stop-shop computed tomographic study can 
aid to optimize PCI strategy [3, 4]. The purpose of this chap-
ter is to highlight contemporary and future advancements of 
coronary CTA that might help guide PCI.

 Interventional Applications

Once a patient has been identified as having a flow-limiting 
plaque in need of stenting (Fig.  31.1), coronary CTA data 
can be used to better plan percutaneous strategy, particularly 
in angiographically demanding lesions such as coronary 
chronic total occlusions (CTO), bifurcation lesions, or coro-
nary anomalies. Below a number of potential applications of 
coronary CTA for PCI have been described.

 Selection of Stent Size and Length

Numerous studies in the drug-eluting stent era have repeat-
edly identified greater residual reference segment disease 
and stent underexpansion as independent predictors of sub-
sequent stent edge restenosis and thrombosis [5, 6]. Hence, 
complete lesion coverage and well-matched vessel diameters 
are paramount to decrease the risk of stent failure and 
improve clinical outcomes. Invasive coronary angiography 
(ICA) represents a two-dimensional technique that cannot 
reliably visualize the atherosclerotic involvement of the arte-

rial wall [2]. Consequently, it often underestimates lesion 
length and vessel size compared with intravascular ultra-
sound (IVUS) and coronary CTA (specifically when diffuse 
disease or negative remodeling are present) [7]. Whereas 
IVUS is still the current gold standard to optimize stent 
implantation [1], there is compelling evidence that measure-
ments of lumen area and diameter performed with coronary 
CTA and IVUS are well correlated [8], and noninvasive CTA 
is the only imaging technique to quantify lesion length and 
vessel size before the procedure has even started. The con-
cept of CTA-guided stent sizing was first reported in a simu-
lation study by LaBounty et al. who reevaluated 18 patients 
with 24 coronary lesions and pre-procedural CTA datasets 
[9]. Interestingly, by using CTA operators selected longer 
stents with larger stent diameters than with ICA. In another 
small pilot study of 17 patients with 26 native coronary 
lesions, Kass et  al. indicated relatively good agreement 
between CTA- and IVUS-derived stent sizes [10]. These 
findings were subsequently replicated in 22 saphenous vein 
graft lesions, wherein both coronary CTA and IVUS demon-
strated similar measurements of the proximal and distal ref-
erence lumen diameters as well as lesion length [11] 
Additionally, the assessment of stent length by coronary 
CTA but not invasive coronary angiography (ICA) dictates 
the exact actual length of the implanted stent as reported by 
the stent’s manufacturer [12]. Of particular interest, in the 
prospective randomized single-center study of 71 patients, 
Pregowski et al. investigated whether the addition of coro-
nary CTA to PCI planning could affect immediate procedural 
results as defined by IVUS endpoints [13]. To this end, angi-
ography plus CTA-guided PCI versus angiography-guided 
PCI was compared, wherein computed tomographic criteria 
for lumen area  >4.5  mm2 in the reference segments were 
used to determine the optimal landing zone for stent implan-
tation. Notably, coronary stents selected under CTA guid-
ance were significantly longer with a trend toward larger 
nominal stent diameter compared with angiography- guided 
strategy alone (Fig. 31.2). This further translated into more 
complete lesion coverage and larger stent expansion as con-
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firmed by smaller peri-stent plaque burden and larger mini-
mal stent area in the CTA group. Lately Wolny et al. evaluated 
the value of CTA in planning PCI strategy in bifurcation 
lesions in a prospective randomized study of 93 patients 

[14]. Whereas CTA-assisted  bifurcation PCI was equally 
safe (with similar rate of periprocedural myocardial infarc-
tion, amount of contrast and radiation dose during PCI) com-
pared with angiography- guided revascularization, it 

a b

Fig. 31.1 High-grade stenosis in coronary computed tomography angiography. (a) Curved multiplanar reconstruction showing high-grade lesion 
in the mid-segment of the right coronary artery (arrow). (b) Corresponding invasive angiographic view

a b

Fig. 31.2 Computed tomography angiography-assisted planning of 
percutaneous coronary intervention. (a) Curved multiplanar reconstruc-
tions of the high-grade stenosis in the mid-segment of the left anterior 
descending artery with corresponding cross-sectional areas (1 to 4). 
Based on computed tomographic data the planned stent length is 33 mm 

with proximal and distal stent diameters of 4.0 mm (cross section 1) and 
3.0 mm (cross section 4), respectively. (b) Corresponding invasive angi-
ographic view. In the angiography-guided strategy, the significant refer-
ence plaque burden (cross section 3) would likely be overlooked and 
stent diameters underestimated
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prompted PCI operators to choose simpler PCI technique 
with higher use of single-stent procedures and proximal opti-
mization technique along with less frequent side-branch 
stenting. Possible explanation of this observation is that 
angiography-defined lesion length is often underestimated, 
leading to a selection of too short a stent – a phenomenon 
that may be occasionally associated with suboptimal imme-
diate angiographic result (i.e., stent edge dissection or plaque 
protrusion caused by stent placement in a region with high 
plaque burden) – and thus requires additional stent implanta-
tion. Whether the anatomic approach for CTA-guided stent 
implantation may also improve lesion- specific ischemia 
compared to the standard-of-care angiography- guided PCI is 
yet to be determined. Until these trials are completed, selec-
tion of stent size and length based on CTA data will likely be 
slowly incorporated into clinical practice, notwithstanding 
the absence of clear guideline recommendation.

 Ischemia-Guided PCI by Computerized 
Tomography Fractional Flow Reserve

Given the ascendancy of ischemia-guided intervention over 
anatomic-guided intervention [15], the ability of computer-
ized tomography fractional flow reserve (FFR-CT) to detect 
lesion-specific ischemia opens a door for FFR-CT-guided 
PCI. In the RIPCORD study, 200 consecutive patients from 
the NXT trial underwent sequential decision-making for the 
most optimal treatment strategy (optimal medical therapy 
alone, PCI, coronary artery bypass grafting, or more infor-
mation required) based on coronary CTA alone or the hybrid 
anatomic-physiological approach of coronary CTA plus 
FFR-CT [16]. The decision was made by consensus of three 
experienced interventional cardiologists reporting on the 
changes in their management plan after disclosure of 
FFR-CT. Overall, there was a change in management in 36% 
of patients, with a 23% increase in the use of optimal medi-
cal therapy alone, a 5% decrease in PCI, and a 0.5% increase 
in CABG. Among patients assigned to PCI, in 18% the target 
vessel for PCI was changed, whereas 30% were reallocated 
to optimal medical therapy. Not surprisingly, FFR-CT can 
also optimize PCI by dictating the landing zone for stent 
implantation necessary to resolve ischemia (Fig. 31.3). In a 
pilot study of 48 ischemia-causing stenoses with post-PCI 
invasive FFR data, the ability of FFR-CT to predict the func-
tional benefit of coronary revascularization by “virtual stent-
ing” was tested [17]. Specifically, “virtual stenting” was 
performed by modification of the computational model in 
the region of the virtual stent according to the proximal and 
distal reference areas, and the diagnostic accuracy of FFR-CT 
to predict ischemia after stenting was 96%. Whether FFR-CT 
could determine which method of coronary revascularization 
maximally reduces ischemia (“virtual stenting” versus “vir-
tual bypass surgery”) based on patient-specific anatomy is to 
be elucidated.

 Plaque Assessment for Planning PCI 
Interventions

Several CT studies have consistently confirmed the close 
relationship between high-risk features of coronary plaques 
and invasive FFR [18–21]. In the study by Nakazato et al. in 
58 patients with 58 intermediate coronary lesions, percent 
aggregate plaque volume (cumulative plaque volume as a 
function of total vessel volume) showed the highest predic-
tive value for identification, discrimination, and reclassifica-
tion of ischemic lesions compared with anatomic 
measurements of coronary stenosis [18]. In the larger multi-
center evaluation of 407 stenoses in 252 patients from the 
DeFACTO study, positive remodeling was an independent 
predictor of ischemia across all coronary lesions, whereas 
percent aggregate plaque volume and low-attenuation plaque 
were associated with ischemia in obstructive lesions (≥50%) 
only [19]. Further, in the substudy of the NXT trial of 254 
patients with 484 vessels employing semiautomated CT soft-
ware, low-density noncalcified plaque volume ≥30 mm3 was 
the only independent determinant of ischemia with incre-
mental predictive value over CTA stenosis >50% [20].

The presence, location, and extent of calcification on CTA 
might potentially affect the results of catheter-based inter-
ventions. For example, for lesions with severe calcium 
(mostly defined as calcification >50% of vessel cross sec-
tion), plaque modification with rotablation, intravascular 
lithotripsy or high-pressure balloons may be required to 
achieve complete stent expansion [22]. Whereas coronary 
dissections are often encountered at the junction of calcified 
and noncalcified plaque, the optimal landing zone for stent 
implantation in calcium-free vessel segments should be con-
sidered. The potential difficulties in calcified lesions have 
been emphasized in a study showing that hard plaques with 
CT density  >120 Hounsfield units were associated with 
occurrence of dissection or perforation during PCI [23]. 
Moreover, plaques with a higher calcium score had larger 
reference plaque burden following stent implantation and 
were more likely to require balloon post-dilation under IVUS 
guidance [24].

Assessment of plaque composition by coronary CTA can 
also predict the occurrence of distal emboli during PCI that 
may ultimately result in periprocedural myocardial infarc-
tion [25–29]. In the study by Harigaya et  al. including 78 
patients with acute coronary syndrome or stable angina, the 
presence of CTA-derived low-attenuation plaque with a 
length  >4.7  mm was an independent predictor of the no- 
reflow phenomenon [27]. Consequently, Kodama et al. found 
that low-attenuation plaque surrounded by circumferential 
plaque calcification conferred a higher risk of slow-flow phe-
nomenon after PCI in a series of 40 patients [28]. Also, a 
larger prospective study of 189 stable patients corroborated 
the decisive role of low-attenuation plaque in predicting peri-
procedural myocardial injury as confirmed by positive tropo-
nin- T at 18 h post-PCI [26]. Ultimately, large analysis of 180 
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patients with non-ST-segment elevation acute coronary 
 syndrome and pre-procedural CTA yielded low-attenuation 
plaque and napkin-ring sign as independent predictors of 
slow-flow phenomenon in culprit lesions  [29]. All of these 
studies reinforce the notion that coronary plaques with large 
lipid area may be prone to being broken down into small 
atherosclerotic particles following balloon dilatation, with 
subsequent embolic complications of the distal coronary cir-
culation (Fig. 31.4). In this regard, identification of high-risk 
plaques on CTA may help in shifting PCI strategy toward the 
use of direct stenting, distal protection devices, or stronger 
antithrombotic therapy (e.g., glycoprotein IIb/IIIa receptor 
inhibitors). Another option might include deferring PCI and 
starting statin therapy for plaque stabilization. Finally, in 
patients with multiple high-risk plaques (particularly involv-
ing left main or proximal left anterior descending coronary 
artery), coronary bypass grafting rather than PCI could be 
considered.

Coronary CTA can also predict mechanical complications 
of stent implantation. Recently Tesche et  al. proposed an 
elegant method derived from pre-procedural CTA for pre-
dicting in-stent restenosis as defined by quantitative ICA 
[30]. In a retrospective analysis of 74 coronary lesions, their 
main observation was that lesion length, noncalcified plaque 

volume, and positive remodeling measured by CTA por-
tended the occurrence of in-stent restenosis with incremental 
predictive value (sensitivity of 90% and specificity of 84%). 
Logical explanation for this observation may reside in the 
inherent properties of a diffusely distributed low-attenuation 
plaque that could promote inflammatory endothelial response 
along with exaggerated neointimal proliferation as a reaction 
to stent strut penetration. In this regard, visualization of a 
low-attenuation plaque with positive remodeling on CTA 
should be considered as a “bad omen” (increasing the risk of 
both slow-flow phenomenon and in-stent restenosis) for PCI 
operators. Potential solution for mitigating the risk for in- 
stent restenosis should involve selection of well-expanded 
drug-eluting stents with minimal late lumen loss that cover 
the entire length of coronary plaque.

 Vulnerable Plaque

The concept of vulnerable plaque is based on the assumption 
that certain coronary plaques are more prone to rupture than 
others (Fig. 31.5) [31]. Given the compelling evidence for 
multifocal nature of vulnerable plaques as well as the strenu-
ous effort for invasive intracoronary imaging of all three 
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Fig. 31.3 Noninvasive treatment planning using fractional flow 
reserve derived from computed tomographic data with virtual stenting 
algorithm. (a) Computerized tomography fractional flow reserve dem-
onstrating functionally significant stenosis in the proximal segment of 

the left anterior descending artery (arrow). (b) Computerized tomogra-
phy fractional flow reserve showing resolution of ischemia in the left 
anterior descending coronary artery after virtual stenting (arrow)
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coronary vessels, noninvasive CTA has become one of the 
most versatile techniques for prediction of future coronary 
events [32]. In a landmark study by Motoyama et al. includ-
ing 1059 patients with stable chest pain, the presence of low- 
attenuation plaque and/or positive remodeling conferred a 
23% risk for future coronary event during a mean follow-up 
of 27  months [33]. In a study of 312 patients with 

 non-ST- segment elevation myocardial infarction undergoing 
coronary CTA, the total amount of noncalcified plaque in 
nonobstructive coronary lesions was an independent predic-
tor of subsequent coronary events [34]. Moreover, the focus 
on napkin-ring sign morphology (defined as the presence of 
a ring of high attenuation around coronary plaque) was 
undertaken in a prospective study of 895 patients [35]. After 

a b

c d

Fig. 31.4 Coronary computed tomography angiography for character-
ization of a high-risk plaque resulting in a no-reflow phenomenon fol-
lowing percutaneous coronary intervention. (a) Curved multiplanar 
reconstructions along with corresponding cross-sectional areas (1 to 7) 
show severely stenotic low-attenuation plaque with circumferential cal-

cification in the obtuse marginal branch (arrow). (b) Corresponding 
invasive angiographic view confirming severe stenosis in the obtuse 
marginal branch (arrow). (c) Stent positioning. (d) No-reflow in the left 
circumflex artery and slow-flow in the obtuse marginal branch after 
stent implantation
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a mean of 2.3 years, both the napkin-ring sign along with 
positive remodeling and low-attenuation plaque showed an 
independent relationship with future episodes of acute coro-
nary syndrome. Finally, in the latest meta-analysis across six 
CT studies, the risk of future coronary event was signifi-
cantly higher in high-risk plaques (defined by at least one of 
the following criterions: low attenuation, increased remodel-
ing index, or the presence of spotty calcification) versus low- 
risk plaques with odds ratio of 12.14 [36]. On a practical 
level, the potential clinical use of CTA to detect vulnerable 
plaques would require the development of effective preven-
tive measures mitigating the risk of subsequent plaque rup-
ture [31]. Futuristic approaches may involve vulnerable 
plaque sealing with coronary stents or biodegradable vascu-
lar scaffolds.

 Coronary Chronic Total Occlusions

A CTO may be incidentally identified on a diagnostic coro-
nary CTA, or CTA may be specifically performed for a better 
characterization of CTO (usually in cases with a previously 
failed recanalization attempt) [22]. In the former case, the 
prevalence of CTO is non-negligible and may reach up to 
6.2% in patients with obstructive coronary artery disease 
[37]. Although CTO are defined based on the angiographic 
criterion of antegrade blood flow interruption of ≥3 months’ 

duration, CTA reproducibly demonstrates a complete lack of 
contrast opacification within the occlusion site with subse-
quent contrast enhancement in the distal vessel segment 
(Fig. 31.6) [22].

Unlike ICA, coronary CTA allows for complete visualiza-
tion of the occlusion site and distal vessel segment [22, 38]. 
This is particularly apparent in long and tortuous CTO 
lesions or when the distal CTO segment cannot be entirely 
visualized in ICA (e.g., patients after coronary artery bypass 
grafting) [22, 39]. Furthermore, it has been consistently 
established in several trials that CTA reliably quantifies mor-
phological (i.e., calcification, number of occlusion sites) 
[39–42] and anatomical (e.g., tortuosity, length) [40, 41, 43] 
features of CTO. Three-dimensional reconstructions enable 
the visualization of the exact vessel trajectory with accurate 
measurement of the occlusion length avoiding calibration 
limitations or lesion foreshortening [7]. Also, CTA can be 
used for providing guidance for the location of ostial CTO 
and multiple occlusion sites, characteristics usually missed 
in ICA [39, 42].

All features described above have been used in a number 
of CT studies predicting the procedural outcome with CTO 
PCI (Table 31.1) [38, 40, 42–52]. Mollet et al. were the first 
to show that calcifications involving >50% of the vessel 
cross-sectional area along with an occlusion length >15 mm 
were independent predictors of guidewire crossing failure in 
a series of 47 CTO lesions [43]. In a study by Ehara et al. 

a b

Fig. 31.5 Coronary computed tomography angiography for character-
ization of a vulnerable plaque causing future ischemic event. (a) Curved 
multiplanar reconstructions of the left anterior descending artery with 
corresponding cross-sectional areas (1 to 4) at the site distal to the ori-
gin of the first diagonal branch demonstrate low-attenuation plaque 

with positive remodeling and a napkin-ring sign (cross sections 1 to 3) 
along with isolated circumferential contrast accumulation that might 
correspond to plaque ulceration (cross section 4). (b) Invasive angio-
gram showing acute occlusion of the proximal left anterior descending 
artery at follow-up (arrowhead). SB side-branch
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a b

Fig. 31.6 Chronic total occlusion in coronary computed tomography 
angiography. (a) Multiplanar reformation demonstrating noncalcified 
occlusion that lacks contrast opacification in the mid-segment of the 

right coronary artery (arrow). The vessel distal to the occluded segment 
is opacified with contrast. (b) Corresponding invasive angiographic 
view. (From Opolski and Achenbach [22], with permission)

Table 31.1 Studies investigating the ability of computed tomography angiography to predict successful percutaneous coronary intervention in 
chronic total occlusion

Author, year Type of CT
No of 
CTO Study endpoint

Success 
rate Independent predictors of PCI failure

Mollet et al. 2005 
[43]

16-slice 47 Guidewire crossing 55% Calcium >50% CSA
Occlusion length >15 mm

Soon et al. 2007 
[40]

16-slice 43 Guidewire crossing with stenting 
(TIMI 3 flow and <25% stenosis)

56% Calcium ≥50% CSA

Ehara et al. 2009 
[44]

64-slice 110 Guidewire crossing 85% Bending (>45°)
Shrinkage (<1 mm in vessel diameter)
Severe calcium (~360° CSA)

García-García et al. 
2009 [38]

16/64- slice 142 Guidewire crossing (TIMI 2–3 flow 
and <50% stenosis)

63% Calcium >50% CSA

Cho et al. 2010 
[45]

64-slice 72 Guidewire crossing with stenting 
(TIMI 3 flow)

76% %Calcium area/CSA

Li et al. 2010 [46] 64-slice
dual source

74 Guidewire crossing (TIMI 2–3 flow 
and <20% stenosis)

77% Occlusion length
Severity of calcification (noncalcified, 
spot- calcified, arc-calcified, 
circular-calcified)

Hsu et al. 2011 
[47]

64-slice 82 Guidewire crossing (TIMI 2–3 flow 
and <30% stenosis)

89% Calcification length ratio (calcification 
length/occlusion length) >0.5

Choi et al. 2011 
[48]

64-slice 186 Guidewire crossing (TIMI 3 flow 
and <30% stenosis)

77% Occlusion length >18 mm
Segmental density >139HU
CTO duration >12 months or unknown

Martín-Yuste et al. 
2012 [49]

64-slice 77 Guidewire crossing 62% Calcium arc/CSA

Li et al. 2013 [50] 64-slice
dual source

88 Guidewire crossing (TIMI 3 flow 
and <25% stenosis)

58% Linear intrathrombus enhancement

Opolski et al. 2015 
[42]

64/128- slice
dual source

240 Guidewire crossing within 30 min 62% Calcium >50% CSA
Bending (>45°)
Multiple occlusion sites
Blunt stump
CTO duration ≥12 months or unknown
Previously failed PCI at CTO

(continued)
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including 110 CTO lesions, bending (defined as an angle 
>45°) was the most powerful predictor of wire failure (fol-
lowed by vessel shrinkage and severe calcium) [44]. 
Subsequently, García-García et  al. found that calcification 
>50% of vessel cross section was the only independent cor-
relator of failed PCI among 142 CTO, conferring an almost 
sixfold higher risk for procedural failure [38]. Consistent 
findings were consequently replicated by other authors, 
highlighting the deleterious role of severe calcium in ham-
pering successful guidewire passage [40, 45, 46–49]. There 
are conflicting data regarding the impact of CTA-derived 
occlusion length on PCI result. Whereas some studies repeat-
edly indicated that long CTO (defined as either >15  mm 
or  >18  mm or ≥32  mm or continuous variable) confer a 
higher risk for procedural failure [43, 46, 48, 50–52], others 
failed to demonstrate any relationship between occlusion 
length and PCI outcome [38, 40, 42, 44, 45, 47, 49]. In lieu 
of these findings, the relevance of CT-derived severe calcifi-
cation and occlusion length cannot be overemphasized as 
both of these features (along with minimal vessel area) are 
associated with adverse clinical outcomes after PCI of CTO 
[53]. More recently, the CT-RECTOR score was introduced 
as a noninvasive robust prediction tool to predict successful 
guidewire crossing through CTO within 30 min [42]. It was 
derived from 240 consecutive CTO lesions from a multi-
center European registry, and the outcome variable was spe-
cifically set to represent the difficulty level intrinsic to CTO 
rather than operator skills and perseverance. Of note, the 
CT-RECTOR score is calculated by assigning one point for 
each of the independent predictors (multiple occlusions, 
blunt stump, severe calcification, bending, CTO 
age ≥12 months, previously failed PCI) and adding them per 
CTO lesion (Fig. 31.7). With an increasing score, the likeli-
hood of guidewire crossing ≤30 min decreased, ranging from 
95% for a CT-RECTOR score of 0 to 22% for a CT-RECTOR 
score of ≥3. As an alternative, the noninvasive counterpart of 
the commonly used angiographic J-CTO score (the so called 
J-CTOCT score) has been shown high predictive value for 
predicting guidewire crossing ≤30 min [54].

In summary, the entirety of information proffered by CTA 
can affect the technique of PCI for CTO. For example, identifi-
cation of severe and diffuse calcium at the entry site, together 

with a good retrograde collateral flow, makes intuitive sense for 
choosing the retrograde approach. Furthermore, by showing a 
highly tortuous, calcified and/or long CTO, the “knuckle-wire” 
technique can be recommended for easier tracking of the curved 
path of occluded vessel segments. Finally, CT-derived scores 
may be used to assess CTO difficulty level, both to allocate 
resources and improve training programs (e.g. by assigning less 
experienced operators to simple CTO lesions) (Fig. 31.8).

 Coronary Anomalies

Although coronary anomalies are uncommon, they consti-
tute a major diagnostic puzzle for most of the cardiologists 
interpreting ICA results and may thus mislead clinicians into 
employing inappropriate therapeutic decisions. This issue is 
further complicated because anomalous arteries significantly 
increase the difficulty level of coronary revascularization 
(not to mention high contrast and radiation loads) – a phe-
nomenon that keeps awake most of the interventional cardi-
ologists and cardiac surgeons. Fortunately, CTA comes as a 
“release” for accurate characterization of the origin, course, 
and termination of coronary anomalies in a one-stop-shop 
examination [55]. In a prospective study by Pregowski et al., 
ostial anomalies comprised 24% of all nondiagnostic cathe-
terizations, all of which were readily seen on coronary CTA 
[56]. Specifically, CTA can be used to locate coronary ostia 
(e.g., anomalous origin from the opposite aortic sinus, high 
origin of the coronary artery) and overcome hurdles related 
to failed catheter placement [55]. Also, CTA can depict the 
exact position of the coronary artery in relation to the aorta 
and pulmonary artery for accurate differentiation between 
the potentially malignant and benign courses of the anoma-
lous artery originating from the opposite aortic sinus [55]. 
To some extent, multiplanar and three-dimensional volume-
rendered CT reconstructions can identify the high- risk fea-
tures of the interarterial course (e.g., slitlike ostium, acute 
angle of takeoff, or stretch of the intramural segment within 
the aortic wall) and thus help guide revascularization strate-
gies [57]. To date, only single case reports have reported the 
modification of interventional treatment strategies in coro-
nary anomalies based on CTA datasets [58, 59].

Author, year Type of CT
No of 
CTO Study endpoint

Success 
rate Independent predictors of PCI failure

Luo et al. 2015 
[51]

256- slice 108 Guidewire crossing (TIMI 3 flow 
and <20% stenosis without MACE)

74% Negative remodeling
Occlusion length ≥32 mm

Chen et al. 2015 
[52]

64-slice 281 Guidewire crossing (TIMI 3 flow 
and <25% stenosis)

85% Attenuation of proximal CTO segment
Occlusion length
Total coronary calcium score

CSA cross-sectional area, CT computed tomography, CTO chronic total occlusion, MACE major adverse cardiac events, PCI percutaneous coro-
nary intervention, TIMI thrombolysis in myocardial infarction

Table 31.1 (continued)
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 Coronary CTA for Periprocedural  
Guidance of PCI

Coronary CTA can be directly used in the catheterization 

laboratory for periprocedural guidance of PCI. To date, one 
approach has been to project three-dimensional CTA data 
onto separate monitors in the catheterization laboratory. This 
application allows operators to simultaneously display CTA 

CT-RECTOR Score Calculator

Predictors Definitions

Multiple Occlusion

Presence of ≥2 complete interruptions
of the contrast opacification separated
by contrast-enhanced segment of ≥5 mm. 

Presence of any calcium involving
≥50% of the vessel cross-sectional
area at the entry or exit site or within
the occlusion route.

Presence of any bending ≥45º
at the entry or exit site or within
the occlusion route.

Absence of any tapered stump
at the entry or exit site.

Multiple Occlusion

Blunt Stump Blunt Stump

Severe Calcification Severe Calcification

Second Attempt

Duration of CTO

Easy (0) Difficult (2)

 Very Difficult (≥3)Intermediate (1)

Difficulty Group Total Score

Duration of CTO

Second Attempt

Bending ≥45° Bending ≥45°

Previously failed PCI at CTO

Duration of CTO ≥12 months or unknown

Presence (1)

Absence (0)

Presence (1)

Absence (0)

Presence (1)

Absence (0)

Presence (1)

Yes (1)

No (0)

Yes (1)

No (0)

Absence (0)

Fig. 31.7 Calculation sheet 
for the CT-RECTOR score 
with illustrated definitions of 
each variable and listing of 
the difficulty groups. (From 
Opolski et al. [42], with 
permission)
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projections and fluoroscopic angulations for identification of 
the most optimal working angles without foreshortening and 
can be particularly used during guidewire advancement in 
CTO with suboptimal visualization in ICA [22]. Indeed, this 
has been affirmed in a study by Rolf et al. who showed sig-
nificantly higher success rates for CTO PCI with periproce-
dural CTA monitors compared with PCI without CTA overlay 
[41]. Alternatively, the concept of wearable  head- mounted 

devices superimposing augmented reality data onto the user’s 
field of view has garnered particular attention in the context 
of periprocedural planning for PCI. The advantage of wear-
able computers relies on limitless display and intuitive 
manipulation of multiple imaging data using simple hand 
gestures, voice commands, or motion tracking [60]. Indeed, 
recently Google Glass worn by cardiologists in the catheter-
ization laboratory has been used for successful CTO PCI by 

a
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b

Fig. 31.8 Very difficult lesion from the guidewire-failure group. (a) 
Curved multiplanar reconstruction displaying two occlusion sites (yel-
low asterisks) and severe calcification in the mid-segment of the right 
coronary artery. (b) Cross-sectional view of the calcification occupying 

≥50% vessel area. (c) Three-dimensional reconstruction displaying 
bending of 55° within the occlusion route. (d) Coronary angiography 
after failed attempt of guidewire crossing within 55 min. (From Opolski 
et al. [42], with permission)
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providing access to a three-dimensional CTA “roadmap” of 
the occluded vessel (Fig. 31.9) [61].

Alternatively, a more computationally intense approach 
of real-time fusion of three-dimensional coronary CTA with 
X-ray fluoroscopy has been introduced (Fig.  31.10). In a 
small series of 43 CTO patients who underwent attempted 
PCI based on CTA data in combination with magnetic navi-
gation, only a moderate success rate of 44% was achieved 
[62]. This may reflect the essential shortcomings of the 
fusion techniques (such as patient, cardiac, and respiratory 
motion artifacts) resulting in a relatively wide margin of reg-
istration errors that consequently compromise the submilli-
metric precision required for CTO PCI (e.g., differentiating 
intraluminal versus subintimal guidewire location). 
Nevertheless, recently Ghoshhajra et  al. raised hope for a 
wider adoption of coupling CTA and angiographic data for 
CTO PCI by showing that CTA-derived extent and localiza-
tion of coronary calcification along with vessel tortuosity 
may influence the strategy of antegrade dissection reentry 
technique [63]. This however did not translate into higher 
success rates compared with PCI without CTA overlay.

Most likely, the best “remedy” for real-time integration of 
CTA datasets with fluoroscopic environment is to bring CT 
scanner directly to the catheterization laboratory. Although it 
might appear to be a herculean task, Kim et al. installed an 
advanced CTA system in the catheterization room (allowing 
for interchangeable CT scanning and invasive fluoroscopy) 
to investigate its role for the identification of guidewire loca-
tion during CTO PCI in a series of 61 patients [64]. By on- 
site review of the CT images in a 360-degree view, the exact 
position of the guidewire tip was classified as intraluminal, 
subintimal, or outside the vessel wall. Interestingly, this 
study demonstrated that successful prediction of the guide-
wire location by intraprocedural CTA is not only feasible but 

also associated with a numerically higher recanalization 
rates compared with cases in which the position of the guide-
wire was indeterminate (83% vs 63%). However, not every 
CTA result provided adequate information about guidewire 
location (not to mention potentially higher labor input, time, 
and radiation dose of intraprocedural CTA scanning).

 Future Perspectives

Most likely, future advancements for guiding revasculariza-
tion procedures by coronary CTA would evolve into further 
validation and wider adoption of FFR-CT, steady improve-
ments in CT technology for better characterization of coro-
nary plaque, and ongoing technical developments for mobile 
display of CTA datasets in the catheterization laboratory. 
Specifically, coupling the anatomical and physiological 
information by coronary CTA may be the best approach for 
accurate stent selection. Also, the accuracy of CTA is a 
“moving target” and could be further enhanced by wider 
adoption of automated plaque assessment tools, machine 
learning algorithms, and  computational fluid dynamics to 
provide time-saving multidimensional information on indi-
vidual plaques prior to PCI. Finally, the value of wearable 
computers for projection of CTA data to the catheterization 
laboratory has yet to receive widespread attention.

 Conclusions

The ability of coronary CTA to show and characterize ath-
erosclerotic plaque can assist interventional cardiologists 
with planning percutaneous coronary intervention strate-
gies. This is particularly salient in cases where noninvasive 

a b

Fig. 31.9 Computed tomography data displayed in a wearable com-
puter during recanalization attempt of a chronic total occlusion. (a) 
Interventional cardiologists viewing computed tomographic images in 
the upper right visual field on Google Glass (Google Inc., Mountain 

View, CA) (arrows). (b) Three-dimensional computed tomographic 
reconstruction projected directly onto the Google Glass showing the 
exact trajectory of the right coronary artery (arrow). (From Opolski 
et al. [61], with permission)
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CTA exceeds the characterization of coronary lesions com-
pared to invasive angiogram (e.g., coronary chronic total 
occlusions, bifurcation lesions, or coronary anomalies) [22]. 
Moreover, the importance of noninvasive CTA detection of 
“adverse plaque characteristics” (mainly low-attenuation 
plaque) that confer a higher risk for periprocedural compli-
cations cannot be overemphasized in the context of tailored 
catheter interventions [25–29]. Of particular interest, the 
ability of FFR-CT to pinpoint lesion-specific ischemia goes 
far beyond enhancing diagnostic performance of coronary 
CTA and may aid in ischemia- guided “virtual stenting” pro-
cedures – a phenomenon not evaluable by any other single 
imaging technique [17]. In this context, if coronary CTA is 
available prior to percutaneous intervention, it would be 
desirable that the operator takes good note of all the infor-
mation provided starting from lesion-specific ischemia and 
ending up with optimal viewing angles, true lesion length 
(most often underestimated in ICA), reference vessel diam-
eters, and morphological plaque characteristics. Noteworthy, 
this task may be substantially simplified by projection of 
CTA datasets directly to the catheterization laboratory. 
Although more data are clearly needed to uncover the full 
potential of CTA for planning PCI, coronary CTA is already 
gaining recognition as the only imaging tool for crossing the 
borders between noninvasive and invasive management of 
coronary artery disease.
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Stent Assessment

Junjie Yang, Christian Tesche, Taylor M. Duguay, 
Lucas L. Geyer, and Yundai Chen

Percutaneous coronary intervention (PCI) with stent place-
ment is a standard therapy for myocardial revascularization 
of hemodynamically significant coronary artery disease 
(CAD). Although PCI procedures are being performed at 
increasing rates, in-stent restenosis (ISR) after stent place-
ment remains a frequent complication [1, 2]. Three genera-
tions of stents have been introduced, which include 
bare-metal stents, durable polymer drug-eluting stents, and 
biodegradable-polymer drug-eluting stents. An appropriate 
noninvasive imaging technique to serve as a post-procedural 
follow-up strategy and for the evaluation of stent patency has 
been desired for some time. Coronary CT angiography 
(CCTA) has been studied extensively for this purpose and 
has been incorporated into current accepted guidelines for 
the evaluation of larger coronary stents (≥3 mm) [3]. Recent 
technical refinements have improved the accuracy of CCTA 
stent evaluation, showing negative predictive values >90% 

for exclusion of in-stent restenosis (ISR) [4–6]. However, 
blooming and beam-hardening artifacts caused by stent 
struts and stents with diameters <3  mm are existing chal-
lenges that limit the diagnostic accuracy of CCTA in the 
evaluation on stent patency [7, 8]. Improvements in image 
acquisition and post-processing, including several new 
approaches to enhance the evaluation of stent patency, ISR, 
and stent structure, have been developed. Iterative recon-
struction techniques, use of high convolution kernels, and 
dual-energy CT (DECT) acquisitions have shown promising 
results [9–12].

 In-Stent Restenosis and Stent Fracture

The introduction of bare-metal stents in the mid-1980s was a 
milestone in the evolution of PCI. However, the appearance 
of ISR with related increased morbidity and mortality was a 
drawback of this technique. Incidences of ISR up to 20–30% 
after bare-metal stenting leading to repeated target vessel 
revascularization have been reported [13]. Newer-generation 
drug-eluting stents have decreased the incidence of ISR sig-
nificantly as compared to bare-metal stents; however ISR 
rates between 5% and 30% are still observed [14, 15]. Several 
procedural factors, lesion-related characteristics, and patient 
attributes are related to the development of ISR [16, 17]. 
Angiographic factors such as vessel size, lesion length, loca-
tion, and plaque burden as well as clinical factors such as 
smoking status, diabetes mellitus, and inflammatory status 
attribute to ISR. Furthermore, stent characteristics like strut 
thickness and mechanical problems associated with stent 
deployment contribute to ISR. Stent fracture is a well- 
established cause of ISR typically observed after drug- 
eluting stent implantation due to the reduced stent strut 
thickness and fewer stent cell connections. These character-
istics have led to weaker longitudinal strength in the new- 
generation DES [18]. A representative example of in-stent 
restenosis is illustrated in Fig. 32.1.
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 CT Assessment of Coronary Stents

 Contrast Enhancement

Sufficient intravascular contrast enhancement is a prerequi-
site for adequate delineation of lumen and stent visibility. 
High contrast is crucial as factors like image noise (due to 
sharp convolution kernels in the presence of stents) reduce 
the contrast-to-noise ratio. Furthermore, appropriate window 
setting requires optimal intravascular attenuation to allow 
correct identification of vessel lumen, intimal hyperplasia 
within the stent, and stent struts. To achieve high-contrast 
concentration in the coronary vessel, appropriate contrast 
agents and injection protocols with bolus tracking or test 
bolus application are essential.

 Motion Artifacts

Coronary artery and respiratory motions and irregular or 
high heart rates deteriorate CCTA image quality. As stent 
assessment is challenging, per se, the importance of follow-
ing acquisition practice according to current guidelines for 
the best possible image quality is imperative. The implemen-

tation of ECG-synchronized acquisition protocols and the 
use of CT scanners with high temporal resolution, e.g., dual-
source CT (DSCT) systems providing up to 75 ms, are the 
foundation of current cardiac CT imaging. In addition to 
these features, optimal patient preparation is required, 
including the appropriate use of beta-blockers for heart rate 
control and nitroglycerin for optimal coronary artery visual-
ization and reduction of motion artifacts. However, residual 
coronary motion remains a major problem as it causes blur-
ring and, as stents are high-contrast objects, it intensifies the 
adverse effect of blooming on the images.

 Blooming Artifacts

Beam-hardening and partial-volume artifacts are the main 
causes of the artificial thickening of stent struts with 
CCTA.  This phenomenon is more commonly known as a 
“blooming artifact.” This blooming effect results in signifi-
cant luminal narrowing and an underestimation of the stent 
lumen. The impact and degree of blooming artifacts are 
influenced by image acquisition and reconstruction parame-
ters as well as stent type and diameter. Blooming artifacts 
increase with strut thickness and the corresponding density 
of the strut material. Furthermore, overlapping stents and 
additional calcifications in the stent segment aggravate 
beam-hardening effects resulting in further impairment of 
CT stent assessment. With current state-of-the-art CT sys-
tems, visualization of stent lumen diameter ranges between 
50% and 80% [19, 20]. Newly biodegradable-polymer drug- 
eluting stents may overcome the limitation of blooming arti-
facts caused by stent struts and may allow for sufficient stent 
assessment. A representative example of a biodegradable- 
polymer drug-eluting stent is shown in Fig. 32.2.

 Tube Potential

The appropriate use of a high kV acquisition is another 
approach to reduce blooming artifacts and thus improve stent 
visualization [21]. However, the increase in kV level results 
in a significantly higher radiation exposure to the patient and 
is therefore not recommended. In an in vitro study, Sirineni 
et al. investigated the impact of different kV settings on the 
visualization of stent luminal diameter and showed no sig-
nificant improvement in stent lumen visibility when increas-
ing from 120 to 140 kV [22].

 Reconstruction Kernels

The applied convolution kernel for image reconstruction has 
the greatest impact of stent lumen visualization and the appro-
priate ability for stent patency evaluation. For the  visualization 

a

b

Fig. 32.1 A 55-year-old man presenting with chest pain. (a) CCTA 
using curved multi-planar reconstruction with sinogram-affirmed itera-
tive reconstruction demonstrates presence of in-stent restenosis in the 
3.5 mm diameter drug-eluting stent of the right coronary artery (arrow). 
(b) Boxed area clarifies the cross-section view
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and assessment of coronary artery plaques, a medium smooth 
convolution kernel is recommended while an edge-enhancing 
kernel is necessary for the delineation of the stent lumen. 
These vendor-specific dedicated sharp convolution kernels 
(high-spatial-frequency reconstruction algorithms) for stent 
evaluation lead to an enhancement of edges in high-attenua-
tion structures like stents. This results in a significant reduc-
tion in blooming artifact severity; however adversely 
increased image noise is observed hindering the evaluation of 
coronary plaques in non-stented coronary segments [23]. 
Recently, a combined approach using both kernels for image 
reconstruction that were post-processed with a corresponding 
filter algorithm investigated lumen visibility, intraluminal 
attenuation, and image noise. However, the use of edge-
enhanced post-processing filter failed to compensate the pro-
nounced blooming artifacts caused by stent struts and was 
proven inferior to the dedicated edge- enhancing kernel [24].

 Spatial Resolution

Technical improvements in CT technology leading to ongo-
ing improved spatial resolution are the main key for sufficient 
stent assessment. Third-generation dual-source CT (DSCT) 
provides isotropic submillimeter resolution to visualize the 
coronary arteries. These improvements of spatial resolution 
also result in an optimized in-stent assessment with changes 
of in-stent lumen visibility from 30% to 60% with the use of 
16-slice and 64-slice CT systems, respectively, and up to 80% 
with third-generation DSCT systems [19].

 Iterative Reconstruction

Although blooming artifacts are mainly caused by beam- 
hardening and partial-volume effects, the reduction of image 
noise allows for significantly improved stent visualization and 

is vital due to the fact that increased image noise is the main 
drawback of technical solutions such as high- resolution ker-
nels or submillimeter data acquisition. In recent years, itera-
tive reconstruction algorithms have been introduced and have 
successively replaced filtered back projection as the standard 
method of data reconstruction in routine CT imaging [25]. 
Concerning image quality, iterative reconstruction techniques 
focus on reducing artifacts, such as streak artifacts caused by 
dense objects and image noise. As a result, iterative recon-
struction has shown significant improvements in CT stent 
imaging. Besides a potential dose reduction, the key feature is 
a more accurate assessment of the stent lumen resulting in a 
more precise detection of in-stent stenosis [4]. Furthermore, 
iterative reconstruction facilitates the implementation of inte-
grated circuit detectors offering a minimal section thickness of 
0.5 mm without increasing image noise. Therefore, the visual-
ization of small-diameter stents (< 3 mm) can be improved [5].

 Monoenergetic Reconstruction with DECT

DECT offers another approach to reduce beam-hardening arti-
facts which occur if polychromatic X-ray energy spectra are 
used for image reconstruction. In contrast, image generation 
from monochromatic (or monoenergetic) X-rays will not lead 
to such artifacts. Mathematical methods allow the calculation 
of virtual monoenergetic images at different levels of kiloelec-
tron volt (keV) from DECT data. As a consequence, artifacts 
caused by metallic objects, e.g., implants, can be significantly 
reduced [10]. CT stent assessment can also benefit from vir-
tual monoenergetic imaging. Although luminal CT numbers 
decrease at high keV levels, the overall in-stent visualization 
and accuracy of diameter measurements increase remarkably 
due to the reduction of blooming artifacts. Even the lumen 
visualization of small stents (<3  mm) can be improved by 
using advanced methods of virtual monoenergetic imaging 
when compared to standard, polychromatic CT imaging [12].

a bFig. 32.2 A 43-year-old male 
patient with a biodegradable- 
polymer drug-eluting stent in 
the right coronary artery 
15 months after stent 
implantation. Curved planar 
reconstruction for both B26 
kernel (a) and B46 kernel (b) 
illuminated the presence of 
remaining biodegradable stent 
markers. The long arrow 
indicates the proximal end of 
the biodegradable-polymer 
drug-eluting stent, and short 
arrow points to the distal end
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 Clinical Evidence

With the introduction of four-slice CT systems by all major 
vendors in 1998 and gating techniques for multi-slice CT in 
2000, CT became more important as a noninvasive imaging 
technique for stent evaluation (Figs. 32.3 and 32.4). However, 
the limited spatial and temporal resolution did not allow for 
appropriate visualization of stent lumen visibility; thus stent 
patency was assessed indirectly by evaluating the visual 
assessment of the distal runoff [26]. Stent lumen visibility 
ranged between 20% and 40% with an unacceptable high 
number of excluded stents (up to 80–90% due to insufficient 
lumen visibility) [27]. When 16-slice CT systems enabled 
direct visualization of the stent lumen with improved tempo-
ral resolution and submillimeter spatial resolution, CT 
became more accepted for the assessment of ISR.  Studies 
using 16-slice CT reported sensitivities and specificities of 
54–100% and 88–100%, respectively [28]. However, a major 
drawback was the high number of unevaluable stents result-
ing in an exclusion rate up to 14%. With the introduction 
64-slice CT systems, noninvasive stent assessment with CT 
was widely accepted. In a recent meta-analysis, the diagnos-
tic value of 64-slice CT for the detection of ISR was signifi-
cantly higher than that of 16-slice CT angiography (91 vs 
81%) as a result of the increased spatial and temporal resolu-
tion [6]. Pooled sensitivity and specificity of 87% and 95% 
were reported. The diagnostic accuracy of ISR detection is 
highly dependent on stent diameter. For stents with a diam-
eter of ≤3 mm, sensitivity was 54%, whereas for stent diam-
eter with ≥3  mm, sensitivity increased up to 86%. Thus, 
based on the results of 64-slice CT systems, current guide-
lines recommend CCTA for the assessment of stents ≥3 mm.

a bFig. 32.3 A 46-year-old male 
patient with new onset of 
dyspnea and angina 
22 months after placement of 
overlapping stents in the right 
coronary artery. (a) Maximum 
intensity projection and (b) 
curved planar reconstruction 
reveal stent fracture (white 
arrows) with stent 
malposition. Hypodensity 
indicates in-stent restenosis 
mainly observed at the stent 
gaps

a

b

Fig. 32.4 A 65-year-old male with a drug-eluting stent in the left main 
to proximal left anterior descending artery. (a) Curved multi-planar 
reconstruction shows uneven shortening of the stent strut in in the prox-
imal portion of the stent (arrow) due to longitudinal compression. (b) 
Cross-sectional image demonstrates diffuse in-stent restenosis
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Multidetector CT Angiography 
for Coronary Bypass Graft Assessment 
and Reoperative Cardiac Surgery

Lloyd M. Felmly

 Coronary Bypass Grafting

Coronary artery bypass grafting (CABG) is a surgical 
method of treating coronary artery disease that involves the 
harvest of conduits from the patient’s own vasculature, fol-
lowed by myocardial revascularization by the implantation 
of these autologous grafts into the coronary arteries distal to 
known obstructions. While the number of CABGs has 
steadily declined in recent years, it remains the most com-
mon cardiac surgery and one of the most common surgeries 
worldwide, with approximately 800,000 CABGs performed 
yearly [1]. The decline in CABG volume can be correlated 
with improved medical management and the proliferation of 
percutaneous coronary intervention (PCI), but it continues to 
be a relevant method of treating coronary disease. 
Radiographic assessment of the coronary arteries is integral 
to the ability to perform bypass surgery.

Proximally, graft blood flow may originate from the ves-
sel’s native takeoff as for in situ right (RIMA) and left inter-
nal mammary arteries (LIMA), and less commonly the 
gastroepiploic artery, or from a proximal aortic anastomosis 
in the case of saphenous vein, radial artery, or pedicled IMA 
grafts. The LIMA was originally used as the primary graft 
early in the history of CABG, especially for bypassing the 
left anterior descending artery (LAD); however it fell from 
favor due to the larger lumens of saphenous vein graft and 
greater technical ease of implanting these grafts. However 
the LIMA re-emerged as a critical aspect of any CABG oper-
ation after a landmark paper from Loop et al. at the Cleveland 
Clinic demonstrated improved patency and long-term sur-
vival when this graft was used to bypass the LAD [2]. CABG 
can be conducted with the use of cardiopulmonary bypass 
(CPB) and cardioplegic arrest or on a beating heart with the 
aid of stabilizing devices. This “off-pump” approach allows 
the surgeon to avoid the systemic inflammatory response, 

coagulopathy, and temporary myocardial dysfunction asso-
ciated with CPB and may decrease the risk of stroke associ-
ated with aortic cross-clamping. However it is important to 
note that distal anastomotic patency may be compromised 
due to the increased technical difficulty of these anastomoses 
[3], especially in the hands of a surgeon who does not rou-
tinely perform off-pump surgery. Minimally invasive tech-
niques have been employed in an on- or off-pump fashion to 
avoid sternotomy while bypassing certain coronary territo-
ries. More recently, studies on bypass grafting using all- 
arterial bypass grafts have shown improved patency rates 
and outcomes [4]. Reoperative CABG is undertaken in a 
similar fashion to primary CABG but with important differ-
ences. Entry to the chest is typically via redo sternotomy, 
which can be time-consuming and hazardous. In addition, 
choice of grafts may be limited due to prior graft harvesting. 
However its conduct, CABG as an operation is highly depen-
dent on imaging to define the course and stenoses of the 
coronary vasculature and in reoperative surgery, to define the 
mediastinal anatomy and course of prior bypass grafts.

 Historical Comment on CT for the Evaluation 
of Coronary Bypass Grafts

Computed tomography (CT) has been used to radiographi-
cally characterize cardiac disease since the 1970s. The excel-
lent temporal resolution of electron beam computed 
tomography (EBCT), approximately 100  ms, allowed the 
accurate detection of coronary artery calcium, a useful tool 
to assess disease and predict the risk of adverse events such 
as heart attack or stroke. Coronary calcium scanning is still a 
useful risk-predictive tool; however the data it provides is 
limited to assessment of calcific plaque load. CT imaging of 
the coronaries combined with concurrent administration of 
iodinated contrast media in the arterial phase, known as cor-
onary computed tomographic angiography (CCTA), allows 
for a more detailed analysis of vessel lumens as well as non-
calcific plaque characteristics. Conventional CT with con-
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trast attenuation was able to image venous grafts; however 
this was limited to basic binary assessment of patency versus 
occlusion [5–7]. The introduction of spiral CT, which 
reduced motion artifact, allowed adequate assessment of 
venous bypass grafts, but visualizing distal anastomotic sites 
as well as arterial grafts remained a challenge [8]. While the 
temporal resolution of EBCT was far superior to that of con-
ventional and spiral CT scanners at the time of its introduc-
tion, it failed to achieve widespread use, mostly due to high 
cost and lack of indications outside of cardiac scanning. 
Technological advances in the more commonplace spiral CT, 
specifically subsecond rotation time, the addition of detector 
rows to acquire multiple slices simultaneously, and the 
development of electrocardiogram (ECG) synchronization, 
allowed for spiral CT to take a larger role in the evaluation of 
cardiac pathology. Decreases in acquisition time in single-
slice CT improved visualization of graft patency for both 
arterial and venous grafts [9], but the progression from sin-
gle-slice spiral scanners to multidetector computed tomogra-
phy (MDCT) represented a critical jump in CT scanner 
technology. Early 4-slice scanners had improved temporal 
resolution compared to single-slice scanners, between 125 
and 250  ms at a 0.5  s gantry rotation time, and brought 
MDCT of the coronaries to a broad audience. There have 
been great advances in multi- row detector technology since 
this time, related to increasing detector rows and therefore 
greater simultaneous slice acquisition, dual-source acquisi-
tion which reduces gantry rotation time, and improved 
reconstructive algorithms. Coronary arteries can now be reli-
ably followed out to third-order segmental coronary arteries 
with MDCT [10], and temporal resolution now compares 
favorably to EBCT.  Recent generations of dual-source CT 
(DSCT) scanners allow acquisition of 384 slices with a gan-
try rotation time of 0.25 s, producing a temporal resolution 
of 66 ms and a spatial resolution of 0.24 mm [11]. Third-
generation DSCT has been shown to diagnose significant 
coronary stenoses with sensitivity, specificity, positive pre-
dictive value, negative predictive value (NPV), and accuracy 

of 96.9%, 95.5%, 93.9%, 97.7%, and 96.1%, respectively 
[12] (Fig. 33.1).

These hardware advances in MDCT have contributed to the 
reduction in motion artifact. Changes in technique have allowed 
reductions in iodinated contrast medium volume and radiation 
exposure, allowing for safer scanning. Software innovations 
such as new reconstructive techniques have also improved 
image quality. Taken together these advances have allowed 
MDCT to overtake EBCT as the dominant cross- sectional and 
3D imaging modality for coronary arteries and bypass grafts. 
Future directions will likely focus on improved reconstructive 
algorithms to further decrease artifact from motion, ECG dys-
synchrony, and objects with high attenuation, as well as contin-
ued development of detector technology.

 Preoperative Applications

CCTA is a useful methodology for the diagnosis and assess-
ment of CAD. The validity of CCTA as an initial diagnostic 
test for CAD has been studied extensively and is covered in 
previous chapters. Instead we will focus on the use of CCTA 
in the context of preoperative CABG planning. In the last 
several years, there have been several studies evaluating 
CCTA as a sole diagnostic test with which to proceed with 
CABG [13, 14], showing sensitivities and specificities as 
high as 98.5% and 99.1% in detecting significant stenoses 
[15]. Despite advances in MDCT technology allowing CT 
to approach the spatial and temporal resolutions of typical 
fluoroscopy systems, at 0.16mm and 30 ms [16], respec-
tively, invasive coronary angiography (ICA) remains the test 
of choice among interventionalists and cardiac surgeons in 
proceeding CABG, likely with some of this preference due 
to familiarity [17]. However, as the accuracy of CCTA 
improves with newer generations of scanners, functional 
flow data becomes more available, and surgeon familiarity 
with CCTA increases, it is possible that CT may become the 
“gatekeeper” to not only the catheterization lab but the oper-
ating room as well.

a bFig. 33.1 Occluded bypass 
grafts imaged on a 3rd 
generation DSCT scanner 
with high fidelity. The takeoff 
of the occluded vein graft to 
the left circumflex artery and 
distally occluded LIMA graft 
can be visualized (a), as can 
the proximally occluded vein 
graft to the right coronary 
artery (b)
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Computed tomography fractional flow reserve (CT-FFR) is 
a new technique that determines the hemodynamic significance 
of coronary artery stenoses via flow dynamics and computa-
tional algorithms. This is in comparison to invasive catheter 
FFR, the current gold standard, which relies on proximal and 
distal stenosis pressure measurements to determine whether a 
lesion is flow-limiting and therefore a likely source of isch-
emia. CT-FFR is discussed in detail elsewhere in this text, and 
therefore we will only briefly make note of its applications to 
CABG. CT-FFR is currently not widely available due to the 
complexity of the employed algorithms, which require transfer 
of data to an off-site supercomputer; however multiple studies 
have shown that it compares favorably to invasive 
FFR. Invasive FFR has been studied in the context of CABG 
and has revealed that less significant lesions are associated 
with decreased graft patency [18], likely due to competitive 
flow, and that certain lesion characteristics, such as diffuse 
instead of focal disease, are also associated with decreased 
graft patency [19], likely due to impaired runoff. CT-FFR 
has not been extensively studied in the context of planning 
for CABG; however Curzen et al. demonstrated that provid-
ing CT-FFR data changed management plans in more than 
one third of patients with significant CAD when compared to 
CCTA data alone [20]. While decisions to proceed to CABG 
are not routinely based on CCTA data, as CCTA for bypass 
planning evolves and CT-FFR becomes more widespread, 
CT-FFR may become more important in these management 
decisions.

While CCTA has not been widely adopted as the sole 
imaging test before coronary surgery, it offers more informa-
tion on cardiac and mediastinal anatomy than ICA, which is 
limited in this regard due to its application being confined 
almost exclusively to evaluation of the vessel lumen. CCTA 
of the chest further delineates coronary artery course, as well 
as the anatomy of the subclavian and mammary arteries. 
While calcium can be seen on fluoroscopy and ICA, accurate 
and extensive assessment of calcium load, which may influ-
ence choice of bypass target sites, is limited [21]. CCTA 
adequately visualizes calcium and clearly defines coronary 
artery course, revealing vessels that take an intramyocardial 
course or run deep within the epicardial fat. This can predict 
success in minimally invasive CABG as well as bypass distal 
to a total coronary occlusion which may not be well visual-
ized on ICA [22]. In addition to anatomic information, CT 
can also provide information regarding cardiac function [23] 
and myocardial viability [24].

The LIMA is often used as a graft without preoperative 
evaluation; however it has been shown that angiographic 
visualization may change surgical strategy. In a series of 262 
patients, anomalies in the origin, course, branching, or ath-
erosclerotic lesions resulted in a more meticulous dissection 
of the artery in 26% of patients and a complete modification 
in surgical strategy in 4% of patients [25]. Subclavian artery 
anatomy has also been studied preoperatively using angiog-

raphy, and identification of stenosis proximal to the LIMA 
origin, which carries a prevalence of 2–7% [26, 27], allows 
for adaptive strategies such as stenting of the subclavian 
arteries or use of alternative bypass grafts [28]. While CCTA 
has not been extensively studied in this respect, it has the 
benefit over catheter evaluation of being noninvasive. In 
addition, routine preoperative catheter evaluation of the 
IMAs and/or subclavian arteries may not be common in 
some practices, and therefore abnormalities of this vascular 
tree may be missed. As CCTA offers comprehensive evalua-
tion of the thoracic vasculature, it is reasonable to assume 
that this modality would have a higher sensitivity for detect-
ing abnormalities due to a more consistent technique. The 
author’s institution recently performed a reoperative CABG 
in which the initial operation had been an all-saphenous vein 
graft CABG at another hospital, with the LIMA still in its 
native position. Prior operative reports and notes were not 
available; however as we perform preoperative CCTA before 
all redo cases, we identified a proximal left subclavian artery 
stenosis that was not identified on preoperative catheteriza-
tion, allowing us to change our operative strategy and use 
alternative grafts (Fig. 33.2).

While the majority of CABG procedures in the USA are 
performed in an open fashion through a median sternotomy, 

Fig. 33.2 3D reconstruction of a patient with three-vessel disease pre-
senting for repeat CABG. Preoperative CT scan identified a subclavian 
artery stenosis proximal to the LIMA origin, and therefore the LIMA 
was not used as a bypass grafting

33 Multidetector CT Angiography for Coronary Bypass Graft Assessment and Reoperative Cardiac Surgery



384

it is possible to perform bypass grafting via non-sternotomy 
approaches. Minimally invasive direct coronary artery 
bypass (MIDCAB) utilizes an approach via a left anterior 
minithoracotomy, whereas total endoscopic coronary artery 
bypass (TECAB) is a robotic procedure that allows a com-
plete closed-chest approach to revascularization [29]. These 
approaches offer the benefits of avoiding a sternotomy and in 
many cases the need for cardiopulmonary bypass, providing 
an “off-pump” procedure. These approaches may offer a less 
morbid procedure and a more appealing cosmetic result; 
however they have several limitations, leading to less wide-
spread adoption than might be expected. Firstly, access to 
these procedures may be limited to specific centers and sur-
geons with the technology and expertise to perform them. 
Secondly, the ability to achieve a full revascularization may 
be limited by coronary anatomy, especially when adopting 
an off-pump approach, as the cardiac manipulation required 
to reach specific targets in the right coronary or left circum-
flex distributions may cause intraoperative hemodynamic 
instability. MIDCAB offers only visualization of the left side 
of the heart, limiting its application to two-vessel coronary 
disease on the left side of the heart. TECAB allows better 
visualization of the posterior aspect of the heart; however a 
full revascularization then requires the application of cardio-
pulmonary bypass via femoral cannulation with aortic 
“clamping” via endo-aortic balloon occlusion. Either one of 
these techniques may be applied in concert with percutane-
ous intervention to achieve full revascularization via a hybrid 
approach.

In cases in which minimally invasive CABG is pursued, 
preoperative planning is paramount in order to determine 
appropriate vessel anatomy and relationships. EBCT has 
been successfully used to determine appropriate incision 
placement based on coronary anatomy and desired targets 
[30]; however MDCT may also be employed successfully. 
Distances between the LIMA and LAD as assessed by 
16-slice MDCT have been shown to correlate with operative 
time in TECAB [31]. This has been confirmed in other stud-
ies, which have in addition shown that assessing soft-tissue 
thickness around the mammary as well as the pericardial fat 
pad around the LAD assists in operative planning [32]. 
Importantly, an intramyocardial vessel course or a course 
deep within the epicardial fat is important to delineate preop-
eratively. In open CABG, appropriate anastomotic targets, 
free of calcific plaque, are often determined by digital palpa-
tion. If it is necessary to graft to an intramyocardial segment, 
myocardial dissection can be carried out safely, especially 
with the assistance of CPB and cardioplegic arrest. Dissection 
and palpation of intramyocardial vessels may be difficult but 
still possible in MIDCAB. Vessel palpation is impossible in 
TECAB, and therefore intramyocardial vessel course is a 
contraindication to TECAB.  In addition, accurate vessel 
course may be difficult to appreciate or dissect out from min-

imally invasive approaches if it is deep in the epicardial fat, 
especially if an off-pump strategy is employed. For this rea-
son preoperative CCTA is an important aspect of preopera-
tive planning for minimally invasive CABG, particularly in 
TECAB, as a robotic approach precludes tactile feedback 
and makes extensive dissection hazardous.

Off-pump CABG via sternotomy suffers from some of the 
same limitations of minimally invasive CABG, in that coro-
nary arterial courses deep into the cardiac muscle or fat may 
make bypass challenging or impossible. While off-pump sur-
gery through a traditional sternotomy retains the option of 
converting to an on-pump surgery for better visualization, 
planning with CCTA delineates coronary anatomy and may 
lead to a change in bypass target site or a wholesale change 
in surgical strategy to on-pump surgery. This is significant, 
as intraoperative conversion from off-pump to on-pump sur-
gery has been associated with worsened outcomes [33]. In 
addition, CT allows the identification of patients with a “por-
celain aorta,” or aorta with extensive circumferential calcifi-
cation. Under these circumstances the application of an 
aortic cross-clamp may represent a prohibitive risk of stroke 
[7], and appropriate locations for the placement of proximal 
aortocoronary anastomoses may not be present.

As mentioned before, CCTA allows evaluation of both 
mammary arteries to determine their suitability as bypass 
grafts. This is significant, as there has been a trend toward 
bypass grafting using all-arterial grafts due to higher demon-
strated patencies, which may lead to better long-term out-
comes [4]. An all-arterial strategy is also attractive in that it 
is conducive to an off-pump approach due to the reduced 
need for aortocoronary anastomoses (Fig. 33.3). While mini-
mally invasive CABG is useful in select populations, a mini-
mally invasive approach may preclude use of the right 
internal mammary artery (RIMA) as a graft, which has at 
least equal patency as compared to the radial artery and may 
be higher in some circumstances [34]. This may be another 
reason that there has not been widespread adoption of mini-
mally invasive techniques. Regardless, preoperative CT is 
useful in planning minimally invasive CABG, off-pump 
CABG, and all-arterial bypasses.

 Postoperative Applications

Invasive catheter angiography (ICA) has been the traditional 
method of evaluating bypass graft patency postoperatively; 
however contrast-enhanced coronary CT offers an appealing, 
noninvasive method of evaluation, with the additional ability 
to offer plaque characterization in late postoperative 
 assessments. Initial studies were ungated, and while this 
allows evaluation of proximal and mid-vessel aspects of the 
graft, which tend to demonstrate less motion in the cardiac 
cycle than the coronary vasculature, an ungated approach 
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does not allow assessment of distal anastomoses [35]. 
Prospective ECG-triggering was also found to be inadequate 
early on [36]; however retrospective ECG-gating has been 
found to be highly successful in evaluating grafts, including 
their distal anastomoses, albeit at the cost of a higher radia-
tion dose [37, 38]. More recent studies have shown prospec-
tive ECG synchronization to be equal to retrospective gating, 
however, allowing either of these methods to be employed 
for diagnostic image quality [39].

Assessment of bypass grafts has improved as newer gen-
erations of CT scanners have added additional detector rows. 
Stein et al. published a systematic review in 2005 comparing 
results of single-slice, 4-slice, and 16-slice scanning in assess-
ing bypass grafts in a pooled review comprising 1570 total 
patients [40]. They found that single-slice CT was not sensi-
tive for detecting occlusion, with a sensitivity of 81%, com-
pared to 93% with 4-slice CT and 99% with 16-slice 
CT. While the differences in occlusion detection were nonsig-
nificant between 4- and 16-slice CT, the ability to detect sig-
nificant stenoses was significantly different, with a sensitivity 
of 74% for 4-slice CT and 88% for 16-slice CT.  Multiple 
studies have furthered the validation of 16-slice CT as a use-
ful tool to assess bypass graft patency, with sensitivities as 
high as 100% for detecting occlusion [41]. One caveat that 
remained was with regard to the number of evaluable grafts; 

multiple studies reported high sensitivities for assessment of 
significant stenosis in evaluable grafts; however the percent-
age varies between studies, with reports of 78–92% of grafts 
being completely evaluable [41–43]. An interesting study of 
64-slice CT for bypass assessment found that CCTA demon-
strated perfect sensitivity in determining graft occlusion or 
distal anastomotic stenosis when compared to ICA; however, 
CCTA tended to overcall both [44]. The authors attributed the 
false positives for occlusion to “string sign” visualized on 
ICA, suggesting a lack of adequate spatial resolution, and to 
competitive flow at distal anastomotic sites. While this study 
did identify some shortcomings with CCTA, it is important to 
note that all grafts were evaluable by 64-slice CCTA and that 
performance overall was excellent. A recent meta- analysis 
comparing 64-slice CCTA to ICA in the evaluation of graft 
occlusion and stenosis also yielded excellent results for 
CCTA [45]. This meta-analysis by Chan et al. comprised 31 
studies with 1975 total patients and demonstrated a sensitiv-
ity of 96.3% for identifying stenosis or occlusion compared to 
ICA. They did note, however, that CCTA was significantly 
better (p = 0.004) for identifying abnormalities of saphenous 
vein grafts compared to arterial grafts, indicating once again 
spatial resolution as a potential limiting factor.

CCTA has not been specifically studied for the evaluation 
of all-arterial bypass grafting; however there are plenty of 
data regarding the evaluation of arterial grafts in combined 
arterial and venous bypass. Arterial grafts have traditionally 
been more challenging to image than venous grafts – due to 
surgical technique, they tend to have more clip artifacts than 
venous grafts, and their smaller lumens require high spatial 
resolution to visualize. Early studies gave conflicting results 
on the accuracy of CT evaluation of arterial grafts as com-
pared to venous grafts; however as CT technology has 
improved, this difference has become less significant. One 
study of single-slice CT gave accuracies of 96.4%, 65.7%, 
and 45.5% for evaluating patency in venous, IMA, and radial 
artery grafts, respectively [46]. However a contemporaneous 
study comparing IMA grafts to venous grafts resulted in 
accuracies of 88% and 96%, respectively, with no significant 
difference [9]. The evaluation of arterial grafts on a 4-slice 
system rendered similar results, with a sensitivity, specific-
ity, and overall accuracy of 100%, 98.7%, and 98.9%, respec-
tively, for evaluating patency versus obstruction in arterial 
grafts, as compared to 81.8%, 93.7%, and 88.9% in venous 
grafts [47]. Data from 64-slice CT showed a sensitivity, 
specificity, and accuracy of 100% for evaluating venous graft 
occlusion versus 83.3%, 100%, and 98.9% for evaluating 
arterial graft occlusion, respectively [48]. This study also 
evaluated severity of stenosis in patent grafts and found a 
sensitivity, specificity, and accuracy of 94.4%, 98.4%, and 
96.9% in evaluating significant stenoses in venous grafts ver-
sus 100%, 97.7%, and 98% in arterial grafts, respectively. 
More recently, 320-slice CT evaluation for the detection of 

Fig. 33.3 3D reconstruction of a patient with two-vessel disease now 
status post a two-vessel CABG with bilateral IMA grafts. This approach 
can obviate the need for aortocoronary anastomoses and is a useful 
technique in patients with porcelain aorta in which avoiding aortic 
manipulation is desirable
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significant stenoses gave sensitivity, specificity, and diagnos-
tic accuracy of 95%, 93%, and 93% for venous grafts versus 
100%, 91%, and 93% for arterial grafts [49]. Taken with the 
results of the preceding study by Chan et al., it is important 
to note that there is still conflict in the literature with regard 
to the evaluation of arterial grafts. However, the overall body 
of evidence indicates that CCTA is a useful modality for 
evaluating arterial grafts and with current results would be 
acceptable as a first-line evaluation of patients with an all-
arterial bypass to avoid the complications of ICA in patients 
who do not require further investigation or intervention.

While invasive catheter FFR has applications in the 
assessment of bypass graft stenoses, CT-FFR has yet to be 
studied in this context but may eventually find utility in cer-
tain types of grafts. Saphenous vein grafts in particular tend 
to develop atherosclerosis at an aggressive rate compared to 
arterial grafts, and the resultant plaques are very friable and 
subject to rupture with distal embolization of contents when 
manipulated. Therefore, CT-FFR may provide added value 
to the analysis of these lesions, as it avoids the risks of 
manipulation associated with invasive assessment, namely, 
distal embolization and resultant periprocedural myocardial 
infarction.

Currently, CCTA is a useful modality to assess previous 
bypass grafts. Continued limitations besides spatial resolu-

tion include the performance of CCTA in the presence of 
metallic artifact such as clips, stents, or heavy calcification 
(Fig. 33.4), which may also cause overestimation of steno-
ses. However newer generations of CT scanners may over-
come these limitations, especially with software advances in 
reconstructive techniques. With continued improvement in 
MDCT design, it is likely that CCTA may serve as a first step 
in evaluating CABG grafts, ideally allowing ICA to be 
reserved for those requiring procedural intervention.

 Reoperative Surgery

Reoperative surgery is an important aspect of cardiac surgi-
cal practice, and one in which MDCT plays an increasingly 
important role. Due to the progressive nature of coronary 
artery disease, as well as the effect of atherosclerosis on pre-
viously placed bypass grafts, a certain percentage of CABG 
patients will require repeat surgical revascularization in their 
lifetime. In addition to revascularization, patients who have 
undergone valvular or other cardiac surgeries, with or with-
out concomitant bypass grafting, may require repeat cardiac 
surgical intervention.

Decreased graft patency with time, leading to symptoms 
and cardiovascular events, is the major determinant for pro-

a b cFig. 33.4 Artifact can be 
introduced by metallic objects 
in and around coronaries and 
bypass grafts such as surgical 
clips adjacent to the LIMA 
(a), extensive calcification in 
a native coronary artery (b), 
and coronary stents (c)
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ceeding to PCI or reoperative CABG. It is important to note 
that different grafts demonstrate different patencies. A large 
series published in 1996 demonstrated SVG patency of 81% at 
1 year, 75% at 5 years, and 50% at 15 years [50]. This trans-
lates into a need for reoperative CABG of 2% at 5 years, 12% 
at 10 years, and 20% at 12 years, in addition to patients under-
going percutaneous interventions [51]. Arterial grafts demon-
strate much higher patency, however, with the 10-year LIMA 
graft patency of 94.6% when grafted to the LAD [52]. Long-
term RIMA and radial artery patencies are less than that of the 
LIMA but still superior to SVG [53]. Therefore adoption of an 
“all-arterial” strategy as noted before may lead to improved 
long-term graft patency with decreased need for reinterven-
tion, and has been linked to improved  outcomes [4].

The frequency of reoperative cardiac surgery is evolving, 
and the incidence of reoperation depends on the indication of 
the initial operation. There has been a steady decrease in 
reoperative CABG in the past several decades, likely due to 
improved medical management and the proliferation of 
PCI. Conversely, there has been an increased need for valvu-
lar reintervention, as this patient population have experi-
enced greater longevity, along with increasing usage of 
bioprosthetic valves [54], which have limited long-term 
durability. Reports on regional or institutional trends regard-
ing reoperative volume are subject to local practice patterns, 
but national databases are useful in determining general 
trends. Ghanta et  al. reported in a Society of Thoracic 
Surgeons (STS) database analysis that between 2000 and 
2009, redo CABG decreased from 6.0% to 3.4% of overall 
national CABG volume [55]. 5.9% of aortic valve proce-
dures nationally were redo operations in the period between 
2011 and 2013 [56]. While need for aortic valve intervention 

may be increasing, the number of redo surgeries will likely 
see a decrease as transcatheter aortic valve implantation 
(TAVI) is used more commonly in a “valve-in-valve” fashion 
to treat bioprosthetic aortic valve stenosis. CT is indispens-
able in the planning of TAVI; however that topic is covered 
in detail elsewhere in this text and will not be discussed here. 
Conversely, reoperation for mitral valve pathology is increas-
ing, with more than 10% of mitral operations being redo 
operations, 35% of whom had undergone prior CABG [57]. 
Due to a current lack of robust transcatheter mitral valve 
therapies, this number is likely to increase in the near future.

Reoperative cardiac surgery has traditionally been associ-
ated with significantly higher morbidity and mortality than 
primary cardiac surgery, with perioperative mortality tradi-
tionally being reported in the 4–9% range, although mortality 
can exceed 20% in selected populations [55, 58]. This can be 
attributed to several reasons, such as older age, increased 
medical comorbidities, and damage to substernal structures 
on reentry. Redo sternotomy can be a hazardous procedure, as 
the inflammatory and scar responses from primary sternot-
omy result in dense mediastinal adhesions. The aorta, right 
coronary artery, right ventricle, and anteriorly located bypass 
grafts may be in close proximity, if not adhered, to the poste-
rior table of the sternum, making them susceptible to injury. 
The location of patent bypass grafts is of particular impor-
tance, as myocardial dependence on these sources of blood 
flow may be increased from the primary operation due to pro-
gression of native coronary disease, and injury sustained dur-
ing reentry may be difficult if not impossible to repair. 
Specific difficult situations include a RIMA used to bypass a 
left coronary territory or SVGs that come anteriorly off the 
aorta to bypass left-sided territories, as both of these graft pat-

a c

b

Fig. 33.5 Preoperative CT is 
critical prior to redo 
sternotomy, as bypass grafts 
may be vulnerable to injury 
on reentry. In this particular 
instance, there are two venous 
grafts that arise anteriorly 
from the aorta and cross the 
midline to supply the left 
circumflex artery and a 
diagonal branch of the 
LAD. Grafts that cross 
midline can be at risk for 
damage; however in this 
instance they are a safe 
distance away from the 
sternum
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terns cross midline and may be in close proximity to the site 
of re-sternotomy (Fig. 33.5). Regardless of sternal proximity, 
it is always important to localize the LIMA, as control of this 
graft is critical for myocardial protection. SVGs are placed on 
the proximal aorta and therefore can carry cold, high-potas-
sium cardioplegia to their supplied territories after cross-
clamping distally on the ascending aorta. However an in situ 
LIMA to LAD graft obligatorily originates past the aortic 
cross-clamp and if not controlled and occluded during car-
dioplegic arrest will carry warmer, lower-potassium blood 
from the bypass circuit to the LAD and any collateralized ter-
ritories, compromising myocardial protection.

Despite the difficulties associated with reoperative CABG 
and other cardiac surgeries, outcomes have improved in 
recent years and approach if not match outcomes of primary 
surgery in some contemporary reports [55, 57]. The reason 
for this is multifactorial, with improvements in anesthesia, 
medical management of comorbidities, and postoperative 
care contribution. However, the importance of preoperative 
MDCT cannot be understated. Preoperative CT is a prerequi-
site for redo surgery in the context of previous bypass grafts 
in allowing appropriate planning with which many injuries 
upon reentry can be avoided. Three-dimensional reconstruc-
tions are particularly useful in visualizing the mediastinal 
anatomy. It is standard practice to acquire preoperative CT 
for all reoperative adult cardiac surgeries at the author’s 
institution. Multiple studies have shown that preoperative 
CT often changes management, with a high rate of adoption 
of protective strategies such as alternate incision sites, expo-
sure of peripheral vascular access sites, and preemptive ini-
tiation of cardiopulmonary bypass prior to redo sternotomy 
[59–61]. It has been demonstrated that preoperative CCTA is 
associated with at least a trend toward decreased complica-
tions after redo surgery [62, 63], which would likely be sig-
nificant in larger series. In addition, preoperative CCTA 
appears cost-effective in reoperative cardiac surgery, as it 
may prevent the cost of treating complications, although this 
must be balanced with the cost of the additional OR time and 
equipment necessary for protective maneuvers [64]. As CT 
technology improves, so does this ability to plan for reopera-
tive cardiac surgery. Improved spatial and temporal resolu-
tion affords accurate localization of substernal structures, as 
do improved reconstructive models [65].

 Conclusion

Multidetector CCTA is a useful tool for diagnosing and evalu-
ating coronary artery disease, as well as elucidating mediasti-
nal anatomy pertinent to coronary artery bypass grafting. 
Multiple developments in hardware, software, and technique 
have contributed to improved spatial and temporal resolution 
while imaging the heart, giving high-quality information on 

native coronary arteries and bypass grafts. While CCTA is not 
routinely used as a sole test to proceeding with CABG, it pro-
vides more information on mediastinal anatomy than ICA and 
is indispensable for minimally invasive CABG and off-pump 
CABG and for evaluating potential arterial grafts for all-arte-
rial bypass. In addition, CCTA has been shown to accurately 
assess coronary artery bypass grafts for stenosis and overall 
patency, in both venous and arterial grafts. CCTA is indispens-
able to reoperative surgery in determining the location of 
bypass grafts and other mediastinal structures in order to avoid 
damage during sternal reentry. The current status of MDCT 
for use with CABG is promising, and advances in newer-gen-
eration CT scanners may lead to it becoming the “gatekeeper” 
to the catheterization lab and the operating room.
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Cardiac CT in the Setting of Heart 
Transplantation

Gorka Bastarrika and Gregorio Rábago

Heart transplantation is a definitive treatment option for 
patients with end-stage heart failure. According to the 28th 
report of the International Society for Heart and Lung 
Transplantation (ISHLT) transplant registry, in the last 
decade, between 3600 and 3850 heart transplants were regis-
tered every year [1].

Prognosis and long-term survival after heart transplanta-
tion has significantly improved in the last decades particu-
larly due to effective antirejection therapy and infection 
control. The first year after transplant represents the period 
with the highest risk of death, mainly due to graft failure, 
infection, multiple organ failure, and rejection. Conversely, 
long-term mortality is related to cardiac allograft vasculopa-
thy (CAV), renal failure, and malignancy [1].

In fact, CAV is a well-known factor limiting the success-
ful long-term outcome of heart transplantation. Because of 
the allograft denervation occurring after transplantation, this 
entity is frequently asymptomatic. Clinical manifestations of 
CAV vary from arrhythmia to congestive heart failure or sud-
den cardiac death.

Nowadays, conventional coronary angiography is the 
standard of reference to rule out CAV, although intravascular 
ultrasound is the most sensitive tool for early detection of the 
disease. Due to the fact that these two techniques carry a 
relatively high cost and risk, there has been vigorous research 
on imaging modalities allowing noninvasive detection, char-
acterization, and follow-up of CAV. In the last decade, car-
diac computed tomography (CT) has emerged as a very 
useful imaging test in this clinical setting.

In the field of cardiac transplantation, CT allows to assess 
the typical appearance of the transplanted heart and to detect 
complications. Advances in CT technology and improvement 

in spatial and temporal resolution also allow visualization of 
the coronary artery lumen and wall with unprecedented ana-
tomical detail. Further, ECG-triggered acquisition enables to 
evaluate cardiac function using the same CT datasets, without 
the need of additional contrast media or radiation dose. 
Moreover, CT is helpful in detecting transplant-related ancil-
lary findings that may influence patient outcome. In this chap-
ter the usefulness of CT to provide an integrative approach to 
the transplanted heart is reviewed.

 Cardiovascular Anatomy After Heart 
Transplantation

 Orthotopic Heart Transplantation

The first surgical technique for orthotopic heart transplanta-
tion was described by Shumway and Lower in 1966 [2]. The 
so-called biatrial approach consists in leaving posterior right 
and left atrial cuffs to facilitate the reimplantation of the 
donor heart. The donor’s superior vena cava cuff is fixed 
above the right atrium, and the donor’s inferior vena cava is 
included in the right atrial anastomosis.

More recently, the standard biatrial technique was modi-
fied to launch the so-called bicaval approach [3, 4]. With this 
surgical approach, the donor’s left atrium is sutured to the 
posterior cuff of the recipient’s native left atrium containing 
pulmonary vein insertion, the donor’s inferior and superior 
vena cava are sutured to the corresponding recipient cuffs, 
and the intervention is finalized with anastomosis of the 
ascending aorta and main pulmonary artery. The bicaval 
technique allows better preservation of the right atrial mor-
phology and function, thus reducing the incidence of arrhyth-
mias, right atrial dilatation, and tricuspid regurgitation [5].

CT imaging shows characteristic findings that will allow 
to differentiate between the two surgical techniques. In 
patients undergoing heart transplantation with the biatrial 
surgical technique, CT will show enlargement of both atrial 
cavities, particularly of the left atrium (Fig. 34.1), whereas 
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patients undergoing heart transplantation with the bicaval 
approach show a clockwise-rotated heart with normal size 
atria (Fig.  34.2). The anastomotic sutures of the aorta and 
main pulmonary artery are easily depicted, particularly when 
there is size discrepancy between recipient and donor arter-
ies. In these cases, postsurgical changes may show the 
appearance of perivascular soft tissue, redundancy, stenosis, 
or aneurysmal dilatation [6] (Fig. 34.3).

Graft outcome will depend on variables such as enlarge-
ment of the atria, asynchronous contraction of the donor and 
recipient atria, tendency for thrombus formation, conduction 
disturbances, and residual atrioventricular valve regurgita-
tion [7–9]. Cardiac CT will also detect potential complica-
tions of the procedure early after surgery or during the 

surveillance (Fig. 34.4), emphasizing its role in the compre-
hensive evaluation of the transplanted heart.

 Heterotopic Heart Transplantation

Heterotopic heart transplantation is reserved for patients 
with irreversible high pulmonary vascular resistance and 
body weight mismatch (over 20%) between recipient and 
donor or for patients with potentially reversible myocardial 
dysfunction. The donor heart is positioned side by side with 
the recipient heart. Surgeons perform anastomosis of right 
atria, left atria, aorta, and main pulmonary arteries [10]. In 
heterotopic heart transplantation, the native right ventricle 

a

c d

b

Fig. 34.1 Orthotopic heart transplantation. (a, b) Biatrial technique. In 
this 63-year-old woman who underwent heart transplantation with the 
biatrial surgical technique, CT imaging demonstrated enlargement of 
both atrial cavities, particularly of the left atrium. Note that most of the 
left atrial cavity is provided by the receptor (R), whereas only a small 
portion is provided by the donor (D). The site of the anastomosis is 

clearly depicted (arrow). (c, d) Bicaval technique. CT exam of a 
61-year-old man who underwent heart transplantation with the bicaval 
approach. In this technique the donor’s left atrium is sutured to the pos-
terior cuff of the recipient’s native left atrium containing pulmonary 
vein insertion. As a result, there is no significant enlargement of atrial 
cavities
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a b c

Fig. 34.2 CT appearance of the graft in a patient with orthotopic heart 
transplantation operated with the bicaval technique. (a) Axial image. 
(b) Maximum intensity projection (MIP) image. (c) Volume-rendered 
image. The heart is clockwise-rotated (curved arrow in a). Note clock-

wise rotation of the origin of the coronary vessels (b, left main, LM; 
right coronary artery, RCA). Despite this, the volumetric image is simi-
lar to that of a non-transplanted heart (c). (LAD left anterior descending 
coronary artery, LCx left circumflex, RCA right coronary artery)

a

cb

Fig. 34.3 Postsurgical CT 
appearance of vascular 
anastomoses in a 68-year-old 
male after heart 
transplantation. (a) Axial 
image. (b) Coronal image. (c) 
Volume-rendered image. The 
anastomotic sutures of the 
aorta (Ao) and main 
pulmonary artery (PA) after 
transplantation are clearly 
depicted (arrows)

a b c

Fig. 34.4 Cardiac CT in a 65-year-old woman after heart transplantation with the biatrial technique. (a) Axial image. (b) Two-chamber view. (c) 
Short-axis view. The exam showed a large intracavitary thrombus within the left atrium (LA, arrows)
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provides most of right-side cardiac output, and the donor left 
ventricle delivers the majority of left-side cardiac output [6]. 
Complications of this surgical technique include native heart 
angina, ventricular fibrillation, and thromboembolic events 
[11]. Graft stenosis is a frequent complication when grafts 
are interposed between the recipient and donor pulmonary 
arteries and may lead to pulmonary hypertension [10].

 Cardiac Allograft Vasculopathy

Cardiac allograft vasculopathy (CAV) is a progressive fibro-
proliferative process that extensively affects the coronary 
arteries of a transplanted heart and is likely the consequence 
of cumulative endothelial injuries [12]. As said, this entity is 
responsible for a significant proportion of deaths after trans-
plant. According to recent ISHLT data, the prevalence of 
CAV remains high: 20% at 3 years, 30% at 5 years, and 45% 
at 8  years after transplant. The disease is present in 
 approximately 54% of survivors 10 years after heart trans-
plantation [1].

Risk factors of CAV development depend on donor and 
recipient characteristics. Donor characteristics include old 
donor age, male sex, high body surface area, history of 
hypertension, history of infection, and cause of death, 
whereas recipient characteristics related with CAV comprise 
history of ischemic heart disease, ventricular assist device 
implant before transplant, and history of infection [1]. Other 
factors, such as the number of HLA-DR mismatches and the 
use of certain type of immunosuppression before discharge, 
also increase the risk of CAV.

The pathophysiology of CAV entails endothelial dysfunc-
tion and vascular injury. Adaptive and innate immune 
responses, alloantigen-independent factors, and endothelial 
replacement in the transplanted heart have been suggested to 
play a role in the pathophysiology of the disease [12]. 
Persistent inflammatory response results in concentric inti-

mal hyperplasia causing diffuse luminal narrowing of the 
coronary vasculature. This will ultimately lead to myocardial 
ischemia and ventricular dysfunction.

Pathophysiological similarities and differences between 
CAV and atherosclerosis are reviewed by Rahmani et  al. 
[13]. As opposed to conventional atherosclerotic disease, 
CAV typically affects distal segments and progresses to 
proximal segments. Vessel involvement is concentric, longi-
tudinal, and diffuse. Collateral vasculature is generally 
absent. In contrast, conventional atherosclerosis usually 
involves the proximal coronary segments and progresses dis-
tally. Atherosclerotic plaques are commonly focal and non- 
circumferential and show calcification more frequently than 
CAV. Thus, early after heart transplantation, focal and non- 
circumferential thickening may be observed, usually trans-
mitted by the donor and representing conventional 
atherosclerotic disease (Fig.  34.5). Late after transplant, 
however, focal atherosclerotic plaques and/or diffuse intimal 
thickening may be seen representing CAV (Fig. 34.6).

As mentioned, CAV is one of the main factors that will 
influence the prognosis and long-term survival after heart 
transplantation. Thus, early detection of the disease becomes 
mandatory [14]. This is generally performed using diverse 
imaging modalities.

 Diagnosis of Cardiac Allograft Vasculopathy

According to the ISHLT guidelines for the care of heart 
transplant recipients, annual or biannual coronary angiogra-
phy should be considered to assess the development of 
CAV. Patients free of CAV at 3–5 years after heart transplan-
tation, especially those with renal insufficiency, may undergo 
less frequent invasive evaluation (recommendation Class I, 
Level of Evidence: C) [15]. Recommendations for the use of 
imaging modalities for the diagnosis and management of 
CAV are shown in Table 34.1.

a b

Fig. 34.5 Coronary CT 
angiography in a 64-year-old 
man 2 years after heart 
transplantation. (a) Axial 
image. (b) Perpendicular 
cross-sectional image. The 
study demonstrated a 
non-calcified plaque in the 
left main coronary vessel 
(arrow). Note that the plaque 
is focal, eccentric, and 
non-circumferential (arrows 
in b), likely representing 
atherosclerotic disease 
transmitted by the donor
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 Conventional Coronary Angiography
Conventional coronary angiography remains the standard of 
care for the screening and surveillance of CAV. Recent data 
show that angiographic findings are able to guide manage-

ment and possess prognostic significance for graft survival, 
patient survival, and adverse cardiac events [16]. However, 
there is concern about the limited sensitivity of conventional 
coronary angiography for the detection of early stage CAV 
and about its accuracy to establish the presence and extent of 
the disease, particularly when compared with intravascular 
ultrasound (IVUS) [17, 18], optical coherence tomography 
(OCT) [19, 20], and histopathologic studies [21]. As a major 
limitation, conventional coronary angiography does not 
allow to evaluate the arterial wall and to detect early intimal 
thickening. Thus, this technique can underdiagnose the prev-
alence as well as the extent of CAV.

 IVUS
Due to its ability to define arterial wall layers and to provide 
accurate quantitative assessment of lumen size, intimal 
thickening, and vessel wall morphology and composition, 
IVUS is the most sensitive tool to detect CAV [22, 23]. There 
are, however, several limitations of this technique that have 
impeded routine use of IVUS for the surveillance of CAV 
during regular follow-up of heart transplant recipients, 
including its high cost, lack of widespread expertise, the 
relatively large size of currently available IVUS catheters, 
and the complication rate of multivessel imaging. Similarly, 
the potential role of OCT in heart transplant recipients, an 
intravascular imaging technique able to provide detailed 
information of vessel wall composition, is under active 
research [24].

 Noninvasive Stress Testing
Because of the reduced exercise capacity of heart transplant 
recipients and the blunted heart rate response to exercise, the 
accuracy of exercise stress tests for detection of CAV is 
 limited [25].

Imaging modalities performed under pharmacological 
stress show improved performance. Overall, sensitivity and 
negative predictive values of noninvasive stress tests are 
high, whereas their specificity and positive predictive values 
are low. Therefore, these tests can be employed to rule out 

a b

Fig. 34.6 Coronary CT 
angiography in a 75-year-old 
asymptomatic man 12 years 
after heart transplantation.  
(a) Axial image.  
(b) Perpendicular cross-
sectional image. Note the 
almost concentric, 
longitudinal, and diffuse 
involvement of the left 
anterior descending coronary 
artery caused by cardiac 
allograft vasculopathy 
(arrows)

Table 34.1 Recommendations for the diagnosis and management of 
cardiac allograft vasculopathy (CAV) according to the International 
Society for Heart and Lung Transplantation (ISHLT) guidelines for the 
care of heart transplant (HT) recipients

Class I
Annual or biannual coronary angiography should be considered to 
assess the development of CAV. Patients free of CAV at 3 to 5 years 
after HT, especially those with renal insufficiency, may undergo less 
frequent invasive evaluation (Level of Evidence: C)
Selective coronary angiography is the investigation of choice for the 
diagnosis of CAV in pediatric HT recipients. It should be performed 
at yearly or biannual intervals (Level of Evidence: C)
Class IIa
A baseline coronary angiogram at 4 to 6 weeks after HT may be 
considered to exclude donor coronary artery disease (Level of 
Evidence: C)
Intravascular ultrasound (IVUS) in conjunction with coronary 
angiography with a baseline study at 4 to 6 weeks and at 1 year 
after HT is an option to exclude donor coronary artery disease, to 
detect rapidly progressive CAV, and to provide prognostic 
information (Level of Evidence: B)
IVUS can be safely used in older pediatric HT recipients to assess 
CAV (Level of Evidence: C)
Evaluation of coronary flow reserve in conjunction with coronary 
angiography may be useful for the detection of small-vessel coronary 
disease, which is a manifestation of CAV (Level of Evidence: C)
Treadmill or dobutamine stress echocardiography and myocardial 
perfusion imaging may all be useful for the detection of CAV in HT 
recipients unable to undergo invasive evaluation. Noninvasive testing 
for CAV is technically possible in children (Level of Evidence: B)
Class IIb
Ultrafast computed tomography (CT) for the detection of coronary 
calcium has been used mostly as an investigational tool for 
assessing CAV in HT recipients but is being superseded by 
advances in CT angiography (Level of Evidence: C)
CT coronary angiography shows promise in the evaluation of CAV 
in HT recipients, although higher resting heart rates in these patients 
limit the technical quality of this study (Level of Evidence: C)

Modified from Costanzo et al. [15], with permission
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significant CAV, and, consequently, some authors recom-
mend their use to avoid the need of annual conventional 
coronary angiography for surveillance.

In the case of dobutamine stress echocardiography, its 
sensitivity and specificity to detect CAV range from 65% to 
95% and from 55% to 95% when compared to conventional 
coronary angiography [26, 27] and from 72% to 79% and 
from 83% to 88% when compared to IVUS [28, 29]. 
Mastrobuoni et  al. showed that coronary CT angiography 
(CCTA) was able to demonstrate evidence of CAV despite 
normal dobutamine stress echocardiography [30].

Regarding stress radionuclide myocardial perfusion 
imaging, Ciliberto et al. showed sensitivity of 92% and spec-
ificity of 86% of dipyridamole technetium-99m sestamibi 
SPECT to detect CAV manifested as angiographic focal ste-
nosis greater than 50% or diffuse disease. The sensitivity 
dropped to 56% when the technique was used to detect angi-
ographic abnormalities of any grade [31]. Several studies 
have shown similar sensitivity and specificity values with 
dobutamine and dipyridamole, despite the fact that accord-
ing to some authors, the effect of dipyridamole may be lim-
ited under microvascular CAV [32].

Less is known about the usefulness of cardiac magnetic 
resonance (CMR) in the setting of CAV.  CMR provides 
accurate measurements of left and right ventricular volumes, 
ejection fraction, and mass. Further, late gadolinium- 
enhanced images [33, 34] and recently developed multipara-
metric T1 and T2 mapping techniques allow to establish and 
quantify changes in the myocardial tissue architecture [35–
37]. In the field of stress perfusion CMR imaging, studies 
performed under adenosine demonstrated reduced myocar-
dial blood flow in patients with CAV [38]. In a recent study, 
Miller et al. demonstrated that CAV, including epicardial and 
microvascular components, could be detected more accu-
rately using noninvasive CMR-based absolute myocardial 
blood flow assessment than with conventional coronary 
angiography [39]. In another study, Chih et al. showed that 
CMR-derived myocardial perfusion reserve (MPR) index 
≤1.68 had sensitivity, specificity, negative, and positive pre-
dictive values of 100%, 63%, 100%, and 86%, respectively, 
to detect CAV defined as maximal intimal thickness > 0.5 mm 
by IVUS of the left anterior descending artery [40].

 Coronary CT Angiography and Cardiac 
Allograft Vasculopathy

Coronary CT angiography (CCTA) has been investigated as 
a noninvasive alternative to conventional coronary angiogra-
phy to evaluate coronary artery vasculature and to detect 
CAV in heart transplant recipients. Being noninvasive, one of 
the key advantages of this technique is that it provides infor-
mation about the coronary artery lumen and wall.

 Technical Aspects

Despite advances in CT technology and spatial and temporal 
resolution, heart transplant recipients still represent a chal-
lenge for noninvasive coronary artery imaging with CT [41]. 
The anatomical detail achieved with state-of-the-art technol-
ogy allows to reliably exclude significant coronary disease 
involving proximal and mid-coronary segments, but the spa-
tial resolution still remains limited to accurately detect CAV 
involving more distal and smaller caliber coronary segments.

Another concerning aspect is the temporal resolution of 
CT systems and the high resting heart rates and the insuffi-
cient response to beta-blocker premedication of heart trans-
plant recipients. After heart transplantation there is 
impairment of the sympathetic and parasympathetic innerva-
tions of the graft. As a consequence, patient resting heart rate 
is high (mean resting heart rates up to 89 beats per minute) 
[42], and they do not fully respond to different stimuli, such 
as chronotropic and inotropic medication, including beta- 
blockers [43–45]. Therefore, the temporal resolution of even 
64-multidetector CT scanners with a 0.33-second rotation 
time remains insufficient to accurately evaluate the coronary 
vasculature in this patient population, and more advanced 
CT systems with faster gantry rotation times are required. 
Dual-source CT systems have shown to provide good image 
quality of the coronary vasculature in heart transplant recipi-
ents [42, 46–48] (Fig. 34.7).

One interesting feature of heart transplant recipients is 
their low heart rate variability. This allows to optimize car-
diac CT acquisition protocols to fully adjust the radiation 
dose. In this sense, prospectively ECG-triggered protocols 
may represent a valid alternative to conventional retrospec-
tively ECG-gated acquisition methods [49]. According to 
recent publications, the mean radiation dose reported for 
prospectively ECG-triggered CCTA in heart transplant 
recipients is significantly lower (mean of 4.5 mSv) [46] than 
the radiation dose reported for the conventional retrospec-
tively ECG-gated acquisition mode (mean of 10.2  mSv) 
[50]. Of note, triggering the acquisition during the systolic 
phase of the cardiac cycle has been advocated for the pro-
spective acquisition protocols (Fig.  34.8). Its rationale is 
based on the observation that the systolic phase has demon-
strated to be the optimal reconstruction phase for  conventional 
retrospectively ECG-gated coronary DSCT examinations 
performed in subjects with high resting heart rates [51] and 
also in heart transplant recipients [42].

Finally, regarding the use of iodinated intravenous con-
trast during CCTA acquisition, it is important to note that 
chronic kidney disease is a common comorbidity in heart 
transplant recipients. Thus, the amount of contrast should be 
adjusted to patient weight and scan duration. In most cases, 
the use of 60 or 70 mL of iodinated contrast should be suf-
ficient to achieve adequate filling of the coronary 
vasculature.
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 Detection of Cardiac Allograft Vasculopathy 
with CCTA

According to the most recent ISHLT guidelines for the care 
of heart transplant recipients, “CT coronary angiography 

shows promise in the evaluation of CAV in heart transplant 
recipients, although higher resting heart rates in these 
patients limit the technical quality of this study (Class IIb 
recommendation, Level of Evidence: C).” Most recent appro-
priate use criteria for cardiac computed tomography endorsed 
by the American College of Cardiology Foundation along 

a b c d

Fig. 34.7 Retrospectively ECG-gated coronary CT angiography in a 
63-year-old patient who underwent heart transplantation 5 years earlier. 
(a) Volume-rendered image. (b–d) Curved planar reformats of the right 

coronary artery (RCA), left anterior descending (LAD), and left cir-
cumflex (LCx) coronary arteries. The study showed normal coronary 
arteries, excluding cardiac allograft vasculopathy

a b c d

Fig. 34.8 Prospectively ECG-triggered coronary CT angiography in a 
56-year-old heart transplant recipient. (a) Volume-rendered image. (b–
d) Curved planar reformats of the right coronary artery (RCA), left 
anterior descending (LAD), and left circumflex (LCx) coronary arter-

ies. Despite a high resting heart rate (mean of 81 beats per minute) in 
this patient, the acquisition was prospectively ECG-triggered in systole 
(35–45% of the R-R´ interval). The exam allowed to reliably exclude 
cardiac allograft vasculopathy
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with key specialty and subspecialty societies rate as uncer-
tain (score of 6) the routine evaluation of coronary arteries 
by CCTA following heart transplantation [52].

 Coronary Artery Calcification
There is controversy regarding the clinical value of 
CT-quantified coronary artery calcification as a marker of 
CAV. In a past publication, Ludman et al. reported that cal-
cium is detected more frequently with CT than would be 
suggested by studies using intravascular ultrasound [53]. 
These authors observed that coronary calcium was associ-
ated with the presence of angiographic disease and con-
cluded that at follow-up the presence of coronary calcium 
was associated with an adverse clinical outcome [53]. More 
recently, after evaluating 161 heart transplant recipients, von 
Ziegler et  al. determined that calcium scoring with dual- 
source CT is not a valuable noninvasive modality for CAV 
detection. In fact, these authors suggested that calcium may 
represent preexisting or de novo traditional coronary athero-
sclerosis rather than CAV [54].

 Coronary CTA Angiography Versus Conventional 
Coronary Angiography
The potential of CCTA for detecting CAV has been investi-
gated with different generation CT systems. Results of repre-
sentative studies comparing the diagnostic accuracy of 
CCTA for the detection of CAV with respect to conventional 
coronary angiography are shown in Table 34.2 [44, 45, 48, 
50, 55–60].

In 2005, Romeo et al. sought to determine if CCTA per-
formed with a 16-row multidetector CT scanner could repre-
sent a valid noninvasive alternative to conventional coronary 
angiography for serial detection and follow-up of coronary 
stenosis due to CAV [44]. For their study purpose, authors 
included 50 consecutive heart transplant patients who 
 underwent CCTA within 24  h before or after their annual 
routine conventional coronary angiography examination. 
Authors found sensitivity of 83%, specificity of 95%,  positive 

predictive value of 71%, negative predictive value of 95%, 
and accuracy of 93% for detection of coronary stenosis 
greater than 50%. They concluded that 16-slice multidetec-
tor CT can replace the invasive procedure in de novo heart 
transplant patients and in patients with strictly normal CCTA 
at follow-up [44].

In their study, Mittal et  al. evaluated the largest heart 
transplant population published to date with CT [48]. They 
included 138 heart transplant recipients scheduled for rou-
tine conventional coronary angiography who prospectively 
underwent CT to evaluate coronary artery calcification and 
retrospectively ECG-gated CCTA with a 64-section scanner 
to assess vessel status. At the patient level, authors observed 
that CCTA had an area under the receiver operating charac-
teristic curve of 0.942. Sensitivity, specificity, and positive 
and negative predictive values of CCTA to detect CAV with 
50% or more stenosis were of 96%, 93%, 72%, and 99%, 
respectively. Interestingly, authors found that none of the 61 
patients with normal CCTA angiographic results had CAV 
on the basis of the invasive procedure, concluding that CCTA 
compares favorably with conventional coronary angiography 
in detecting CAV in this patient population and that it may be 
used as a screening technique [48].

Using a more recent generation dual-source CT scanner, 
von Ziegler et al. found similar results [59]. In 46 heart trans-
plant recipients undergoing CCTA, authors observed sensi-
tivity of 100%, specificity of 86%, and diagnostic accuracy 
of 93% on a patient-based evaluation for detection of signifi-
cant stenosis. Authors concluded that improved image acqui-
sition and robustness of this CT technology allowed to 
exclude a low number of coronary segments, and, therefore, 
it could be employed to reliably rule out CAV in heart trans-
plant recipients, avoiding unnecessary conventional coro-
nary angiography for annual follow-up [59].

In a systematic review of the literature performed to deter-
mine the accuracy of CCTA in CAV assessment, Khan et al. 
included three studies performed using 16-row multidetector 
CT and four studies using 64-row multidetector CT.  Per-

Table 34.2 Patient-based diagnostic accuracy of coronary CT angiography for the detection of hemodynamically significant coronary stenosis 
compared with conventional coronary angiography

CT-system Author
Number of 
patients Sensitivity (%) Specificity (%)

Positive predictive 
value (%)

Negative predictive 
value (%)

MDCT- 16 Romeo et al. [44] 50 83 95 71 95
Sigurdsson et al. [45] 54 94 79 65 97
Moro et al. [55] 22 50 81 50 81
Pichler et al. [56] 60 88 97 88 97

MDCT- 64 Iyengar et al. [57] 19 100 94 50 100
von Ziegler et al. [58] 26 100 81 56 100
Mittal et al. [48] 138 96 78 77 98

DSCT Schepis et al. [50] 30 93 93 72 99
von Ziegler et al. [59] 46 100 86 33 100
Kepka et al. [60] 20 100 94 67 100

Note: MDCT multidetector computed tomography, DSCT dual-source computed tomography
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segment analysis revealed pooled estimates for sensitivity, 
specificity, and negative predictive value for CT ranging from 
82% to 89%, 89% to 99%, and 99%, respectively [61].

A recent meta-analysis evaluated the diagnostic accuracy 
of CCTA for detecting CAV in comparison with  conventional 
coronary angiography, with similar conclusions [62]. After 
analyzing 13 studies including 615 patients, the patient-
based analysis showed mean weighted sensitivity of 97%, 
specificity of 81%, positive predictive value of 78%, and 
negative predictive value of 97% for detection of any CAV 
and mean weighted sensitivity of 94%, specificity of 92%, 
positive predictive value of 67%, and negative predictive 
value of 99% for detection of significant CAV (stenosis 
≥50%) [62]. Authors concluded that CCTA is a reliable 
 noninvasive imaging alternative to conventional coronary 
angiography to detect CAV [62].

The outcome of heart transplant recipients using CCTA 
for serial follow-up was investigated by Rohnean et al. [63]. 
These authors prospectively enrolled 62 individuals under-
going yearly CCTA for coronary allograft vasculopathy 
detection. According to their observations, time to stenosis 
was consistently greater than 3 years, and the mean interval 
without de novo significant stenosis was 10.31+/−4 years. 
With these results, authors concluded that CCTA seems to be 
a safe technique for monitoring heart transplant patients and 
suggested a follow-up every 2 years with CCTA in patients 
with normal baseline exams [63].

 Coronary CTA Angiography Versus  
Intravascular Ultrasound
As said, IVUS is the standard of reference to evaluate the 
vessel wall. As CCTA also allows to assess vessel wall com-
position, this technique may play a role in the early diagnosis 
of CAV.  Three representative studies have compared the 
diagnostic accuracy of the latter with respect to IVUS [43, 
45, 50] (Table 34.3).

A subset of 54 heart transplant recipients enrolled by 
Sigurdsson et al. were evaluated with CCTA, conventional 
coronary angiography, and IVUS [45]. Authors were able 
to assess a total of 154 coronary segments in 13 individuals. 
The sensitivity, specificity, and positive and negative pre-
dictive values to identify proliferative changes by CCTA 
with respect to IVUS were 96%, 88%, 80%, and 98%, 
respectively [45].

In their study, Gregory et al. reported a sensitivity of 70%, 
specificity of 92%, positive predictive value of 89%, and 
negative predictive value of 77% for the detection of CAV 
with CCTA with respect to IVUS, concluding that CCTA has 
moderate to excellent test characteristics for the detection of 
CAV [43].

In a third study, Schepis et al. found sensitivity of 85%, 
specificity of 84%, positive predictive value of 76%, and 
negative predictive value of 91% for the detection of CAV by 
DSCT with respect to IVUS [50].

Finally, in a recent meta-analysis, Wever-Pinzon et  al. 
found a mean weighted sensitivity of 81% and specificity of 
75% to detect CAV by CCTA compared to IVUS [62].

Therefore, according to most recent literature, CCTA 
seems to be a robust, reliable, and accurate technique for the 
diagnosis of CAV (Fig. 34.9). In particular, as in the field of 
non-transplanted population, CCTA possesses a very high 
negative predictive value. This allows to reliably exclude 
CAV in heart transplant patients. As a result, CCTA could be 
considered as an alternative to conventional coronary angi-
ography in the routine surveillance of heart transplant 
recipients.

 Cardiac Function

The management and follow-up of heart transplant recipients 
require accurate quantification of ventricular volumes, func-
tion, and mass [64]. Evaluation of these parameters is rou-
tinely performed with transthoracic echocardiography, 
although limited acoustic window, postsurgical changes, and 
elevated body mass indices of heart transplant recipients 
may represent a limitation to this imaging modality. Further, 
the limited interobserver reproducibility of echocardiogra-
phy is well known [65–67]. The reference standard to assess 
ventricular morphology, volumes, and function is magnetic 
resonance imaging (MRI) [68–71].

As stated, cardiac CT may be used as an alternative to con-
ventional coronary angiography to detect CAV. Interestingly, 
when patients are examined with the retrospectively ECG-
gated technique, additional reconstructions including all 
phases of the cardiac cycle provide the ability to evaluate ven-
tricular morphology and function without the need of further 
acquisitions. Its value in heart transplant patients has been 

Table 34.3 Diagnostic accuracy of coronary CT angiography for the detection of hemodynamically significant coronary stenosis compared with 
intravascular ultrasound (IVUS)

CT-system Author
Number of 
patients Sensitivity (%) Specificity (%)

Positive predictive 
value (%)

Negative predictive 
value (%)

MDCT- 16 Sigurdsson et al. [45] 13 96 88 80 98
MDCT- 64 Gregory et al. [43] 20 70 92 89 77
DSCT Schepis et al. [50] 30 85 84 76 91

Note: MDCT multidetector computed tomography, DSCT dual-source computed tomography

34 Cardiac CT in the Setting of Heart Transplantation



400

shown with 64-row multidetector CT scanners [72], as well as 
with dual-source CT technology [73, 74] (Fig.  34.10). 
Usefulness of CT to assess left atrial function in heart trans-
plant recipients has also been demonstrated [75]. According 
to the results, agreement between echocardiography, CT, and 
MRI-derived calculations for the assessment of cardiac struc-
ture and function seems to be between acceptable limits, sug-
gesting the CT imaging may be used to assess atrial and 
ventricular parameters in heart transplant recipients.

 Transplant-Related Ancillary Findings 
on Cardiac CT

Cardiac allograft vasculopathy is one of the four major 
causes of death after heart transplantation. In the first year 
after transplant, most deaths are related to acute rejection or 
infection, whereas malignancy is the second most common 
long-term cause of mortality in heart transplant recipients, 
likely related to immunosuppression. The carcinogenic con-
sequences of long-term immunosuppression in transplant 
recipients are well known [76]. In the case of heart transplant 

patients, skin cancer, solid-organ cancers including gastroin-
testinal, lung cancer, oral cavity/oropharyngeal cancer, and 
urologic cancers, as well as hematologic malignancies, such 
as non-Hodgkin lymphoma, have been described [77].

In general practice, small field-of-view reconstructions 
limited to the heart are employed to evaluate the coronary 
vasculature and the cardiac structures. There is discrep-
ancy about the benefit of increasing the field of view to 
encompass the entire chest and the upper abdomen so as to 
search for extracardiac findings [78–83]. Of course, the 
prevalence of extracardiac findings in cardiac CT is 
directly related to patient’s age, clinical symptoms, and 
risk factors. In non- transplanted patients undergoing 
CCTA, a variable prevalence of extracardiac findings rang-
ing from 15% to 67% has been reported [84, 85]. Most of 
these findings do not require further action, whereas occa-
sionally clinically relevant entities are found [86]. Given 
the relatively high incidence of transplant-related compli-
cations that may affect patient survival and the role of CT 
in their detection and management, full field-of-view 
reconstructions may be particularly beneficial in this 
patient population (Fig. 34.11).

a

b c

Fig. 34.9 Coronary CT 
angiography in a 59-year-old 
asymptomatic patient 15 years 
after heart transplantation. (a) 
Axial image. (b) 
Perpendicular cross-sectional 
image. (c) Curved planar 
reformat. The exam 
demonstrated longitudinal and 
diffuse involvement of the left 
anterior descending coronary 
artery along its course by 
cardiac allograft vasculopathy 
(arrows in a and c). Note the 
concentric appearance of the 
disease (arrows in b)
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 Conclusion

Cardiac transplantation is the treatment of choice for patients 
with end-stage heart failure. Long-term prognosis and sur-
vival after heart transplantation is related to cardiac allograft 
vasculopathy, renal failure, and malignancy. Cardiac CT, 
particularly using latest generation equipment, is a unique 

imaging modality that allows to assess posttransplant anat-
omy and to detect early and late complications related to the 
procedure. Coronary artery lumen and wall are now viewed 
and analyzed with unprecedented anatomical detail, whereas 
specific CT acquisition modes also enable to evaluate  cardiac 
morphologic and functional parameters in good agreement 
with established imaging modalities. Although conventional 

a

d e f

b c

Fig. 34.10 Cardiac CT in a 62-year-old heart transplant recipient. (a, 
d) Four-chamber view. (b, e) Two-chamber view. (c, f) Short-axis view. 
(a–c) Diastole. (d–f) Systole. Retrospectively ECG-gated cardiac CT 
protocols allow to assess cardiac function parameters without  additional 

data acquisition. Software solutions automatically generate endocardial 
(red) and epicardial (green) left ventricular contours to provide left ven-
tricular volumes, ejection fraction, and mass

a b

Fig. 34.11 Cardiac CT in 
68-year-old patient with heart 
transplantation 21 years earlier. (a) 
Small field-of-view reconstruction. 
(b) Full field-of-view reconstruction. 
Small field-of-view reconstructions 
limited to the heart showed nodular 
hepatic contours as well as 
hypertrophy of the left lobe of the 
liver. These findings were confirmed 
in full field-of-view reconstructions, 
which also allowed to depict an 
arterially hyperenhancing lesion in 
the right lobe consistent with 
hepatocellular carcinoma in the 
setting of cirrhosis
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coronary angiography remains the reference standard for the 
diagnosis of CAV, the results of most recent studies and 
meta-analysis suggest that CCTA could be considered as an 
alternative to conventional coronary angiography in the rou-
tine surveillance of heart transplant recipients. Still, further 
research is warranted to determine the impact of this imaging 
technology in the management and clinical outcomes of this 
patient population.
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CT of Cardiac Function and Wall Motion

Prabhakar Rajiah and Suhny Abbara

Functional evaluation is an important component of cardio-
vascular imaging, contributing to diagnosis, risk stratifica-
tion, prognosis, determining optimal therapy, and follow-up 
after treatment. For example, left ventricular (LV) function is 
an important predictor of survival in patients following myo-
cardial infarction [1] and CABG surgery [2] as well as other 
nonischemic cardiomyopathies. Right ventricular (RV) func-
tion is a prognostic determinant in conditions such as acute 
pulmonary embolism (PE), congenital heart disease (CHD), 
and arrhythmogenic right ventricular dysplasia (ARVD). 
Left atrial function is a predictor of recurrence of atrial fibril-
lation after pulmonary vein ablation. Although cardiac CT is 
primarily utilized in the evaluation of coronary arteries, it is 
also a valuable tool in the evaluation of cardiac function as 
well, particularly when echocardiography is not adequate 
and cardiovascular magnetic resonance (CMR) is contraindi-
cated or associated with significant artifacts.

In this chapter, we review the role and technique of CT in 
the evaluation of ventricular and atrial function.

 Imaging of Cardiac Function

There are several imaging modalities available for the evalu-
ation of ventricular and atrial function, including echocar-
diography, magnetic resonance imaging (MRI), nuclear 
medicine, and angiography. Echocardiography is the most 
commonly used modality for the evaluation of cardiac func-
tion. It is widely available, inexpensive, portable, can be per-
formed in hemodynamically unstable patients at bedside, 
does not have radiation, and there are no major contraindica-
tions. However, echocardiography is operator dependent and 

may be limited by acoustic windows, especially in patients 
with obesity, COPD, chest wall deformities, and surgeries, 
particularly in the evaluation of RV.  It also relies on geo-
metrical assumptions, which make evaluation of remodeled 
and complex hearts challenging. There is also poor contrast 
between blood and myocardium, as a result of which it has 
lower accuracy and reproducibility [3]. While LV volume is 
obtained by Simpson’s rule, mass is evaluated in M-mode. 
Transesophageal echocardiography (TEE) has improved 
acoustic window, but there are associated complications of 
an invasive procedure and general anesthesia. New tech-
niques such as 3D result in improved quantification, with 
higher accuracy and reproducibility [3], but add to the time 
and are prone to artifacts.

CMR has several advantages including good spatial and 
temporal resolutions, high contrast between blood and myo-
cardium which allows accurate delineation of the endocar-
dial contour, no radiation, and no geometrical assumptions. 
It can perform both qualitative and quantitative evaluation of 
global and regional systolic function, with possibilities of 
diastolic functional evaluation as well. CMR has been shown 
to be the gold standard in quantification of ventricular func-
tion, due to high accuracy and reproducibility [4]. 
Quantification is usually performed in short-axis view utiliz-
ing modified Simpson’s method. Cine images in other planes 
including two, three, and four chamber are used to evaluate 
regional wall motion abnormalities. CMR also allows for 
anatomical evaluation and tissue characterization in the same 
study. However, CMR is contraindicated in patients with 
several intracardiac devices as well as claustrophobic 
patients. CMR is also not widely available, is expensive, 
requires higher technical expertise, takes longer time, and is 
challenging in patients with arrhythmia or those unable to 
lay flat. In children, intubation and anesthesia are often 
required.

Nuclear medicine techniques for quantification of LV 
function include gated radionuclide ventriculography (RVG), 
ECG-gated single-photon emission computed tomography 
(SPECT), and positron emission tomography (PET). With 
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RVG or MUGA (multiple-gated acquisition), patient’s RBCs 
are labelled, and ECG-gated cardiac scintigraphy is obtained 
over several heartbeats to generate a single composite car-
diac cycle. This can quantify global and regional function 
and volumes, both at rest and stress. The advantage of this 
technique is that it does not rely on geometrical assumptions 
[5]. Disadvantages include lower temporal and spatial reso-
lution and limited accuracy in arrhythmias. There are long 
preparation and examination times. Function can also be 
obtained from a gated SPECT utilized for myocardial perfu-
sion imaging, by analyzing the ventricular contours [6], 
which correlates well with CMR [7]. Regional EF with hand-
grip has been shown to be highly sensitive and specific for 
coronary artery disease [8]. Disadvantages of SPECT include 
lower spatial resolution, inaccuracy in ischemia/infarct due 
to lower uptake in subendocardial region [9], and decreased 
accuracy in attenuation artifacts as well as patients with 
small or large hearts [3]. Variability has been noted with 
Tl-201 scans and between different software algorithms [3]. 
Repeated radionuclide injections and radiation dose are 
additional concerns. Similarly, function can be obtained 
from ECG-gated PET performed for myocardial perfusion 
and metabolism imaging, which correlates well with CMR 
[6]. PET has higher spatial resolution than SPECT but has 
lower temporal resolution than CMR, which results in under-
estimation of function. Due to inclusion of papillary muscles 
with myocardial wall, the volumes are lower than CMR [6]. 
Radiation is a concern with all the nuclear medicine 
techniques.

Cine ventriculography with catheter angiography is not 
routinely used for quantification of ventricular function. It is 
an invasive procedure, requires contrast, uses radiation, has 
geometric assumptions and restrictions from projection 
images. It is limited in evaluation of some regions, especially 
in complex, irregular shapes, and has significant variability 
in regional wall motion assessment due to variable cardiac 
rotation and lack of reliable landmarks [3].

 Computed Tomography

 Advantages and Disadvantages

CT scan has several advantages in the evaluation of ventricu-
lar function such as high isotropic spatial resolution, good 
temporal resolution, high contrast between ventricular lumen 
and myocardium, and multi-planar reconstruction capabili-
ties. CT quantification does not rely on geometric assump-
tions. Additional information can be obtained on the 
morphology of the heart as well as coronary arteries and any 
adjacent structure. CT is not operator dependent, is widely 

available, and has rapid turnaround time, making it suitable 
for patients who cannot lay still for prolonged periods of 
time. For functional evaluation, CT is typically utilized when 
MRI is contraindicated or suboptimal due to artifacts or if 
echocardiography does not provide adequate information 
due to poor acoustic window, especially for right ventricle. 
Common contraindications for MRI include metallic objects 
in the eye, older versions of intracardiac devices (pacemak-
ers, defibrillators), claustrophobia, and inability to lay flat for 
prolonged period. CT for functional evaluation has been con-
sidered an appropriate indication in the 2010 ACCF guide-
lines [10]. Disadvantages of CT include the use of ionizing 
radiation which is associated with several theoretical risks 
and the use of contrast media in patients with renal dysfunc-
tion which is associated with nephrotoxicity. Premedication 
is required for patients with history of contrast allergy. Image 
quality is compromised in patients with severe arrhythmias, 
with poor definition of borders, and with potential increases 
of radiation dose in some scanners due to the opening of 
image acquisition window.

 Scan Mode

Cardiac cycle starts with isovolumetric contraction at the end 
of ventricular filling, followed sequentially by ventricular 
systole, isovolumic ventricular relaxation, and then diastole. 
To capture the cardiac volumes and function, ECG gating 
and high temporal resolution are required to essentially 
freeze the cardiac motion without any motion artifacts. Since 
multiple cardiac phases are required in the R-R interval, par-
ticularly end-systole (ES) and end-diastole (ED), retrospec-
tive ECG gating is required. The heart is scanned in the spiral 
mode, with the table continuously moving through the gan-
try, and images are acquired throughout the cardiac cycle, 
over multiple heartbeats. ECG tracing is also simultaneously 
acquired, and images are retrospectively reconstructed. A 
low pitch (<1.0), dependent on the heart rate, is utilized to 
image the heart throughout R-R interval with areas of overs-
ampling. Due to this, there is an overlap of the same anatomy 
at different R-R intervals, which can be used for multi- 
segment reconstruction. High spatial and temporal resolu-
tions are required for accurate quantification. The highest 
possible spatial resolution should be selected to accurately 
delineate the endocardial borders and minimize partial vol-
ume averaging at the blood pool-myocardium interface 
which can be seen at the apex [3].

High temporal resolution is required to achieve artifact- 
free images of the myocardial contraction. A temporal reso-
lution of 100–250 milliseconds (ms) is recommended for 
the evaluation of systole and diastole and higher if resolu-
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tion of rapid ventricular filling and ejection phase is recom-
mended. 80–90 milliseconds has been suggested for 
adequate evaluation of wall motion in CMR [3, 11], but 
19.1 ms or less is necessary to avoid motion artifacts [12], 
especially in the posterior LV wall [11]. The temporal reso-
lution of a scanner is determined primarily by the gantry 
rotation time. Since only a partial scan reconstruction algo-
rithm is used, effective temporal resolution is the time taken 
to rotate the tube 180 plus fan angle. In the earlier scanners 
with few detectors, the gantry rotation time was long, with 
limited temporal resolution, as a result of which, the EDV 
can be underestimated and ESV can be overestimated since 
the position of ventricles at EDV and ESV is averaged over 
multiple heartbeats. However, improvements in scanner 
technology over the last decade have resulted in shorter gan-
try rotation times and improved temporal resolution. This is 
further improved in dual-source scanners, where the tempo-
ral resolution is one fourth of the gantry rotation time, 
resulting in effective temporal resolution of up to 75 milli-
seconds. Another option to improve temporal resolution in a 
spiral acquisition is to use multi-segment reconstruction, 
i.e., reconstruct data from same phase of cardiac cycle in 
consecutive heartbeats. The temporal resolution is equal to 
gantry rotation time divided by 2n, with n being the number 
of segments. The higher the number of segments, the higher 
will be the temporal resolution. However, this requires a 
steady heart rate; otherwise there will be beat to beat varia-
tion of the position of the heart resulting in artifacts. Even 
with steady heartbeat, the heart may not be in the same loca-
tion due to complex cardiac contraction. Multi-segment 
reconstruction may also require reduction of spiral pitch, 
which will increase scan time and thus radiation dose. 
Motion artifacts can be eliminated by using wide-array or 
volume scanners with z-coverage up to 16 cm or dual-source 
scanners with high pitch (up to 3.4), as a result of which the 
entire heart can be scanned in one heartbeat.

 Medications and Contrast

Beta-blockers are routinely used in coronary CTA to reduce 
the heart rate and minimize coronary artery motion, but this 
is not required for evaluation of cardiac function. In addition, 
studies have shown there is a small but not negligible reduc-
tion in LV function after administration of propranolol in 
healthy subjects [13, 14] as well as those with heart disease 
[15, 16], due to negative inotropic action and increased ESV.

Contrast injection should be optimized depending on the 
chamber of interest. If both ventricles are being evaluated, a 
triphasic injection protocol is used to adequately opacify 
both the ventricles. With adequate contrast opacification of 

RV, i.e., >176 HU, the volume measurements are more com-
parable with CMR [17]. In the first phase, a full dose of con-
trast is administered at a rate of 4–7 ml/s to opacify the left 
ventricle. In the second phase, either a slower injection of 
contrast at 2–4 ml/s or a contrast saline admixture (50:50, 
60:40, or 70:30) at the same rate of 4–7 ml/s is injected to 
opacify the right ventricle. In the final phase, saline flush is 
injected at 5–7 ml/s to eliminate the streak artifacts in SVC 
and the right atrium. Scan acquisition is triggered either by 
using a bolus tracking technique, with the ROI placed in the 
descending aorta, or a timing bolus technique following 
injection of a small bolus of contrast first, although this takes 
additional time and also wastes some amount of contrast 
[18]. Bolus tracking has been shown to provide more homo-
geneous enhancement [19]. Scanning is typically 4–6 s after 
peak aortic opacification [20].

 Radiation Dose Reduction Strategies

With retrospective ECG gating, the radiation dose is sig-
nificantly high since data is obtained throughout the cardiac 
cycle (Fig. 35.1), with values from 14.8 to 21.1 mSv [21]. 
However, the radiation dose can be reduced by using ECG- 
based tube current modulation, where the peak tube current 
is delivered only in specific cardiac phase(s), i.e., ED and 
ES, and ramped down to 4–20% of peak tube current for the 
rest of the R-R interval (Fig. 35.2). This technique has been 
shown to allow radiation dose savings of up to 60% [22, 
23]. A prospective ECG-triggering mode, where data is 
acquired only in one portion of the cardiac cycle, is not use-
ful for estimation of function. However, prospective ECG 
gating with wider padding can be utilized to evaluate car-
diac function, although this does not provide any signifi-
cant radiation dose savings compared to retrospective ECG 
gating [24]. Another technique is a prospectively ECG-
triggered dual- step pulsing protocol in a dual-source scan-
ner, in which a prospectively ECG-triggered window is 
obtained at low radiation dose (20% tube current) across a 
selected portion of cardiac cycle (10–90%), with a full tube 
current only in a selective portion of cardiac cycle (65–75% 
RR). X-ray tube is also turned off in between heartbeats. 
This provides both functional data at lower radiation dose 
as well as normal radiation dose data for detailed evalua-
tion of coronary arteries. This provides accurate quantifica-
tion compared to CMR with lower radiation dose 
(6.2 + 1.8 mSv) [21]. Other radiation dose reduction strate-
gies can also be applied for functional evaluation, including 
lowering tube voltage, lowering tube current, automatic 
tube current modulation techniques, and iterative recon-
struction algorithms.
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Fig. 35.1 Retrospective ECG gating without ECG-based tube current 
modulation. Short-axis (left), two-chamber (middle), and four-chamber 
(right) reconstructions of the heart at end-diastole (top row) and end- 

systole (bottom row). Since full tube current is delivered throughout the 
cardiac cycle, there is no significant difference in image quality between 
the two sets of images, albeit a high radiation dose

Fig. 35.2 Retrospective ECG gating with ECG-based tube current 
modulation. Short-axis (left), two-chamber (middle), and four-chamber 
(right) reconstructions of the heart at end-diastole (top row) and end- 
systole (bottom row). Note the higher noise seen in the end-systolic 

images since these images are obtained at 20% of maximum tube cur-
rent. In spite of the higher noise at end-systole, these images are ade-
quate for delineation of endocardial and epicardial contours for 
functional, volume, and mass measurements
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 Image Reconstruction

After acquisition of data, images are constructed at 5–10% 
increments throughout the R-R interval, generating either 
10 or 20 cardiac phases. In a single-source scanner, no 
advantage is gained by using 20 instead of 10 phases, but 
there is an increase in reconstruction time and space taken 
for storing these images. In dual-source scanners with good 
temporal  resolution, the full benefit of good temporal reso-
lution may be gained by using 20 phases [20]. No significant 
difference in EF and volumes was noted between 10 and 20 
phases, both for single-source [25] and dual-source scan-
ners [26]. Images can be displayed as 2D cine loops, and 
most workstations allow manipulation of the planes in any 
direction. Typically short-axis, two-chamber, three-cham-
ber, and four-chamber planes are used for qualitative global 
and regional functional evaluation. Thin slices are not man-
datory for evaluation of function, with 1.5, 2.0, or 2.5 mm 
slices with no overlap of intervals of 1 or 1.5 mm commonly 
used. Noise reduction strategies, including iterative recon-
struction, increase the CNR and hence improve the correla-
tion of ventricular volumes, mass, and function with CMR 
[27].

 Post Processing

Quantitation of the volumes and function can be performed 
using either manual, semiautomatic, or fully automatic 
techniques.

 (a) Area-length method. In this technique, volume of the left 
ventricle (V) is calculated from the area (A) and length 

(L) of the left ventricle, using the formula V = 8

3

2

×
A
Lπ . 

This is measured in one of the long-axis views (vertical 
or horizontal). The length is measured from mitral 
annulus to the apex, and the area is measured in the 
same plane. This technique uses geometrical assump-
tions to measure the volume, i.e., assuming an ellipsoid 
shape.

 (b) Biplane area-length method. In this variation of the area- 
length product, both the vertical and horizontal long axes 
are used to calculate the volume. This method also relies 
on geometrical assumptions.

 (c) Simpson’s method. In Simpson’s method, the volumes 
are determined by summing up areas of LV cavity at 
each short-axis slice and multiplying it with slice thick-
ness, using the formula volume ∑AN × S, where A is the 

cross-sectional area and S is the section thickness. 
Multiple parallel short-axis slices are utilized. 
Endocardial contours are drawn, either manually, auto-
matically, or semiautomatically, both at end-diastole 
and end-systole in all the slices along the entire length 
of ventricle (Fig. 35.3). Although the LV limits can be 
automatically determined using the software, determi-
nation of the most basal and apical slices can be chal-
lenging. The most basal slice is just forward to the 
atrioventricular ring and has myocardium in at least 
50% of its perimeter. The most apical slice is the last 
image with contrast- opacified lumen. Determination of 
the correct ED and ES phase can also be done manually, 
semiautomatically, or automatically. End-diastole is 
defined as QRS onset, which corresponds to the phase 
with the largest cardiac dimension and following mitral 
valve closure. End- systole is the phase where the car-
diac dimension is the smallest and precedes mitral valve 
opening. Papillary muscles are included in the ventricu-
lar lumen. For evaluation of myocardial volume, epicar-
dial contours are drawn in end-diastolic phase, and the 
mass is calculated by using the formula ∑AN × S x ῤ, 
where ῤ is the myocardial density (1.05  g/cm3). This 
three-dimensional technique is considered accurate 
since it does not rely on geometric assumptions. It has 
been shown superior to the area-length technique, which 
overestimates EDV, ESV, and SV [28] and agrees more 
with 2D echo, MRI, CVG, and gated SPECT. Sources 
of errors include inappropriate plane, selecting basal 
and apical slices, selecting ED and ES phases, and 
drawing endocardial and epicardial borders. Manual 
contouring, even with semiautomatic software, is time-
consuming, subjective, and observer dependent. 
Semiautomatic and automatic techniques significantly 
shorten the processing time due to advanced software, 
automatic generation of cardiac views, automatic selec-
tion of ED and ES phases, and automatic segmentation. 
Automatic techniques also decrease interobserver vari-
ability without significant changes in volumes and func-
tion [29–31], although some studies showed differences 
in LVEDV [29].

 Threshold-Based Segmentation

Threshold-based segmentation is an automatic technique 
that utilizes the differences in attenuation between the 
blood pool and myocardium. The mitral annular plane 
may have to be verified or defined manually since the con-
trast attenuation is similar in the atrium and ventricle, 
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 following which the contrast-filled LV is automatically 
segmented in all the phases. Ventricular volume is calcu-
lated by summing all the contiguous voxels whose attenu-
ation is above that of a predefined threshold (Fig. 35.4). 
Although volumes are typically calculated from short-
axis view in 2D, recent software also allow 3D volume 
quantification. Segmented pixels are displayed in color. If 
the segmentation does not look accurate, the attenuation 
threshold can be altered to make the color fit the cavity. In 
most softwares, the LV function automation works read-
ily, while RV function requires some kind of manual cor-
rection. Time-volume curves can be generated since all 
the phases are segmented. This technique requires good 
opacification of the blood pool with contrast, with at least 
150–200 HU attenuation difference between myocardium 
and blood pool. Errors will be seen if there is high attenu-

ation material such as dense contrast in veins or right 
heart or pacemaker leads, which may lead to inclusion of 
RA or RV in LV blood pool. Similar errors can also ema-
nate from unbroken column of contrast in VSD [30, 32]. 
In this technique, the papillary muscles are not included 
in the blood pool due to their different attenuation and 
hence do not contribute to the volume, as a result of which 
the EDV and ESV are smaller, with no change in EF [20]. 
Threshold- based technique has been shown to be accurate 
and reproducible with lower interobserver variability with 
shorter-processing time [3]. With manual contours, the 
papillary muscles are within the blood pool, and hence the 
volumes are larger, which correspond to MRI numbers 
due to similar measurement [33]. A study found differ-
ences of 5.6–30.1% for LV volumes, 5.8–9.4% for LV 
mass, and 4.3–6.0% for LV EF [34].

Fig. 35.3 Quantification of the left ventricle. (a) Values obtained from 
the above contours include ejection fraction, end-diastolic volume, end- 
systolic volume, stroke volume, cardiac output, and myocardial mass. 
All these can be indexed to the body surface area (BSA) (b) Short-axis 

(left), two- chamber (middle), and four-chamber (right) reconstructions 
of the heart at end-diastole (top row) and end-systole (bottom row). 
Endocardial (red) and epicardial (green) contours are drawn in the left 
ventricle, both in end-diastolic and end-systolic images. 

a
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Fig. 35. 3 (continued)

Fig. 35.4 Quantification using threshold segmentation. Short-axis 
(left), two-chamber (middle), and four-chamber (right) reconstructions 
of the heart at end-diastole (top row) and end-systole (bottom row). The 
threshold-based segmentation technique utilizes the differences in 

attenuation between contrast in the blood pool and the myocardium. All 
the contiguous voxels whose attenuation is above that of a predefined 
threshold are identified in pink. Ventricular volume is calculated by 
summing all these voxels
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 Interpretation of Results

 Qualitative

Global function can be qualitatively evaluated in cine images 
at multiple planes. All the currently available softwares auto-
matically generate the standard cardiac planes, typically a 
short-axis view and two long-axis views. Any other plane can 
also be generated by manual interaction. Global systolic func-
tion can be qualitatively classified as normal, reduced (mild, 
moderate, and severe), or hyperdynamic. Regional wall 
motion abnormalities can be evaluated using the 17- segment 
AHA model and multi-planar CT reconstructions, including 
short-axis, two-chamber, three-chamber, and four-chamber 
views. There are six basal, six mid, and four apical segments, 
accounting for 35%, 35%, and 30% of myocardial volume, 
respectively along with an apical cap. Regional wall motion 
can be classified as normal (inward motion in systole), hypoki-
nesis (decreased wall motion), akinesis (no wall motion), and 
dyskinesis (paradoxical wall motion). Abnormalities have to be 
seen in two different views to be considered true positive.

 Quantitative

Several quantitative parameters are derived from the post- 
processed images as above. Parameters of global systolic 
function include the stroke volume, which is the volume of 
blood ejected from the ventricle with each heartbeat, i.e., 
SV = EDV-ESV. This represents the blood ejected both for-
ward and backward and hence includes regurgitant flow. The 
stroke volume of the right and left ventricles is the same, 
assuming there is no regurgitation or shunting. Cardiac out-
put (CO), the volume of blood pumped in 1 min, is SV × HR 
(ml/min). Ejection fraction is a percentage, which is SV/
EDV × 100%. Myocardial mass is quantified as end-diastolic 

myocardial volume × density. Usually, a density of 1.05 g/
cm3 is used. All these measurements can be indexed to the 
body surface area (BSA) to derive indexed values. If images 
are reconstructed in all cardiac phases, a time-volume curve 
can also be generated, which provides additional time- 
dependent variables such as peak ejection rate (PER), peak 
filling rate (PFR), time to PER, and time to PFR.

Regional wall motion can also be quantified using several 
indices if at least 8–10 cardiac phases are available. Normal 
LV ejection is a combination of radial wall thickening, cir-
cumferential shortening, and longitudinal shortening [11]. 
Parameters evaluated include myocardial wall thickness, 
which is calculated in orthogonal plane between endocardial 
and epicardial contour. Myocardium normally measures 
6–8 mm in end-diastole and 10–14 mm in end-systole [35]. 
It is focally decreased in chronic ischemia or thickened in 
cardiomyopathy [36, 37]; wall attenuation, mean attenuation 
of the myocardial segment, which is decreased in infarction; 
and systolic percentage wall thickening, which represents 
regional percentage of wall thickening during systole (Ws- 
Wd/Wd  ×  100%). Normal wall thickening is 5  mm. Wall 
thickening is decreased in coronary artery stenosis, particu-
larly with stress imaging due to regional hypoperfusion. In 
ischemic heart disease, wall motion may be difficult to eval-
uate, and wall thickening percentage is more accurate [11]: 
wall motion or shortening, displacement of points on the 
endocardial contour from ED to ES phase using displace-
ment lines called chords, either in the longitudinal or circum-
ferential plane. The length of each chord represents the 
amount of endocardial displacement; and regional/segmen-
tal EF, which represents the EF relative to a specific myocar-
dial region/segment, is calculated by dividing ESV and EDV 
for a specific area beneath a myocardial segment or region 
[11]. Due to high variability of quantitative regional indices, 
qualitative or semiquantitative metrics are used, with graph-
ics, color polar maps, and diagrams (Fig. 35.5).
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Fig. 35.5 Quantification of regional function. Polar maps showing values of myocardial wall thickness, myocardial wall thickening, and myocar-
dial wall motion across the 17 myocardial segments as per AHA classification scheme
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 Diastolic Function

Diastolic dysfunction is an important factor providing diag-
nostic, therapeutic, and prognostic information in several 
disorders including CAD. This is typically performed with 
echocardiography. CT-derived transmitral velocity, mitral 
septal tissue velocity, and estimation of LV filling pressures 
have shown good correlation with echocardiogram [38] with 
comparable assessment of diastolic dysfunction; but this is 
not widely used clinically.

 Left Ventricle

Normal functional values for the left ventricle are shown 
in Table 35.1 [36, 37, 39, 40]. Earlier studies showed over-
estimation of ESV and underestimation of EF in CT com-
pared to CMR due to poorer temporal resolution of the 
earlier scanners [41, 42]. Several newer studies have shown 
excellent correlation between CT and CMR values, with 
single- and dual-source scanners of several detector 
widths, both at single- and multi-segment reconstruction 
[33, 43, 44]. Other studies have shown good correlation 
with and even superior accuracy than cineventriculogra-
phy and transthoracic echocardiography [45, 46]. 
Interobserver variability of CT quantification ranges from 
2% to 11% for LV EDV, 6% to 9% for ESV [11], and 2% 
to 8.5% for EF [3]. Most studies have also shown good 
sensitivity and accuracy of regional LV function assess-
ment with CT compared to CMR, echocardiography, 
SPECT, and CVG [3].

Global systolic dysfunction is seen in several cardiomy-
opathies, both ischemic and nonischemic. Heart failure can 
present with either reduced or preserved ejection fractions. 
Hyperdynamic systolic function is seen in hypertrophic car-
diomyopathies. LV function is important in the diagnosis, 
management, and prognosis of patients with ischemic heart 
disease, heart failure, malignant ventricular arrhythmia, 
chronic valvular regurgitation, type 2 diabetes mellitus, and 
congenital heart diseases [3].

 Ischemic Heart Disease

LV dysfunction indicates CAD in symptomatic patients, 
although it is not highly sensitive. Contraction remains nor-
mal till a particular threshold for coronary blood flow is 
reached, below which there is an exponential fall in LV func-
tion. Dysfunction is also not specific and can happen in non-
ischemic cardiomyopathy, valvular heart disease, and other 
disorders. Wall motion abnormalities can be seen due to 
myocardial ischemia, hibernating myocardium, stunned 
myocardium, or infarct, with the last entity being irrevers-
ible. In myocardial ischemia, regional wall motion abnor-
malities are seen in the early stages of the disease. In acute 
myocardial infarction, akinesia is seen due to stunned myo-
cardium, which may improve with revascularization [47]. 
Hibernating myocardium also shows functional abnormality, 
which improves with revascularization. CT has 89% sensi-
tivity and 92% specificity in diagnosing abnormal segments 
using CMR as gold standard [48]. In patients with acute 
coronary syndrome (ACS) with negative troponin and EKG, 
coronary CTA alone has a 77% accuracy and 35% positive 
predictive value for detection of coronary stenosis, whereas 
adding functional CT improves accuracy to 87% and PPV to 
80% [49] and also providing incremental value [50]. Wall 
motion abnormalities also highlight subtle coronary artery 
abnormalities that are not always evident on coronary 
CTA.  In chronic infarct, regional wall motion abnormality 
such as akinesis or dyskinesis is seen with thinned myocar-
dium in a vascular territory. Fat metaplasia, calcification, 
aneurysm, or pseudoaneurysm may be seen. Low EF pre-
dicts heart failure in patients with uncomplicated MI [51]. 
ESV is an additional independent prognostic factor in 
patients with previous MI and EF <40% [52]. Worsening LV 
EF and larger LV volumes predicted mortality in patients 
with CAD in the CONFIRM registry [53]. In the CASS reg-
istry, low EF was a better predictor of mortality than the 
number of vessels involved [2].

 Heart Failure

Heart failure can be with preserved (HFpEF) or reduced 
ejection fraction (HFrEF). In restrictive cardiomyopathies 
such as amyloidosis, sarcoidosis, hemochromatosis, and gly-
cogen storage disorders, the global systolic function is nor-
mal, but there is impaired diastolic relaxation. There is a 
direct correlation between LV EF and adverse outcomes 
including mortality. This relationship is not linear, but there 
is a cutoff, such as 45%, below which there is a linear rela-
tionship [2]. Nonischemic cardiomyopathies can be dilated, 
restrictive, hypertrophic cardiomyopathies, arrhythmogenic 
right ventricular dysplasia (ARVD), and unclassified dis-
ease. Most of these disorders have global systolic dysfunc-

Table 35.1 Normal regional LV functional parameters adapted from 
CMR data

Men Women
EDWT (mm) 7.6 ± 1.4 6.3 ± 1.0
ESWT (mm) 13.2 ± 1.8 12.2 ± 1.6
SWT (mm) 5.5 ± 0.8 5.8 ± 1.2
SWTH (%) 75 ± 16 96 ± 24

Data from Refs. [36, 37]
EDWT end-diastolic wall thickness, ESWT end-systolic wall thickness, 
SWT segmental wall thickening, SWTH segmental wall thickening 
percentage
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tion, with regional wall motion abnormalities rarely seen, 
such as in myocarditis, sarcoidosis, and stress-induced car-
diomyopathy. In dilated cardiomyopathy, the LV is dilated 
with global systolic dysfunction. Hypertrophic cardiomyop-
athy is characterized by LV thickening of several types and 
hyperdynamic global systolic function, with global systolic 
dysfunction seen in late phases of the disease. In 
 stress- induced cardiomyopathy (Takotsubo cardiomyopa-
thy), there is reversible global systolic dysfunction and hypo-
kinesis/akinesis of the apical segments associated with 
normal contraction of the basal segments in a nonvascular 
distribution, which resembles a Japanese octopus pot. In 
reverse Takotsubo cardiomyopathy, there is hypokinesis/aki-
nesis of the basal segments and normal contraction of apical 
segment. A common scenario is that in a patient with new 
onset heart failure and low to intermediate probability, CTA 
is used to exclude CAD, which can also provide functional 
information in the same study [10]. Similarly, in patients 
being evaluated for CRT, CT can provide functional informa-
tion as well as venous anatomy in one study [20]. 
Intraventricular dysynchrony can also be evaluated to predict 
response to CRT [20]. Ventricular function is also accurately 
measured in CT in patients with cardiac transplants [54, 55] 
who are surviving longer, with 30% survival at 15 years [56]. 

In patients with left ventricular assist device (LVAD) for 
heart failure, CT provides accurate biventricular functional 
values, as well as comprehensive assessment of the device 
and its complications, such as location, angulation, throm-
bus, infection, fluid collections, pericardial effusion, and dia-
phragmatic hernia [57].

 Right Ventricle

Right ventricle volumes and function can be qualitatively and 
quantitatively evaluated using retrospective ECG-gated data 
obtained from triphasic contrast injection protocol that opaci-
fies both the ventricles simultaneously. Manual, automated, or 
semiautomated techniques can be used for quantifying vol-
umes and function (Fig. 35.6), after determining the tricuspid 
annular plane. Normal values for the right ventricle in CT are 
shown in Table 35.2 [39]. Echocardiography is limited in the 
evaluation of RV due to its location behind the sternum which 
limits the acoustic window, complex shape which is exagger-
ated in abnormalities, heavy trabeculations, and thin wall [20]. 
CMR is considered the gold standard in the evaluation and 
quantification of RV [58]. However, CT is the ideal modality 
in the evaluation of patients who have contraindications to 

Fig. 35.6 Quantification of the right ventricle. (a) Short-axis (left), 
two-chamber (middle), and four-chamber (right) reconstructions of the 
heart at end-diastole (top row) and end-systole (bottom row). Endocardial 
(red) and epicardial (green) contours are drawn in the right ventricle 

both in end-diastolic and end-systolic images. (b) Values obtained from 
the above contours include ejection fraction, end- diastolic volume, end-
systolic volume, stroke volume, cardiac output, and myocardial mass. 
All these can be indexed to the body surface area (BSA)

a
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CMR or when artifacts are expected. Several studies have 
shown the high accuracy and reproducibility of CT compared 
to MRI in evaluation of RV function and volumes [59, 60].

RV function is an important parameter in the diagnosis, 
management, and prognosis of several disorders such as 
 pulmonary embolism (PE), pulmonary hypertension, ARVD, 
and congenital heart disorders. In acute PE, RV dysfunction is 
seen when there is >30–40% of pulmonary arterial tree 
obstruction that has been shown to be an independent and 
powerful determinant of adverse prognosis [61], with higher 
ICU admission and death within 30 days [11]. Early identifi-
cation of these high-risk patients will help in guiding them to 
catheter-directed thrombolysis or surgical embolectomy to 
reduce recurrence and death. Although ECG-gated CT is ideal 
for quantification of RV volumes, in the setting of acute PE, 
ECG gating is not always available and also not necessary. 
The regular axial plane or a four-chamber reconstruction can 
be used, and a RV/LV ratio >0.9 indicates elevated RV volume 

and RV strain [62] (Fig. 35.7a). Other secondary signs of RV 
strain include septal straightening or bowing (Fig.  35.7b), 
which is seen throughout cardiac cycle due to pressure over-
load and only in diastole for volume overload; dilated SVC 
(>25  mm), coronary sinus (>16  mm), and azygos vein 
(>25 mm); and reflux of contrast into IVC and hepatic veins 
[63] (Fig. 35.7c). CT can be utilized for serial changes in RV 
function and volumes, particularly with therapy and in those 
patients with contraindications for CMR (Fig. 35.8). RV dys-
function is an adverse prognostic determinant in other pulmo-
nary disorders including cor pulmonale, interstitial lung 
diseases, obstructive sleep disorders, and pulmonary hyper-
tension. For example, increased RVEDV and decreased EF 
have been associated with lower survival in cor pulmonale 
[64]. Higher RV volumes have been observed in liver diseases 
due to hepatopulmonary syndrome, portopulmonary hyper-
tension, and TIPS therapy [65].

Congenital disorders including tetralogy of Fallot, trans-
position of great arteries, double outlet right ventricle, single 
ventricle physiologies, and shunt lesions (ASD, VSD, PDA, 
anomalous pulmonary venous return) may be associated 
with RV dilation and dysfunction [11]. For example, RV 
hypertrophy/dilation and dysfunction are seen in D-TGA 
following atrial switch procedure or in L-TGA due to inabil-
ity of the morphologic right ventricle (“systemic ventricle”) 

b
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Fig. 35. 6 (continued)

Table 35.2 Normal right ventricular values

ESD (mm) 29.6 ± 5.3
EDD (mm) 37.0 ± 5.7
EDV (ml) 174.9 ± 48.0
ESV (ml) 82.1 ± 29.2
EF (%) 57.9 ± 8.0

Adapted from Lin et al. [39], with permission
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to cope up with the systemic circulation. RV dysfunction and 
pulmonic regurgitation are common complications seen after 
surgical treatment of tetralogy of Fallot. RV function and 
volumes are important variables for repeat surgeries or inter-
ventional procedures such as percutaneous valve implanta-
tion. For example, pulmonary valve replacement is indicated 
in these patients when RVEDVI <170 ml/m2 or RVDESVI 
<85  ml/m2 [66] with lower cutoffs for chronic pulmonic 
regurgitation of 163 ml/m2 and 80 ml/m2, respectively [67].

Abnormal RV volumes and function are seen in several 
cardiomyopathies, particularly arrhythmogenic right ven-

tricular dysplasia (ARVD). Recent task force criteria specify 
major criteria as a major wall motion abnormality (aneu-
rysm, dyskinesis, dysynchrony, akinesia) along with RV 
dilation (EDVi >110 ml/m2 in males, 100 ml/m2 in females) 
or RV dysfunction (<40%). EDVi>100  ml/m2 in males, 
90 ml/m2 in females, or RV dysfunction (40–45%) is consid-
ered as a minor criteria, although these criteria are derived 
from MRI [68]. ARVD is an appropriate indication for car-
diac CT in 2010 ACCF guidelines [10]. Fatty tissue, bulging, 
and RV dilation help in distinguishing ARVD from tachyar-
rhythmia [69].

a b c

Fig. 35.7 Features of RV dysfunction in CT. (a) Axial CT scan shows RV/LV diameter ratio of 2.4. (b) Short-axis reconstruction of CT shows 
dilated RV and bowing of the interventricular septum (arrow) toward the LV. (c) Reflux of contrast in hepatic veins and IVC (arrow)

a b c

Fig. 35.8 Serial changes of RV volumes. 3D volume-rendered images in a patient with pulmonary hypertension show changes in RV volumes 
with time, with RVV/LVV values of 3.8 (a), 4.2 (b), and 2.6 (c) at 3 monthly intervals
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 Left Atrium

Left atrial volumes and function can be obtained from the 
same image data that is utilized for LV and RV quantifica-
tion. Manual, semiautomated, or automated techniques are 
used to draw endocardial contours in the ED and ES phases 
with Simpson’s method or used in threshold-based segmen-
tation (Fig. 35.9).

Normal atrial filling has three phases, with an early rapid 
filling accounting for 75–80%, followed by diastasis 
accounting for 5%, and then an atrial systole accounting for 
15–25% of LV blood volume [70]. Impaired relaxation of 
LV, with increased LA volume and lower LA EF, is seen in 
patients with restrictive cardiomyopathies (heart failure 
with preserved ejection fraction), and this can be used to 
distinguish it from other causes of LV hypertrophy includ-
ing hypertension [71]. Although echocardiography is the 
most commonly used modality for evaluation of LA func-
tion, it has several limitations as discussed above. Body 
habitus and poor lateral resolution make it difficult to delin-
eate the endocardium accurately in the posteriorly located 
left atrium, which results in lower atrial volumes and low 
accuracy and reproducibility [72–75]. CT values correlate 
with those of CMR, but usually, the LA volume is overesti-
mated, and LA EF is underestimated [76].

 Conclusion

CT provides accurate and reliable quantification of ventricu-
lar and atrial volumes and function, comparable to MRI and 
echocardiography. CT is used in specific circumstances 
where echocardiography is inadequate and MRI cannot be 
performed due to contraindications or artifacts. Retrospective 
ECG-gated spiral acquisitions are required for functional 
evaluation in CT, with the radiation dose minimized by using 
ECG-based tube current modulation.

References

 1. Hammermeister KE, DeRouen TA, Dodge HT.  Variables predic-
tive of survival in patients with coronary disease. Selection by 
univariate and multivariate analyses from the clinical, electrocar-
diographic, exercise, arteriographic, and quantitative angiographic 
evaluations. Circulation. 1979;59(3):421–30.

 2. Mock MB, Ringquist I, Fisher LD, et  al. Survival of medically 
treated patients in the coronary artery surgery study (CASS) regis-
try. Circulation. 1982;66:562–8.

 3. Sayyed SH, Cassidy MM, Hadi MA.  Use of multidetector com-
puted tomography for evaluation of global and regional left ventric-
ular function. J Cardiovasc Comput Tomogr. 2009;3(S1):S23–34.

 4. Setser RM, Eischer SE, Lorenz CH. Quantification of left ventricu-
lar function with magnetic resonance images acquired in real time. 
J Magn Reson Imaging. 2000;12:430–8.

Fig. 35.9 Left atrial function. Short-axis (left), two-chamber (middle), 
and 3D volume-rendered (right) reconstructions of the heart at end- 
diastole (top row) and end-systole (bottom row). By segmenting (green) 

the left atrium both in end-diastole and end-systole, the left atrial vol-
umes and function can be quantified. All these can be indexed to the 
body surface area (BSA)

35 CT of Cardiac Function and Wall Motion



420

 5. de Geus-Oei LF, Mavinkurve-Groothuis AM, Bellerson L, et  al. 
Scintigraphic techniques for early detection of cancer treatment- 
induced cardiotoxicity. J Nucl Med. 2011;52(4):560–71.

 6. Slart RH, Bax JJ, de Jong RM, et  al. Comparison of gated PET 
with MRI for evaluation of left ventricular function in patients with 
coronary artery disease. J Nucl Med. 2004;45(2):176–82.

 7. Bavelaar-Croon CD, Kayser HW, van der Wall EE, et  al. Left 
ventricular function: correlation of quantitative gated SPECT 
and MR imaging over a wide range of values. Radiology. 
2000;217(2):572–5.

 8. Bodenheimer MMBV, Fooshee CM, Hermann GA, et  al. 
Comparison of wall motion and regional ejection fraction at rest 
and during isometric exercise: concise communication. J Nucl 
Med. 1979;20:724–32.

 9. Stollfuss JC, Haas F, Matsunari I, et al. Regional myocardial wall 
thickening and global ejection fraction in patients with low angi-
ographic left ventricular ejection fraction assessed by visual and 
quantitative resting ECG-gated 99mTc-tetrofosmin single-photon 
emission tomography and magnetic resonance imaging. Eur J Nucl 
Med. 1998;25(5):522–30.

 10. Taylor AJ, Cerqueira M, Hodgson JM, et  al. ACCF/SCCT/
ACR/AHA/ASE/ASNC/SCAI/SCMR 2010 appropriate use 
criteria for cardiac computed tomography. J Am Coll Cardiol. 
2010;56(22):1864–94.

 11. Savino G, Zwerner P, Herzog C, et  al. CT of cardiac function. J 
Thorac Imaging. 2007;22:86–100.

 12. Ritchie C, Godwin J, Crawford C, et al. Minimum scan speeds for 
suppression of motion artifacts in CT. Radiology. 1992;185:37–42.

 13. Port S, Cobb FR, Jones RH. Effects of propranolol on left ventricu-
lar function in normal men. Circulation. 1989;61(12):358–66.

 14. Mo YH, Jaw FS, Wang YC, et al. Effects of propranolol on the left 
ventricular volume of normal subjects during CT coronary angiog-
raphy. Korean J Radiol. 2011;12(3):319.

 15. Dell'Italia LJ, Walsh RA. Effect of intravenous metoprolol on left 
ventricular performance in Q-wave acute myocardial infarction. 
Am J Cardiol. 1989;63(3):166–71.

 16. Jensen CJ, Jochims M, Hunold P, et al. Assessment of left ventricu-
lar function and mass in dual-source computed tomography coro-
nary angiography: influence of beta-blockers on left ventricular 
function: comparison to magnetic resonance imaging. Eur J Radiol. 
2010;74(3):484–91.

 17. Lee H, Kim SY, Gebregziabher M, et al. Impact of ventricular con-
trast medium attenuation on the accuracy of left and right ventricu-
lar function analysis at cardiac multi detector-row CT compared 
with cardiac MRI. Acad Radiol. 2012;19(4):395–405.

 18. Gao Y, Du X, Liang L, et al. Evaluation of right ventricular func-
tion by 64-row CT in patients with chronic obstructive pulmonary 
disease and cor pulmonale. Eur J Radiol. 2012;81(2):345–53.

 19. Cademartiri F, Nieman K, van der Lugt A, et al. Intravenous con-
trast material administration at 16-detector row helical CT coronary 
angiography: test bolus versus bolus-tracking technique. Radiology. 
2004;233(3):817–23.

 20. Rizvi A, Deano RC, Bachman DP, et  al. Analysis of ventricular 
function by computed tomography. J Cardiovasc Comput Tomogr. 
2015;9(1):1–12.

 21. Takx RAP, Moscariello A, Schoepf UJ, et al. Quantification of left 
and right ventricular function and myocardial mass: comparison 
of low-radiation dose 2nd generation dual-source CT and cardiac 
MRI. Eur J Radiol. 2012;81(4):e598–604.

 22. Hausleiter J, Meyer T, Hadamitzky M, et al. Radiation dose esti-
mates from cardiac multislice computed tomography in daily prac-
tice. Circulation. 2006;113:1305–10.

 23. Hausleiter J, et  al. A new algorithm for ECG-based tube current 
modulation (“MinDose”) reduces radiation dose estimates in car-
diac dual source CT angiography. Circulation. 2007;116(Suppl 
16):II-575.

 24. Feuchtner G, Goetti R, Plass A, et al. Dual-step prospective ECG- 
triggered 128-slice dual source CT for evaluation of coronary arter-
ies and cardiac function without heart rate control a technical note. 
Eur Radiol. 2010;20:2092–9.

 25. Ko YJ, Kim SS, Park WJ, et  al. Comparison of global left ven-
tricular function using 20 phases with 10-phase reconstructions 
in multidetector- row computed tomography. Int J Cardiovasc 
Imaging. 2012;28(3):603–11.

 26. Puesken M, Fischbach R, Wenker M, et al. Global left-ventricular 
function assessment using dual-source multidetector CT: effect of 
improved temporal resolution on ventricular volume measurement. 
Eur Radiol. 2008;18(10):2087–94.

 27. Wai B, Thai WE, Brown H, et al. Novel phase-based noise reduc-
tion strategy for quantification of left ventricular function and mass 
assessment by cardiac CT: comparison with cardiac magnetic reso-
nance. Eur J Radiol. 2013;82:e337–41.

 28. Lessick J, Ghersin E, Abadi S, Yalonetsky S. Accuracy of the long- 
axis area-length method for the measurement of left ventricular 
volumes and ejection fraction using multidetector computed tomo-
graph. Can J Cardiol. 2008;24(9):685–9.

 29. Greupner J, Zimmermann E, Hamm B, Dewey M. Automatic ver-
sus semiautomatic global cardiac function assessment using 64-row 
computed tomography. Br J Radiol. 2012;85(1015):e243–53.

 30. Juergens KU, Seifarth H, Range F, et  al. Automated threshold- 
based 3D segmentation versus short-axis planimetry for assessment 
of global left ventricular function with dual-source MDCT. Am J 
Roentgenol. 2008;190(2):308–14.

 31. Plumhans C, Keil S, Ocklenburg C, et al. Comparison of manual, 
semi- and fully automated heart segmentation for assessing global 
left ventricular function in multidetector computed tomography. 
Investig Radiol. 2009;44(8):476–82.

 32. van Ooijen PM, de Jonge GJ, Oudkerk M.  Informatics in radi-
ology: Postprocessing pitfalls in using CT for automatic and 
semiautomatic determination of global left ventricular function. 
Radiographics. 2012;32(2):589–99.

 33. de Jonge GJ, can der Vleuten PA, Overbosch J, et al. Semiautomatic 
measurement of left ventricular function on dual source computed 
tomography using five different software tools in comparison with 
magnetic resonance imaging. Eur J Radiol. 2011;80(3):755–66.

 34. Mao SS, Li D, Rosenthal DG, et al. Dual-standard reference values 
of left ventricular volumetric parameters by multidetector CT angi-
ography. J Cardiovasc Comput Tomogr. 2013;7:234–40.

 35. Juergens UK, Fischbach R. Left ventricular function studied with 
MDCT. Eur Radiol. 2006;16:342–57.

 36. Alfakih K, Plein S, Thiele H, et al. Normal human left and right 
ventricular dimensions for MRI as assessed by turbo gradient echo 
and steady state free precession imaging sequences. J Magn Reson 
Imaging. 2003;17:323–9.

 37. Sandstede J, Lipke C, Beer M, et al. Age and gender specific dif-
ferences in left and right ventricular cardiac function and mass 
determined by cine magnetic resonance imaging. Eur Radiol. 
2000;10:438–42.

 38. Boogers MJ, van Werkhoven JM, Shuijf JD, et  al. Feasibility of 
diastolic functional assessment with cardiac CT: feasibility study 
in comparison with tissue Doppler imaging. JACC Cardiovasc 
Imaging. 2011;4:246–56.

 39. Lin FY, et  al. Cardiac chamber volumes, function, and mass as 
determined by 64-multidetector row computed tomography: mean 
values among healthy adults free of hypertension and obesity. 
JACC Cardiovasc Imaging. 2008;1(6):782–6.

 40. Nevsky G, Jacobs JE, Lim RP, et al. Sex-specific normalized ref-
erence values of heart and great vessel dimensions in cardiac CT 
angiography. Am J Roentgenol. 2011;196:788–94.

 41. Juergens KU, Grude M, Maintz D, et  al. Multi-detector row CT 
of left ventricular function with dedicated analysis software versus 
MR imaging: initial experience. Radiology. 2004;230:403–10.

P. Rajiah and S. Abbara



421

 42. Mahnken AH, Speuntrup E, Neithammer M, et al. Quantitative and 
qualitative assessment of left ventricular volume with ECG-gated 
multislice spiral CT: value of different image reconstruction algo-
rithms in comparison to MRI. Acta Radiol. 2003;44(6):604–11.

 43. van der Vleuten PA, Willems TP, Gotte MJ, et al. Quantification of 
global left ventricular function: comparison of multidetector computed 
tomography and magnetic resonance imaging. A meta-analysis and 
review of the current literature. Acta Radiol. 2006;47(10):1049–57.

 44. Grude M, Juegens KU, Wichter T, et al. Evaluation of global left 
ventricular myocardial function with electrocardiogram gated mul-
tidetector computed tomography. Comparison with magnetic reso-
nance imaging. Investig Radiol. 2003;38:653–61.

 45. Asferg C, Usinger L, Kristensen TS, et al. Accuracy of multi-slice 
computed tomography for measurement of left ventricular ejec-
tion fraction compared with cardiac magnetic resonance imaging 
and two-dimensional transthoracic echocardiography: a systematic 
review and metaanalysis. Eur J Radiol. 2011;81:e756–62.

 46. Dewey M, Muller M, Eddicks S, et  al. Evaluation of global and 
regional left ventricular function with 16-slice computed tomog-
raphy, biplane cineventriculography and two-dimensional trans-
thoracic echocardiography: comparison with magnetic resonance 
imaging. J Am Coll Cardiol. 2006;48:2034.

 47. Mahias-Narvarte AHKF, Willis PW. Evolution of regional left ven-
tricular wall motion abnormalities in acute Q and non-Q wave myo-
cardial infarction. American Heart Journal. 1987;113:1369–75.

 48. Sarwar A, Shapiro MD, Nasir K, et al. Evaluating global and regional 
left ventricular function in patients with reperfused acute myocardial 
infarction by 64-slice multidetector CT: a comparison to magnetic 
resonance imaging. J Cardiovasc Comput Tomogr. 2009;3(3):170–7.

 49. Seneviratne SK, Troung QA, Bamberg F, et al. Incremental diag-
nostic value of regional left ventricular function over coronary 
assessment by cardiac computed tomography for the detection of 
acute coronary syndrome in patients with acute chest pain: from the 
ROMICAT trial. Circ Cardiovasc Imaging. 2010;3(8):375–83.

 50. Bezerra HG, Loureiro R, Irlbeck T, et  al. Incremental value of 
myocardial perfusion over regional left ventricular function and 
coronary stenosis by cardiac CT for detection of acute coro-
nary syndromes in high risk patients: a subgroup analysis of the 
ROMICAT trial. J Cardiovasc Comput Tomogr. 2011;5:382–91.

 51. Candell-Riera JLJ, Santana C, Castell J, et  al. Prognostic assess-
ment of uncomplicated first myocardial infarction by exercise 
echocardiography and Tc-99m tetrofosmin gated SPECT.  J Nucl 
Cardiol. 2001;81:122–8.

 52. Antonini-Canterin FNG. Valutazione eoardiografica dei volume e 
della funzione sistolica globale del ventricolo sinistro. Ital Heart J. 
2000;1:1261–72.

 53. Arsanjani R, Berman DS, Gransar H, et al. Left ventricular function 
and volume with coronary CT angiography improves risk stratifica-
tion and identification of patients at risk for incident mortality: results 
from 7758 patients in the prospective multinational CONFIRM 
observational cohort study. Radiology. 2014;273(1):70–7

 54. Mastrobuoni S, Dell’aquila AM, Arraiza M, et al. Allograft mor-
phology and function in heart transplant recipients surviving more 
than 15 years by magnetic resonance imaging and dual-source com-
puted tomography. Eur J Cardiothorac Surg. 2011;40(1):e62–6.

 55. Bastarrika G, Arraiza M, DeCecco CN, et al. Quantification of left 
ventricular function and mass in heart transplant recipients using 
dual-source CT and MRI: initial clinical experience. Eur Radiol. 
2008;18(9):1784–90.

 56. Taylor DO, Edwards LB, Aurora P, et al. Registry of the International 
Society for Heart and Lung Transplantation: twenty-fifth official 
adult heart transplant report—2008. J Heart Lung Transplant. 
2008;27(9):943–56.

 57. Acharya D, Singh S, Tallaj JA, et al. Use of gated cardiac computed 
tomography angiography in the assessment of left ventricular assist 
device dysfunction. ASAIO J. 2011;57:32–7.

 58. Geva T. Is MRI the preferred method for evaluating right ventricu-
lar size and function in patients with congenital heart disease? Circ 
Cardiovasc Imaging. 2014;7:190–7.

 59. Raman SV, Shah M, McCarthy B, et al. Multi-detector row cardiac 
computed tomography accurately quantifies right and left ventricu-
lar size and function compared with cardiac magnetic resonance. 
Am Heart J. 2006;151:736–44.

 60. Guo YK, Gao HL, Zhang XC, et  al. Accuracy and reproducibil-
ity of assessing right ventricular function with 64-section multi- 
detector row CT: comparison with magnetic resonance imaging. Int 
J Cardiol. 2010;139:254–62.

 61. Kang DK, Thilo C, Schoepf UJ, et al. CT signs of right ventricular 
dysfunction. J Am Coll Cardiol Img. 2011;4(8):841–9.

 62. Quiroz R, Kucher N, Schoepf UJ, et al. Right ventricular enlarge-
ment on chest computed tomography: prognostic role in acute pul-
monary embolism. Circulation. 2004;109(20):2401–4.

 63. Staskiewicz G, Czekajska-Chehab E, Przegalinski J, et al. Widening 
of coronary sinus in CT pulmonary angiography indicates right 
ventricular dysfunction in patients with acute pulmonary embolism. 
Eur Radiol. 2010;20:1615–20.

 64. Burgess MI, Mogulkoc N, Bright-Thomas RJ, et  al. Comparison 
of echocardiographic markers of right ventricular function in 
determining prognosis in chronic pulmonary disease. J Am Soc 
Echocardiogr. 2002;15:633–9.

 65. Dupont MVM, Dragean CA, Coche EE. Right ventricle function 
assessment by MDCT. Am J Roentgenol. 2011;196(1):77–86.

 66. Therrien J, Provost Y, Merchant N, et al. Optimal timing for pulmo-
nary valve replacement in adults after tetralogy of Fallot repair. Am 
J Cardiol. 2005;95:779–82.

 67. Lee C, Kim YM, Lee CH, et  al. Outcomes of pulmonary valve 
replacement in 170 patients with chronic pulmonary regurgitation 
after relief of right ventricular outflow tract obstruction: implica-
tions for optimal timing of pulmonary valve replacement. J Am 
Coll Cardiol. 2012;60:1005–14.

 68. Marcus F, McKenna WJ, Sherrill D, et al. Diagnosis of arrhyth-
mogenic right ventricular cardiomyopathy/dysplasia: pro-
posed modification of the task force criteria. Eur Heart J. 
2010;31(7):806–14.

 69. Nakajima T, Kimura F, Kajimoto K, et  al. Utility of ECG-gated 
MDCT to differentiate patients with ARVC/D from patients with 
ventricular tachyarrhythmias. J Cardiovasc Comput Tomogr. 
2013;7:223–33.

 70. Stojanovska J, Cronin P, Patel S, et al. Reference normal absolute 
and indexed values from ECG-gated MDCT: left atrial volume, 
function, and diameter. Am J Roentgenol. 2011;197(3):631–7.

 71. Melenovsky V, Borlaug B, Rosen, et  al. Cardiovascular features 
of heart failure with preserved ejection fraction versus non-failing 
hypertensive left ventricular hypertrophy in the urban Baltimore 
community. J Am Coll Cardiol. 2007;49:198.

 72. Avelar E, Durst R, Rosito GA, et al. Comparison of the accuracy 
of multidetector computed tomography versus two-dimensional 
echocardiography to measure left atrial volume. Am J Cardiol. 
2010;106(1):104–9.

 73. Rodevan O, Bjornerheim R, Ljosland M, et  al. Left atrial 
volumes assessed by three- and two-dimensional echocar-
diography compared to MRI estimates. Int J Card Imaging. 
1999;15:397–410.

 74. Christiaens L, Lequeux B, Ardilouze P, et  al. A new method for 
measurement of LA volumes using 64-slice spiral CT: comparison 
with 2DE techniques. Int J Cardiol. 2009;131:217–24.

 75. Kircher B, Abbott JA, Paul S, et al. Left atrial volume determination 
by biplane two-dimensional echocardiography: validation by cine 
CT. Am Heart J. 1991;121:864–71.

 76. Wen Z, Zhang Z, Yu W, et al. Assessing the left atrial phase volume 
and function with dual-source CT: comparison with 3T MRI. Int J 
Cardiovasc Imaging. 2010;26:88–92.

35 CT of Cardiac Function and Wall Motion



423© Humana Press 2019
U. J. Schoepf (ed.), CT of the Heart, Contemporary Medical Imaging, https://doi.org/10.1007/978-1-60327-237-7_36

Three-Chamber Function with 
Cardiac CT

Jongmin Lee

 Basic Concepts

Congestive heart failure can be defined as the inability of the 
heart to pump blood forward at a sufficient rate to meet the 
metabolic demands of the body or the ability to do so only if 
the cardiac filling pressures are abnormally high. Congestive 
heart failure is regarded as the final and most severe manifes-
tation of common forms of cardiac disease. To evaluate the 
progress or risk of heart failure, a comprehensive assessment 
of cardiac function is required.

The ability of the heart to pump blood is called the cardiac 
function. Traditionally, the mechanical function of heart has 
been described by the pressure, volume, and flow changes 
during a cardiac cycle [1]. The volumes, mass, and function 
of cardiac chambers provide important diagnostic and prog-
nostic information for patients with ischemic or nonischemic 
cardiomyopathies [2].

 Cardiac Output

A representative and comprehensive parameter of whole- 
heart function is cardiac output. Cardiac output is the sum of 
stroke volumes during 1  min, which can be expressed as 
“stroke volume x heart rate.” Cardiac output is a parameter 
representing a ventricular pumping function normalized by 
the heart rate. Since theoretically the heart rate influences the 
ventricular ejection fraction and the stroke volume as a 
reverse correlation with the diastolic filling time, heart rate 
should be normalized for the objective comparison of a car-
diac output function. The cardiac output is a relevant diag-
nostic and prognostic factor in various cardiovascular 
diseases and an important surrogate marker for a global car-
diac function. In addition, cardiac output is a crucial factor 

for deciding whether a patient is a suitable candidate for car-
diac transplant surgery.

Various methods to measure the cardiac output have been 
conceived and applied successfully. Direct measurement 
techniques for the cardiac output are accurate but invasive. 
Based on the Fick principle, which calculates the flow vol-
ume by the tissue consumption of a substance such as oxy-
gen, the cardiac output can be acquired as a function of 
oxygen consumption, arterial and venous oxygen saturation, 
and blood hemoglobin concentration (Eq. 36.1).
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Q, cardiac output; Xtc, tissue consumption of oxygen; [x]a, 
arterial concentration of oxygen; [x]v, venous concentration 
of oxygen; [Hb], concentration of hemoglobin [3]

Indicator dilution methods are other accurate options for 
measuring the cardiac output, but they are also invasive 
methods. Right heart catheterization-based thermodilution 
technique has been used as a gold standard method to deter-
mine cardiac output [4].

Indirect methods for the cardiac output measurement have 
been developed for a less invasive and simpler application. If 
the relationship between the pulse pressure and the stroke 
volume is assumed to be linear, the fractional change of the 
cardiac output can be acquired by the “fractional change of 
pulse pressure x fractional change of heart rate.” For example, 
if both the pulse pressure and the heart rate increase up to 
10%, the cardiac output increases 21% by the calculation as 
“1.1 * 1.1 = 1.21” [1]. A more simplified indirect solution is 
suggested by van Lieshout et  al. [5]. Cardiac output is 
acquired based on an empirical assumption that each 1 mmHg 
pulse pressure is responsible for approximately 2 ml of stroke 
volume (CO = HR * PP * 2 ml). An additional empirical fact 
is that body surface area has a greater influence on cardiac 
output than body weight or body mass index. Therefore, 
patient-tailored cardiac output index based on body surface 
area is suggested as a useful marker [1].
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 Cardiac Function

The influencing factors of the cardiac pumping function can 
be classified as preload, afterload, and myocardial inotropic 
functions. Abnormal ventricular function can be classified as 
systolic and diastolic dysfunctions. The systolic dysfunction 
means an impaired myocardial contractility due to either a 
myocardial weakening or an increased afterload. Diastolic 
dysfunction typically refers to an impaired chamber filling 
with an increasing afterload of the chamber upstream.

 Preload
The preload of cardiac ventricles can be evaluated using some 
morphometric markers such as end-diastolic volume (ventricu-
lar end-diastolic fiber length), stroke volume, ventricular dilata-
tion, intrathoracic blood volume, and atrial ejection parameters. 
The atrial and ventricular preload may be influenced by the dis-
tribution of blood between the intrathoracic and extrathoracic 
compartments. The blood volume distribution is influenced by 
the body position, the intrathoracic pressure, the intrapericardial 
pressure, the venous tone, and the pumping action of skeletal 
muscle. Atrial contraction is a particularly important preload in 
the case of ventricular diastolic dysfunction.

How does the preload influence to a downstream func-
tion? The atrial stroke volume may control the downstream 
ventricular ejection function. The Frank-Starling law defined 
that the stroke volume of the cardiac chamber increases in 
response to the increase in the volume of blood filling the 
chamber (the end-diastolic volume) when all other factors 
remain constant. This reflective physiology is explained as a 
neurohormonal activation mechanism dominating myocar-
dium. The Frank-Starling law explains how the preload can 
influence to the inotropic function (Fig. 36.1).

 Afterload
The ventricular afterload can be estimated using markers such 
as end-systolic volume, stroke volume, ventricular mass, aortic 
distensibility (AD), aortic volume, and systemic vascular resis-
tance or impedance. Since the arterial flow pattern is pulsatile 

with different heart rates, the resistance against the blood flow 
changes continuously and periodically. To explain the flow 
resistance in fluctuating arterial flow, a complex-valued gener-
alization of resistance is used, which is the “impedance.”

The ventricular afterload is influenced by the intraluminal 
pressure of great arteries, ventricular wall stress and tension, 
and end-diastolic volume and strain. An excessive ventricular 
dilatation state increases myocardial stress by Laplace law (i.e., 
tension = radius × pressure) and requires higher inotropic reflex 
by Frank-Starling law, which result in the excessive afterload 
of the ventricle. If the ventricular luminal volume increases, the 
perpendicular pressure to the myocardium increases due to the 
increased mass of contained blood. This pressure is a burden 
against the myocardial contraction and hence the afterload.

The aortic pressure is related to the peripheral vascular 
resistance (PVR), the arterial compliance, and the volume of 
blood. Based on the Ohm’s law, the PVR can be simply 
acquired by the ratio of a pulse pressure (PP) and a stroke 
volume (i.e., PVR = PP/SV).

 Inotropic State
The ventricular inotropic activity is influenced by the end- 
diastolic volume (preload), sympathetic nerve activity, circu-
lating catecholamines, exogenously administered inotropic 
agents, physiologic depressants, pharmacologic depressants, 
loss of ventricular substance, and intrinsic myocardial 
depression. The sympathetic nerve activity is increased by 
norepinephrine released at sympathetic nerve endings and 
increases cardiac output. Therefore, the end-diastolic vol-
ume may not be changed because of the increased ventricu-
lar contractility and heart rate. The circulating catecholamines 
may be produced from adrenal gland and extracardiac sym-
pathetic ganglia. The exogenous inotropic agents are cardiac 
glycosides, isoproterenol, sympathomimetic agents, cal-
cium, caffeine, theophylline, etc. The physiologic depres-
sants are myocardial hypoxia, hypercapnia, ischemia, and 
acidosis, and the pharmacologic depressants are guanidine, 
procainamide, barbiturates, anesthetics, and so on [6].

The in vivo ventricular contractility may be difficult to mea-
sure directly. Instead, the common markers representing myo-
cardial inotropic function are stroke volume, ejection fraction, 
and their secondary derivatives. The ventricular ejection frac-
tion is an extremely useful indirect clinical marker representing 
the myocardial contractility and is widely accepted for a routine 
clinical application. However, since the ejection fraction value 
may be confounded by the ventricular afterload, this cannot be 
an absolute myocardial contractility marker. In addition, a sim-
ple ratio between end- diastolic and end-systolic volumes 
doesn’t reflect the size variability of ventricles, which influences 
to the stroke volume. For example, the athlete’s heart can main-
tain the stroke volume and the left ventricle diastolic function in 
spite of the decreased ejection fraction in a resting state.

As an indirect but invasive method, the maximum pressure 
gradient rate (dP/dtmax) can be measured by the intraventricular 
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Fig. 36.1 The Frank-Starling law of the heart explains a positive provo-
cation of end-diastolic volume (x-axis) to cardiac output (y-axis). By the 
ventricular inotropic function, the curve shifts to upward or downward
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catheterization. This value is usually acquired during isovolumet-
ric contraction. The normal range of the left ventricular dP/dtmax 
has been suggested to be 1500–2000 mmHg/s [1]. Another poten-
tial indirect and noninvasive marker for the ventricular inotro-
pic function is the strain. The myocardial strain imaging is 
available using echocardiography and cardiac MRI by tracking 
speckles and tagging matrix. However, it is limited to register 
speckles or matrix on CT images directly. Currently, based on 
the voxel tracking of a motion coherence algorithm, CT strain 
imaging was used to evaluate three-dimensional myocardial 
deformation during a cardiac cycle, and favorable results were 
reported to show myocardial inotropic function [7].

 Cardiac CT

There has been uncertainty regarding the comprehensive 
evaluation of the left ventricular function using MDCT [8, 
9]. However, from the beginning of MDCT, MDCT-derived 
cardiac function parameters have shown a significant corre-
lation with reference values demonstrating its potency for 
routine clinical applications [10, 11]. A geometric chamber 
function evaluation by CT shows a significant accuracy and 

reproducibility compared with MRI [12]. In addition, a 
phantom study validated dual-source CT as the most accu-
rate modality for the left ventricular function evaluation, 
which was better than 64-slice MDCT and MRI [13]. A 
large-scale prospective multinational observational cohort 
study using CONFIRM registry reported that an additional 
measurement of left ventricular function on CT coronary 
angiography could improve the risk stratification and identi-
fication of patients at risk for incident mortality. In this study, 
the LVEF, LVEDV, and LVESV demonstrated significant 
diversions of mortality curves [14]. Therefore, the cardiac 
CT function study, at least for left ventricle, should be in a 
consensus of clinical feasibility.

Due to the technical advances in MDCT, high-quality 
cine images can be acquired, and three-dimensional images 
of all cardiac chambers can be generated. In addition, many 
post-processing software applications supply an option to 
automatically evaluate three-chamber function. Since the 
automated segmentation of the right atrium has a limitation 
until now, the other three chambers are now candidates for 
automated segmentation (Fig.  36.2). The automated three- 
chamber function evaluation using MDCT has been exten-
sively validated with cardiac MR data [2, 15].
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Fig. 36.2 The reports of the automated three-chamber function evalu-
ation. The left atrial cyclic volume change (58 ml) is lower than left 
ventricular stroke volume (97 ml) due to the existence of conduit flow. 

In this software, the left atrial ejection fraction calculates the ejected 
volume fraction of active pumping
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Fig. 36.3 Left ventricular 
time-volume curve during the 
cardiac cycle shows 
multimodal pattern. The usual 
cardiac phases for cardiac CT 
are diastasis and end-systolic 
phase, which match seventh 
to eighth and fourth series 
among reconstructed 
ten-phase cardiac CT image 
sets during a cardiac cycle

Although cardiac MR is the reference standard in deter-
mining left ventricular function, based on the clinical feasi-
bility and high spatial resolution cardiac CT, CT-based 
function evaluation is becoming more feasible. In this chap-
ter, the chamber function evaluation using MDCT will be 
discussed for each chamber. In addition, the comprehensive 
multichamber function evaluation will be discussed in view-
points of hemodynamic ergonomics and morphometric 
markers.

 Left Ventricular Function

The left ventricle is the most important chamber for the com-
prehensive cardiac pumping function, as the left ventricle is 
the final thrust for systemic arterial blood circulation against 
relatively high flow impedance. During one cardiac func-
tional cycle, the left ventricular volume changes in a multi-
modal pattern. During systole, left ventricular functional 
phases comprise of isovolumic contraction and ejection. 
During diastole, isovolumic relaxation, rapid inflow, diasta-
sis, and atrial systole phases are included. If CT images are 
reconstructed using ten phases for one cardiac cycle, the 
end- systolic phase and the diastasis phase match fourth and 
seventh to eighth phases, respectively (Fig. 36.3).

Morphometric markers representing left ventricular pre-
load are the left ventricular end-diastolic volume index 
(LVEDVI) and the left atrial systolic volume index (LASVI). 
The markers for the left ventricular contractility includes left 
ventricular ejection fraction (LVEF), left ventricular stroke 
volume index (LVSVI), left ventricular cardiac output index 
(LVCI), myocardial strain, and adjusted left ventricular emp-
tying fraction (adjLVeFr). The markers for the afterload of left 
ventricle are LVESVI, left ventricular muscle mass index 
(LVMMI), PVR, aortic AD, and aortic blood volume and so 

on. The indices are normalized values by the body surface 
area in a unit of square meters.

 Markers for Preload

To evaluate the preload of the left ventricle, the LVEDV can 
be used. In a retrospectively ECG-gated cardiac CT, all dia-
stolic phases are included. When ten phase images are recon-
structed during one cardiac cycle, the image with phase 
number 9 or 10 would be the end-diastolic image. Since 
images with phase number 7–10 show better image quality 
than systolic phases due to less motion, the LVEDV mea-
surement is more accurate and reproducible in automated 
post-processing software. The LVEDV may be influenced by 
the left ventricular myocardial compliance or strain, the size 
of the subject or total blood volume, the left atrial stroke vol-
ume, and the intrathoracic blood volume.

Beta-adrenergic inhibitor such as propranolol has a nega-
tive inotropic action and is used for reducing heart rate dur-
ing cardiac CT.  However, there is a concern about its 
influence on other functional cardiac parameters. Since beta- 
blockers decrease heart rate, the left atrial volume may be 
increased as the preload for left ventricle. Subsequently, the 
left ventricular end-diastolic volume and the stroke volume 
will be increased by the Frank-Starling law. Several studies 
reported that a beta-blocker has no effect on the systolic and 
diastolic blood pressure; however it increases the end- 
systolic volume and decreases the ejection fraction. However, 
minor controversy exists regarding the effect of beta- blockers 
on the end-diastolic volume [16–19]. Recently, more papers 
suggested that the beta-blocker effect on end-diastolic vol-
ume is insignificant [20]. This means that the beta-blocker 
may not significantly influence the preload of the left 
ventricle.
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 Markers for Inotropy

The ejection fraction, defined as the fraction of blood ejected 
from a ventricle with each heartbeat, is the most common 
parameter representing the left ventricular contractility and 
systolic function. The global ejection fraction of the left ven-
tricle can be determined reliably by measuring the systolic 
and diastolic luminal volumes on the cardiac CT. In the cases 
of localized cardiomyopathy such as ischemic heart disease, 
due to compensatory hyperkinesia of normal myocardium, 
the global ejection fraction may be normal in spite of the 
regional wall motion abnormality [21].

Zeb et  al. [22] evaluated the significance of the CT 
regional ejection fraction to depict the regional wall motion 
abnormality. By comparing CT results with SPECT myocar-
dial perfusion and invasive coronary angiography, they sug-
gested that the CT regional ejection fraction was comparable 
with SPECT perfusion imaging for depicting ischemic seg-
ments. In addition, they suggested that the CT regional ejec-
tion fraction showed a better performance than SPECT to 
determine significant coronary artery stenosis. Due to higher 
spatial resolution and image contrast, CT may detect a subtle 
change of regional wall motion. In addition, the regional wall 
motion abnormality detected on CT may be a sensitive pre-
sentation of myocardial ischemia.

As discussed in the basic concept section, the cardiac out-
put is an important and common comprehensive marker for 
the cardiac pumping function. In cardiac CT, noninvasive 
measurement of the cardiac output has been attempted by 
adopting several complex mathematical and empirical for-
mulae. Yee et  al. [23] measured a left ventricular output 
using the bolus-timing scan for CT pulmonary angiography 
in a routine clinical setting. Using input variables including 
ascending and descending aortic radii, the geometric dis-
tance and the contrast media concentration between the 
ascending and descending aortas, a mathematically approxi-
mated left ventricular cardiac output was acquired. Although 
a clear validation of the method was not conducted, the fea-
sibility on clinical practice is acceptable due to its simplicity 
without any additional risks to the patient.

From the preliminary bolus-timing scan data, a time- 
attenuation curve can be produced. Mahnken et  al. [24] 
applied the Stewart-Hamilton equation to calculate a car-
diac output using the area under the time-attenuation curve 
and the injected amount of contrast media as input vari-
ables. In addition, a conversion factor between the attenua-
tion and real iodine concentration was included as an input 
constant (Eq. 36.2). To simulate the first pass flow without 
a recirculated contrast enhancement, a gamma variate func-
tion was additionally applied. As results, a significant cor-
relation of the cardiac output and stroke volume data 
between a test- bolus technique and a geometric measure-
ment was achieved.
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Q the amount of indicator injected; c(t) indicator con-
centration as a function of time; K the conversion factor 
between HU and Iodine concentration; A the area under the 
time-HU curve; Q*(=fcorr*Q) the deconvolution correction 
factor

To avoid a complicated calculation for the cardiac out-
put, a simple and indirect marker was recommended. A 
simple measurement of right-to-left cardiac transit time of 
contrast media during single-level bolus-timing scans pre-
sented a significant correlation with cardiac output index by 
MRI (R2 = 0.70). A cut-off value of 20.5 s predicted cardiac 
dysfunction with 100% specificity and positive predictive 
value [25].

Strain is a concept of the continuum mechanics meaning 
“a deformation of a body without breakage from a reference 
configuration to a current configuration” [26]. In the case of 
the heart, a myocardial movement is driven by bimodal 
ergonomics, active systolic contraction, and passive dia-
stolic relaxation. In addition, the myocardial movement is 
influenced by preload and its afterload. This complicated 
myocardial activity is expressed as the strain in cardiac 
imaging. In actuality, cardiac strain represents only the 
range of myocardial movement but cannot directly represent 
myocardial contractility or expansibility. However, the 
strain rate, which is the time derivative of the strain, may 
reflect active and passive motions of the myocardium. 
Currently, two-dimensional or three-dimensional myocar-
dial strain is applied to evaluate the myocardial inotropic 
function.

Buss et al. [27] compared the endocardial strain and the 
strain rate between two-dimensional (2D) cardiac CT and 
echocardiography. Using a commercial tracking software, 
multidirectional endocardial strain was evaluated throughout 
one cardiac cycle. The results showed significant correlation 
with echocardiography and NT-pro-BNP level. Since the 2D 
cardiac CT strain imaging revealed significantly shorter pro-
cessing time, high reproducibility, and lack of observation 
window limitation, non-inferiority to 2D echocardiography 
was disclosed.

In a recent study by Tanabe et al. [7] using cardiac CT and 
dedicated reconstruction software, 10-phase image sets are 
interpolated to 50 time frame image sets, and a three- 
dimensional left ventricular myocardial model is generated 
by image segmentation. From the mesh of the ventricular 
model, motion vectors and subsequent strain values can be 
acquired along longitudinal, radial, and circular directions. 
This strain evaluation presented an additional benefit of CT 
coronary angiography to detect an infarcted segment of 
myocardium.

36 Three-Chamber Function with Cardiac CT
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 Markers for Afterload

Just like typical fluid pumps, heart function may be influ-
enced by the downstream flow impedance, referred to as 
afterload. Left ventricular afterload can be described as the 
aortic capacity to receive the left ventricular stroke volume. 
This aortic capacity may be related with intra-aortic blood 
mass, aortic wall stiffness or elasticity, and aortic 
morphology.

The aortic wall elasticity is a key factor for dampening the 
pulsatile energy of the entry flow and converting it to stabi-
lized steady flow for the end organs. The aortic wall stiffness 
is an opposite concept to the dampening function and 
increases flow impedance throughout the aorta. Left ventric-
ular output function is influenced by the aortic flow imped-
ance, which is the afterload of left ventricular performance.

Ganten et al. [28] suggested the aortic AD as a marker for 
aortic wall stiffness (Eq. 36.3). Although the research was 
applied on abdominal aorta, the concept of the aortic AD 
may be applied on AAo and aortic arch for the left ventricu-
lar afterload evaluation.
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D, aortic distensibility; A, aortic cross-sectional area; A0, 
minimum aortic cross sectional area during the cardiac cycle; 
p, blood pressure

Lee et al. [29] suggested the AWSI, which shows aortic 
wall stiffness consistently without any influence by different 
intraluminal pressures and aortic sizes. In ex vivo and in vivo 
experiments, AWSI showed a significantly higher accuracy 
than other stiffness factors including a classic compliance, 
Young’s modulus of elasticity, beta-stiffness index, and aor-
tic AD.
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AWSI, aortic wall stiffness index; mBP, mean blood pres-
sure; Vd, diastolic volume; a, b, model-specific constants

 Left Atrial Function

 Left Atrial Physiology

The left atrium comprises of three morphologically differ-
ent compartments: anterior, venous, and appendage com-
partments. The left atrium modulates diastolic filling of the 

left ventricle through functional phases of reservoir, passive 
emptying and conduit, and active pumping (Fig. 36.4) [30]. 
The relative contribution to the left ventricular diastolic fill-
ing by left atrial phases comprises of 40%, 35%, and 25% of 
passive emptying (reservoir) volume, conduit volume, and 
active pumping volume, respectively [31]. At an early stage 
of left ventricular diastolic dysfunction, the relative contri-
bution of active emptying increases with a reciprocally 
decreasing passive emptying. This change is noted as a 
decreased E/A ratio during the trans-mitral Doppler 
ultrasonography.

The reservoir phase of left atrium is during the left ven-
tricular systolic phase. This phase may be influenced by the 
left atrial wall compliance, the descending motion of the left 
ventricular base during systole, and the LVESVI [32].

The passive emptying and conduit flow phase is shown 
during an early period of the left ventricular diastolic phase. 
In this phase, the left ventricular diastolic negative pressure 
allows left atrial blood to flow in. The passive decrease of the 
left atrial volume by a passive emptying can be described as 
the “reservoir volume.” A direct inflow from pulmonary vein 
to left ventricle occurs through left atrium, which serves as a 
conduit role. The flow and its volume without left atrial vol-
ume change are called as a “conduit flow” and a “conduit 
volume,” respectively [33].

During the conduit flow, the flow volume should not be 
related to the left atrial volume decrease. The sum of the pas-
sive emptying (reservoir) volume and the conduit volume is 
higher than the left atrial geometric volume decrease, 
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Fig. 36.4 Time-volume curve of left atrium shows bimodal pattern 
along functional phases. The reservoir phase is left atrial diastolic phase 
during left ventricular systole. The passive emptying and conduit and 
the active pumping phases generate weak bimodal curve during left 
atrial systole. The timing of the maximum volume can be beyond the 
left ventricular end-systole due to the isovolumic relaxation and super-
imposed conduit flow from pulmonary vein. Vpre-A is the volume imme-
diately before the late atrial contraction. pEV is the passive emptying 
volume same as reservoir volume. aEV is the active emptying volume 
same as pumping volume
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because of the direct conduit flow through widely opened 
space from pulmonary vein to negatively loaded left ventri-
cle [34]. The conduit flow is influenced by a paradoxical 
relationship between the left ventricular and left atrial relax-
ation capacities. The high left ventricular compliance will 
increase the conduit flow, whereas the high left atrial compli-
ance will increase the reservoir volume with the relatively 
decreased conduit volume.

During the passive emptying of left atrium, both the con-
duit volume and the reservoir volume fill the relaxing left 
ventricle. The left atrial output volume should be the sum of 
the conduit volume, the reservoir volume, and the active 
ejection volume. However, the geometric volume measure-
ment cannot present the total amount of the left atrial output 
volume due to the isovolumetric conduit phase. In this con-
text, during the morphometric evaluation of a left atrial 
stroke volume, a simple subtraction of the end-diastolic vol-
ume by the end-systolic volume underestimates the left atrial 
output volume. The existence of the conduit flow is the rea-
son why CT-based geometric left atrial stroke volume is 
shown to be lower than the left ventricular stroke volume 
(Fig.  36.5). The sane meaning of the morphometric ”left 
atrial stroke volume“ should be the sum of reservoir and 
pumping volumes, which equals to the cyclic volume change 
(Table 36.1).

The active pumping function of left atrium is during the 
late atrial contraction, which contributes up to 30% of the 
left ventricular stroke volume [35]. The left atrial active ejec-
tion may be governed by the Frank-Starling mechanism 
same as ventricles [36]. Therefore, the left atrial active emp-
tying is influenced by the systemic venous return (preload) 
as well as the left ventricular end-diastolic pressure 
(afterload).

 Morphometric Markers for Left Atrial Function

The morphometric marker representing the preload of left 
atrium may be pulmonary vascular volume, LAVImax, and left 
atrial expansion index. The markers for the left atrial systolic 
ability will be the left atrial ejection fraction (LAEF), LAaEF, 
and adjLAeFr. The markers showing the afterload of left 
atrium are the minimum LAVI (LAVImin), the left atrial pas-
sive ejection fraction (LApEF), LVESVI, LVMMI, LVSVI, 
and LVCI.

 Reservoir Function
To evaluate the left atrial reservoir function, the measured 
left atrial volume can be utilized. The left atrial volume 
increase has been known as a strong predictor for adverse 
cardiovascular outcomes [37]. The left atrial volume change 
can be evaluated only with retrospective ECG gating since 
the pre-defined cardiac phase by prospective gaiting may 
miss the true maximum and minimum sizes of left atrium. 
Recently, Agner et al. [38] successfully validated CT-based 
left atrial volumetry with references by cardiac MR. They 
found that the cardiac CT overestimated the maximum and 
minimum left atrial volumes compared to cardiac MR (8% 
and 10%, respectively). This inter-modality discrepancy may 
be due to the difference between the spatial and temporal 
resolutions and image sharpness.

Since the venous compartment of left atrium possesses 
relatively less myocardial tissue and more venous wall 
attached to pericardium, the motion and contraction of the 
venous wall are weaker than the other compartments. 
Whereas, the venous compartment conducts a role of reser-
voir for the pulmonary venous return flow. The appendage 
compartment comprises of a thicker wall and pectinate mus-
cles interconnecting the opposing walls. Due to the active 
contractile function and thick wall, the appendage is more 
resistant to overload than the other compartments; therefore, 
it is relatively insensitive to overloading. Paradoxically, if the 
appendage compartment shows dilatation with wall thinning, 
this feature may imply a long-standing volume overload of 
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Fig. 36.5 The time-volume curves of three chambers. Along the car-
diac phases, ventricles and left atrium reveal reciprocal change of their 
volumes. The right ventricular volume is usually higher than that of left 
ventricle. The left atrial curve height is shorter than that of left ventricle 
reflecting lower morphometric left atrial stroke volume than left ven-
tricular stroke volume due to the conduit volume

Table 36.1 Nominations of fractional blood flow volumes from left 
atrium to left ventricle

Volumes Synonyms Definition
Reservoir 
volume

Passive emptying 
volume

Outflow in left atrial passive 
emptying phase

Conduit 
volume

Direct flow from pulmonary 
vein to left ventricle

Pumping 
volume

Active emptying 
volume, ejection 
volume

Outflow in left atrial active 
pumping phase

Stroke 
volume

Cyclic volume 
change

Reservoir volume + pumping 
volume

Output 
volume

Reservoir volume + conduit 
volume + pumping volume
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the left atrium, typically due to the left ventricular diastolic 
dysfunction with or without atrial fibrillation.

As another marker for left atrial volumetry, the LAVImax 
has been suggested. This index is a normalized maximum 
volume by the body surface area. According to the results of 
echocardiography, the LAVImax is the best parameter for car-
diovascular outcome prediction and risk stratification [37]. 
Choi et al. [39] reported that LAVImax showed a significant 
predictability for the silent myocardial ischemia in a high- 
risk group. The LAVImax from echocardiography presented a 
higher adjusted odds ratio than LVEF, E/E’ ratio, LVMI, and 
the diastolic left ventricular dysfunction.

The left atrial expansion index is another dynamic marker 
for the left atrial volumetry. The left atrial expansion capac-
ity may reflect the reservoir function during left atrial dias-
tole. To quantitate the expansion capacity, the left atrial 
expansion index was suggested by Hoit et  al. [30]. The 
expansion index was calculated as the left atrial volume 
change per minimum left atrial volume [(Vmax – Vmin)/Vmin].

 Emptying Function
The three compartments of left atrium present different func-
tional activities. The appendage shows the highest ejection 
fraction, whereas the venous compartment shows the lowest 
ejection fraction [40]. The LAA ejection fraction is not 
strongly related to the global and anterior compartmental 
function, whereas LAA function is reported to be more 
related to the left ventricular functional status [41]. The ante-
rior compartment of left atrium has a smooth and movable 
wall and is not adhered by pericardium or venous structures. 
The anterior compartment presents a less compromised wall 
motion by surrounding structures and may properly reflect 
the left atrial performance. In the short-axis plane, the ante-
rior compartment demonstrates a left atrial wall motion 
conveniently.

The LAEF may be calculated by a simple formula: 100 * 
(LAVmax − LAVmin)/LAVmax, where LAV is the left atrial vol-
ume. With some software, the LAEF shows the volume frac-
tion by active pumping during systole (Fig. 36.2). The left 
atrial cyclic volume change implies the gap between the 
maximum and the minimum volumes. However, the maxi-
mum and the minimum volumes may not always match the 
left ventricular end-diastolic (100% of R-R interval) and the 
end-systolic (40% of R-R interval) phases. During the left 
ventricular early passive filling phase, left atrium can be 
more instantly dilated than the left atrial end-diastolic phase 
due to a superimposed conduit flow directly from pulmonary 
vein to the left ventricle (Fig. 36.4). Due to a concern about 
mismatching between cardiac phases and left atrial volumes, 
the gap between the maximum and the minimum volumes 
may be suitable for calculating the ejection fraction, in spite 
of a different concept from the ejection fraction by the left 
atrial active contraction.

To evaluate the passive emptying function of left atrium, 
the passive ejection fraction (pEF) can be used. The pEF is 
the passive emptying volume (pEV) per maximum left atrial 
volume [(LAVmax − LAVpre-A)/LAVmax], where the LAVpre-A is 
the left atrial volume immediately before atrial contraction. 
For the active pumping function of left atrium, the active 
ejection fraction can be acquired as the active emptying vol-
ume (LAVpre-A–LAVmin) over LAVpre-A (Fig. 36.4) [30].

Im et al. [42] suggested the adjLAeFr as a marker for emp-
tying function evaluation. The maximum and minimum left 
atrial volume indices were normalized by LAEF (LAVImax/
LAEF and LAVImin/LAEF). The adjLAEFr showed the best 
predictability for the recurrent atrial fibrillation as compar-
ing with conventional markers including LVEF, LAVmax, 
LAVmin, LAEF, LAVImax, and LAVImin.

 Afterload
The left atrial dilatation is a classical marker for left ven-
tricular diastolic dysfunction, which is an increased afterload 
of left atrium. The left atrial volume increase can be either 
reversible by the instant volume overload or irreversible due 
to an eccentric wall remodeling. The aging, neurohumoral 
activation, and chronic atrial stretch may provoke the left 
atrial dilatation with histological changes including wall 
hypertrophy and fibrosis as eccentric left atrial remodeling 
[43]. In this background, eccentric remodeling may trigger 
episodes of atrial fibrillation.

The LAVImin is related to the afterload of left atrium. The 
LAVImin may be influenced by the left atrial elasticity and 
LVEDP and was reported as the best predictor for the major 
adverse cardiac events (MACE) in a study using 3D echocar-
diography [44].

With Doppler ultrasonography of the trans-mitral flow, 
the flow spectrum shows bimodal peaks due to the left atrial 
passive emptying flow (E velocity) and the active pumping 
flow (A velocity), whereas with cardiac CT with multiphase 
reconstruction during a cardiac cycle, the left ventricular 
time-volume curve and its time-differential curve can be 
acquired. The left ventricular volume gap between two adja-
cent phases shows the bimodal peaks in the time domain. If 
the volume gap is divided by the mitral valvular orifice area 
at the concordant phase, velocity values can be acquired. In 
the bimodal time-velocity curve, E and A velocities and 
E/ACT can be measured on cardiac CT [45]. The E/ACT repre-
sents the proportion of passive and active emptying volume 
during the left atrial systolic function. The E/ACT is related 
with the left atrial afterload or the diastolic function of the 
left ventricle.

 Global Function
The left atrial time-volume curve provides several potential 
markers to evaluate the atrial systolic and diastolic functions. 
However, since the volume is a three-dimensional scalar 
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value, two-dimensional wall strain evaluation may be more 
sensitive to the geometric change of the left atrial wall. The 
total left atrial strain measured by echocardiography has 
been reported to be the best predictor of exercise capacity 
[46]. In light of the fact that the strain imaging of the left 
ventricular wall has been attempted using cardiac CT data, 
study results of CT-derived left atrial strain are expected in 
the literature soon.

 Right Ventricular Function

 Right Ventricular Physiology

The right ventricular function is different from the left ven-
tricular function only by the magnitude of the peak systolic 
pressure due to the lower pulmonary vascular resistance 
(PLVR). The right ventricle comprises of thin myocardial 
wall that has a highly compliant nature. Due to this compli-
ance, the right ventricle accommodates the changes of pre-
load well. However the right ventricle is limited in overcoming 
the increased afterload due to its limited contractility. In this 
context, a common cause of the right ventricular failure is left 
ventricular failure. If right ventricular failure occurs due to 
the primary pulmonary process, it is called as the cor pulmo-
nale [1].

Right ventricular failure has effects on right atrium and 
systemic venous return. The clinical presentation of the 
right ventricular failure contains systemic venous conges-
tion noted as jugular vein dilatation, hepatomegaly, periph-
eral edema, IVC dilatation, and right atrial dilatation. The 
right ventricular dysfunction superimposed on left ventric-
ular pathology is regarded as additional poor prognostic 
factor. Di Bella et al. [47] showed the combined right ven-
tricular dysfunction after acute myocardial infarction sig-
nificantly deteriorated patient prognosis. Right ventricular 
function may be additional information on left ventricular 
function during cardiac pathology evaluation using the car-
diac CT.

In cases of acute pulmonary arterial hypertension such as 
acute massive pulmonary thromboembolism, a quick, sim-
ple, and noninvasive method for estimating right ventricular 
afterload may be indispensable to urgently inform therapeu-
tic decision-making [48]. The morphometric markers repre-
senting the preload of right ventricle are RVEDVI and right 
atrial stroke volume index (RASVI). The markers for the 
right ventricular contractility evaluation may be the right 
ventricular ejection fraction (RVEF), right ventricular stroke 
volume index (RVSVI), and right ventricular output index 
(RVCI). The markers showing the afterload of right ventricle 
may comprise of RVESVI, right ventricular MMI (RVMMI), 
PLVR, pulmonary circulation volume, and pulmonary AD 
(AD).

 Right Ventricular Contractility

The ejection fraction is a reliable marker for right ventricular 
systolic function. In patients with acute pulmonary thrombo-
embolism combined by pulmonary arterial hypertension, 
RVEF and right ventricular end-systolic volume have been 
discovered to have significant implications [49]. With car-
diac CT right ventricular volumetry requires more resources 
but may be less reliable than left ventricular volumetry due 
to prominent trabeculation, atypical morphology, indistinct 
basal boundary, and motion artifacts.

Sato et al. [50] suggested a simplified method to predict 
RVEF in patients with pulmonary hypertension. Using a ret-
rospectively gated cardiac CT, the tricuspid annular plane 
systolic excursion (TAPSE) was measured during a cardiac 
cycle. Using a fitting equation between the TAPSE and ejec-
tion fraction values acquired by cardiac MRI, a simplified 
prediction equation for RVEF was suggested and sufficiently 
validated. The RVEF in the ml-equivalent unit was acquired 
as double value of TAPSE in millimeter. In pulmonary 
hypertension patients, 19.7 mm cut-off value of TAPSE was 
suggested to predict a reduced RVEF.

The right ventricular cardiac output or the cardiac index 
may be direct markers for the systolic function as left ven-
tricle. In a study using a test-bolus scan data, the time- 
attenuation curves were drawn on main pulmonary arteries, 
and the right ventricular cardiac output was acquired using 
the modified Stewart-Hamilton equation (Eq.  36.2). Based 
on the reference standard data acquired during right heart 
catheterizations and thermodilution, the right ventricular 
cardiac output acquired from dynamic CT showed a signifi-
cant correlation and clinical feasibility [51].

 Afterload of the Right Ventricle

The pulmonary arterial pressure is an essential afterload of 
the right ventricle, and a pulmonary hypertension will 
increase the afterload of right ventricle. The pulmonary arte-
rial hypertension escalates the right ventricular end-diastolic 
pressure, which relates to the dilatation of the right ventricle 
with a limited contractility.

The dilated right ventricle may shift interventricular sep-
tum to present an eccentric configuration of left ventricle in 
the short-axis plane. Yamasaki et al. [52] presented a simple 
predictor for pulmonary arterial hypertension among the 
patients with congenital heart diseases. The “eccentricity 
index” is acquired as a ratio between the orthogonal long and 
short diameters of left ventricular lumen in the short-axis 
plane. The eccentricity index values show a significant cor-
relation with the right ventricular systolic pressure and the 
mean pulmonary arterial pressure from right heart cather-
ization results. Also the eccentricity index correlates with 
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cardiac MR functional parameters representing the right 
ventricular afterload such as RVESV and RVEF.

If the PLVR is measured, the evaluation of the right ven-
tricular afterload should be more convenient. The pulmonary 
arterial flow impedance increases in patients with pulmonary 
thromboembolism, chronic obstructive pulmonary disease, 
and emphysema resulting in pulmonary arterial hypertension 

[53]. Müller et  al. [53] measured the PLVR indirectly and 
noninvasively using the electron-beam CT data and Hagen- 
Poiseuille equation (Eq. 36.5). This study revealed a signifi-
cant correlation between the noninvasively measured PLVR 
and catherization-based reference values (r2 = 073, regres-
sion coefficient = 1.001 after removing intercept).
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LB, patient’s heights used for vascular length; HCT, hema-
tocrit used for blood viscosity; PTT, pulmonary transit time; 
empirically acquired constants

Since this study is based on Hagen-Poiseuille law, inher-
ent limitation by assumption such as a straight cylindrical 
tube, homogenous fluid (Newtonian fluid), laminar flow, 
steady non-pulsatile flow, and rigid wall without arterial 
compliance may not be overcome. However, the results dem-
onstrate a feasibility of this technique in clinical practice.

Stiffening of pulmonary arterial wall attenuates its damp-
ing function against the pulsatile right ventricular outflow 
and subsequently increases the flow impedance as afterload. 
Using cardiac MDCT, Revel et al. [54] measured right ven-
tricular and pulmonary arterial functional parameters to 
diagnose pulmonary hypertension. Image-based right pul-
monary AD (area change/maximum area) has shown the best 
diagnostic value for pulmonary hypertension and has been 
useful for risk stratification.

Morphological alteration of pulmonary vasculature and 
the lungs on CT images may suggest increased right ven-
tricular afterload. Pulmonary thromboembolism and exten-
sive pulmonary parenchymal lesions including interstitial 
lung disease and chronic obstructive pulmonary disease may 
provoke pulmonary arterial hypertension.

Pulmonary arterial dilatation is a predictor for pulmonary 
hypertension. If the main pulmonary arterial diameter is 
greater than 29 mm at a distance of 2 cm from a pulmonary 
valve, pulmonary arterial hypertension could be predicted 
with 84% sensitivity and 75% specificity. If the main pulmo-
nary artery shows the maximum transverse diameter larger 
than the adjacent AAo, pulmonary arterial hypertension 
could be suggested with 70% sensitivity and 92% specificity. 
The underline condition is that the AAo should not show the 
aneurysmal dilatation. In addition, the segmental pulmonary 
arterial enlargement greater than 1.25 times the caliber of the 
adjacent bronchus is another marker for pulmonary arterial 
hypertension [55].

A right ventricular deformation may suggest pulmonary 
arterial hypertension as well. Right ventricular enlargement, 

outflow tract dilatation and wall thickening, and flattening or 
leftward convexity of interventricular septum are classic 
image markers representing the elevated right ventricular 
end-diastolic pressure and pulmonary arterial hypertension. 
The right ventricular free wall thickness greater than 6 mm, 
RV/LV wall thickness ratio greater than 0.32, RV/LV luminal 
diameter ratio greater than 1.28, and MPA/AAo diameter 
ratio greater than 0.84 have been implicated with pulmonary 
arterial hypertension [56]. Lastly, the finding of bronchial 
artery hypertrophy greater than 1.5  mm was reported as a 
marker for pulmonary arterial hypertension [57].

 Right Atrial Function

Theoretically, the morphometric markers representing the 
preload of right atrium are RAVImax, vena cava size, intratho-
racic pressure state, and intrapericardial pressure state. The 
markers for the right atrial contractility may be RAEF and 
RAaEF. The afterload of right atrium may be evaluated by 
RAVImin, RA passive EF, RVESVI, RVMMI, RVSVI, and 
RVCI.  In spite of these theoretically conceived markers, 
automated measurement of right atrial volume is limited to 
few commercial softwares due to the insufficient and 
 nonhomogeneous enhancement, the irregular morphology, 
and motion artifacts.

Systemic venous congestion state is a type of increased 
preload of the right atrium. Although the exact volumetry is 
not feasible, a morphological change may reflect the increased 
preload. A vena caval enlargement used to be a sign for sys-
temic venous congestion. However, this finding is related to 
many confounders such as the breath-holding capabilities, the 
strength of the Valsalva maneuver, and the original size of the 
venous structure. The retrograde vena caval or hepatic venous 
enhancement has been regarded as a sign representing the 
right heart dysfunction during a conventional slow-infusion 
contrast-enhanced CT [58]. However, dynamic contrast-
enhanced CT with a high injection rate (>3 mL/s) could not 
maintain the feasibility of this systemic venous reflux sign 

J. Lee



433

[59]. In cardiac CT, the sign of the retrograde opacification of 
inferior vena cava and hepatic vein may not be reliable for the 
prediction of the right cardiac dysfunction.

The TAPSE is known as a simple marker for the right ven-
tricular function [50]. Sivak et al. [60] used the TAPSE for 
evaluating the right atrial function using cohorts of a normal 
and a pulmonary arterial hypertension. In echocardiography, 
the TAPSE is divided to two parts; TAPSERA during the right 
atrial contraction and TAPSERV before the right atrial contrac-
tion after tricuspid valve opening representing the right atrial 
passive emptying function. In a pulmonary arterial hyperten-
sion group, TAPSERV shows a significant decrease, while the 
change of TAPSERA is not significant. The late atrial contrac-
tion may be more preserved than the passive emptying func-
tion in the case of right atrial afterload increase.

The longitudinal strain of the right atrial wall evaluated 
by speckle-tracking echocardiography demonstrated its fea-
sibility to predict increased afterload due to the right ven-
tricular diastolic dysfunction [61]. Although no article about 
CT strain evaluation for right atrial function has been pub-
lished, studies are expected in the near future.

 Global Cardiac Function

The four cardiac chambers are working in a tight interrelated 
mode. Left ventricular diastolic dysfunction may increase 
the afterload of left atrium. An erroneous left atrial emptying 
function may provoke the right ventricular afterload increase. 
An increased left atrial emptying function will stimulate the 
left ventricular inotropic function, which is described as the 

Frank-Starling’s law (Fig. 36.1). In this context, when evalu-
ating global cardiac function, the function of the interrelated 
cardiac chambers is best when considered collectively.

To evaluate the function of the cardiac chambers simulta-
neously and comprehensively, the “three-chamber function” 
option can be used with commercially available post- 
processing software. By plotting the time-volume curves of 
left ventricle, left atrium, and right ventricle along cardiac 
phases (time domain), qualitative comparisons of the three- 
chamber function and the quantitative evaluation of the func-
tional parameters are possible (Figs. 36.2 and 36.5).

For a quantitative evaluation of multichamber functional 
parameters, reference values are indispensable. However, the 
normal values of multichamber functional parameters show 
significant differences by the reports in the literature. These 
normal values show different ranges depending on the mea-
suring techniques, ethnicity, age, sex, and cohort properties 
(Table  36.2); since the references may be different among 
cardiac CT centers, large-scale multicenter studies account-
ing for potential confounders are expected [62–65].

During the evaluation of the three-chamber function 
results, the major left ventricular functional parameters 
such as LVEDVI, LVESVI, LVEF, LVSVI, LVCI, and 
LVMMI are checked first. Subsequently the major left 
atrial functional parameters such as LAVImax, LAVImin, 
LASVI, and LAaEF are evaluated. Finally, the right ven-
tricular functional parameters such as RVEF, Qp/Qs, 
RVEDVI, and RVSV are assessed (Figs. 36.6 and 36.7). In 
the scope of global cardiac function, the morphometric 
markers supporting the preload may be the vena cava size; 
however, its reliability is not accepted. The global inotropic 

Table 36.2 An example of normal reference ranges for cardiac CT functional parameters in a single institute (Kyungpook National University 
Hospital)

Left ventricle Left atrium Right ventricle
Male Female Male Female Male Female

EDV(ml) 100–180 108–122 127–223
ESV (ml) 28–66 28–52 53–111
LVMM(mg) 129–205 100–158
EF(%) 57–75 59–73 42–74
SV(ml) 50–70 40–84
CO(L/min) 4.0–8.0 3.2–9.6
EDVI(ml/m2) 57–88 47–74
ESVI(ml/m2) 16–33 11–24
SVI(ml/m2) 40–50 11–25 13–27 35–60
CI(L/m2) 2.5–4.5 2.0–5.4
MMI(mg/m2) 31–81
LAVImax 32–56 39–63
LAVImin 17–39 19–43
EFI(%/m2) 26–50 28–52
LARsrV(ml) 16–28
LACnV(ml) 18–25
LAPmpV(ml) 13–18

LARsrV left atrial reservoir volume, LACnV left atrial conduit volume, LAPmpV left atrial active pumping volume
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Fig. 36.6 A 64-year-old man presented atypical chest pain and was 
evaluated using cardiac CT. (a) Calcified atherosclerotic plaques 
(arrows) are noted in proximal and middle levels of left anterior 
descending artery (LAD) and left main coronary artery. (b) In en face 
view of LAD, significant luminal stenosis (arrow) is noted. (c, d) Short- 
axis cine images at mid-diastolic and end-systolic phases show left ven-
tricular hypokinesia. (e) The three-chamber function report reveals 
upward shifting of ventricular time-volume curves. LVEDVI (89 mL/

m2) and LVESVI (48  mL/m2) are increased. Global LVEF (46%) 
decreased slightly. Further calculated LAVImax (68  mL/m2) and 
LAVImin(41  mL/m2) are increased. LAEFI (23  mL/m2) is decreased. 
RVEF (40%) is slightly decreased. All the other parameters are in nor-
mal ranges. The conclusion is a significant coronary artery stenosis with 
LV systolic dysfunction accompanied by LA and RV systolic 
dysfunction

a b

c d
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Fig. 36.6 (continued)

function can be evaluated by the markers such as LVEF, 
LVSVI, LVCI, and Qp/Qs. The markers for the afterload of 
whole heart may be LVESVI, PVR, AD, and aortic volume 
(Table 36.3).

As an integrated marker to show a comprehensive cardiac 
function, the Qp/Qs may be used to compare stroke volumes 
between right and left ventricles. In managing congenital 
heart diseases, the Qp/Qs is a reliable marker to diagnose and 
monitor a left-to-right shunt and to decide treatment strategy. 
The CT-based geometric measurement of the right and left 
ventricular stroke volumes can present the Qp/Qs values 
under the condition of an absent regurgitation in atrioven-
tricular and ventriculoarterial valves. Recently, Yamasaki 

et  al. [66] successfully validated Qp/Qs values, acquired 
using a 256-slice MDCT based on the right heart 
catheterization.

The myocardial strain of cardiac chambers may be a 
potential marker for a comprehensive multichamber function 
evaluation. Using the speckle-tracking echocardiography, 
four-chamber strain can be evaluated. When the mean and 
peak longitudinal strains are plotted in one graph, the rela-
tionship among four-chamber wall motions can be evalu-
ated, and a comprehensive functional assessment of the heart 
may become possible. If the strain ratios between ventricles 
and between atria, the abnormal wall motion and its compen-
satory mechanism may be analyzed feasibly [67].
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Fig. 36.7 A 47-year-old male complains resting dyspnea and chest dis-
comfort. The patient has suffered from Behçet’s disease, and valvulo-
plasties were performed 6  years ago. (a, b) Volume-rendered images 
along the left ventricular outflow tract reveal a well-functioning pros-
thetic aortic valve (arrows). Focal sinus of Valsalva aneurysm is noted 
(arrow heads) (c, d) Multiplanar longitudinal images show a well- 
functioning prosthetic mitral valve (arrows). (e, f) In four-chamber 
plane, left atrial dilatation and limited emptying are noted. Left ventricle 
(LV) shows dilatation. (g) The three-chamber function analysis report 
reveals upward shifting of all ventricular and left atrial time curves (right 
lower corner) suggesting chamber dilatation. LVEDVI(185), 
LVESVI(86), and LVMMI(95) are increased. LVEF [54] and PVR [5] 

are decreased. LVSVI and LVCI are not decreased. LAVImax(105) and 
LAVImin(84) are increased. The left atrial active pumping flow is not 
detected. The left atrial conduit flow volume seems to be increased with 
maintaining the fraction of reservoir volume. LAEFI [10] is decreased. 
The other functional parameters including right ventricle are within nor-
mal ranges. The prosthetic aortic and mitral valves are mechanically 
functioning well. However the left ventricle shows eccentric hypertro-
phy and dilatation with systolic dysfunction. Subsequently the left 
atrium dilates with systolic dysfunction. No left atrial active pumping 
function is detected suggesting the risk of atrial fibrillation. In conclu-
sion, a functional aortic valvular stenosis should be considered if active 
Behçet’s myocarditis can be excluded clinically

a b

c d
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 Summary

Based on the high spatial resolution and acceptable temporal 
resolution, cardiac CT provides reliable information about 
the function of the cardiac chambers. Since the functions of 
four cardiac chambers are interrelated, the functional abnor-
mality can be double checked by the adjacent chamber func-
tion. A functional compensatory mechanism among 
chambers can be evaluated. In addition, by analyzing the 
multiple chamber function simultaneously, a comprehensive 
global cardiac function can be evaluated.

The main expectation from current cardiac CT may com-
prise epicardial coronary arterial patency, the myocardial 
perfusion status, and the cardiac function as a circulation 
pump. The multichamber function evaluation will provide 
more valuable information about the cardiac performance in 
addition to CT coronary angiography. Based on the morpho- 
functional results, more reliable explanation about the 
patient’s discomfort will be possible.
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Diseases of the Myocardium 
and Pericardium

Ana Paula S. Lima and Karen G. Ordovas

Computed tomography images of the heart can be used 
 clinically for assessment of pericardial and myocardial dis-
eases. Delineation of a normal pericardium and characteriza-
tion of simple and complex pericardial collections can be 
performed with cardiac-gated CT. Several abnormalities of 
the myocardium can also be assessed with cardiac CT, par-
ticularly regarding cardiac morphology and perfusion, but 
also functional abnormalities. More commonly, myocardial 
diseases are identified as incidental findings on a chest CT 
for other clinical purposes and can aid to clinical manage-
ment and risk stratification.

 Pericardial Disease

 Pericardial Anatomy

The pericardium is composed of an inner visceral layer, 
attached to the myocardium and epicardial fat, and an outer 
parietal layer containing serous fluid, normally up to 
50  mL.  On CT studies, the normal pericardium is usually 
less than 2 mm thick and if greater than 4 mm is considered 
abnormal (Fig. 37.1).

At the pericardial insertion points, reflections of pericar-
dium are formed and may contain larger amount of serous 
fluid, the so-called sinuses and recesses. Two sinuses are 
formed by the pericardial reflections: the transvers sinus and 
the oblique sinus. The pericardial recesses are named the 
superior and inferior aortic recesses, left and right pulmonic 
recesses, posterior pericardial recess, left and right pulmo-
nary vein recesses, and postcaval recess.

Pericardial sinuses and recesses can be confused for 
lymphadenopathy and masses, and therefore knowledge of 
its normal appearance on cross-sectional images is essential. 
The posterior extension of the superior pericardial recess 
(Fig.  37.2) often mimics right paratracheal adenopathy, 
whereas the anterior extension can be confused with aortic 
intramural hematoma, adenopathy, or mediastinal mass. 
Another common pitfall is the pulmonary vein recesses, par-
ticularly on the right, which can be mistaken for lymphade-
nopathy or pulmonary nodules (Fig. 37.3).

 Pericardial Effusion

Accumulation of more than 50  ml of pericardial fluid is 
 considered pericardial effusion. Pericardial effusions can rep-
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resent transudate or exudate and have multiple mechanisms 
including inflammation, infection, trauma and iatrogenic insult.

The main role of cardiac CT in the assessment of pericar-
dial effusion is to differentiate simple from complex collec-
tions, to delineate the distribution of loculated effusions, and 
to guide interventional procedures.

Simple pericardial effusion (transudate) has a density 
close to water on CT (Fig. 37.4). Differentiation of transu-

date from exudates is not always possible based on imaging 
appearance alone. However, increased and heterogeneous 
fluid density and areas of nondependent collections suggest 
exudates (Fig. 37.5).

The characterization of a hemorrhagic effusion, known as 
hemopericardium, may be very important for guiding clini-
cal management. Hemopericardium can be seen in the set-
ting of malignancy, trauma, or aortic rupture, and the CT 

Fig. 37.2 Posterior aspect of the superior pericardial recess

Fig. 37.3 Pulmonary vein recesses

Fig. 37.4 Simple pericardial effusion

Fig. 37.5 Loculated pericardial effusion
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appearance depends on the age of the bleeding. Acute hemo-
pericardium has a high density on CT, whereas subacute 
hematomas present with a lower heterogeneous density 
(Fig. 37.6).

 Pericardial Tamponade

Pericardial tamponade is characterized by impaired diastolic 
relaxation and ventricular filling due to accumulation of peri-
cardial fluid that increases the intrapericardial pressure and 
causes an acute constrictive effect in the heart. Usually the 
hemodynamic effect is more pronounced on the lower pres-
sure right atrium and ventricle and can compromise the 
venous return and cardiac output.

The volume and rapidity of fluid accumulation within the 
pericardium will determine patients’ hemodynamic instabil-
ity. In the acute setting, a volume as low as 150–200 ml can 
lead to tamponade, whereas a gradual accumulation in a 
chronic situation allows the pericardium to accumulate more 
than 1 L of fluid without hemodynamic instability.

The method of choice to interrogate the presence of car-
diac tamponade is echocardiography. Cardiac CT showing a 
large effusion with compression of the right cardiac cham-
bers can be diagnostic in the correct clinical scenario and can 
indeed be the first indication of a life-threatening diagnosis 
(Fig. 37.7). In addition, very commonly cardiac CT can iden-
tify the cause for the bleeding and expedite patient’s clinical 
workup.

 Pericarditis

Pericarditis is characterized by inflammation of the pericar-
dial layers, usually without a definite etiology, but most com-
monly due to viral infections. Other conditions associated 
with pericarditis are thoracic radiation, collagen vascular 
diseases, uremia, myocardial infarction, and cardiac surgery. 
Tuberculosis is still a very common cause of pericarditis 
worldwide.

The classical clinical presentation of pericarditis is sharp 
and positional chest pain, often preceded by viral illness, dif-
fuse ST segment elevation on ECG, and pericardial friction 
rub on physical examination.

The most common cardiac CT finding of pericarditis is 
pericardial thickening and enhancement, which is usually 
accompanied by effusion. Rarely, increased density of the 
epicardial and pericardial fat can be visualized. Pericardial 
enhancement is better appreciated in a late venous phase, 
usually more than 75 s after contrast injection (Fig. 37.8).

The presence of pericardial calcification and adhesions 
are suggestive of a chronic pericarditis and can be clearly 
delineate in a cardiac CT.

 Constrictive Pericarditis

Patients with chronic pericarditis may develop pericardial 
fibrosis that impairs ventricular relaxation and leads to heart 
failure, a condition called constrictive pericarditis. Although 
many conditions can lead to constrictive pericarditis, the 

Fig. 37.6 Hemopericardium Fig. 37.7 Cardiac tamponade
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probability of this complication is related to the etiology and 
is high in bacterial pericarditis (20–30%), intermediate in 
immune-mediated and neoplastic pericarditis (2–5%), and 
low in viral pericarditis (<1%) [1].

Whereas in developing countries tuberculosis remains the 
main cause of constrictive pericarditis, the most common 
pericardial constriction insult in Europe and North America 
is cardiac surgery.

Constrictive pericarditis may have a subacute presenta-
tion or a more chronic and insidious clinical presentation 
with typical symptoms of dyspnea on exertion, fatigue, lower 
extremity swelling, and hepatic congestion. Occasionally, 
clinical presentation is atypical with symptoms resembling 
those of primary liver disease [2].

The most common type of constrictive pericarditis is the 
chronic fibrous type, characterized by thick fibrous pericar-
dium, with calcifications in approximately 30% of the cases, 
which usually involve the atrioventricular grooves. Additional 
types of constrictive pericarditis include acute inflammatory, 
effusive-constrictive, and adhesive [3].

Echocardiography is often the first imaging test per-
formed for evaluation of constrictive pericarditis, and classi-
cally demonstrates preserved left ventricular contractility, 
and signs of ventricular interdependence such as an early 
diastolic ventricular septal bounce. However, very rarely 
echocardiography is able to document the presence of peri-
cardial thickening.

Cardiac CT is an excellent method to evaluate the pericar-
dium in its entirety and to detect the presence of calcification 
(Fig. 37.9). Pericardial thickening of 4 mm or greater in a 

patient with constrictive/restrictive physiology is highly sug-
gestive of constrictive pericarditis, and the specificity 
increases when thickness is greater than 6 mm. In approxi-
mately 20% of the cases, constrictive pericarditis is seen in 
the absence of a thick pericardium [3].

Additional morphologic abnormalities seen on cardiac CT 
are enlargement of the atria and, in advanced disease, narrow-
ing and elongation of ventricles. Dilatation of the inferior vena 
cava and hepatic veins can also be seen. Contrast enhancement 
on late venous phases and large pericardial effusion suggests 
the inflammatory and effusive subtypes, respectively, whereas 
thick adhesions between the pericardial layers are characteris-
tics of adhesive subtype of constrictive pericarditis. Although 
a retrospectively gated cardiac CT can demonstrate an early 
diastolic septal bounce, echocardiography and cardiac MRI 
are better methods to identify this abnormality.

 Myocardium

 CT as a Primary Tool for Myocardial Diseases

CT is rarely used as the primary technique for evaluation of 
myocardial diseases. However, evaluation of the myocar-
dium is frequently performed in a comprehensive cardiac CT 
for ischemic heart disease assessment. Although coronary 
imaging is the most important application of CT in the 
assessment of cardiac diseases, modern scanners allow for 
visualization of perfusion defects and myocardial contrac-
tion abnormalities that can be used to characterize the hemo-

Fig. 37.8 Pericarditis with pericardial enhancement
Fig. 37.9 Pericardial calcification and atrial enlargement in constric-
tive pericarditis
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dynamic significance of coronary lesions. In addition, 
delayed cardiac CT images can demonstrate areas of delayed 
myocardial enhancement that have been shown to correlate 
with the presence of myocardial scar and irreversible myo-
cardial injury. Detailed discussion of the use of cardiac CT 
for myocardial perfusion and viability are discussed on a 
dedicated chapter of this book.

In patients with nonischemic myocardial disease, cardiac 
CT can provide additional information to echocardiography 
particularly in patients with hypertrophic cardiomyopathy. 
Cross-sectional imaging is commonly used in HCM patients 
to characterize the distribution and quantify the severity of 
myocardial hypertrophy, which could aid in risk stratifica-
tion and guide therapy decisions (Fig. 37.10). It can also help 
differentiate between severe myocardial hypertrophy and 
myocardial mass. In patients with dilated cardiomyopathy, 
cardiac CT can provide precise quantification of ventricular 
volumes and function, which can be challenging for echocar-
diography when ventricular volumes are very large 
(Fig. 37.11). A common cardiac CT application in patients 
with dilated cardiomyopathy is assessment of ventricular 
thrombi suspected on echocardiography evaluation.

 Incidental Cardiac CT Findings on Chest CT

Very commonly myocardial abnormalities are seen as inci-
dental findings on chest CT or coronary CT studies and may 
in fact be important for establishing the diagnosis and 
informing patient management.

 Calcifications
Myocardial calcifications can be easily identified on chest 
CT examinations and usually indicate sequela of a previous 
myocardial insult [4]. The most common type of myocardial 
calcification seen on CT are dystrophic calcifications within 
areas of necrotic scar due to an old myocardial infarction, 
which are usually subendocardial following a coronary terri-
tory (Fig. 37.12). Frequently, the presence of myocardial cal-
cification is diagnostic of an old myocardial infarction which 
may be unknown to the patient and the medical team and 
would indicate the need for secondary prevention measures. 
Myocardial calcifications can also result from previous myo-
carditis, trauma, or iatrogenic injuries. Rarely, metastatic 
myocardial calcifications may occur in the setting of impaired 
calcium-phosphorus metabolism, usually in patients with 
chronic renal failure or hyperparathyroidism [5].

 Wall Thinning and Aneurysm
Similar to myocardial calcifications, the presence of myocar-
dial wall thinning reflects the presence of a previous insult to 
the cardiac muscle, which can be ischemic or nonischemic in 
etiology. Areas of wall thinning that match a coronary terri-
tory are classically due to sequel of a chronic myocardial 
infarction (Fig. 37.13). Diffuse myocardial wall thinning can 
be seen in the setting of dilated cardiomyopathy from several 
etiologies. Retrospectively cardiac-gated CT examinations 
can aid in functional characterization of areas of myocardial 
thinning. This functional assessment can be particularly use-
ful in differentiating normal apical thinning, which should 

Fig. 37.10 Apical type of hypertrophic cardiomyopathy

Fig. 37.11 Dilated cardiomyopathy on non-gated cardiac CT
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show normal contractility, from an apical myocardial 
 infarction [6].

When associated with outpouching of the ventricular 
walls in diastole, areas of wall thinning are characteristic of 
ventricular aneurysms. Detection of ventricular aneurysms 
may have a significant impact in clinical management as they 
are associated with increased risk of cardiovascular morbid-

ity and mortality. True ventricular aneurysms usually involve 
the left apical and anterolateral walls and have a wide point 
of attachment with the chamber. These aneurysms increase 
the risk of thrombus formation and consequent embolic 
events. False ventricular aneurysms are most commonly seen 
in the diaphragmatic surface of the ventricle and impose a 
high risk of cardiac rupture, characterizing a cardiac urgency.

 Hypoperfusion
In patients with an old myocardial infarction or myocardial 
ischemia at rest, areas of decreased subendocardial perfusion 
can be identified in cardiac CT and chest CT scans. This 
finding is particularly meaningful if matching the coronary 
territory of a vessel with evidence of atherosclerotic disease 
(Fig. 37.14). Although perfusion defects are easily identifi-
able in cardiac-gated CT for coronary artery disease evalua-
tion, incidental areas of subendocardial perfusion 
abnormalities may be visualized on non-gate chest CT 
angiograms for pulmonary artery or aorta investigation. 
However, non-gated chest CT studies have a greater potential 
to be affected by motion and hard beaming artifact, which 
could limit the assessment of subendocardial perfusion 
defects [7].

 Conclusion

Cardiac CT has great utility for evaluation of pericardia dis-
eases, particularly as an aid to echocardiography in charac-
terizing complex collections, loculation, and pericardial 

a b

Fig. 37.12 (a, b) Myocardial calcification due to old myocardial infarction

Fig. 37.13 Left ventricular wall thinning with associated calcification
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constriction. Cardiac and chest CT can characterize ischemic 
myocardial injury as an area of wall thinning, aneurysm, 
abnormal contractility, impaired perfusion, and calcifica-
tions. More commonly, these myocardial abnormalities are 
incidental findings on a non-gated chest CT and could pro-
vide important insight for patients’ diagnosis and 
management.
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CT of Cardiac and Paracardiac Masses

Harold Goerne and Prabhakar Rajiah

There is a broad spectrum of cardiac and paracardiac masses, 
which includes nonneoplastic as well as neoplastic lesions, 
both benign and malignant lesions. Paracardiac masses such 
as those involving the esophagus, tracheobronchial tree, 
lungs, pericardium, diaphragm, and lymph nodes are more 
common than the cardiac masses. The most common cardiac 
mass is a thrombus. The most common neoplastic lesion to 
involve the heart is metastasis, which is 20–40 times more 
common than primary neoplasms [1]. While the overall prev-
alence of cardiac metastasis is 1.23% [2], primary cardiac 
neoplasms have a prevalence of 0.001–0.056% [2, 3]. In 
adults, 75% of the primary cardiac neoplasms are benign, 
with myxoma being the most common (45–50%) type, fol-
lowed by fibroelastoma (15%), lipoma (5–10%), and fibroma 
(2–4%). The most common primary cardiac malignancy is 
angiosarcoma (10%), followed by sarcomas with myoblastic 
or fibroblastic differentiation (5%) and rhabdomyosarcoma 
(2–5%) [4, 5]. Pediatric cardiac neoplasms are usually 
benign (90%) [6, 7], with rhabdomyoma (70%) being the 
most common neoplasm followed by fibroma (10%) [7, 8]. 
Malignant tumors are extremely rare in children, most of 
which are sarcomas, followed by lymphoma. The clinical 
manifestations of cardiac masses depend on the pathology 
and other features. Even benign cardiac neoplasms can be 
life-threatening depending on their location, size, and move-
ment due to hemodynamic compromise, arrhythmia, or 
thromboembolism [9]. In addition, there are several normal 
variants that may mimic masses.

In this chapter, we review the role of computed tomogra-
phy (CT) in the evaluation of cardiac masses, CT protocols, 
and the imaging appearances of common and uncommon 
cardiac and paracardiac masses.

 Imaging of Cardiac Masses

Imaging plays an important role in the evaluation of cardiac 
masses, since most of these are not amenable to biopsy due 
to their location and there is high risk of complications. 
Imaging is necessary to confirm the mass; determine the 
exact location, extension, and relationships; distinguish 
benign and malignant lesions, although a precise diagnosis 
is not always possible [4]; identify masses at risk of embo-
lism and obstruction; and determine management options 
including biopsy, surgery, and serial follow-up. There are 
several imaging options available including echocardiogra-
phy, magnetic resonance imaging (MRI), CT, and nuclear 
medicine. Transthoracic echocardiogram (TTE) is often the 
first imaging modality used in the evaluation of cardiac 
mass, with a mass often incidentally detected in this modal-
ity. It is widely available, inexpensive, and portable, has 
excellent temporal and good spatial resolutions, and can be 
performed in hemodynamically unstable patients, and there 
is no radiation exposure. However, it is operator-dependent, 
limited in patients with poor acoustic windows, and limited 
in imaging certain parts of the heart such as the right ven-
tricle and apical regions, has limited field of view to image 
extracardiac structures, and does not have tissue character-
ization capabilities [10]. Transesophageal echocardiogram 
(TEE) can be used to overcome some of these limitations, 
particularly improving the spatial resolution, but is an inva-
sive method [4]. MRI is an important modality in the evalu-
ation of cardiac masses. It has excellent spatial and good 
temporal resolution, wide field of view, multiplanar imaging 
capabilities, and also tissue characterization capabilities, 
primarily due to inherent soft tissue contrast which can be 
augmented by several sequences and contrast administra-
tion, which help in distinguishing normal myocardium, 
fluid, edema, fat, fibrosis, and hemorrhage. Disadvantages 
of MRI include long acquisition times (30 min–1 h.), lim-
ited availability, need for higher technical expertise, inabil-
ity to perform in hemodynamically unstable patients, and 
contraindications including claustrophobia, several cardiac 
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devices, and severe renal dysfunction [4]. Nuclear medicine 
techniques, primarily 18F-FDG-PET scan, are useful in 
assessing the metabolic activity of cardiac lesions, which 
helps in distinguishing benign from malignant lesions, stag-
ing of malignant lesions, and assessing response to therapy. 
Nuclear medicine techniques are associated with radiation 
and have lower spatial resolution.

 CT in Cardiac Masses

CT has emerged as an important imaging modality in the 
evaluation of cardiac and paracardiac neoplasms. CT has 
several advantages including wide availability and rapid 
acquisition time. The excellent isotropic spatial resolution 
and multiplanar reconstruction capabilities of CT enable 
excellent, three-dimensional rendering of the masses, which 
is essential for surgical planning. The wide field of view of 
CT enables visualization of paracardiac and other extracar-
diac structures, which is essential for staging malignancies. 
CT is primarily used in the evaluation of cardiac masses in 
patients who cannot have MRI scan due to contraindications. 
It is also useful in specific situations where MRI or echocar-
diography cannot provide optimal information, for instance, 
the presence of calcification or evaluation of vascular supply 
of tumors. CT can also provide functional dynamic informa-
tion. The principal disadvantages of CT are the use of ioniz-
ing radiation with its theoretical risks and iodinated contrast 
media which is associated with nephrotoxicity in patients 
with renal dysfunction.

 CT Protocol

The cardiac CT protocol should be customized based on the 
specific clinical question, type, and location of the mass. All 
scans are performed with ECG gating to minimize cardiac 
motion. Prospective ECG triggering is the default mode due 
to lower radiation exposure, but retrospective ECG gating is 
recommended if ventricular functional estimation, mass 
mobility, and valvular motion need to be evaluated. It is also 
opted if coronary arteries are evaluated in patients with high 
or irregular heart rates. The radiation dose is higher for a 
retrospective gated mode, but it can be minimized by using 
ECG-based tube current modulation [4]. Usually, there is no 
need for beta-blocker and nitroglycerine predication for the 
evaluation of cardiac masses. The tube voltage and current 
are selected based on patient size. The scan range depends 
on the localization and extent of the mass. Occasionally the 
total extent of the mass may be seen only after the study, and 

hence a longer scan range may be necessary in such patients. 
For cardiac masses, it is advantageous to use a triphasic 
injection protocol which enables visualization of all the 
 cardiac chambers as well as reduction of streak artifacts in 
the SVC and right atrium. This involves initial contrast 
injection at flow rate of 5–7 ml/s to opacify the left heart, 
followed by either a contrast injection at a slower rate of 
2–4  ml/s or injection of a mixture of contrast and saline 
(50:50 or 60:40 ratio) at same flow rate of 5-7 ml/s to opacify 
the right heart and finally by saline bolus injection to mini-
mize streak artifact. Additional non-contrast phase may be 
acquired if there is a concern of calcification, and a delayed 
phase may be acquired if there is a need for distinguishing 
thrombus from slow flow or for delayed enhancement. 
Images are reconstructed at submillimeter thickness (0.5–
0.75 mm), with small field of view (200–250 mm) for the 
heart. In addition, full field-of-view 2 × 1 mm axial images, 
2 × 2 mm coronal and sagittal multiplanar images, and 7 × 
2 mm MIP axial images are reconstructed for the evaluation 
of lungs and other thoracic structures. With retrospective 
ECG-gated acquisitions, cine images of the heart can then 
be reconstructed in any desired plane.

 Approach to Cardiac Masses

The first step in evaluation of a cardiac mass is to determine 
if it is a normal variant or a real mass. There are several nor-
mal variants discussed in detail below, which occur in char-
acteristic locations with characteristic appearance. Awareness 
of these normal variants will prevent misdiagnosis as a car-
diac mass. For masses, further determination includes if it is 
a nonneoplastic or neoplastic lesion, more particularly dis-
tinguishing benign from malignant lesion. Age, gender, 
symptoms, and other clinical history are important in helping 
to make this distinction. For instance, a mass adjacent to an 
akinetic segment in a patient with prior history of myocardial 
infarction is highly suggestive of a thrombus. A cardiac mass 
in a patient with known primary malignancy should alert the 
possibility of metastasis. There are several imaging features 
that help in distinguishing benign from malignant lesions. 
Some features of benign lesions are:

More common on the left; Smaller in size; Smooth, well-
defined margins; Involvement of one compartment/chamber; 
No invasive features; May have a pedicle; No feeding artery; 
Calcification is rare; Pericardial effusion and metastasis are 
not seen.

Features of malignant lesions are; More common in the 
right, especially the atrium; Larger in size; Ill-defined, 
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lobulated, invasive, and infiltrative margins; Involvement 
of multiple chambers or compartments (myocardium, peri-
cardium, extracardiac); Broad base of attachment; Feeding 
artery may be present; Calcification may be seen in osteo-
sarcoma; Pericardial effusion and metastasis may be seen.

 Normal Variants

 Prominent Crista Terminalis

Crista terminalis is a fibromuscular ridge located in the 
inner posterior aspect of the right atrium (RA), which 
divides this chamber into a trabeculated anterolateral wall 
and a smooth posterior wall [11]. Crista terminalis repre-
sents the junction of embryological primitive right atrium 
and sinus venosus and is caused by regression of the septum 
spurium, while the sinus venosus is incorporated into the 
right atrial wall. This regression shows a wide range of vari-
ations and can be prominent [12]. A prominent crista termi-
nalis is one of the most common anatomical variants, which 
can mimic atrial neoplasm, thrombus, or vegetation [13]. On 
CT, it is seen as a linear and well-defined filling defect in the 
posterior wall of the right atrium (Fig. 38.1), which crosses 
the atrial wall from superior to inferior, with smooth borders 
and similar attenuation as that of the atrial wall with no con-
trast enhancement, which is well appreciated in four-cham-
ber and axial planes.

 Persistent Eustachian Valve

Eustachian valve is located at the junction between the infe-
rior vena cava (IVC) and right atrium (RA) and directs oxy-
genated blood flow from the IVC toward the foramen ovale 
during fetal life [14]. After birth, with the closure of foramen 
ovale, the valve tends to regress as it has no specific function 
[15]. However, this valve can occasionally persist until adult 
life and when prominent, can be mistaken for mass on echo-
cardiography. On CT, it is easy to recognize this variant, 
whose features depend on the size of the valve and can either 
be rigid and elongated or an undulating membrane [16]. 
Thebesian valve is located at the junction between the coro-
nary sinus and RA.

 Chiari Network

The Chiari network is a reticulum of fibers resembling a 
web located in the right atrium, between the Eustachian and 

Thebesian valves and the crista terminalis [17]. It is 
believed to be caused by incomplete resorption of the right 
side of the sinus venosus valve [17, 18]. The estimated 
prevalence is about 2% [17, 19] and is often detected inci-
dentally in imaging, particularly echocardiogram. A patent 
foramen ovale is present in 83% of cases [17], with higher 
prevalence of atrial septal aneurysm and paradoxical embo-
lism [18]. CT plays a role when echocardiogram is incon-
clusive and differential diagnosis such as thrombus or cor 
triatriatum dexter is considered. On CT, the network is hard 
to visualize when there is heterogeneous contrast in the 
right atrium.

 Left Lateral Ridge

Left lateral ridge is located in the left atrium (LA) between 
the left superior pulmonary vein and left atrial appendage 
(LAA) [20]. This ridge is also called the Coumadin/warfa-
rin ridge because it used to be often mistaken for thrombus 
and anticoagulation therapy was initiated. This is also 
called the ligament of Marshall and contains the oblique 
vein of Marshall, which is an embryological remnant of a 
left superior vena cava that drains into the coronary sinus 

Fig. 38.1 Prominent crista terminalis. Axial CT scan shows a focal 
protrusion from the posterolateral aspect of the right atrium (arrow), 
characteristic of a prominent crista terminalis
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[21, 22]. On CT, it is easy to recognize this structure, since 
it usually has a rounded tip that gives a pedunculated 
appearance (Fig. 38.2).

 Nonneoplastic Masses

 Thrombus

Thrombus is the most common intracardiac mass [23]. 
Predisposing factors include wall motion abnormalities 
(myocardial infarction/dilated cardiomyopathy), atrial fibril-
lation, intracardiac devices, and hypercoagulable states [3]. 
Thrombus is most common in the left heart chambers. Left 
atrial thrombus is associated with atrial fibrillation and mitral 
valvular abnormalities and is most commonly seen in the pos-
terior wall or the atrial appendage. On CT, thrombus is seen 
as a round or oval filling defect with low attenuation 
(Fig. 38.3). A left atrial appendage thrombus is often difficult 
to distinguish from contrast admixture. An attenuation thresh-
old of 65 HU has sensitivity, specificity, and positive and 
negative predictive values of 94%, 97%, 94%, and 97%, 
respectively, in the diagnosis of thrombus [24]. Other studies 
have shown that there is no significant difference in the mean 
CT numbers of thrombus and slow flow (91.7 ± 11.6 HU vs. 
85.2 ± 10.9 HU, respectively, P = 0.241), but the mean iodine 
concentration (mg/ml) as measured in a dual-energy CT is 
significantly different (3.53 ± 0.72 vs. 1.37 ± 0.31, respec-
tively, P < 0.001) [25]. Ratio of left atrial appendage attenua-
tion/ascending aorta of >0.75 has 100% negative predictive 
value in excluding thrombus [26]. A delayed phase (30 s from 
early phase) can distinguish slow flow from thrombus since a 

Fig. 38.2 Coumadin ridge. Axial CT scan shows a prominent ridge 
between the left superior pulmonary vein and the body of the left 
atrium, which is consistent with a Coumadin ridge (arrow)

a b

Fig. 38.3 Thrombus. (a) Axial CT shows a hypoattenuating filling 
defect in the left atrial appendage (arrow) consistent with a thrombus. 
(b) Four-chamber CT reconstruction shows a small hypoattenuating 

filling defect in the LV apex (arrow), consistent with a fresh thrombus. 
Note the subendocardial hypoattenuation in the apex related to hypo-
perfusion due to prior infarction (arrowhead)
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thrombus is present in both the phases with low attenuation, 
but contrast admixture is present only in the early phase 
(Fig. 38.4) [10]. Also, in the late phase, the left atrial append-
age/ascending aorta attenuation ratio is lower in thrombus 
(0.29HU  ±  0.12) than circulatory stasis (0.85 HU  ±  0.12) 
[27]. Thrombus in the left ventricle has a crescentic shape 
with broad base and low attenuation but in some cases can be 
pedunculated [3]. It is closely associated with wall motion 
abnormalities. In the right chambers, thrombus is associated 
with central catheters or deep vein thrombosis and should be 
considered pulmonary emboli in transit [23]. Other causes 
include ARVD, Behcet’s disease, metastases, and trauma. 
Chronic thrombus can be calcified and occasionally show 
some contrast enhancement due to vascularization (Fig. 38.5). 
Thrombus should also be distinguished from neoplasms such 
as myxoma. Features in favor of thrombus are - more com-
mon in ventricles than atria; common in left atrial appendage 
when located in the left atrium; smaller in size; rarely mobile 
or prolapsing; polypoidal; may be calcified; and no contrast 
enhancement. Features in favor of myxoma are - more com-
mon in the left atrium; particularly attached to the fossa ova-
lis, larger in size; villous or polypoid; usually pedunculated 

a b

Fig. 38.4 Contrast admixture. (a) Axial CT scan shows a hypoattenu-
ating filling defect in the left atrial appendage, which has an attenuation 
of 44.8 HU in the arterial phase (arrow). This could be either due to 
thrombus or contrast admixture. (b) Delayed phase axial CT scan in the 
same patient shows homogeneous opacification of the left atrial append-

age with disappearance of the previously seen hypoattenuation. The 
mean attenuation in the delayed phase is 115 HU, and the left atrial 
appendage/ascending aorta ratio is 0.9. All these indicate that this is 
contrast admixture and not a thrombus

Fig. 38.5 Chronic thrombus. Axial CT scan shows a densely calcified 
chronic thrombus (arrow) in the right atrium
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and mobile; may prolapse into AV valve; rarely calcified; and 
shows variable contrast enhancement [10, 27].

 Lipomatous Hypertrophy of Interatrial Septum

Lipomatous hypertrophy of interatrial septum (LHIS) is a 
rare (1–8%) condition [28, 29] characterized by abnormal 
fatty deposition in the interatrial groove and inferior pyrami-
dal space, which lies between the atrial walls surrounding the 
fossa ovalis (true septum) [30–32]. Although the exact etiol-
ogy is not known, it is more common in obese patients with 
a high amount of epicardial fat and hence likely a metabolic 
condition. Histologically, there is increase in the number of 
adipocytes (hyperplasia) [33], both mature adipocytes and 
fetal fat cells (brown fat). Hypertrophy has also been shown 
[34, 35]. There is no capsule and hence this is not a true 
lipoma [29, 35]. On CT, there is increased thickness of inter-
atrial septum >2 cm [32, 33, 35], with fat attenuation and the 
pathognomonic “dumbbell” shape that spares the fossa ova-
lis, which is devoid of fat (Fig. 38.6). The fat is contiguous 
with the epicardial fat, and the thickening is more extensive 
in cephalad than caudad region. There is no contrast enhance-
ment, but this area shows uptake in FDG-PET scan, probably 
due to the presence of brown fat [29] or inflammation [32]. 
Occasionally, accumulation of fat can be extensive and may 
obstruct the right atrial inflow [32].

 Caseous Mitral Annular Calcification

Caseous mitral annular calcification (CMAC) is a rare type 
of mitral annular calcification (MAC), with an estimated 
incidence of 2.7% of MAC [36], that is caused by degenera-
tion and liquefaction necrosis, resulting in peripheral dense 
calcifications and central caseous admixture of liquid cal-
cium, fatty acids, and cholesterol [37, 38]. It is more  prevalent 
in elderly patients and in hypertension [39]. It can result in 
abnormal mitral flow, bradyarrhythmia, and AV blocks [39]. 
It is more common in the posterior mitral annulus and seen 
as a focal ovoid mass with a “shell” of peripheral calcifica-
tion (>500 HU) with a slightly less hyperattenuating central 
component (350–500 HU) that represents the liquefied state 
[37, 39] (Fig. 38.7). There is no contrast enhancement, which 
distinguishes caseous MAC from neoplasm and abscess. 
Calcification also distinguishes it from abscess [40].

 Pericardial Cyst

Pericardial cyst is a congenital abnormality caused by a 
pinched-off portion of the pericardium during development 
[41]. The wall of the cyst is composed of a thin layer of 
fibrous tissue and a single layer of mesothelial cells [42, 43]. 
It is most commonly (80%) seen in the right anterior 
 cardiophrenic angle [44]. It is usually asymptomatic and 

Fig. 38.6 Lipomatous hypertrophy of interatrial septum. Axial CT 
scan shows fatty infiltration of interatrial septum with sparing of the 
fossa ovalis (arrow), characteristic of lipomatous hypertrophy of the 
interatrial septum

Fig. 38.7 Caseous MAC. Short-axis CT image shows coarse circum-
ferential calcification of mitral annulus and heterogeneous lower- 
density central core with associated mass effect, consistent with caseous 
mitral annular calcification (arrow)
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incidentally encountered in imaging but may occasionally 
present with chest pain or dyspnea. On CT, it is seen as a 
well-defined unilocular lesion with smooth border and 
homogenous density similar to water (−10 to 10 HU) 
(Fig. 38.8). Higher attenuation may be seen with infection or 
hemorrhage, and there is no contrast enhancement. 
Differential diagnosis includes other cystic mediastinal 
lesions, including bronchogenic cyst, esophageal duplication 
cyst, neurenteric cyst, thymic cyst, intrathoracic meningo-
cele, mature cystic teratoma, and lymphangioma [43], which 
can be distinguished based on location. For example, dupli-
cation cyst is located adjacent to the esophagus, usually in a 
cervical location, and bronchogenic cyst is located around 
the carina, whereas a pericardial cyst is characteristically 
seen in the cardiophrenic angle. If the cyst communicates 
with the pericardial sac, it is then called a diverticulum.

 Bronchogenic Cyst

Bronchogenic cyst is a congenital lesion resulting from 
abnormal budding of the embryonic ventral foregut [45].The 
wall of the cyst resembles the tracheobronchial epithelium, 
i.e., pseudostratified columnar respiratory epithelium, with 
variable amounts of smooth muscle, mucous glands, and car-
tilage [43]. It is most commonly seen in the mediastinum 
(85%) [45], usually adjacent to the carina or along the tra-
cheobronchial tree. It can also be seen in lungs and rarely in 
other locations such as interatrial septum or in cardiac cham-

bers [46–48]. On CT, it is seen as a well-defined thin-walled 
unilocular spherical lesion. The content is usually serous 
with attenuation similar to water, but occasionally it can be 
complex with soft tissue attenuation making it difficult to be 
distinguished from soft tissue mass. Air may be seen inside 
the cyst either due to infection or communication with tra-
cheobronchial tree. There is no contrast enhancement of the 
cyst content, but the wall may enhance. It is usually asymp-
tomatic but may produce symptoms when large due to com-
pression of adjacent structures.

 Hiatal Hernia

Hiatal hernia is a protrusion of the stomach into the thoracic 
cavity, with four reported types. Type I (sliding hernia) is the 
most common (85%), where the gastric cardia slides up into 
the posterior mediastinum [49]. Types II, III, and IV repre-
sent paraesophageal hernias, in which a part of the stomach 
lies anterior or lateral to the esophagus. In Type II, the GE 
junction remains in its normal position. Type III is a mixed 
hernia with features of Types I and II.  Type IV is a giant 
paraesophageal hernia with one-third to one-half of the 
stomach protruding into the thoracic cavity [49]. It is com-
mon in patients >50  years. When large, hiatal hernia may 
produce posterior indentation of the left atrium and may be 
confused with a mass in echocardiogram. It is easy to iden-
tify in radiograph and barium swallow, but sometimes CT 
scan (Fig. 38.9) is required for establishing the diagnosis and 
distinguishing other sinister lesions in the posterior medias-
tinum. Gastric folds are seen within the hiatal hernia.

 Other Nonneoplastic Masses

Coronary artery aneurysms and pseudoaneurysms can pro-
duce mass effect on the heart. Coronary artery aneurysm 
refers to a focal dilatation that is at least 1.5 times the normal 
diameter of the coronary artery and involves less than 50% of 
its length [50]. The most common cause of coronary aneu-
rysm is atherosclerosis in adults and Kawasaki disease in 
childhood, with other causes including inflammatory disor-
ders, connective tissue diseases, mycotic aneurysm, congeni-
tal (ALCAPA) or trauma/iatrogenic [50]. A giant coronary 
artery aneurysm can be seen with luminal thrombosis. CT is 
used in the diagnosis as well as establishment of relationship 
with adjacent structures (Fig.  38.10a). Pseudoaneurysms 
with or without luminal thrombus may also mimic a cardiac 
mass (Fig. 38.10b). Coronary artery bypass graft aneurysm 
can also produce mass effect on the heart. These are related to 
accelerated atherosclerosis, seen after 5 years of bypass sur-
gery [51], whereas pseudoaneurysms may be present after 
6  months, especially in the anastomotic sites [51]. 
Complications of CABG aneurysm include thrombosis, fistu-

Fig. 38.8 Pericardial cyst. Axial CT scan shows a well-defined, uni-
locular, thin-walled, homogeneous cystic mass in the right cardio-
phrenic angle (arrow) in continuity with pericardium, consistent with a 
pericardial cyst
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las, and myocardial infarction. Interatrial septal aneurysm is 
a focal saccular deformity in the region of fossa ovalis caused 
by mobile interatrial tissue. It is diagnosed when the maximal 
septal excursion into either atrium is >1.5 cm. It is associated 
with a patent foramen ovale in 33% and ASD in 19%. 
Although increased risk of stroke has been reported in patients 
with atrial septal aneurysm and PFO, recent studies have 
shown no increased risk [52]. Vegetations of cardiac valves 
are seen in infective endocarditis. Predisposing factors 
include endocardial damage, prosthetic material, bacteremia, 
and congenital heart disease. The most common etiological 
agents are Staphylococcus aureus (31%) and Streptococcus 
viridans (17%) [53]. On CT, vegetation is seen as an irregu-
lar- or round-shaped hypoattenuating mass attached to a car-
diac valve (Fig. 38.10c), usually in the low pressure side of 
the valve or in the subvalvular apparatus or in the ascending 
aorta. The motion of the vegetation and valvular dysfunction 
can be evaluated in retrospective gated cine images [54].

 Benign Neoplasms

 Myxoma

Myxoma is the most common primary cardiac neoplasm, 
accounting for 50% of these neoplasms. It is more common 
in women and those between 30 and 60  years [3]. The 
majority (60%) originate in the left atrium [55], typically 
from the fossa ovalis with a small pedicle or stalk. It can 

also be seen in the free wall of atrium, AV valve, or ventri-
cle. Multiple myxomas are seen in 10% of cases, more 
common in younger men and those with familial syn-
dromes. In Carney syndrome, myxomas often occur outside 
the left atrium and have higher recurrence rates [56]. 
Pathologically, myxoma is composed of myxoid stromal 
cells. There are two anatomical types, solid and papillary, 
with the former having firm and the latter having a friable 
gelatinous consistence [57]. The clinical manifestations 
depend on the type and size of the tumor, with the solid 
type producing obstruction of flow at AV valve and conges-
tive cardiac failure, whereas the papillary type produces 
embolic/neurologic symptoms [57]. Fever, malaise, and 
weight loss may also be seen. Systemic emboli may be seen 
as a complication of left atrial myxomas, with most of them 
located in the central nervous system. Malignant behavior 
has been reported, characterized by recurrence, locally 
invasive features, extension outside heart and distal metas-
tasis [58]. This has been shown to be faciliated by several 
cytokines and growth factors [58]. On CT, myxoma typi-
cally has round or ovoid shape and lobular or smooth bor-
ders with a narrow pedicle in 2/3 (Fig.  38.11a) and 
broad- based villous appearance in 1/3 [3] (Fig.  38.11b). 
Heterogeneous attenuation is seen. Calcifications are rare, 
more common in right atrial lesions. Heterogeneous con-
trast enhancement is seen in a small number of cases [55]. 
CT shows the motion and change in position of the mass, 
 particularly prolapse of the mass into the ventricle 
(Fig. 38.11c), which is essential for surgical planning.

a b

Fig. 38.9 Hiatal hernia. (a) Axial CT scan in a patient with suspected 
left atrial mass in echocardiogram shows indentation of posterior wall 
of the left atrium by a large hiatal hernia (arrow). (b) Short-axis CT 

reconstruction in another patient shows a paraesophageal hernia Type 
III (arrow) that displaces the left atrium and coronary sinus (arrowhead) 
cranially

H. Goerne and P. Rajiah



459

 Fibroelastoma

Papillary fibroelastoma is the second most common primary 
neoplasm of the heart [4, 59, 60]. It can occur at any age but 
is more common in middle age and older adults with no sex 
predilection. The tumor usually is small in size (usually 
<2  cm) and has a cauliflower shape with a small stalk 

attached to the endocardial surface. Histologically, there is 
an avascular matrix of connective tissue composed of proteo-
glycans, collagen, and elastic fibers surrounded by a layer of 
hypertrophied endothelial cells [61]. Almost 80% of fibro-
elastomas are located in the surface of a valve [62], with pre-
dilection for aortic and mitral valves, usually in the 
non-ventricular surface, sparing the leaflet tips. However, it 

a

c

b

Fig. 38.10 Nonneoplastic masses. (a) Coronary aneurysm. Coronal 
CT reconstruction shows a giant right coronary aneurysm measuring up 
to 10 cm in diameter (arrow) that is producing extrinsic impression on 
the right ventricle. Note the diffuse and irregular dilatation in the proxi-
mal segment of RCA (arrowhead). (b) Pseudoaneurysm. Three- 
chamber CT reconstruction in another patient shows a partially 

thrombosed pseudoaneurysm (arrow) as a complication of endocarditis 
in prosthetic aortic valve (arrowhead). (c) Vegetation. Coronal CT 
reconstruction shows a linear and irregular mass related to a vegetation 
(arrow) in the ventricular aspect of the right leaflet of aortic valve in a 
patient with endocarditis
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can occur in other locations such the chordae tendineae, LV 
apex, or LVOT. The friable composition of this tumor is a 
risk factor for rupture and embolic disease, and eventually it 
can obstruct one of the coronary ostia, resulting in angina 
[62]. Usually the diagnosis is made by echocardiogram, due 
to the small size and mobility. On CT, it appears as a small, 
homogeneous hypoattenuating mass with a thin stalk that is 
attached to the valve, sparing the free edges (Fig.  38.12). 
Lesions have been reported up to 70 mm [10]. Differential 
diagnosis includes vegetation, thrombus, Lambl’s excres-

cences (fibrous strands at sites of valve closure), and hyper-
trophy of Arantius nodules (seen at free margin of aortic 
valve cusps). Vegetations are irregular with valvular destruc-
tion and systemic signs and symptoms. Usually fibroelas-
toma arises in the midportion of the leaflet, whereas the 
Lambl’s excrescence arises from the line of closure [63]. 
Arantius nodules are small nodules in the tip of the ventricu-
lar side of the leaflets of semilunar valves, at exact point of 
coaptation. Fibroelastoma is surgically resected if it is symp-
tomatic or mobile in the left heart.

a

c

b

Fig. 38.11 Myxoma. (a) Four-chamber CT scan shows a characteristic 
polypoid left atrial mass (arrow) attached by a stalk to the fossa ovalis, 
consistent with a myxoma. (b) Four-chamber CT reconstruction in 
another patient shows a broad-based left atrial myxoma (arrow) that is 

attached to the interatrial septum. (c) Two-chamber view in the same 
patient as Fig. 38.11b shows the myxoma (arrow) prolapsing through 
the mitral valve into the left ventricle. There is near occlusion of the 
inlet of LV and mildly dilated left atrium
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 Lipoma

Lipoma is a benign neoplasm consisting of mature adipose 
tissue surrounded by capsule. There is no gender predilec-

tion, and it is more common in middle and older ages. It can 
originate anywhere in the heart, either from the epicardial or 
subendocardial layers and rarely intramyocardial, and may 
extend into pericardial sac. Endocardial lipoma is seen in the 
LV or RA roof or along the septum. It can be asymptomatic 
but when larger can cause symptoms related to obstruction, 
compression, or arrhythmias [56]. It is usually solitary but 
may be multiple in tuberous sclerosis [56]. On CT, a lipoma 
is seen as a well-defined mass with homogeneous fat attenu-
ation (<−50 UH) and broad base, with no contrast enhance-
ment (Fig. 38.13). A lipoma of the interatrial septum can be 
distinguished from lipomatous hypertrophy by the involve-
ment of the fossa ovalis and absence of dumbbell shape.

 Hemangioma

Hemangioma is a benign vascular tumor and has three histo-
logic types, capillary, cavernous, and arteriovenous [64], 
although some tumors have mix composition of the three 
types. It is usually a focal lesion, but diffuse angiomatosis 
may be occasionally seen [65]. Seventy-five percent of car-
diac hemangiomas occur in adults [7, 66]. Seventy percent 
are seen in the ventricles, and 23% affect the right atrium, 
with left atrium rarely affected [64, 67]. Common locations 
are lateral wall of the LV and anterior wall of the RV. It can 
affect the endocardium, myocardium, or epicardium and can 
be intracavitary. On CT, it is seen as a well-defined round or 

Fig. 38.12 Fibroelastoma. Three-chamber CT reconstruction shows a 
small round mass attached by a stalk to the edge of the right leaflet of 
aortic valve facing the aortic side, consistent with a fibroelastoma (arrow)

a

a b

Fig. 38.13 Lipoma. (a) Axial CT scan shows a focal ill-defined fat 
attenuation mass in the right atrioventricular groove that displaces the 
right coronary artery laterally (arrow), consistent with a lipoma. (b) 

Sagittal reconstruction in the same patient shows the lipoma in the right 
atrioventricular groove displacing the acute angle of the right coronary 
artery laterally (arrow)
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oval tumor when intracavitary but may mold the shape to 
adjacent structures when it is intramyocardial or epicardial. 
The attenuation is usually heterogeneous with some fat inter-
spersed between the vascular components. Calcification may 
be present due to phleboliths. Contrast enhancement is 

intense (Fig. 38.14) and heterogenous in hemangioma, simi-
lar to other hypervascular tumors such as paragangliomas 
and sarcomas. Fat and calcium may help in distinguishing 
hemangioma from these lesions. Slow-flow hemangiomas 
may show little or no contrast enhancement. Although spon-
taneous regression has been reported, basically all hypervas-
cular tumors require surgical excision.

 Paraganglioma

Paraganglioma is a rare tumor originating from chromaffin 
cells in sympathetic or parasympathetic chains, with only 
approximately 300 cases reported in the literature [68]. It can 
either be functioning (extra-adrenal pheochromocytoma) or 
nonfunctioning (chemodectoma) [56]. Ten percent of pheo-
chromocytomas occur extra-adrenally. Paraganglioma is more 
common in young adults. It is usually encapsulated but can be 
infiltrative. It is more commonly seen in relation to great ves-
sels than the heart and is commonly seen to originate from the 
paraganglia in posterior wall or roof of the left atrium, atrial 
septum, or the surrounding coronary arteries or aortic root. On 
CT, it is seen as a well-defined round or oval mass with hetero-
geneous attenuation and avid contrast enhancement 
(Fig. 38.15). Sometimes the contrast enhancement is hetero-
geneous due to central necrosis. Aggressive features with poor 
margins and extracardiac extension may also be seen. The use 
of nuclear medicine is helpful in  localization of extra-adrenal 

Fig. 38.14 Hemangioma. Axial CT scan shows an intensely enhanc-
ing mass in between the right and left atrium (arrow), which was proven 
to be a hemangioma

a b

Fig. 38.15 Paraganglioma. (a) Axial CT scan shows an intensely 
enhancing mass in the posterior aspect of the ascending aorta (arrow). 
(b) Coronal CT reconstruction in the same patient shows an intensely 

enhancing intrapericardial mass (arrow) in the posterior aspect of the 
ascending aorta, which was biopsy proven to be a paraganglioma
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paragangliomas with the use of I-131 or I-123 metaiodoben-
zylguanidine (MIGB), a norepinephrine analogue [56]. 
Surgical resection may be performed after embolization of 
feeding arteries to minimize bleeding.

 Rhabdomyoma

Rhabdomyoma is the most common cardiac neoplasm (75%) 
in children. 60–90% of these tumors are multiple [7, 69]. 
There is a strong association with tuberous sclerosis complex 
(TSC), with 80% incidence of TSC in cardiac rhabdomyo-
mas and 50% of patients with TSC having rhabdomyomas 
[7, 66]. Rhabdomyoma is considered a hamartoma and is 
well circumscribed but without a capsule and contains myo-
cytes with disproportionate size and vacuoles that give the 
classic “spider cell” appearance [65]. Symptoms depend on 
the location and size of the tumor. It involves the ventricles 
and atria, equally on right and left. A common feature of this 
tumor is spontaneous regression [7], as a result of which sur-
gery is not required, unless it is justified by clinical 
 manifestations [65] such as arrhythmia or cardiac failure; 
otherwise serial imaging follow-up is recommended. For the 
same reason, this lesion is not seen in adults. On CT, the 
appearance is that of the normal myocardium, both in pre 
and post contrast. Hence, small lesions without mass effect 
can be difficult to visualize. Unlike fibroma, rhabdomyomas 
do not calcify.

 Fibroma

Fibroma is the second most common tumor in infants and 
children. It has also been called cardiac fibromatosis or 
fibrous or fibroelastic hamartoma to suggest that it is not a 
true neoplasm [56, 65]. It is a solitary mass composed of col-
lagen matrix, sometimes with elastic fibers [65]. In early 
ages, there is predominant cellularity (fibroblasts), but in ado-
lescent and adults, it is predominantly acellular with only few 
layers of peripheral cells [66]. Calcification is common but 
hemorrhage, necrosis, and cysts are rare. It is often diagnosed 
in the first year of life with symptoms depending on the size 
and location, including obstruction, valvular dysfunction, or 
arrhythmias that can lead to syncope or sudden cardiac death 
[66]. It is more common in the left ventricle, commonly 
located in the LV free wall, ventricular septum, and RV wall 
[70], with the atrium rarely affected, particularly in patients 
with syndromes such as familial adenomatous polyposis, 
Gardner, and Gorlin syndromes. On CT, it is seen as an intra-
myocardial, homogeneous iso or hypoattenuating lesion with 
variable margins (Fig.  38.16). Central calcification may be 
seen in 25% of the cases [66]. Contrast enhancement is vari-
able, ranging from no enhancement to heterogeneous 
enhancement, often delayed [10, 56]. Fibroma is  distinguished 
from rhabdomyoma since it is usually solitary and has calci-
fication, low attenuation, and delayed enhancement. Surgical 
resection is performed in symptomatic cases to prevent sud-

a b

Fig. 38.16 Fibroma. (a) Four-chamber CT reconstruction shows a 
large hypoattenuating mass with central calcification in a child (arrow), 
consistent with a fibroma. (b) Sagittal reconstructed CT image in the 
same patient shows the large fibroma in the interventricular septum. 

Small calcifications are noted near the anterior surface of the tumor 
(arrow). The mid segment of LAD is surrounded by the tumor, showing 
the appearance of a myocardial bridge (arrowhead)
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den cardiac death. There is no spontaneous regression and no 
reports of recurrence even after partial resection [65].

 Less Common Benign Neoplasms

Less common benign tumors described in the literature 
include teratoma, lymphangioma, inflammatory myofibro-
blastic tumor, mesothelioma of the atrioventricular node, and 
Purkinje cell hamartoma (histiocytoid cardiomyopathy). 
Some of these neoplasms are less common in the heart but 
more common in the mediastinum, such as teratoma and 
lymphangioma. Cardiac teratoma is located in the pericar-
dium (90%) [3] and has heterogeneous attenuation due to 
different components.

 Malignant Neoplasms

 Metastasis

Metastasis is more common than primary neoplasms of the 
heart. Cardiac metastasis is present in about 10–12% in 
autopsies with known malignancy [71]. Routes of spread to 
the heart include direct local spread and lymphatic, hematog-
enous, and transvenous routes. Lung cancer represents the 
most common primary neoplasm in patients with cardiac/
pericardial metastasis, accounting for 37% of these patients 
[72], due to its proximity with the heart [73]. Other primary 
neoplasms to involve the heart are nonsolid malignancies 
(Kaposi’s sarcoma, leukemia) (20%), breast (7%), esopha-
gus, (6%) and skin (4.5%) [72]. Direct extension occurs from 
lung (Fig. 38.17a), esophageal, and other mediastinal neo-
plasms (Fig. 38.17b). Pericardium is the most frequent loca-
tion of metastatic cardiac involvement due to rich lymphatics 
in visceral pericardium and manifests as pericardial effusion, 
thickening, irregularity, and nodules. Pericardial effusion is 
often the earliest finding, but it is difficult to diagnose a 
malignant effusion based on CT, and hence pericardiocente-
sis is often required [73]. Hematogenous extension through 
coronary arteries or veins often manifests with myocardial 
nodules or infiltration (Fig. 38.17c). This is usually associ-
ated with systemic metastases particularly lungs. Melanoma 
spreads to the heart in 64% of cases in an autopsy series [74]. 
Transvenous extension to the heart can occur either through 
the SVC (lung, lymphoma, thyroid cancers), IVC (renal 
(Fig.  38.17d), hepatic, adrenal cortex, or endometrial can-

cers; Wilms tumor; pheochromocytoma, endometrial, IVC 
leiomyosarcoma (Fig. 38.17e), invasive uterine leiomyoma 
(Fig.  38.17f)) or pulmonary vein (lung cancer). Renal cell 
carcinoma is the most common lesion in transvenous spread, 
often involving the right kidney [75], with 10% of the RCC 
with IVC extension reaching the right atrium [75]. The CT 
features of metastasis depend on the type of primary neo-
plasm and route of extension. CT not only provides evalua-
tion of the heart and pericardium but also provides evaluation 
of the entire chest including assessment of lungs, mediasti-
num, bones, and soft tissue.

 Sarcoma

Primary cardiac malignancies are rare and represent 25% of 
primary cardiac neoplasms, with most of them being sarcomas. 
Angiosarcoma is the most common subtype, with others being 
rhabdomyosarcoma, undifferentiated sarcoma (Fig.  38.18a), 
myxofibrosarcoma, osteosarcoma, leiomyosarcoma, and lipo-
sarcoma [10]. Rhabdomyosarcoma is the most common pedi-
atric cardiac primary malignancy, usually the embryonic type. 
It is more common in adults, where it is of pleomorphic type, 
whereas in children, embryonic type is more common. 
Angiosarcoma typically arises in the right atrium, whereas 
osteosarcoma typically arises in the left atrium [76]. Sarcoma 
has infiltrative nature with lobulated borders, broad base, and 
heterogeneous enhancement with necrosis and hemorrhage. 
Calcifications/ossifications are often seen in osteosarcoma 
(Fig. 38.18b). Liposarcoma has fatty attenuation and soft tissue 
components. Extension of tumor and infiltration of adjacent 
structures are vital for surgical planning, which CT provides. 
Multiple lesions may be seen, and pulmonary metastasis is 
often present. Total resection is not possible in most of the 
cases, so surgery is just palliative.

 Mesothelioma

Mesothelioma of the pericardium is a rare tumor of pericardial 
mesothelial cells, and its association with prior asbestos expo-
sure is not clear, with only few cases with prior exposure [77]. 
There are three histological types: epithelial, spindle cell, and 
mixed [78]. The appearance of this tumor is very similar to peri-
cardial metastasis with thickening/irregularity, diffuse plaque, 
solitary nodule (Fig. 38.19), or multiple masses. Calcifications 
may be seen. Contrast enhancement is usually present.
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Fig. 38.17 Metastasis. (a) Axial CT image shows a bronchogenic neo-
plasm (arrow), which is encasing a pulmonary artery (arrowhead) and 
infiltrating the lateral wall of the left ventricle. (b) Axial CT scan in 
another patient with a metastatic clear cell sarcoma shows a large het-
erogeneous and lobulated mass (arrow) compressing the right superior 
pulmonary vein and right pulmonary artery, with infiltration of the peri-
cardium and epicardial fat pad. Note the moderate pericardial effusion 
(arrowhead) and left lung nodules, which also represent metastases. (c) 
Four-chamber CT scan shows a well-defined intracavitary mass in the 
right ventricle (arrow), consistent with metastasis in a patient with 
known breast cancer. (d) Coronal CT reconstruction shows a large 

 heterogeneous mass (arrow) in the inferior vena cava, which was an 
extension of renal cell carcinoma that invades the right atrium and the 
inlet of the right ventricle. (e) Coronal CT reconstruction in another 
patient shows a large invasive intravascular tumor in the infrarenal seg-
ment of IVC (arrow) that grows cranially until the IVC-right atrium 
junction. The mass shows heterogeneous enhancement. This is an intra-
vascular leiomyosarcoma. (f) Coronal CT reconstruction shows a long 
tumor protruding into the right atrium from the inferior vena cava. Note 
the large and tortuous vessels (arrow) into the mass resembling an 
umbilical cord. This is a case of invasive leiomyoma from the uterus

a b

c d
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e f

Fig. 38.17 (continued)

a b

Fig. 38.18 Sarcoma. (a) Axial CT scan shows a large lobulated tumor 
in the left atrium with invasion of posterior wall (arrow), which was 
proven to be an intimal sarcoma. (b) Axial CT scan in another patient 

shows a densely ossified mass which is infiltrating into the right supe-
rior pulmonary vein (arrow), consistent with an osteosarcoma of the left 
atrium
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 Lymphoma

Lymphomatous involvement of the heart is usually second-
ary to systemic disease. Primary lymphoma of the heart is 
extremely rare, accounting to 1.3% of primary cardiac neo-
plasms [10]. These primary lymphomas are usually non- 
Hodgkin B-cell type with aggressive behavior [10], usually 
associated with HIV/AIDS. Right atrium is the cavity that is 
most commonly involved. Pericardium, subepicardial fat, 
and atrioventricular groove are also affected. The tumor is 
ill-defined, diffuse, and infiltrative (Fig.  38.20a), and the 
spread is usually through the epicardial surface [79] or a 
large focal mass or multiple nodules with heterogeneous 
contrast enhancement. Pericardial effusion is a common fea-
ture. Although lymphoma can involve the coronary arteries, 
it typically encases the vessels without compression [80]. 
Leukemia is seen as diffuse infiltration (Fig. 38.20b).

Fig. 38.19 Mesothelioma. Axial CT scan shows a large pericardial 
mass (arrow) adjacent to the right atrioventricular groove with mass 
effect and slight displacement of the right chambers consistent with 
pericardial mesothelioma

a b

Fig. 38.20 Lymphoma. (a) Axial CT scan shows a large irregular para-
cardiac mass (arrow) that infiltrates the posterior wall of the right 
atrium, with minimal enhancement, which was proven to be a lym-
phoma. (b) Axial CT scan in another patient shows multiple hypoat-

tenuating intramyocardial masses in the apical-septal (arrow) and 
mid-lateral (arrowhead) walls, related to cardiac involvement in a 
patient with known leukemia
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 Conclusion

CT is a valuable modality in the evaluation of cardiac masses 
and provides excellent information with regard to the location, 
extension, shape, size, attachment, and compromise of adjacent 
structures. CT is primarily used in the evaluation of cardiac 
masses in patients who cannot have MRI scan due to contrain-
dications. It is also useful in specific situations where MRI or 
echocardiography cannot provide optimal information, for 
instance, the presence of calcification or evaluation of feeding 
arteries. CT can also provide functional dynamic information.
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Valvular Heart Disease and Prostheses

Gudrun M. Feuchtner

 Valvular Imaging by Cardiac CTA: 
From Dream to Reality

Over decades, imaging of cardiac valves has been the domain 
of echocardiography [1], while the “shades-of-gray” 
obscured computed tomography (CT). From 2005 onward, 
multislice CT technology improved in terms of higher tem-
poral and spatial resolution, along with the advent of ECG 
gating, which has made a dream come true: functional 4D 
cine imaging of cardiac valves. While the first steps with 
16-slice CT in 2005 were limited to patients with low heart 
rates, nowadays, scanners with highest temporal resolution 
of >75 ms (in 2009, the second-generation 128-slice and in 
2014 the third-generation 296-slice dual-source CT) have 
approached a temporal resolution to that of echocardiogra-
phy and created new horizons in the dynamic assessment of 
cardiac valves and prosthetic heart valves (PHV), which are 
highlighted in this chapter.

Further, explanations of how to examine cardiac valves by 
computed tomography (CTA) and how to tailor a cardiac CT 
scan protocols to cardiac valves are provided. Based on cur-
rent scientific evidence, the integration of CTA into the clini-
cal work-up of patients in conjunction with other imaging 
modalities such as echocardiography or 18flourdeoxyglucose 
(FDG) positron emission tomography (PET)/CT is discussed.

 Technical CT Prerequisites

For the evaluation of cardiac valve function and anatomy, 
64-slice CT or more advanced technology such as dual- 
source CT or volume CT scanners equipped with up to 296–
320- slices is required. Furthermore, ECG gating including 
the acquisition of a multiphase CT dataset covering the entire 

cardiac cycle from R wave to R wave is fundamental for 
dynamic imaging. In order to obtain systolic and diastolic 
views of the valves and 4D cine loops of their function, 
image reconstruction of axial thin-slice source images (of 
0.75–1 mm) at either 5 or 10% increments of the RR interval 
is recommended.

 Retrospective ECG Gating

Retrospective ECG gating is the technique of first choice. 
Some vendors provide dedicated ECG-gating technology, 
such as for the “dual-source” CT (DSCT). Functional evalu-
ation of valves [2] with prospective ECG triggering at a 
reduced mean radiation dose of 3.8 mSv is feasible. A DSCT 
scanner consists of two X-ray tubes operating at the same 
time. While one tube is turned “on” (full mAs, 100%), the 
second tube covers the entire cardiac cycle at 20% reduced 
tube mA, enabling the reconstruction of multiphase CT 
image datasets. The first tube (100% mAs) can be pulsed into 
any arbitrary phase of the cardiac cycle, either during the 
end-diastolic (70% of RR interval) in low heart rates <65 bpm 
or end- systolic phase (40% of RR interval) in patients with 
high heart rates >65 bpm), in order to ensure motion artifact- 
free visualization of coronary arteries. More recently intro-
duced CT systems are capable of “single-beat” scans either 
“by using high-pitch” (pitch, 3.2–3.4) DSCT technology, or 
by “volume CT” approach: Equipped with a broad detector 
width of up to 16 cm, the entire volume of the heart is cov-
ered with one rotation during one heartbeat, enabling func-
tional assessment of cardiac valves during one cardiac cycle.

 Iodine Contrast Media Injection

For visualization of all four cardiac valves (right and left 
sided), a “biphasic split” contrast agent injection protocol is 
recommended [3]. A monophasic contrast agent bolus 
 injection at a high flow rate of 4–6 mL/s, which is commonly 

G. M. Feuchtner (*) 
Department of Radiology, Innsbruck Medical University, 
Innsbruck, Austria
e-mail: Gudrun.Feuchtner@i-med.ac.at

39

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-60327-237-7_39&domain=pdf
mailto:Gudrun.Feuchtner@i-med.ac.at


472

used for coronary CT angiography, typically results in lack 
of right chamber enhancement (due to significant “wash-
out”) without appropriate delineation of the tricuspid and 
pulmonary valve. In contrast, by using a “biphasic split pro-
tocol,” homogenous right ventricular and atrial enhancement 
is feasible, due to a prolonged bolus transit time. The “bipha-
sic split protocol” consists of a contrast agent bolus at high 
flow rate (5–6 cc/s), followed by a second bolus with a lower 
flow rate (3.0–4 cmL/s) [3] (volume 80% high flow versus 
20% low flow). The second bolus may be mixed with saline 
solution or followed by a saline chaser.

The final administration of a saline solution optimizes bolus 
transit and geometry. A further advantage of a biphasic split pro-
tocol is the reduction of streak artifacts within the right chambers 
due to lower injection flow rate during the second phase [3].

 Post-processing

Dedicated advanced 3D post-processing workstations 
equipped with multiplanar reformations (MPR) in three 
planes are required for the generation of valvular planes. 
Thin-slice MPR (1 mm slice width) are advantageous over 
thicker slices (>5  mm) and maximum intensity projections 
(MIP) as well are suitable, in order to ensure best display and 
highest resolution of thin structured such as valvular leaflets.

The following standardized planes for valves should be gen-
erated: for the aortic valve, left sagittal oblique, left coronal 
oblique, and orthogonal cross-sectional axial oblique views (see 
figures in following sections) through the valve and, for the 
mitral valve, four-chamber, three-chamber, and two-chamber 
views, as well as perpendicular short-axis mitral valve views.

 3D Volume Rendering Technique, MIP, and 4D

Three-dimensional volume rendering technique (VRT) 
allows for the visualization of valvular leaflets, calcifications 
(Fig. 39.1), and heart valve prostheses. Maximum intensity 
projections (MIP) are less useful to fully visualize valves, 
since leaflets are thin. In such instances, the full spatial reso-
lution of thin-slice MPR are advantageous. Finally, the gen-
eration of 4D cine imaging video loops during the entire 
cardiac cycle allows for evaluation of leaflet function and, in 
particular, prosthesis malfunction.

 The Aortic Valve

 Aortic Stenosis

Degenerative aortic stenosis (AS) is common in the elderly 
population with a prevalence of >2% and carries a poor prog-
nosis with a 1- and 5-year survival of 60 and 32%, respec-
tively. Its hallmark is severe aortic valve calcifications 

(Fig. 39.1). Open surgical aortic valve replacement (AVR) is 
the only effective treatment in cases of severe aortic stenosis. 
With up to 40% of patients being declined for conventional 
open-heart AVR due to an elevated risk profile, the new 
emerging transcatheter aortic valve implantation (TAVI) pro-
cedure provides an efficient minimally invasive treatment 
option with excellent long-term survival and outcome results.

Cardiac and aortoiliacal CTA is the modality of choice for 
planning of TAVI, in order to define the appropriate trans-
catheter access route (transaortal, transfermoral, transaxil-
lary, or transapical) and to determine the optimal prosthesis 
size and in order to avoid complications such as coronary 
ostium overstenting or annulus rupture.

Beyond planning of TAVI, cardiac CTA allows for sizing 
of the aortic valve orifice area (AVA) and grading of aortic 
stenosis severity. For sizing of the AVA, the CTA images 
must be reconstructed during mid-systole (5–25% of RR 
interval), and the “best phase” with the smallest AVA should 
be selected (typically 25% of RR interval). Additionally, all 
short-axis views of the aortic valve from the tip of the leaf-
lets caudally toward the annulus should be reviewed, in 
order to select the smallest AVA at the level of the orifice 
(Fig. 39.1).

Cardiac CTA has shown a good correlation with other 
modalities such as TTE or invasive catheterization for mea-
suring the AVA [4–7], while a tendency towards AVA “over-
estimation” by CTA as compared to transthoracic 
echocardiography (TTE) has been observed. This can be 
explained by inter-modality differences: CTA provides direct 
anatomic AVA sizing, while TTE estimates the effective AVA 
based on transvalvular pressure gradient (VTI, velocity time 
integral) assuming left ventricular outflow tract (LVOT) cir-
cularity. However, LVOT is most commonly elliptic, thus 
explaining the inter-modality differences.

In practice, high-grade high-flow “classic” aortic stenosis 
(AS) is robustly diagnosed by TTE based on increased trans-
valvular flow and velocity. However, in patients with “low- 
flow- low-gradient” (paradoxical and classic, with preserved 
and impaired left ventricular ejection fraction) aortic steno-
sis, diagnosis by TTE is more difficult and typically requires 
stress echocardiography for affirmation. In those patients, 
anatomic sizing by AVA by cardiac CTA is a useful “true” 
anatomic parameter for estimation of the true severity of 
AS. Notably, in patients in whom TAVI is considered, CTA 
provides the advantage of concomitant aortic root and annu-
lus sizing for TAVI planning and also provides an evaluation 
of coronary artery disease (CAD).

Furthermore, CTA allows for quantification of the aortic 
valve calcification (AVC) score (Agatston, volume, and mass 
score) on native ECG-gated unenhanced CT scan, as stan-
dardized performed for coronary artery calcium scores 
(CACS). The AVC score is a valuable prognostic marker, 
which predicts outcome in patients with severe asymptom-
atic AS [8] and assists decision-making in terms of whether 
to treat patients with surgical AVR or whether to postpone 
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AVR and recommend optimal medical therapy. Both asymp-
tomatic severe AS and low-flow-low-gradient AS [9] are 
considered as “Class IIA” indications for surgery [1]. 
Accordingly, the decision whether or not to perform conven-
tional AVR or TAVI is usually influenced by a variety of 
prognostic markers, including the AVC score.

 Aortic Valve Morphology

The normal aortic valve consists of three leaflets (tricuspid), 
the non-, left, and right coronary cusps, which symmetrically 
merge with a “Mercedes-star”-like appearance on axial slices 
by cardiac CTA during the diastolic phase.

The most common congenital abnormality is the “bicus-
pid” valve type (Fig. 39.2), where only two of the three leaf-
lets are present. One of those leaflets may or may not show a 
“raphe,” indicating the fusion site of two original leaflets. 
The “raphe” type is more common (80%). Due to the smaller 
orifice and a tendency toward degeneration, bicuspid valve 
malfunctions such as stenosis are more common than in nor-

mal tricuspid valves. During systolic phase, bicuspid valves 
are characterized by a “fish-mouth”-like opening of leaflets, 
with a round or oval shape (Fig. 39.2). Bicuspid valves are 
classified as either “type 0” (no raphe) or “type 1” (with 
raphe, 85%), with either fusion of left and right (L/R) (most 
common), right and non-coronary (R/N), or left and non- 
coronary (L/N) cusps. During diastole, the “linear sign” 
(Fig. 39.2) is pathognomonic for bicuspid valves, indicating 
a more-or-less symmetrical appearance, while minor devia-
tions from absolute linearity are natural. A special designa-
tion is reserved for “type 2,” the original tricuspid valve, 
which develops a “functional bicuspid” configuration of the 
leaflet opening due to secondary fusion of two leaflets of an 
originally tricuspid valve, due to degenerative aortic stenosis 
(most common) (Figs. 39.1a and 39.2a) or rheumatic disease 
(less common).

For an accurate diagnosis of a bicuspid valve, cardiac 
CTA yields a high sensitivity of 94% and a specificity of 
100% [10], but functional CCTA datasets are required, 
including a systolic phase, to define whether leaflet fusion or 
raphe is present or not (type 1 and type 2). In contrast, the 

a

c d

e

bFig. 39.1 Aortic stenosis 
(AS). An 82-year-old female 
with severe high grade AS III, 
severely calcified leaflets, and 
narrowing of the inner orifice 
area (a, b, white arrows) 
during mid-systolic phase, 
tricuspid aortic valve 
(“Mercedes-star-like”) (a) 
with partial degenerative 
fusion of the left/right 
coronary cusp. Aortic valve 
by 3D volume rendering 
technique (VRT) (a, b). 
Multiplanar reformation 
(MPR) (c–d) of the aortic 
valve: C = left sagittal 
oblique (three-chamber 
view), D = axial oblique view 
of aortic valve, and E = left 
coronal oblique view. Image 
D allows for sizing of the 
inner aortic valve orifice area 
(AVA) (black arrows denote 
severely stenosed AVA during 
mid-systole, 25% of the RR 
interval). Black lines (c, e) 
indicate the level of 
cross- sectional view of aortic 
valve (d)
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bicuspid type 0 (no raphe) can be diagnosed during diastolic 
phase based on the “linear sign” [11].

In rare cases, a “quadricuspid” aortic valve may be pres-
ent, consisting of four leaflets with an estimated incidence of 
0.003–0.043% [12]. Another extremely rare congenital mal-
formation is the “unicuspid valve,” either the “acommis-

sural” or “unicommissural type,” consisting of one leaflet 
and a “hole-like” appearance, which often require surgery 
early after birth or in early adulthood due to a stenotic 
component.

a

c

e

b

d

f

Fig. 39.2 Bicuspid valve 
types. (a) VRT with severe 
calcifications and 
degeneration “linear sign” 
during end-diastole, (a) axial 
and (b) three-chamber view, 
congenital type 0 (no raphe). 
(c) “Linear sign” during 
end-diastole (70% of RR 
interval) (type 0) and B “fish 
mouth” opening during 
mid-systole (25%RR interval) 
(type 0). Bicuspid valve 
congenital type 0 (without 
raphe, panel C/B/D/E) and 
type 1 (with raphe, f). (d) 
“Fish mouth” during 
mid-systole, mild 
degenerations, and fusion of 
left/right coronary cusp (R/L) 
during end-diastole (type 1 
R/L). (e) “Linear sign” with 
severe calcification during 
end-diastole with fusion of 
non- (N) and right (R) 
coronary cusp (type 0 N/R)
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 Aortic Regurgitation

Diagnosis of aortic regurgitation (AR) is primarily estab-
lished by TTE in clinical practice based on Doppler regurgi-
tant flow jet length and width and the pressure half-time 
(PHT) method. AR is further stratified into mild, moderate, 
and severe AR by TTE.

In patients with AR, cardiac CTA allows for direct visual-
ization of incomplete leaflet margins adaption, and a “central 
regurgitant orifice area” (ROA) during the end-diastolic 
phase may be depicted (Fig. 39.3). Such findings should be 
included into a structured cardiac CTA reports. The anatomic 
ROA provides an estimate of the severity of AR; with 
<25  mm2 ROA as cutoff for mild and >75  mm2 ROA for 
severe AR [13]. CT image reconstruction is recommended 
between 60% and 80% of the RR interval; however, the car-
diac phase with least cardiac motion and optimal image qual-
ity should be used when determining the ROA. Sizing of the 

ROA is recommended on oblique axial cross-sectional slices 
reformatted for aortic valve views. Mild and moderate AR 
[13] may create only tiny “poke hole”-like central leakages 
(Fig. 39.3) which may be difficult to visualize and limit the 
accuracy of CTA [14].

The most common request for cardiac CTA in clinical 
practice however is clarifying the etiology of AR such as aor-
tic root aneurysm sizing, the characterization of cardiac 
masses such as vegetations causing AR, or the preoperative 
evaluation of CAD.

Furthermore, in patients with singular aortic valve dis-
ease and no other dysfunctional heart valves, the AR volume 
(mL) and fraction (%) can be calculated as the difference 
between left ventricular (LV) and right ventricular (RV) 
stroke volume. Notably, the absence of any other valvular 
dysfunction (mitral, pulmonary, or tricuspid) is an important 
prerequisite for the accurate quantification of the AR vol-
ume and fraction [15].

a

c

e

d

bFig. 39.3 Aortic 
regurgitation (AR). A 
72-year-old male with 
moderate AR. During 
end-diastolic phase, small 
central incomplete leaflet 
adaption is shown (“poke 
hole”-like) (a) on 3D VRT 
(AB) and MPR (CDE). MPR 
in left sagittal oblique 
(three-chamber view) (c), 
axial oblique (d), and left 
coronal oblique (e) 
reconstructions. Note 
incomplete co-adaptation of 
leaflets (c, e, d). A central 
regurgitation orifice area 
(black arrow, d) can be 
visualized during end-diastole 
(70% of RR interval). Black 
lines (c) indicate the level of 
cross-sectional oblique view 
of the aortic valve (d)
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 Mitral Valve

 Mitral Stenosis

Mitral stenosis (MS) most commonly develops in the course 
of rheumatic disease on the valvular level due to nodular 
and/or diffuse thickening of the leaflets and chordae. 
Transthoracic echocardiography (TTE) enables an accurate 
functional diagnosis of MS and its severity (stratified into 
mild, MS I; moderate, MS II; and severe, MS III) depending 
on the increase in transvalvular flow velocity and pressure 
gradient. However, nodular and diffuse thickening and leaflet 
calcifications may be found incidentally on coronary CTA 
exams and should be reported (Fig. 39.4).

In addition, cardiac CT allows for sizing of the mitral ori-
fice area (MOA) during the end-diastolic phase, which pro-
vides a reliable estimate of MS severity [16].

In patients with secondary MS due to orifice obstruction 
and atrial myxoma prolapse, CTA and MRI are the cross- 
sectional imaging modalities of choice to further character-
ize masses after an initial echocardiography screening. Atrial 
myxoma, which typically appears as round-shaped 
hypodense pedunculated masses arising from interatrial sep-
tum (e.g., fossa ovalis) with minor contrast uptake, may 
cause obstruction of the MOA during the diastolic phase. 
Prior to surgery, CTA allows for preoperative rule out of 
coronary artery disease and is able to accomplish two tasks 
with a single scan.

 Mitral Regurgitation

Similar to aortic regurgitation, diagnosis of mitral regurgita-
tion (MR) is firmly established by Doppler flow jet assess-
ment during TTE, and cardiac CTA does not play a role in 
the primary diagnosis. Due to the saddle shape of mitral 
valve with irregular leaflet margins, the direct anatomic visu-
alization of the mitral regurgitant orifice area (M-ROA) dur-
ing end-systole is more difficult compared to the aortic valve, 
though technically feasible with a good correlation to TTE as 
shown in one study of 19 patients [17].

In patients with functional MR (FMR) due to heart failure 
and LV enlargement, the anatomy of the subvalvular appara-
tus and valve geometry is of interest for planning of novel 
minimally invasive or percutaneous mitral valve intervention 
techniques for annuloplasty. The subvalvular apparatus is 
highly variable due to anatomic variations in the posterior 
papillary muscle (PM) – both single and multiple heads – 
and insertions are often found. In patients with heart failure 
and FMR, increased tenting heights, mitral valve sphericity 
index, and more outward displacement of the PMs are found, 
which are indicators of FMR severity [18]. Beyond, CTA 
allows for 3D visualization of left circumflex artery (CX) 
course in relation to the mitral annulus. If the CX is located 

close to the annulus, patients may have an increased risk for 
fatal injury via perforation and bleeding while inserting 
mitral annuloplasty devices during open-heart surgery or 
during new investigative percutaneous techniques.

 Mitral Valve Prolapse

During mid-end-systolic phase (25–40% of RR interval), 
direct visualization of mitral valve prolapse (MVP) by CTA 
[19] is feasible, and the exact measurement of leaflet excur-
sion below the annulus is possible. A deviation of approxi-
mately >3  mm is usually regarded as “significant” MVP 
with functional relevance, causing mitral regurgitation. The 
recommended views for the sizing of prolapse excursion 
are two- and three-chamber views. Two different types of 
MVP are distinguished, the “bowing” (“billowing”) type, 
which most commonly caused by primary myxomatous 
degenerative disease (“Barlow’s disease”) due to redundant 
leaflets forming round-shaped lesions and the “flail leaflet” 
type. A flail leaflet is characterized by free leaflet margin 
prolapse and usually occurs along with ruptured chordae, 
commonly due to rheumatic or inflammatory disease, or 
during acute myocardial infarct involving a papillary mus-
cle. The exact anatomic assignment of the prolapse to the 
corresponding leaflet section (anterior A1, upper; A2, mid; 
and A3, caudal segment of the anterior leaflet or poste-
rior P1, upper; P2, mid; and P3, caudal part of the posterior 
leaflet) is critical for planning surgical reconstruction. 
While 3D TEE usually provides this information, TTE typi-
cally does provide sufficient image quality. Beyond exact 
anatomic assignments, CTA also adds information about 
leaflet morphology such as whether calcifications are pres-
ent or not (Fig. 39.5).

 Degenerative Mitral Annular Calcification

CTA plays a major role in establishing diagnosis of degen-
erative mitral annular calcification (MAC) based on its clear 
detection of calcified masses. On TTE, large inhomogenous 
caseous/liquefaction necrosis type of MAC may mimic 
tumors due to their mass-like appearance, with potential 
invasion into periannular structures such as the myocardium. 
In such patients, cardiac CT (both unenhanced and contrast- 
enhanced CTA) is the modality of choice for ascertaining 
diagnosis, based on lack of contrast agent uptake and high 
CT densities (>130 HU) seen on unenhanced CT [20] 
(Fig. 39.6).

 Pulmonary and Tricuspid Valve
The visualization of right-sided valves is a challenge, due to 
streak artifacts from contrast agent inflow. Such artifacts are 
minimized by using the biphasic contrast agent injection 
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protocol described above [3] and designed to ensure homog-
enous attenuation of right cardiac chambers.

 Infective Endocarditis
Diagnosis of infective endocarditis (IE) is made by applying 
major and minor Duke criteria, consisting of a combination 
of laboratory and imaging findings and either stratified as 

“definite,” “possible,” or “rejected.” TTE and TEE are the 
primary imaging tools during initial patient triage. In patients 
with suspected paravalvular involvement and insufficient 
TTE/TEE imaging, cardiac CTA has been recently recog-
nized as a “Class IIa” indication [1] by the American Heart 
Association (AHA) 2014 guidelines for the management of 
patients with valvular disease.

a

c d

b

Fig. 39.4 Mitral stenosis/regurgitation, rheumatic disease. A 49-year- 
old female with rheumatic disease and combined MS/MR dysfunction. 
Diffuse A, anterior and nodular; P, posterior mitral leaflet thickening 
(involving P2/3 segment) (arrows) on two-chamber (a, c) and short- 

axis (b, d) views by MPR (a, b) and 3D VRT (c, d). Arrows (a, c) 
denote mitral valve orifice = O. Pm, papillary muscle thickening result-
ing in leaflet retraction and restricted leaflet motion
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Similar to TTE and TEE, cardiac CTA allows for the visu-
alization of specific lesions developing in the course of IE 
[21] with high accuracy. Specific lesions include (1) vegeta-
tions, defined as hypodense, round, irregular, or longitudinal 
masses attached to the valvular leaflets or the endocardium 
(“mural vegetations”). Consisting of inflammatory cells and 
granulomatous tissue, such lesions may uptake contrast at 
later stages, indicating the formation of organized connective 
tissue. Vegetations not treated by antibiotics or removed by 
surgical resection may calcify. The size of vegetations is 
varying from few millimeters up to >1 cm, with larger veg-
etations often having greater mobility. The size and mobility 
serve as a pivotal marker for a patients’ individual risk for 
embolization into the systemic circulation, thus influencing 
the clinical decision management in terms of antibiotic con-
ventional treatment versus surgical resection of large (>1 cm) 
and mobile vegetations.

 Leaflet Perforations
During the course of inflammation, irregular or round-shaped 
lesions may occur within the cusp leading to a “torn” – aspect 
of leaflets typically causing severe valvular insufficiency 
(Fig. 39.7). A specific term is designated for the aneurysmal 
leaflet perforation type (“AR jet lesion”) [22], occurring within 
the anterior mitral cusp, caused by an eccentric AR jet which 
create hole-like lesions in patients with chronic subacute.

 Fistula
A communication between cardiac chambers and the aortic 
root may develop due to inflammatory arrosion, most 
 commonly on atrioventricular valvular, annular, or the mem-
branous ventricular septum level. Contrast agent continuity 
is revealed on cardiac CTA.

 Paravalvular Abscess and Pseudoaneurysm
Paravalvular abscesses and pseudoaneurysm may be found in 
patients with severe IE. Such lesions, which more often occur 
after prosthetic heart valve endocarditis (PVE) than in native val-
vular IE, are described in greater detail in the next paragraph.

 Prosthetic Heart Valves (PHV)

The imaging of prosthetic valves is a major challenge in clin-
ical practice. The early and precise diagnosis of dysfunc-
tional valves is pivotal in order to avoid fatal complications 
and adverse outcome. In prosthetic valve endocarditis (PVE), 
the 1-year mortality rate is high with 24.8–50% with 
improved survival for those undergoing early surgery [23]. 
Prosthetic heart valve (PHV) thrombosis carries an annual 
risk of thromboembolic events of 1–2% for mechanic and 
1.46% [24] up to recently reported 13–40% for bioprosthesis 
detected by CCTA [25].

a b

c

Fig. 39.5 Mitral 
regurgitation/prolapse. (a) A 
66-year-old female with 
severe regurgitation (R) of the 
mitral valve caused by leaflet 
prolapse (B bowing and F flail 
leaflet), leading to central 
incomplete closure of leaflets 
(arrow, right upper panel B) 
prior to surgery. The 
regurgitant (R) orifice (black 
arrows) shows irregular 
borders (c). Three-chamber 
view (a), four-chamber view 
(b), and short axis through 
mitral valve plane (c). Black 
line indicates mitral annulus 
and orthogonal line the 
tenting height to maximal 
leaflet deviation below the 
annulus plane toward the LA 
(Bowing = B; A)
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TTE and TEE are the primary imaging tools. However, 
reverberation artifacts from metal create individual device- 
related limitations in image quality of the paravalvular 
territory.

The advantage of CCTA is in the 3D visualization and 4D 
dynamics of leaflet motion, in addition to the complementary 
evaluation of coronary artery disease [26] or bypass graft 
patency prior to surgery.

Previous studies investigating CCTA in prosthetic valve 
dysfunction (PVD) reported good correlation [27–29] with 
up to 100% agreement in small sample-sized studies [27] 
involving surgery. In PHV endocarditis [30], the best diag-
nostic performance was observed for a combined CCTA/TEE 
approach. In contrast, for the evaluation of the paravalvular 
territory, CCTA performed superior to [30, 31] to TEE. Recent 
advances in CCTA technology in terms of  temporal resolu-
tion further improved the visualization of small mobile 
masses attached to devices. Most recent data reveals improved 
performance of CCTA for mass detection [31] that may even 

outperform TEE, such as indicated in a study on transcatheter 
bioprosthetic valve thrombosis [25, 31].

 Spectrum of CTA Findings in PHD

Masses are hypodense, round, longitudinal, or irregular- shaped 
lesions, representing either a “vegetation” in cases of infection 
and clinical signs of endocarditis, “thrombus/pannus,” or 
“undermined areas requiring further work-up.” CT attenuation 
is a valuable parameter to distinguish between thrombus and 
pannus, with increasing Hounsfield units (HU) indicating orga-
nization with neoangiogenesis and connective tissue prolifera-
tion of a thrombus [31–33]. A HU threshold of 145 provided 
high sensitivity (87.5%) and specificity (95.5%) in discriminat-
ing pannus from thrombus (Fig.  39.8). Furthermore, masses 
with a lower attenuation of HU <90 HU were associated with a 
higher success rate of complete thrombolysis, as compared to 
masses with attenuation >145 HU [32]. Similarly, the CT atten-

a

d e

b c

Fig. 39.6 Degenerative mitral annular calcification (MAC). An 
80-year old female with 0-shape circumferential MAC (e) and an inner 
caseous/liquefaction necrosis (LN) aspect with lesser dense areas and a 
denser outer calcified shell. Mass-like aspect with myocardial invasion 
posterior (c). Contrast-enhanced (a, b) and non-contrast CT (c, d) and 

3D VRT (e) reconstruction of MAC.  Lack of contrast agent uptake 
within the mass (a, c versus b, d) allowed for a firm diagnosis of 
MAC.  Oblique axial (a, c) and short-axis (b, d) views of the mitral 
valve

39 Valvular Heart Disease and Prostheses



480

a

d e f

b c

Fig. 39.7 Infective endocarditis. A 69-year-old man with septic shock 
and organ failure due to IE.  V,  vegetations, longitudinal hypodense 
masses, mobile, floating in the LVOT, and P, perforation of the left coro-
nary cusp. Note small pseudodiverticula (2 mm) of ascending aorta at 
sino-tubular junction, indication infection uprising and periaortic fluid 

(abscess) confirmed by emergency surgery. Aortic valve was replaced. 
CTA was performed primarily for coronary artery evaluation prior to 
surgery. Three-chamber view (a, c), left sagittal oblique (b, d), and left 
coronal oblique and cross-sectional axial plane through aortic valve (c, 
e) with MPR (a–c) and 3D VRT (d–e)

a bFig. 39.8 (a and b) PHV 1. 
Thrombus/pannus at posterior 
circumference of mechanic 
bileaflet aortic prosthesis 
causing leaflet opening 
restriction with transvalvular 
pressure gradient increase 
corresponding to severe 
stenosis grade III. Hypodense 
mass was detected 
incidentally on CTA 
performed for coronary artery 
disease evaluation prior to 
surgery
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uation of vegetations is variable depending on lesion age and 
degree of vascularization. Vegetations may or may not show 
minor uptake of contrast agent.

Special types of masses are lesions originating from the 
prosthetic valve apparatus, such as “degenerative lesions,” 
which occur if biomaterial from a porcine or bovine biopros-
thesis degenerates, which also appear “mass-like” with 
rather irregular or round contours. Degenerated bioprosthe-
ses are prone to develop infections, and the mass-like lesions 
are classified as “vegetations” when associated with symp-
toms of infection such as fever, C-reactive protein elevation, 
and/or positive blood cultures (Figs. 39.9 and 39.10).

Masses frequently cause functional PHV impairment 
such as stenosis or regurgitation. Patients with thrombi that 
do not respond to lysis and that cause PHV dysfunction are 
candidates for surgical resection.

A visual representation of a pseudoaneurysm on CT is 
defined as paravalvular cavity filled with contrast media. They 
mostly originate from a PHV annulus and grow large, often 
larger than 1  cm. On TTE, paravalvular flow jet is usually 
detected, while the exact size, extent, and anatomic position of 
a pseudoaneurysm often exceed the acoustic window on 
TTE.  Therefore, CCTA is a valuable imaging tool to fully 
determine the size and paravalvular territory involved 
(Fig.  39.10) and is also beneficial for precise surgical 
planning.

Paravalvular leaks are often visualized on CT as contrast 
agent outflow at the annulus level, or flow from above to 
below, and seen in both infected and non-infected devices. 
Common causes are the undersizing of the PHV in relation 
to the annulus, which was observed in the early years (2008–
2011) of transcatheter aortic valve implantation (TAVI) 
resulting in moderate up to severe paravalvular leakage with 
adverse prognosis.

Paravalvular abscess can be diagnosed by CTA based on 
the detection of a dense paravalvular infiltration with liquid- 
equivalent Hounsfield units (HU) of 0–30 HU and a sur-
rounding layer of tissue with contrast uptake (“definite 
abscess”). Such a vascularized tissue layer may be present 
during arterial contrast injection or missing and appearing 
during the late phase (70 s after contrast agent injection). The 
formation of an outer vascularized layer with contrast uptake 
is often classified by cardiac surgeons as the “abscess cavity 
wall” and indicates connective fibrous tissue formation. In 
patients with an acute recent onset of infection, exclusively 
pure paravalvular liquid is seen on cardiac CTA.  If the CT 
densities are not clearly related to liquid but reach above 
30–40 HU, paravalvular abscesses may be difficult to dis-
criminate from periprosthetic postsurgical fibrosis or material 
used to fix the device, such as the “fibroglue.” Accordingly, in 
patients with an unclear focus of infection, an abscess should 
be suspected if a “dense” paravalvular infiltration with posi-
tive HU (loss of periaortic fatty tissue layer) is seen and 18flu-
ordeoxyglucose (FDG) positron emission tomography (PET) 
(18FDG-PET/CT) [34] appended. 18FDG-PET/CT increased 
the number of true positive cases diagnosed with PVE and 
improved the sensitivity from 70% to 97% (p  =  0.008) if 
implemented as “major Duke” criterion into the diagnostic 
triage of patients with possible infective endocarditis. In such 
patients, the diagnosis of periprosthetic abscesses and dehis-
cence is of paramount importance, as surgical treatment is 
almost always required to ensure a favorable outcome.

Dehiscence, defined as the loosening of the prosthesis 
anchor within the annulus, is defined as rocking valve motion 
>10 degree above annulus and found in both infected and non-
infected devices (e.g., due to suture loosening). Due to its abil-
ity to generate three-dimensional interactive oblique planes, 
CCTA is superior to TTE and TEE in showing the full circum-
ferential extent of “dehiscence” and the degree of cranial or 

a bFig. 39.9 PHV2. A 
75-year-old male with 
structural bioprosthetic valve 
degeneration and infection. 
Mass-like vegetation (V), 
arrow, on left sagittal coronal 
planes (a) and corresponding 
cross-sectional axial oblique 
plaque through the aortic 
bioprosthesis (b). Upper 
white arrow denotes the 
stented prosthesis and 
attached diffuse thickening 
and pseudoaneurysm (lateral 
white arrows)
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caudal displacement of the device. Exact measurement of the 
“displacement angle” is feasible, and “rocking valve motion” 
can be visualized on 4D cine loops. Due to the risk of PHV 
device embolization, urgent surgery is necessary in “rocking 
valves” and with a high degree of annulus loosening, in order 
to avoid a fatal outcome.

Structural bioprosthetic valve degeneration (SVD) is due 
to degenerative processes of the porcine or bovine biomate-
rial on cellular level, affecting the leaflets (in stented PHV) 

and/or the PHV apparatus in fully biological devices such as 
aortic root grafts (e.g., the Freestyle™, Medtronic, or stent- 
less valves); SVD is often seen as (1) thickening of the leaf-
lets and/or (2) calcification and/or (3) “restricted leaflet 
motion” visualized on 4D cine images. The effective orifice 
area (EOA) can be sized [35] by CCTA, if image quality 
allows for measurement during early mid-systolic phase and 
serves as diagnostic parameter on CCTA with a good corre-
lation to the EOA measured by TTE.

a

c d

b

Fig. 39.10 PHV 3. Infected and degenerated bioprosthetic valve: large 
pseudoaneurysm (a) (white and black arrows) surrounding the aortic 
root and causing dehiscence and leaflet malfunction. Note thickened 

leaflets and calcified bioprosthetic valve due to inflammation and 
degeneration. (a, c) 3D VRT; (b, d) MPR; A, B, axial views; (c, d) 
three-chamber view; LA, left atrium; LV, left ventricle
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In fully biological aortic root grafts or new models of 
stent-less tissue valves, severe destruction may be found 
including paravalvular leak, aneurysmata, and dehiscence 
(Figs. 39.9 and 39.10).

“Stuck valve” (mechanical) is restricted leaflet motion 
with <70 degrees of opening angle during the systolic phase, 
measured in left coronal oblique and left sagittal oblique pro-
jections [36]. With mechanic valves, the opening angle 
depends on the individual device implanted, while less than 
70° can be taken as a generalized valuable cutoff for restricted 
orifice opening. In one study, opening angles were found to 
be 64 vs 79 degrees in dysfunctional vs normal aortic valve 
prostheses (P < 0.0001) [36]. Common causes are patient- 
prosthesis mismatch (PPM) due to mal-sizing and the 
implantation of an oversized PHV or broken mechanic leaf-
lets (Fig. 39.8).

One of the most common findings in PVD and PVE dur-
ing TTE are increased transvalvular pressure gradients, or 
transvalvular or paravalvular regurgitation. Such functional 
abnormalities may be related to morphological findings such 
as thrombi, panni [31–33], or vegetation. In cases of unclear 
dysfunction, CCTA should be always requested to clarify the 
etiology of PVD. New data indicate a superior performance 
of CCTA over TTE for the detection of PHV masses [31].

 Limitations of CCTA Artifacts

Among the variety of PHV models, artifacts depend on the 
specific material composition. Fortunately, most devices, in 
particular the most commonly implanted bileaflet type and 
the stent struts of bioprosthesis create only minor artifacts. 
However, hypodense beam hardening artifacts may mimic 
the presence of a pannus or thrombus apposition on the pros-
thesis rings. Only one mechanical monoleaflet tilting disc 
valve (Björk-Shiley, the “convexo-concave,” composed of 
51% cobalt, 20% chromium, 15% tungsten, and 15% nickel) 
causes severe artifacts, preventing the assessment of the 
paravalvular space and device. This type of PHV is rarely 
seen nowadays, as it was withdrawn from the market in 1986 
due to outlet strut fractures (OSFs) with escape of the disc, 
resulting in embolization with fatal outcomes (0.7%). 
Notably, the average degree of opening angle was 60° for the 
first device (1979) and 70° for the second.

Furthermore, recent advances in CT technology (iterative 
reconstruction techniques [37] and prospective ECG trigger-
ing [38] allow for beam hardening artifact reduction. 
Prospective ECG triggering is recommended only in patients 
with regular heart rates. Arrhythmia, which is frequent in 
patients after PHV implantation, may result in misalignment 
artifacts hampering image quality due to RR interval 
variability.

 Differentiation of Paravalvular Abscess 
and Periprosthetic Fibrosis

Dense tissue with CT attenuation values around 30–40 HU 
or above may create difficulties in distinguishing peripros-
thetic fibrosis from abscess. 18FDG-PET/CT [34] has higher 
accuracy and recently showed an increase in sensitivity for 
diagnosis of PVE if a positive 18FDG-PET/CT was recog-
nized as “major Duke criterion.”

 Renal Dysfunction

A non-enhanced native CT scan in retrospective ECG-
gated mode allows for the evaluation of the mechanic leaf-
let function and serves as valuable alternative imaging 
option for the assessment of mechanic leaflet function in 
patients with impaired renal function. However, unen-
hanced cardiac CTA does not permit the detection of masses 
such as thrombi or panni.

In conclusion, cardiac CTA is a valuable 3D imaging 
technique in the diagnostic work-up of patients with PHV 
dysfunction and should be systematically integrated after 
initial TTE/TEE screening. Specifically, the evaluation of the 
paravalvular territory such as the degree of the circumferen-
tial involvement in 3D views and to clarify etiology of PVD, 
such as the characterization of masses such as thrombi or 
panni, are indications for performing cardiac CTA. CTA 
offers the advantage of providing coronary artery disease 
evaluation prior to surgery.

 Summary

Cardiac CTA has created new horizons in the evaluation of 
cardiac valves over the past 10 years. CTA offers an innova-
tive 3D complementary imaging modality with added value 
in the clinical work-up algorithm in various specific 
settings.
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Cardiac Devices

Ian R. Drexler, Alan C. Legasto, Daniel B. Green, 
and Quynh A. Truong

Intracardiac devices and implants are commonly encoun-
tered in cardiac diagnostic imaging. These may range from 
prosthetic heart valves to ventricular assist devices. 
Familiarity by the interpreting physician with the normal and 
abnormal appearance of each device is essential for proper 
detection of device complications. While devices may be 
detected via computed tomography, beam hardening and 
streak artifacts may limit their full appearance, which is why 
it is important to know both the cross-sectional appearance 
and the scout or radiographic appearance of a device. This 
chapter reviews the normal appearance of common intracar-
diac devices as well as well as frequently seen artifacts.

 Prosthetic Heart Valves and Valve Closure

Since the introduction of valve replacement surgery in the 
1960s, approximately 90,000 valve substitutes have been 
implanted in the United States, and 280,000 have been 
implanted worldwide each year [1]. Currently, valves are 
classified as either mechanical, bioprosthetic, or percutane-
ous. The patient’s age and surgical risk typically dictate what 
type of valve is placed.

 Mechanical Heart Valves

Mechanical valves were the first type of prosthetic valve 
used clinically. They are designed to last many years, though 
require lifelong anticoagulation due to risk of clot formation 
[2]. Thus, in younger patients who will require a functioning 
valve for several decades, the mechanical heart valve is pre-
ferred. Mechanical heart valves may be either caged ball, 
single tilting disc, or bileaflet [3].

 Caged Ball Mechanical Heart Valve
The caged ball mechanical heart valve (Fig. 40.1) was the 
original type of prosthetic heart valve used. The Starr- 
Edwards valve was the first such valve, initially used as a 
prosthetic mitral valve. Although the caged ball valve is no 
longer used, thousands of patients still have them, so it is 
important to be familiar with their appearance [1]. In the 
closed position, the ball, or poppet, is at the base of the cage, 
creating a seal to prevent retrograde blood flow. Conversely, 
the ball is near the apex when it is open, allowing forward 
flow. The position of the poppet depends on the pressure dif-
ferential between the two chambers the valve is traversing. A 
disadvantage of this design is that blood must be pumped 
around the ball, rather than centrally, which forces the left 
ventricle to work harder. It is important to note that the ball 
in the caged ball valve may be either radiolucent or radi-
opaque depending on the poppet material.

 Single Tilting Disc and Bileaflet Mechanical Heart 
Valves
The single tilting disc valve offers advantages over the caged 
ball valve, including improved hemodynamics and structural 
stability. It consists of a metallic ring with a single circular 
disc connected via metal struts [4]. Like the caged ball valve, 
the disc opens when the pressure of one chamber exceeds 
that of the more distal chamber, such as when the left ven-
tricular pressure exceeds aortic pressure during ventricular 
systole. However, risks of this type of valve include potential 
severe hemodynamic instability due to either pannus forma-
tion or valve thrombosis. For this reason, bileaflet valves are 
now the most commonly inserted mechanical valve [3].

 Bileaflet Mechanical Valve
The bileaflet mechanical valve (Fig.  40.2) is composed of 
two semicircular discs that pivot about mechanical struts. 
This design provides improved hemodynamic flow com-
pared to the tilting disc and caged ball valves, though it is 
susceptible to regurgitation.
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a b c

Fig. 40.1 Caged ball mechanical valve: Frontal radiograph (a) demon-
strates the typical appearance of a caged ball mitral valve replacement. 
On CT transaxial imaging (b), the cage causes metallic beam hardening 

artifact, making evaluation limited. The caged ball device has also been 
used as an aortic valve replacement, as seen in a frontal chest radio-
graph (c)

a

b

c

e f

d

Fig. 40.2 Bileaflet mechanical valve: Scout image (a) and volume- 
rendered image (b) demonstrate mechanical valves in the aortic (white 
arrow) and mitral (black arrow) positions. Axial (c) and (d) coronal CT 

images show a bileaflet mechanical aortic valve in the closed position 
as during ventricular diastole and in the open position (e, f) as during 
ventricular systole

 Bioprosthetic Valves

A major advantage of using bioprosthetic valves (Fig. 40.3) 
over mechanical valves is the lower incidence of 
antithromboembolic- related hemorrhages. Conversely, a dis-
advantage is the decreased longevity of the bioprosthetic 
valve due to a combination of tissue degeneration and calci-
fication [5]. For these reasons, bioprosthetic valves can be 

used in elderly patients, who do not need their valves to last 
as long as younger patients’ valves and who are at risk of 
falls, which can lead to major bleeding events if using 
anticoagulation.

Bovine pericardial prostheses, a type of bioprosthetic 
valve, have been used for aortic valve replacements (AVR) 
since the first-generation valves were introduced in the early 
1970s. The second-generation valves, such as the Carpentier- 
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Edwards pericardial bioprosthesis, allowed for a more 
advanced method of leaf mounting, resulting in more sym-
metrical opening of the valve compared to its first-generation 
predecessor [6].

 Percutaneous Heart Valves

Most recent advancement in percutaneous interventions 
for structural heart disease includes transcatheter aortic 
valve replacement (TAVR) for severe aortic stenosis and 
percutaneous mitral clip for severe mitral regurgitation. 
Less commonly performed is transcatheter pulmonary 
valve implantation for congenital heart disease patients 
with right ventricular outflow tract (RVOT) dysfunction, 
either severe pulmonic stenosis or regurgitation, to mini-
mize the number of open-heart surgeries over their 
lifetimes.

 Transcatheter Aortic Valve Replacement [TAVR]
Aortic stenosis is the most common valvular heart disease. 
Patients with aortic stenosis develop increased left ventricu-
lar wall thickness and contractility, resulting in decreased 
diastolic compliance and myocardial fibrosis. In some cases, 
sudden cardiac death may result as a consequence of arrhyth-
mias, low cardiac output, and ischemia. Transcatheter aortic 
valve replacement (TAVR) was developed as a treatment for 

those patients who are not surgical candidates for standard 
aortic valve replacements. The device is delivered arterially 
and is opened within the diseased aortic valve, displacing 
and replacing it [7].

Cardiac CT is typically obtained prior to TAVR place-
ment for planning purposes. Important measurements to take 
include aortic annular size, the distance between the annulus 
and coronary ostia, and aortic valve area. The number of 
cusps and degree of cusp calcification should also be 
assessed. In addition to imaging of the heart, the aorta and 
iliofemoral arterial vessels are assessed for their dimensions 
and degree of atherosclerosis, which helps plan the interven-
tional approach [8]. More recently, TAVRs have been used 
on patients who have had prior aortic valve replacements that 
have failed, creating a valve in valve. Post-TAVR CT 
(Fig. 40.4) may be obtained to evaluate for complications or 
causes of device failure (Fig. 40.5), which include peripros-
thetic aortic regurgitation, prosthetic endocarditis, valve 
migration, and valve injury [9, 10].

 Mitral Valve Clip

Mitral regurgitation (MR) is the second most common val-
vular heart disease after aortic stenosis. If untreated, severe 
MR can lead to left ventricular failure, pulmonary hyperten-
sion, atrial fibrillation, and death. Nearly half of patients 

a

c d

b e

Fig. 40.3 Bioprosthetic aortic valve: CT images demonstrate en face and coronal views of a bioprosthetic aortic valve in the closed position  
(a, b) and in the open position (c, d). A volume-rendered image (e) demonstrates the bioprosthetic valve in place
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Fig. 40.4 Transcatheter aortic valve replacement (TAVR): Scout 
image (a) demonstrates the metallic TAVR overlying the spine (white 
arrow). En face (b) and sagittal (c) views demonstrate the TAVR on 

CT. Note the native aortic valve calcifications (white arrows) that have 
been peripherally displaced. Volume-rendered image (d) shows the 
valve in position

a b c

Fig. 40.5 TAVR complications: Multiplanar reformat CT images from three different patients demonstrate paravalvular leak (a), pseudoaneurysm 
formation (b), and restricted motion of the non-coronary cusp (c)
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with MR in need of valve repair or replacement are consid-
ered high risk for surgical intervention. The MitraClip 
(Abbot Vascular, Abbot Park, IL) (Fig. 40.6) is a percutane-
ous method of repairing the mitral valve through mechani-
cal coaptation of the mitral leaflets [11]. Potential risks 
include clip embolization and detachment from a single 
mitral leaflet [12].

 Valvular Ring Annuloplasty

The concept of an annuloplasty (Figs.  40.7 and 40.8) first 
appeared in the 1950s. The idea that fixing the mitral annulus 
stems from the concept that functional mitral regurgitation is 
in part due to abnormal enlargement of the mitral annulus, 
which can lead to displacement of the normal coaptation 

a bFig. 40.6 Mitral Clip: Scout 
image (a) and four-chamber 
view CT slice (b) demonstrate 
a MitraClip device in place 
(white arrows)

a bFig. 40.7 Mitral valve 
annuloplasty: Multiplanar 
reformat CT images (a, b) 
show a mitral valve 
annuloplasty

Tricuspid
Annuloplasty

Ring

PPM Lead

Mitral
Prosthesis

Aortic
Prosthesis

F

L

Ha bFig. 40.8 Tricuspid 
annuloplasty: Chest 
radiograph (a) and volume- 
rendered image (b) 
demonstrate tricuspid 
annuloplasty as well as a 
pacemaker lead, mitral 
prosthesis, and aortic 
prosthesis
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between the anterior and posterior mitral leaflets [13]. 
Annuloplasty is commonly seen with repair of the tricuspid 
valve for severe tricuspid regurgitation. The annuloplasty 
ring is incomplete, to avoid interfering with the heart’s sensi-
tive conduction system. Complications of annuloplasty 
placement that can be assessed with CT include ring dehis-
cence and systolic anterior motion of the mitral valve [14].

 Pacemakers, Implantable Cardioverter- 
Defibrillators, and Other EP Devices

 Cardiac Rhythm Management Devices

Implantable pacemakers and implantable cardioverters- 
defibrillators are commonly seen on CT. It is often easier to 
assess the type of electrophysiologic device by looking at the 
scout view or, alternatively, a frontal radiograph, as metallic 
beam hardening artifact on cross-sectional images may cause 

confusion. The device’s casing, or can, contains its software, 
hardware, and battery. The can, combined with the hardware, 
including the battery, capacitor, circuitry, and connector con-
figuration, forms a fingerprint that is unique to each manu-
facturer, which facilitates identification on radiography [15]. 
There may be anywhere from one to three leads terminating 
in the heart, which defines single chamber, dual chamber, 
and biventricular devices. Risks of placement include infec-
tion, lead dislodgement, perforation, and clot formation.

 Implantable Pacemakers
A single-chamber device (Fig. 40.9) is identified by the pres-
ence of a single lead terminating either within the right atrial 
appendage or right ventricle, whereas a dual-chamber device 
has two leads, typically terminating in the right atrium and 
right ventricle. Positioning of the right atrial and right ven-
tricular leads are the same whether the device is a single- or 
dual-chamber system [16]. A biventricular device for cardiac 
resynchronization therapy (Figs. 40.10 and 40.11) has leads 

a bFig. 40.9 Single-lead 
pacemaker: Scout frontal 
image (a) demonstrates a left 
chest wall single-lead 
pacemaker. A CT multiplanar 
reformat maximum intensity 
projection image (b) 
demonstrates the lead 
coursing from the right atrium 
and terminating in the right 
ventricular apex, where there 
is excessive metallic streak 
artifact

a b

Fig. 40.10 Biventricular ICD/pacemaker: Scout image (a) demon-
strates a biventricular ICD/pacemaker. The right ventricular lead termi-
nates in the right ventricular apex (solid black arrow) and contains two 
shock coils (dashed black arrow). The left ventricular lead (dashed 
white arrow) enters the coronary sinus via the right atrium and termi-

nates in one of its branches, such as the posterolateral branch. The right 
atrial lead (solid white arrow) terminates in the right atrial appendage. 
Axial CT image (b) demonstrates the same leads in the right ventricular 
apex (solid black arrow), right atrial appendage (solid white arrow), 
and the coronary sinus (dashed white arrow)
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at the right atrial appendage, right ventricle, and a branch of 
the coronary sinus to pace the left ventricle.

 Subcutaneous ICD
Patients who require an ICD over decades may require one 
or more lead extractions and replacements, each with a risk 
for morbidity. The presence of the lead itself in the vascula-
ture imposes its own risks, including occlusion and infection. 
For these reasons, subcutaneous ICD (Fig. 40.12) insertion 
has become more commonplace [17].

 Leadless Pacemaker
The risks of complication from conventional pacemakers, 
including pocket hematoma, pneumothoraces, and vascular 
obstruction, have led to the rise of leadless pacemakers 
(Fig.  40.13). Leadless pacemakers are endovascularly 
inserted into the right ventricle, where they are affixed to the 
myocardium [18]. While measuring less than 1 cm3 in vol-
ume, they possess the same functionality as conventional 
pacemakers.

a

c d

bFig. 40.11 Cardiac 
resynchronization therapy. 
Volume-rendered images 
before (a) and after (b) 
placement of a left ventricular 
lead into a branch of the 
coronary sinus. Axial cardiac 
CT images (c, d) showing the 
LV lead (arrows) course from 
the right atrium and into the 
coronary sinus

Fig. 40.12 Subcutaneous ICD: Scout image demonstrates a left chest 
wall subcutaneous ICD, with shock coil and lead tip (arrow) overlying 
the left heart shadow
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 Implantable Loop Recorder

The implantable loop recorder (ILR) (Fig. 40.14) is a single- 
lead ECG monitor that is subcutaneously inserted into the 
patient. The device stores ECG data either in response to 
patient activation or to a significant arrhythmia [19]. The bat-
tery lasts several years, and insertion is used for patients with 
unexplained syncope or with arrhythmias that may not be 
captured using shorter term ECG monitoring, such as with a 
Holter monitor [20]. The procedure is minimally invasive, 
with minimal risk of site infection and hematoma.

 Atrial Septal and Ventricular Septal Closure 
Devices

Numerous devices have been used for closure of atrial and 
ventricular septal defects. The Amplatzer septal occluder 
(ASO) (St Jude Medical, St Paul, MN) is a percutaneously 
placed, self-expanding device that is used to close an ASD 

or, depending on the size, a VSD or PDA.  The ASO 
(Figs. 40.15 and 40.16) is composed of a braided nitinol wire 
mesh and is shaped into two flat discs connected at a waist 
[21, 22]. The size of the occluder is dependent upon the size 
of the defect it is meant to close. With good positioning 
across an ASD, the left atrial disc will be in the left atrium, 
and the right atrial disc will be in the right atrium. An appro-
priately sized device should be disc-shaped, rather than 
mushroom-shaped [23]. An ASD or VSD may present with 
signs of left-to-right shunt, with symptoms typically worsen-
ing with larger defects and, in turn, larger pulmonary to sys-
temic shunt fractions (Qp/Qs).

Additional occluders include the CardioSEAL septal 
occluder and the Gore Helex septal occluder. The 
CardioSEAL septal occluder was developed as an updated 
design of the double-umbrella device (Clamshell occluder) 
[24]. The Gore Helex septal occluder (HSO) is composed 
of polytetrafluorethylene membrane connected by a niti-
nol wire. Like the ASO, the Gore HSO has a double-disc 
shape [22].

a bFig. 40.13 Leadless 
pacemaker: Scout image (a) 
and axial CT (b) demonstrate 
the typical appearance and 
position of leadless 
pacemaker (arrows), which is 
inserted into the right 
ventricular apex. Extensive 
metallic beam hardening 
artifact on CT limits 
evaluation of the device itself, 
but its position and location 
are easily discernable

a bFig. 40.14 Implantable loop 
recorder: Scout (a) and axial 
CT (b) images demonstrate 
implantable loop recorder 
(arrows), which is implanted 
in the subcutaneous tissues of 
the left anterior chest wall
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a b c

Fig. 40.15 Redo PFO closure: CT multiplanar reformat image (a) demonstrates an Amplatzer septal occluder that was placed to close off a patent 
foramen ovale after a CardioSEAL occluder (b) failed. A volume-rendered image (c) shows both devices together

Fig. 40.16 Amplatzer septal occluder: Axial CT image demonstrates 
an Amplatzer septal occluder traversing the interatrial septum at the site 
of an atrial septal defect

 Left Atrial Appendage Devices

Atrial fibrillation (AF) affects as many as 6 million people 
in the United States. Due to the increased risk of embolic 
stroke, which is thought to most often arise from thrombi 
in the left atrial appendage (LAA), patients are often kept 
on long-term anticoagulation therapy [25]. Prior to plac-
ing an atrial appending closure device, such as a 
WATCHMAN or LARIAT, a cardiac CT is performed to 
interrogate the left atrial appendage’s anatomy, including 
its shape, size, and position relative to the pulmonary 
artery [26].

 WATCHMAN Device
The WATCHMAN device (Boston Scientific, Natick, MA) 
(Fig. 40.17) is a self-expanding device designed for LAA clo-
sure. It is composed of a nitinol structure covered by a porous 
polyethylene terephthalate membrane. The device is intro-
duced via a vascular sheath inserted into the femoral vein, and 
has the means to cross through the interatrial septum [26, 27]. 
Complications of the WATCHMAN device placement include 
device failure secondary to incomplete closure, infection, peri-
cardial effusion, air embolism,  thrombus formation during 
implantation, device embolization, and leak [28].

Fig. 40.17 WATCHMAN: A multiplanar reformat CT image demon-
strates a WATCHMAN device in a patient’s left atrial appendage. Note 
that there is thrombus contained within the WATCHMAN, which is pre-
venting the thrombus from potentially embolizing into the systemic 
circulation, which could lead to cerebral infarction
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 AtriCure Clip
An AtriCure Clip (Fig. 40.18) is an atrial appendage excluder 
that is placed epicardially at the base of the appendage. It is 
composed of two parallel titanium tubes with elastic nitinol 
springs. Complications of placement include occlusion of the 
circumflex coronary artery and pulmonary arteries, bleeding, 
incomplete LAA closure, and device migration [29].

 LARIAT Device
The LARIAT snare device (SentreHEART, Redwood 
City, CA) uses a transcatheter approach to exclude the 
LAA in patients with AF. The device utilizes magnetic-
based guidewires in the LAA and pericardial space to 
capture and close off the LAA at its ostium, under fluoro-
scopic and echocardiographic guidance [30]. 
Contraindications to LARIAT placement include pericar-
dial thickening, calcification, or adhesions which can 
interfere with pericardial access, a LAA width of 
>40  mm, a retro-pulmonary artery, pectus excavatum, 
and a posteriorly rotated heart [31].

 Circulator Assist Devices

 Short-Term

 IABP
Since 1967, when the first intra-aortic balloon pump (IABP) 
was used, the IABP (Fig. 40.19) has become a ubiquitous cir-
culatory support device in hospitals. During ventricular dias-
tole, the balloon is inflated in the descending thoracic aorta, 
augmenting perfusion of the coronary arteries and cerebral cir-
culation. Collapse during systole creates negative intra-aortic 
pressure, which decreases afterload and in turn reduces heart 
strain [32–34]. The distal tip of the IABP is radiopaque, allow-
ing for its position to be easily detectible on radiography. If the 
balloon is too proximal within the aorta, it can occlude the great 
vessels, resulting in cerebral infarction or upper extremity isch-
emia. If the balloon is too distal, it can occlude the superior 
mesenteric arteries, resulting in bowel ischemia, or the renal 
arteries, resulting in renal failure. Thus, the ideal position of the 
balloon tip is 2–4 cm distal to the left subclavian artery.

a b c

Fig. 40.18 AtriCure Clip: Scout image (a) demonstrates an AtriCure Clip (arrow), which is also seen on cross-sectional CT (b) and on volume- 
rendered imaging (c)

a bFig. 40.19 Intra-aortic 
balloon pump: An intra-aortic 
balloon pump (IABP) tip is 
seen on a scout image (a). 
Note that it is the only 
radiopaque portion seen 
overlying the heart (arrow). 
Axial CT (b) demonstrates 
the balloon filled with air in 
the descending thoracic aorta 
(arrow)
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 Impella and TandemHeart
For years, the only mechanical circulatory device in use was 
the intra-aortic balloon pump. More recently, several devices 
have come to the market. The Impella (Abiomed, Danvers, 
MA) is a nonpulsatile axial flow pump used to move blood 
from the left ventricle into the ascending aorta. The Impella 
(Fig. 40.20) is typically placed into the femoral artery, either 
percutaneously or via surgical cutdown [35].

The TandemHeart (Cardiac Assist, Inc., Pittsburgh, PA) is 
a percutaneously placed mechanical circulatory assist device 
that creates a left atrium to femoral artery bypass. An inflow 
cannula is placed into the femoral artery and advanced into 
the left atrium via a transseptal puncture. Oxygenated blood 
is then pumped into the contralateral femoral artery. This 
results in reduced cardiac workload and oxygen demand [36].

 Long-Term Assist Devices

Left ventricular assist devices (LVADs) have been used since 
the 1960s, initially to support patients who could not be 

weaned from cardiopulmonary bypass. Since that time, 
LVADs have evolved and today are on their third generation. 
The three situations LVADs are used today are as a bridge to 
heart transplantation, as destination therapy in patients who 
cannot undergo a heart transplant, and in patients who require 
myocardial recovery, such as after an episode of viral myo-
carditis [37]. First-generation LVADs utilized a pulsatile 
flow, while second-generation LVADs utilized continuous 
flow. The latter led to improved survival and decreased mor-
bidity associated with first-generation LVADs, such as 
thromboembolism and ventricular arrhythmias [38]. 
Complications of LVADs are varied and include cannula 
obstruction, pericardial tamponade, thrombus formation, 
aortic stenosis and insufficiency, right-sided heart failure, 
and infection [39].

 HeartWare Pump
The HeartWare (HeartWare Inc., Miami Lakes, FL) 
(Fig.  40.21) is a third-generation LVAD.  Not only are the 
HeartWare and other third-generation LVADs smaller than 
their predecessors, but they also function better by utilizing 

a bFig. 40.20 Impella: Scout 
radiograph (a) demonstrates 
catheter in the aorta, attached 
to the Impella, which has 
radiopaque markers 
proximally (white arrow) and 
distally (black arrow). A 
multiplanar reformat CT 
image (b) shows what the 
Impella looks like in cross 
section

a bFig. 40.21 HeartWare pump: 
Scout image (a) and axial CT 
image (b) demonstrate a 
normal appearance of the 
HeartWare pump in the LV 
apex
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magnetic levitation [40]. The device consists of the pump, 
which is attached to a cuff at the left ventricular apex, and the 
outflow graft, which is attached to the ascending aorta.

 HeartMate II
The HeartMate II (Thoratec Corp, Pleasanton, CA) 
(Fig. 40.22) is a second-generation, continuous flow LVAD 
[41]. The radiopaque inflow cannula, placed in the left 
 ventricular apex, diverts blood from the left ventricle into the 
pump via the bend relief. The purpose of the bend relief is to 
allow the pump to be accommodated within the upper abdo-
men without kinking of the cannula. Note that the junction of 
the inflow cannula and bend relief is radiolucent. The blood 
exits the pump via the outflow cannula, which is anastomosed 

to the ascending aorta. The outflow cannula is often not visi-
ble on conventional radiography and scout CT images.

 Other Devices

 Swan-Ganz

The Swan-Ganz catheter (Fig. 40.23) is a pulmonary artery 
catheter that is used for hemodynamic monitoring [42]. The 
ideal position of the catheter tip is in either the left or right 
main pulmonary arteries. The tip should not go past the prox-
imal interlobar pulmonary arteries, which extend approxi-
mately 2 cm from the hilum. Complications for placement of 
the catheter tip too distal include arterial occlusion leading to 

a b c

Fig. 40.22 HeartMate II: A scout image (a) shows the normal position 
of a HeartMate II LVAD. Notable structures include the inflow cannula 
(white arrow), bend relief (white dashed arrow), and outflow cannula 
(black arrow). Axial CT image (b) demonstrates the outflow cannula 

(white arrow) at the level of its anastomosis with the ascending aorta. 
An additional CT image (c) demonstrates the outflow cannula (white 
arrow) anterior the right atrioventricular groove and the inflow cannula 
(black arrow) in the left ventricular apex

a bFig. 40.23 Swan-Ganz 
catheter: Scout image (a) 
demonstrates a catheter (white 
arrows) overlying the left 
brachiocephalic vein and 
coursing into the superior 
vena cava, right atrium, right 
ventricle, and then right 
ventricular outflow tract. A 
CT maximum intensity 
projection multiplanar 
reformat image (b) 
demonstrates the same 
catheter in the SVC, right 
atrium, right ventricle, and 
right ventricular outflow tract
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pulmonary infarction. Risks also include pulmonary artery 
rupture, pulmonary artery dissection, and pseudoaneurysm 
formation [43].

 PDA Clip

A patent ductus arteriosus (PDA) (Fig. 40.24) is the persis-
tent postnatal patency of an embryologic structure, the duc-
tus arteriosus, which connects the pulmonary artery to the 
aorta, allowing for movement of oxygenated blood while in 
utero. Failure of the PDA to close after birth can lead to left-
to-right shunting and, if untreated, can cause chronic strain 
on the heart, possibly resulting in Eisenmenger’s syndrome. 
A PDA clip is a device that is surgically placed for perma-
nent closure of the PDA [44], which can readily be seen in 
cardiac imaging.
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CT in the Context of Transcatheter 
Aortic Valve Replacement

Eli Konen, Orly Goitein, and Arik Wolak

Aortic valve stenosis (aortic stenosis, AS) is the most com-
mon cause of left ventricular outflow obstruction in children 
and adults [1]. Severe AS is defined as maximum aortic valve 
velocity ≥4 m/s with an aortic valve area ≤1 cm2, and/or the 
mean transvalvular gradient exceeds 40  mmHg [2]. 
Symptomatic AS includes a combination of the following: 
chest discomfort, heart failure, decreased exercise tolerance, 
effort dyspnea, and syncope. The main AS etiologies are cal-
cific disease of a trileaflet valve or a congenitally abnormal 
valve (bicuspid or unicuspid) and rheumatic valve disease. In 
the Western world, calcific aortic disease of either a tricuspid 
or bicuspid valve is the most common cause. AS prevalence 
increases with age [3]. AS in younger patients is usually 
associated with congenitally abnormal valves, whereas 
trileaflet valve is more common in the elderly patients [4]. 
Usually, patients with AS and normal left ventricular systolic 
function remain asymptomatic until the stenosis is severe 
[5]. Once symptomatic, patients with severe AS who do not 
undergo valve replacement have a poor prognosis [6, 7]. 
Echocardiography is currently the main tool in the initial AS 
diagnosis and evaluation. Cardiac catheterization is recom-
mended only if the noninvasive evaluation is nondiagnostic. 
The role of multidetector computed tomography (MDCT) in 
the initial evaluation of AS is minimal and limited to aortic 
valve calcification quantification [8], potentially beneficial in 
“paradoxical low-flow low-gradient” AS and in excluding 
pseudo-severe AS [9]. MDCT plays a key role in decision- 
making and procedure planning once procedure is indicated 
as will be discussed later. The poor prognosis of untreated 
symptomatic AS patients, together with enhanced survival 
rates following valve replacement, is the rational for the rec-
ommendation for early valve replacement. Percutaneous aor-

tic balloon dilation is reserved for patients who are not 
eligible for surgical aortic valve replacement (SAVR) or 
serves as a bridge to valve replacement procedure [2].For 
more than 5 decades, SAVR, using either biological or 
mechanical valves, has been the gold standard treatment for 
severe symptomatic AS, severe AS with ejection fraction 
<50%, and severe asymptomatic AS in patients undergoing 
CABG [2, 10]. Although it offers an effective treatment 
option, it is still an extensive surgical procedure with an 
overall mortality rate ranging between 1.9% and 17% 
depending on the patient’s risk group [11, 12]. As a rule, bio-
prosthetic valves tend to be less durable, while mechanical 
valves require lifelong anticoagulation treatment, both being 
prone to infections [13]. Due to high surgical risk or surgical 
contraindications, a significant portion of potential SAVR 
candidates will not benefit from the procedure. Therefore, 
during the last decade, percutaneous aortic valve replace-
ment is becoming an increasingly growing alternative to 
SAVR, mainly for these high surgical risk patients [14–16]. 
Encouraging new data suggest that intermittent risk patients 
may also benefit from a percutaneous procedure [17]. 
Transcatheter aortic valve replacement (TAVR) is the 
replacement of the aortic valve without open heart surgery. 
The valve is delivered and positioned inside the diseased aor-
tic valve through a blood vessel or through the apex of the 
heart using a delivery system, which is removed once the 
prosthetic valve is implanted. The catheter-based delivery 
system can be inserted using several approaches including 
transfemoral, transapical, axillary-subclavian, direct aortic 
(through the ascending aorta), and transcaval (through the 
femoral vein instead of the femoral artery and across from 
the inferior vena cava into the adjacent abdominal aorta) 
[18–20]. The transfemoral approach is performed under mild 
sedation while the delivery system is inserted into the femo-
ral artery through a small incision in the groin and progressed 
along the artery to the correct position at the aortic valve. 
The transapical approach is performed under general anes-
thesia. A minimal surgical incision is made between the ribs 
followed by a small puncture of the cardiac apex where the 
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delivery system is introduced into the left ventricle and 
through the left ventricular outflow tract to the correct posi-
tion at the aortic valve (Fig. 41.1). Regardless of the approach, 
the procedure requires constant echocardiography guidance 
and pacemaker insertion for rapid pacing during the pros-
thetic valve final positioning and as backup if intra- procedural 
heart block occurs. Currently, there are several available 
TAVR systems (Fig.  41.2). The fundamental difference 
between these systems is in the aortic prostheses deployment 
method being either a self-expandable (SE) or balloon- 
expandable (BE) system [21].

Understanding the anatomy of the aortic valve compo-
nents and surroundings  – the aortic root, valvular leaflets, 
left ventricular outflow tract, origin of the coronary arteries, 
the mitral valve, and the conduction system – is essential for 
optimal patient selection and for achieving best TAVR result 
with minimal procedural complications. The aortic root is 
the anatomical location of TAVR procedure. It is located 
between the subpulmonary infundibulum anteriorly, the ori-
fice of the mitral valve and the muscular ventricular septum 
posteriorly. It extends from the origin of the valvular leaflets 
at the left ventricle all the way distally to the sinotubular 
junction [22]. Four circumferential rings outline the aortic 
root. The first, the most basal one, is a virtual ring (the annu-

lus) that is formed by joining the basal attachment of the 
valvar leaflets. The second is the anatomical ventriculoaortic 
junction (the “surgical” annulus). The third ring is the sino-
tubular junction. An additional fourth ring is seen in three 
dimensions, as the valve leaflets take the form of a three- 
pronged coronet, with the hinges from the supporting ven-
tricular structures forming the “crown-like” ring (Fig. 41.3) 
[23]. The dimensions of the aortic root components vary in 
size and shape (circular vs. elliptic) between different indi-
viduals and change throughout the cardiac cycle by up to 
20% [24]. The aortic valve is usually trileaflet, yet bicuspid 
aortic valve is a common abnormality and rarely unicuspid 
valve can be found. As for the aortic root, marked variations 
exist among individuals in the dimensions of all elements. 
Such disparities in the size of the leaflets can cause inaccu-
rate measurements of the aortic annulus especially when 
acquiring measurements, using a two-dimensional modality. 
The left main and the right coronary arteries most often arise 
within the left and right sinuses of Valsalva just below the 
sinotubular junction, yet many times they can arise from a 
lower or higher position in the aortic root. Postmortem of 
normal hearts demonstrated an average distance of 12.6 and 
13.2 mm from the orifice of the left main and right coronary 
arteries to the aortic annulus, respectively [23, 25] . The left 

Fig. 41.1 Aortic valve 
replacement TAVR can be 
performed using several 
approaches: open heart 
surgery, transaortic, 
transapical, and transfemoral

E. Konen et al.



505

a b c d e f g h

Fig. 41.2 Currently, eight transcatheter aortic valve replacement 
(TAVR) systems are commercially available in Europe (a–h), whereas 
two TAVR systems are approved by the US Food and Drug 
Administration in the United States (a, b). (a) Edwards Lifesciences 
Sapien 3 Valve (Edwards Lifesciences, Irvine, CA); (b) Medtronic 
CoreValve Evolut R (Medtronic, Minneapolis, MN); (c) Symetis 
Acurate neo Valve (Symetis, Ecublens VD, Switzerland); (d) JenaValve 

(JVT Research & Development Corp, Irvine, CA); (e) St. Jude Medical 
Portico Valve (St. Jude Medical, St. Paul, MN); (f) Direct Flow Medical 
Valve (Direct Flow Medical, Inc., Santa Rosa, CA); (g) Medtronic 
Engager Valve (Medtronic, Minneapolis, MN); and (h) Boston 
Scientific Lotus Valve (Boston Scientific, Marlborough, MA). (From 
Vahl et al. [27], with permission)

Fig. 41.3 Aortic root and anatomic location of aortic annulus. The 
three red rings represent the aortic valve cusps, with the green circle 
placed at the nadir of the aortic cusps denoting the annular plane. 
LC left coronary cusp, NC noncoronary cusp, RC  right coronary cusp. 
(From Leipsic et al. [28], with permission)

ventricular outflow tract (LVOT) is a portion of the left ven-
tricle through which blood passes to the aorta. LVOT charac-
teristics which may hinder device positioning include 
changing angulation with age and the presence of subaortic 
asymmetrical septal hypertrophy [23].The aortic valve is 
located in proximity to all cardiac chambers including the 
conduction system. Therefore, it is only understandable why 
aortic valve procedures may cause heart block or intraven-
tricular conduction abnormalities. The length of the mem-
branous septum and the presence of basal septum 
calcifications were documented as associated with post- 
TAVR conduction abnormalities [26]. Patients with severe 
AS present with a wide variety of comorbidities that may 

impact their management strategy. Therefore, it is crucial 
that a multidisciplinary team will choose the best treatment 
approach on an individual basis, considering age, frailty, and 
anatomic and clinical features. The current general approach 
is to prefer SAVR for lower-risk young patients, TAVR for 
high-risk or inoperable patients, and medical palliative treat-
ment to prohibitive-risk patients (Fig. 41.4) [27]. TAVR is 
currently evolving in three selected severe AS patients’ 
groups: valve-in-valve for bioprosthetic valve failure, bicus-
pid aortic valve, and AS with concomitant valvular or coro-
nary artery disease [27]. Per-patient TAVR procedure 
tailoring is the current standard of care. A dedicated “heart 
team” of collaborating physicians, which includes cardiolo-
gists, cardiac surgeons, and cardiac imaging experts (echo-
cardiography, MDCT, and MRI), facilitates better 
communication and understanding of the complex anatomy 
at question [27–29].

MDCT offers comprehensive pre-procedural imaging 
and understanding of the aortic root structures relevant to 
the TAVR procedure, including the left ventricular outflow 
tract, aortic annulus, aortic sinuses, sinotubular junction, 
ascending aorta, coronary ostia height, procedure access 
route, and non-cardiac pathology which may affect the 
procedure (Table  41.1, Figs.  41.5, 41.6, 41.7, 41.8, and 
41.9) [27, 28, 30–32]. Correct device sizing is key in pre-
venting complications, including coronary occlusion, 
annular rupture, and paravalvular leak, severely affecting 
patient outcome [33, 34].

 Acquisition Protocols

In order to evaluate the entire spectrum of aortic pathology 
and procedure access route, the scanning protocol should 
extend from the clavicles to the groin. A separate non- 
enhanced ECG-gated scan (“calcium score” scan) of the 
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heart with a limited field of view offers the ability to quan-
tify the calcification burden in each of the aortic root 
 components. It is imperative to scan the aortic root using 
ECG gating, which can be either retrospective or prospec-
tive or high-pitch mode. The ECG gating allows procure-
ment of accurate, motion-free images. Retrospective 
gating may be helpful when high heart rates or atrial 

 fibrillation is present. Due to the nature of severe aortic 
stenosis, administration of beta-blocker is not recom-
mended, since it may result in further decrease of left ven-
tricular function [35]. Isosorbide dinitrate spray is 
relatively contraindicated as well. Non- gated acquisition 
can be used for scanning the entire aorta and femoral ves-
sels, thus decreasing both scan time and volume of admin-
istered contrast. Spatial resolution should be high with a 
reconstructed slice width ≤1.0 mm throughout the entire 
scan. Acquisition protocols vary and are determined by the 
specific scanner platform. Wide detector systems allow 
capture of the entire dataset with ECG gating. Spiral high-
pitch ECG-gated scanning offers rapid cranio- caudal cov-
erage, with a potential for further decrease in the contrast 
volume needed for adequate imaging [28, 30, 35–37].

 Contrast Media and Radiation Exposure

Obtaining a satisfactory quality scan with a minimum con-
trast amount is of utmost importance in the elderly popula-
tion of TAVR patients. It has been recently shown that 
contrast media volume can be substantially reduced, while 
maintaining adequate image quality, utilizing low-tube volt-
age acquisitions, and enhancing contrast conspicuity [36, 
38–40].The risk for contrast-induced nephropathy following 
TAVR is non-negligible and is related to repeated contrast 
administration [41, 42]. In the TAVR patient population, it is 
associated with poor outcome and increased mortality [41, 
43]. Radiation exposure is of less significance when the 
elderly TAVR population is considered, since the  carcinogenic 
effects of radiation exposure require a lag time of at least 
10 years [43]. When addressing TAVR procedures in younger 

FUTURE MANAGEMENT STRATEGIES FOR PATIENTS WITH SYMPTOMATIC SEVERE AORTIC STENOSIS

‘Prohibitive risk’ patients Extreme risk or ‘inoperable’ patients ‘High risk’ patients ‘Lower risk’ patients*

Surgical aortic valve
replacement (SAVR)

Transcatheter aortic
valve replacement (TAVR)

• Both SAVR and TAVR
  considered ‘futile’

• Focus on symptom relief
  and palliation

• SAVR suboptimal • Both SAVR and TAVR expected
  to improve survival and QoL

• Both SAVR and TAVR expected to
   improve survival and QoL

• May consider TAVR in absence of
  anatomic or unfavorable clinical
  characteristics with emphasis on
  patient age and valve durability

• TAVR preferred unless age,
  anatomical or other patient factors
  make SAVR the superior option

• TAVR expected to improve survival
  and quality of life (QoL)

SAVR SAVR

TAVRTAVR TAVR (preferred)

SAVR (preferred)

Fig. 41.4 TAVR, future expectations and barriers. Patients with severe 
aortic stenosis present with a spectrum of comorbidities that influence 
the treatment options available to them. The heart team will choose the 
optimal treatment strategy for individual patients based on their age, 
frailty, and anatomic and clinical characteristics. For patients undergo-
ing transcatheter aortic valve replacement (TAVR), the bar for the per-

formance standard is set by surgical aortic valve replacement (SAVR). 
TAVR has evolved as the preferred treatment for high-risk and inoper-
able patients. Because the durability of transcatheter heart valves and 
outcomes in lower-risk patients require further studies, SAVR remains 
the treatment of choice for such patients (From Vahl et al. [27], with 
permission)

Table 41.1 Pre-procedural TAVR CT report

Aortic annulus
Diameters (shortest, longest)
Annulus calcifications
Area and area-based diameters
Perimeter and perimeter-derived diameters
Aortic annulus plane for fluoroscopy
Left ventricular outflow tract calcifications
Aortic root
Sinotubular junction diameters
Sinus of Valsalva width and height
Coronary ostia to aortic annulus distance
Aorta
Ascending aorta, aortic arch, descending aorta width
Tortuosity, kinking, dissection, obstruction
Aortic valve
Aortic cusps length, calcifications
Cuspidity (bicuspid, tricuspid)
Vascular access
Iliofemoral arteries: minimal diameter
Tortuosity, angulation
Calcifications
Subclavian arteries – minimal diameter
Noncardiac findings
Findings that will affect procedure (change, postpone, cancel)

Modified from Achenbach et al. [30], with permission
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d e f

b c

Fig. 41.5 Aortic annulus. (a) The aortic annulus obtained using two 
perpendicular pales through the nadir of the aortic cusps (d, e). Annulus 
diameters longest and shortest (in orange). (b) Aortic annulus perimeter 
and derived diameters (in orange). (c) Aortic annulus area and derived 
diameters (in orange). (d, e) Multiplanar reformats (MPR) serving for 
correct location at the annular plane at the nadir of the aortic valves 

(red). (f) Volume rendering of the aortic root demonstrating the aortic 
“rings”: the left ventricular outflow tract (LVOT), the annulus (orange), 
the sinotubular junction, and the ascending aorta. The origin of the left 
main coronary artery (white asterisk), origin of the right coronary artery 
(red asterisk)

patients, radiation exposure issues cannot be overlooked and 
should be addressed appropriately.

 Aortic Annulus Evaluation

The aortic annulus is a complex three-dimensional virtual 
ring at the base of the aortic cusps [23]. The annulus is oval 
in nature [23, 44, 45], and hence 3D imaging modalities 
including 3D transesophageal echocardiography (TEE) and 

MDCT are, by far, superior to 2D modalities such as 2D 
transthoracic echocardiography (TTE) or angiography [23, 
24, 28, 30, 46–50]. Thus, MDCT is considered the gold stan-
dard for device sizing [27, 51, 52] . The anatomical struc-
tures at the aortic root change throughout the cardiac cycle. 
The annulus endures pulsatile changes as well as contour 
deformity caused by the adjacent structures such as the aor-
tomitral tissue and left atrium [23, 53]. These annular cyclic 
changes need to be taken into consideration when choosing 
the device that needs to withstand them. Recently, some 
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a b c d

Fig. 41.6 (a–c) Cross section at the levels of the left ventricular outflow tract (LVOT) (a), sinuses of Valsalva (b), and the sinotubular junction (c). 
(d) Volume rendering of the aortic root demonstrating the corresponding aortic “rings” (a–c)

a b c

Fig. 41.7 Distance from the annulus to the origin of the coronary arteries. (a) Distance to the left main (LM) (red asterisk LM origin). (b) Distance 
to the right coronary artery (RCA) (black asterisk RCA origin). (c) Left coronary sinus height

authors have advocated the utilization of systolic phases in 
order to refrain from prosthesis under-sizing [24, 54]. 
However, if systolic phases are suboptimal, it is important to 
ensure adequate image quality using the best available phase. 
Current CT scanners offer isotropic data acquisition allow-
ing precise, reproducible nonoperator-dependent measure-
ments [46, 55, 56]. Accurate annular sizing should be 
performed using two orthogonal planes along the aortic root. 
The perpendicular plane immediately below the nadir of the 
aortic cusps represents the annulus. At this location, mea-
surements should include diameters (shortest and longest), 

annular perimeter and area, and the calculated derived vir-
tual diameters from both perimeter and area (Fig. 41.5) [28, 
30, 32, 35, 46, 57]. MDCT perimeter- and area-derived vir-
tual diameters have been shown to change the least during 
the cardiac cycle and are considered to be the most reliable 
diameter measurement [28, 30, 32, 35, 46, 57]. Dedicated 
application platforms for facilitating these measurements 
exist and are utilized in daily practice [54, 57–60]. Cases in 
which the annular size is borderline (for a certain device 
size) are particularly influenced by the geometric changes 
between systole and diastole. A comprehensive multimodal-
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ity approach incorporating MDCT, 3D TEE, and balloon siz-
ing (during the procedure) is recommended when evaluating 
challenging cases [28, 54, 61]. Prosthesis sizing is under-
taken using dedicated tables for each device. When sizing a 
device, one should consult with the most updated manufac-
turer instructions.

 Aortic Root Evaluation

Other components of the aortic root should be addressed, 
including the distance of the coronary ostia location 
(Fig. 41.6), aortic cusp length and calcification, aortic sinuses 
width and degree of calcification, and sinotubular junction 
and ascending aorta size. These data are essential in fitting 
the appropriate device to the specific anatomy [30]. Prosthesis 
inappropriate sizing is associated with coronary occlusion, 
annular rupture, paravalvular regurgitation, and device 
embolization [62].

 Aortic Annulus Plane for Fluoroscopy

The specific aortic root orientation is different for every 
patient with a general anterior right-sided angulation in 
most cases. The accurate position for each patient is easily 
depicted using MDCT data. Thus, providing a correct fluo-

roscopic (C-arm) angle in which all three coronary cusps are 
aligned in the same plane allows ease of utilization with the 
physical constraints of a catheterization suite (Fig.  41.9). 
This can be achieved both manually or using dedicated 
automated software. It is of high value for accurate device 
positioning and lowering the amount of aortograms and 
hence the contrast media volume needed for procedure com-
pletion [30, 46, 59, 63, 64].

 Calcification Burden

The presence, quantity, and distribution of aortic root calcifi-
cation are related to procedure outcome [65–69]. During a 
TAVR procedure, the native aortic valve leaflets are com-
pressed by the inserted device rather than resected as in 
SAVR. TAVR prosthesis anchoring requires some degree of 
calcification; however, high calcification burdens in the aor-
tic valve and LVOT are strong predictors for paravalvular 
aortic regurgitation (PAR) [65, 67–69]. Greater calcium bur-
den in the left coronary cusp has been implicated as an inde-
pendent predictor for the need for permanent pacemaker 
following the procedure [70]. LVOT calcification adjacent to 
the noncoronary cusp was demonstrated as a predictor for 
aortic root injury (Fig. 41.6) [71]. Other authors found a high 
total aortic calcification burden to be an integrative predictor 
for cardiac and all-cause mortality [66].
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 Aortic Valve Cuspidity

Bicuspid aortic valve (BAV) is the most common congeni-
tal cardiac anomaly. Inherent abnormalities in the aortic 
valve are related to progressive calcification which leads to 

stenosis and dilatation of the proximal aorta segments 
[72]. Recently, a TAVR-oriented classification was sug-
gested, dividing BAV into tri-commissural, bi-commis-
sural raphe type and bi-commissural non-raphe type [73]. 
Short term outcome (within 30 days) of TAVR in patients 

a b c

d

e

Fig. 41.9 Vascular access by MDCT (90-year-old TAVI patient). (a) 
Volume rendering (VR) of the entire aorta and femoral arteries demon-
strating extensive atherosclerotic disease. (b) Curved multiplanar refor-
mats (CMPR) of the aorta and the right iliac and femoral arteries 
demonstrating atherosclerotic disease. (c–e) Cross-sectional perpen-

dicular slices for measurement of vascular diameters at the levels of 
right common iliac artery (c), right external iliac artery (d), and right 
common femoral artery (e). Note, the circumferential calcifications at 
this level, representing an unfavorable vascular access
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with BAV was similar to that reported for those with nor-
mal, tricuspid valves although a higher rate of permanent 
pacemaker insertion was demonstrated for both BE and SE 
device types [73]. Some authors have reported a higher 
incidence of post-TAVR PAR in patients with BAV; how-
ever recent published data does not support this associa-
tion [73, 74].

 Procedure Access

Transfemoral arterial approach for TAVR was introduced 
in 2006 and is considered the preferred approach ever 
since [75]. Single-plane angiography is considered a mini-
mal requirement for pre-TAVR vascular evaluation; how-
ever atherosclerotic burden assessment is considerably 
limited using this approach [76]. Major vascular complica-
tions are not uncommon and were described with a higher 
incidence especially in women [77–79]. Target vessel 
dimensions, tortuosity, and extent of calcifications are 
important factors when addressing procedure access 
(Fig. 41.9). Contrast-enhanced MDCT has been shown to 
have a greater predicative value for post-TAVR vascular 
complications as compared with angiography [18]. 
Potential contraindications for transfemoral approach 
include external sheath diameter exceeding the minimal 
arterial diameter, significant vessel tortuosity, and exten-
sive peripheral vascular disease [75, 80]. Calcifications, in 
particular circumferential or near-circumferential, limit 
arterial expandability, thus increasing the potential risk for 
perforation or dissection [77, 80]. Routine implementation 
of pre-TAVR CT, along with ongoing decrease in the deliv-
ery system size requirements, holds promise for further 
lowering vascular complication rates [80].

Transfemoral approach is associated with lower mortality 
rate (30-day and 1-year) as compared with non-transfemoral 
approach [19, 20]. However, in the presence of prohibitive 
transfemoral access, alternative procedure routes exist, 
including transapical, transaortic, transcaval, and subclavian 
approaches.

 Post-TAVR Outcomes

Successful device implantation is reported in more than 
90% of patients [16, 33, 77, 81–83]. New-generation 
balloon- expandable devices have been introduced, signifi-
cantly lowering mortality, with reported 1-year survival 
rates of 85.6% and 74.7% for the transfemoral and the 
transapical or transaortic approaches, respectively [78]. 
Post-TAVR complications include (in descending order of 

incidence) new conduction disorders requiring placement 
of a new permanent pacemaker (reported more in SE 
devices), major vascular and bleeding events, acute kidney 
injury, major stroke, and myocardial infarction [77] 
(Figs. 41.10 and 41.11). As cumulative experience increases 
and technical aspects of TAVR progress, a significant 
reduction in post-procedural complications is apparent, 
especially when comparing results between the earliest 
reports and the current literature [78, 82].The new-genera-
tion BE and SE devices incorporate several advanced tech-
nical alterations. Slimmer-profile systems (14–16F 
expandable sheaths) are related to less vascular injury and 
offer procedure availability for patients, who, previously, 
were not eligible for transfemoral approach. Ease of device 
manipulation is related to the decrease in adverse events 
such as device malpositioning, the need for a second valve-
in-valve intervention, urgent surgery, or the need of cardio-
pulmonary support [78]. The current ability for device to 
repositioning or retrieval permits real-time procedure mod-
ifications. The wider range of valve sizes for both SE and 
BE devices allows better patient device adjustment. 
Paravalvular aortic regurgitation (PAR) is a much-discussed 
issue. Moderate (and greater) post-TAVR PAR is reported 
as associated with an increase in the overall mortality risk 
[78, 84, 85]. Some authors have found a higher incidence of 
PAR when comparing SE to BE valve; however this is not 
reported by all authors [21, 58, 82]. Adherence to MDCT 
sizing lowers the incidence of PAR [59, 86]. Reduced bio-
prosthesis leaflet motion was demonstrated utilizing four-
dimensional MDCT but resolved following anticoagulation 
administration and was not associated with increased clini-
cal events [87].

 Catastrophic Procedure Complications

Coronary occlusion is rare and caused mainly by displace-
ment of the calcified native valves over the coronary ostia. 
It was documented as more prevalent in women, heavily 
calcified cusps, balloon-expandable devices (twice as 
high), and “valve-in-valve” procedures [34]. A coronary 
height <12 mm, relatively small sinuses of Valsalva diam-
eter (<30 mm), long aortic cusps, and narrow sinotubular 
junction were demonstrated in the majority of cases [30, 
34, 88] (Fig.  41.7). Annular rupture is rare, described 
mostly as case reports, some of which suggest relation to 
prosthesis oversizing [62, 89, 90]. Other adverse outcomes 
include aortic dissection, device embolization, and tam-
ponade. All of these are rare, acute complications requir-
ing immediate intervention and are uniformly associated 
with poor outcome [88, 91, 92].
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 Valve-in-Valve: New Options for TAVR

In recent years, the utilization of aortic bioprosthetic 
valves is favored over mechanical valves due to their 
lower thrombogenicity [93]. However, bioprosthesis 
deterioration usually occurs by 10–15 years. TAVR valve-
in-valve offers a noninvasive solution for failed biopros-
thetic surgical valves. An overall 1-year survival of 83% 
was reported in a large international registry using both 
SE and BE devices [75, 94]. Smartphone platforms have 

been developed in order to guide accurate valve-in-valve 
proper sizing [95].

 Evaluation of the Coronary Anatomy

Assessment of the coronary arteries using the data collected by 
TAVR study is feasible yet challenging. In the majority of these 
patients, it is recommended to avoid beta-blockers and nitrates 
prior to the acquisition; therefore, only limited rate control and 

a

c

b

d

Fig. 41.10 Post-TAVI 
pseudoaneurysm. (a) 
Multiplanar reformats (MPR) 
of the left ventricular outflow 
tract (LVOT) before TAVI 
demonstrating heavy 
calcifications at the aortic 
annulus (dotted arrow), at the 
LVOT (black arrow), and at 
the mitral annulus (MAC) 
(white arrow). (b) MPR of the 
LVOT after TAVI 
demonstrating a 
pseudoaneurysm (white 
asterisk) originating at the 
aortic annulus. TAVI device is 
in place (black star). (c, d) 
MIP and volume rendering of 
the LVOT demonstrating the 
pseudoaneurysm (white 
asterisk), TAVI device (black 
star), MAC (white arrow), and 
LVOT calcifications (black 
arrow)

E. Konen et al.



513

coronary dilation are achieved during the scan. Additionaly 
owing to the nature of the TAVR target population (elderly and 
frail), it is usual to encounter breathing artifacts, blooming arti-
facts due to heavy calcification, and motion artifact due to 
arrhythmia (mostly atrial fibrillation and relative tachycardia). 
In one study of TAVR patients, sensitivity, specificity, and posi-
tive and negative predictive value of 96%, 73%, 72%, and 96%, 
respectively, were documented for the evaluation of only seven 
proximal segments (left main, proximal, and middle left ante-
rior descending artery, proximal and middle right coronary 
artery, and proximal and middle circumflex artery) or bypass 
grafts [96]. Currently, it is a reasonable approach to perform an 
initial TAVR CTA study and to proceed to diagnostic invasive 
coronary angiography only if the data acquired is insufficient.

In conclusion, MDCT prior to TAVR provides imaging 
information which, when used properly, serves to reduce 
procedure-specific complications. It allows tailored, per- 
patient procedure planning including device type, size, pro-
cedure access route, procedure fluoroscopic angulation, and 
post-procedure follow-up. Multimodality imaging imple-

mentation prior to TAVR truly embodies the ideal of a com-
prehensive “heart team” incorporating imaging experts, 
cardiologists, and cardiac surgeons for optimal patient care.
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CT for Minimally Invasive Repair 
of Mitral Valve and Other Structural 
Heart Diseases

John F. Mooney, Philipp Blanke, Shaw Hua Kueh, 
Stephanie Sellers, and Jonathon A. Leipsic

Minimally invasive procedures on the mitral valve and other 
cardiac structures offer a feasible alternative when the risk of 
surgery is unacceptably high. In particular, the success of 
transcatheter aortic valve replacement (TAVR) has led to the 
development of transcatheter mitral valve replacement 
(TMVR) implantation. With a high burden of mitral disease 
in an ageing population with significant comorbidities to 
contraindicate surgery, percutaneous repair or replacement is 
predicted to progressively expand.

The mitral valve poses a challenge to imaging and device 
implantation due to its complex shape and proximity to the 
left ventricular outflow tract (LVOT). CT offers excellent 
spatial and temporal resolution to define the anatomy of 
interest and relationship to surrounding structures. It can 
help determine accurate sizing for devices, provide images 
that correspond with fluoroscopy and screen for adverse risk 
and contraindication to procedures. Similar to the experience 
with TAVR, pre-procedural CT has the potential to accu-
rately identify those at risk of complications and aid plan-
ning to minimize adverse outcomes. In addition to mitral 
procedures, CT is also used prior to structural procedures on 
atrial and septal defect, planning for pulmonary vein isola-
tion and pulmonary valve replacement.

 Minimally Invasive Repair or Replacement 
of the Mitral Valve

 Procedural Overview

Mitral regurgitation is prevalent in over 10% of individuals 
aged greater than 75  years [1], with surgical repair or 

replacement the gold standard for treating significant mitral 
valve disorders [2]. However the risk of adverse peri- or 
post- operative morbidity and mortality may be unaccept-
ably high in some patients. Risk categorization is commonly 
expressed with risk prediction tools like the Society of 
Thoracic Surgeons (STS) risk prediction model  [3]. This 
includes pre- surgical morbidities like advanced age, under-
lying kidney failure, pre-existing heart failure as well as 
acute heart failure requiring active treatment with inotropes 
and balloon pump. In addition to the STS risk model, other 
risk factors that may preclude surgical intervention include 
patient frailty, highly calcified aorta, severe pulmonary 
hypertension and severe liver disease [4]. Patient character-
istics also increase risk of morbidity and mortality, with 
older patients, those with low LVEF and those with an 
increased Charlson comorbidity index score more likely to 
be denied surgery [5].

Percutaneous repair or replacement of the mitral valve 
presents as a viable option for patients deemed too high a 
surgical risk. Current American College of Cardiology/
American Heart Association (ACC/AHA) guidelines [4] list 
criteria for patients with mitral regurgitation that are poten-
tially suitable for minimally invasive approach and include:

• Severely symptomatic heart failure (NYHA class III/IV) 
despite medical therapy.

• Chronic mitral regurgitation caused by leaflet degenera-
tion (primary MR) as opposed to MR resulting from left 
ventricular remodelling (secondary MR).

• MR graded as moderate/severe to severe on 
echocardiography.

• The anatomy permits repair or replacement.
• The patient otherwise has a reasonable life expectancy.
• Comorbidities place the patient as an unacceptable surgi-

cal risk.

Transcutaneous mitral valve procedures have predomi-
nantly involved mitral repair rather than replacement. The 
MitraClip™ device (Abbott Vascular) has a widespread use, is 
the only FDA-approved device and has ongoing registry- based 
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evidence to its utility [6]. The concept of the MitraClip is 
derived from the Alfieri surgical repair of the mitral valve, 
where a double stitch between the anterior and posterior leaf-
lets fixes the cusps where regurgitation is maximal. A double 
orifice is thereby created with two smaller inflow orifices. 
Access is gained by the femoral vein and transeptal puncture.

Experience with the MitraClip device has been presented in 
several registries and trials. The EVEREST I trial assessed fea-
sibility and followed 24 patients with clips. Of these 13 had 
reduced MR sustained at 6  months [7]. The subsequent 
EVEREST II trial randomly assigned 279 patients to either sur-
gical repair or percutaneous repair in a 2:1 ratio [8]. Outcomes 
were assessed at 30  days and 12  months with primary end-
points being survival, 30-day adverse outcomes, requirement 
for additional surgery and continued grade 3/4 MR. The overall 
findings were of greater efficacy in the surgical cohort (73% vs 
55%), though with less adverse outcomes within the percutane-
ous repair group (15% vs 48%). The safety of percutaneous 
repair was confirmed in an analysis of high-risk candidates 
from the EVEREST II cohort. A total of 78 patients with esti-
mated surgical mortality of 12% or greater were compared to a 
cohort that was screened but not enrolled [9]. The 12-month 
survival was 78% in the high- risk group receiving the device 
and 55% in the matched comparison group. In the treatment 
arm, there were improvements at 12 months in MR grade ≤2 
(78%), left ventricular end- diastolic volume (172 ml to 140 ml, 
p = 0.001), NYHA class (89% III/IV at baseline, 74% I/II at 
12 months, p < 0.0001) and rate of hospitalization (from 0.59 
to 0.32, p = 0.034) [10]. Current guidelines recommend percu-
taneous mitral repair in patients with chronic primary MR, who 
are severely symptomatic despite optimal medical therapy and 
at prohibitive risk for surgery [4].

The safety and efficacy of the deployment of a transcatheter 
aortic valve for the relief of native mitral stenosis in the setting 
of severe mitral annular calcification (MAC) have been pre-
sented by a global registry to measure technique and outcomes 
[11]. A total of 64 patients with severe mitral annular calcifica-
tion (NYHA III–IV) and an average Society of Thoracic 
Surgeons score of 14.4, from 32 centres, underwent compas-
sionate deployment of a balloon-expandable transcatheter aor-
tic device. The transapical (43.8%) followed by the transeptal 
(40.6%) and transatrial (15.6%) route was used. The device 
was deployed successfully in 72% of cases, with 11 requiring a 
second valve. A total of six patients had severe left ventricular 
outflow tract obstruction causing haemodynamic compromise, 
and of these two died. The 30-day all-cause mortality was 
29.7% (12.5% cardiovascular cause, 17.2% non-cardiovascu-
lar cause), and of the survivors, 84% had improvement in 
symptoms (NYHA I–II). The frail state of many of the patients 
was observed as a significant contributor to mortality.

Devices specific for TMVR are currently undergoing 
 feasibility trials. These include Tiara™ (Neovasc Inc. 
Richmond BC, Canada), CardiAQ™ (CardiAQ Valve 

Technologies, Irvine CA, USA), Tendyne™ (Tendyne 
Holdings, Roseville, MN, USA) and Twelve™ (Twelve Inc. 
Redwood City CA, USA). The devices incorporate distinct 
features to aid positioning. These include atrial skirts to aid 
apposition against the left atrial wall, tabs to engage the 
myocardium, anchors to engage the annulus and leaflets and 
paddles to engage the leaflets or apical tether. Transeptal 
implantation has not been successful, and the devices are 
designed for transapical delivery [10].

 CT for Minimally Invasive Repair or 
Replacement of the Mitral Valve

Pre-procedural CT is commonly used to determine anatomi-
cal feasibility and to help with device sizing, deployment and 
vascular access for TAVR. It can also aid in defining adverse 
features such as subannular calcification, risk of coronary 
obstruction and excess annular dilation. Integration of CT 
imaging has led to improved outcomes after TAVR, with 
reduction in paravalvular leaks [12, 13] and vascular compli-
cations [14, 15]. The successful utility of CT in optimizing 
sizing for TAVR has led to its adoption for planning in TMVR.

Planning for mitral valve procedures using CT offers sev-
eral advantages. It can accurately define annular dimensions 
in a reproducible fashion, calcification, and the anatomical 
landing zone and help with apical access and the detailed 
anatomy of the LVOT. It can also provide coplanar projec-
tion angles to assist implantation under fluoroscopy. Imaging 
considerations for a transcatheter mitral valve repair include 
a planimetric area  >4.0  cm2, minimal leaflet calcification 
where the device will grasp, limited flail width (<15 mm and 
flail gap <10 mm) and large central jet >6 cm2 or >30% of the 
left atrial area (generally defined by echocardiogram) [8]. 
Mitral valve replacement requires determination of annular 
area and risk of LVOT obstruction. Oversizing can result in 
LVOT obstruction as well as potential rupture, and 
 undersizing can result in valve embolization [11].

 CT Acquisition

CT provides image quality of high-spatial and high-temporal 
resolution which is necessary for accurate sizing of the mitral 
valve. The constant motion of the mitral apparatus during the 
cardiac cycle requires rapid image acquisition with multide-
tector computed tomography (MDCT), typically with at least 
a 64-slice scanner. Image acquisition is synchronized to the 
ECG cycle and retrospective acquisition throughout the car-
diac cycle performed. Contrast enhancement is required to 
enhance tissue boundaries. Retrospective acquisition allows 
the whole cardiac cycle to be imaged and any time point to 
be reconstructed. This allows assessment throughout the car-
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diac cycle albeit at higher radiation dose [16]. Image analysis 
is performed with multiplanar reformation (MPR) to provide 
thin two-dimensional planes through the three-dimensional 
data set allowing reconstruction in any plane [16].

 Mitral Valve Anatomy

The mitral valve poses a challenge to both imaging and pros-
thetic implantation due to its complex anatomy, larger size 
and proximity to the left ventricular outflow tract. It is a com-
plex three-dimensional structure composed of a saddle- 
shaped annulus, anterior and posterior leaflets, papillary 
muscles and chordae.

The annulus is a three-dimensional, nonplanar structure 
with two distinct peaks. It serves as the conduit between the 
left atrium and left ventricle and is incorporated in the left 
ventricle myocardium [17]. The posterior peak is at the inser-
tion of the posterior leaflet and extends from the lateral to 
medial trigone. The anterior peak is defined by the intervalvu-
lar fibrosa (aka aorto-mitral curtain or aortic continuity) that 
lies between the mitral and aortic annulus. Between these 
peaks lies the nadir at the trigones. The intervalvular fibrosa 
lies between the mitral and aortic annulus and is anchored to 
the mitral annulus at the lateral and medial trigones [18].

The mitral valve is unique as it is the only cardiac valve to 
possess two leaflets – the anterior and posterior leaflets. The 
anterior leaflet is semi-circular in shape, whereas the poste-
rior leaflet is rectangular. At each end are clefts, or commis-
sures, which divide the leaflets. The posterior leaflet is 
divided further by clefts, creating three scallops labelled P1, 
P2 and P3 from lateral to medial. Though less distinct, by 
convention, the anterior leaflet is also categorized into cor-
responding scallops A1, A2 and A3.

Two papillary muscles (anterolateral and postero-medial) 
arise from the free wall of the left ventricle. Fibrous chordae 
run from each papillary muscle to the free edge of both leaf-
lets. During systole, papillary muscle contraction brings the 
leaflets to coapt and prevent flow into the left atrium. In dias-
tole, papillary muscle relaxation allows the leaflets to open.

 Determining the Mitral Annular Area

MDCT also plays a critical role, owing to its exceptional spatial 
resolution, for the determination of the appropriateness of indi-
vidual anatomy for TMVR. In particular, in the early days of 
TMVR, there are limited device sizes making accurate annular 
sizing and segmentation essential. Annular area can vary 
widely between patients, with estimates of annular area rang-
ing from 7 to 10 cm2 in healthy subjects [19] and between 11 
and 20 cm2 in patients with LV dilatation and functional MR. 
[19] This is reflected chiefly in an increased distance between 
the septal and lateral, also known as A2 to P2, distance com-
pared to the intercommisural distance [20]. Accurately defining 
mitral dimensions has improved with 3D imaging techniques. 
Traditional 2D imaging techniques rely on accurate orientation 
to account for the nonplanar structure of the mitral apparatus, 
and estimated dimensions varied dependent on orientation 
[21]. A lack of consensus on defining the anterior boundary has 
also limited consistency in 2D measurement [22].

The use of 3D segmentation has improved accurate depic-
tion of the mitral annulus [23] and is achieved by generating 
a cubic spline of manually placed points along the 3D con-
tour. The LV long axis is identified, and seeding points are 
placed manually along the insertion of the posterior mitral 
leaflet and along the fibrous continuity with stepwise rota-
tion at 22.5° to insert each point. Figure 42.1 illustrates the 

a b

Fig. 42.1 Acquisition of the annular plane. (a) The long axis of the LV 
is identified and from this the short axis view obtained. (b) Rotation 
around the long axis allows positioning of seed points along the inser-

tion of the posterior mitral leaflet and contour of the fibrous continuity, 
with rotation of the LV long axis by 22.5° in stepwise manner
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acquisition of the long-axis and short-axis views, whereby 
rotation around the long axis allows planting of seed points 
in the short axis. In Fig. 42.2 the seed points have been set, 
and a method of least squares allows projection of the 3D 
image onto a 2D plane by defining the geometric plane.

The saddle-shaped annulus has long been shown to best 
define the geometry of the mitral annulus, but if one were to 
size a transcatheter device on the basis of this saddle-shaped 
annulus, the device would almost certainly result in LVOT 
obstruction. As a result, based on CT analyses, it has been 
proposed that the annulus be truncated anteriorly at the med-
ical and lateral trigones to create a D-shaped annulus that 
excludes the annular apparatus [24]. This ‘D’-shaped model 
uses CT to define the trigones and then the reconstructed 2D 
dimensions using a method of least squares plane. The initial 

step is to identify the trigones, where the anterior mitral 
valve leaflet separates from the atrioventricular junction to 
follow the fibrous continuity. Figure 42.3 demonstrates how 
the trigones are identified using the 3D saddle-shaped model 
reconstruction in short- and long-axis views.

With the trigones defined, the anterior and posterior seg-
ments can be demarcated and allow comparison between 
saddle-shaped and D-shaped models. The saddle-shaped 
model includes the anterior segment for the measurement of 
dimensions, and the D-shaped model excludes structure 
anterior to the trigone-to-trigone line, including the aorto- 
mitral continuity and anterior aortic peaks. The intercommi-
sural distance is parallel to the trigone-to-trigone distance 
and perpendicular to the septal-to-lateral distance, transect-
ing it through the virtual plane at the centroid [24].

a b

c d

Fig. 42.2 Segmentation of the annulus. (a) Seeding points demon-
strated in long axis. (b) The 16 seeding points in short axis. (c) 
3- dimensional reconstruction of the saddle-shaped annulus superim-

posed on long-axis image. (d) Saddle-shaped annulus on short-axis 
view showing intercommisural (IC) and septa-lateral (SL) lines
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A D-shaped model is considered to have advantages over 
the saddle-shaped model. Firstly, it offers a standardized and 
reproducible method, with low interobserver variability, of 
estimating annular dimensions. Secondly, it resembles the 
cross-sectional area of TMVR devices which is of great rel-
evance for correct sizing and implantation. This in turn 
reduces the risk of over- and undersizing, with the inherent 
risks of LVOT obstruction or paravalvular leak and device 
embolization, respectively. Thirdly, compared to the saddle- 
shaped model, there is less projection into the LVOT and the 
risks this poses [24].

The D-shaped method has identified variation in annular 
area between primary and secondary MR [20]. Primary 
causes relate to leaflet dysfunction and include leaflet pro-
lapse, degeneration and destruction due to endocarditis or 
fibrosis. Secondary causes relate most commonly due to LV 
dilatation with or without prior infarction with tethering of 
the posterior leaflet with chordae rupture or annular dilata-

tion due to dilated cardiomyopathy. Those with primary 
MR (in this case mitral valve prolapse) were found to have 
an absolute annular area 18% larger than those with sec-
ondary (functional) MR.  Whether this in part relates to 
annular disjunction or frank septal-to-lateral enlargement is 
uncertain and will require further investigation. This is 
despite those patients with functional MR having overall 
larger LV volumes [20].

 Landing Zone Characteristics

The surrounding anatomy of the annulus can be accurately 
defined with CT, including insertion at the atrioventricular 
junction, calcification and leaflets. The anatomy of the atrio-
ventricular junction can vary between primary and second-
ary MR.  Those with primary MR related to mitral valve 
prolapse may have mitral valvular disjunction, where the 

a b

c d

Fig. 42.3 Identification of trigones and definition of the D-shaped 
annulus. (a) Rotation on the long axis identifies trigones, where the 
mitral annulus separates from the intervalvular fibrosa. (b) Short-axis 

view with lateral (blue dot) and septal (green dot) trigones. (c, d) 
Construction of D-shaped annulus with omission of anterior segment in 
both long-axis (c) and short-axis (d) views
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mitral leaflet insertion is displaced back into the atrium [25]. 
In secondary MR, changes in the surrounding myocardium 
can lead to leaflet tethering, reduced coaptation of leaflets 
and creation of a posterior myocardial shelf due to basal 
remodelling. Figure 42.4 demonstrates anatomical variation 
between valvular disjunction present in mitral valve prolapse 
(primary MR) and the presence of a prominent atrioventricu-
lar shelf in secondary mitral regurgitation [20].

CT can also readily demonstrate calcification and leaflet 
anatomy. Calcification on the mitral apparatus is a relatively 
common finding with advanced age. Extent of calcification 
can range from localized and mild to severe extending onto 
leaflets and rarely to caseous formation. The exact impact of 
annular calcification on self-expanding TMVR devices 
remains to be established, though significant calcification 
particularly when irregular is generally considered a contra-
indication to percutaneous valve implantation. Similarly, 
leaflet length, position and relationship to surrounding anat-
omy can be presented by CT. The length and anatomy of the 
leaflets can be determined in mid-diastole. The distance of 
the papillary muscles to the leaflets is also relevant, as closely 
tethered leaflets or direct papillary insertion to the leaflets 
may interfere with device anchoring [26].

 Prediction of LVOT Obstruction

LVOT obstruction was a key cause of morbidity and mortal-
ity in the global registry for TMVR [11]. Proximity of the 
mitral annulus combined with unsuitable anatomy can lead 
to flow limitation or obstruction after implantation of pros-
thetic MV. Specific risk for LVOT obstruction relates to the 
anatomical relationship of the aorto-mitral angle, the LV 
size, the configuration of the interventricular septum and the 
device itself. Firstly, the angle between the mitral outflow 

and the LVOT long axis (aorto-mitral angle) poses risk where 
the angle is increased, and near-parallel angles pose minimal 
risk, whereas perpendicular angulation poses maximal risk. 
Secondly, a smaller overall left ventricular size may not be 
able to accommodate an implanted valve without threatening 
the LVOT.  A third contribution to LVOT obstruction is 
hypertrophy at the basal septum that can accentuate the 
aorto-mitral angle and consequently diminish the LVOT 
area. Finally, the prosthetic device can protrude, or flare, into 
the LVOT and limit the cross-sectional area for systolic 
blood flow. Figure 42.5 compares a neo-LVOT with low risk 
of obstruction against one with very high risk of 
obstruction.

Determining the risk of LVOT obstruction is very impor-
tant prior to TMVR. CT can provide insight by modelling 
device deployment and segmenting the residual LVOT with 
the virtual TMVR stent in place [27]. This predicted area of 
the neo-LVOT incorporates the influence of the aorto-mitral 
angle, LV size and basal hypertrophy and can indicate over-
all risk of obstruction. This approach is however limited as 
no discrete LVOT area has been established at which the risk 
of obstruction increases. It also will vary with loading condi-
tions, residual LV function and the integrity of the choral 
apparatus. The stage of the cardiac cycle is also influential on 
obstruction, yet its role in determining LVOT remains 
unclear – minimal LVOT area occurs at end-systole – though 
this may have no influence on obstruction as maximal flow 
occurs early to mid-systole, proposing this stage may be 
more influential on risk on obstruction.

 Fluoroscopic Angulation

CT can also assist valve implanters with coplanar views to 
assist coaxial device deployment, already utilized in TAVR 

a b

Fig. 42.4 The atrioventricular junction in (a) mitral valve prolapse with disjunction between MV insertion and atrioventricular junction (red 
arrow) and (b) functional mitral regurgitation with formation of an atrioventricular shelf adjacent to the MV insertion point (yellow arrow)
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[28]. Plane segmentation on CT imaging can guide on the 
optimal angle (cranial or caudal) that corresponds to fluoro-
scopic projection, presenting implanters with an anatomical 
‘roadmap’ prior to the procedure of what they can expect to 
see for coaxial deployment at corresponding C-arm angles 
[29]. The native annulus lies in an anterior-superior plane 
with angulation to the right. Projection angles have been 
assessed that correspond to the virtual lines that transect the 
annular plane  – the septal-to-lateral line and trigone-to- 
trigone line. Figure 42.6 shows corresponding CT and fluo-
roscopic views with superimposed CT-derived annular 
geometry. Angulation of the arm to show the trigone-to- 
trigone line requires steep angulation (in this case RAO 77.3 
CAU 51.8) that is not clinically practical.

In addition to the S curve of the mitral annulus, an en face 
angle is also commonly provided. This angle is meant to help 

guide the proceduralist as to how to position and direct his/
her hands to allow for a perpendicular deployment. In 
Fig. 42.7, the ‘en face’ images and required C-arm projec-
tions are demonstrated, and Fig. 42.8 shows the projections 
required to emulate the septal-to-lateral line. It is worth not-
ing that fluoroscopic angulation between the TT and SL 
views (as indicated along the red sigmoidal line in the fig-
ure); small changes in RAO angulation require correspond-
ing larger changes in cranial or caudal angulation to maintain 
a coplanar angle.

The addition of a coronary sinus wire can aid in deploy-
ment, acting as a landmark by aligning with P1 along the 
floor of the coronary sinus and with P2. The guidewire path 
can also be represented in pre-procedural CT to help define 
the patient-specific relationship between the coronary sinus 
and P2 rather than relying on assumptions [29].

1

3 4

2

Fig. 42.5 CT data sets demonstrating prediction of neo-LVOT obstruc-
tion. Comparison between low- (1,3) and high-(2,4)risk cases for LVOT 
obstruction. The green cylinder simulates a 29  mm diameter device 
implant. The long-axis views demonstrate the neo-LVOT (shown by red 
bar), and the green bar represents the cross-sectional area. Image 1 

shows an optimal LVOT tract and image 2 shows obstruction. In short- 
axis views, the cross-sectional area of the neo-LVOT is shown. Image 3 
shows an optimal neo-LVOT area (highlighted in red) and image 4 
shows complete obstruction

42 CT for Minimally Invasive Repair of Mitral Valve and Other Structural Heart Diseases



526

 Defining Access Point

With current devices for TMVR often deployed transapi-
cally, pre-procedural CT can provide imaging of the anat-
omy required for catheter entry. A trajectory that is coaxial 
to the annular plan and bisects the centroid of the annulus 
can be provided that extends to the chest wall (Fig. 42.9) 
[10]. The relationship of this line to the corresponding line 
from the centroid to the ‘true’ apex can also be defined – this 
is often projected medial or inferior to the coaxial line. The 
trajectory line can then be assessed for proximity to papil-
lary muscles, myocardial scar, the left anterior descending 
(LAD) coronary artery and any coronary grafts. The most 
appropriate intercostal space for chest wall access can also 
be determined.

 Pulmonary Valve Implantation

Pulmonary valve replacement is generally required with 
worsening right function that can occur in patients with pre-
vious congenital heart surgery. It offers an alternative 
approach to redo surgery, angioplasty or stenting. The indi-
cations for replacement include severe pulmonary regurgita-
tion, severe RV dilatation, severe RV dysfunction or 
worsening exercise function.

Pre-procedural imaging with CT can be used to assess the 
anatomy and aid with sizing [30]. Morphology of the RV 
outflow tract can be assessed for type and suitability for 
implant. Funnel-shaped outflow tracts (type 1) are high risk 
for valve embolization and not suitable, whereas tubular- 
shaped tracts offer better support. The conduit length from 

a

c d

b

Fig. 42.6 Predicting fluoroscopic angulation along the trigone-to- 
trigone line. (a) shows transection of the annular plane at A2/P2. (b) 
demonstrates the en face view of the annular plane, with the D-shaped 
annulus shown. (c) superimposes the reconstructed annulus on corre-

sponding fluoroscopy. (d) curve demonstrating optimal fluoroscopic 
projection angles as identified by yellow dot – note the T-T projection 
angles here are RAO 77.3, CAU 51.8 which can be clinically impracti-
cal to emulate
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the pulmonary bifurcation can also be determined, as can the 
internal diameter of the conduit.

Finally, proximity to the coronary vessels can be determined 
to avoid coronary compression with device deployment.

 Percutaneous Closure of Atrial Septal 
Defects and Ventricular Septal Defects

CT can be used for planning of atrial septal defect (ASD) or 
patent foramen ovale (PFO) closure. Percutaneous devices 
employ a central waist with two umbrella-like discs at either 
end to fix the device to the atrial wall. With closure, transep-
tal flow and clot embolization can be disrupted.

Pre-procedural CT can determine defect size, rim dis-
tance, distorted or thinned septum and the presence of throm-
bus. Accurate sizing is required to determine device size, and 
coronal oblique images in end-systole are used. Rim mea-
surement is also essential from the defect to surrounding 

anatomical structure. A rim of <3 mm is considered a contra-
indication for deployment, and for PFOs the minimum dis-
tance to the aorta or SVC should not exceed 9 mm [31].

CT can also be used for sizing prior to percutaneous ven-
tricular septal defect (VSD) closure. The size and shape can 
be determined, measured in end-diastole. Proximity to the 
valves and the AV node can also be determined, which may 
contradict closure [32].

 Pulmonary Vein Isolation

Radiofrequency ablation to isolate arrhythmogenic foci sur-
rounding the pulmonary veins is an interventional procedure 
to treat atrial fibrillation. CT has a role in defining the pulmo-
nary vein anatomy, presence of thrombus [33] and proximity 
to the oesophagus [34]. Additionally, CT imaging can be 
merged with electrical mapping systems to define the atrial 
border and vein location for the proceduralist [35].

Fig. 42.7 Fluoroscopic angulation aimed to guide the positioning of the proceduralist’s hands and the direction to proceed with the delivery 
catheter to achieve a perpendicular deployment (LAO 52.3, CAU 26.7)
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Fig. 42.8 Projection of the septal-to-lateral line. Note the predicted fluoroscopic angulation (RAO 24, CRA 25.2) is more clinically applicable

a b

Fig. 42.9 Defining transapical access. (a) Two-chamber view demon-
strating ‘true axis’ and coaxial trajectory. The green line represents the 
true long axis, and the blue line represents the trajectory that is coaxial 
to the annular plan and bisects the centroid of the reconstructed annu-

lus. (b) Volume-rendered image depicting true axis (purple line) and 
coaxial trajectory (blue line). Proximity to the left anterior descending 
artery also demonstrated

J. F. Mooney et al.
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The number, position and presence of accessory veins can 
be determined in pre-procedural CT. Most commonly there 
are four, two each side. Occasionally there can be a single 
ostium with the merger of the veins. Knowledge of vein anat-
omy is required to prevent injury and ensure all veins drain-
ing into the left atrium are isolated. Ostial size can also be 
determined, with smaller ostia more susceptible to stenosis.

The presence of thrombus in the left atrium or left atrial 
appendage can be shown on CT. Delayed phase imaging can 
discriminate filling defects due to thrombus from defects due 
to slow contrast filling as thrombus will persist in delayed 
phases. The presence of thrombus contraindicates proceed-
ing with ablation.

Proximity to the oesophagus can be determined, with the 
left pulmonary veins commonly lying anterior. There is the 
potential risk of atrial-oesophageal fistula formation with 
ablation of ostia in close proximity to the oesophagus.

 Conclusions

CT imaging prior to minimally invasive cardiac procedures 
is emerging as a vital tool. Excellent spatial and temporal 
resolution with wide-field views allows an understanding of 
the target and surrounding anatomy. Accurate sizing can 
determine appropriate device to minimize complications. 
Finally, higher-risk features can be identified to allow appro-
priate patient selection and minimization of morbidity and 
mortality.
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Cardiac CT: Electrophysiological 
Applications

Joan M. Lacomis, Iclal Ocak, Friedrich Knollmann, 
Andrew Voigt, and Raveen Bazaaz

Current electrophysiological applications of cardiac CT are 
primarily focused on evaluating patients with atrial fibrilla-
tion (AF) who are either a candidate for or who have been 
treated with pulmonary vein isolation (PVI) or left atrial 
appendage occlusion. In this chapter, we will review the 
importance of AF, describe methods of pulmonary vein iso-
lation and LAA occlusion, and explore the role of CT imag-
ing for these procedures.

 Importance of Atrial Fibrillation

Atrial fibrillation is the most common sustained cardiac 
arrhythmia with a current prevalence of 6.1 million people 
affected in the USA and, with the incidence still increasing, 
an expected prevalence of 16 million people by 2050 [1, 2]. 
AF typically progresses from a syndrome of paroxysmal to 
persistent and thereon to permanent AF (Table 43.1).

AF is a significant cause of chronic left ventricular dys-
function and remains one of the leading causes of debilitat-
ing stroke imposing a tremendous burden on affected patients 
and the healthcare delivery system. Twenty-thirty percent of 
all strokes are due to AF [3–5].

 Treatment of AF

Management of AF has long represented a significant  clinical 
challenge. Since the publication of the AFFIRM trial in 2003 
[6], it has been recognized that there is no clear clinical 
advantage to a rhythm control (vs a rate control) strategy 
among older patients who are minimally symptomatic. 
However, among symptomatic patients, AF can severely 
diminish quality of life. This has been used as an important 
justification for pursuing a sinus rhythm aggressively. For 
years, cardioversion and pharmacologic therapy were the 
mainstay treatments for AF and continue to play important 
roles in its management. AF is usually treated first with anti-
arrhythmic medications [7]. Recently, the association 
between AF, obesity, and obstructive sleep apnea (OSA) has 
been recognized. There is now emerging data suggesting that 
intensive lifestyle/weight loss intervention and therapy of 
OSA may reduce the symptomatic burden of AF [8, 9]. If a 
patient is hemodynamically compromised, electrical cardio-
version is the treatment of choice [10]. However, AF is often 
refractory to or recurrent despite these treatments. The lim-
ited efficacy and known toxicity of antiarrhythmic drugs has 
led to the development of non-pharmacologic approaches.

The original Cox-Maze and its later modifications are sur-
gical therapies for the treatment of AF. The newer catheter- 
based strategies for treating AF and/or preventing stroke in 
patients with AF represent nonsurgical options for patients 
who have failed traditional pharmacologic methods. The 
catheter-based strategies to treat AF include pulmonary vein 
isolation (PVI) with radiofrequency catheter ablation 
(RFCA) or cryoballoon ablation (CBA). More recently, LAA 
occluders have been deployed to reduce the risk of stroke in 
AF patients at risk for cardioembolic stroke who are also at 
high risk for bleeding as an alternative strategy to long-term 
oral anticoagulation [11].

Multidetector computed tomography (MDCT) is fre-
quently used for preprocedural planning and identification of 
post-procedural complications. Imagers need to possess a 
thorough understanding of the procedures, including 
 potential complications, the CT anatomy of the target 
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regions, the scanning and postprocessing techniques neces-
sary to provide the needed anatomical information, and the 
pertinent report content for scans for these procedures.

 Pulmonary Vein Isolation

 Radiofrequency Catheter Ablation
In 1998, Haissaguerre and his colleagues identified the mus-
cular sleeves of the distal PVs (adjacent to the left atrium 
(LA)) as an important source of ectopic beats initiating AF 
[12]. Over 90% of the ectopic beats initiating AF arise in the 
PVs with the culprit beats most often arising in the left supe-
rior pulmonary vein (LSPV) [12, 13]. The understanding of 
this relationship led to the development of the Cox-Maze- 
type surgeries followed by the interventional therapies of 
RFCA and CBA directed at causing anatomic scars to dis-
rupt the electrical pathways between the initiating PVs and 
the substrate for propagation of AF, the posterior left atrium 
(PLA) [14]. RFCA was the first of these therapies and is still 
the most common. The technique itself has been modified 
over the years moving away from point ablation within the 
distal PVs to the current target of the pulmonary vein antral 
tissue in the PLA.

RFCA is a catheter-based procedure which is technically 
complex, time-consuming, and performed using general 
anesthesia at many centers. For the catheter-based proce-
dures, the LA can only be accessed via a transfemoral 
approach, followed by trans-atrial septal puncture. RFCA is 
carried out by using an electrical current with alternating fre-
quencies and results in hyperthermic cellular injury through 
a combination of coagulation and tissue necrosis [15]. The 
ablation catheter is navigated circumferentially around the 
bilateral PV inflow vestibules (i.e., PV antral regions) with-
out entering any pulmonary venous ostia; using a point-by- 
point technique, multiple adjacent, approximately 4 
millimeters in diameter, point ablation lesions are created. 
When complete, the discreet point lesions collectively form 
bilateral contiguous, linear, circumferential lesions to elec-
trically isolate the bilateral antral PV tissue from the remain-

der of the PLA.  Occasionally, another contiguous line of 
ablation lesions will be placed across the roof of the LA, 
extending between the vestibules [16–21], though the value 
of additional lines of ablation beyond PVI has been ques-
tioned by a more recent study [22].

 Cryoballoon Ablation
CBA is currently the most widely used alternative to RFCA 
and was developed in part because of the often tedious and 
technically challenging nature of RFCA [23]. In addition, 
cryoablation may preserve the tissue architecture and be asso-
ciated with less thrombus formation as compared to RFCA 
[24], though this has not been clearly established. Whereas 
RFCA is applied in a point-by-point mode and results in cel-
lular necrosis by tissue heating, CBA is applied to the PV 
antral tissue with a balloon in a single-step mode and leads to 
cellular necrosis by freezing [25]. Like RFCA, the LA can 
only be accessed using a transfemoral approach followed by 
a trans-atrial septal puncture. Then, a balloon catheter is 
advanced over a guidewire into the ostium of a PV where it is 
inflated to completely occlude the ostium. Balloon occlusive 
pulmonary venography and electroanatomic mapping are 
often utilized to avoid positioning the cryoballoon within the 
PV during ablation. Balloon selections are based on PV ostial 
sizes on the preprocedural MDCT, though as experience with 
the technique has grown, in the vast majority of cases, the 
larger 28 mm cryoballoon is utilized. The CBA of each PV is 
performed in at least two 3–4 min freezing cycles. The opera-
tor monitors the temperature at the distal aspect of the bal-
loon, with higher nadir (warmer) temperatures suggesting 
poor overall contact with antral tissue/inefficacy and lower 
nadir (colder) temperatures being worrisome for injury to col-
lateral structures. The intracellular freezing is followed by 
injury during thawing due to a combination of ice crystals 
expanding and contracting in the intra- and extracellular 
spaces, thereby damaging cell walls and causing microvascu-
lar occlusions and ischemia. The combined local hemorrhagic 
and inflammatory responses lead to permanent cellular necro-
sis [25]. The balloon is deflated, and the single- step freezing 
process is repeated for each of the remaining PVs. Cryoballoon 
(CB) ostial ablation lesions form well- demarcated circumfer-
ential scars, electrically isolating the PVs from the LA [26].

In 2013, the STOP-AF trial, comparing CBA vs specific 
antiarrhythmic agents, demonstrated the safety and effec-
tiveness of CBA for the treatment of PAF, with a 70% rate of 
freedom of AF recurrence at 1 year in the CBA group [23].
The more recent landmark “FIRE AND ICE” trial, compar-
ing RFCA vs CBA, found that CBA was non-inferior to 
RFCA [25]. Single center trials and registry data showed 
freedom from AF of 45–72% for RFCA compared to 55–77% 
for CBA at follow-up ranging from 6 months to 2 years [27]. 
Two smaller single-center studies showed CBA in persistent 
AF patients has a 60–67% success rate at 1 year [25, 28].

Table 43.1 Types of atrial fibrillation (AF)

AF category Defining characteristic
Paroxysmal Terminates spontaneously or with intervention 

within 7 days of onset
Persistent Fails to self-terminate within 7 days and requires 

pharmacologic or electrical cardioversion to restore 
sinus rhythm

Permanent Lasts longer than a year, and sinus rhythm is not 
possible

Lone Occurs in adults <60 years of age without underlying 
cardiopulmonary disease

Isolated Occurs without associated atrial tachycardia or 
aflutter
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The long-term outcomes for PV catheter ablation are not 
as good as initially hoped [29] with PV reconnection and 
repeat ablation procedures being common. This has prompted 
a search for additional targets for ablation and further inves-
tigation into the underlying LA substrate for AF. Although 
the majority of foci triggering AF have been mapped to the 
PVs, it has long been known that AF may also be triggered 
by arrhythmogenic foci originating from the right atrium 
(RA), LA, LAA, coronary sinus (CS), superior vena cava 
(SVC), or the vein of Marshall [12, 30–33]. The optimum 
treatment strategy including employing hybrid catheter- 
based and surgical techniques is an ongoing area of 
investigation.

 CT Technique

 Image Acquisition
The main goals of imaging are to delineate and display the 
PLA and its adjacent anatomy, typically in a combination of 
multiplanar reformats and 3D models, to identify any find-
ings that may contraindicate or increase the complexity of 
the ablation, and to identify any significant incidental find-
ings that warrant further investigation or intervention either 
pre- or post-ablation. Of note, it is increasingly common in 
recent years to perform pre-PVI anatomic mapping on 
patients who have had prior ablations and now have recurrent 
AF with a second ablation procedure planned. In such 
patients, it is also important to identify lasting complications 
from the prior ablation which may be unsuspected such as 
PV stenosis or occlusion.

Since AF patients who are candidates for RFCA or CBA 
typically have PAF or less commonly persistent AF, their 
rhythm may be AF or sinus at the time of CT which is typi-
cally obtained within 24 h pre-ablation [34–36]. Pre-ablation 
anatomic mapping of the PLA was initially described on four 
detector scanners without ECG gating [37]. As with other 
cardiac CT, modern scanning is now done on a minimum of 
64 slice scanners. Since PLA anatomy can be accurately 
characterized with or without ECG gating, patients who are 
in AF can be successfully scanned without ECG gating, and 
retrospective gating is generally discouraged due to the 
higher radiation dose [36]. However, AF, especially if rate 
controlled, is less of a challenge for high-quality low- 
radiation ECG-gated acquisitions on the newest generation 
>64 slice MDCT scanners.

Regardless if an ECG-gated or a nongated acquisition is 
done, the z-axis coverage is increased from that of a coro-
nary CTA to start the scan at the mid-aortic arch level to 
include the distal third of the superior pulmonary veins and 
the entire LAA. Although TEE is routinely done to exclude 
LAA thrombus, a limited repeat acquisition through the 
LAA can be done 60–90 s post-contrast injection if there is a 

question of pseudothrombus from mixing artifact from slow 
filling vs thrombus. Contrast dose and kvp are tailored for 
patient-specific weight, BMI, and renal function; the use of 
dual-barrel injectors with contrast timing, contrast/saline 
bolus profile, and injection rates can be the same as coronary 
CTA and can be done with a test bolus or automated bolus 
tracking [38–43].

Scans that are obtained post-PVI to evaluate for compli-
cations should image the entire chest as postop complica-
tions (or other pathologies accounting for patient’s 
presentation) are not limited to the heart. ECG gating is 
dependent on a variety of factors including not only whether 
the scanner is sufficient for patient’s rate and rhythm, but 
patient’s clinical status which can range from minor symp-
toms to obtundation (see “Interpretation post-PVI”) will also 
dictate the ability to ECG gate. The contrast volume is 
increased to cover the entire region, similar to an aortic CTA 
evaluation.

 Postprocessing
Postprocessing includes multiplanar reformats (MPRs) and 
three-dimensional (3D) volume rendered models of the LA, 
LAA, and distal PVs. LA segmentation protocols for this 
purpose are available on all of the major vendor worksta-
tions. The 3D models are displayed from both epicardial 
(extra-atrial) and endocardial (intra-atrial) vantages; the 
esophagus can also be included on the epicardial views to 
show its location along the posterior atrial wall (Fig. 43.1a–
c). Electrophysiologists reference these models for the abla-
tion thus rendering the need for retrograde pulmonary 
venography obsolete. Typically, navigation of the catheter 
during ablation is performed using a combination of an elec-
troanatomic mapping system, intracardiac echo, and fluo-
roscopy. At some centers, the epicardial 3D volume 
rendering is merged with the intraprocedural electroana-
tomic map so the progress of the ablation lines can be 
tracked in real time [44–47] (Fig. 43.2a, b).

PV ostial diameters are measured utilizing the MPRs to 
obtain true orthogonal obliques [42, 43]. Maximum PV ostial 
diameters occur during late atrial diastole (approximately 
85% R-R), and minimum diameters occur during atrial sys-
tole (approximately 15% R-R) [44–48]. PV ostial diameters 
are needed to choose the appropriate size of the cryoballoon. 
Because of the dynamic nature of the PVs, measurements 
from ECG-gated studies should be obtained from the same 
phase on any subsequent post-ablation scans [48, 49].

 Interpretation Pre-PVI

Interpretation of CT scans prior to PVI requires evaluation of 
axial source images, MPRs, and 3D models. Necessary ana-
tomic information includes evaluation of the number and 
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a

c

bFig. 43.1 (a–c): Standard 3D 
posterior left atrial models: 
Volume rendered PA 
epicardial view (a), 
endocardial view (b), and 
epicardial view including the 
esophagus (arrow) (c) of the 
posterior left atrium. (LS left 
superior pulmonary vein, LI 
left inferior pulmonary vein, 
RS right superior pulmonary 
vein, RI right inferior 
pulmonary vein, RM right 
middle lobe ostial branch, 
ssRLL superior segment RLL 
ostial branch, LM left middle 
pulmonary vein). In 2a, ostial 
branches are labeled in white

a b

Fig. 43.2 (a, b): Electroanatomic mapping: In (a) a CARTO 
(BioSense, Diamond Bar, CA) electroanatomic map from a PA view of 
the PLA post-RFCA delineates the completed ablation lines. The red 
octagons represent the ablation points which collectively encircle the 
pulmonary vein antral tissue with the goal of electrical isolation. In (b) 
the corresponding CARTO endocardial voltage map, PA view post- 

RFCA, the red areas represent low voltage, and the purple areas repre-
sent normal voltage (viable tissue). Notice how wide the antral area is 
targeted for ablation surrounding the PVs. The overlying coiled objects 
are superimposed snapshots of the positions of the tip of the circular 
mapping catheter, used to validate electrical isolation of each of the 
veins

location of PVs, including the presence of conjoined or 
accessory veins, identification of ostial branches, the relative 
location of the esophagus along the posterior left atrial wall, 
and identification of any findings that may contraindicate or 
increase the complexity of the ablation.

Each PV can be divided into longitudinal segments 
between branch points in a retrograde manner extending 

from the LA, starting with the V1 segment. The V1 segment 
is between the PV ostium and the first branch point [35, 39] 
. If this length is within 5 mm of the ostium, the first branch 
is termed an ostial branch [35]. Ostial branches are impor-
tant because they are at increased risk for stenosis. There is 
much variation between the different PVs in ostial diame-
ters, angulations, and V1 segment lengths [42, 43].The atrial 

J. M. Lacomis et al.



535

wall between ipsilateral PVs is termed the intervenous sad-
dle or carina [35]. There are two funnel-shaped, PV inflow 
vestibules or antral regions, right and left; each consists of 
all the PV ostia on the ipsilateral side and their intervenous 
saddles. The V1 segments of the PVs, bilateral vestibules, 
and the interposed atrial wall comprise the PLA [35]. The 
remainder of the LA is divided into the roof, the appendage, 
the isthmus, and the septum [50]. The extensive electrical 
conduction system within the roof of the LA is termed 
Bachman’s bundle; there is a complex network of intercon-
necting electrical pathways in the PLA. Of the more recently 
identified culprits in either the initiation or sustenance of 
AF, the identification of regions of functional reentry within 
the LA termed rotors is of most interest to imagers due to 
their association with underlying atrial fibrosis and the abil-
ity of cardiac magnetic resonance imaging to delineate 
fibrosis [51, 52].

Normally, all of the PVs drain into the LA; although vari-
ation in number and configuration of PVs entering the LA is 
common (Fig.  43.3), PVs which drain to structures other 
than the LA (i.e., the superior or inferior vena cavae, bra-
chiocephalic vein, RA) are considered anomalous.

The classic description of four separate PVs with a supe-
rior and inferior ostium on the right and a superior and infe-
rior on the left is the most common anatomic configuration 
and is referred to as conventional pulmonary venous anat-
omy (Fig. 43.1a). In several studies, some of which included 
only pre-RFCA AF patients, four PVs reportedly occur 
60–82% of the time, but large population studies have not 
been done, and the true incidence is unknown [32, 34, 36, 37, 
40, 43, 53]. Typically, the right superior pulmonary vein 
(RSPV) drains the right upper lobe (RUL) and usually the 

right middle lobe (RML); the right inferior (RIPV) drains the 
right lower lobe (RLL) and occasionally all or part of the 
RML; the left superior (LSPV) drains the left upper lobe 
(LUL) including the lingula; and the left inferior (LIPV) 
drains the left lower lobe (LLL) [32, 34, 36, 37, 40, 43, 53].

If variant PV anatomy is present, the right side tends to be 
more complex, often with accessory PVs, while the left side 
tends to be more simplified, as in the case of a conjoined 
vein. A conjoined or common vein occurs when the superior 
and inferior veins merge proximal to the LA and enter the 
LA as a single trunk of varying lengths [34, 40]. The result-
ing single pulmonary venous ostium is typically broad 
(Fig.  43.4a, e). Deciding if there is a short common trunk 
with large superior and inferior ostial branches versus two 
adjacent but separate left-sided veins with a small interve-
nous saddle can be difficult and may account for some of the 
variation in reported incidence of conjoined veins. While 
conjoined veins are usually on the left, they also rarely occur 
on the right, bilaterally or inferiorly (combined RIPV and 
LIPV) [34, 39, 40, 54]. The anatomic variant of a left com-
mon PV (LCPV) is often seen in clinical practice and has 
relevance for preprocedural planning for electrophysiolo-
gists. LCPV anatomy can be particularly challenging for 
operators contemplating a CBA approach, as the size of the 
common segment is sometimes larger than the diameter of 
the cryoballoon itself, forcing the operator to either switch to 
RFCA or to ablate using a more challenging segmental 
approach with multiple applications of cryothermal energy 
at the antral tissue surrounding the PV.

An accessory vein has its own independent atrio- 
pulmonary venous junction separate from the superior and 
inferior PVs on that side. Accessory veins are important as 
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Fig. 43.3 Normal pulmonary 
vein variations: Top row (left 
to right): conventional 
anatomy with left superior 
(LS) and left inferior (LI) 
pulmonary veins widely 
separated, conventional 
anatomy with LS and LI 
immediately adjacent to each 
other, short left common vein 
(LCV), long LCV. Bottom 
row (left to right): accessory 
right middle vein (accR), two 
accessory right middle veins, 
top vein (TV) with or without 
a right middle vein, right 
common vein or left middle 
vein. Rarely, there can be 
bilateral common veins (not 
drawn)
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their ostia may be smaller than those of the superior and infe-
rior veins, exposing them to an increased risk of stenosis. It 
is important to know what segments or lobes of lung acces-
sory veins are draining, because if complications such as 
hemodynamically significant pulmonary venous stenosis or 
thrombosis occur, the associated pulmonary parenchymal 
abnormalities will be reflected in the segment or lobe of lung 
drained by the affected vein.

There may be one or more accessory veins, typically on 
the right or toward the right posterior side of the roof of the 
LA.  The frequency of accessory veins has been reported 
between 12% and 33% [39, 40, 43, 54]. The two most com-
mon accessory veins are the right middle lobe vein (which 
drains all or part of the right middle lobe (RML), accounting 
for 55–93% of accessory right-sided veins (Fig. 43.4b), and 
the superior segment right lower lobe (ssRLL) vein account-
ing for 28% of accessory right-sided veins (Fig.  43.4c). 
However, note that any third vein interposed between the 
RSPV and RIPV, regardless if it’s draining the RML or 
ssRLL, has often been generically termed a “middle vein” 
[34, 37, 40, 53]. Rarely, accessory PVs can drain the basilar 
segments of the RLL. In addition, the occasional accessory 
vein on the left, which typically drains the lingula, is also 
commonly referred to as a “middle vein” (Fig. 43.4d) [32, 
43, 44, 55–57].

The other interesting accessory vein is the “top vein” 
which enters the roof of the LA posteriorly, superomedial to 

the RSPV (Figs.  43.4c and 43.5b) [34, 44]. The top vein 
drains either the ssRLL or the posterior segment right upper 
lobe (psRUL) or a combination of the two. This should not 
be confused with another frequently seen normal structure, 
an accessory LAA.  An accessory LAA is a small-sized, 
blind-ending, diverticula-like outpouching which contains a 
variable number of digitations [58]. The accessory LAA, 
which arises from the anterosuperior aspect of the LA roof, 
can be near the RSPV, more midline, or closer to the LSPV 
(Fig. 43.5a, b) [50].

In addition to evaluating PLA anatomy, scans are rou-
tinely evaluated for other significant findings. A well- 
opacified LAA can be assessed for thrombus, a 
contraindication to the procedure [15–21]. However, if the 
LAA is dilated and has slow flow, particularly if TEE shows 
spontaneous echo contrast indicating slow filling, it may be 
difficult to differentiate poor filling from thrombus. In fact, 
the two may look identical. There have been several pro-
posed methods to differentiate pseudothrombus due to 
incomplete LAA opacification from LAA thrombus; the 
easiest is to obtain a second set of delayed images through 
the LAA at approximately 60–90  s post-contrast injection 
(Fig. 43.6a, b) [59].

While TEE is the standard of reference and the only 
approved imaging modality to assess for LAA thrombus, in 
a meta-analysis of 19 studies with 2955 patients, cardiac CT 
with the addition of delayed images was shown to be as 

a

c d

bFig. 43.4 (a–d): Normal 
pulmonary vein variations: (a) 
left common vein (LCV), 
accessory right middle 
pulmonary vein (RM) 
draining the entire right 
middle lobe; (b) two 
accessory “right middle” 
veins, separately draining the 
medial (RMM) and lateral 
(RML) segments of the right 
middle lobe; (c) accessory 
superior segment right lower 
lobe pulmonary vein draining 
that lobe and accessory “top 
pulmonary vein” draining the 
posterior segment of the right 
upper lobe; (d) endocardial 
view showing the broad 
ostium of a LCV (LAA, left 
atrial appendage; RS, right 
superior pulmonary vein; 
RI, right inferior pulmonary 
vein; ** in 4d denotes the 
Ridge of Marshall)
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accurate as TEE.  In the meta-analysis, cardiac CT had an 
overall accuracy of 99% with a mean sensitivity of 100%, 
specificity of 99%, PPV of 92%, and NPV of 100% [59].

Any other abnormality of the LA, the RA, the atrial sep-
tum, or the azygous continuation of the IVC that may inter-
fere with access to or ability to navigate a catheter within the 
PLA from a transfemoral approach should be reported [60]. 
Any abnormality of a structure in close proximity to the 
PLA, particularly if the abnormality exerts mass effect on the 
LA, such as a descending aortic aneurysm, esophageal dila-
tation, paraesophageal hernia, or mediastinal mass, should 
also be reported [42]. The esophagus warrants specific atten-
tion for RFCA cases as it is at risk for iatrogenic injury dur-
ing the procedure due to its close proximity to the PLA. In 
addition to including the esophagus on the 3D epicardial vol-

ume rendering, specifying its location in the report in rela-
tion to the PLA is recommended. Anatomically, the 
esophagus is adjacent and posterior to the LA for approxi-
mately 5 cm of the length of the esophagus, either running 
midline, right or left para-midline, or obliquely from the 
LSPV to the RIPV.

Since catheter ablation for AF requires either general 
anesthesia or intravenous conscious sedation, incidental 
findings such as pneumonia, including aspiration after 
TEE, and coronary artery disease also need to be specifi-
cally addressed as their presence may warrant postponing 
or canceling the ablation. Similarly, findings such as a 
 suspected lung carcinoma or other malignancies may affect 
the decision to proceed with an ablation until they are 
 evaluated [25, 26, 38, 43].

a bFig. 43.5 (a, b): Accessory 
LAA: Both an accessory LAA 
and a top pulmonary vein 
(TV) typically arise in close 
proximity to the RSPV. In (a) 
the accessory LAA (black 
arrow) arises from the anterior 
aspect of the roof of the LA, 
whereas in (b), an accessory 
TV (white arrow) arises from 
the posterior aspect of the LA

a bFig. 43.6 (a, b): LAA 
pseudothrombus: Particularly 
as the LAA dilates, filling 
defects in the tip of the LAA 
are common on CTA (a) and 
could represent thrombus or 
pseudothrombus from slow 
LAA filling. Complete 
opacification of the LAA on 
delayed images (b) excludes 
the presence of true thrombus
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 Interpretation Post-PVI

The major role of CT post-PVI is to assess for complications. 
The overall major complication rate for PVI is estimated at 
3.9–4.5% [24]. Both major and minor complications, listed 
in Table 43.2, can occur, most with either RFCA or CB abla-
tion [21, 61–73]. Many are well-known complications that 
can occur with other interventional catheter-based cardiac 
procedures; there are also the risks associated with sedation 
and general anesthesia that are not included.

Of note, cardiac perforation and associated tamponade 
can occur during trans-atrial septal puncture, when manipu-
lating the catheters in the LA and distal pulmonary veins or 
when performing the ablations, but are acutely apparent 
from clinical parameters and echocardiographic findings 
during these procedures and not reliant on MDCT for diag-
nosis. There are three complications noteworthy to PVI pro-
cedures: phrenic nerve injuries (PNI), atrio-esophageal 
fistula (AEF), and PV stenosis, the latter two of which are 
reliant on MDCT for diagnosis. Rapid and accurate interpre-
tation of subtle CT findings of severe injury is paramount.

 Atrio-esophageal Fistula
AEF is a rare but devastating complication only reported 
with RFCA. AEF occurs due to thermal injury to the esopha-
gus through the LA wall. First described in 2004, there have 
only been a few published cases. The true incidence of 
unpublished occurrences is unknown, and many suspect the 
incidence is likely higher [57–61, 63, 64, 66]. In the pub-
lished cases, patients presented from 2 days to 5 weeks post- 
ablation, and the incidence of mortality was over 50%.

The underlying problem is a thermal injury during the 
PLA ablation to the fragile anterior esophageal wall due to 
the anatomic close proximity of the esophagus and PLA. In 

some areas, the esophageal wall is in direct continuity with 
the posterior left atrial wall, and in other areas, there is a thin 
layer of fat interposed between the posterior wall of the LA 
and the anterior wall of the esophagus (Fig. 43.7a) [56, 74, 
75]. If the thermal injury is severe enough, the esophagus can 
perforate. If the esophageal perforation goes undetected, the 
ensuing mediastinitis can extend to the LA wall which can 
also perforate, creating fistulous communication between the 
two [66–69, 72, 73, 76].

Early signs and symptoms of AEF are nonspecific and 
include chest pain, dysphagia, fever, and an elevated white 
blood cell count [61, 62, 69, 70, 77]. Patients may rapidly 
deteriorate as mediastinitis progresses over the span of 
hours to a few days. The diagnosis is easily missed in its 
early clinical stages. When the posterior left atrial wall is 
perforated, air from the esophagus may enter the LA, and 
signs of endocarditis, septic or air emboli, and overwhelm-
ing sepsis may develop. Patients are at risk for mental status 
changes, stroke, seizures, massive hematemesis, and rapid 
cardiovascular collapse with death. The mortality of >50% 
is in part attributed to significant delays in or missed diagno-
sis [61, 62, 71–75, 78].

MDCT
MDCT is the primary imaging modality to assess for compli-
cations post-ablation [53, 66]. Early CT findings are those of 
mediastinitis such as fat stranding or a small mediastinal 
fluid collection and/or extraluminal gas locules in the region 
of the PLA or esophagus [14, 70, 72, 73] (Fig. 43.7b).

As the process progresses to a fistula, the posterior wall of 
the LA may become thickened and irregular or develop a 
pseudoaneurysm. Gas locules can occur within the pericar-
dial space or within the wall or lumen of the PLA [14, 70, 72, 
73]. Small pleural or pericardial effusions are relatively com-
mon minor complications post-RFCA; however, rapidly 
accumulating collections or pleural or pericardial enhance-
ment should raise suspicion for AEF [14, 71] (Fig. 43.8a, b).

Confident MDCT diagnosis of an AEF is important to 
ensure adequate emergent treatment which requires surgical 
exploration with both esophageal and atrial repairs; TEE and 
esophagoscopy with CO2 insufflation are contraindicated 
when AEF is suspected [21, 62, 77].

 Pulmonary Vein Stenosis
Pulmonary vein stenosis (PVS) is a significant complication 
of catheter ablation for AF. There is significant variation in 
the reported incidence of severe, hemodynamically signifi-
cant pulmonary vein stenosis, since post-PVI follow-up 
imaging is not always obtained. Also, the pulmonary veins 
undergo structural remodeling after ablation with a mean 
reduction in cross-sectional areas of roughly 5–10% [49]. A 
recent systematic review suggested that the incidence of 
PVS remains approximately 2% [49, 79]. Pathophysiology 

Table 43.2 Reported complications of RFCA or CBA

Minor
Pleural effusion
Pericardial effusion
Hemodynamically insignificant pulmonary vein stenosis
Femoral vein catheterization complication: hematoma, 
arteriovenous fistula, pseudoaneurysm
Major
Pulmonary veins: dissection, perforation, severe stenosis, 
thrombosis, venous infarct, veno-occlusive disease with resultant 
PA hypertension
Cardiac perforation: hemopericardium, tamponade
LA intramural hematoma, dissection
Coronary arteries: spasm, ischemia, infarct
Cardiac dysrhythmias
Thromboembolic: stroke, transient ischemic attack (TIA), 
pulmonary or systemic emboli
Phrenic nerve palsy, paralysis
Atrio-esophageal fistula, esophageal perforation, mediastinitis
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of PVS after catheter ablation remains unclear but most 
likely due to irreversible progressive inflammation and col-
lagen deposition in the PV wall adjacent to an ablation 
lesion [79]. PV stenosis is related to catheter position. The 
more distal positioning the catheter from the ostium, the 
higher the risk.

PV stenosis has been reported up to 2 years post-RFCA 
and, when severe, can result in PV thrombosis, venous 
infarct, pulmonary veno-occlusive disease, and pulmonary 
artery hypertension. Symptoms are often nonspecific and 
insidious in the onset such as vague chest pain, dyspnea, or 
cough, but patients can also present more acutely with sharp 
pleuritic chest pain and hemoptysis [19, 80].

MDCT
Acutely, an awareness of a recent history of PVI is neces-
sary to avoid misdiagnosing the pulmonary findings of acute 
PV infarcts as pneumonia or pulmonary arterial infarcts 
(Fig. 43.9a–d) [19, 80–83]. CT can be more definitive, with 
direct assessment of the PVs, particularly when the pre- 
ablation CT is available for comparison. Obtaining the PV 
CT with ECG gating is recommended. This provides the 
best images for multiplanar reformatting and measurement 
of the ostial diameters. If ECG gating is not possible, non-
ECG- gated CT images should be adequate for diagnosis of 
severe PV stenosis although diagnosis of mild or moderate 
areas of stenosis should be done more cautiously on non 

a b

Fig. 43.7 (a, b): Atrio-esophageal fistula, early findings: The axial 
image from a CT obtained pre-ablation (a) shows the normal esophagus 
(arrow) toward the left side of the LA, immediately posterior and in 
direct continuity to the atrio-pulmonary venous junction of a long left 
common vein. Image (b) was obtained 5  days post-RFCA when the 
patient presented with chest pain. Note the signs of mediastinitis with a 

new, subtle fluid collection (arrow) in the mediastinum that is insepa-
rable from the esophagus and abuts the posterior left atrial wall near the 
LSPV ostium with infiltration of the adjacent fat. There are also large 
right and small left pleural effusions; the former showed signs of locu-
lation on more superior images (not shown). (From Lacomis et al. [14], 
with permission)

a b

Fig. 43.8 (a, b): Atrio-esophageal fistula, late findings: The patient 
continued to clinically deteriorate with ongoing chest pain, new dys-
pnea, fever, and elevated white blood cell count and underwent CT of 
the chest, abdomen, and pelvis 48 h later which showed progression of 
findings and additional evidence of an atrio-esophageal fistula. There 
are new extraluminal gas locules adjacent to the esophagus and within 

the pericardial space (a, arrows). A large pericardial effusion has devel-
oped, and the pericardium is enhancing (a, b). The right pleural effu-
sion has markedly increased. In (b), there is a pseudoaneurysm (arrow) 
of the posterior left atrial wall, inferoposterior to the RIPV. A nasogas-
tric tube is in the esophagus. (From Lacomis et  al. [14], with 
permission)
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ECG-gated CT images due to the variability of the PV diam-
eters with different phases of the cardiac cycle [44, 48]. 
Both the minimum diameter and length of a stenosis should 
be assessed. Imaging criteria for the diagnosis of PVS 
include a reduction in PV long-axis diameter of >50% com-
pared to pre-ablation study, corresponding to a reduction in 
PV cross-sectional area of >75%. Symptoms typically pres-
ent when the severity of stenosis reaches 60% reduction in 
diameter [49]. A stenosis is likely more clinically significant 
if ancillary findings of fat infiltration in the adjacent medias-
tinum, enlarged reactive lymph nodes, peripheral lung opac-
ities, and localized septal thickening due to veno-occlusive 
disease and localized pulmonary hypertension are found 
[19, 38, 80, 81, 84]. Noninvasive treatment of pulmonary 

vein stenosis following ablation with balloon angioplasty 
has been used as a treatment option for symptomatic patients 
although data suggest restenosis rates are relatively high 
ranging from 47% to 57% [19, 85].

 Phrenic Nerve Injury
PNI during PVI is more common in CBA but can also occur 
in RFCA. It can result in either a palsy or paralysis and may 
be transient or permanent. A right-sided PNI is the most fre-
quently observed complication with CBA. The risk of PNI 
due to CBA is reported between 6% and 24% [86]. The 
reported incidence of transient and persistent PNI resulting 
from ablation with the first-generation CB was 6% and 4%, 
respectively. The risk of PNI with the second-generation CB 

a b

c d

Fig. 43.9 (a–d): Pulmonary vein stenosis and occlusion: Epicardial (a, 
b) views of the PLA on a pre-ablation CT showing unexpected occlu-
sion of the LSPV (white arrow) and stenoses of the RSPV and RIPV 
(black arrows). By history, the patient had an ablation 11 years earlier, 
followed 2  weeks later by a 6-week hospitalization for an “unusual 
pneumonia” with low-grade fevers and white count; all cultures and 
pleural fluid were negative. The initial PA radiograph from 11 years ago 

(c) shows large areas of airspace consolidation in the left mid- and 
lower lung zones with a moderate left pleural effusion. The initial chest 
CT (d) shows thrombus in the LSPV (white arrow) and large areas of 
ground glass opacity with intralobular septal thickening consistent with 
wedge-shaped venous infarcts in the lingula and left lower lobe with a 
left pleural effusion
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is even higher, with the reported incidence of transient and 
persistent PNI being 16–24% and 5–7%, respectively [87].

The underlying problem is a hypothermic (CBA) or ther-
mal (RFCA) injury to the right phrenic nerve because of the 
proximity between the right phrenic nerve and the right PVs 
[87–89]. The right pericardiophrenic bundle, consisting of 
the right phrenic nerve, pericardiophrenic artery, and pericar-
diophrenic vein, courses along the lateral margin of the SVC 
passing close to the RSPV ostium [89–91]. Patients with uni-
lateral PNI are  typically asymptomatic, but dyspnea, particu-
larly orthopnea, can occur.

MDCT
The right pericardiophrenic bundle is not consistently visual-
ized on MDCT. New unilateral elevation of the right hemi-
diaphragm post-CBA is a sign of possible PNI and can be 
further evaluated with a fluoroscopic sniff test. In addition, 
Stroker et al. showed pre-CBA evaluation of the PVs with 
MDCT as a useful tool for predicting the risk of PNI. They 
found that large PV dimensions, ostial branches, and a short 
distance between the SVC and any of the right-sided PVs 
were associated with increased risk of PNI [86]. If the dis-
tance between the RSPV and right pericardiophrenic bundle 
is less than 10 mm, then there is a higher risk of PNI [89].

 Injury to Pulmonary Parenchymal Tissue
CBA has recently been associated with acute injury involv-
ing the left mainstem bronchus which is often in close prox-
imity to the ostium of the LSPV. Knight et al. demonstrated 
cryothermal injury to the left mainstem bronchus using a 
bronchoscope during CBA at the LSPV in three of ten 
patients [92]. The clinical relevance of this remains unclear, 
but it is postulated to be a cause for persistent dry cough seen 
in some patients post-CBA who do not have PNI.  Case 
reports have also described hematomas adjacent to the RIPV, 
identified by CTA post-CBA in patients presenting with 
hemoptysis [93].

 Left Atrial Appendage Occluder Procedures

 Justification for LAA Occlusion

Many patients with AF face both symptoms resulting in dim-
inution in quality of life (addressed by lifestyle interven-
tions, anti-arrhythmic drugs, and catheter ablation) and an 
increased risk of stroke. Oral anticoagulation (AC) is the 
mainstay of prevention of stroke in AF patients. Currently, 
although there are several different risk scores that are used 
to identify patients with a high risk for stroke, patients with 
non-valvular AF are most commonly stratified for yearly 
stroke risk using the CHADS2 or the newer CHA2DS2- 
VASc score and are stratified for bleeding risk using the 

HAS-BLED score [94–97]. Patients with both a high risk of 
stroke (CHA2DS2-VASc score of at least 3) and elevated 
risks of bleeding on oral AC represent the target population 
for LAA occlusion procedures. However, because the 
CHA2Ds2-VASc score and other currently used risk scores 
have a poor predictive value with a C-statistic of 0.55–0.64, 
new thoughts of risk stratification for stroke are focused on 
the concept of assessing the LA for an underlying atrial 
myopathy including the presence of atrial fibrosis, dilatation, 
and loss of contractile function which leads to decreased 
LAA emptying velocities and blood stasis, thus increasing 
thrombogenicity [94, 98]. An interrelationship between com-
plex LAA shapes, risk of thrombogenicity, and stroke has 
also been postulated [99–102]. Thus echocardiography (LA 
strain), cardiac MRI (LA and LAA flow, LAA morphology, 
fibrosis, LAA shape), and cardiac CT (LAA shape) have 
potential emerging roles in stroke risk stratification [103].

Although oral anticoagulation with a traditional vitamin 
K antagonist or a novel non-vitamin K antagonist drugs are 
effective therapies, they are not without risk. Only 65% of 
patients on oral warfarin are therapeutic on the agent, and 
there exists risk of a major hemorrhage in all patients on oral 
anticoagulation with an elevated HAS-BLED score [96].

The LAA is the primary source for thromboembolism in 
AF. In a review of 23 studies in patients with non-valvular 
AF, 91% of clots were localized to the LAA [104]. The role 
of occlusion of this structure to prevent thromboembolic 
complications from AF has been the subject of clinical inves-
tigation over the last decade. Increasing scientific evidence is 
leaning to a viable role for appendage occlusion in stroke 
prevention in non-valvular AF. In 2016, the US Centers for 
Medicare and Medicaid Services approved a device for 
endocardial LAA occlusion (LAAO) in patients considered 
suboptimal candidates for oral AC therapy. In Europe, per 
the 2016 European Society of Cardiology Management 
Guidelines for the management of AF, LAAO for stroke pre-
vention in patients with AF and contraindications for long- 
term AC therapy has been given a class IIb recommendation 
[105]. The goal of LAA occlusion is to prevent thrombi 
formed in the LAA cavity from access to the LA and thus the 
systemic circulation.

 Current LAA Occlusion Methods

There are three categories of LAA occlusion: surgical-based 
epicardial, catheter-based endocardial, and catheter-based 
endoepicardial. In addition, there are hybrid techniques com-
bining surgical- and catheter-based techniques. Any of the 
techniques that include an epicardial component result in 
both electrical and mechanical exclusions of the LAA, so 
they have the added benefit of potential eventual elimination 
of LAA-initiated AF.
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 Surgical-Based Epicardial
Traditional open surgical techniques include stapling, 
suture ligation, and amputation done during other open 
heart surgical procedures. The main interest in the devel-
opment of device-based LAA occluders is due to the low 
overall success rate of only 40% complete LAA exclu-
sion by these traditional surgical methods (0% for sta-
ples, 23% for sutures, 73% for amputation) resulting in 
“incomplete exclusion” or recanalization and ongoing, 
even increased, risk of LAA source thromboemboli 
[106].

Multidetector CT is not routinely used in the preoperative 
assessment of the LAA for the traditional surgically based pro-
cedures; however, an incompletely surgically excluded LAA is 
occasionally encountered postoperatively even as an incidental 
finding when performing CT for other reasons (Fig. 43.10).

The AtriClip, or Gillinov-Cosgrove clip (Atricure, West 
Chester, OH), is a surgical device-based epicardial technique 

approved by the FDA in 2009 for LAA exclusion during other 
open cardiac surgeries in patients with a CHADS2 score of ≥2 
and is now undergoing evaluation as a stand- alone minimally 
invasive thoracoscopic procedure in CHADS2 score of ≥2 
patients who do not need other cardiac surgeries [107]. The 
AtriClip is a self-closing clip made of two parallel rigid tita-
nium rods encasing elastic nitinol springs and wrapped in a 
braided polyester sheath that is placed epicardially around the 
base of the LAA and externally compresses to exclude the 
LAA cavity from the systemic circulation (Fig. 43.11).

 Catheter-Based Endocardial
Catheter (percutaneous) endocardial device-based LAA 
occluders were originally described in 2001. This is a highly 
evolving field with discontinuation of some of the earlier 
devices, ongoing investigation of current utilized devices, 
and rapid introduction of new ones. Today, worldwide, the 
most widely used are the WATCHMAN device (Boston 

Fig. 43.10 Incomplete LAA 
exclusion: Multiplanar 
reformat in a two-chamber 
view of the heart and 
corresponding volume 
rendering showing an 
incompletely excluded LAA 
postsurgical epicardial LAA 
suturing (arrow) with focal 
central outpouching of 
contrast from the LA into  
the LA

Fig. 43.11 AtriClip LAAO: 
Volume rendering and thick 
MIP reconstruction of the 
heart with a frontal cut 
showing the typical 
appearance of an AtriClip 
placed across the neck of the 
LAA during coronary artery 
bypass grafting; there is no 
residual LAA distal to the clip 
consistent with complete 
epicardial occlusion, 
thrombosis, and atrophy of 
the LAA. (Images courtesy of 
Pal Suranyi MD, PhD; 
Medical University of South 
Carolina, Charleston, SC, 
USA)
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Scientific, Natick, MA), the original Amplatzer Cardiac Plug 
(ACP), and its newer version, the Amplatzer Amulet (Abbott 
Medical, Chicago, IL). The LAmbre (Lifetech Scientific 
Corp., Shenzhen, China) and the WaveCrest (J&J BWI 
Cardiovascular & Specialty Solutions Group, Diamond Bar, 
CA) are some examples of more recently developed devices 
and will be briefly mentioned. The access to the LAA for any 
of the endocardial occluders is done via transeptal LA access 
using fluoroscopic and TEE guidance.

The WATCHMAN device is CE mark approved and, in 
the USA as of July 2016, the only FDA-approved percutane-
ous method for LAA occlusion. The efficacy and safety of 
the WATCHMAN were evaluated in two prospective, ran-
domized clinical trials, most notably the PROTECT-AF and 
the PREVAIL trials [11, 108]. The PROTECT-AF trial 
showed noninferiority of the WATCHMAN to warfarin and 
for the first time implicated the LAA in the pathogenesis of 
stroke in AF; however, there were periprocedural safety con-
cerns including a 5% pericardial effusion rate. The PREVAIL 

trial failed to show noninferiority of the WATCHMAN to 
warfarin at preventing a combination of primary endpoints, 
met predefined procedural safety outcomes, and showed 
noninferiority to warfarin for the prevention of long-term 
ischemic events. FDA approval for the device was based on 
the combined data from the PROTECT, PREVAIL, and con-
tinued access protocols [11, 108, 109].

Clinical eligibility for a WATCHMAN requires that a 
patient has a demonstrable nonoptimal candidacy for antico-
agulation, a CHADS score of ≥2/CHA2DS2-VASc score of 
≥3, and the ability to tolerate short-term anticoagulation. 
The device consists of a radial, self-expanding nitinol frame 
with a 160 micron polyethylene terephthalate (PET) cap that 
blocks emboli from crossing it. Multiple fixation anchors 
around the perimeter of the frame attach the occluder to the 
LAA endothelium. The WATCHMAN is positioned by both 
intraprocedural TEE and fluoroscopy to accommodate the 
largest device that can optimally occlude the LAA orifice 
[109, 110] (Fig. 43.12).

Fixation Anchors

PET cap

a

c d

b

Fig. 43.12 (a–d): WATCHMAN LAAO: The WATCHMAN is an 
endocardial type of LAA occluder and is made of a self-expanding niti-
nol frame with a PET cap and ten fixation anchors around its periphery 
to attach to the LAA endothelium (d). The appropriate landing zone for 
the WATCHMAN is the neck of the LAA (a, b). Thrombus within or 
distal to the WATCHMAN in the lobar LAA is an expected finding and 
can fill the device (b) or be more laminar (a, thin white arrows); identi-
fication of thrombus on the outer surface (LAA side) of the PET cap or 

within the LA is abnormal and may warrant short-term anticoagulation 
(not shown). In (c), note the close proximity of the left main coronary 
artery (arrow) and the LSPV to the LAA. (A, B, courtesy of Orly 
Goitein, MD, Sheba Medical Center. C, Image c courtesy of Pal 
Suranyi, MD, PhD, University of South Carolina. D, image d courtesy 
of Boston Scientific. © 2017 Boston Scientific Corporation or its affili-
ates. All rights reserved)
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The ongoing Amulet IDE trial is a prospective, random-
ized, multicenter active control worldwide trial, designed to 
evaluate the safety and effectiveness of the Amulet 
LAAO. Subjects will be randomized in a 1:1 ratio between 
the Amulet (treatment) and a WATCHMAN (control). The 
trial will be conducted at up to 150 sites worldwide including 
US sites [111].

The first-generation ACP was CE mark approved and 
widely used in Europe [112]. The device design is based on 
the Amplatzer plugs that have a long-term success in atrial 
septal defect closure and other vascular procedures. The 
ACP has several components and is made of self-expanding 
nitinol mesh anchored by multiple fixation hooks on a 
polyester- covered lobe positioned in the neck of the LAA 
with a flexible connecting waist extending to a proximal 
polyester-covered disc which fits across to cover the LAA 
ostium on the LA side [113] (Fig.  43.13). The second- 
generation ACP, the Amulet, is similar in design with sizing 
and anchoring modifications made to accommodate larger 
LAA ostia and improve stability.

The LAmbre, CE mark approved and used in Europe, is 
another self-expanding LAA occluder made of a nitinol 
umbrella with hooks around its perimeter connected by a 
short central waist to a PET-filled disc-shaped cover. Similar 
to the ACP, the disc-shaped cover is positioned on the LA 
side of the LAA ostium; the umbrella-shaped portion is posi-
tioned approximately 5 mm distal to the LAA orifice within 
the LAA neck. The umbrella portion can be collapsed to 
facilitate repositioning during placement. The WaveCrest is 
CE mark approved and used in Europe. It is another umbrella- 

shaped device with a nitinol frame with anchors around the 
frame; an occlusive, polytetrafluoroethylene membrane cov-
ers the LA side of the device, and a polymer foam around the 
device faces the LAA side.

 Catheter-Based Endoepicardial
The Lariat procedure is CE mark approved, currently only 
FDA approved for suture placement and knot tying in surgi-
cal procedures (i.e., soft tissue closure), but has not under-
gone any clinical trials for stroke prevention in AF patients. 
The Lariat procedure is used off-label when AF patients with 
a high risk of stroke have an absolute contraindication to 
even short-term oral anticoagulation. There is an ongoing 
FDA-approved clinical trial assessing the utility of LAA 
electrical isolation with the LARIAT device in conjunction 
with catheter-based pulmonary vein isolation in patients with 
persistent AF to see whether freedom from AF is improved 
over conventional techniques [111]. It is a percutaneous, 
catheter-based LAA epicardial suture ligation system that 
requires both endocardial (trans-atrial septal) and epicardial 
(subxiphoid pericardial) access with the assistance of both 
endo- and epicardial-based magnets to stabilize the LAA for 
placement.

 CT Technique

During deployment, typically TEE and fluoroscopy are used 
for guidance. However, preprocedural planning relies on a 
combination of TEE and increasingly MDCT to assess the 

Fig. 43.13 Amplatzer Amulet LAAO: The Amulet is an endocardial 
type of LAA occluder made of a lobe (white arrow), with multiple fixa-
tion hooks (*) positioned in the neck of the LAA, a disc positioned on 
the LA side of the LAA ostium (black arrow), and a flexible rod waist 
(open black arrows) connecting the lobe and disc. (AMPLATZER, 

Amulet, and St. Jude Medical are trademarks of St. Jude Medical, LLC, 
or its related companies. Reproduced with permission of St. Jude 
Medical © 2017. All rights reserved; CT images of the Amulet courtesy 
of Orly Goitein, MD, Sheba Medical Center)

J. M. Lacomis et al.



545

interatrial septal, LA and LAA anatomy, and the anatomic 
relationship of the LAA to adjacent anatomy and exclude 
LAA thrombus.

The CT scanner requirements (minimum of 64 slice 
MDCT scanners) and scan technique including the use of a 
second delayed acquisition through the LAA are the same as 
previously detailed for pre-PVI and post-PVI imaging with a 
few minor modifications.

As with pre-PVI patients, the z-axis of the scan starts at the 
mid-aortic arch, so the most cephalad extent of the LAA is 
imaged and covers the heart or the xiphoid process whichever 
is more distal (for Lariat evaluation). Similar to pre-PVI 
imaging, the decision to ECG gate or not gate the acquisition 
will be site dependent on the ability of the available scanner 
to obtain high-quality images of the LA and LAA in the set-
ting of AF.  Although, in normal sinus rhythm, maximum 
LAA dimensions occur during atrial diastole (ventricular sys-
tole), in persistent AF, the LAA dimensions change little over 
the course of the cardiac cycle. While a dedicated FOV for the 
heart is preferred, post-scan, reconstructing the data set with 
the FOV opened to include the anterior chest wall, is needed.

 Postprocessing

Postprocessing for all occluders includes epicardial vantage 
3D volume renderings of the LA and distal PVs with the 
LAA and of the LAA by itself. For potential Lariat patients, 
additional 3D volume renderings include the LA and distal 
PV model with addition of the MPA and with addition of the 
imaged sternum including the xiphoid and at least the 
 anterior ribs.

LAA ostial sizing and additional LAA sizing parameters 
delineated below are most accurately measured on MDCT 
utilizing the MPRs to obtain true orthogonal obliques, 
although measurements have been required for some devices 
on the volume renderings [114]. It is important to be aware 
that measurements can vary with patient volume status. In 
addition, early experience with 3D printed models has shown 
their potential utility in preoperative planning for cardiovas-
cular surgical procedures; others have suggested that, simi-
larly, 3D printing of the LA and LAA may be helpful in 
pre-LAAO planning [115, 116].

 Interpretation Pre-LAA Occluder

 Left Atrial Appendage

The specific LAA measurements mentioned below are pri-
marily obtained using TEE; however, MDCT measurements 
are increasingly being used as adjuncts so familiarity with 
these measurements is necessary.

The LAA is a complex and highly variable structure 
 heterogeneously lined by fine pectinate muscles which 
should not be mistaken for intracardiac thrombus. The LAA 
wall is thin; between the pectinate muscles, it is often exceed-
ingly paper thin, so it is at risk for perforation during the 
manipulation of catheters and device seating. The LAA is 
composed of three major components: an ostium, a neck 
(clinically referred to as the landing zone), and a lobar por-
tion (Fig. 43.14).

 The LAA Ostium
The LAA ostium is the well-defined junctional orifice 
between the LA and the LAA.  LAA ostia can be ovoid, 
round, triangular, or waterdrop like or foot shaped [114]. The 
shape of the LAA ostium may influence device selection. 
The less round ostia are potentially greater risks for peride-
vice leaks [117]. Maximum ostial diameters and circumfer-
ence are key components for occluder selection, since the 
occluders are available in fixed sizes (Fig. 43.14).

The LAA ostium is positioned above the left atrioven-
tricular groove, typically at the level of the LSPV but can 
arise superiorly or inferiorly to the LSPV (Figs. 43.14 and 
43.15). Inferior LAA ostia are also more posteriorly located 
and are notable because of their close proximity to the 
mitral valve [114].

The lateral ridge (i.e., Ridge of Marshall, “Coumadin,” or 
“Warfarin” ridge) is the infolding of the LA wall that sepa-
rates the LAA ostium from the adjacent PVs (Fig.  43.4b) 
[118]. The ridge is of variable widths, dependent on the 
amount of epicardial fat in its sulcus or groove on the extra- 
atrial side, so the distance between the LAA ostium and the 
left PVs varies between patients. The left PVs, particularly 
the LSPV, are at increased risk for compression by LAA 
occluders [118]. There are no current recommendations for 
providing CT measurements of the lateral ridge or measuring 
the distance between the left PVs and the LAA ostium.

Of note, other vascular structures can course between the 
LAA and LSPV on the epicardial side of the lateral ridge. 
These include a persistent left-sided SVC and the S-shaped 
sinoatrial nodal (SAN) artery [91, 119].

 The LAA Neck
The neck of the LAA is the tubular junction between the 
ostium and the major lobar region and is the landing zone for 
anchoring the endocardial LAA occluders (Fig. 43.14). It is 
typically relatively smooth, but occasionally smaller second-
ary lobes can arise from the neck. Early branching of second-
ary lobes from the neck can interfere with device seating or, 
when proximal to the landing zone of the WATCHMAN 
(<10 mm from LAA ostium), may lead to peridevice leak.

The angle between the ostium, neck, and main lobe is 
reported on CT and TEE and influences the choice of deliv-
ery sheath; sharp angulation between the neck and main lobe 
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can interfere with endocardial device manipulation to the 
landing zone.

 The LAA Lobar Region
The lobar portion of the LAA is the longest part and can 
consist of single, double, or multiple lobes with varying 
degrees of trabeculation. In 2010, Wang et  al. did an ana-
tomical study of LAA morphology on MDCT and developed 
a classification system, based on the presence of absence of 
an obvious bend in the LAA [114].

An LAA with an obvious bend in the proximal or middle 
part of the dominant lobe is classified as a “chicken wing” 
shape. LAA without obvious bends in the main lobar region 
are classified as windsock (one dominant lobe), cauliflower 
(limited overall length with more complex internal structures), 
and cactus (dominant central lobe with secondary lobes 
extending outward both superiorly and inferiorly) shapes 
[114] (Fig. 43.15). There is an overlap in LAA morphological 
features among the different categories making some LAA 

difficult to categorize. Furthermore, as AF becomes persistent, 
the LAA undergoes structural remodeling, and some of the 
complexity of the lobulations is lost as the entire structure 
dilates and loses muscle mass and contractility.

Lobar anatomy, such as maximum available working 
depth for device deployment and potential prominent pecti-
nate musculature, may affect suitability for a WATCMAN as 
the feet are situated within the lobar region. Conversely, 
devices such as the Amulet are positioned more ostially. As 
detailed earlier in this chapter, assessment of the LAA for 
thrombus vs pseudothrombus from underfilling and mixing 
artifacts requires scrutiny of both the early and late images. 
Pectinate muscles, fluid in adjacent pericardial recesses, and 
fat interposed between the LSPV and LAA should not be 
mistaken for thrombus.

Orientation of the LAA behind the main pulmonary artery 
and maximum transverse approach dimension of 45 mm or 
greater, which exceeds the size of the snare, are also relevant 
contraindications for the Lariat procedure (Fig. 43.16).

a
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Fig. 43.14 (a–f): Left atrial appendage: This windsock shape LAA is 
divided into the ostium (a, dashed black line), interposing neck which 
is the landing zone for occluders (a, solid white line shows length of the 
neck; dashed white line denotes distal margin) and the lobar region (a, 
solid black line). Although standardly obtained on TEE, pre-LAAO 
measurements include the length of the largest lobe (a, solid black line) 
and angle between the ostium, neck, and dominant lobe (b); in (c) 
perimeter of the LAA ostium (black dashes) is obtained from a true 

orthogonal oblique perpendicular to the ostium; diameters are derived 
from the perimeter or can be measured directly. In (a–c), note all of the 
vascular structures in close proximity to the LAA neck and ostium. The 
LAA ostium comes in varying shapes, including oval and tear-dropped 
(d). The endocardial view (e) shows the superior location of this LAA 
ostium compared to the LSPV ostium, separated by the Ridge of 
Marshall (**)
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a

c d

bFig. 43.15 Wings and things 
(a–d): LAA lobar 
morphology is classified into 
shapes depending on the 
presence or absence of an 
obvious bend within the main 
lobar region. LAA ostial 
shapes and position in 
relationship to the LSPV are 
variable. (a) Chicken wing 
(bend in the lobar region), (b) 
windsock (bend is at the 
junction of neck and lobar 
region), (c) cauliflower, (d) 
cactus. Note that in these 
examples, the LAA ostium is 
positioned inferior to the 
LSPV ostium, whereas in the 
earlier Fig. 43.1b, the LAA 
ostium is at the level of the 
PV’s and in Figs. 43.4d and 
43.14f, the LAA ostium is 
superior to the left common 
vein ostium

a bFig. 43.16 Suitability for 
Lariat procedure: The position 
of the tip of the LAA (arrow) 
in relationship to the main 
pulmonary artery (MPA) is 
one of the anatomic factors 
determining suitability for a 
Lariat procedure. In (a) same 
patient as in Fig. 43.14a, the 
tip of the LAA is posterior to 
the MPA, so it is not 
reachable from a subxiphoid 
approach precluding 
candidacy for a Lariat, 
whereas in (b), same patient 
as in 43.14b, the LAA is 
directed anteriorly and to the 
left of the MPA which is a 
favorable LAA tip location 
for a Lariat

 Extra-atrial Anatomy
Extra-atrial anatomy needs to be scrutinized for potential 
Lariat candidates, as there are additional exclusions for the 
Lariat system involving extra-atrial structures that can 
interfere with the pericardial puncture or the epicardial 
access route: a posteriorly oriented heart, any pericardial 

thickening or calcification, sternal-pericardial adhesions, 
and unfavorable sternal or chest wall anatomy such as pec-
tus excavatum or severe scoliosis. Patients with a history of 
prior cardiac surgery or thoracic radiation with the excep-
tion of localized breast radiation are excluded prior to 
imaging.
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 Interpretation Post-LAA Occluder

Complications of the endocardial occluders include all of the 
same complications related to vascular and trans-atrial septal 
access as the catheter-based ablation procedures and some 
specific to the LAAO. Echocardiography is the primary 
imaging modality for the assessment of cardiac-related 
LAAO complications, but some are encountered on CT, so 
familiarity with possible complications is prudent.

 Atrial Septal Defect
Similar to the ablation procedures, trans-atrial septal access 
can result in a persistent iatrogenic atrial septal defect, which 
can be seen on CT post-LAAO; the defect is usually small, 
<5  mm, usually being followed on echocardiography, and 
typically doesn’t require treatment (Fig. 43.17) [120]. They 
may persist longer than a year but frequently eventually 
resolve spontaneously [120].

 Cardiac Perforation and Pericardial 
Complications
The more serious complication of cardiac perforation pres-
ents during the LAAO procedure. Similar to the ablation pro-
cedures, incorrect location of the trans-atrial septal puncture, 
beyond the region of the fossa ovalis, is one of the causes of 
cardiac perforation and periprocedural significant pericardial 
effusion/hemopericardium and possible tamponade. Cardiac 
perforation, hemopericardium, and tamponade can also 
occur with perforation of the LA or LAA by the guidewires, 

catheters, or devices themselves and usually require emer-
gency treatment [117, 121].

During the Lariat procedure, since the pericardium is 
directly punctured for access, pericarditis and pericardial 
effusion are common; a pericardial drain is typically placed 
for 24 h post-procedure, and short-term colchicine therapy is 
routinely administered [121, 122]. Postop CT should include 
evaluation of the pericardium for the accumulation of the 
pericardial effusion post-drain removal, hemopericardium, 
ongoing CT signs of pericarditis, or post-pericardiectomy 
syndrome as well as a search for other etiologies for chest 
pain and dyspnea.

 Device Embolization and Incomplete LAA 
Occlusion
Undersizing or inadequate seating of the endocardial devices 
can result in device migration or embolization requiring 
catheter or surgical retrieval; rates are low, reported between 
0% and 3% [108, 117]. Similarly, peridevice leaks can result 
in residual flow into the LAA between the margin of the 
device and the wall of the LAA; if the peridevice leak is less 
than 5 mm wide, it is considered small and followed with 
echocardiography [117]. Peridevice leaks are common. A 
substudy of the PROTECT trial showed that 32% of the 
WATCHMAN patients had at least some degree of peride-
vice flow at 1 year [123]; multicenter experience in Europe 
reported 16% of ACP patients had a small peridevice leak at 
6  months [124]. The Lariat suture may also incompletely 
occlude the LAA, but similar to other epicardial-based tech-
niques, the leak is central. Malpositioned or oversized 
devices may also overlap the contiguous LSPV or the mitral 
valve leaflet.

 Thrombus Formation
Over time, the endocardial devices endothelialize. CT identi-
fication of thrombus on the LAA side distal to an endocardial 
occluder or epicardial closure site is an expected finding. 
Thrombus on the LA side may indicate a need for short-term 
anticoagulation therapy. In the PROTECT trial, the incidence 
of some thrombus on the LA side of the WATCHMAN was 
approximately 4%. A higher incidence of thrombus on the 
flexible connecting waist of the ACP of approximately 14% 
was one of the reasons the device was redesigned.

 Conclusion

The increasing disease burden caused by atrial fibrillation 
has led to new interventions aimed at restoring normal sinus 
rhythm and preventing embolic complications. Cardiac CT 
can help identify suitable candidates, plan the intervention, 
and diagnose complications. In some institutions, this appli-
cation has become the most common indication for the 

Fig. 43.17 Persistent atrial septal defect: A small, <5 mm ASD (arrow) 
and left to right shunt is persistent 6  months post-trans-atrial septal 
puncture for CBA; these small ASDs can occur with any of the proce-
dures utilizing trans-atrial septal puncture including RFCA and LAAO
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 clinical use of cardiac CT. Consequently, expertise in mak-
ing the pertinent observations outlined in this chapter is of 
critical importance for the success of any cardiac CT pro-
gram and offers a tremendous opportunity for interdisciplin-
ary collaboration.
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Special Technique Considerations 
for Congenital Heart Disease Imaging

Anthony M. Hlavacek

While the evaluation of patients with acquired coronary 
artery disease has been the major driving force behind many 
of the innovations in cardiac computed tomography (CT), 
this modality has proven to be a very useful imaging modal-
ity for patients with congenital heart disease as well. The 
high spatial resolution and isotropic nature of the resulting 
datasets allow viewing in multiple two-dimensional or curvi-
linear planes, along with the ability for excellent three- 
dimensional reconstructions. This inherent three-dimensional 
property of cardiac CT makes it useful for imaging tortuous 
vessels and defining complex anatomical relationships. With 
a scan time of only a few seconds or less, it is possible to 
image most children without sedation. Rapid image acquisi-
tion with current CT scanners results in minimal motion arti-
facts from breathing and poor cooperation. Unlike 
echocardiography, CT is window independent, has a large 
field of view, and provides excellent visualization of airway 
structures. In contrast to MRI, CT imaging is less likely to 
require sedation or anesthesia and is minimally affected by 
metallic devices, such as stents, coils, pacemakers, and defi-
brillators. For these reasons, cardiac CT is being increasingly 
utilized in patients with CHD [1], and recent expert census 
and guideline documents recommend its use for a variety of 
these patients [2, 3]. Given the varied imaging indications 
and complex anatomy and physiology in many of these 
patients, however, special techniques are often necessary to 
optimize the diagnostic information obtained [4]. This chap-
ter assumes basic competence in cardiac CT imaging, includ-
ing dose reduction strategies, but will provide 
recommendations regarding patient preparation, scan tech-
niques, and reporting that can be utilized to optimize the 
diagnostic utility of cardiac CT in patients with CHD.

 Patient Preparation

 Imaging Environment

Most patients with CHD will be sent for cardiac CT with a 
known cardiac diagnosis, based on prior imaging and/or car-
diac interventions. As a result, the CT is generally requested 
in order to address a specific clinical question to help guide 
medical or interventional management. In order to provide 
useful diagnostic information, each exam must be tailored 
for both a specific diagnosis and specific clinical question. 
This requires an in-depth knowledge of the patient’s history, 
prior intervention(s), and common hemodynamic sequela of 
the patient’s form of CHD. The acquisition protocol, techni-
cal parameters, and scan range will vary depending on the 
patient characteristics and clinical indication. For instance, a 
2-year-old patient with a presumed vascular ring might be 
optimally scanned using a non-gated protocol with minimal 
or no sedation and aggressive dose reduction techniques, 
while a patient requiring optimal imaging of the coronary 
arteries will require a breath hold, slow heart rate, and the 
highest temporal and spatial resolution possible on the scan-
ner platform. The imager should review the patient history 
and relevant clinical issues well before the patient arrives for 
the scan. He or she should be actively involved in guiding 
institutional imaging practices, patient preparation, image 
acquisition, and interpretation for each CT scan performed 
on patients with CHD. Ideally, the imager should be physi-
cally present during scan acquisition. Proficiency in cardiac 
CT for patients with CHD requires an expertise in both con-
genital cardiology and cardiac imaging; and the optimal 
imaging environment includes strong collaboration between 
radiologists, cardiologists, and cardiac surgeons.

 Sedation Requirements

In patients with congenital heart disease, the risk of sedation 
must be weighed against the diagnostic information 
 necessary. Depending on the available scanner platform and 
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clinical indication, many patients can be scanned without 
sedation. Centers with newer-generation scanners utilizing 
ultrahigh pitch or volumetric scan modes can often achieve 
scan times of less than a second. With these techniques, it is 
usually possible to adequately visualize anatomy without 
sedation or a breath hold [5, 6]. Patients requiring detailed 
evaluation of the coronary arteries or evaluation of function 
will generally need to be able to cooperate with breathing 
instructions, however. The imager must take into account 
local resources, clinical indications, and patient age when 
determining the need for sedation.

Scans that do not require detailed coronary imaging or 
functional analysis are less susceptible to motion artifact. 
For these scans, infants <6 months of age can generally be 
swaddled and imaged without sedation (Fig. 44.1). The use 
of a pacifier and an oral dextrose solution can be helpful to 
keep the infant calm. Patients between 6 months and 3 years 
of age often require sedation to lie still in the scanner but can 
usually be imaged free breathing. Most children ≥3 years of 
age can cooperate with holding still in the scanner without 
sedation, unless they are developmentally delayed. The pres-

ence of a parent in the room or child life services may be 
helpful. Increasing experience with scanners utilizing volu-
metric acquisition or ultrahigh pitch scanning modes should 
result in a decrease in the need for sedation in children of all 
ages, due to the short acquisition time.

Scans that require coronary artery or functional analysis 
are more susceptible to motion artifact. Neonates that only 
require identification of the coronary artery origins prior to 
surgical repair can often be adequately imaged without 
sedation [6, 7]. However, when detailed coronary artery 
imaging (including detailed ostial anatomy) is indicated in 
a patient under 5–6 years of age, general anesthesia is fre-
quently necessary to cooperate with breath holding 
(Table 44.1). Older children can often cooperate, particu-
larly if breath holding is practiced with the patient prior to 
the scan. Practicing breath holds is also helpful to assess 
any respiratory variations in the heart rate, which is com-
mon in pediatric patients.

 Intravenous Access

Peripheral IV access is most commonly utilized for contrast 
injection with congenital cardiac CT. Many central lines can 
be used as well, provided that manufacturer’s recommended 
injection guidelines are utilized. Umbilical catheters should 
generally be avoided, however, given the frequently subopti-
mal and unpredictable contrast intensity caused by reflux of 
contrast into the liver (Fig. 44.2). Special precautions should 
be taken to avoid air bubbles in patients with CHD, since 
intracardiac shunting in patients with complex congenital 
heart disease can result in a systemic arterial embolus. In 
general, the largest gauge IV cannula feasible for the patient 
body size should be utilized.

The ideal location for contrast injection varies by cardiac 
defect and should be determined in advance. While the right 
antecubital vein is commonly utilized, an alternative location 
might be beneficial in certain diagnoses. Injections via the 
right upper extremity are generally preferred over the left 
arm, in order to avoid streak artifact in the arch vessels 
caused by residual high-density contrast in the left 

Fig. 44.1 This is an example of a method using blankets, tape, and a 
pacifier to swaddle and scan a 4-month-old infant without sedation

Table 44.1 Sedation and anesthesia for cardiac scans in children

Sedation need
Detailed coronary/intracardiac 
anatomy or function indicated Other indications

No sedationa ≥ 5–6 years <6 months 
or ≥ 3 yr

Sedation, free 
breathing

n/a 6 months – 3 
yearsb

General 
anesthesia

≤ 5–6 years n/a

aAssuming normal developmental status
bConsider scanning without sedation if ultrahigh pitch or volumetric 
scan modes are available
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 brachiocephalic vein. Conversely, the left upper extremity 
would be preferable in a patient with situs inversus and might 
also be considered in someone with a persistent left superior 
vena cava (SVC). Injection via a lower extremity vein is 
often advantageous in neonates and infants, to avoid residual 
high- density contrast in the SVC, particularly when an 
abnormality in the vicinity of the SVC is suspected (right 
pulmonary artery/veins, right coronary, ascending aorta) [8]. 
Consideration of IV location can also be beneficial in patients 
with systemic venous abnormalities or occlusions, in order 
to optimize opacification of the structure of interest. For 
instance, injection via a lower extremity could definitively 
exclude a congenital interruption of the inferior vena cava, 
rather than relying on venous recirculation. On the other 
hand, the presence of an occlusive thrombus in the inferior 
vena cava might be better visualized with an upper extremity 
injection and acquisition during venous recirculation, due to 
the likelihood of incomplete mixing and beam-hardening 
artifact in the IVC resulting from a lower extremity 
injection.

 Beta Blockade

It is well established that heart rate control improves image 
quality in the evaluation of coronary arteries and valve struc-
tures [9, 10]. The higher temporal resolution afforded by 
newer-generation scanners allows diagnostic images at 
higher rates, but the quality remains linked to heart rate [11]. 
Beta blockade can be safely used in most pediatric and adult 
patients [10, 12], although caution should be utilized in 
patients with potentially unstable hemodynamics. When 
newer-generation scanners are utilized, the coronary origins 
can usually be identified in infants without beta blockade 
[13]. Heart rate control should be considered in CHD patients 
when detailed coronary or valve imaging is needed but is 
unnecessary when extracardiac structures are the primary 
area of interest.

 Acquisition Techniques

 Injection Protocol

Adequate opacification of cardiac structures can be attained 
via manual or power injection, although the latter has been 
shown to provide superior image quality [14]. Although 
extravasation is a concern, power injection has been safely uti-
lized in IV sizes as small as 24 gauge [15]. When attempting 
power injection via a small IV, however, a pressure- limited 
protocol and saline test injection are recommended. When 
injecting via a central line, manufacturer guidelines regarding 
flow rate and maximum pressure should be reviewed prior to 
use. When in doubt, hand injection should be considered.

A contrast volume of 1.5–2  ml/kg is generally used in 
pediatric patients, up to standard adult contrast volumes. 
When utilizing aggressive dose reduction strategies, particu-
larly in small children and infants, contrast dilution with 
saline (2:1 contrast/saline ratio) can minimize beam- 
hardening artifacts. Contrast dilution also allows lengthening 
of the injection time, which creates a higher likelihood of 
optimal contrast enhancement of both venous and arterial 
structures in patients with complex anatomy or variable con-
trast transit times. Numerous injection protocols have been 
identified for patients with CHD.  The most often utilized 
protocols are as follows:

• Dual-phase injection—with this protocol, contrast is 
injected at a consistent rate, followed by a saline flush. Due 
to its simplicity, it is the most frequently utilized protocol. 
It is ideal for patients with straightforward anatomy and a 
specific clinical question. Image acquisition is timed to the 
vessel of interest. For example, this protocol would be ben-
eficial in a patient with an isolated coarctation of the aorta, 
in which only the aortic arch anatomy is required. In 
younger patients, utilizing a slow injection rate with this 
protocol often allows adequate opacification of most car-
diovascular anatomy regardless of clinical indication.

a bFig. 44.2 Image (a) is a 
chest radiograph, in which an 
umbilical venous catheter 
(arrow) appears well placed 
within the atrium. Image (b) 
is a coronal reconstruction of 
a CT performed 3 h later. 
Contrast was injected via the 
catheter, but significant reflux 
of contrast into the liver 
resulted in a nondiagnostic 
study
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• Triphasic injection—also known as a “biventricular pro-
tocol,” this method consists of a two-phase contrast injec-
tion followed by a saline flush, ensuring simultaneous 
opacification of right and left heart structures. The two- 
phase contrast injection can be achieved by giving the 
second phase with diluted contrast or via a slower rate 
(e.g., 100% contrast followed by 30:70% contrast/saline 
ratio at constant rate vs. 100% contrast at 4  cc/sec fol-
lowed by 2 cc/sec). The acquisition is timed for opacifica-
tion of the aorta. This method is most useful in adult 
patients with repaired CHD, in whom evaluation of both 
coronary and right-sided cardiac structures is indicated.

• Venous two-phase injection protocol—with this method, 
a portion of the contrast is given (30–50%), followed by a 
30–60 s pause and then injection of the remainder of the 
contrast via the dual-phase protocol above. This typically 
results in simultaneous opacification of systemic arterial 
and venous anatomy in a single acquisition, regardless of 
IV location. This method is useful in the initial evaluation 
of infants with heterotaxy syndromes, in whom complex 
arterial and venous connections are common.

 Scan Triggering

The complex physiology that is present in patients with CHD 
often makes timing of the scan acquisition difficult. In adult 
CHD patients with significant ventricular dysfunction, valve 
regurgitation, or history of venous occlusion, a pre-scan tim-
ing bolus can be utilized to optimize the acquisition time. In 
most patients with congenital heart disease, however, auto-
mated bolus tracking is usually sufficient. Using this method, 
a region of interest (ROI) is selected, which will automati-
cally initiate the scan upon reaching a pre-defined Hounsfield 
unit level within the relevant cardiac structure. The monitor-
ing sequence should be set to initiate at least 2–3 s before 
completion of the contrast bolus. In patients with more com-
plex anatomy, however, it can be challenging to identify the 
relevant cardiac structure on the pre-monitoring slice. In 
those patients, the ROI can be placed outside of the body. 
Instead of automatic triggering, the scan is manually initi-
ated upon visualization of opacification during the monitor-
ing sequence. This method, however, requires practice and a 
strong understanding of cardiac physiology. Each of the 
methods above requires a monitoring sequence to time scan 
acquisition, which increases the radiation exposure. For this 
reason, some advocate image acquisition at a fixed time from 
injection. This method can be useful in infants and small 
children, in whom a combination of higher heart rate and 
small IV size results in diffuse opacification of cardiovascu-
lar structures throughout the chest by the time the contrast 
bolus is complete. With this method, the contrast bolus 
should be lengthened to at least 10–15  s. The scan should 

then be timed to initiate once the contrast bolus is complete. 
The potential inability to detect IV malfunction prior to scan 
acquisition is a limitation to this method, however. Regardless 
of the triggering method, the imager should factor in the time 
required for scan initiation and acquisition time. This is par-
ticularly important in infants and small children, who have 
very fast circulation times. With these patients, it is fre-
quently necessary to initiate the scan within a few seconds of 
completion of the contrast injection. If the acquisition time 
of the scanner mode is longer than average (>3–4  s), the 
injection time should be lengthened and consideration should 
be given to initiation of the scan before completion of the 
contrast bolus.

 Sequence Selection

The discussion of scan selection below assumes a detailed 
understanding of available sequences, which is well 
described in the literature [16]. The first issue to consider 
when selecting a scan protocol for patients with congenital 
heart disease is whether ECG gating should be utilized. 
Functional assessment always requires cardiac gating. ECG 
gating is generally necessary to optimally evaluate structures 
that are prone to cardiac motion artifact (intracardiac anat-
omy, coronary arteries, and the aortic root), although newer 
ultrahigh pitch sequences are often able to accurately image 
these structures without cardiac gating [6, 17]. Most other 
patients can be scanned with a non-gated sequence, although 
image quality is often inferior to those obtained with ECG- 
gated sequences [18]. In addition to clinical indication, 
patient age and cooperation level should be considered. 
Aside from prospectively triggered high-pitch sequences, 
ECG-gated sequences are generally more prone to patient 
movement artifact. Therefore, one might choose a non-gated 
sequence to image poorly cooperative patients, rather than 
using sedation to perform an ECG-gated scan.

After deciding to use an ECG-gated sequence, one must 
choose whether to use a retrospectively gated helical 
sequence, prospectively triggered axial sequence, or a pro-
spectively triggered ultrahigh pitch helical sequence. 
Retrospectively gated sequences are the most robust in 
patients with elevated heart rates or arrhythmias but also 
result in the highest radiation exposure [19]. Therefore, 
when other sequences are available, its use should be lim-
ited to those with significant arrhythmias or elevated heart 
rates. Radiation exposure is significantly decreased when a 
prospectively triggered axial sequence is utilized. This 
scan mode was initially limited to patients with a heart rate 
below 70, but it has been shown to generate diagnostic 
coronary imaging in children with heart rates as high as 
140 using dual-source technology [20, 21]. More recently, 
prospectively gated volumetric scanning using a 320-slice 
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scanner was shown to generate diagnostic coronary images 
in a group of patients ≤3 years of age (mean HR 111 ± 19), 
although diagnostic quality was compromised in patients 
≤12.5  months or 5.6  kg [22]. Prospectively triggered 
 ultrahigh pitch sequences offer the potential for further 
 reduction in radiation dose but require a heart 
rate  <  60–70  in order to consistently provide a detailed 
coronary  evaluation [11, 23].

 Lesion-Specific Recommendations

The general recommendations above should assist cardiac 
imaging specialists in obtaining highly diagnostic images on 
the majority of patients with CHD. Detailed, lesion-specific 
recommendations for all congenital heart defects are beyond 
the scope of this chapter but are available in a recent expert 
consensus document published by the Society of 
Cardiovascular CT [4]. Specific technical recommendations 
for selected lesions are listed below.

 Thoracic Arterial Abnormalities

Straightforward pulmonary or aortic abnormalities should be 
scanned with the contrast bolus timed to the area of interest, 
using an injection lasting approximately 12–15 s. If abnor-
malities of both pulmonary and aortic anatomy are sus-
pected, extending the contrast bolus to ~20 s, with the scan 
timed to the aorta, should allow simultaneous opacification 
of both circulations. One drawback of a lengthened contrast 
injection is that dense contrast entering the right atrium and 
ventricle at the time of image acquisition can obscure visual-
ization of the right coronary artery, however. An alternative 
option in this scenario is to use the triphasic injection proto-
col described above.

 Pulmonary Venous Anomalies

Optimal opacification of pulmonary venous anomalies is 
obtained by timing image acquisition to either the left 
atrium or ascending aorta. If the pulmonary venous return 
is obstructed, opacification may occur later than expected. 
In this scenario, a longer contrast injection with later 
image acquisition may be necessary. The scan range 
should be adjusted to include the suspected area of pul-
monary venous return, which will often require including 
the majority of the thoracic cavity. If infradiaphragmatic 
TAPVR is suspected, the scan range should include the 
upper abdomen.

 Systemic Venous Abnormalities

Venous imaging can be performed with a venous  two-phase 
contrast bolus (described above), a longer contrast injec-
tion with late image acquisition, or with a delayed scan 
(venous phase). The timing of venous recirculation is 
dependent on the size of the patient, cardiac output, and 
intracardiac shunting. When needed, a delayed scan in the 
venous phase can be performed 30–60  s after the initial 
scan. If a patient has poor cardiac output, adequate venous 
opacification may take 120  s or longer. Superior central 
venous anatomy will be visualized earlier than the inferior 
vena cava. A higher contrast load (2.5–3  cc/kg) may be 
beneficial for optimal venous imaging, particularly in 
those requiring visualization of the inferior vena cava. 
These methods can also be helpful to evaluate the systemic 
venous baffles in patients who have undergone a Mustard 
or Senning procedure for transposition.

 Cyanotic Heart Lesions

Before imaging patients with cyanotic congenital heart 
disease, one must consider the physiology present in the 
suspected lesion. Many patients with unrepaired cyanotic 
heart disease have right to left shunting within the heart, 
limiting pulmonary blood flow. In these patients, contrast 
injected into the heart will quickly enter the aortic circula-
tion, with limited opacification of the pulmonary circula-
tion. This physiology, for example, will be present in a 
patient with tetralogy of Fallot with significant pulmonary 
outflow obstruction (prior to repair). Patients with transpo-
sition physiology, on the other hand, usually have normal 
(or elevated) pulmonary blood flow. Rather, the presence 
of cyanosis in these patients is a result of poor mixing 
between the systemic and pulmonary circulations, which 
exist in parallel. In either scenario, the aorta will often 
opacify before the pulmonary arteries; and opacification of 
the pulmonary circulation will usually be proportional to 
the patient’s oxygen saturation level. The contrast bolus 
should be lengthened in order to allow time for sufficient 
contrast to enter the pulmonary arteries. Timing of pulmo-
nary arterial opacification will also depend on the source 
of pulmonary blood supply. In neonates/infants with pul-
monary atresia or severe pulmonary stenosis, the pulmo-
nary flow may originate from the ductus arteriosus or a 
systemic to pulmonary shunt (e.g., BT shunt), and contrast 
will reach the pulmonary arteries simultaneously with the 
aorta. In any patient with cyanotic heart disease, special 
precautions should be made to avoid air embolism during 
contrast injection.
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 Single Ventricle Physiology

Patients with single ventricle physiology generally follow a 
three-stage surgical palliation, which is described in Chap. 
47. Many patients that follow this pathway require their first 
surgical intervention within the first 1–2 weeks of life. The 
first surgical procedure varies, dependent on the native anat-
omy, but often includes placement of a systemic to pulmo-
nary shunt (e.g., Blalock-Taussig shunt). When imaging 
these patients before or after their first surgical procedure, 
one should note that the pulmonary arteries and aorta will 
opacify simultaneously.

The second procedure is called a Glenn (or Hemi-Fontan) 
procedure, and is generally performed at 4–6 months of age. 
With this, the superior vena caval flow is sent directly into 
the pulmonary arteries (“bilateral Glenn” if there are bilat-
eral SVCs). In preparation for this procedure, CT is occa-
sionally warranted to evaluate the upper systemic venous 
anatomy (right and/or left SVC) and pulmonary arteries. 
Therefore, the goal of CT imaging at this stage is simultane-
ous venous and arterial opacification. This is achieved by 
using a long injection (~15–18 s), with acquisition near the 
end of the injection. If there is high likelihood of upper cen-
tral venous obstruction, consider injection in the foot to visu-
alize the superior venous anatomy without streak artifact 
from dense contrast injection. Alternatively, one could per-
form a delayed image acquisition (venous phase) to ensure 
that the systemic veins are all opacified.

After the Glenn procedure, an injection in the upper extrem-
ity will directly opacify the pulmonary arteries through the 
anastomosis between the superior vena cava and pulmonary 
artery. Incomplete mixing of contrast, aortopulmonary collat-
eral flow, and bilateral superior vena cavae will result in dif-
ferential branch pulmonary artery opacification. This can result 
in a false-positive finding of pulmonary embolus (Fig. 44.3). 
Some patients develop collateral vessels from the upper sys-
temic venous system to the pulmonary veins or lower systemic 
venous system. These are called “veno-venous collaterals,” and 
their opacification is dependent on IV location. If the goal of 
the study is to evaluate the Glenn anastomosis or pulmonary 
arteries, injection in the lower extremity with bolus tracking in 
the superior vena cava is recommended, allowing opacification 
of the upper systemic veins via venous recirculation [24]. If the 
injection is lengthened, this method will simultaneously 
opacify the systemic arterial system and upper venous system 
(Fig. 44.4). If the injection is performed via an upper extremity, 
then a scan in the venous phase would be required to ensure 
homogeneous opacification of the pulmonary arteries, particu-
larly in the presence of bilateral superior vena cavae.

The third surgical stage is called a Fontan procedure, which 
involves connection of the inferior vena caval flow into the 
pulmonary arteries. If the primary clinical question involves 
the aortic arch, intracardiac anatomy, or ventricular function, 

one can bolus track on the aorta using the appropriate acquisi-
tion protocol. Evaluation of the Fontan circuit is complex due 
to incomplete mixing within the circuit, differential streaming 
of into the pulmonary arteries, and variable timing of opacifi-
cation of the superior and inferior venous system. These fac-
tors can result in nondiagnostic or false- positive evaluations 
for thrombus formation [25], which is common in this popula-
tion. Numerous approaches have been recommended to 
address this issue. Regardless of strategy, one should consider 
using a larger amount of contrast (2.5–3 ml/kg, up to 150 mL). 
Traditionally, simultaneous injection in lower and upper 
extremity veins has been recommended in this patient group 
[26]. In order to get an adequate flow rate, this method usually 
requires placement of a femoral venous catheter. While this 
usually results in opacification of the entire Fontan circuit, 
most patients will still have incomplete mixing of contrast due 
to swirling and unopacified hepatic venous inflow. This is par-
ticularly a problem in patients with bilateral superior vena 
cavae. Some authors advocate a single acquisition in the 
venous phase, using a delay of 120–180 s after initiation of 
contrast injection [27]. This will result in homogenous opaci-
fication, allowing for identification of clots. However, the 
image quality will be inadequate for coronary imaging. A 
venous two-phase contrast protocol (as described in previous 
sections but using 50% of the contrast in the first phase) will 
allow opacification of the entire Fontan circuit while providing 
diagnostic imaging of the aorta and coronary arteries. 
However, since the opacification will not be homogeneous, a 
second scan in the venous phase will be necessary to more 

Fig. 44.3 Axial image from a cardiac CT performed on a patient with 
a history of a bilateral Glenn procedure. This is an example of how 
incomplete mixing of contrast within the pulmonary arteries in these 
patients can be mistaken for thrombus (arrows)
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definitively evaluate for a thrombus in the Fontan circuit. If an 
evaluation of function is needed, a multiphase acquisition will 
allow visualization of contrast streaming and can differentiate 
thrombus versus venous admixture better than a single cardiac 
phase acquisition. Dual-energy scanning has also been shown 
to be useful in this population when screening for thrombus 
formation [28].

 Interpretation and Reporting

Given the complexity within the spectrum of native and 
repaired CHD, a collaborative approach between radiology 
and pediatric/adult congenital cardiology is recommended 
for interpretation of these studies. The use of multiplanar 
and 3D reconstruction software is also recommended when 
interpreting CT studies on patients with CHD, particularly 
when attempting to describe extracardiac abnormalities 
[29–31]. Furthermore, 3D reconstructions are often benefi-
cial in communicating CT findings to cardiologists and sur-
geons that are less accustomed to visualizing axial CT 
images.

A segmental approach to interpretation and reporting has 
long been recognized as a fundamental concept in cardiac 
imaging for CHD [32–34]. A detailed description of segmen-
tal analysis can be found in Chap. 26 (“CT Spectrum of 
Congenital Heart Disease”). Briefly, the segmental approach 
involves a sequential evaluation of the three segments of the 
heart (atria, ventricles, and great arteries) and their connec-
tions (atrioventricular and ventriculo-arterial connections). 
This analysis should be utilized and applied in creating a 
structured report for each cardiac CT performed in patients 
with CHD. A recommended report template for cardiac find-
ings with CHD is as follows:

• Cardiac position: [The heart is positioned leftward/mid-
line/rightward, with apex pointing to the left, right, 
inferiorly.]

• Segments: [Atrial situs, ventricular looping, great arterial 
orientation, atrioventricular, and ventriculo-arterial 
connections.]

• Systemic veins: [Right superior vena cava, presence/absence 
of left superior vena cava. If left SVC, connections/bridging 
vein. Inferior vena cava is intact/interrupted.]

• Pulmonary veins: [Normal/abnormal pulmonary venous 
connection with   #   pulmonary veins seen entering the 
left atrium. Anomalous pulmonary venous connections, if 
present.]

• Atria: [Size of right/left atrium. Interatrial septum is intact 
vs. atrial septal defect.]

• AV valves: [Appearance of tricuspid and mitral valves 
+/− motion.]

• Ventricles: [Size of right/left ventricle. Septum is intact 
vs. ventricular septal defect.]

• Ventricular outflows: [Description of subaortic and sub-
pulmonic outflows.]

• Semilunar valves: [Appearance of pulmonary and aortic 
valves. +/− motion.]

• Pulmonary arteries: [Description main and branch pul-
monary arteries/stenosis/embolus.]

• Aorta: [Aortic root and ascending aorta. Left/right arch 
with (normal/abnormal) branching pattern. Evidence of 
coarctation.]

• Coronary arteries: [Coronary origins and branching pat-
tern, stenosis, filling defects.]

• Ductus arteriosus: [Patent/not patent, appearance.]
• Collateral arteries: [Aortopulmonary collaterals, veno- 

venous collaterals.]
• Pericardium: [Normal, thickened, calcified, effusion.]

a b c

Fig. 44.4 In this patient with a history of Norwood and Glenn proce-
dures for hypoplastic left heart syndrome, contrast was injected slowly 
via the foot, allowing opacification of the upper systemic veins and pul-
monary arteries via venous recirculation, along with arterial opacifica-
tion of the aorta in one acquisition (a) oblique coronal reconstruction;  

3D volume-rendered images viewed from anterior (b) and rightward (c) 
perspectives). The connection between the superior vena cava and pul-
monary arteries can be seen (white arrow), along with stenosis of the 
left pulmonary artery (yellow arrow). The reconstructed aorta can be 
visualized in detail as well (Ao)
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CT of Coronary Artery Anomalies

Long Jiang Zhang, Shahryar M. Chowdhury, 
and Guang Ming Lu

Coronary artery anomalies are defined as any coronary arte-
rial pattern with a feature (e.g., origination, course, and ter-
mination) rarely encountered in the general population. 
Although coronary anomalies are rare, they are important to 
detect because they have been implicated in chest pain, syn-
cope, myocardial infarctions, and even sudden death, espe-
cially in young adults [1–4]. Electrocardiogram-gated 
multi-detector row computed tomography (MDCT) of the 
heart allows the accurate and noninvasive depiction of con-
genital coronary anomalies in patients of all ages [5, 6]. 
MDCT has been shown to be superior to conventional coro-
nary angiography in showing the origin and proximal path of 
anomalous coronary arteries [7]. This chapter briefly 
describes MDCT-reformatted techniques, normal coronary 
artery anatomy, MDCT coronary angiography findings in 
congenital coronary anomalies, and the clinical implications 
of these anomalies.

 Special Considerations for Assessing 
Coronary Artery Anomalies

Important considerations should be taken when preparing 
and performing MDCT angiography for the assessment of 
coronary artery anomalies, which include the following: (1) 
Non-contrasted coronary artery calcium scans can suggest 
abnormal coronary origins in adults. However, delineating 
important details about the course, such as the presence of an 
intramural segment, is very difficult using non-contrasted 
scans alone. Thus, MDCT coronary angiography should be 
performed in these patients even if an abnormality is found 
on coronary artery calcium scoring scans. (2) CT scanning 
range should be properly adjusted to appropriately cover the 

potentially involved vascular structures. For example, in 
patients with the coronary to pulmonary artery fistula or 
other extracardiac termination, longer scanning range should 
be included. (3) Including systolic and diastolic cardiac 
phases into the acquisition, and the resultant reformatted CT 
images, can be very important to detect dynamic compres-
sion of abnormal coronary segments in coronaries that dis-
play myocardial bridging or abnormal origin of coronary 
artery from the opposite coronary sinus with an interarterial 
course. (4) Post-processing techniques such as multiplanar 
reformation (MPR) including curved planar reformation 
(CPR), maximal intensity projection (MIP), and volume ren-
dering (VR) should be comprehensively used to show the 
anatomical relations between large vessels and heart 
chambers.

 Normal Anatomic Features

Normally, myocardial blood flow is supplied by two main 
coronary arteries, the right coronary artery (RCA) and the 
left coronary artery (LCA) (Fig. 45.1) [8, 9].

 Normal Coronary Artery Branches and Courses

The RCA originates from the right coronary sinus of 
Valsalva, descends in the anterior right atrioventricular 
groove, and usually gives off the conus branch (50–60%) as 
its first branch and then two or three large right ventricular 
wall branches. The acute marginal branch is the first large 
branch, which occasionally continues to the apex.

The LCA originates from the left coronary sinus of 
Valsalva, which bifurcates into the left circumflex (LCX) and 
left anterior descending (LAD) arteries or trifurcates with an 
additional intermediate ramus branch. The LAD usually 
descends in the anterior interventricular groove, giving off 
septal branches into the interventricular septum and diagonal 
branches descending toward the lateral margin of the left 
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ventricular wall. The LCX enters the left atrioventricular 
groove to supply obtuse marginal branches to the lateral and 
posterolateral walls of the left ventricle.

 Coronary Dominance

In 70% of patients, the RCA gives off the posterior descend-
ing artery (PDA) and posterior left ventricular branches 
(right dominant supply). In the subjects with right coronary 
dominance, dysplasia or absence of the LCX can be often 
observed. In these cases, if the RCA supplies the typical 
LCX course, the RCA is referred to as “superdominant” 
(Fig. 45.1). In approximately 20% of patients, the PDA origi-
nates from the RCA, but branches from the LCX also supply 

this territory (codominant supply). In 10% of patients (left 
coronary dominant patients), the LCX supplies both the PDA 
and the posterior left ventricular branch [10]. In these 
patients, hypoplasia of the RCA is often found.

 Sinoatrial Nodal Supply

Anatomic variations in the origin and course of the sinoatrial 
nodal artery (SNA) are important to recognize as it is occa-
sionally misdiagnosed as a coronary artery fistula [11]. 
Sinoatrial nodal artery can be grouped into three types 
according to the origin, course, and termination [12]. (1) 
Right SNA (49.1%) originates from the RCA or right coro-
nary sinus and courses between the right atrium and the root 

a

c d

b

Fig. 45.1 Normal anatomy of the coronary arteries by MDCT coro-
nary angiography. Volume-rendered CT angiogram with 3D reconstruc-
tion highlighting normal coronary anatomy. (a) Normal course of the 
RCA in the right interventricular groove shows an early CA branch. 
The second branch is the SNA. Afterwards AM branches supply the 
right ventricle. (b) The LAD runs in the interventricular sulcus with 
diagonal arteries supplying the lateral wall of the left ventricle. (c) The 
LCA splits into the LAD and LCX. The LCX runs in the left interven-
tricular groove and gives off a number of OM branches. (d) In this right 

dominant system, the RCA gives rise to the PDA. The PDA appears 
somewhat small, likely associated with the LAD continuing around the 
apex of the heart to supply some of the inferior septum – also known as 
“wraparound” LAD, a normal variant. RCA  =  right coronary artery; 
CA = conus artery; AM = acute marginal artery; SNA = sinoatrial nodal 
artery; LCA  =  left coronary artery; LAD  =  left descending artery; 
D  =  diagonal; OM  =  obtuse marginal artery; LCX  =  left circumflex 
artery; PDA = posterior descending artery; LPVB = left ventricular pos-
terior branch
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of aorta toward the ostium of the superior vena cava (SVC). 
(2) Left SNA (42.5%) originates from the proximal segment 
of the LCX and courses along the anterior wall of the left 
atrium, terminating at the ostium of the SVC. (3) Posterior 
SNA (8.4%) originates from the posterolateral segment of 
the LCX, LCA, or left ventricular posterior branch of the 
RCA. Entrance into the SVC can be classified as precaval 
(the SNA approaches the sinoatrial node anterior to the 
SVC), retrocaval (the SNA approaches the sinoatrial node 
posterior to the SVC), and pericaval (through multiple 
branches surrounding the SVC).

 Classification, Prevalence, and Clinical 
Relevance of Coronary Anomalies

Coronary artery anomalies are found in 0.2–5.8% of indi-
viduals [2]. The majority of coronary artery anomalies are 
benign (anomalies that are usually not clinically signifi-
cant). However, while having a low prevalence, malignant 
coronary artery anomalies can cause life-threatening 
sequelae such as cardiorespiratory arrest and sudden death. 
Various classification systems exist for coronary artery 
anomalies. No classification system is universally accepted. 
In this chapter, coronary anomalies are divided into the fol-
lowing three broad categories: anomalies of origin, anoma-
lies of course, and anomalies of termination according to 
Kim et  al.’s simplified classification of coronary artery 
anomalies (Table 45.1) [13–15]. Regardless of the classifi-
cation system used, it is most important to delineate lesions 
that are benign versus those that are malignant especially 
when evaluating patients with concerning clinical symp-
toms such as angina, syncope, myocardial infarct, or sud-
den cardiac death [3, 14, 16].

 Coronary Artery Anomalies of Origin

 High Takeoff

High takeoff of a coronary artery is defined as origin of a 
coronary artery more than 1 cm above the sinotubular junc-
tion [10]. High takeoff of the RCA (Fig. 45.2a–c) is reported 
much more commonly than high takeoff of the LCA 
(Fig. 45.2d). This variant has no hemodynamic significance, 
but it may make selective invasive angiography more diffi-
cult [10, 15]. In addition, cardiac surgeons should be aware 
of this anomaly to avoid accidental cross-clamping or tran-
section during surgery. In rare instances, high takeoff of a 
coronary artery may be associated with a malignant interar-
terial or intramural course – similar to those associated with 
origin of the coronary artery from the opposite sinus as 
described below (Fig. 45.2b–c).

 Multiple Ostia

Multiple ostia have no significant clinical relevance. The 
LAD and LCX may arise separately with no LCA (Fig. 45.3a). 
This occurs in a small percentage (0.41%) of individuals, 
and invasive coronary angiography is technically difficult 
[14, 15, 17]. The RCA and the conus branch may arise sepa-
rately from the right sinus (Fig. 45.3b). An aberrant conus 
artery arising separately from the RCA is particularly at risk 
for injury from ventriculostomy or other heart surgery.

 Origin of Coronary Artery from the Posterior 
Sinus of Valsalva

An origin of the RCA or the LCA from the posterior sinus of 
Valsalva is rare. This anomaly has no clinical relevance 
(Fig. 45.4) unless accompanied by an interarterial or intra-
mural course.

 Single Coronary Artery

Single coronary artery is a rare congenital anomaly in which 
only one coronary artery arises from the aorta and supplies 
blood to the entire heart [18]. It is seen in only 0.002–0.04% 
of the population [2, 18, 19]. A single coronary artery may 
originate from either the right or left aortic sinus. In most 
cases, this single artery will give off two branches each with 
distributions of the typical RCA and LCA. Rarely, different 
distributions from that of the normal coronary artery tree 
may be observed, such as LCX from the RCA. In most cases 
this is a benign variant. However, patients with single 

Table 45.1 Classification of coronary artery anomalies

Anomalies of origin
  High takeoff
  Multiple ostia
  Single coronary artery
  Anomalous origin of coronary artery from the pulmonary arterya

  Origin of coronary artery or branch from opposite or   
non- coronary sinus and an anomalous (retroaortic, interarteriala, 
prepulmonic, septal [subpulmonic]) course

Anomalies of course
  Myocardial bridginga

  Duplication of arteries
Anomalies of termination
  Coronary artery fistulaa

  Coronary arcade
  Extracardiac termination

From Greenberg et al. [13], with permission
aHemodynamically significant anomalies, which may contribute to 
myocardial perfusion abnormalities
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a

c d

b

Fig. 45.2 High takeoff of the coronary arteries. (a) 3D volume refor-
matted CT angiogram showing the RCA arising from the ascending 
aorta above the sinotubular junction superior to the right sinus. (b) 3D 
volume reformatted CT angiogram showing the RCA arising from the 
ascending aorta above the sinotubular junction superior to the left sinus 
in close proximity to the left/right commissure. (c) Curved planar refor-
matted image showing the RCA arising from the ascending aorta cours-
ing between the ascending aorta and pulmonary artery trunk, conferring 
increased risk for sudden cardiac death. Even if there is no interarterial 

course, these arteries may display an acute angle of takeoff and nar-
rowed proximal course (such as in B) suggesting an intramural segment 
which is also a malignant finding. (d) A coronary artery tree image that 
shows the LCA arising from the ascending aorta above the sinotubular 
junction with a 90° angle from the aorta and widely patent proximal 
course  – there is no evidence of an intermural course, and this is a 
benign finding. AO = aorta; LAD = left descending artery; LCA = left 
coronary artery; LCX = left circumflex artery; RCA = right coronary 
artery

a bFig. 45.3 Multiple ostia of 
the coronary arteries. (a) 3D 
volume reformatted CT 
angiogram shows the LAD 
and LCX originate separately 
from the left coronary sinus 
of Valsalva. (b) Coronary 
artery tree image shows the 
right coronary artery and 
conus artery separately 
originate from the right 
coronary sinus of Valsalva. 
CA = conus artery; LAD = left 
descending artery; 
RCA = right coronary artery; 
LCX = left circumflex artery
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 coronary artery are at increased risk for sudden death if a 
major coronary branch crosses between the pulmonary artery 
and the aorta.

 Coronary Origin Stenosis and Atresia

Congenital coronary ostial atresia or hypoplasia is very 
rarely reported. It may be isolated or be associated with other 
congenital heart disease such as truncus arteriosus. Coronary 
ostial atresia or hypoplasia is usually associated with myo-
cardial ischemia; the degree of severity is dependent upon 
the development of collaterals from the patent coronary sys-
tem. The coronary ostium may also be occluded by a valve- 
like ridge [20]. This entity is often associated with congenital 
supra-aortic stenosis in patients with Williams syndrome and 
predisposes these patients to sudden cardiac death.

 Origin of the Coronary Artery 
from the Opposite Sinus of Valsalva  
or Opposite Coronary Artery

Origin of the coronary artery from the contralateral sinus of 
Valsalva or contralateral coronary artery has multiple sub-
types. Most commonly, the RCA may arise from the left 
coronary sinus of Valsalva or contralateral coronary artery in 
0.03–0.17% of patients (Fig. 45.5) [3, 10, 15]. The LCA can 
arise from the right coronary sinus of Valsalva or opposite 

coronary artery (Fig.  45.6). In addition, the LCX or LAD 
may arise from the right coronary sinus of Valsalva or oppo-
site coronary artery [15, 16]. An anomalous LCX most com-
monly arises from a separate ostium within the right sinus of 
Valsalva or as a proximal branch of the RCA (approximately 
0.32–0.67% of the population) [2, 14, 21]. Anomalous LCX 
arteries most often take a retroaortic course, but more rarely 
it may take either an interarterial or a prepulmonic course. It 
may be an isolated anomaly with the LAD originating nor-
mally from the left coronary sinus or may be associated with 
other branch anomalies, such as origin of the LAD from the 
anomalous LCX. This anomaly has not been associated with 
sudden death. In all of these anomalies, the coronary ostium 
may be at the normal level, or the involved artery may have a 
high or low takeoff [20, 21].

A coronary artery arising from the contralateral sinus of 
Valsalva or opposite coronary artery can take any of four 
common courses, depending on the anatomic relationship of 
the anomalous vessel to the aorta and the pulmonary trunk: 
(a) interarterial (i.e., between the aorta and the pulmonary 
artery) (Figs. 45.5 and 45.6), (b) retroaortic, (c) prepulmonic, 
or (d) septal (subpulmonic) [2, 3, 10, 14, 15, 22]. It is of great 
clinical importance which course is taken. Retroaortic, pre-
pulmonic, and septal (subpulmonic) courses are generally 
benign, while an interarterial course is malignant carrying a 
risk for sudden cardiac death. The mechanism behind sudden 
cardiac death in patients with an interarterial course is 
 controversial. Some have argued that compression of the 
coronary artery between the aorta and pulmonary artery 

a b

Fig. 45.4 Anomalous left coronary artery arising from posterior coro-
nary sinus of Valsalva. (a) Axial contrast-enhanced CT angiography 
shows the left coronary artery arising from the non-coronary sinus of 
Valsalva. (b) 3D volume rendering reformatted CT image shows the left 
coronary artery arising from the non-coronary sinus of Valsalva with an 

otherwise unremarkable course. In the absence of an intramural or 
interarterial course, this is a benign lesion. AO  =  aorta; LAD  =  left 
descending artery; LCA = left coronary artery; LCX = left circumflex 
artery; RCA = right coronary artery
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a

c

b

d

Fig. 45.5 Right coronary 
artery arising from the left 
coronary sinus of Valsalva 
(interarterial type). (a) Thin-
slab maximum intensity 
projection CT image shows 
the right coronary artery 
arising from the left coronary 
sinus of Valsalva and coursing 
between the aortic root and 
pulmonary artery. (b) 3D 
volume- rendered reformatted 
CT reconstruction shows the 
separate origins of the LCA 
and RCA. (c) Multiplanar 
reformatted CT image shows 
the slit-like, eccentric shape 
of the proximal RCA. (d) 3D 
volume-rendered reformatted 
CT reconstruction can be used 
to visualize the eccentric 
RCA origin (arrow). In all 
images, note the acute angle 
of takeoff from the sinus, 
proximity to the left/right 
commissure, and slit-like 
orifice and proximal course, 
suggesting an intramural 
course. AO = aorta; 
PA = pulmonary artery; 
LAD = left descending artery; 
LCX = left circumflex artery; 
RCA = right coronary artery

a b

Fig. 45.6 Anomalous left coronary artery arising from right coronary 
sinus of Valsalva. (a) Axial contrast-enhanced CT angiography shows 
the left coronary artery arising from the right coronary sinus of Valsalva 
and coursing between the aortic root and pulmonary trunk. Note the 
acute angle of takeoff from the sinus, proximity to the left/right com-

missure, and slit-like orifice and proximal course, suggesting an intra-
mural course. The intramural course ends when the LCA returns to 
normal size (arrow). (b) 3D volume rendering reformatted CT image 
shows the left coronary artery arising from the right coronary sinus of 
Valsalva near the intercoronary commissure (*)
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 during exercise contributes to ischemia and sudden death, 
while others have rejected that hypothesis [23–25].

Patients with an anomalous coronary origin are at risk for 
having an abnormal intramural proximal course – that is, the 
proximal coronary artery runs within the wall of the aorta. 
An intramural course is associated with increased risk for 
sudden death – higher in anomalous LCA versus RCA [2, 3, 
21, 22, 26–32]. The vast majority of anomalous coronary 
arteries with an intramural course also display an interarte-
rial course, though not all anomalous coronaries with an 
interarterial course have an intramural segment. A number of 
MDCT angiographic features are noted in patients with an 
intramural course: (1) The coronary origin and proximal 
course are narrow or slit-like, (2) the coronary originates 
eccentrically from the aortic sinus near the commissure, and 
(3) there is an acute angle of takeoff from the aortic sinus. 
One can determine where the intramural segment ends at the 
point when the distal coronary artery returns to a circular 
shape. Identifying the length of the intramural course by 

MDCT angiography can be important in guiding surgical 
“unroofing” procedure [33]. In addition, intramural coronar-
ies are important to identify in patients who require coronary 
origin transfer procedures, such as the arterial switch proce-
dure in patients with transposition of the great arteries or in 
patients undergoing the Ross procedure.

 Origin of the Coronary Artery 
from the Pulmonary Trunk

Anomalous origin of the coronary artery from the pulmonary 
artery is one of the most clinically significant coronary artery 
anomalies. Anomalous origin of the LCA from the pulmo-
nary artery (ALCAPA), also called Bland-White-Garland 
syndrome, is the most common type constituting 0.25–0.5% 
of all congenital heart disease (Fig.  45.7a, b) [15, 34–36]. 
Other types of this coronary artery anomaly include origin of 
the RCA from the pulmonary trunk (Fig. 45.7c, d), origin of 

a

c d

bFig. 45.7 Anomalous 
coronary artery arising from 
the pulmonary artery. (a) 
Axial contrast-enhanced CT 
image shows the LCA arising 
from the left-facing sinus of 
the pulmonary artery root. (b) 
3D volume reformatted CT 
image shows the LCA arising 
from the pulmonary artery 
root. Note the coronary 
arteries appear dilated 
consistent with collateral 
development from the RCA 
system to the LCA. (c) 
Multiplanar reformatted CT 
image shows the RCA arising 
from the right-facing sinus of 
the pulmonary artery root. (d) 
3D volume reformatted CT 
image shows the RCA arising 
from the pulmonary artery 
root. AO = aorta; LAD = left 
descending artery; LCX = left 
circumflex artery; 
PA = pulmonary artery; 
RCA = right coronary artery
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LAD from pulmonary artery, and origin of LCX from pul-
monary artery. There are rare reports of coronaries also origi-
nating from the branch pulmonary arteries.

ALCAPA can be classified into two types: infant and 
adult types. Clinical presentation is influenced by the devel-
opment of collaterals from the RCA to the LCA system. In 
infants with poor collateralization, symptoms manifest in the 
first few months of life with symptoms due to myocardial 
ischemia – extreme fussiness with feeds, poor feeding, and 
poor growth. Without surgical repair, rapid death ensues in 
up to 90% of patients within weeks or months of birth [34]. 
In patients with greater collateralization, older infants and 
toddlers may present with symptoms of left-to-right shunting 
from the collateral retrograde through the LCA into the pul-
monary artery. These patients display poor growth, tachy-
pnea, and left heart enlargement. These patients often have 
poor ventricular function and atrioventricular valve regurgi-
tation. In adult type with significant collateralization, 
ALCAPA syndrome may be asymptomatic. Alternatively, 
adults with ALCAPA may develop myocardial infarction, 
left ventricular dysfunction, mitral valve regurgitation, or 
silent myocardial ischemia, leading to sudden cardiac death.

MDCT coronary angiography can directly visualize the 
LCA arising from the main pulmonary artery, which is the 
diagnostic hallmark of ALCAPA syndrome (Fig. 45.7a, b). 
Most often, the LCA originates from the left-facing pulmo-
nary sinus. Less often, the LCA originates from the 
 non- facing pulmonary sinus. Other indirect signs, such as 
the dilated and tortuous RCA and LCA, dilated intercoro-
nary collateral vessels, left ventricular hypertrophy and 
dilatation, and dilated bronchial arteries, can also be found 
in this entity [35].

Surgical correction is the standard treatment for the 
patients with ALCAPA syndrome. The aim of surgery is to 
restore a two-coronary-artery circulation system. In neonates 
with poor collateralization, early correction is required. In 
asymptomatic adults with adequate collateralization, surgery 
should be considered when extensive delayed subendocardial 
enhancement caused by myocardial infarction is seen on 
magnetic resonance imaging [35]. The preferred surgery 
includes a coronary button transfer, the Takeuchi procedure, 
as it is the most anatomic correction and has excellent long- 
term results. In adult patients with adequate collateralization, 
alternative approaches include placement of a coronary artery 
bypass graft (CABG) or ligation of the origin of the LCA to 
stop competitive flow. A combined approach in adults may be 
preferred. After surgery, MDCT angiography is often used to 
ensure there is no kinking of the LCA after button transfer 
and to assess the patency of bypass grafts if symptoms recur.

 Coronary Artery Anomalies of Course

 Myocardial Bridging

Coronary arteries generally course epicardially. 
Myocardial bridging is a congenital anomaly character-
ized by muscular encasement of a coronary artery seg-
ment that has dipped into the myocardium [15, 36, 37]. It 
is reported the prevalence of myocardial bridging ranges 
from 15% to 85% in autopsy studies; however, it is only 
seen in 0.5–2.5% of invasive angiographic studies [36]. 
MDCT coronary angiography displays better sensitivity 
than invasive angiography with a reported incidence of 
3.5–30% [36–38]. Myocardial bridging is most commonly 
localized in the middle segment of the LAD; but it can be 
found in other coronary arteries. Multiple myocardial 
bridges can be observed in the same or different coronary 
arteries and their branches. Additionally, segments of the 
coronary artery proximal to the myocardial bridge are 
more vulnerable to atherosclerotic plaques due to abnor-
mal blood flow profiles, increasing the risk of myocardial 
ischemia [36, 37].

Myocardial bridges can be divided into two types: super-
ficial bridges (75%) (Fig.  45.8) and deep bridges (25%) 
(Fig. 45.9) although no uniform depth criteria have been set 
to classify myocardial bridges [38]. Deep myocardial bridge 
often denotes the completely encased coronary artery, which 
often results in compression of involved coronary segment 
during the systolic phase. Superficial myocardial bridges are 
encased incompletely by myocardium; however, long super-
ficial MB can result in severe stenosis during the cardiac 
cycle (Fig. 45.7).

Myocardial bridging is asymptomatic in the vast majority 
of patients [8]. However, there is evidence that myocardial 
bridging can be responsible for angina pectoris, myocardial 
infarction, life-threatening arrhythmias, or even death in cer-
tain patients, especially those with deep myocardial bridge 
or long superficial bridging [39, 40].

The MDCT coronary angiogram can clearly show the 
presence, course, and anatomical features of intramuscular 
coronary arteries [36, 41]. When myocardial bridging is 
suspected, systolic and diastolic phase reformation is rec-
ommended to assess the luminal narrowing during the sys-
tolic phase. Other indirect findings include a “milking” 
effect which can be found during the systolic and diastolic 
phase reformatted CT images or 4D cine and a “step-
down-step- up” phenomenon induced by systolic compres-
sion of the tunneled segment in sagittal MPR or VR 
reformatted images.
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a b c

Fig. 45.8 Superficial myocardial bridging of the left anterior descend-
ing artery. (a) Curved planar reformatted image shows the superficial 
intramural course (arrow) of the mid-segment of the left anterior 
descending artery. Note the LAD is not entirely encased in myocardium 
consistent with a superficial myocardial bridge. (b) 3D volume refor-

matted CT image and (c) coronary artery tree image show moderate 
stenosis of intramyocardial segment of the LAD artery (arrow). 
LAD = left descending artery; LCX = left circumflex artery; RCA = right 
coronary artery

LAD

RCA

a b

Fig. 45.9 Deep myocardial bridging of the left anterior descending 
artery. (a) Curved planar reformatted image shows deep intramural 
course with 4 mm covering myocardium (arrow) of the mid-segment of 
the left anterior descending artery. Note 2 mm is the cutoff value for 

determining the superficial and deep myocardial bridging. (b) 3D vol-
ume reformatted CT image shows the covering myocardium in the mid-
segment of the left anterior descending artery (arrow). RCA = right 
coronary artery; LAD = the left anterior descending artery
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 Coronary Artery Duplication

Coronary artery duplication can occur in both the RCA and 
LCA. Duplication of the RCA is rare; few cases are reported 
in the literature (Fig. 45.10a) [15]. LAD duplication is more 
common occurring in 0.13–1% of the general population 
[15, 42]. LAD duplication consists of a short LAD coursing 
and terminating in the proximal interventricular sulcus 
 without reaching the apex and a secondary LAD originating 
from the LCA (Fig. 45.10b) or RCA and entering the distal 
anterior interventricular sulcus and coursing to the apex [15, 
42]. LAD duplication should not be confused with an LAD 
and a diagonal branch running parallel to each other. Such a 
parallel diagonal branch does not reenter the anterior inter-
ventricular sulcus and take over the course of the distal 
LAD. Coronary artery duplication is a benign anomaly, but it 
may complicate surgical intervention when aortocoronary 
bypass or other coronary artery surgeries are performed. It is 
also important to identify in congenital heart diseases where 
transection of the right ventricular outflow tract would be 
considered (i.e., tetralogy of Fallot) as an LAD off the RCA 
would be disrupted in such a case.

 Coronary Artery Anomalies of Termination

 Coronary Artery Fistula

Coronary artery fistula is a condition in which a communica-
tion exists between a coronary artery and a cardiac chamber 
and a great vessel or other vascular structure [15]. Coronary 
artery fistulae are rare, with the reported prevalence of 
0.002% in the general population and approximately 0.1–
0.2% of all patients undergoing selective coronary angiogra-

phy [43–45]. Although most patients have no symptoms, 
some patients may have exertional dyspnea and fatigue. 
Symptom severity depends on the degree of shunt and left- 
or right-heart overload, i.e., the size of the origin of the fis-
tula and the drainage sites. Large coronary artery fistulae can 
cause myocardial ischemia, congestive heart failure, endo-
carditis, thrombosis, pulmonary hypertension, and/or 
embolic events. These symptoms may not develop until late 
adulthood.

Coronary fistulae more commonly involve the RCA (60% 
of cases) than the LCA (40%) [15]. In less than 5% of cases, 
fistulae originate from both the LCA and the RCA. The most 
common site of drainage is the pulmonary artery (Fig. 45.11a, 
b), followed by the right ventricle (Fig. 45.11c, d) and the 
right atrium (Fig. 45.12a, b). Drainage into the left atrium 
(Fig. 45.12c, d) or left ventricle occurs in less than 10% of 
cases [45–47].

On MDCT coronary angiography, the involved coronary 
artery is often dilated or tortuous, and the site of drainage can 
be clearly visualized. In coronary artery fistula to pulmonary 
artery, the contrast ejection sign can be found in pulmonary 
artery trunk.

 Coronary Arcade

Coronary arcade is a direct communication between the 
RCA and the LCA, which is large enough to visualize by 
invasive coronary angiography or MDCT coronary angiogra-
phy but without significant coronary artery stenosis. 
Coronary arcade should be differentiated from collateral ves-
sels on the basis of the prominent straight connection 
between the two unobstructed major arteries, often at or near 
the level of the crux, which is different from the tortuous 

a bFig. 45.10 Coronary artery 
duplication. (a) 3D volume 
reformatted CT image 
showing a duplicated right 
coronary artery. (b) 3D 
volume reformatted CT 
angiogram showing a short 
LAD (LAD1) coursing and 
terminating in the anterior 
interventricular sulcus 
without reaching the apex and 
a long LAD (LAD2) reaching 
the apex. CA = conus artery; 
LAD = left descending artery; 
LCX = left circumflex artery; 
RCA = right coronary artery
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a

c d

bFig. 45.11 Right coronary artery 
fistulae. (a) Thin-slab maximum-
intensity projection image shows 
tortuous vessels (blue arrow) in the 
vicinity of the pulmonary artery trunk. 
The fistula orifice displays the typical 
ejection sign into the pulmonary artery 
(yellow arrow). (b) 3D volume 
reformatted CT angiogram shows the 
tortuous vessels (blue arrow) near the 
excluded pulmonary artery. (c) Thin-slab 
maximum- intensity projection image 
shows the dilated proximal RCA and 
large fistula (blue arrow) terminating 
into the right ventricle (yellow arrow). 
(d) 3D volume reformatted CT 
angiogram shows the dilated proximal 
RCA and large fistula (blue arrow) 
terminating into the right ventricle. 
AO = aorta; LAD = left descending 
artery; LCX = left circumflex artery; 
RCA = right coronary artery

a

c d

bFig. 45.12 Left coronary artery fistulae. 
(a) 3D volume reformatted CT 
angiogram shows a tortuous vessel 
(arrows) traveling from the LAD to the 
RA. (b) Thin-slab maximum-intensity 
projection image shows the tortuous 
vessel (arrows) displaying the typical 
ejection sign into the right atrium. (c) 
Thin-slab maximum-intensity projection 
image shows a tortuous vessel (arrow) 
traversing from the LCX to the LA. (d) 
3D volume reformatted CT angiogram 
shows a tortuous vessel (arrows) 
traveling from the LCX to the 
LA. LA = left atrium; LAD = left 
descending artery; LCX = left circumflex 
artery; RA = right atrium; RCA = right 
coronary artery
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 collateral vessels [15]. In addition, coronary arcade should 
be differentiated from coronary to pulmonary artery fistula; 
the former has no direct communication between the coro-
nary artery and pulmonary artery.

 Extracardiac Termination

Systemic arterial termination of a coronary artery is uncom-
mon. Connections may exist between the coronary arteries 
and extracardiac vessels such as the bronchial, internal mam-
mary, pericardial, anterior mediastinal, superior and inferior 
phrenic, and intercostal arteries and the esophageal branch of 
the aorta. This entity can be distinguished from coronary 
artery fistula in that the coronary artery is not usually 
enlarged and tortuous. Most coronary-systemic arterial com-
munications are not significant, except for the presence of 
atherosclerosis in the native coronary artery originating from 
systemic arterial communication [15].

It may be difficult to identify a coronary artery terminat-
ing into extracardiac artery by MDCT coronary angiography 
due to the small caliber of the vessels involved. Therefore, 
ensuring adequate scanning range and careful slice by slice 
observation in thin-slice axial contrast-enhanced CT images 
is key for diagnosing these coronary-systemic arterial 
communications.

 Summary

In conclusion, coronary artery anomalies include anomalies 
of origin, course, and termination. These anomalies can 
clearly and accurately be visualized by state-of-the-art 
MDCT coronary angiography owing to high spatial resolu-
tion and three-dimensional imaging capability. It is impor-
tant to identify and report those anomalies that are malignant, 
such as interarterial or intramural course in patients with an 
anomalous coronary origin. Due to its superior ability to 
depict coronary artery anomalies than conventional invasive 
coronary angiography, MDCT coronary angiography is the 
first-line choice for imaging coronary artery anomalies.
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CT Spectrum of Congenital Heart 
Disease

David Steflik and Anthony M. Hlavacek

Congenital heart disease (CHD) is a relatively common 
problem, affecting approximately 0.8% of newborn infants 
[1]. An understanding of the CT findings of congenital heart 
diseases and their postoperative complications is important 
for the radiologist, since patients with palliated or repaired 
congenital heart disease are living longer and many of them 
will require lifelong care and imaging.

 Imaging Algorithms

The initial imaging algorithm for patients with suspected 
CHD usually includes an echocardiogram and possible chest 
radiograph [2]. However, echocardiography is limited by 
acoustic windows, relatively small field of view, and inabil-
ity to image airway structures. Magnetic resonance imaging 
(MRI) also has been added to the imaging armamentarium. 
MRI provides excellent anatomic and functional information 
and is particularly valuable in the evaluation of valvular and 
myocardial function, but it is time-consuming, and it is con-
traindicated in many patients with pacemakers and in some 
with implantable cardioverter-defibrillators [3–6].

Cardiac CT is being increasingly used in the evaluation 
of patients with congenital heart disease and has several 
advantages over MRI [7–9]. It is more available and less 
time- consuming than MRI [10, 11]. Fast scan protocols 
limit the need for sedation, which is a significant risk in 
patients with congenital heart disease [12]. Current scanners 
provide high spatial resolution, enabling visualization of 
small structures; high temporal resolution, which can mini-
mize respiratory and cardiac motion artifacts; and isotropic 
voxels, allowing for reconstructions with excellent resolu-
tion. CT allows a more complete evaluation of lung paren-
chyma than MRI.  CT, unlike MRI, is not hampered by 
postoperative metal artifacts. Limitations of CT include the 

lack of the functional capabilities of MRI, the radiation 
exposure, and the necessity for intravenous administration 
of contrast material. Nevertheless, CT is enjoying broader 
use because of its ease of use and widespread availability, 
and thus, an understanding of the CT features of CHD is 
essential to ensure a correct diagnosis.

After acquisition of the image set, the data should be 
reviewed in a segmental fashion, as discussed below. This 
chapter reviews the native CT appearances of common con-
genital heart malformations. The CT spectrum of postopera-
tive congenital heart disease is covered in Chap. 46. The CT 
techniques for evaluating congenital heart disease in children 
are discussed in Chap. 43.

 Sequential Segmental Analysis

Sequential segmental analysis forms the basis of morpho-
logic assessment of the heart. There are three segments 
within the heart: atria, ventricles, and great arteries. Each 
segment is defined by the morphology of its structures, rather 
than their relative location within the chest or connections to 
other structures. The connections of these different anatomic 
segments must also be described, which will then correlate 
with the physiology seen by the clinician at the bedside.

The first structures that must be objectively evaluated are 
the atria. The most reliable ways to assess the atria are its 
appendages, which are easily seen on cardiac CT [13]. The 
right atrial appendage is broad and triangular, with pectinate 
muscles extending into the body of the atrium (Fig. 46.1a). 
The left atrial appendage is narrow and “fingerlike,” with 
pectinate muscles confined to the appendage (Fig  46.1b). 
The right atrium usually receives the inferior vena cava, 
unless the intrahepatic portion is interrupted. In the tradi-
tional classification system, the usual relationship of the atria 
is termed “situs solitus.” The mirror-image relationship, with 
the morphologic right atrium leftward of the morphologic 
right atrium, is termed “situs inversus.” When there are two 
right or left atrial appendages, which is found in atrial 
 isomerism, or heterotaxy, the arrangement is classically 
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called “situs ambiguous,” although defining the atrial 
arrangement as “right” or “left atrial isomerism” is more 
descriptive [14].

The next structures that must be systematically assessed 
are the ventricles. The right ventricle is most readily identi-
fied by coarse apical trabeculations and a moderator band, 
while the left ventricle has relatively fine apical trabecula-
tions. When the respective atrioventricular valves are patent, 
the morphologic right ventricle is noted to have a muscular 
infundibulum separating the tricuspid valve from the semilu-
nar valve, while the left ventricle has fibrous continuity 
between the mitral valve and semilunar valve (if present). 
The usual relationship between the ventricles is termed 
“D-looped,” while the mirror-image arrangement is termed 
“L-looped.” In the rare instance that the ventricles cannot be 
described in a right-left relationship, the arrangement is 
often termed “X-looped.”

Once the atrial and ventricular orientations are defined, 
the atrioventricular connections can be described. If the right 
atrium (RA) is connected to the right ventricle (RV) and the 
left atrium (LA) is connected with the left ventricle (LV), the 
atrioventricular connections are termed “concordant.” 
“Discordant” atrioventricular connections exist when the RA 
connects to the LV and the LA connects with the RV. When 
atrial isomerism is present, the connections are termed 
“mixed.” A “univentricular” connection exits when there is 
double inlet to one ventricle (generally left) or there is the 
absence of one atrioventricular connection (as in classical 
tricuspid atresia).

Finally, the connections and orientation of the great 
arteries must be assessed. A concordant ventriculoarterial 
connection exists when the morphologic RV connects to 
the pulmonary artery and the morphologic LV connects 
with the aorta. A discordant ventriculoarterial connection 
(or “transposition”) exists when the morphologic RV con-
nects to the aorta and the morphologic LV connects with 

the pulmonary artery. The ventriculoarterial connection can 
also be described as “double outlet” (usually from the RV) 
or “common,” as is found with truncus arteriosus. The ori-
entation of the great arteries is generally defined by the 
location of the aortic valve relative to the pulmonary valve. 
In a normal heart, the aortic valve is oriented posterior and 
rightward to the pulmonary valve. With usual transposition 
(“D-transposition”), the aortic valve is generally anterior 
and rightward of the pulmonic valve, but is usually anterior 
and leftward in congenitally corrected transposition 
(“L-transposition”).

 Atrial Septal Defects

Atrial septal defects represent 8–10% of congenital heart 
defects [15]. Secundum, primum, and sinus venosus defects 
constitute the three most common types of ASD. Secundum 
defects are the most common type of atrial septal defect, 
constituting 75% of defects [16]. A secundum ASD is a 
defect in the central portion of the atrial septum, or the area 
containing the fossa ovalis (Fig. 46.2). These defects can be 
large, and are usually solitary, but can also consist of multi-
ple smaller communications. Primum defects reside in the 
apical (inferior) portion of the atrial septum and are contigu-
ous with the atrioventricular valves. These defects are gener-
ally considered to fall within the spectrum of atrioventricular 
septal defects and are generally accompanied by a “cleft” 
mitral valve. Sinus venosus defects involve a deficiency of 
the wall that separates the right pulmonary veins from the 
superior vena cava (or infrequently inferior vena cava) and 
thus the right atrium, creating an interatrial communication 
(Fig.  46.3). All sinus venosus defects are associated with 
anomalous drainage of at least one of the right pulmonary 
veins, usually with connection of the right superior pulmo-
nary vein to the superior vena cava [17]. The least common 

a bFig. 46.1 Axial images 
displaying the typical 
characteristics of right and 
left atrial appendages. Note 
that the right atrial appendage 
(a) has a broad base with 
pectinate muscles extending 
into the body of the atrium, 
while the left atrial appendage 
(b) is generally narrow with 
pectinate muscles confined to 
the body of the appendage 
(RAA right atrial appendage, 
LAA left atrial appendage)
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form of ASD is the coronary sinus defect, in which the 
 coronary sinus is at least partially “unroofed,” resulting in a 
communication from the LA to RA.  Comprising <1% of 
ASD, it is usually seen in association with heterotaxy syn-
dromes with bilateral superior vena cavae, although it can 
also occur in isolation. The major determinant of the magni-
tude and direction of any atrial-level shunt is the relative 
compliance of the ventricles. Significant left to right shunts 
can lead to right atrial and ventricular enlargement and flow-
related elevations in pulmonary arterial pressures but rarely 
result in irreversible pulmonary hypertension.

The CT features of atrial septal defects are discontinuity 
of a portion of the interatrial septum with contrast-enhanced 

blood seen in the defect. Cardiac CT can reliably define the 
location and size of atrial septal defects in larger children and 
adults [18], particularly when cardiac gating is applied, but 
will occasionally be inaccurate in non-gated studies or with 
smaller children and infants. When compared to transtho-
racic and transesophageal echocardiography in adult patients, 
cardiac CT has been shown to be superior in determining 
candidacy for device closure in the catheterization laboratory 
[19] and can define device protrusion or malposition after 
closure [20, 21]. It can also be helpful for preoperative 
assessment of pulmonary venous drainage in patients with 
sinus venosus defects [22, 23]. Patients with a hemodynami-
cally significant defect will display dilation of the right ven-
tricle and main pulmonary artery on cardiac CT. Ventricular 
volume measurements can be utilized to quantify the degree 
of left to right shunt [18, 24].

The differential diagnostic consideration for secundum 
ASD is a patent foramen ovale, in which there is incomplete 
fusion between the septum primum and septum secundum 
which creates a flap-like opening at the foramen ovale. There 
is no structural deficiency of septal tissue. The patent fora-
men is small and stays closed as long as left atrial pressure is 
greater than right atrial pressure, but it can reopen when right 
atrial pressure increases, such as with a Valsalva maneuver, 
coughing, or sneezing. In this case, the blood can flow from 
the right to left atrium.

 Ventricular Septal Defects

Ventricular septal defects (VSD) are the most common con-
genital heart lesions identified during childhood, making up 
20–30% of congenital heart defects [25]. There are multiple 
classification schemes for ventricular septal defects, but the 
most straightforward method is to define the defect as mus-
cular, perimembranous, or subarterial. Muscular defects are 

a bFig. 46.2 (a) “Four-chamber 
view” displaying a secundum 
atrial septal defect (*). The 
right atrium and ventricle are 
dilated. (b) Axial image 
revealing dilation of the main 
pulmonary artery, which is 
common in atrial septal 
defects (RA right atrium, RV 
right ventricle, LA left atrium, 
LV left ventricle, MPA main 
pulmonary artery)

Fig. 46.3 Axial image revealing the typical location of a superior sinus 
venosus defect (*)
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completely surrounded by muscular septum (Fig.  46.4). 
Based on the location on the right ventricular aspect of the 
septum, muscular defects may be further described as inlet, 
mid-muscular, apical, or outlet. Perimembranous defects 
(also known as membranous, conoventricular, or infracristal 
defects) border the membranous septum, usually resulting in 
fibrous continuity between the tricuspid and aortic valves 
(Fig. 46.4). These defects are the most common type of VSD, 
accounting for up to 80% of defects identified at surgery or 
autopsy [26]. Subarterial defects (also known as supracristal, 
conal, infundibular, subpulmonary, or doubly committed) 
result in fibrous continuity between the pulmonary and aortic 
valves, due to an absence of a subpulmonary infundibulum. 
Perimembranous and subarterial defects can be accompanied 
by aortic valve prolapse into the VSD, resulting in insuffi-
ciency. Subaortic membranes and muscular subpulmonary 
stenosis are also more frequent in patients with a perimem-
branous defect.

The degree of left to right shunt through a ventricular sep-
tal defect is dependent upon the size of the defect and the 

relative pulmonary and systemic vascular resistances. Small 
defects are generally well tolerated and often close spontane-
ously. Significant pulmonary overcirculation from a large 
ventricular-level shunt results in left atrial and ventricular 
dilation, poor growth, and tachypnea. If left unrepaired, large 
defects will result in irreversible pulmonary hypertension.

 Patent Ductus Arteriosus

A patent ductus arteriosus is a normal finding in nearly every 
fetus, with usual functional closure within 24  h after full- 
term birth [27]. Excluding premature infants, the ductus 
remains patent in about 1 in 2000 live births, accounting for 
about 7% of congenital heart disease [28]. With decreasing 
gestation or other congenital abnormalities, the incidence 
increases dramatically [29].

With CT, an isolated ductus is usually visualized as a 
tubular structure extending from the underside of the aortic 
arch just below the origin of the left subclavian artery to the 

a

c d

bFig. 46.4 (a) “Four-chamber 
view” in a patient with a 
perimembranous ventricular 
septal defect. Note that the 
defect (*) is in fibrous 
continuity with the tricuspid 
and aortic valve (black 
arrow). (b) Axial image in a 
patient whose 
perimembranous defect has 
been closed spontaneously by 
aneurysmal tricuspid valve 
tissue (*). (c) “Four-chamber 
view” in an infant with an 
apical muscular ventricular 
septal defect (*). (d) 3D 
volume-rendered image from 
the same patient in which the 
free wall of the right ventricle 
has been cropped, providing 
an “en-face” view of the 
ventricular septum. The defect 
is inferior to the moderator 
band (white arrow) (RV right 
ventricle, LV left ventricle)
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left pulmonary artery (Fig.  46.5). The communication 
between the pulmonary arteries is best seen on sagittal or 
oblique reformations. After birth, it usually begins constrict-
ing at the pulmonary artery end, resulting in a conical shape. 
However, numerous ductal shapes have been described [30]. 
The ductus arteriosus may become aneurysmal and calcified, 
which may lead to rupture [30, 31]. The degree of left to right 
shunt through a patent ductus is dependent upon its diameter 
and length. The shunt is also dependent on the difference 
between the pulmonary and systemic vascular resistances 
[16]. The physiology is similar to VSD, with large shunts 
resulting in left atrial and ventricular dilation, poor growth, 
and tachypnea.

 Atrioventricular Septal Defects

Atrioventricular septal defects (AVSD), also known as atrio-
ventricular canal or endocardial cushion defects, account for 
5% of congenial heart disease. Atrioventricular septal defects 
include a wide array of anatomical variants that all have a 
defect of the atrioventricular septum and abnormalities of the 
atrioventricular (AV) valves. Many of these patients will 
have a common AV valve, with shunting at both the atrial and 
ventricular levels (Fig. 46.6). Others will have separate AV 
valves, with shunting at the atrial level, ventricular level, 
both, or neither. The defect in the atrioventricular septum 
results in an aortic valve that is displaced anteriorly, creating 
a “gooseneck deformity” that predisposes these patients to 
subaortic stenosis. The physiology and clinical manifesta-
tions of atrioventricular septal defects are determined by the 
location and amount of left to right shunting that occurs 
through the corresponding septal defects, along with the 
degree of AV valve regurgitation. Patients with primarily 
atrial-level shunting will have physiology similar to a secun-
dum ASD, while patients with significant ventricular-level 
shunting will have physiology similar to a VSD (see above). 

The presence of significant AV valve regurgitation will 
worsen any heart failure symptoms present. CT findings 
include atrial enlargement, ventricular dilation (right, left, or 
biventricular), and dilation of the pulmonary arteries.

 Pulmonary Stenosis

Pulmonary stenosis most commonly occurs at the level of the 
valve but can also be intracavitary (within the body of the 
RV), subvalvar (in the pulmonary infundibulum), supraval-
var (at the sinotubular junction), or more distal in the main or 
branch pulmonary arteries. It is imperative to determine the 
level(s) of obstruction, as treatment differs accordingly. 
Typical pulmonary valve stenosis results in doming of the 
pulmonary valve in systole, but the valve can also be dys-
plastic with markedly thickened leaflets. Subvalvar obstruc-
tion can occur in isolation but is usually found in the presence 
of other abnormalities. “Double-chambered right ventricle” 
is a specific form of pulmonary obstruction resulting from 
hypertrophied muscle bundles that septate the RV into a 
high-pressure proximal chamber and a low-pressure distal 
chamber. It is mostly associated with ventricular septal 
defects of the perimembranous variety. Peripheral pulmonic 
stenosis occurs mainly with other cardiac defects but can be 
an isolated lesion. Diffuse pulmonary artery hypoplasia/ste-
nosis is found in both Alagille and Williams syndromes. In 
addition to visualization of the level of pulmonary outflow 
obstruction (Fig. 46.7), cardiac CT will reveal right ventricu-
lar hypertrophy.

 Tetralogy of Fallot

Tetralogy of Fallot (TOF) is the most common form of cya-
notic congenital heart disease. The multiple anatomic fea-
tures of Tetralogy of Fallot result from a single anatomic 

a bFig. 46.5 Axial (a) and 3D 
volume-rendered (b) images 
in an infant with a patent 
ductus arteriosus (arrow) 
connecting the main 
pulmonary artery to the 
descending aorta (MPA main 
pulmonary artery, Ao aorta)
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abnormality: the anterior displacement of the outlet septum. 
This  anterior displacement results in subvalvar pulmonary 
stenosis, an anterior malalignment VSD, “over-riding” aorta, 
and right ventricular hypertrophy (Fig. 46.8). The pulmonary 
valve is often hypoplastic or stenotic. The most extreme form 
of this abnormality is TOF with pulmonary atresia (also 
known as pulmonary atresia with VSD), in which the pulmo-
nary circulation is supplied by a patent ductus arteriosus or 
aortopulmonary collateral arteries (Fig. 46.8d). CT has been 
shown to be highly accurate in the identification of pulmo-
nary arterial supply in these patients [32, 33]. In 3–5% of 
patients with TOF, the pulmonary valve is absent, resulting 
in massive dilation of the main and branch pulmonary arter-
ies during fetal development. The physiology and clinical 
manifestations of TOF are primarily influenced by the degree 
of pulmonary outflow obstruction. In those with no or little 
obstruction to pulmonary blood flow, the oxygen saturations 
may be normal, and the physiology is similar to a large VSD, 
with pulmonary overcirculation and heart failure symptoms. 
As the degree of pulmonary obstruction increases, cyanosis 

becomes more apparent as a result of increased right to left 
shunting through the VSD.

 Aortic Stenosis

The precise incidence of aortic stenosis is unknown, given 
that minor malformations such as bicuspid aortic valve 
are common and generally asymptomatic in childhood. 
The incidence of congenital bicuspid valve is 1.3% of the 
population, making it the most common congenital heart 
defect. Approximately 60–75% of patients with congeni-
tal aortic stenosis are at the valve level [16]. Among those 
with congenital aortic stenosis, about 20% will have some 
other form of congenital heart disease, most commonly 
VSD, coarctation, or PDA [34]. Bicuspid aortic valve is 
common in patients with Turner’s syndrome, while 
patients with supravalvar stenosis often have Williams 
syndrome. Similar to pulmonary stenosis, aortic stenosis 
can occur in the subvalvar, valvar, or supravalvar region 

a bFig. 46.6 Axial (a) and 
“four-chamber view” (b) in 
two infants with an 
atrioventricular septal defect. 
In the “complete” form, there 
is a common atrioventricular 
valve (white arrow) along 
with a large septal defect 
(black arrow), allowing 
shunting at the atrial and 
ventricular levels (RA right 
atrium, RV right ventricle, LA 
left atrium, LV left ventricle)

a bFig. 46.7 (a) Oblique 
sagittal image in a child with 
valvar pulmonary stenosis. 
Note the thickened valve 
(arrows). (b) 3D volume- 
rendered image views from an 
anterior perspective, revealing 
diffuse hypoplasia of the right 
pulmonary artery, along with 
multiple focal stenoses, in a 
child with Williams syndrome 
(RPA right pulmonary artery)
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a

c

b

d

Fig. 46.8 (a) Axial image in 
an infant with tetralogy of 
Fallot. Anterior deviation of 
the outlet septum (*) results 
in narrowing of the 
pulmonary outflow. (b) 
Oblique sagittal slice in the 
same infant, displaying an 
aorta that “overrides” the 
ventricular septum. (c) 3D 
volume-rendered image from 
the same patient in which the 
free wall of the right ventricle 
has been cropped, providing 
an “en-face” view of the 
ventricular septum. The 
anteriorly deviated outlet 
septum (*) is seen, resulting 
in pulmonary outflow 
obstruction and a ventricular 
septal defect (X). (d) 3D 
volume-rendered 
reconstruction viewed from 
an anterior perspective in an 
infant with tetralogy of Fallot 
with pulmonary atresia and 
multiple AP collaterals. Three 
collateral vessels are seen 
originating from the 
descending aorta, with one 
vessel supplying the right 
lung and two collateral 
vessels supplying the left lung 
(Ao aorta, P pulmonary 
outflow, RV right ventricle, LV 
left ventricle, DA descending 
aorta)

a bFig. 46.9 (a) 3D volume- 
rendered reconstruction in a 
“three-chamber view” 
demonstrating a discrete 
subaortic membrane (arrows). 
(b) Maximum intensity 
projection image in an 
oblique sagittal plane 
revealing supravalvar aortic 
stenosis consisting of tubular 
hypoplasia of the ascending 
aorta (*)
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(Fig. 46.9). Abnormal septal tissue growth, as in hypertro-
phic cardiomyopathy, and subaortic membranes can cause 
obstruction below the level of the valve. Valvar aortic ste-
nosis is most commonly due to abnormal fusion of valve 
commissures, resulting in a  bicuspid or, rarely, unicuspid 
aortic valve. Older patients with aortic stenosis often have 
thickened, dysplastic valves. The most common form of a 
bicuspid aortic valve results from fusion of the right and 
left leaflets. Supravalvar stenosis is the least common 
form and commonly occurs at the level of the sinotubular 
junction, although diffuse hypoplasia of the ascending 
aorta can occur as well. In addition to visualization of the 
level of obstruction, cardiac CT will reveal left ventricular 
hypertrophy.

 Coarctation of the Aorta

Coarctation of the aorta makes up 6–8% of congenital heart 
disease [16]. Genetically, it is associated with Turner’s syn-
drome. There is also a strong association between coarcta-
tion and bicuspid aortic valve. Coarctation of the aorta 
typically occurs in the region distal to the left subclavian 
artery (also known as the aortic isthmus), near the insertion 
of the ductus arteriosus. CT will often reveal a discrete nar-
rowing with a prominent posterior “shelf” (Fig.  46.10). 
This type is classically called the “juxtaductal” or “adult” 
form, although it is often seen in infants as well. Older chil-
dren and adults will often display aortic dilatation proximal 
and distal to the coarctation and collateral vessel formation 
on CT. Collateral circulation is usually via the internal 
mammary arteries and the intercostal arteries. Increased 
collateral flow through intercostal vessels can cause notch-
ing of the posterior third through eighth ribs. The “infan-
tile” or “preductal” form results in long-segment hypoplasia 
of the aortic isthmus (Fig.  46.10). Neonates with severe 

coarctation of the aorta can present in cardiogenic shock 
once the ductus arteriosus closes. CT has been shown to be 
highly accurate in describing the anatomy prior to surgical 
repair [35, 36].

 Interrupted Aortic Arch

Interrupted aortic arch (IAA) is defined as the lack of luminal 
continuity between the ascending and descending aortas. 
[37]. The type of interrupted arch is classified by the location 
of the discontinuity. Type A interruptions are located distal to 
the left subclavian artery and are associated with aortopulmo-
nary window defects [38]. If the interruption occurs between 
the left carotid and subclavian arteries, it is called a type B 
interruption. Type B interruptions frequently have a ventricu-
lar septal defect with posterior malalignment of the outlet 
septum and are the most common form of IAA. An interrup-
tion between the brachiocephalic and left carotid arteries (or 
between the carotid arteries) is called a type C interruption, 
which is the rarest form of IAA. Like other critical left-sided 
obstructive lesions (critical aortic stenosis, coarctation, hypo-
plastic left heart syndrome, etc.), neonates with IAA are 
dependent on ductal patency for systemic blood flow 
(Fig.  46.11). Those that are not identified and treated after 
birth present with cardiogenic shock as the ductus arteriosus 
closes. Management is thus aimed at maintaining patency of 
the ductus arteriosus until ultimate surgical intervention. CT 
has been shown to be useful in this diagnosis and often plays 
an important role in the preoperative evaluation [39].

 Ebstein’s Anomaly

Ebstein’s anomaly is a rare disorder, making up <1% of con-
genital heart defects. It has been associated with maternal 

a bFig. 46.10 Both images are 
3D volume-rendered 
reconstructions in an oblique 
sagittal “candy cane view.” 
Image (a) displays the 
“infantile form” of 
coarctation, with tubular 
hypoplasia of the aortic 
isthmus (*). Image (b) reveals 
the “adult form” of 
coarctation, with discrete 
narrowing (arrow) and 
numerous engorged spinal 
and intercostal arteries due to 
collateral flow
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lithium use, but most cases are idiopathic. The typical CT 
finding of Ebstein’s anomaly consists of apical and rotational 
displacement of the tricuspid valve toward the right ventricu-
lar outflow tract, resulting in an “atrialization” of the right 
ventricle proximal to the displaced tricuspid valve [40] 
(Fig. 46.12). There is also a tethering and fenestration of the 
TV anterior leaflet with significant TV annular dilation. As a 
result of tricuspid regurgitation during fetal life, neonates 
with severe Ebstein’s anomaly often display massive dilation 
of the right atrium and atrialized right ventricle.

The physiology and clinical presentation in Ebstein’s 
anomaly depend on the degree of tricuspid regurgitation and 
atrialization of the right ventricle. Neonates with severe tri-
cuspid regurgitation and atrialization lack the ability to gen-

erate adequate flow across the pulmonary valve, resulting in 
right to left shunting at the atrial level and cyanosis. Those 
with the most extreme forms are ductal dependent at birth, 
requiring single-ventricle palliation strategies [41]. Those 
with the mildest disease experience minimal symptoms. 
Other patients with greater severity require surgical interven-
tion later in childhood or early adulthood due to progressive 
exercise intolerance.

 Transposition of the Great Arteries (D-TGA)

This anomaly is characterized by concordant atrioventricu-
lar connections with discordant ventriculoarterial connec-

a b

Fig. 46.11 These images are from a neonate with a type B interrupted 
aortic arch and aberrant right subclavian artery. (a) Maximum intensity 
projection image in a coronal plane displaying a hypoplastic ascending 
aorta that supplies only the right and left common carotid arteries. (b) 
3D volume-rendered reconstruction viewed from a rightward perspec-
tive, revealing the interruption between the left common carotid and left 

subclavian arteries. A patent ductus arteriosus provides blood flow to 
the descending aorta, which supplies an aberrant right subclavian artery 
(*) (AA ascending aorta, DA descending aorta, LCCA left common 
carotid artery, LSCA left subclavian artery, PDA patent ductus 
arteriosus)

a bFig. 46.12 Axial image (a) 
and 3D volume-rendered 
reconstruction in a “four- 
chamber view” (b) in two 
patients with Ebstein’s 
anomaly. Note the apical 
displacement of the septal 
leaflet of the tricuspid valve 
(arrow) and dilation of the 
right atrium (RA)
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tions. The aorta arises from the morphologic right ventricle 
and is anterior and to the right of the pulmonary artery, 
which arises from the morphologic left ventricle (Fig. 46.13). 
Many patients with TGA also have an ASD and/or VSD as 
well. In transposition physiology, the systemic and pulmo-
nary circulations are in parallel, whereas in the usual 
 circulation, these circulations are in series. As a result, pul-
monary venous blood (oxygenated) is pumped back into the 
pulmonary circulation, while systemic venous return (deox-
ygenated) is pumped back into the systemic circulation. In 
order to be compatible with life, there must be mixing of 
these two circulations to allow oxygenated blood to reach 
the systemic circulation and deoxygenated blood to reach 
the lungs. Mixing is most effective at the atrial level, but 
shunting at the ventricular level or patent ductus arteriosus 
can contribute as well. Neonates with inadequate mixing of 
the two  circulations are born with severe hypoxemia, which 
can result in metabolic acidosis due to inadequate oxygen 
delivery. These patients are usually taken for emergent bal-
loon septostomy in the catheterization laboratory to create a 
larger atrial communication, allowing increased mixing. 
Coronary abnormalities are common and must be defined 
prior to surgical repair. Neonatal repair is the standard 
approach, with rare exceptions.

 Congenitally Corrected Transposition (L-TGA)

Congenitally corrected transposition of the great arteries 
(CCTGA) results when the atrioventricular and ventriculoar-
terial connections are both discordant. Hence, CCTGA is 
occasionally called “double discordance.” This results in sys-
temic venous return emptying normally into the morphologic 
RA and then passing through a mitral valve into the morpho-
logic LV and then to the lungs via the pulmonary artery. This 
pulmonary venous return then empties normally into a mor-
phologic LA, then through a tricuspid valve and a morpho-
logic RV, and then to the body via the aorta (Fig. 46.14). The 

vast majority of these patients will have associated lesions, 
including VSD, pulmonary stenosis, and/or tricuspid valve 
abnormalities [42]. In the context of usual atrial arrangement 
(“situs solitus”), the morphologic right ventricle will be left 
sided (“L-looped”) causing the aortic valve to be positioned 
anterior and leftward to the pulmonary valve (Fig.  46.14). 
Hence, this defect is occasionally called “L-TGA.” However, 
approximately 5% of these patients have a mirror-image atrial 
arrangement (“situs inversus”), which would cause the aortic 
valve to be positioned anterior and rightward. For this reason, 
CCTGA is the preferred terminology.

Viewed in simplistic terms, the physiology in CCTGA is 
normal, given that systemic venous return is sent to the lungs 
and pulmonary venous return is sent to the body. This is sup-
ported by the fact that some patients are not identified until 
their teenage years or adulthood. However, the right ventricle 
is not morphologically designed to pump against systemic 
afterload, and many patients will eventually develop heart 
failure symptoms due to right ventricular systolic dysfunc-
tion. Presentation and symptomology during childhood are 
largely dependent on associated abnormalities (VSD, pul-
monary stenosis, or complete heart block).

 Double Outlet Right Ventricle

In double outlet right ventricle, both great arteries arise from 
the right ventricle (≥50% of the circumference of both arte-
rial valves). Usually, both arterial valves are separated from 
the mitral valve by a muscular infundibulum. The orientation 
of the great arteries is variable. There is always a VSD, which 
is conventionally described in relation to the nearest arterial 
valve: subaortic, subpulmonary, doubly committed (equally 
close to both arterial valves), or noncommitted (distant from 
both arterial valves). Often, the arterial valve that is furthest 
from the VSD has subvalvar or valvar stenosis, but there is 
great variability with this lesion. The most common variant 
of DORV has a subaortic VSD and pulmonary stenosis 

a bFig. 46.13 Images (a) (axial) 
and (b) (oblique sagittal) are 
from an adult with 
transposition of the great 
arteries (D-TGA). The aorta 
and main pulmonary artery 
leave the heart in a parallel 
fashion, with the aortic valve 
residing anterior and 
rightward of the pulmonary 
valve (Ao aorta, PA main 
pulmonary artery, RV right 
ventricle, LV left ventricle)
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a

c d

bFig. 46.14 These images are 
from a patient with 
congenitally corrected 
transposition (L-TGA). (a) In 
this axial image, the 
discordant atrioventricular 
connections can be seen. (b) 
Oblique sagittal image 
revealing “double 
discordance,” with the left 
atrium supplying the right 
ventricle, which is connected 
to the aorta. (c) Oblique 
coronal image, also 
displaying “double 
discordance” (right 
atrium→left 
ventricle→pulmonary artery). 
As is common with this 
defect, one can identify a 
repaired ventricular septal 
defect, subpulmonary 
obstruction, parallel great 
arteries, and a pacemaker lead 
in the left ventricle due to 
complete heart block. (d) This 
axial image reveals that the 
aortic valve is anterior and 
leftward to the pulmonary 
valve (RA right atrium, RV 
right ventricle, LA left atrium, 
LV left ventricle, MPA main 
pulmonary artery, Ao aorta)

a b

Fig. 46.15 (a) Axial image in an infant with double outlet right ven-
tricle and a subaortic ventricular septal defect. The pulmonary outflow 
(arrow) reveals both subvalvar stenosis and valvar hypoplasia. (b) 3D 
volume-rendered image from the same patient in which the free wall of 

the right ventricle has been cropped, providing an “en-face” view of 
the ventricular septum. Note the subaortic ventricular septal defect (*) 
and pulmonary outflow obstruction (arrow). (Ao aorta, P pulmonary 
artery)
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(Fig.  46.15), providing physiology similar to TOF (see 
above), depending on the degree of pulmonary outflow 
obstruction. The type with a subpulmonary VSD is  commonly 
called a “Taussig-Bing anomaly” and is associated with aor-
tic hypoplasia and/or coarctation (Fig. 46.16). A  biventricular 
repair is feasible in most cases, with baffling of the VSD 
patch to one of the arterial valves.

 Truncus Arteriosus

Truncus arteriosus is a rare cardiac anomaly, accounting for 
<1% of congenital heart disease. It is frequently associated 
with DiGeorge syndrome, especially when it is paired with 
an interrupted aortic arch. With truncus arteriosus (also 
known as “common arterial trunk”), there is a single artery 
supplying blood flow to the pulmonary, systemic, and coro-
nary circulations (Fig. 46.17). A subarterial-type ventricular 
septal defect is always present, although there may be addi-
tional septal defects. The single semilunar valve, often 
called the “truncal valve,” can be comprised of one to five 
leaflets, although it is most often tricuspid [43]. Truncal 

valve stenosis and/or regurgitation is common. Truncus 
arteriosus is classified into three major types. Type 1 is the 
most common, with a short main pulmonary artery segment 
giving rise to both branch pulmonary arteries. Type II is the 
next most common, with both branch pulmonary arteries 
arising separately from the posterior wall of the common 
trunk. In type III, both pulmonary arteries separate from the 
lateral walls of the common trunk. A type IV was described 
in the original classification scheme, but is no longer felt to 
represent a form of truncus arteriosus [44]. Aortic arch 
abnormalities are a common associated finding, with 
21–36% of patients having a right aortic arch and approxi-
mately 11% displaying an interrupted arch [45]. Truncus 
arteriosus is one of the few congenital heart defects in which 
a ductus arteriosus is not present during fetal life, unless 
there is an interrupted aortic arch.

 Vascular Rings

Vascular rings represent approximately 1–2% of congenital 
heart defects, although this is likely an underestimate, since 

a

c d

bFig. 46.16 These images are 
from an infant with double 
outlet right ventricle and 
subpulmonary ventricular 
septal defect. Images (a, b) 
are coronal slices (a is 
anterior to b), revealing a 
hypoplastic aortic outflow and 
widely patent pulmonary 
outflow from the right 
ventricle. The aorta is seen 
diving posteriorly to the right 
of the pulmonary artery. 
Images (c, d) (oblique sagittal 
plane and 3D volume- 
rendered reconstruction), 
showing both great arteries 
originating from the right 
ventricle. The only egress 
from the left ventricle is via a 
ventricular septal defect (*). 
Note the narrow aortic 
outflow and hypoplastic aortic 
arch (Ao aorta, P pulmonary, 
RV right ventricle, LV left 
ventricle)
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many patients are asymptomatic [46]. Vascular rings are 
defined as an arch anomaly in which the trachea and esopha-
gus are completely encircled by vascular structures (or liga-
mentous structures with a vascular origin). There is 
insufficient space to cover all forms of vascular rings, but the 
two most common types are double aortic arch and right aor-
tic arch with an aberrant left subclavian and diverticulum of 
Kommerell. A more detailed coverage of vascular rings can 
be found in a review by Ramos-Duran [47].

A double aortic arch results from persistence of both the 
right and left aortic arches, each providing ipsilateral carotid 
and subclavian arteries (Fig.  46.18). In 80% of cases, the 
right arch is dominant, with the left arch being smaller and 
more caudal [47]. Occasionally a segment of either arch is 
atretic (usually left), persisting only as a ligamentous 
structure.

A right aortic arch with an aberrant left subclavian and 
diverticulum of Kommerell is the second most commonly 
identified vascular ring. In this lesion, after coursing to the 
right of the trachea, an outpouching (Kommerell’s diverticu-

lum) can be seen originating from the leftward aspect of the 
descending aorta behind the trachea and esophagus, continu-
ing as the left subclavian (Fig. 46.19). Also originating from 
this diverticulum, a ductus arteriosus or ligamentum connects 
anteriorly to the main pulmonary artery to complete the ring.

With any type of confirmed or suspected vascular ring, 
CT can accurately define the aortic arch anatomy and branch-
ing pattern [48]. In addition, evidence of airway compression 
can also be identified [49]. The caliber and course of vascular 
structures can help identify ligamentous structures, such as 
the ligamentum arteriosum or an atretic arch segment [47].

 Anomalous Pulmonary Venous Connections

By definition, a pulmonary venous connection is anoma-
lous whenever it connects to a structure other than another 
pulmonary vein or the left atrium. Totally anomalous pul-
monary venous connection (TAPVC) occurs when the 
entire lung drains anomalously. When at least one pulmo-

a

c d

bFig. 46.17 Images (a, b) 
(axial slice, 3D volume- 
rendered reconstruction 
viewed from posterior 
perspective) are from an 
infant with truncus arteriosus 
type I. Aortic and pulmonary 
blood flow originate from a 
common trunk. A short main 
pulmonary artery (arrow) 
supplies a right and left 
pulmonary artery, with the 
aorta continuing superiorly to 
provide systemic blood flow. 
Images (c, d) are from an 
infant with truncus arteriosus 
and an interrupted aortic arch 
(axial slice, 3D volume- 
rendered reconstruction 
viewed from posterior 
perspective). A common trunk 
supplies the pulmonary 
arteries and a hypoplastic 
ascending aorta. The 
descending aorta is supplied 
by a patent ductus arteriosus 
(Ao aorta, RPA right 
pulmonary artery, LPA left 
pulmonary artery, AAo 
ascending aorta, PDA patent 
ductus arteriosus, DAo 
descending aorta)
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nary vein connects normally to the left atrium, the condi-
tion is considered partially anomalous pulmonary venous 
connection (PAPVC). CT performs particularly well in 
the visualization of anomalous pulmonary venous connec-
tions and is being increasingly used in patients with these 
lesions [50, 51].

The most widely accepted classification system of 
TAPVC splits the types into supracardiac, cardiac, infracar-
diac (or infradiaphragmatic), and mixed [46] (Fig. 46.20). 
With exception of the mixed type, all of the pulmonary 
veins usually connect to a confluence posterior to the left 
atrium prior to reaching the ultimate location of drainage. 
In the supracardiac type, this confluence drains superiorly 
via a vertical vein into either the innominate vein, the azy-
gous vein, or the superior vena cava. In the cardiac type, the 
pulmonary venous system drains directly into the coronary 
sinus or the right atrium. With the infracardiac type, the 
confluence drains inferiorly via a vertical vein, through the 
diaphragm and into the portal venous system, hepatic veins, 

or the inferior vena cava. The mixed type contains a combi-
nation of any of the above, without any pulmonary veins 
draining normally to the left atrium. In order to be compat-
ible with life, there must be an atrial-level communication 
with right to left shunting. The clinical sequelae are primar-
ily determined by the presence/absence of obstruction to 
pulmonary venous return. Obstruction generally occurs 
within the pulmonary venous drainage itself (e.g., within 
the vertical vein) but can also occur at the atrial septum. 
The presence of obstruction results in profound cyanosis 
and decreased cardiac output. Obstruction is most com-
monly seen in patients with infracardiac TAPVC and is 
rarely seen with the cardiac type, with the supracardiac 
type falling somewhere between the two [52]. Although 
TAPVC is considered a “cyanotic heart defect,” with right 
to left shunting at the atrial level, the anomalous pulmonary 
venous connection itself also results in a left to right shunt, 
with oxygenated blood directed back into the pulmonary 
circulation. Therefore, patients with unobstructed TAPVC 

a

c d

bFig. 46.18 Infant with a 
double aortic arch. (a) Axial 
slice, showing a dominant 
right aortic arch. (b) Axial 
slice, displaying a smaller left 
aortic arch. (c, d) 3D 
volume-rendered 
reconstructions viewed from 
anterior (c) and superior (d) 
perspectives, revealing both 
aortic arches encircling the 
trachea and esophagus. Note 
that the right arch is superior 
to the left arch, which is 
typical. The double arch 
results in significant 
compression of the trachea in 
this patient (RAA right aortic 
arch, LAA left aortic arch, T 
trachea, E esophagus)
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display a net physiology of a large left to right shunt, with 
right ventricular enlargement, tachypnea, and poor weight 
gain.

There are numerous forms of PAPVC, with descriptions 
encompassing pulmonary venous connections to nearly any 
systemic vein in the thorax. The most common types of 
PAPVC are drainage of the left upper pulmonary vein to the 
innominate vein, right upper pulmonary vein to the supe-
rior vena cava, and right pulmonary veins draining into the 
inferior vena cava (Fig. 46.21). The last type is the typical 

drainage seen with the entity called “Scimitar syndrome.” 
The physiology of PAPVC is similar to an atrial septal 
defect, with dilation of the right ventricle and pulmonary 
arteries noted on CT. The degree of left to right shunting is 
determined by the proportion of the lung draining anoma-
lously. Patients with anomalous drainage of a single seg-
ment of the lung are often asymptomatic, while patients 
with numerous lung segments draining anomalously will 
have symptoms similar to unobstructed TAPVC. Obstruction 
is rare with PAPVC.

a

c d

b

Fig. 46.19 Images (a–c) are from a child with a right aortic arch with 
an aberrant left subclavian artery and diverticulum of Kommerell. (a) 
Axial image showing an aortic arch to the right of the trachea, supply-
ing an aberrant left subclavian artery. Note the diverticulum (*), which 
has a similar caliber to the aortic arch. (b) 3D volume-rendered recon-
struction viewed from a superior perspective, revealing the right aortic 
arch and aberrant left subclavian partially encircling the trachea and 
esophagus. A ligamentum (not seen) will connect the diverticulum (*) 
and main pulmonary artery, completing the vascular ring. (c) 3D 
volume- rendered reconstruction viewed from an anterior perspective. 
The arrow highlights that there is an “elbow” and distinct change in 

caliber as the diverticulum transitions to the left subclavian artery, cre-
ated by the presence of a ligamentum tethering this area to the main 
pulmonary artery. Image (d) is taken from a patient that also has a right 
aortic arch with an aberrant left subclavian. This patient did not have a 
vascular ring. In contrast to image (c), note the absence of a diverticu-
lum of Kommerell, resulting in a left subclavian artery with a uniform 
caliber and course. This appearance of the left subclavian confirms the 
absence of a ligamentum in this area and, therefore, the absence of a 
vascular ring (RAA right aortic arch, LSCA left subclavian artery, MPA 
main pulmonary artery, T trachea, E esophagus)
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a

c d

bFig. 46.20 These images are 
all from infants with totally 
anomalous pulmonary venous 
connections. (a) Axial image 
displaying a confluence (*) 
posterior to the left atrium, 
which should alert the imager 
to the presence of totally 
anomalous pulmonary venous 
connection. Images (b–d) are 
3D volume-rendered 
reconstructions viewed from a 
posterior perspective. (b) 
Supracardiac connection, with 
a vertical vein connecting the 
pulmonary venous confluence 
(*) to the brachiocephalic 
vein. (c) Cardiac connection, 
with the confluence (*) 
draining into the coronary 
sinus. This patient has mixed 
connections, as the left upper 
pulmonary vein drains into 
the brachiocephalic vein. (d) 
Infracardiac connection, with 
a vertical vein connecting the 
pulmonary venous confluence 
(*) to the portal vein (LA left 
atrium, VV vertical vein, CS 
coronary sinus)

a b

Fig. 46.21 (a) Axial image, showing an anomalous connection of the 
right upper pulmonary vein (arrow) to the superior vena cava (*). (b) 
3D volume-rendered reconstruction in the same patient viewed from a 
posterior perspective, displaying the right upper pulmonary vein 

(arrow) connecting to the superior vena cava (*) superior to the right 
pulmonary artery. The other pulmonary veins can be seen draining nor-
mally into the left atrium. A discrete coarctation of the aorta can be seen 
as well, which was the primary indication for the scan

D. Steflik and A. M. Hlavacek



595

 Cor Triatriatum

Cor triatriatum is a rare defect, making up less than 0.5% of 
all congenital heart disease [53]. In the classic form, there is 
a discrete membrane within the left atrium separating the 
pulmonary venous return from the remainder of the left 
atrium. In these patients, the only route of egress for 
 pulmonary venous blood toward the mitral valve is an open-
ing within the membrane. This membrane is always located 
in the area between the pulmonary venous ostia and left atrial 
appendage (Fig. 46.22). This location differentiates it from a 
supramitral ring, which is located between the left atrial 
appendage and mitral valve. A variant from classical cor tria-
triatum is called “partial cor triatriatum,” in which some, but 
not all, of the pulmonary veins are separated from the left 
atrium by the membrane.

 Hypoplastic Left Heart Syndrome

Hypoplastic left heart syndrome (HLHS) includes a spec-
trum of left ventricular hypoplasia that results in a small 
left ventricle that is unable to support a full cardiac out-
put. The most common type is a combination of mitral 
atresia and aortic atresia, followed by mitral and aortic 
stenosis [54]. In patients with aortic atresia, there remains 
a small ascending aorta which must remain patent in order 
for retrograde filling of the coronary arteries (Fig. 46.23). 
While diffuse aortic hypoplasia is very common in 
patients with HLHS, a discrete coarctation is present in 
80% of patients [55]. Special attention should be given in 
evaluating the atrial septum, tricuspid valve, pulmonary 
veins, and coronary arteries, as HLHS is associated with 
abnormalities in each.

After birth, ductal patency is required for systemic perfu-
sion in patients with HLHS, with aortic arch and coronary 
flow occurring in a retrograde fashion. An unrestrictive atrial 
communication is essential as well, particularly in patients 
with mitral atresia. Pulmonary venous return is thus diverted 
to the right ventricle, which must then supply both systemic 
and pulmonary flows. There are no curative surgical options 
for HLHS, but there is a staged single-ventricle palliative 
approach that is discussed in Chap. 47 (“The Use of 
Cardiovascular CT in Repaired CHD”).

 Pulmonary Atresia with Intact Ventricular 
Septum

The variable anatomy in pulmonary atresia with an intact 
ventricular septum includes the size of the right ventricular 
cavity, tricuspid valve, and coronary arteries. The right ven-
tricular size correlates with the tricuspid valve annular size. 
The tricuspid valve is frequently abnormal, varying from 
small and stenotic to large and Ebstein’s-like. The tricuspid 
annulus size also correlates with the presence of coronary 
fistulae connecting to the right ventricle [56] (Fig.  46.24). 
These fistulae can often be identified on CT and are a major 
prognostic factor in survival [57]. Some patients have a con-
dition termed “right ventricular-dependent coronary circula-
tion,” in which stenosis or atresia in the proximal coronary 
arteries results in coronary flow that is dependent on flow 
from these fistulae. The pulmonary atresia is often complete 
muscular atresia of the right ventricular outflow tract, but a 
third of patients have a patent right ventricular outflow tract 
with membranous atresia of the pulmonary valve leaflets 
[56]. Regardless of the type of pulmonary atresia, there is 
usually an intact main pulmonary artery segment.

a b

Fig. 46.22 (a) “Two-chamber view” in a patient with cor triatriatum. 
A membrane (arrows) can be seen above the left atrial appendage, dis-
tinguishing it from a supramitral ring. (b) “Short axis” image, showing 

the small orifice in the membrane (arrow), through which all pulmonary 
venous return must flow (LAA left atrial appendage)
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a

c d

b

Fig. 46.23 (a) “Four-chamber view” in an infant with mitral and aortic 
atresia, resulting in hypoplasic left heart syndrome. The atretic mitral 
valve is seen (white arrow), with severe hypoplasia of the left ventricle. 
An atrial septal defect is seen, which is the only route of egress from the 
left atrium. The right atrium and ventricle are dilated. (b) 3D volume- 
rendered reconstruction in the same patient viewed from a rightward 
perspective. Aortic blood flow is supplied via a patent ductus arteriosus. 
Note the severely hypoplastic ascending aorta (black arrow), which is 
filled retrograde to supply blood flow to the coronary arteries. (c) “Four- 

chamber view” in another infant with a less severe form of hypoplastic 
left heart, with mitral and aortic stenosis. The mitral valve is patent, 
resulting in a mildly hypoplastic left ventricle. Contrast can be seen 
streaming left to right through an atrial septal defect. (d) Maximum 
intensity projection in a “candy cane” view from the same patient, dis-
playing a hypoplastic aortic arch with a coarctation. There is a patent 
ductus arteriosus, augmenting flow to the descending aorta (RA right 
atrium, RV right ventricle, LA left atrium, LV left ventricle, Ao aorta, 
PDA patent ductus arteriosus)

a bFig. 46.24 (a) “Four- 
chamber view” in an infant 
with pulmonary atresia with 
intact ventricular septum. The 
tricuspid valve is patent, but 
the lack of egress results in 
the typical appearance of a 
severely hypoplastic and 
hypertensive right ventricle 
(RV). (b) 3D volume- 
rendered reconstruction in 
another patient with this 
diagnosis, revealing a dilated 
single coronary artery (arrow) 
with a large fistulous 
connection to the right 
ventricle (*), which is 
common in this entity
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 Tricuspid Atresia

In patients with tricuspid atresia, there is no connection 
between the right atrium and right ventricle, with no identifi-
able tricuspid valve tissue (Fig. 46.25). This contrasts with 
the mitral atresia that is seen with HLHS, in which there is a 
connection between the left atrium and left ventricle, but an 
atretic valve can generally be identified. The right ventricle is 
generally hypoplastic, dependent on the presence and size of 
a ventricular septal defect. If the ventricular septum is intact, 
there is usually pulmonary atresia [16]. If a VSD is present, 
the right ventricular outflow is generally patent. Tricuspid 
atresia is accompanied by concordant ventriculoarterial con-
nections in 80% of patients, but transposed and double outlet 
ventricular connections have been described [58]. Patients 
with tricuspid atresia who have transposed great arteries will 
often have aortic arch hypoplasia or coarctation. All patients 
with tricuspid atresia are ultimately managed with staged 
single-ventricle palliation (see Chap. 45).

 Double Inlet Left Ventricle

Double inlet left ventricle (DILV) is comprised of both AV 
valves emptying into the morphologic left ventricle 
(Fig. 46.26). A diminutive right ventricle is always present 
but exists as simply an outlet chamber. The size of the right 

ventricle is dependent upon the size of the VSD, which is 
its only source of inflow. There is variability in the orienta-
tion of the ventricles and arterial arrangement. The most 
common form of DILV has transposition of the great arter-
ies with L-looped ventricles (morphologic right ventricle 
on the left) and a leftward and anterior aorta. The second 
most common form has transposition of the great arteries 
with D-looped ventricles (morphologic right ventricle on 
the right) and a rightward and anterior aorta. Only 15% of 
patients with DILV have normally related great arteries, an 
anomaly also known as “Holmes heart.” Those with trans-
position are prone to also have aortic arch hypoplasia, 
while those with normally related great arteries generally 
display pulmonary stenosis [16]. All patients with DILV 
are ultimately managed with staged single-ventricle pallia-
tion (see Chap. 45).

 Systemic Venous Abnormalities

The two most common systemic venous abnormalities are 
persistent left superior vena cava (LSVC) and interrupted 
inferior vena cava. Neither abnormality results in symptoms, 
but their identification is important prior to interventional 
catheterizations or surgical procedures requiring cardiopul-
monary bypass.

The incidence of LSVC is approximately 0.3% and is 
much greater in those with congenital heart disease [59]. It 
can be identified on CT, starting at the confluence of the left 
jugular and subclavian veins. It is variable in size and often 
empties into an enlarged coronary sinus (Fig.  46.27). 
Occasionally, the coronary sinus is “unroofed,” and the 
LSVC is seen emptying directly into the left atrium. There is 
occasionally an innominate vein that serves as a communica-
tion between the LSVC and RSVC.

An interrupted IVC carries an incidence of about 0.2% 
and has a strong association with left atrial isomerism [60]. It 
results from an absence of a hepatic segment of the IVC. The 
infra-hepatic segment of the IVC is routed via a dilated azy-
gous system, which then empties into the atrium by way of 
the superior vena cava. While identification of the hepatic 
portion of the IVC by CT is dependent upon the site of con-
trast injection, scan delay, and length of scan field, a dilated 
azygous can often be identified lateral to the descending 
aorta regardless of the scan protocol (Fig. 46.28).

 Heterotaxy Syndromes

Heterotaxy syndromes highlight the importance of the seg-
mental approach to describing cardiac and extracardiac 
structures. Heterotaxy is generally described as an abnor-

Fig. 46.25 “Four-chamber view” in a patient with tricuspid atresia. 
Note the plate-like atresia (arrows), which is the typical appearance in 
this lesion and represents the absence of a connection between the right 
atrium and ventricle. This patient has an intact ventricular septum, so no 
contrast is seen in the right ventricle
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a b

Fig. 46.26 (a) “Four-chamber view” in a patient with double inlet left 
ventricle. Both atrioventricular valves (arrows) empty into a morpho-
logic left ventricle. (b) “Short axis view” in the same patient, showing 
a ventricular septal defect (*) leading to a left-sided morphologic right 

ventricle that supplies the aorta (Ao). This segmental arrangement is 
common with this entity, and the size of the ventricular septal defect 
must be described in order to determine the adequacy for providing 
systemic blood flow

a bFig. 46.27 (a) Maximum 
intensity projection in a 
coronal plane. Contrast has 
been injected in the left arm, 
displaying a persistent left 
superior vena cava (arrow) 
with connection to the 
coronary sinus. A bridging 
innominate vein is absent. (b) 
Axial image in another patient 
with a persistent left superior 
vena cava. Dilation of the 
coronary sinus (*) provides a 
clue to investigate for this 
entity

a bFig. 46.28 (a) Maximum 
intensity projection in a 
sagittal plane. In this patient 
with interruption of the 
inferior vena cava, contrast 
was injected in the foot, 
opacifying a dilated azygous 
vein (arrow). (b) Axial image. 
Although contrast was 
injected via an upper 
extremity, this entity can be 
identified by visualizing the 
dilated azygous vein lateral to 
the descending aorta (arrow)
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mal arrangement of thoracic and abdominal viscera that is 
neither situs solitus (normal) nor situs inversus (mirror 
image). The complex of anomalies can be grouped into 
two categories, right atrial isomerism and left atrial isom-
erism, based on the appearance of the atrial appendages 
(Fig. 46.29). The former is also known as “asplenia syn-
drome” and the latter known as “polysplenia syndrome,” 
although there is poor correlation between splenic anat-
omy and cardiac findings.

Right atrial isomerism is associated with TAPVC, 
absent coronary sinus, common atrium, pulmonary atresia, 
DORV, and single-ventricle physiology [61]. Left atrial 
isomerism is associated with an interrupted IVC, congeni-
tal heart block, and LVOT obstruction. Bilateral superior 
vena cavae and AVSD are common in both types of isom-
erism. The physiology is dictated by the constellation of 
findings.
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The Use of Cardiovascular CT 
in Repaired CHD

B. Kelly Han, Andrew Crean, and John R. Lesser

Advances in medical and surgical care of patients with con-
genital heart disease (CHD) have resulted in expected sur-
vival for even the most complex lesions [1]. There is an 
increasing prevalence of CHD in all age groups, the majority 
of patients with CHD are now adults, and the number reach-
ing older adulthood is rapidly rising [2–4]. Patients with 
repaired or palliated CHD require serial diagnostic evalua-
tions throughout their lives [5]. The improved spatial and 
temporal resolution, rapid image acquisition, and radiation 
dose reduction of newer generation scanners have dramati-
cally increased the applicability of computed tomography 
(CT) to patients with congenital heart disease of all ages [6]. 
Cardiovascular CT is increasingly used in patients with CHD 
when echocardiography is not sufficient and cardiac mag-
netic resonance imaging (CMR) is contraindicated, unlikely 
to provide adequate image quality due to artifact, or consid-
ered high risk due to scan time or anesthesia when needed [7, 
8]. Cardiovascular CT in congenital heart disease will be 
optimally used in settings where all advanced diagnostic 
modalities are available so that the test with the best informa-
tion and least risk can be chosen for each individual patient 
and clinical indication.

CT is an important diagnostic modality for select patients 
with CHD after intervention, from the neonate to the adult 
patient. Evaluation of CHD is considered an appropriate 
indication on the most recent consensus document on the use 
of cardiovascular CT [9]. Table 47.1 lists consensus recom-
mendations for the use CT in CHD [8].

 Risk of Cardiovascular CT in Repaired 
and Palliated CHD

The risks of cardiovascular CT include peripheral IV access, 
exposure to iodinated contrast in almost all patients, limited 
anesthesia in patients for whom a breath hold is required 
when unable to cooperate due to hemodynamic or develop-
mental status, and radiation exposure. Anesthesia risk 
includes both the procedural risk of adverse event and the 
risk for long-term adverse neurodevelopmental outcome for 
repeated exposure at young ages [10–14]. Children with con-
genital heart disease, particularly hospitalized patients or 
those with unrepaired cyanotic heart disease, are at the high-
est risk for an adverse event with anesthesia [15]. When 
anesthesia is needed for breath holding, it is usually limited 
to a single imaging sequence (high heart rate coronary imag-
ing or functional imaging acquired over several heartbeats) 
and is of short duration.

Cumulative radiation exposure is of particular concern for 
congenital heart disease patients requiring repeated diagnos-
tic testing and intervention. These CHD patients may have a 
relatively high cumulative radiation exposure, where approx-
imately 75% is catheterization based in the current era [16]. 
Studies have shown that cardiovascular CT has lower radia-
tion exposure than catheterization when modern CT scanner 
technology is available [17]. The reported radiation dose 
from cardiac CT in patients with CHD varies from less than 
1 millisievert to 18 mSv [18–22]. Recent trends show many 
CHD scans can be performed at a dose of approximately 
1  mSv including anatomic evaluation and ECG-triggered 
exams for coronary evaluation [20, 21, 23]. The image qual-
ity required for high-resolution coronary imaging is rarely 
needed for CHD CT studies. CT in CHD is optimally per-
formed in centers with the appropriate attention to CT dose 
reduction and modern CT equipment. The scan planning is 
individualized and includes decisions about aggressive radi-
ation dose reduction with direct physician input concerning 
patient preparation, data acquisition as well as interpretation 
of each scan [22, 24].
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 The Use of Cardiovascular CT in Repaired 
and Palliated CHD

Patients with repaired or palliated CHD referred for cardio-
vascular CT will have prior diagnostic studies and interven-
tions. The cardiac imager must know the underlying CHD 
diagnosis, prior interventions and diagnostic studies, and the 
clinical question so that a targeted exam may be performed. 
Optimal CT imaging in CHD requires close collaboration 
between CT imagers, cardiologists, and surgeons.

The most common indications for cardiovascular CT after 
intervention in CHD are:

• Coronary artery evaluation after surgical manipulation or 
reimplantation

• Aortic arch evaluation after surgical or catheter-based 
intervention

• Transposition of the great arteries, s/p atrial and arterial 
switch

• Tetralogy of Fallot, s/p palliation or complete repair
• Univentricular heart disease through all stages of 

palliation

 Diagnosis-Specific Preparation and CT Scan 
Protocols

 Coronary Artery Imaging After Intervention 
in CHD

Coronary imaging in patients with repaired CHD is recom-
mended for definition of coronary artery anatomy after surgi-
cal manipulation, prior to repeat intervention on the RVOT, 
to assess the relationship to the RVOT and sternum, and for 
assessment of coronary lesions in symptomatic patients and 
in certain adult patient undergoing repeat cardiac interven-
tion to determine the need for concurrent coronary interven-
tion [5] (Figs. 47.1 and 47.2). Coronary imaging is often one 
aspect of a complete evaluation of congenital heart disease, 
and the scan preparation will include consideration of all 
aspects of the patients CHD anatomy requiring evaluation 
for clinical management.

 Definition of Coronary Artery Subsequent 
to Coronary Intervention
Patients who have undergone surgical coronary intervention/
manipulation in repair of a congenital heart defect include 
patients who have undergone an arterial switch operation, 
the Nikaidoh or Ross procedure, and unroofing or reimplan-
tation of an anomalous origin of the coronary artery from the 
pulmonary artery or aortic root (ALCAPA or AAOCA). (See 
section on TGA for coronary evaluation after intervention).

 Definition of Coronary Artery Anatomy Prior 
to Right Ventricular Outflow Tract (RVOT) 
Intervention
Coronary imaging is required prior to repeat RVOT inter-
vention for definition of the coronary artery relationship to 
both the sternum and the right ventricular outflow tract. 
RVOT replacement is one of the most common repeat sur-
gical procedures performed in patients of all ages with con-
genital heart disease, required in certain forms of tetralogy 
of Fallot, truncus arteriosus, the Rastelli procedure, Ross 
procedure, and in some patients after the arterial switch 
procedure [5, 25]. Coronary location can determine the 
optimal sternal reentry and location of pulmonary conduit 
in the setting of a coronary artery proximal to the RVOT or 
existing conduit. Transcatheter valves are currently used in 
existing conduits primarily for conduit stenosis, with pre-
stenting in many cases to create a circumferential landing 

Table 47.1 Situations in which cardiovascular CT may be appropriate 
in repaired CHD

Presence of CMR unsafe implant or foreign body (retained pacing 
leads, non-MR compatible pacemaker/defibrillator, neurostimulator)
Poor CMR image quality (known or expected) due to metallic 
artifact
Unable to fit in MRI scanner due to obesity or severe claustrophobia
Neonate or young patient requiring evaluation of postoperative 
complex anatomy, particularly if considered higher risk for adverse 
event with sedation or anesthesia required for CMR, and the CT 
scan can be performed with no or limited sedation
Critically ill patient with repaired CHD of any age that may not 
tolerate breath holding or length of CMR scan
Evaluation of ventricular assist device or ECMO cannula 
positioning
Patient requiring CT for evaluation of extracardiac anatomy in 
addition to palliated or repaired CHD (e.g., lung parenchyma, 
airway, skeletal abnormality)
Preoperative patients with prior sternotomy considered high risk for 
vascular injury with sternal reentry due to an anterior coronary 
artery, conduit, or sternal adhesions
Evaluation of prosthetic valve function or structural integrity 
(calcification, stenosis, coaptation defect, leaflet immobility, 
paravalvular leak, endocarditis, or clot)
Evaluation of calcification within vessels and surgical conduits prior 
to catheter-based intervention (e.g., balloon angioplasty, 
transcatheter valve replacement, stent placement)
Coronary artery imaging in CHD
  (a)  Patient needing detailed preoperative coronary artery 

evaluation in addition to assessment of complex cardiac 
anatomy

  (b)  Patient with symptoms and signs suggestive of atherosclerotic 
coronary artery disease and a history of CHD, prior coronary 
intervention, or high-risk Kawasaki disease

  (c)  Young symptomatic patients with known or suspected 
coronary anomaly, particularly if CMR is unlikely to provide 
complete assessment or more likely to require anesthesia

  (d)  Delineation of coronary anatomy prior to surgical or 
percutaneous pulmonary valve implantation

  (e)  Evaluation of coronary artery after any surgery requiring 
coronary artery manipulation or reimplantation

Modified from Han et al. [8]
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zone for the valve. In a multi-institution study, 17% of 
patients undergoing transcatheter pulmonary valve place-
ment were found to have abnormal coronary artery pattern, 
and 5% of patients had coronary compromise on test bal-
loon prior to valve insertion [26, 27]. Transcatheter valves 
within a stent cause significant artifact in MRI, and CT 
angiography can visualize valvular detail or endocarditis/
thrombus if suspected [28–30].

 High-Resolution Coronary Imaging in Patients 
with CHD
As patients with CHD enter middle and late adulthood, they 
may acquire coronary artery disease and require coronary 
intervention [31]. High-resolution coronary imaging should 
be pursued in patients with repaired or palliated CHD and 
symptoms suggestive of ischemia. It is also recommended 
that male patients over the age of 35 and postmenopausal 
women undergo coronary evaluation prior to planned cardiac 
intervention to determine the need for concurrent coronary 
intervention [5, 32].

a

c

bFig. 47.1 Coronary 
relationship to the sternum 
and RVOT after arterial 
switch or Rastelli procedure. 
(a) Axial 2D image of the left 
coronary artery as it arises 
from the right-facing sinus in 
this patient after Rastelli 
procedure. The coronary 
artery (arrow) runs between 
the neo-aorta and the calcified 
pulmonary homograft, 
concerning for potential 
coronary compression with 
transcatheter valve placement. 
(b and c) This coronal 3D 
reconstruction (b) shows a 
single coronary artery arising 
from the right coronary sinus 
of the neo-aortic root after 
arterial switch procedure, 
coursing anterior to the RVOT 
after LeCompte maneuver. 
The 2D image (c) from the 
same patient shows the right 
coronary artery coursing 
anterior to the RVOT and 
directly posterior to the 
sternum (arrow). Note the 
dilated neo-aortic root 
additionally

Fig. 47.2 Left main ostial coronary artery stenosis after the arterial 
switch operation. 2D image showing the left main coronary artery is 
severely narrowed at the ostium after arterial switch procedure (arrow). 
The right coronary ostium is widely patent (*)

47 The Use of Cardiovascular CT in Repaired CHD
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Potential anatomic findings after coronary artery 
intervention:

• Ostial or proximal coronary artery narrowing after arterial 
switch operation or the Ross procedure

• Right coronary artery lesion after Nikaidoh (due to left-
ward translocation of the aorta)

• Anomalous coronary artery may run adjacent or over the 
RVOT in patient requiring re-intervention

• Atherosclerotic coronary lesions in adult CHD patients

 Pediatric and Adult Congenital Coronary  
CT Scan Recommendations
• The coronary artery detail needed for clinical manage-

ment in CHD will vary by indication:
 – For course and location of the coronary arteries prior 

to RVOT intervention, minimal acquisition window 
and aggressive dose reduction should be used. On 
highest pitch or volumetric scanners, coronary course 
can often be determined with a younger patient quietly 
breathing.

 – For symptomatic patients and those requiring detailed 
coronary imaging to rule out a coronary lesion, opti-
mal image quality is necessary and may require medi-
cation to reduce heart rate. Small children may need 
intubation for a breath hold.

• Contrast injection should be modified so that coronary 
artery anatomy and congenital anatomy may be evaluated 
in the same scan acquisition whenever possible. This may 
require a prolonged or dual-contrast-phase injection tech-

nique. If a shunt lesion is suspected, then a contrast den-
sity gradient is required across the heart and is achieved 
through judicious manipulation of contrast: saline ratio in 
each phase of a dual-phase injection [7].

 Aortic Arch

Aortic arch imaging is one of the most frequent indications 
for CT imaging in patients with congenital heart disease who 
have previously undergone intervention (Figs.  47.3 and 
47.4). The most common prior interventions are repair of 
aortic coarctation and repair of interrupted aortic arch. 
Advanced imaging is recommended every 5 years according 
to the current ACHD clinical guidelines [5]. Long-term sur-
vival for patients with repaired aortic coarctation is decreased 
compared to the general population, and many patients 
require re-intervention [33]. Younger age at repair results in 
better long-term survival but a higher rate of re-intervention. 
Preoperative hypertension and age over 20 years at the time 
of repair are independent risk factors for mortality [34]. 
Aortic coarctation is repaired utilizing end-to-end anastomo-
sis, left subclavian flap repair, interposition graft, or catheter- 
based balloon angioplasty and stenting [35]. Patients with 
aortic coarctation may also have a bicuspid aortic valve or 
abnormal mitral valve and other left-sided obstructive 
lesions. CT imaging is particularly relevant to patients who 
have previously undergone stent placement in the aorta [36]. 
Aortic coarctation is one of the lesions that may present in 
adulthood in a patient imaged for other reasons.

a b c

Fig. 47.3 Recurrent coarctation after stenting for thoracic aortic 
coarctation (mid-aortic syndrome). (a and b) There is recurrent aortic 
coarctation (*) in the mid thoracic aorta proximal to multiple stents 
placed to treat coarctation/mid-aortic syndrome. There is intimal pro-
liferation causing obstruction at the distal end of the stents. Image B 

shows a 2D cross section of the distal stent in the same area. (c) 3D 
reconstruction of an interposition graft (arrow) from the proximal 
descending thoracic aorta to the abdominal aorta to bypass the 
obstruction in the same patient

B. K. Han et al.



607

 Common Anatomic Findings After Aortic  
Arch Intervention
• Recurrent aortic arch obstruction (in stent stenosis, homo-

graft stenosis, or arch obstruction adjacent to the site or 
prior repair)

• Aortic aneurysm or pseudoaneurysm
• Aortic dissection

 Scan Modifications
• Standard IV placement and timing of contrast to the aorta 

unless other lesions require evaluation.
• Extend cranial scan range slightly; anomalous coronary 

arteries may arise from the proximal ascending aorta.
• Aggressive dose reduction may be used in most cases. 

Heart rate-lowering medications are only needed if coro-
nary imaging is required.

• If a bicuspid valve needs evaluation in addition to the 
aorta, systolic image acquisition is best (Sievers 
classification).

 Transposition Complexes

Transposition complexes include a wide variety of anatomic 
and hemodynamic lesions requiring different surgical 
approaches for repair or palliation. For isolated ventricular- 
arterial discordance, surgical pathway is determined by the 
relationship of the great arteries to the ventricular chambers 
and the ability of the valves to be used in the alternate circu-
lation, particularly the pulmonary valve suitability for the 
aortic position. For patients with both atrioventricular and 
ventricular-arterial discordance, the surgical approach is 
determined by associated lesions, function of the right ven-
tricle and tricuspid valve in the systemic circulation, and 
concerns regarding long-term outcomes for a systemic right 
ventricle. Some centers consider primary transplant as an 
option when indicated rather than a double switch (atrial and 
arterial switch) procedure (Figs. 47.5 and 47.6).

Fig. 47.4 Ascending aorta pseudoaneurysm after prior aortic valvot-
omy. Unexpected severe dilation of the ascending aorta (arrow, 6.5 cm) 
at the site of aortic entry for prior aortic valvotomy to treat aortic steno-
sis. Note calcified aortic valve leaflets. Scan was performed to evaluate 
the proximal descending aorta in the area of prior coarctation repair, 
which was unremarkable

Transposition of the Great Arteries
Surgical Approach

Simple transposition (d-TGA)d Complex transposition Corrected transposition (L-TGA)

Atrial switch Arterial switch Rastelli Nikaidohh

Single 
ventricle
pathway

Conventional 
repair (fixed
associated 
anomalies)

Double switch 
(atrial and

arterial switch)

Fig. 47.5 Surgical treatment approaches to transposition of the great arteries

47 The Use of Cardiovascular CT in Repaired CHD
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Fig. 47.6 Systemic RV failure in L-TGA.  This image shows an 
enlarged and hypertrophied systemic right ventricle in a patient with 
L-TGA (also called physiologically corrected transposition). Heart 
block is common, and both epicardial and transvenous pacer leads are 
seen (arrows). Severe systemic tricuspid regurgitation required pros-
thetic valve replacement

a bFig. 47.7 d-TGA after atrial 
switch operation (Senning). 
(a) A patent pulmonary 
venous baffle (arrow) to the 
hypertrophied and enlarged 
systemic right ventricle in a 
patient after the atrial switch 
operation. (b) Note the pacer 
lead into the apex of the 
thin-walled subpulmonary left 
ventricle

 d-TGA s/p Atrial Switch

Until the 1980s most patients with isolated ventricular- 
arterial discordance (most commonly d-TGA) underwent an 
atrial switch operation with the systemic and pulmonary 
venous return baffled to the opposite atrium, essentially cre-
ating physiologically corrected transposition with a systemic 
right ventricle and a subpulmonary left ventricle (Figs. 47.7, 
47.8, 47.9, and 47.10). Predictors of mortality include asso-

ciated cardiac defects, RV dysfunction, and tricuspid 
 regurgitation [37]. These patients have a high rate of sinus 
node dysfunction requiring pacemaker placement. An 
implantable defibrillator is considered for patients with low 
systemic ejection fraction [38].

 Common Lesions After the Atrial Switch 
Operation
• Systemic and pulmonary venous baffle obstruction (most 

common in the superior vena cava baffle to the left atrium)
• Systemic RV dysfunction
• Tricuspid (systemic AV valve) regurgitation
• Subpulmonary obstruction due to septal displacement 

into the LVOT

 Scan Modifications
• Biventricular injection protocol (triphasic, two-phase 

contrast and saline) (Fig. 47.11).
• Lengthen monitoring sequence if high suspicion for baf-

fle obstruction and the heart will fill via collaterals.
• ECG-gated functional scan if quantification of function is 

needed (use aggressive dose reduction since function 
analysis performed in 6–8 mm slices).

• May quantify regurgitation by stroke volume differences 
if closely correlated to echocardiography.

 d-TGA s/p Arterial Switch

The earliest patients who underwent arterial switch are now 
in young adulthood. In most cases the coronary arteries are 
transferred to the neo-aortic root (Figs. 47.12 and 47.13). An 
exception is in a patient after an Aubert procedure or the 
Nikaidoh procedure. In the Aubert procedure, the coronary is 

B. K. Han et al.
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a b

Fig. 47.8 d-TGA with Mustard palliation, systemic venous baffle 
stenting. (a) Coronal view to show the inferior limb of the systemic 
venous baffle (asterisk) which has been stented open. Note that the rela-
tively low attenuation inside the stent does not imply thrombosis but 

simply early time point of imaging post contrast injection before recir-
culation of opacified blood through the IVC. (b) Volume-rendered 
image of the same patient to demonstrate the clarity with which cardiac 
CT can assess and depict stented structures

a

c

bFig. 47.9 Multilevel baffle 
obstruction in an adult with 
Mustard palliation of 
d-transposition of the great 
arteries. (a) Coronal view 
demonstrating focal 
narrowing at the distal end of 
the superior limb of the 
systemic venous baffle 
(arrow). (b) Coronal view 
demonstrating similar 
narrowing of the distal 
inferior limb of the systemic 
venous baffle (arrow). (c) 
Axial view in the same 
patient. The left-sided 
pulmonary veins are occluded 
(not shown); the right-sided 
veins (asterisk) drain through 
a stenosed baffle (arrow) into 
the left atrium

47 The Use of Cardiovascular CT in Repaired CHD
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baffled through the neo-pulmonary valve, and in the Nikaidoh 
procedure, the aorta is translocated leftward and closer to the 
VSD. After the Nikaidoh the right coronary artery is at risk 
for mid-vessel narrowing. Overall, the hemodynamic results 
and quality of life after the arterial switch operation have 
been excellent [39]. The risks for coronary lesions include a 
stormy postoperative course, single or intramural coronary 
artery, or two coronary ostia arising close to each other. 
There is a bimodal risk of coronary events, in the early post-
operative era and then again around 10 years postoperatively. 
Eight to 10% of patients will have coronary stenosis or 
occlusion after the arterial switch operation [39, 40]. 
Cardiovascular CT has complete agreement with invasive 
angiography for assessment of coronary artery anatomy after 
the arterial switch procedure. Lesions are ostial or in the 
proximal coronary artery course [41]. Some consider coro-
nary CT preferable for this indication since the catheter can 
alter the coronary course and mask ostial narrowing during 
selective coronary angiography.

Valvular and supravalvular PS are common in d-TGA 
post arterial switch, as the branch pulmonary arteries are 
stretched anteriorly over the neo-aortic root to the neo- 
pulmonary valve. Repeat intervention on the RVOT is the 
most common intervention after the arterial switch  procedure. 

a bFig. 47.10 Baffle obstruction 
with azygous system 
off-loading. (a) Sagittal and 
(b) coronal maximum 
intensity projection 
reconstructions from the same 
patient as the preceding image 
(Fig. 47.9). The azygous 
(white arrows) and 
hemiazygous (black arrows) 
systems are significantly 
dilated. In a patient with 
Mustard palliation of d-TGA, 
this implies obstruction of the 
superior venous limb. Blood 
from the head and neck passes 
down the SVC but – upon 
meeting resistance to forward 
flow through the baffle – 
passes retrograde along the 
azygous arch (black asterisks) 
and down into the azygous 
system. This collateral 
pathway allows blood from 
the upper body to enter the 
inferior limb of the systemic 
venous baffle via the IVC 
instead

Fig. 47.11 Ventricular function assessment by cardiovascular CT: 
This ECG-gated and pulse-modulated CT dataset is reconstructed in a 
diastolic interval in the short axis plane for quantification of biventricu-
lar size and systolic function. Note the enlarged RV and the pacer lead 
artifact (arrow). A biventricular (triphasic, two-phase contrast and 
saline) injection protocol was used to opacify both the right and left 
ventricle at the time of image acquisition

B. K. Han et al.
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The relationship of the coronary artery to the RVOT is criti-
cal for catheter-based intervention, and the relationship to 
both the RVOT and the sternum is critical for those undergo-
ing surgical RVOT placement.

 Most Common Residual Hemodynamic Lesions
• RVOT obstruction at the level of the neo-pulmonary valve 

or branch pulmonary arteries
• Neo-aortic stenosis or insufficiency
• Narrowing of the ascending aorta at the neo-aortic root 

anastomosis
• Neo-aortic root dilation

• Ostial coronary artery lesions after arterial switch 
procedure

• Mid RCA lesions after the Nikaidoh procedure

 Scan Modification
• Consider medication to control heart rate if high- 

resolution coronary artery imaging needed (at least once 
in adulthood and patients with symptoms of ischemia).

• Biventricular (triphasic) contrast injection protocol to 
opacify both the right and left side of the heart.

• Extend scan range to include the proximal ascending 
aorta and branch pulmonary arteries.

 Tetralogy of Fallot

Tetralogy of Fallot includes the most common form with 
pulmonary stenosis and the less common forms of absent 
pulmonary valve and pulmonary artery atresia with aortopul-
monary collaterals. Repair of all forms of tetralogy involves 
closure of the VSD with establishment of unobstructed pul-
monary blood flow. Relief of pulmonary obstruction is 
achieved with pulmonary valvotomy, transannular patch, and 
RV-PA conduit. Patients with absent pulmonary valve require 
pulmonary artery plication, and those with aortopulmonary 
collaterals will have aortopulmonary collaterals ligated or 
closed via catheter intervention. Tetralogy with absent pul-
monary valve may also have issues with compression of sur-
rounding structures by the very enlarged pulmonary arteries. 
Cardiac CT is ideal for identification of complications 
including both airway and coronary artery compression.

All patients require interval postoperative evaluation to 
monitor right ventricular size and function, residual/recur-
rent pulmonary artery or conduit stenosis and/or  insufficiency, 

a b

Fig. 47.12 d-TGA following arterial switch procedure. (a) Axial MIP 
and (b) volume render of CT dataset in a patient who has had the arte-
rial switch procedure for a diagnosis of d-TGA. Focal areas of narrow-
ing in the pulmonary arteries are not uncommon following the 

LeCompte maneuver; in this instance there is a focal stenosis on the 
proximal left pulmonary artery (arrows). Stenoses of this severity usu-
ally impact flow and will generally be stented – subsequent stent sur-
veillance is then almost always carried out by CT rather than CMR

Fig. 47.13 3D volume-rendered image of a single right coronary 
artery with the left anterior descending coronary artery coursing ante-
rior to the RVOT (arrow) after LeCompte maneuver. Note the stents in 
the proximal branch pulmonary arteries bilaterally (*)

47 The Use of Cardiovascular CT in Repaired CHD
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left ventricular dysfunction, and aortic root dilation. Risk of 
sudden death increases significantly approximately 25 years 
postoperatively. Risk factors include prior ventriculotomy, 
increased RVEDV and RVESV, decreased RV EF, and 
 ventricular ectopy. As patients enter adulthood, they are 
more likely to have EP devices and to be referred for CT 
imaging [42, 43].

Pulmonary valve placement is the most commonly per-
formed procedure in adult congenital heart disease and is 
commonly performed in patients with prior repair of TOF 
[44, 45]. An RVOT conduit is also required for certain forms 
of transposition with pulmonary stenosis and insufficiency 
and truncus arteriosus and for neo-pulmonary root stenosis 
not amenable to transcatheter therapy. Transcatheter valves 
are placed in existing conduits. Research into placement in 
the native RVOT is underway but not widely performed. 
Coronary compression with transcatheter valve placement 
has been reported to result in death, and pre-intervention 
coronary evaluation is required. Coronary arteries running 
anterior to the RVOT or immediately adjacent to the RVOT 
are most problematic. Percutaneous valve endocarditis may 
become a significant problem in follow-up. CT is uniquely 
suited to assess this complication given that all echo modali-
ties have difficulty imaging the anterior location of the pul-
monary valve, particularly if the RVOT was stented prior to 
valve placement. (Figures 47.14 and 47.15 show vegetation 
on the pulmonary valve and hematoma in the RVOT).

 Most Common Residual Lesions
• Main pulmonary artery or conduit stenosis and branch 

pulmonary artery stenosis
• Pulmonary insufficiency
• Right ventricular dilation and dysfunction
• Tricuspid regurgitation
• Aortic root dilation [46, 47]
• Left ventricular dysfunction

 Scan Modifications
• Biventricular (triphasic) injection protocol to opacify 

right and left side of the heart.
• Extend scan range to include proximal ascending aorta 

and branch pulmonary arteries.
• Use aggressive dose reduction for coronary evaluation if 

lesions are not suspected.
• ECG-gated scan using aggressive dose reduction if ven-

tricular volumes and function are needed for clinical 
management.

 Single Ventricle Heart Disease

Single ventricle heart disease includes a variety of lesions 
where either ventricle is inadequate to support a separate 
pulmonary and systemic circulation. Surgical palliation cre-
ates separation of the venous and arterial circulation by 
allowing passive flow of systemic venous flood to the lungs, 
with the single ventricle pumping pulmonary venous blood 
to the body. Survival through all stages of palliation has 
improved in the last decades and is now 60–80% at 10 years, 
with most mortality in the first year of life [48, 49]. Advanced 
diagnostics are required in single ventricle (SV) heart dis-
ease between stages of palliation and for serial lifelong 
assessment. Echocardiography alone is inadequate for evalu-
ation of thoracic vasculature [50]. At most centers, the cur-
rent standard is invasive catheterization before both stage 2 
(Glenn) and stage 3 (Fontan) procedure. Catheterization and 
anesthesia have a relatively high rate of procedural adverse 
events in palliated single ventricle heart disease [15, 51]. 
Noninvasive evaluation with both cardiovascular magnetic 
resonance (CMR) and cardiovascular CT has been shown to 
be diagnostically equivalent to invasive evaluation prior to 
stage 2 SV palliation, with fewer procedural adverse events, 
less sedation/anesthesia use, and peripheral rather than 

a bFig. 47.14 Pulmonary artery 
hypoplasia in tetralogy of 
Fallot. (a) Axial and (b) 
sagittal reconstructions which 
show a normal-sized right 
pulmonary artery but a 
diffusely small left pulmonary 
artery. Note that the LPA had 
an origin stenosis at birth 
which has subsequently been 
stented (arrow)

B. K. Han et al.
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 central IV access [52, 53]. Diagnostic accuracy compared to 
surgical findings is excellent, and outcomes through the next 
stage of palliation and up to 8 years after the Fontan are simi-
lar [54]. A retrospective evaluation of pre-Fontan cardiac 
catheterizations determined that over 50% did not add infor-
mation [55], and future diagnostic algorithms will include 
cardiovascular CT when patients face MRI contraindications 
due to the high rate of pacemaker placement and  interventions 
such as pulmonary artery stenting and coil embolization of 
aortopulmonary and veno-veno collateral vessels.

 Common Anatomic Findings Between  
Stages 1 and 2
• Aortopulmonary or Sano (RV-PA) shunt stenosis
• Branch pulmonary artery stenosis
• Aortic coarctation

• Central venous occlusion
• Aortopulmonary and veno-veno collateral vessels

 Scan Recommendations [7]
Complete assessment of both systemic venous and arterial 
vasculature is needed for second-stage surgical planning 
(Figs.  47.16 and 47.17). Central venous obstruction from 
previous surgical lines is common and may affect choice of 
IV site.

• Consider lower extremity or right arm IV to avoid scatter 
artifact from dense contrast in the innominate vein.

• Consider late image acquisition so arterial and venous 
vasculature can be obtained in a single dataset or a routine 
delayed venous scan.

a

c

b

Fig. 47.15 (a and b) RVOT obstruction clarified by cardiac CT. (a) 
Sagittal oblique view of the right ventricular outflow tract by cine 
CMR – there is a convex lesion (asterisks) bulging into, and narrowing, 
the RVOTO. Beyond this is an area of signal dephasing (white oval), 
where the underlying anatomy is unclear. (b) CT reconstruction of the 
same area demonstrates the convex lesion, which from attenuation val-
ues can be inferred to be hematoma and demonstrates that the poorly 
visualized area on CMR is in fact a pulmonary valve replacement 

(arrows) – although the valve itself is tissue, the metallic valve struts 
can cause significant artifact in a magnetic field. (c) Transcatheter pul-
monary valve endocarditis visualized by CT: This 2D sagittal image is 
from a patient with a clinical diagnosis of endocarditis in the setting of 
a rapidly increasing RVOT gradient after transcatheter pulmonary valve 
placement. Vegetations are visualized as low attenuation material 
within the stent (arrow), confirmed at the time of surgical valve 
replacement
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Tetralogy of Fallot
Surgical Intervention

Pulmonary artery atresia
Absent pulmonary valvePulmonary stenosis

Complete repair: pulmonary 
valvotomy or transannular patch,

VSD closure
Initial palliation with a shunt or 

“unifocalization” of aortopulmonary
collateral arteries

Complete repair includes 
RVOT conduit,

pulmonary artery plication,
 VSD closure

Complete repair includes
RV-PA conduit, VSD closure

Fig. 47.16 Surgical intervention for tetralogy of Fallot

a

c

b

Fig. 47.17 Common findings after first-stage palliation of single ven-
tricle heart disease. (a) This 3D volume-rendered dataset is a posterior 
view of an aortopulmonary shunt to the main pulmonary artery (arrow), 
with proximal stenosis of the left pulmonary artery (*). Note the size 
discrepancy between the reconstructed aorta and the proximal descend-
ing aorta at the distal Norwood anastomosis (short arrow). (b) This 
axial 2D image shows narrowing (arrow) at the distal RV-PA conduit 
(*) at the insertion to the branch pulmonary arteries. The RV-PA conduit 

is also called a Sano shunt and is placed from the anterior right ventricle 
to the branch pulmonary arteries as part of the first-stage single ventri-
cle palliation, an alternative to an aortopulmonary shunt (see Figure a). 
(c) This 3D volume-rendered image shows aortic coarctation at the dis-
tal Norwood anastomosis as the reconstructed aorta inserts into the 
proximal descending aorta (arrow). The Sano shunt from the anterior 
surface of the right ventricle is also visualized (*)
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 Common Anatomic Findings Between  
Stages 2 and 3
• SVC to PA narrowing and branch pulmonary artery 

stenosis
• Aortic coarctation,
• Central venous occlusion
• Aortopulmonary and veno-veno collateral vessels

 Scan Recommendations
• Consider lower extremity IV to avoid scatter artifact from 

dense contrast in the superior vena cava to pulmonary 
artery connection (Fig. 47.18).

• Consider late image acquisition so SVC to PA connection is 
visualized in the venous phase. Since the head is larger rela-
tive to body surface area in an infant, there is robust opacifi-
cation of the superior central venous system prior to inferior 
vena cava opacification. If detailed inferior vena cava anat-
omy is needed (interrupted IVC), a lower extremity IV or a 
routine delayed venous scan should be considered.

 Common Anatomic Findings After  
Third-Stage Palliation
• Narrowing along the Fontan pathway (SVC, IVC, or 

branch pulmonary arteries)
• Fenestration patency or occlusion
• Aortic coarctation
• Clot within the Fontan pathway, pulmonary arteries, or 

rudimentary ventricle
• Aortopulmonary and veno-veno collaterals
• Assessment of ventricular function
• Plastic bronchitis

 Scan Acquisition Considerations 
and Recommendations After Third-Stage 
Palliation (Fontan)
Streaming of contrast primarily into one pulmonary artery is 
relatively common after the Fontan and can complicate 
assessment of the contralateral pulmonary artery (Figs. 47.19, 
47.20, 47.21, and 47.22). Opacification of the inferior  portion 

a

c d

b
Fig. 47.18 Pulmonary artery 
aneurysm following BT shunt. 
(a) CXR with normal 
cardiopulmonary silhouette. 
(b) CXR of same patient 
10 years later, now showing 
an abnormal configuration to 
the right para-mediastinal 
border. (c) Massive 
aneurysmal dilatation of the 
right main pulmonary artery 
(black asterisk) at the 
insertion of the BT shunt 
(white asterisk). (d) Volume- 
rendered image to show the 
size of the PA aneurysm 
(asterisk) relative to 
surrounding structures
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Fig. 47.19 Glenn superior vena cava to pulmonary artery anastomosis: 
This 2D MIP of a venous phase angiogram shows the superior vena 
cava connection to the right pulmonary artery after second-stage single 
ventricle palliation. The aortopulmonary shunt or Sano RV-PA conduit 
is taken down as part of this procedure

a b

Fig. 47.20 CT imaging after the Fontan procedure: (a) A venous phase 
angiogram that shows narrowing of the lateral tunnel Fontan as it inserts 
into the undersurface of the RPA (arrow). The superior vena cava por-
tion of the pathway is widely patent. Note the pacer lead artifact and the 
fenestration closure device between the Fontan and the atrium. (b) This 
image is a single phase of a functional dataset obtained to evaluate the 

Fontan pathway and fenestration status and quantify ventricular func-
tion. The arrow points to unopacified blood passing from the lateral 
tunnel Fontan pathway, through a fenestration and into the atrium 
which is opacified with contrast returning from the lungs. Note pacer 
lead on the epicardial surface of the heart

of the Fontan pathway is also difficult and variable, depend-
ing on the type of Fontan connection and hemodynamics. 
Older style atrio-pulmonary artery connections and dilated 
lateral tunnel Fontan pathways will fill much later than extra-
cardiac or non-dilated lateral tunnel Fontan connections. 
Filling is also delayed in the presence of high pulmonary 
artery pressures, ventricular dysfunction, and venous occlu-

sion with extensive veno-veno collateralization. Chest CT 
performed acutely for chest pain or breathlessness may result 
in radiologists unfamiliar with this kind of circulation report-
ing large central “thrombi,” which in reality are streaming 
artifacts due to incomplete mixing of opacified and unopaci-
fied blood.

 Scan Modifications
• Consider a two-phase contrast bolus with a 30–60 s pause 

between phases. This will allow opacification of the 
venous structures during image acquisition.

• A low-dose (70 or 80 kVp) ECG-triggered functional 
scan with a narrow acquisition window can be used to 
assess contrast flow in the superior vena cava to Fontan 
pathway.

• Delayed scan is useful for evaluation of the Fontan path-
way, anywhere from 60 to 90 s after the initial contrast 
injection depending on risk factors.

• The huge right atrium which can be seen in adult patients 
with a classic RA-PA Fontan may rarely take over 5 min 
for full mixing of iodine and blood to occur due to the 
extremely slow swirling flow (referred to by echo as 
“smoke”) that occurs.

 Functional Cardiovascular CT Imaging in CHD
Quantification of ventricular volumes and function is used in 
clinical management for many indications in CHD. Examples 
include the timing of RVOT conduit placement in patients 
with pulmonary stenosis and insufficiency and the placement 
of defibrillators in patients with failing systemic and single 
right ventricles. On newer generation scanners with accept-
able temporal resolution, cardiovascular CT is equivalent to 
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a

c d

bFig. 47.21 Thrombus and 
pseudo-thrombus in a Fontan 
circuit. (a) Sagittal and (b) 
axial images demonstrating 
swirling unopacified blood 
from the IVC entering the 
right atrium (arrows). On 
echo this may be mistaken for 
thrombus on occasion. The 
same error may be avoided on 
CT by acquiring a delayed 
phase several minutes after 
injection of a sufficient 
volume of contrast. (c, d) 
Sagittal images in another 
patient with an RA-PA Fontan 
demonstrating thrombus in 
the RA and proximal main PA 
(asterisks)

a b

Fig. 47.22 (a) This figure shows retained pulmonary valve leaflets in 
a patient who had ligation of the pulmonary valve as part of Fontan 
completion. The retained valve leaflets in the systemic circulation pre-

disposes to clots (b), which are seen in another patient. Newer palliative 
procedures oversew the pulmonary valve at the level of the valve leaf-
lets to avoid this complication
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CMR for right and left ventricular volumes and function as 
long as contrast opacification is adequate for the chamber 
being evaluated [56–58]. Functional datasets are recon-
structed in a short axis stack with 6–8  mm slices, and a 
higher noise level is tolerated without loss of diagnostic 
accuracy. 70 and 80 kVp can be used for functional imaging 
in most patients with an estimated dose of 1–2.5 mSv [59].

 Common Indications for Functional  
Analysis in CHD

• Quantification of right ventricular volumes and ejection 
fraction to determine the optimal timing of surgical or 
transcatheter pulmonary valve placement in patients with 
pulmonary stenosis or insufficiency and echocardio-
graphic evidence of right ventricular enlargement or dys-
function (s/p TOF or any surgery requiring placement of a 
pulmonary artery conduit).

• Calculation of ejection fraction for patients with echocar-
diographic evidence of systemic ventricular systolic dys-
function (single ventricle, systemic right or left ventricle) 
to guide medical management of heart failure, placement 
of EP devices, and advanced heart therapies (VAD, 
transplant). 

• Evaluation of ejection fraction and ventricular dyssyn-
chrony in pacemaker-dependent patients to determine 
need for biventricular pacing and to guide optimal lead 
placement (concomitant coronary sinus imaging is impor-
tant for these cases) [60].

• Evaluation of prosthetic valve function in patients with 
unexplained systolic gradient, for evaluation of paraval-
vular leak or for possible mass/vegetation (clot/
endocarditis)

• Evaluation of complex AV valve attachments in subarte-
rial obstruction, after AV canal defect, corrected transpo-
sition, s/p Rastelli.

• Calculation of stroke volume difference to estimate regur-
gitation (only possible in biventricular circulation). If 
more than one regurgitant lesion or shunt is present on the 
echocardiogram, only the total stroke volume difference 
can be reported, and echocardiography must be used to 
determine severity of individual lesions.
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CT Imaging of the Heart-Lung Axis

Michelle C. Williams and Edwin J. R. van Beek

The heart and lungs are intimately related in terms of both 
anatomy and physiology. Their close proximity in the thorax 
means that CT imaging of one organ also visualises at least 
part of the other. The shared physiology of respiration and 
circulation has implications in both health and disease. 
Diseases that affect one of these organs have secondary 
implications for the other. In addition shared aetiologies, 
such as smoking, or similar mechanistic pathways, such as 
systemic inflammation, can lead to the coexistence of both 
respiratory and cardiovascular diseases. Thus, CT imaging 
of the heart-lung axis is frequently encountered in clinical 
practice and a holistic approach to cardiothoracic imaging is 
therefore required.

This chapter will discuss some of the key imaging rela-
tionships between the heart and the lungs, including pulmo-
nary hypertension, thromboembolic disease, chronic lung 
diseases and atherosclerosis.

 CT Imaging Methods to Assess The Heart- 
Lung Axis

Cardiovascular disease may be identified on CT imaging 
performed to assess the lungs, such as CT pulmonary angi-
ography (CTPA) or high-resolution CT of the chest (HRCT, 
Fig. 48.1). As a rule, electrocardiogram (ECG) gating is not 
used for these types of studies, and therefore motion artefact 
will impact the ability to assess the coronary arteries. 
Nevertheless, coronary artery calcification can be identified, 
and a qualitative or semiquantitative assessment is usually 
feasible.

Coronary artery calcium can be assessed on CT images 
which are not optimised for traditional calcium scoring [1]. 
This includes images performed without ECG gating, 
contrast- enhanced images and images where cardiac- 

optimised reconstruction algorithms or slice thickness/inter-
val have not been used. It may be possible to perform 
quantitative calcium scoring on these images, by application 
of the Agatston or other calcium scoring methods. However 
differences in the acquisition and reconstruction of these 
images will mean that the resulting calcium score may be 
overestimated [1, 2]. Nevertheless, these techniques have 
been shown to correlate with traditional Agatston scores [1]. 
Ordinal calcium scores can also be used to assess coronary 
artery calcification on these non-optimised CT images [3, 4]. 
This method assesses the presence and quantity of calcifica-
tion in the major epicardial vessels (none, mild, moderate, 
severe) and provides a summed score. Vascular calcification 
is influenced by age and gender as well as cardiovascular 
risk; therefore, these results should be communicated in the 
context of the patient’s age and gender [5].

CT scans performed to assess respiratory disease can also 
provide information on the heart structure and function. 
These cardiovascular findings may be incidental or related to 
the presenting complaint. This includes identification of 
dilated cardiac chambers, dilated great vessels and valvular 
calcification [6, 7]. Valvular calcification may indicate the 
presence of incidental aortic stenosis, particularly in elderly 
populations [8]. A combination of cardiovascular CT find-
ings and traditional risk factors can be used to stratify patients 
at risk, and this is associated with prognosis [9]. Evidence of 
congenital cardiovascular disease and malignancy can also 
be diagnosed and may lead to further dedicated imaging 
examinations.

Respiratory disease is frequently identified on CT imag-
ing performed to assess the heart [10]. It is now widely 
accepted that for cardiac CT, a wide field of view to assess 
the imaged lungs and other extra-cardiac findings within the 
scanned volume should be reconstructed and assessed [11, 
12]. For some patients the respiratory findings may be the 
cause of their symptoms, such as patients with chest pain and 
a pulmonary embolism. For others the respiratory findings 
will require further assessment and follow-up, such as the 
identification of lung nodules (Fig. 48.2).
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In addition to visual assessment of the lungs, a variety of 
automated software tools can be applied. The extent of 
emphysema can be quantified based on attenuation density 
[13, 14]. Interstitial lung disease can be identified based on 
attenuation density and texture analysis [14, 15]. Automated 
software can also be used to identify lung nodules and track 
their dimensions and volume on follow-up imaging. Modern 
CT techniques can also be used to assess lung function. 
Dual-energy imaging can be used to create pulmonary blood 
volume images, which can be used to assess pulmonary per-
fusion in areas of infarction or in lung tumours [16]. Dynamic 

contrast-enhanced CT of the lungs can be used to quantify 
pulmonary perfusion [17].

A direct simultaneous assessment of the cardiovascular 
and respiratory system can be planned, for instance, in 
patients referred for lung transplantation [18]. Patients pre-
senting with acute chest pain may benefit from a combined 
“triple-rule-out” scan in selected cases [19, 20]. This tech-
nique allows for simultaneous assessment of the coronary 
arteries for coronary artery disease, the pulmonary arteries 
for the presence of pulmonary embolism and the aorta for 
aortic dissection. However, this is a highly challenging 

a bFig. 48.1 Cardiovascular 
disease identified as coronary 
artery calcification on (a) 
CTPA in a patient with 
pulmonary embolism (b) 
high-resolution CT of the 
chest in a patient with 
idiopathic pulmonary fibrosis

a

c

d

bFig. 48.2 Extra-cardiac 
findings identified in the lungs 
on CT coronary angiography 
with (a) lung malignancy, (b) 
pulmonary embolism, (c) 
emphysema and (d) 
pulmonary fibrosis
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 technique due to the requirement of contrast opacification in 
three separate time intervals, resulting in a high frequency of 
non-diagnostic examinations, as well as exposing the patient 
to an increased radiation dose and volume of contrast [19, 
20]. Therefore, the routine use of triple-rule-out CT for all 
patients attending to the emergency department is not 
recommended.

 Shared Aetiology and Pathogenesis

Respiratory and cardiovascular diseases share a number of 
factors in their aetiology and pathogenesis. The most impor-
tant shared risk factor for cardiovascular and respiratory dis-
eases is smoking. Globally over 6 million deaths per year can 
be linked to the effects of tobacco [21]. The proportion of 
deaths attributable to tobacco is 71% for lung cancer, 42% 
for chronic obstructive pulmonary disease (COPD) and 10% 
for cardiovascular disease [21]. In addition, smokers have an 
excess of mortality not accounted for by these known asso-
ciations [22].

In addition to smoking, there is overlap between other tra-
ditional cardiovascular risk factors and the risk of respiratory 
disease. A recent meta-analysis identified an increased prev-
alence of risk factors for cardiovascular disease amongst 
patients with COPD [23]. In particular there was an increased 
prevalence of hypertension (meta-odds ratio (OR) 1.33, 95% 
confidence interval (CI) 1.13–1.56, p  =  0.0007), diabetes 
(1.36, 95% CI 1.21–1.53, p < 0.0001) and a history of ever 
having smoked (4.25, 95% CI 3.23–5.60, p <0.0001) [23]. 
Interestingly, no association between the presence of COPD 
and the prevalence of obesity or dyslipidaemia was demon-
strated [23]. Occupational exposure to asbestos is linked to 
an increased risk of both respiratory and cardiovascular dis-
ease [24]. Exposure to airborne pollution or particulate mat-
ter is associated with increased respiratory and cardiovascular 
morbidity and mortality [25–27].

Inflammation plays an important role in the development 
of both cardiovascular and respiratory diseases [28]. 
Biomarkers of systemic inflammation are increased in 
patients with reduced lung function [29] and in patients with 
symptomatic and asymptomatic cardiovascular disease [30, 
31]. Smoking is associated with an increase in inflammatory 
biomarkers, even after smoking cessation [30]. Blood-borne 
inflammatory cells make up an important part of the athero-
sclerotic plaque, and inflammatory cytokines are involved in 
the progression of atherosclerosis [32].

Lung inflammation is central to the development of 
COPD, and low-grade systemic inflammation has been 
linked to an increase in complications, more rapid decline in 
lung function and increased hospitalisation [29]. Systemic 
inflammation in patients with COPD is associated with 
poorer clinical outcomes and increased prevalence of comor-

bidities such as heart disease, diabetes and hypertension 
[33]. Secondary markers of inflammation such as elastin 
degradation products are also increased in patients with 
COPD [34]. Inflammation is central to a number of other 
respiratory diseases such as pulmonary fibrosis, bronchiecta-
sis and cystic fibrosis. In addition, inflammation has an 
important role in the development of lung cancer, through 
complex and incompletely understood mechanisms [35]. 
Thus, inflammation is a shared pathogenesis between a vari-
ety of respiratory and cardiovascular diseases and may repre-
sent a potential therapeutic target [36].

However, a recent population study of 1154 patients iden-
tified that, although airflow limitation was an independent 
predictor of atherosclerosis, systemic inflammation was not 
[37]. In addition, air flow limitation and endothelial dysfunc-
tion appear to be unrelated, independent predictors of the 
presence of atherosclerosis [38]. Thus, the links between 
respiratory and cardiovascular diseases and inflammation are 
complex and remain incompletely understood.

Overall, there is overwhelming evidence that there is a 
combined effect of cardiovascular disease and COPD, affect-
ing outcomes. The COPDGene study demonstrated comor-
bidities had a major impact on clinical outcomes [39], while 
cardiovascular disease was directly associated with COPD 
severity, reduced functional status and quality of life [40]. In 
a different cohort, the ECLIPSE study, it was also demon-
strated that patients with COPD had increased coronary 
artery risk with adverse outcomes in terms of morbidity and 
mortality [39–41].

 Pulmonary Hypertension and The Heart

Pulmonary hypertension is defined as a mean pulmonary 
artery pressure of 25 mmHg or above on catheterisation of 
the right side of the heart [42]. There are multiple causes of 
pulmonary hypertension, which the widely used clinical 
classification divides into five groups (pulmonary arterial 
hypertension, Group 1; pulmonary hypertension due to left 
heart disease, Group 2; pulmonary hypertension due to 
chronic lung disease and/or hypoxia, Group 3; chronic 
thromboembolic pulmonary hypertension, Group 4; and pul-
monary hypertension due to unclear multifactorial mecha-
nisms, Group 5) [43]. Thus, there is significant overlap in the 
requirement for imaging both the heart and the lungs in 
patients with suspected or known pulmonary hypertension.

 Acute Pulmonary Embolism

Acute pulmonary embolism can lead to changes in the heart 
and lungs that can be identified by echocardiography, CT and 
perfusion scintigraphy (Fig.  48.3). Right heart strain on 
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CTPA is indicated by the presence of dilation of the right 
ventricle, dilation of the right atrium, an increase in the right 
ventricle to left ventricle ratio (RV/LV), bowing of the inter-
ventricular septum, dilation of the main and branch pulmo-
nary arteries and regurgitation of contrast into the inferior 
vena cava or azygos vein (Fig. 48.4). An increased RV/LV 
ratio is associated with an increased severity if pulmonary 
embolism [44]. Increased mortality has been identified in 
patients with an increased RV/LV ratio, with bowing of the 
interventricular septum, regurgitation of contrast into the 
inferior vena cava and increased volume of the right ventricle 
[45]. Hence, these CT findings in the heart on CTPA may 
identify patients who require more aggressive treatment with 
fibrinolytic agents or follow-up.

 Chronic Thromboembolic Pulmonary 
Hypertension

After treatment of an acute pulmonary embolism, these car-
diac features can resolve following normalisation of the pul-
monary artery pressures. However, in a small proportion of 
patients, chronic thromboembolic pulmonary hypertension 
may develop [46]. After an acute embolic event, the cumula-
tive incidence of developing chronic thromboembolic pul-
monary hypertension is between 0.1 and 9.1% at 2  years 
[47]. However, routine imaging follow-up after acute pulmo-
nary embolism is not currently recommended [47, 48]. CT 
features of chronic thromboembolic pulmonary hyperten-
sion include endothelialised thrombus or webs, pulmonary 
artery stenosis or occlusion and features of right heart strain 

and ventricular remodelling (Fig. 48.5). In addition changes 
in the lung parenchyma can be identified by CT including 
infarction and mosaic perfusion [49]. Finally, initial studies 
have shown that CT perfusion may be useful in assessing 
patients after large pulmonary embolism, as incomplete 
peripheral resolution may lead to persistent perfusion abnor-
malities and increased risk of pulmonary hypertension [17].

 Pulmonary Hypertension Secondary to Lung 
Disease

A variety of mechanisms lead to the development of pulmo-
nary hypertension in patients with respiratory diseases such 
as COPD or idiopathic pulmonary fibrosis (Fig. 48.6). COPD 
causes obliteration of the pulmonary vascular bed through 
parenchymal destruction, and the cross-sectional area of 
small pulmonary vessels correlates with the severity of pul-
monary artery hypertension [50]. The vascular responses to 
cigarette smoke include vasoconstriction, vascular remodel-
ling, intima hyperplasia and muscular changes of the vessel 
wall [51]. Hypoxia leads to vasoconstriction and inhomoge-
neous perfusion [52]. In addition hyperinflation in COPD 
can impair right and left ventricular filling [53].

These changes in the pulmonary vasculature lead to sub-
sequent alterations in the right ventricle. Patients with COPD 
are five times more likely to have disease of the pulmonary 
circulation compared to matched controls or the general pub-
lic and two times more likely to develop heart failure [23]. 
Enlargement of the pulmonary artery diameter compared to 
the diameter of the aorta in patients with COPD is associated 
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Fig. 48.3 Examples of SPECT images of the lungs. Planar SPECT 
images (a) with normal ventilation images and multiple perfusion 
defects, indicating a high probability of PE.  Reconstructed SPECT 

images (b) in a separate patient showing normal ventilation on the supe-
rior image and multiple perfusion defects on the inferior image
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with the development of pulmonary hypertension and 
increased mortality [54]. Furthermore, patients with features 
of pulmonary hypertension are more likely to suffer repeated 
and more severe exacerbations of COPD [55]. However, 
there is significant capacity within the lungs and heart to 
compensate for these changes, and only 5–10% of patients 
with severe COPD develop pulmonary hypertension [56].

 Other Causes of Pulmonary Hypertension

Other causes of pulmonary hypertension include hereditary 
causes and drug-induced and connective tissue diseases 
(Fig.  48.7). Pulmonary hypertension can occur in patients 
with congenital heart disease [57] (Fig.  48.8). In addition 
idiopathic pulmonary hypertension may be diagnosed after 
exclusion of other causes. The combined endpoint of all 
causes of chronic pulmonary hypertension is morphological 
and functional changes in the right ventricle (Fig. 48.9). This 

includes thinning, dilation and hypertrophy of the right 
 ventricle, septal bowing of the left ventricle, tricuspid regur-
gitation and changes in cardiac output [58]. Eventually this 
will result in right heart failure and secondary changes within 
the lung parenchyma.

 Atherosclerosis and Respiratory Disease

The coexistence of coronary artery disease and respiratory 
disease can be identified on CT. The link between cardiovas-
cular disease and COPD (chronic obstructive pulmonary dis-
ease) has been extensively studied. Patients with COPD have 
an increased frequency of cardiovascular disease, and car-
diovascular disease is associated with more severe disease, 
hospitalisation, morbidity and mortality. In addition there is 
a higher frequency of coronary artery disease in other respi-
ratory diseases including bronchiectasis and interstitial lung 
disease. With the advancing use of low-dose CT to screen 

a

b

c f

e

dFig. 48.4 CTPA images from 
two patients showing 
evidence of right heart strain. 
In the first patient with a 
saddle pulmonary embolism 
CT shows (a) a dilated right 
ventricle, an increased right 
ventricle to left ventricle ratio 
and bowing of the 
interventricular septum, (b) 
dilation of the main 
pulmonary artery and (c) and 
reflux of contrast into the 
azygos vein. The second 
patient has pulmonary 
embolism in (d) the left and 
right pulmonary arteries, (e) 
dilation of the right ventricle 
and right atrium and (f) 
regurgitation of contrast into 
the inferior vena cava
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a

c d

bFig. 48.5 Chronic 
thromboembolic pulmonary 
hypertension with (a) mural 
thrombus and web in the right 
pulmonary artery branches 
(arrows), (b) dilation of the 
right ventricle, dilation of the 
right atrium and an increased 
right ventricle to left ventricle 
ratio, (c) regurgitation of 
contrast into the azygos vein 
and (d) regurgitation of 
contrast into the inferior vena 
cava

a

b

cFig. 48.6 Pulmonary 
hypertension in a patient 
with idiopathic pulmonary 
fibrosis (a), dilation of the 
main pulmonary artery (b) 
and dilation of the right 
ventricle (c)

patients at risk of lung cancer, there will also be an opportu-
nity to identify asymptomatic or undiagnosed coronary 
artery disease in these patients.

 Cardiovascular Disease and COPD

Several cohort studies in patients with COPD have shown a 
correlation between cardiovascular disease and COPD [59–
61]. A recent meta-analysis identified a 2.5-fold higher risk 

of cardiovascular disease in patients with COPD [23]. 
Subgroup analysis showed similar rates of coronary heart 
disease (meta-OR 1·86, 95% CI 1.51–2.30; p < 0.0001) and 
myocardial infarction (2.71, 95% CI 1.69–4.35; p < 0.0001) 
but increased rates of angina pectoris (8.16, 95% CI 3.08–
21.59; p < 0.0001) [23]. Interestingly there was no increase 
in cerebrovascular disease in patients with COPD (1.32; 
95% CI 0.99–1.76; p = 0.06) [23].

However, studies relying on patient-reported frequency of 
cardiovascular disease are potentially limited by referral or 
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recollection bias. The assessment of coronary artery calcifi-
cation on CT can provide a more robust assessment of car-
diovascular risk. Coronary artery calcification is a marker of 
atherosclerosis, and patients with an increased volume of 
coronary artery calcification have a higher risk of myocardial 
infarction and mortality [62]. Several studies have shown 
that patients with emphysema on CT or airflow limitation by 
spirometry have more coronary artery calcification than 
those with normal lungs [37, 63]. However, in the Multi- 
Ethnic Study of Atherosclerosis (MESA) where 3642 asymp-
tomatic patients underwent cardiac CT, lung function 
assessed with spirometry and emphysema assessed on CT 

were not independently associated with coronary artery cal-
cification [63]. However, these investigators did find an asso-
ciation between spirometry and carotid intima-media 
thickness amongst smokers and percent emphysema and 
ankle brachial index amongst smokers and non-smokers 
[63]. Both COPD and cardiovascular diseases are a heteroge-
neous mix of pathologies, potentially leading to these differ-
ences in the assessment of coronary artery calcification.

Cardiovascular disease is linked with morbidity in patients 
with COPD. In the COPDGene cohort, physician diagnosed 
self-reported cardiovascular disease was associated with 
reduced functional status and poorer quality of life [40]. 

a b c

Fig. 48.7 Right pulmonary artery occlusion due to histoplasmosis (arrow) with (a) non-contrast CT, (b) contrast-enhanced CT and (c) lung 
windows

a

c d

bFig. 48.8 CT imaging in a 
patient with an atrial septal 
defect with (a) hypertrophy of 
the right ventricle and right 
atrium, (b) dilation of the 
pulmonary arteries and 
pleural effusion, (c) 
regurgitation of contrast into 
the inferior vena cava (d) and 
interstitial lung changes
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Patients with COPD have an increased risk of hospitalisation 
for cardiovascular disease compared to age- and sex-matched 
controls [60, 64]. Coronary artery calcification in patients with 
COPD is linked with an elevated risk of myocardial infarction 
[4]. Patients with COPD have a higher incidence of major 
adverse cardiovascular events compared to patients without 
COPD who have similar levels of coronary artery calcification 
[65]. Patients with COPD also have an increased frequency of 
atrial and ventricular arrhythmias [23, 66]. In addition the 
presence of coronary artery calcification is associated with 
increased disease severity in patients with COPD [4].

Cardiovascular disease is linked with increased mortality in 
patients with COPD [64]. Compared to age- and sex- matched 
controls, patients with COPD had an increased risk of cardio-
vascular mortality (risk ratio 2.07, 95% CI 1.82–2.36) and all-
cause mortality (risk ratio 2.82, 95% CI 2.61–3.05) [60]. In a 
cohort of patients with COPD, Romme et al. identified that 
coronary artery calcification and thoracic aortic calcification 
were associated with arterial stiffness and mortality [67]. In a 
study of 942 patients from the ECLIPSE study cohort (672 
with COPD, 199 smokers with normal spirometry and 71 non-

smokers), coronary artery calcification was associated with 
reduced exercise capacity and increased mortality [41]. After 
adjusting for age, gender and pack years, a calcium score per-
centile above 90% was associated with a hazard ratio for mor-
tality of 1.77 (95% CI 1.04–3.01) [41].

Nevertheless, subclinical cardiovascular disease is under 
diagnosed in patients with COPD [68, 69]. The overlapping 
symptoms can make the diagnosis difficult. Therefore a high 
index of suspicion is required in the assessment of patients 
with COPD in order not to miss this important secondary 
diagnosis. The radiologist plays a vital role in bridging the 
gap between pulmonary medicine and cardiology in this 
respect.

 Cardiovascular Disease and Other Respiratory 
Diseases

In addition to COPD, an increased prevalence of cardiovas-
cular disease has been identified in patients with a variety of 
other respiratory diseases. In a study of 42 patients with 

a d g

h

e

f

b

c

Fig. 48.9 Pulmonary hypertension and right heart failure in a patient 
with Klippel-Trenaunay-Weber syndrome with (a) mega vena cava con-
taining an inferior vena cava filter, (b) multiple enlarged cutaneous 
veins, (c) enlarged iliac veins, (d) MRI of the brain showing hemi- 

hypertrophy, (e) dilation of the right ventricle, right atrium and pleural 
effusions, (f) dilation of the main pulmonary artery, (g) perfusion 
defects in the lungs identified on SPECT and (h) chest x-ray showing 
cardiomegaly and enlarged pulmonary arteries
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fibrosing idiopathic interstitial pneumonias, the prevalence 
of asymptomatic coronary artery disease diagnosed with CT 
and myocardial perfusion scintigraphy was between 12% 
and 26% [70]. Invasive coronary angiography performed 
prior to lung transplantation for patients with advanced 
COPD or interstitial lung disease identified occult coronary 
artery disease in half of the patients [69]. The risk of cardio-
vascular disease and stroke is also higher for patients with 
bronchiectasis [71].

 Cardiovascular Disease and Lung Cancer 
Screening

Low-dose non-contrast CT imaging is now widely used for 
lung cancer screening [72]. It is possible to identify coronary 
artery calcification on these CT scans, and the presence of 
coronary artery calcification correlates with cardiovascular 
and all-cause mortality [3, 73–75]. Traditional Agatston 
scoring would be time consuming in these screening studies. 
However, an ordinal visual calcium score can be performed 
which correlates with traditional Agatston score and with 
mortality [3, 73, 74].

 Extra-cardiac Findings in the Lungs 
on Cardiac CT

Extra-cardiac incidental findings can be identified in the 
lungs on cardiac CT [76–81]. This includes findings that 
may explain the patient’s symptoms of chest pain (such as 
pulmonary embolism) or breathlessness (such as emphy-
sema or pulmonary fibrosis). In addition, clinically occult 
diagnoses may be made such as the presence of previously 
unknown lung cancer. Occasionally malignancy may be 
the cause of chest pain, such as when a lung cancer 
extends into the pericardium or with metastases in the 
heart.

Incidental findings were identified in more than a third of 
cardiac CT scans in a large Scottish population study [82]. 
However, significant findings that require further investiga-
tion or treatment are much less common, representing only 
16% [83]. Half of clinically significant extra-cardiac findings 
occur in the lungs [83]. A meta-analysis identified that previ-
ously unknown malignancy was identified in 0.7% of cardiac 
CT scans, with 70% of these being lung cancer [84]. Such 
incidental findings can have important clinical and economic 
implications, particularly if further follow-up imaging is 
required [85, 86].

Lung nodules represent a quarter of clinically significant 
extra-cardiac findings identified on CT coronary angiogra-
phy [83]. These may require follow-up with repeat CT scans, 
positron emission tomography or referral to a respiratory 

multidisciplinary team. Guidelines from the Fleischner 
Society and the British Thoracic Society can be used to strat-
ify management based on nodule size and risk factors [87].

 Conclusion

Computed tomography imaging can assess both the heart and 
the lungs in a single, rapid diagnostic test. There is an important 
overlap between cardiovascular and respiratory diseases, which 
may be mediated through shared aetiologies, such as smoking, 
or shared pathological mechanisms, such as inflammation. 
Cardiovascular disease may be identified on imaging per-
formed to assess respiratory disease and vice versa. 
Abnormalities of the right heart can be a common endpoint of 
a variety of causes of pulmonary hypertension including throm-
boembolic, respiratory and cardiac diseases. Coronary artery 
calcification can be used as a marker of the presence of coro-
nary artery disease in patients being assessed with CT for respi-
ratory disease. Incidental extra-cardiac findings in the lungs are 
frequently identified on cardiac CT and may have important 
clinical and economic implications. Thus imaging of the heart-
lung axis is an important feature of CT imaging of the heart, 
where the radiologist plays a key role in providing insight and 
helps triage the patient to appropriate care pathways.
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Ischemic Stroke: The Role of Cardiac CT

Jin Hur and Byoung Wook Choi

Stroke is a leading cause of mortality and long-term disabil-
ity worldwide [1, 2]. While the etiology of ischemic stroke is 
often found in the cervicocranial vasculature, approximately 
20% results from high-risk cardiac abnormalities [3, 4]. 
Because cardiac embolism has a treatable source, identifica-
tion of cardioembolic sources in stroke patients is important 
for appropriate therapeutic management. Currently, echocar-
diography is frequently used in the workup of patients with 
ischemic stroke to identify potential cardiac embolic sources 
[5–7]. Transesophageal echocardiography (TEE) is highly 
accurate in the detection of left atrial thrombus, patent fora-
men ovale (PFO), atrial septal aneurysm (ASA), and aortic 
atheroma [8–12].

Cardiac computed tomography (CT) can be used to evalu-
ate not only the coronary arteries but also other cardiac struc-
tures such as the left atrial appendage (LAA), myocardium, 
valves, and septa [13–16]. Recent advances in multidetector 
computed tomography (MDCT) allow quick and accurate 
evaluation of cardiac anatomy and thoracic aorta by cardiac 
CT. Because the cause of embolic stroke is commonly either 
from carotid atherosclerosis or from the heart, these potential 
sources of emboli need to be investigated to accurately pre-
scribe secondary stroke prevention.

Given the clinical importance of ischemic stroke arising 
from the heart and aorta, we discussed the potential clinical 
application cardiac CT in an ischemic stroke population, 
detailing on the diagnosis of cardioembolic sources based on 
the latest available evidence and published guidelines.

 Cardioembolic Stroke

Cardioembolic stroke is estimated to be the causative factor 
in 20 to 40% of all stroke cases [1]. Because cardiac embo-
lism has a treatable source, identification of cardioembolic 

sources in stroke patients is important for appropriate thera-
peutic management. Cardioembolic sources can be divided 
into two categories, major sources or minor sources 
(Table 49.1) [17, 18]. Major sources of embolism have an 
established causal relationship with stroke, and their identifi-
cation is therefore usually clinically relevant. Minor sources 
of embolism, on the other hand, have an ill-described or 
weak causal relationship with stroke, and their relevance in a 
given situation is much less certain. Therefore, in terms of 
therapeutic management, detection of major sources is more 
important.

Echocardiography is indicated in patients in whom car-
dioembolism is suspected but unproven. Transthoracic 
echocardiography (TTE) should be used as a screening test; 
although, in the absence of clinical or simple test evidence 
of cardiac disease, the likelihood of discovering a major 
embolic source is low [19]. TEE provides superior anatom-
ical information in relation to the aortic arch, left atrium, 
and the mitral and aortic valves. In patients in whom the 
mechanism of stroke remains uncertain after initial workup, 
recent reports suggest that TEE, performed soon after 
symptom onset, may identify a source of embolism in 
30–45% of cases [9–12]. However, TEE is a semi-invasive 
procedure that required special skills for proper perfor-
mance and interpretation.

Cardiac CT is a well-established but not widely used 
technique for imaging cardioembolic sources. Cardiac CT 
provides high-quality noninvasive images of the heart, 
great vessels, and coronary vasculature [13–16]. 
Therefore, cardiac CT has the ability to provide high-
quality noninvasive images of uniform sections of the 
heart, thus allowing the possible detection of potential 
cardiac embolic sources. However, CT imaging has fun-
damental disadvantages including radiation dose and use 
of iodine contrast medium [20–22].
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 Cardioembolic Sources

Investigation of potential embolic sources is an important 
diagnostic step in managing patients with acute ischemic 
stroke or transient ischemic attack, especially when the 
mechanism is considered to be embolic.

 Cardiac Thrombus

The left atrium (LA) or LAA is an important location of 
thrombus formation and subsequent cardioembolic events, 
especially in association with dysrhythmias, such as atrial 
fibrillation (AF) [23, 24]. Currently, TEE has emerged as the 
most sensitive technique for the detection of intracardiac 
thrombi and is believed to be the single best modality for 
patients with suspected intracardiac thrombi [6–9]. Although 
TEE is widely available, it is a semi-invasive test, usually 
performed under conscious sedation.

A noninvasive method with high reliability and accuracy 
comparable to TEE for the identification of LA or LAA 
thrombus would be of significant clinical value. Cardiac CT 
is a sensitive tool for detecting intracardiac thrombi. In sev-
eral studies, investigators have reported that intracardiac 
thrombi can be detected with CT (Figs. 49.1 and 49.2) [25–
30]. The diagnostic accuracy of cardiac CT has been exten-
sively studied indicating a high negative predictive value 
(NPV). Nonetheless, there have been major discrepancies 
between reported positive predictive values (PPV) and accu-
racy estimates. A recent meta-analysis study demonstrated 
overall high accuracy of cardiac CT compared with TEE for 
the detection of LA or LAA thrombus in patients with 
AF.  The investigators included 19 studies with a total of 
2955 patients, and the weighted mean sensitivity and speci-
ficity were 96% (95% CI, 92–100%) and 92% (95% CI, 
91–93%), whereas PPV and NPV were 41% (95% CI, 
37–44%) and 99% (95% CI, 99–100%), respectively [28]. 

This is because pseudo-filling defect such as blood stasis can 
also cause an apparent filling defect on CT images, thereby 
mimicking a thrombus.

Left ventricular (LV) thrombus formation is frequently 
associated with ischemic heart disease or dilated cardiomy-
opathy, which is a potential source of embolic stroke [31]. 
Contrast-enhanced magnetic resonance imaging (MRI) has a 
higher sensitivity and specificity than TEE for LV thrombus 
detection, especially for apical thrombi, because echocar-
diography cannot clearly show the myocardium-thrombus 
interface at the apex [32]. Delayed-enhancement CMR 
(DE-CMR) imaging has been validated as a sensitive method 
for LV thrombus detection [33]. Because DE-CMR identifies 
a thrombus based on tissue characteristics rather than ana-
tomic appearance, it enables a thrombus to be delineated 
from the myocardium and chamber cavity irrespective of 
location or morphology (Fig.  49.3). A previous study 
reported that DE-CMR detected thrombi in 7% of subjects 
(55 patients), while cine-CMR identified thrombi in only 
4.7% (37 patients). Among the 55 patients with LV thrombi 
identified using DE-CMR, 44% (24 of 55) had cine-CMR 
analyses negative for thrombi [33]. Cardiac CT can also 
clearly depict the endocardial border with high resolution 
and can easily detect a LV thrombus. On CT, left ventricular 
thrombus shows a significantly lower CT attenuation than 
normally perfused myocardial wall (Fig. 49.4) [34].

Recently, left atrial occlusion devices have been recog-
nized as a treatment option for preventing embolic stroke 

Table 49.1 Proximal sources of embolism

Major sources Minor sources
Atrial dysrhythmias Interatrial septal abnormalities
  Atrial fibrillation
  Atrial flutter

  Patent foramen ovale
  Atrial septal defect
  Atrial septal aneurysm

Left atrial thrombus Spontaneous echo contrast (blood 
stasis)

Left ventricular thrombus Pulmonary atriovenous malformation
Cardiac tumors Mitral valve prolapse
Vegetation
  Infective
  Noninfective 

(marantic)

Valvular calcification
  Mitral annular calcification
  Aortic valve stenosis

Prosthetic cardiac valve
Complex aortic atheroma

Fig. 49.1 Image in a 48-year-old man with stroke. Axial cardiac CT 
image shows a large oval-shaped filling defect (arrow) in RA. The mass 
was confirmed as a thrombus which was resolved on follow-up trans-
thoracic echocardiography after anticoagulation therapy. RA  right 
atrium
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a b

Fig. 49.2 Images in a 41-year-old man with stroke and atrial fibrilla-
tion. (a) Axial cardiac CT image shows an oval filling defect (arrow) in 
the LAA. The left atrium was enlarged due to atrial fibrillation. (b) TEE 

image shows an oval-shaped echogenic thrombus (arrow) in the 
LAA.  LAA,  left atrial appendage; TEE,  transesophageal 
echocardiography

a b

Fig. 49.3 Images in a 70-year-old man with stroke and myocardial 
infarction. (a) On short-axis DE-CMR, the mass shows black signal 
intensity without delayed enhancement (arrow) in LV apex. The mass 
was confirmed as a thrombus which was resolved on follow-up trans-

thoracic echocardiography after anticoagulation therapy. (b) On four- 
chamber DE-CMR, the LV myocardium shows diffuse delayed contrast 
enhancement in the apical wall (arrows) from myocardial infarction. 
LV, left ventricle

in patients with AF who are intolerant to warfarin therapy 
[35]. With excellent NPV, cardiac CT has the ability to 
potentially exclude thrombus in LAA and may obviate the 
need for pre- procedural TEE in some cases. Cardiac CT 

can also be used to measure the size of the LAA, which is 
typically used before procedure for LAA occlusion, a pro-
cedure that can reduce the risk of stroke in patients with 
AF [36].
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 Spontaneous Echo Contrast (Blood Stasis)

Spontaneous echo contrast (SEC) is a smoke-like echo phe-
nomenon with a swirling pattern of blood flow that can be 
observed on echocardiography, most often within the 
LAA. The reduced atrial contraction associated with atrial 
fibrillation leads to blood stasis, which facilitates thrombus 
formation in the LAA.

Spontaneous echo contrast (SEC) caused by slow blood 
flow during atrial fibrillation, as seen at ultrasonography, also 
can cause an apparent filling defect on CT images and thereby 
mimic a thrombus (Fig. 49.5). These pseudo-filling defects 
seen on CT images represent incomplete mixing of CT con-
trast material and blood. Therefore, it may be difficult to dif-
ferentiate between a thrombus and a pseudo-filling defect 
caused by blood stasis with a single-phase CT scanning. The 
blood stasis phenomenon appears when LA dysfunction 
causes an incomplete mixing of contrast agent and blood. 
Therefore, the delayed phase scanning will allow for the com-
plete mixing of contrast agent and blood (Fig. 49.6) [37–39]. 
In sub-analysis of 753 patients from recent meta- analysis 
study, in which delayed images were obtained, sensitivity and 
specificity were 100% (95% CI, 96–100%) and 99% (95% 
CI, 98–100%), respectively. Likewise, the PPV significantly 
increased to 92% while maintaining a high NPV of 100% and 
an overall diagnostic accuracy of 99% (95% CI, 98–100%) 
[28]. This result suggested that cardiac CT using delayed 
imaging is a reasonable alternative to TEE for evaluating 
LAA or LA thrombus and differentiating from blood stasis.

Although delayed imaging with cardiac CT has excellent 
sensitivity and specificity for thrombus, it requires rescan-
ning within 1  min. This would require preknowledge of 
thrombus or high suspicion of LA or LAA thrombus as this 
could double radiation exposure by requiring a second scan. 
One concern regarding the use of cardiac CT for LAA evalu-
ation is radiation. However, CT has most recently undergone 
technical and acquisition changes that substantially reduce 
the dose of radiation [40].

 Cardiac Tumor

Although cardiac tumors are rare, diagnosis and refined 
characterization of these masses are important due to the 
high morbidity and mortality associated with the functional 
consequences of such tumors and the potential for arrhyth-
mia or emboli [41]. It is clinically important to differentiate 
cardiac tumors from cardiac tumor-like lesions, such as 
thrombi, because of the different therapeutic strategies used 
to treat these lesions.

Myxomas are the most common cardiac tumor, and 
they are associated with a high rate of embolic events 
(30–40%) [42]. Imaging plays a key role in establishing 
the diagnosis of patients with cardiac myxomas and 
thrombi because the clinical presentation is often diverse 
and nonspecific. Magnetic resonance imaging (MRI) is 
presently the modality of choice to evaluate cardiac 
tumors (Fig. 49.7). Optimal tumor characterization may 
be achieved with cardiac MRI, which provides an unre-
stricted field of view and superior soft-tissue depiction 
without ionizing radiation [43, 44]. Cardiac CT can be 
used to detect cardiac tumors. Several useful imaging 
characteristics can be found based on CT for differenti-
ating cardiac myxomas from thrombi. Cardiac myxomas 
tend to be larger than thrombi and originate in the fossa 
ovalis or interatrial septum, whereas thrombi are smaller 
than myxomas and are usually seen in the LAA 
(Fig.  49.8) [45]. However, CT lacks the superior soft-
tissue contrast abilities of MRI and is therefore not suit-
able for differentiating between cardiac myxomas and 
thrombi. Therefore, it may be challenging to differenti-
ate a cardiac myxoma from an atrial thrombus based on 
CT imaging features because both can be localized at the 
left atrial septum and be irregular in shape. A recent 
study of dual-energy cardiac CT demonstrated that 
iodine concentration obtained from the dual-energy CT 
data is a feasible quantitative parameter in differentiat-
ing cardiac myxomas from thrombi [46]. This result sug-
gested that dual-energy cardiac CT can be a helpful 
complementary tool to differentiate a myxoma from a 
thrombus in cases in which echocardiography or conven-
tional contrast CT is inconclusive.

Fig. 49.4 Image in a 62-year-old man with stroke and myocardial 
infarction. Axial cardiac CT shows an oval-shaped filling defect (arrow) 
in the LV apex, which was confirmed as a thrombus. LV, left ventricle
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a b

Fig. 49.5 Images in a 62-year-old woman with stroke and atrial fibril-
lation. (a) Axial cardiac CT image shows triangular filling defect 
(arrow) in the LAA. (b) TEE image obtained on the same day after CT 

image acquisition shows moderate spontaneous echo contrast (arrow) 
with no thrombus in the LAA. LAA, left atrial appendage; TEE, trans-
esophageal echocardiography

a b

Fig. 49.6 Images in a 68-year-old man with stroke. (a) Axial early- 
phase cardiac CT image shows triangular filling defect (arrow) in LAA. 
(b) Axial late-phase cardiac CT image shows no filling defect (arrow) 

in LAA. The defect caused by blood stasis disappeared at late-phase 
imaging. LAA, left atrial appendage

 Interarterial Septal Abnormalities

A paradoxical embolism is a type of stroke or arterial throm-
bosis caused by a thrombus of venous origin through a defect 
in the heart, such as a patent foramen ovale (PFO) or an atrial 
septal defect (ASD), that creates the potential for right-to- 
left shunting of blood.

A patent foramen ovale constitutes a potential conduit 
for right-to-left shunting and has a high frequency of occur-
rence in young adults with cryptogenic ischemic stroke 
[47]. TEE with agitated saline injection and Valsalva 
maneuver is the accepted reference standard modality for 
the diagnosis of PFO [48, 49]. A previous study demon-
strated that CT has lower sensitivity compared to TEE in 
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the detection of PFO [50]. This is because PFO requires a 
provocative maneuver for diagnosis, which is impossible to 
do with CT. However, an interatrial septal channel with a 
contrast jet from the left atrium to the right atrium on CT is 
very confirmative finding of a PFO (Fig. 49.9) [50]. A chan-
nel-like appearance of the interatrial septum and the char-
acteristic direction of the contrast jet toward the inferior 
vena cava help differentiate a PFO from an ASD [51]. An 
atrial septal aneurysm (ASA) is defined as exaggerated 
excursion of the septum into the arterial chamber, charac-

terized by redundant and excessively mobile tissue in the 
region of the fossa ovalis. A previous study showed that a 
PFO with concomitant ASA is associated with a high risk 
of paradoxical embolism [52].

An ASD is the most common congenital heart lesion 
found in adults. Patients with an ASD and a right-to-left 
shunt are at risk for a stroke due to paradoxical embolization. 
The typical feature of an ASD on cardiac CT studies is a 
sharply defined defect in the septum with a contrast jet per-
pendicular to the atrial septum (Fig. 49.10) [51].

a

c

b

Fig. 49.7 Images in a 56-year-old man with stroke. (a) Axial cardiac 
CT shows a large filling detect (arrow) in LA. (b) A four-chamber 
T2-weighted black blood double inversion spin echo CMR image 
shows a high signal intensity mass (arrow) in LA. (c) On four-chamber 

DE-CMR, the mass shows strong contrast enhancement, suggestive of 
tumor (arrow). The mass was pathologically confirmed after surgical 
resection as a myxoma
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a b

Fig. 49.8 Images in a 58-year-old man with stroke. (a) TTE image 
shows an oval-shaped echogenic mass in the LA. (b) Axial cardiac CT 
shows a lobulated filling detect (arrow) in LA. The mass was pathologi-

cally confirmed after surgical resection as a myxoma. LA, left atrium; 
TTE, transthoracic echocardiography

a b

Fig. 49.9 Images in a 43-year-old man with stroke. (a) Axial cardiac 
CT image shows contrast agent jet (arrow) from LA to RA. (b) 
Oblique sagittal reformatted CT image shows the flap-like appearance 

of the interatrial septum (arrow) and contrast agent jets from LA to 
RA toward inferior vena cava (small arrows) consistent with patent 
foramen ovale
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 Valvular Vegetation

The incidence of ischemic stroke associated with infective 
endocarditis is 15–20% [53]. Mitral valve involvement 
 carries greater stroke risk than aortic valve involvement [54]. 
Embolic risk is also increased by mobility, consistency, 
extent, and size [54, 55]. Currently, echocardiography is the 
first-line imaging tool for the detection of valvular vegeta-
tion [56]. CT can be used to evaluate suspected vegetation or 
periannular complications such as abscesses or mycotic 
aneurysms (Fig. 49.11). A recent meta-analysis data proved 
that the addition of cardiac CT to TEE can improve the 
detection of periannular complications and vegetations, in 
patients with prosthetic heart valve endocarditis [57].

 Valvular Calcification

Mitral annular calcification is a risk factor of stroke. A previ-
ous study of population-based cohort of 1159 subjects in an 
elderly demonstrated that mitral annular calcification was 
associated with twice the risk of stroke, independent of tradi-
tional risk factors for stroke [58]. Cardiac CT is useful 
modality in the evaluation of the extent and location of mitral 
annular calcification [59]. On CT, mitral annulus calcifica-
tions are often found around the posterior annulus of the 
mitral valve on CT and may cause systemic embolism in 
association with infective endocarditis or liquefaction of cal-
cifications (Fig. 49.12).

The common causes of aortic stenosis are congenital, cal-
cific degenerative, and rheumatic. Even in the absence of 
hemodynamically significant left ventricular outflow 
obstruction, there is a significant increase in the risk of death 
from cardiovascular events, including stroke, which may be 
the result of embolic fragments detaching from the thickened 
valve leaflets. CT is sensitive modality to evaluate the pres-
ence and extent of aortic valvular calcifications. Previous 
study demonstrated that cardiac CT enables quantification of 

Fig. 49.10 Image in a 55-year-old woman with stroke. Oblique sagit-
tal reformatted CT image shows a contrast jet from LA and RA (arrow) 
through the ASD. The direction of the jet is perpendicular to the inter-
atrial septum. ASD atrial septal defect

Fig. 49.11 Image in a 56-year-old man with stroke. Axial cardiac CT 
image shows an oval-shaped filling defect in the mitral valve (arrow). 
The mass was pathologically confirmed as vegetation

Fig. 49.12 Image in a 74-year-old man with stroke. A short-axis refor-
matted cardiac CT image shows severe calcifications in the mitral annu-
lus (arrows)
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aortic valvular calcifications through a calcium-scoring 
method and grading of the stenosis degree by measuring the 
valve area on mid-systolic images [60].

 Aortic Atheroma

Aortic atheroma of the proximal aortic arch is important 
source of embolism in patients with ischemic stroke [61, 
62]. Complex morphological features of the plaque, such 
as ulcerations or superimposed thrombi, have been shown 
to increase the risk of stroke [62, 63]. Echocardiography, 
CT, and MRI are the principal means of imaging athero-
sclerotic plaques in the aorta. TEE has been the primary 

echocardiographic method for visualizing atherosclerotic 
plaques in the thoracic aorta and remains the imaging stan-
dard for this indication [64, 65]. Compared with TEE, CT 
is much more useful for measuring plaque thickness, dis-
covering ulceration, and examining its components 
(Fig. 49.13). CT has some advantages in the evaluation of 
aortic plaque because of the ability to reconstruct high-
quality multidimensional images and enable a retrospec-
tive review with the same quality of reproducibility [66]. 
Radiation dose exposure and contrast medium are the most 
serious obstacles when using CT for patients with possible 
embolic stroke. CT is also a static imaging modality that 
cannot be used to evaluate plaque mobility, an important 
factor in risk stratification.

a

c

b

Fig. 49.13 Images in a 71-year-old man with recurrent stroke. (a) Axial and (b) coronal reformatted cardiac CT images show an aortic plaque 
(arrows) on the aortic arch. (c) TEE image shows an echogenic aortic plaque (arrow) on the aortic arch
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 Conclusion

Investigation of potential embolic sources is an important 
diagnostic step in managing patients with acute ischemic 
stroke or transient ischemic attack, especially when the 
mechanism is considered to be embolic. During the past 
decade, cardiac CT has been tested and compared with TEE 
for the diagnosis of cardioembolic sources. Many studies 
showed that cardiac CT is a very useful and powerful modal-
ity for the detection of cardioembolic sources in stroke 
patients. However, based on current evidence, cardiac CT is 
not recommended for the use in the initial evaluation of 
intracardiac structures in stroke patients [67]. In addition, 
cardiac CT imaging has fundamental disadvantages includ-
ing radiation dose and use of iodine contrast media. 
Continued technological advances requiring less contrast 
and ionizing radiation could increase the importance of car-
diac CT in this field in the near future.
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Incidental Findings on CT Angiography 
and How to Manage Them

Seung Min Yoo, Hwa Yeon Lee, and Charles S. White

Because of recent technologic advances, coronary CT angi-
ography (CTA) has become a potent imaging tool in the 
evaluation of patients with atypical chest pain (i.e., low to 
intermediate risk for both stable angina and acute coronary 
syndrome) [1]. Coronary CTA is expected to be increasingly 
used in clinical practice due to its high sensitivity and a nega-
tive predictive value that approaches 100% [2]. A major rea-
son for performing coronary CTA is to evaluate coronary 
artery disease, and it is vital for interpreting physicians to 
focus on identifying abnormalities in the coronary arteries. 
However, neighboring organs such as central portions of the 
lungs, mediastinum, aorta, esophagus, upper abdominal 
organs, and thoracic skeleton are typically included in the 
examination, regardless of whether a restricted field of view 
(Fig. 50.1) or a full field of view is used for the evaluation of 
coronary arteries. Thus, it is critical that all interpreting phy-
sicians be careful not to overlook extracardiac incidental 
findings (Fig.  50.2). This chapter will discuss the most 
important incidental findings and an approach to their fol-
low- up and management.

 Use of a Small Versus Wide Field of View 
on Coronary CT Angiography

A discussion of the concept of the small and wide fields of 
view is a prerequisite to understand the ongoing debate 
regarding appropriate field of view in interpreting coronary 
CTA. The “small or restricted field of view” is a primary 
tool for analysis of coronary arteries using 16–25  cm2 of 
coverage and thin collimation <1 mm. In contrast, “wide or 

full field of view” provides full coverage (35–40 cm2) with 
thicker collimation of 2–5  mm encompassing the entire 
transverse extent of the chest. The latter is an additional 
reconstruction that may be obtained in order to provide and 
overread for extracardiac incidental findings [3, 4]. Because 
of the small size of the coronary arteries, reconstruction 
with a small field of view is required to maximize spatial 
resolution by reducing pixel size, facilitating precise analy-
sis of the degree of stenosis and characterize plaque in these 
small structures. However, because all structures within a 
given CT slice have already been exposed to radiation, wide 
field of view images can be obtained without additional 
radiation dose.

The prevalence of incidental extracardiac findings (Tables 
50.1 and 50.2) demonstrated on coronary CTA is fairly high 
ranging up to 67.0% on the wide field of view image with 
considerable variation in frequency due to study design and 
definition [3–17]. Of these, the prevalence of clinically 
important findings needing further work-up or management 
is less common and ranges from 1.2% to 22.7% [18]. It is 
certainly true that more malignant lesions (Fig. 50.3) will be 
found in wide field of view because a substantial number of 
lung cancers occur in the peripheral portion of the lungs, and 
most of breast tissue is excluded from a small field of view 
on coronary CTA. Earlier detection of lung or breast cancer 
may lead to curable surgical resection and favorable out-
comes. In spite of this potential benefit, several reports [14, 
19–22] have advocated exclusive use of small of view, 
although a larger group has favored the additional use of a 
wide field of view in interpreting coronary CTA [3, 4, 9, 11, 
12, 15–18, 23–28]. There are differing opinions even within 
specialties [4, 14, 18–22, 27, 29]. The main reason for the 
controversy is the high prevalence of false-positive findings 
(i.e., low prevalence of malignancy less than 0.4%) on the 
larger field of view and lack of proven benefit of CT screen-
ing of lung cancer prior to the publication of the National 
Lung Screening Trial (NLST) [19, 20]. Work-up of numer-
ous indeterminate lung nodules that ultimately prove to be 
benign may lead to extra cost, morbidity related to down-
stream testing and intervention, a low but potential risk of 
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a c

b

Fig. 50.1 Representative small (a) and wide (b) field of views on dedi-
cated coronary CTA compared with the wide field of view (c) of triple 
rule-out protocol. The small field of view on dedicated coronary CTA 

includes the central lung parenchyma, aorta, mediastinum, bony struc-
tures, and abdominal organs. The wide field of view on dedicated coro-
nary CTA includes about two-thirds of total lung volume

Fig. 50.2 Various important extracardiac findings demonstrated on 
small field of view coronary CTA image. Stanford type B intramural 
hematoma (arrowheads in a), central pulmonary emboli (arrowheads in 
b), esophageal wall thickening in a patient with gastroesophageal reflux 

disease (arrowheads in c), anterior mediastinal mass (arrowheads in d), 
and central lung cancer (arrows in e) are demonstrated even using a 
small coronary CTA field of view. Thus, all interpreters should be 
familiar with important extracardiac findings

a b
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c

e

d

Fig. 50.2 (continued)

radiation-induced cancer, and anxiety on the part of both 
physicians and patients.

Results from the NLST indicated a lung cancer and over-
all mortality benefit for low-dose chest CT screening com-
pared with screening with chest radiography. The randomized 
trial of more than 53,000 asymptomatic subjects who had a 
smoking history of more than 30 pack-years and were 
55–74 years of age showed a 20.3% reduction of lung cancer 
mortality in the CT arm compared with chest radiography 
arm [30]. Based on the result of NLST, it seems reasonable 

to suggest that a wide field of view of coronary CTA be 
reconstructed and evaluated in the subset of patients who fit 
the entry criteria of the NLST.

However, even this suggestion should be viewed with cau-
tion because of differences in the patient selection. The indi-
viduals who enrolled in the NLST were entirely asymptomatic, 
whereas nearly all patients who undergo coronary CTA are 
referred for chest pain. Such a distinct referral pattern may 
affect the prevalence and characteristics of incidental extracar-
diac findings. In addition, the specifics of imaging protocols 
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Fig. 50.3 Various important extracardiac findings identified only on 
a wide field of view coronary CTA image. (a, b) Solid pulmonary 
nodule 5  mm in diameter (arrow in a) is demonstrated in the left 
lower lobe on wide field of view image at the level of inferior cardiac 
margin in a 42-year-old male smoker. Note that the nodule is not vis-
ible on a small field of view image (b). (c) Enhancing 8 mm nodule 
(arrows in c) is demonstrated in the lateral portion of the left breast 
on a wide field of view coronary CTA image at the level of pulmo-

nary artery bifurcation in a 42-year-old female patient. This nodule 
was not visible on a small field of view image. Breast ultrasonogra-
phy was recommended in the patient for further evaluation. D. Right 
seventh rib destruction (arrowheads on d) is noted on a wide field of 
view bone setting image at the level of the right main pulmonary 
artery in an 81-year-old man. However, this lesion is not demon-
strated on a small field of view image (e). The patient ultimately 
proved to have a rectal cancer

a b

are different between low-dose chest CT and coronary 
CTA.  The former is a nonenhanced CT with low radiation 
exposure, whereas the latter is obtained with intravenous con-
trast media and a higher radiation exposure due to ECG gating, 
potentially permitting lung nodules and certain other incidental 
findings to be more easily identified. For example, aortic dis-
section would be directly visible on coronary CTA but would 
be unlikely to be detected on a lung cancer screening study.

Moreover, there is inconsistency in the use of wide field 
of view in the radiologic practices depending on body part. 
Only small field of view images are typically reconstructed 
in other parts of body such as the orbits, inner ear, sinuses, 
and thoracic spine CT, even though radiation is received 
through the entire transverse CT section [29]. Lastly, it 
should be remembered that the typical z-axis coverage of 
dedicated coronary CTA does not include the upper one- 
third of the entire chest volume (i.e., tracheal carina to lung 
apices) [15]. This may lead to the false assumption that the 
entirety of both lungs is normal among patients undergoing a 
normal dedicated coronary CTA and their treating clinicians. 
Therefore, until a randomized trial is available to provide an 
overview about cost-effectiveness and outcome benefits, 
reconstruction of only a small field of view may be accept-
able in patients undergoing dedicated coronary CTA, partic-
ularly in those of different age and smoking habits as 
compared with enrollees in NLST [29].

Table 50.1 Potentially clinically significant incidental extracardiac 
findings

Incidental finding Prevalence (%)
Pulmonary nodule ≥4 mm 0.4–16.5%
Pulmonary consolidation 0.4–6.2%
Marked mediastinal lymphadenopathy 0.1–2.3%
Hiatal hernia 0.2–6.4%
Aortic dissection 0.0–0.3%
Aortic aneurysm 0.3–1.6%
Pulmonary embolism 0.0–1.9%
Breast nodule 0.0–0.6%
Fracture 0.0–0.3%
Metastatic bone destruction Frequency not available
Pleural effusion 0.1–4.0%
Adrenal nodule 0.0–0.8%
Indeterminate hepatic nodule 0.0–2.3%
Cholelithiasis 0.1–3.6%

Table 50.2 Benign incidental extracardiac findings

Incidental finding Prevalence (%)
Pulmonary nodule <4 mm 1.7–9.3%
Benign hepatic cyst 1.1–6.6%
Simple renal cyst 0.1–0.3%
Benign adrenal adenoma 0.1–0.6%
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In the setting of acute chest pain, there is less debate than 
in stable angina regarding the use of a wide field of view 
(either dedicated coronary CTA or triple rule-out protocol) 
because an alternative cause of acute chest pain such as 
peripheral pulmonary embolism (Fig.  50.4), pneumonia, 
pneumothorax, rib fracture, cholecystitis, or pancreatitis can 
be identified when the coronary artery component is negative 
[13, 27]. According to one study, clinically important extra-
cardiac findings that potentially changed patient manage-
ment were identified up to 5% of patients presenting with 
acute chest pain. Thus, a stronger case can be made for a 
large field of view reconstruction in these patients [13, 31].

 Practical Tips to Avoid Overlooking 
Important Incidental Findings

Because at least 8–22% (mean, 14%) of lung parenchyma, 
mediastinum, bone, chest wall, aorta, pulmonary arteries, 
and upper abdominal organs are included even in a small 

field of view [32], interpreters should be careful not to miss 
important extracardiac findings. Dedicated analysis of the 
coronary arteries with submillimeter collimation should be 
performed with a small field of view, and interpretation with 
three major image settings (mediastinal, lung, and bone win-
dow settings) should be routinely performed to analyze all 
organs visualized within the field of view beyond the coro-
nary arteries, even if only a small field of view image is used 
[23, 33]. In contrast, if wide field of view images are avail-
able, the coronary arteries should be interpreted with small 
field of view image using submillimeter collimation, whereas 
extracardiac findings should be separately analyzed on wide 
field of view images with the three different window settings 
using 2–5 mm collimation. The typical Hounsfield unit (HU) 
levels and widths for mediastinal, lung, and bone window 
settings are 50 and 350, −500 and 1800, and 500 and 2000, 
respectively [33]. As a rule axial images are the best option 
to identify extracardiac findings. Although it is not routinely 
used in clinical practice, additional reconstruction of coronal 
or sagittal views may provide additional information to 

c

e

d

Fig. 50.3 (continued)
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determine the precise location of a pulmonary nodule near a 
fissure or to identify vertebral pathology such as a compres-
sion fracture [33]. If an extracardiac finding is encountered, 
a multidisciplinary approach can be made used to select the 
next appropriate step. Importantly, those who interpret car-
diac CTA should keep in mind that incidental extracardiac 
findings should always be compared on any previous studies 
to avoid unnecessary and potentially costly follow-up 
examinations.

 Incidental Findings and How to  
Manage Them

 Lung

An incidental pulmonary nodule is the most frequent finding 
in the evaluation of wide field of view on coronary CTA. The 
prevalence of all incidental pulmonary nodules and indeter-
minate pulmonary nodules needing further work-up is 0.9–
36.2% and 0.4–16.5%, respectively [18]. A pulmonary nodule 
is defined as a relatively well-defined area of increased atten-
uation less than 3 cm in diameter. Certain characteristics can 
lead to a specific diagnosis. The presence of fat (HU of less 
than −10) in the pulmonary nodule on nonenhanced CT is 
diagnostic of benign hamartoma (Fig. 50.5). Central, diffuse, 
lamellated, or popcorn shape calcification in a smoothly mar-
ginated nodule is a typical CT finding of benign pulmonary 

nodule. In contrast, eccentric calcification in a pulmonary 
nodule does not necessarily indicate a benign etiology.

If an indeterminate nodule is found on coronary CTA, the 
nodule can be followed by the Fleischner Society recommenda-
tions. The recommendations classify lung nodules based on size 
and the presence or absence of risk factors such as smoking 
history or known primary cancer. Follow-up CT is not recom-
mended in small (<4 mm) pulmonary nodules in a nonsmoker. 
In contrast, indeterminate pulmonary nodule more than 4 mm 
irrespective of risk factors should be followed by low-dose chest 
CT for up to 2 years to confirm resolution or stability. Stability 
over 2 years typically indicates that a solid pulmonary nodule is 
benign. However, an indeterminate pulmonary nodule with 
ground-glass attenuation should be followed more than 2 years 
because ground- glass or part-solid nodules that prove to be 
malignant typically have a longer doubling time [34].

 Mediastinum

The most frequent significantly abnormal finding in the medi-
astinum is lymph node enlargement. Lymph node size less 
than 10  mm in short diameter is usually benign. If there is 
lymph node enlargement ≥10 mm in short diameter (Fig. 50.6) 
on coronary CTA, it should be further characterized by its 
shape and as well as any history of malignancy. The presence 
of a central fatty hilum or calcification in an enlarged lymph 
node or the concomitant presence of pneumonia may indicate 

a b

Fig. 50.4 Peripheral pulmonary embolism in a segmental pulmonary 
artery in the right lower lobe is identified only on a wide field of view 
image at the level of the left atrium in a 71-year-old woman. The patient 
presented with acute chest pain and the primary concern was acute 
coronary syndrome. Dedicated coronary CTA showed normal coronary 
arteries. Segmental pulmonary embolus is demonstrated on the wide 

field of view image (arrow on a), but not the small field of view image 
(b), thus showing the potential benefits of wide field of view imaging to 
provide an alternative cause of chest pain. Although most central pul-
monary emboli are visible on a small field of view image, this may not 
be the case for more peripheral emboli
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c

Fig. 50.5 Incidental pulmonary hamartoma in a 60-year-old female 
patient. Pulmonary nodule is demonstrated in the right middle lobe in 
enhanced (arrowheads in a), nonenhanced (arrows in b) wide field of 

view, and magnified (arrows in c) images at the level of the main pul-
monary artery. Note fat attenuation (arrows in c) indicative of pulmo-
nary hamartoma

Fig. 50.6 Indeterminate left hilar lymph node enlargement on a small 
field of view image in a 66-year-old male. Left hilar lymph node 
enlargement (arrowheads) measuring about 12 mm in short diameter is 
demonstrated on a small field of view image of coronary CTA at the 
level of the left atrium. Follow-up chest CT was recommended

a benign etiology. In contrast, lymph node enlargement that 
lacks benign features should be followed by CT or further 
evaluated [23, 33]. Conglomerate lymph node enlargement 
with peripheral rim or diffuse enhancement can be a finding in 
tuberculous or malignant lymph node enlargement. Another 
frequent mediastinal finding is an esophageal abnormality 
such as hiatal hernia or esophageal wall thickening. The gas-
troesophageal junction is located above the diaphragmatic hia-
tus on CT in patients with a hiatal hernia. This finding may 
explain symptoms of chest pain due to gastroesophageal reflux 
disease. If gastroesophageal reflux disease is suspected, endo-
scopic evaluation can be performed.

 Aorta

The clinical presentation of aortic dissection and acute coro-
nary syndrome can be quite similar. Thus, the aorta should 
be evaluated carefully on coronary CTA even when using a 
small field of view. Aortic dilatation or aneurysm is a  frequent 
incidental finding on coronary CTA.  An aortic aneurysm 
(Fig.  50.7) is defined as aortic dilatation more than 150% 
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(often 5  cm in diameter) compared with size of a normal 
aorta. Six months to 1 year CT follow-up is recommended to 
evaluate changes in the aortic diameter. If there is greater 
than 1 cm aortic dilatation over the course of a year, surgical 
intervention should be considered.

 Pulmonary Artery

Most central pulmonary emboli may be visible even in a 
small field of view image on coronary CTA. However, it 
should be stressed that dedicated coronary CTA targets 
the left circulation but not the right. Thus, the visibility of 
central pulmonary emboli depends on the degree of 
enhancement in the pulmonary arteries. In contrast, 
peripheral pulmonary embolism in segmental or subseg-
mental pulmonary arteries may only be noted on a wide 
field of view. In patients with pulmonary embolism dem-
onstrated on CTA, lower extremity Doppler ultrasonogra-
phy can be recommended to evaluate for deep vein 
thrombosis.

 Breast

The prevalence of breast nodules found on coronary CTA is 
up to 0.6% [3, 4, 14, 26, 32]. If a breast nodule (Fig. 50.3c) 
is identified on a wide field of view coronary CTA image, 
ultrasonography and mammography should be performed to 
exclude early breast cancer.

 Thoracic Skeleton and Pleura

It is important to identify the presence of acute rib fractures 
because they may be an alternative cause of chest pain [33]. 
It is of value to remember that rib fractures can occur without 
a history of blunt trauma, for example, due to chronic cough 
or stress-related injury. It is also important to identify any 
metastatic rib lesion (Fig. 50.3d) or vertebral destruction to 
avoid unnecessary additional examinations to confirm the 
diagnosis. Pleural effusion is another common incidental 
finding. Pleural effusion in the dependent portion of the chest 
with low density (<20 HU) and no enhancement usually 
indicates a transudate. Although the presence of pleural lin-
ear or nodular enhancement, loculation, or high attenuation 
of content (HU >20) may suggest exudative or complicated 
effusion, the absence of such findings does not  completely 
exclude an exudative or malignant pleural effusion [33].

 Upper Abdominal Organs

Frequent abdominal incidental findings are cysts (Fig. 50.8), 
hemangiomas, adrenal nodules (Fig. 50.9), and gallbladder or 
renal stones. Most hepatic nodules less than 10 mm in diam-
eter are benign in asymptomatic patients. Standard recom-
mendations such as the Fleischner guidelines for indeterminate 
lung nodule do not exist for follow-up of incidental hepatic 
nodules in low-risk patients [23]. Peripheral nodular enhance-
ment on the arterial phase of CT is typical for a hemangioma. 
Occasionally, hepatocellular carcinoma or hypervascular 
metastasis such as melanoma may be a cause of hepatic nod-
ule with high attenuation on coronary CTA. Thus, the possi-
bility of malignant hepatic nodule should be considered in 
patients with CT features of liver cirrhosis or history or a pri-
mary focus of cancer. According to the recently published 
Liver Imaging-Reporting and Data System (LI-RADS), a 
nodule demonstrated on CT in patients at high risk for hepa-
tocellular carcinoma (e.g., liver cirrhosis) should be consid-
ered at least as an indeterminate nodule (≥LR-3), irrespective 
of size. In this scenario, dynamic abdomen CT is recom-
mended [35]. It should be kept in mind that coronary CTA is 
not the optimal examination to identify hepatic nodules 
because it is not obtained in a parenchymal venous phase.

An incidental adrenal nodule is another common abdominal 
finding within the field of view of coronary CTA. Hounsfield 
units less than 10 on nonenhanced CT images often indicate a 
benign adenoma because most adenomas contain a fatty com-
ponent. However, adrenal adenomas with scanty fat often have 
a higher CT attenuation on nonenhanced CT. In such cases, a 
dedicated abdominal CT study showing a characteristic wash-
out pattern is helpful to discriminate an adenoma from a malig-
nant lesion. Greater than 40% washout on a 15 min delayed CT 
image indicates an adenoma [23].

Fig. 50.7 Ascending aortic aneurysm on a small field of view image in 
a 60-year-old female patient. This is the same patient with Fig. 50.5 
who has hamartoma (arrowheads) in the right middle lobe. Note ascend-
ing aortic aneurysm (arrows) measuring approximately 50  mm in 
diameter
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 Conclusion

Many important extracardiac findings are demonstrated even 
on the small field of view image of coronary CTA.  Thus, 
interpreting physicians irrespective of specialty should be 
familiar with various important extracardiac findings. In the 
acute chest pain setting, additional reconstructions and 

 analysis with a wide field of view may be valuable to identify 
an alternative cause of chest pain. For patients with stable 
angina, a small field of view image on coronary CTA may be 
acceptable to evaluate extracardiac findings.
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Prognosis and Outcome: State 
of the Evidence

Asim Rizvi, Hadi Mirhedayati Roudsari, James K. Min, 
and Fay Y. Lin

Coronary artery disease (CAD) remains the leading cause of 
mortality in the developed world despite improvements in 
diagnostic modalities and therapies targeted at reducing dis-
ease burden. The recent advent of coronary computed tomog-
raphy angiography (CCTA) has gained interest as a promising 
noninvasive anatomic alternative to stress imaging tech-
niques for diagnosis of anatomically obstructive CAD. CCTA 
has demonstrated high diagnostic accuracy for obstructive 
CAD, with a sensitivity, specificity, positive predictive value 
(PPV), and negative predictive value (NPV) of 95%, 83%, 
64%, and 99%, respectively, compared to invasive coronary 
angiography (ICA) for >50% stenosis in the ACCURACY 
(Assessment by Coronary Computed Tomographic 
Angiography of Individuals Undergoing Invasive Coronary 
Angiography) study and of 99%, 89%, 93%, and 100%, 
respectively, in the meta-analyses [1, 2]. More recently, the 
PROMISE (PROspective Multicenter Imaging Study for 
Evaluation of chest pain) study showed that CCTA is a safe 
strategy for initial evaluation of CAD and demonstrated sim-
ilar downstream major adverse cardiovascular events 
(MACE) with reduced risk of myocardial infarction (MI) or 
all-cause mortality (ACM) in comparison to stress imaging 
techniques (hazard ratio [HR], 0.66; 95% CI 0.44–1.00; 
p = 0.049) [3].

Currently, scientific guidelines recommend the appropri-
ate use of CCTA for diagnosis of CAD in different patient 
populations [4–6]. However, the prognostic value of CCTA 
and the impact of CCTA on downstream outcomes are 
important for patient risk stratification and management. The 
purpose of this chapter is to discuss the current literature 
using CCTA as a prognostic tool.

 Prognostic Significance of CCTA for All-Cause 
Mortality

CCTA-evaluated CAD has demonstrated incremental prog-
nostic value in chronic stable outpatients for ACM 
(Table 51.1). The earliest data from Min et al. determined the 
prognostic value of 16-detector row CCTA for ACM in 1127 
patients without known CAD [7]. After a 15-month follow-
 up, the number of vessels affected by moderate or severe ste-
nosis as well as proximal left anterior descending artery 
stenosis demonstrated independent predictive value above 
and beyond clinical risk factors (all p  <  0.001). Survival 
decreased with higher Duke scores, with 96% survival for 2 
moderate stenoses or 1 severe stenosis (p < 0.013) and 85% 
survival for moderate left main coronary artery stenosis 
(p < 0.001), respectively (Fig. 51.1). Notably, authors con-
cluded that a negative CCTA for CAD confers significantly 
decreased risk of ACM compared to the remainder of the 
population (0.3% vs. 4.8%; HR 0.12, 95% confidence interval 
[CI] 0.02–0.89) [7]. This study was followed up with a large 
(n  =  5330), multicenter cohort utilizing 64-detector row 
CCTA in patients without known CAD [8]. Over a period of 
2.3 years, the HR for ACM in patients with obstructive CAD 
(≥70% stenosis) was 2.44 (95% CI 1.61–3.72, p  < 0.001). 
Risk increased with each additional diseased vessel, with an 
HR of 2.23, 3.29, and 7.35 for 1-, 2-, and 3- vessel diseases, 
respectively (all p < 0.001). Additionally, CCTA evaluation of 
left ventricular ejection fraction (LVEF) improved prediction 
of ACM above and beyond CCTA measures of obstructive 
CAD, with worse outcomes for LVEF ≤50% (adjusted HR 
[aHR] 1.56, 95% CI 1.04–2.36, p = 0.03) [8].

CCTA also demonstrates high diagnostic accuracy for 
nonobstructive plaque, which has prognostic significance as 
well [9, 10]. Ostrom et al. examined ACM after 64-detector 
row CCTA in 2538 symptomatic patients without known 
CAD over 78  ±  12  months [11]. The survival rates for 
patients with 1-, 2-, and 3-vessel nonobstructive (<50% ste-
nosis) CAD versus obstructive (≥50% stenosis) CAD were 
reported as 97.3%, 95%, and 93.1% versus 92.9%, 89.7%, 
and 80%, respectively (Fig. 51.2). The risk-adjusted HR for 
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Table 51.1 Studies evaluating the prognostic significance of coronary computed tomographic angiography for predicting all-cause mortality and 
major adverse cardiovascular events

Author Year
Patients 
(n) Follow-up Study design Outcomes Population

Min et al. [7] 2007 1127 15 ± 4 months Retrospective ACM Patients with chest pain syndrome
Pundziute et al. [13] 2007 100 16 months Prospective Cardiac death, nonfatal 

MI, UA, 
revascularization

Patients with known or suspected 
CAD

Ostrom et al. [11] 2008 5538 78 ± 12 months Retrospective ACM Patients with chest pain syndrome
Gaemperli et al. [14] 2008 220 14 ± 4 months Retrospective ACM, MI, UA, 

revascularization
Patients without known CAD

Carrigan et al. [16] 2009 227 2 ± 1 years Retrospective Cardiac death, nonfatal 
MI, revascularization

Patients with suspected CAD

Hadamitzky et al. [73] 2009 1150 18 months – Cardiac death, MI, UA, 
revascularization

Patients with suspected CAD

Gopal et al. [18] 2009 454 40 ± 9 months Prospective Cardiac death, MI Patients with suspected CAD
Abidov et al. [19] 2009 199 2 years Prospective Cardiac death, MI, UA, 

revascularization.
Patients with suspected CAD and 
inconclusive stress tests

Rubinshtein et al. [17] 2009 545 18 ± 6 months Prospective Cardiac death, MI, 
revascularization

Patients with suspected CAD

Motoyama et al. [67] 2009 1059 27 ± 10 months – Acute coronary 
syndrome

Patients with suspected or known 
CAD

Aldrovandi et al. [15] 2009 187 24 months Prospective Cardiac death, nonfatal 
MI, UA, 
revascularization

Patients with suspected MI

Chow et al. [21] 2010 2076 16 ± 8 months Prospective Cardiac death, MI Patients with known or suspected 
CAD

Min et al. [20] 2010 172 22 ± 5 months Prospective Cardiac death, MI, UA, 
revascularization

Patients with known or suspected 
CAD

Min et al. [8] 2010 5330 2 ± 1 years Retrospective ACM Patients without known CAD
Lin et al. [12] 2011 2583 3 ± 1 years Prospective ACM Patients without known CAD
Kristensen et al. [22] 2011 312 16 months Prospective Cardiac death, MI, UA, 

revascularization
Patients with NSTEMI

Beigel et al. [74] 2013 959 27 months Prospective ACM, UA, 
revascularization

Patients with chest pain syndrome

Dougoud et al. [28] 2014 218 6.9 years Prospective Cardiac death, nonfatal 
MI, UA, 
revascularization

Patients with suspected CAD

Abbreviations: ACM all-cause mortality, MI myocardial infarction, UA unstable angina, CAD coronary artery disease

3-vessel nonobstructive CAD was elevated at 1.7 (95% CI 
1.49–2.05), as were those for 1-, 2-, and 3-vessel obstructive 
CAD at 1.8 (95% CI 1.4–2.51), 2.3 (95% CI 1.91–2.93), and 
2.6 (95% CI 2–3.37), respectively (p < 0.001 for all). These 
findings revealed that CCTA-diagnosed CAD was able to 
predict ACM in symptomatic patients irrespective of age, 
sex, and conventional risk factors [11]. Lin et al. also evalu-
ated the independent predictive value of nonobstructive 
CAD diagnosed by 64-detector row CCTA in a multicenter 
cohort of 2583 patients without prior CAD over 
3.1 ± 0.5 years [12]. An adjusted HR of 1.98 (95% CI 1.06–
3.69, p = 0.03) was observed for the presence of nonobstruc-
tive CAD overall, with the highest risk seen among patients 
with 3-vessel nonobstructive CAD (HR 4.75, 95% CI 2.10–
10.75, p < 0.001) or those with nonobstructive CAD affect-
ing ≥5 segments (HR 5.12, 95% CI 2.16–12.10, p < 0.001). 
Moreover, the presence of nonobstructive plaque was associ-
ated with higher risk of mortality even among patients with 

<10% Framingham-estimated 10-year risk (3.4% over 
3  years, log- rank p  <  0.001) and among patients with no 
medically treatable CAD risk factors, including diabetes, 
dyslipidemia, and hypertension (6.7% over 3 years, log-rank 
p < 0.001), with annualized mortality rates that would reclas-
sify these supposedly low-risk patients [12]. Thus, the iden-
tification of nonobstructive and obstructive CAD by CCTA 
both portend elevated mortality above and beyond CAD risk 
factors and traditional risk scores.

 Prognostic Significance of CCTA for Major 
Adverse Cardiovascular Events

CCTA risk stratification for MACE is also well demon-
strated by study investigators (Table  51.1) [13–22]. The 
earliest data on MACE was reported by Pundziute and col-
leagues [13]. Over a mean follow-up of 16  months, 100 
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symptomatic patients with known or suspected CAD were 
observed for MACE defined as cardiac death, unstable 
angina, nonfatal MI, and revascularization. Patients with-
out CAD had an excellent prognosis compared to patients 
with any evidence of CAD, with reported first-year event 
rates of 0% and 30%, respectively (log-rank p  <  0.005). 
The greatest risk of MACE was seen in patients with any 
coronary plaque (aHR 8.8; 95% CI 1.1–70), obstructive 
CAD (aHR 28; 95% CI 3.3–239), and left main or left coro-
nary artery disease (aHR 35; 95% CI 4.3–288) (p < 0.05 for 
all). In aggregate, a CCTA showing no evidence of CAD 
could assure a high negative predictive value for MACE, 
with a dose effect evident for increasing extent and severity 
of CCTA-visualized CAD [13].

Most notably, the CONFIRM (The Coronary CT 
Angiography EvaluatioN For clinical Outcomes: An 
InterRnational Multicenter) registry has provided important 
data regarding the incremental prognostic significance of 
CCTA [23]. Using CONFIRM data, Leipsic and colleagues 
evaluated the risk of MACE in 5262 patients with suspected 
CAD but without medically modifiable CAD risk factors 
[24]. Over a mean follow-up of 2.3 ± 1.2 years, increased 
risk of MACE was observed in patients with obstructive 
CAD (risk-adjusted HR 6.64; 95% CI 3.68–12.00; 
p ≤ 0.001). Furthermore, there was a dose-response relation-
ship between the number of obstructed vessels and the risk of 
MACE, with the greatest hazard seen in patients with 
3- vessel obstructive CAD or left main CAD (HR 11.69; 95% 
CI 5.38, 25.4; p ≤ 0.001). Notably, an extremely low inci-
dence of MACE was reported in patients without any evi-
dence of CAD on CCTA as compared with those with 
obstructive CAD (0.31% versus 2.06%) [24]. Further still, 
the CONFIRM investigators demonstrated the prognostic 
value of CCTA findings with long-term follow-up. Cheruvu 
et al. followed 1884 patients without CAD for the outcomes 
of ACM and MACE [25]. Over a mean follow-up of 
5.6 ± 1.3 years, the risk of ACM increased with the severity 
of CAD and the number of diseased vessels, with the highest 
risk seen in those with 3-vessel or left main obstructive 
(>50% stenosis) CAD (HR: 2.87; 95% CI 1.57–5.23; 
p = 0.001). During the same follow-up duration, an increased 
risk of MACE was observed in patients with obstructive 
CAD (HR 6.63; 95% CI 3.91–11.26; p < 0.001) as compared 
to those with nonobstructive CAD (HR: 2.20; 95% CI 1.31–
3.67; p = 0.003). The incidence of MACE in patients with no 
CAD was reported as 5.6% as compared to 13.24% and 
36.28% in patients with nonobstructive and obstructive 
CAD, respectively (p < 0.001) [25].

In addition, the prognostic value of CCTA for MACE has 
been confirmed in meta-analyses [26, 27]. One meta- analysis 
of 28 studies by Habib et al. comprised of 41,690 individuals 

with an average of 1.96 years of follow-up for a composite 
outcome of ACM, cardiac death, MI, unstable angina, or 
revascularization [27]. Patients with obstructive CAD and 
nonobstructive CAD had increased odds of cardiac death or 
MI with demonstrated odds ratios (OR) of 14.92 (95% CI 
6.78–32.85) and 6.41 (95% CI 2.44–16.8), respectively, 
when compared with those with no CAD [27].

In a recent small study (n = 218) with a longer follow-up 
duration of 6.9  years, Dougoud et  al. found annual event 
rates for composite MACE (mortality, nonfatal MI, and late 
revascularization) in patients with obstructive CAD (≥50%), 
nonobstructive CAD (<50%), and normal coronary arteries 
on CCTA to be 6.0%, 2.7%, and 0.3%, respectively (log-rank 
p = 0.001) [28]. Thus, the prognostic value of the presence or 
absence of CAD detected by CCTA is durable and incremen-
tal to clinical risk factors alone.

 The Confirm Registry

The CONFIRM registry is a large, prospective, dynamic 
observational study and represents 27,125 consecutive 
patients who have undergone ≥64-detector row CCTA [23]. 
The study design and methods have been described else-
where [23]. The primary objective of this study is to assess 
the prognostic significance of CCTA for the prediction of 
future adverse CAD events including ACM, MI, unstable 
angina (UA), target vessel revascularization, and CAD- 
related hospitalization [23]. The scale of the CONFIRM reg-
istry has allowed detailed examination of the prognostic 
value of CCTA in multiple patient subgroups.

 Prognostic Significance of CCTA by Age 
and Gender

The ability of CCTA to risk stratify younger and older 
men and women is fundamental to guide the appropriate 
application of CCTA across diverse populations. To that 
end, Min and colleagues examined 24,775 patients with-
out known CAD for age- and sex-specific outcomes utiliz-
ing the CONFIRM registry [29]. Over 2.3  years of 
follow-up, the risk of ACM was significantly higher in 
younger patients with CAD (<65 years) compared to older 
patients with CAD (≥65 years), with an adjusted HR of 
4.00 versus 2.46 for 2-vessel CAD and 6.19 versus 3.10 
for 3-vessel CAD (p  <  0.001 for both) (Fig.  51.3). 
Moreover, gender-specific risk stratification revealed that 
women had increased risk of ACM compared to men for 
3-vessel CAD, with an adjusted HR of 4.21 versus 3.27 
(p < 0.001 for all) (Figure 51.4) [29].
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 Prognostic Significance of CCTA Based 
on Ethnic Differences

Prior studies have reported that the epidemiology, pathology, 
and prognosis of CAD may vary across different ethnicities 
[30–34]. Using data from CONFIRM registry, Hulten and 

colleagues evaluated the prognostic significance of CCTA in 
a total of 16,451 patients among three subgroups of 
Caucasian, East Asian, and African ethnicities [35]. When 
comparing patients with obstructive CAD and those with 
nonobstructive CAD, the annual incidence of death or MI 
was 2.2% versus 0.7% among Caucasians (aHR 2.77, 95% 
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Fig. 51.3 Unadjusted 
all-cause 3-year Kaplan- 
Meier survival by presence, 
extent, and severity of CAD 
by CCTA as stratified by 
age <65 or ≥65 years. 
Although rates of mortality in 
relationship to CAD extent 
are lower in patients 
age <65 years (a), patients 
age <65 years with 2- and 
3-vessel CAD experience a 
higher relative rate of 
mortality referenced to 
patients age <65 years with 
no CAD in comparison with 
patients age ≥65 years with 
2- and 3-vessel CAD 
referenced to patients 
age ≥65 years with no CAD 
(b). CAD coronary artery 
disease, CCTA coronary 
computed tomographic 
angiography. (From Min et al. 
[29], with permission)
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CI 1.73–4.43, p < 0.001), 4.8% versus 1.1% among Africans 
(aHR 6.25, 95% CI 1.12–34.97, p = 0.037), and 0.8% versus 
0.1% among East Asians (aHR 4.84, 95% CI 2.24–10.9, 
p  <  0.001). Interestingly, East Asians had a lower risk of 
events (aHR 0.25, 95% CI 0.16–0.38, p < 0.001) when com-
pared to Caucasians and Africans [35].

 Prognostic Significance of CCTA Above 
and Beyond Coronary Artery Calcium Scoring

Coronary artery calcium (CAC) scoring derived from non- 
contrast CT has been shown to be a useful test for identifying 
atherosclerotic plaque burden. In patients without chest pain 
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Fig. 51.4 Unadjusted 
all-cause 3-year Kaplan- 
Meier Survival by presence, 
extent, and severity of CAD 
by CCTA as stratified by Sex. 
Although rates of mortality in 
relationship to CAD extent 
are lower in women, women 
with 3-vessel CAD experience 
a higher relative rate of 
mortality referenced to 
women with no CAD (a) in 
comparison with men with 
3-vessel CAD referenced to 
men with no CAD (b). CAD 
coronary artery disease, 
CCTA coronary computed 
tomographic angiography. 
(From Min et al. [29], with 
permission)
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symptoms, the absence of CAC has been associated with a 
lower risk of future cardiovascular adverse events. However, 
the relationship between CAC scoring and CCTA for prog-
nostication was uncertain prior to investigations within the 
CONFIRM cohort. First, Villines and the CONFIRM inves-
tigators evaluated the prognostic value of CCTA in 10,037 
symptomatic patients without coronary artery calcium with-
out known CAD [36]. Over a median follow-up of 2.1 years, 
no difference was noted in the rate of ACM in patients with 
CAC scores of 0, despite the presence of obstructive CAD 
(p  =  0.7). MACE occurred in 3.9% of patients with CAC 
scores of 0 and obstructive CAD (HR 5.7, 95% CI 2.5–13.1, 
p < 0.001) compared to 0.8% of patients with CAC scores of 
0 and nonobstructive CAD. Further, CAC scoring in symp-
tomatic patients did not provide incremental prognostic ben-
efit for predicting MACE compared to clinical risk factors 
and CCTA alone (p = 0.84) [36]. Al-Mallah et al. examined 
the incremental prognostic value of CAC scoring and CCTA 
over clinical risk stratification in 8627 symptomatic patients 
without known CAD who were observed for MACE for a 
median follow-up duration of 25 months [37]. After adjust-
ing for clinical risks, a CAC score  >400 and detection of 
obstructive CAD by CCTA were found to be significant pre-
dictors of MACE (HR 4.8, 95% CI 2.9–8.1 versus HR 3.9; 
95% CI 2.7–5.5, respectively, p < 0.05 for both). Furthermore, 
obstructive CAD detection by CCTA showed incremental 
prognostic value over clinical risk stratification and CAC 
scoring (C-statistics 0.82 vs. 0.79, p = 0.002) [37].

Cho et al. examined CCTA and CAC scoring in asymp-
tomatic patients [38]. During a median follow-up of 
2.5 years, patients with obstructive 2- and 3-vessel CAD or 
left main CAD had increased risk of ACM and MACE 
(p < 0.05 for both) compared to those without CAD. Both 
CAC scoring and CAD detection by CCTA improved perfor-
mance over standard risk factors for predicting ACM and 
MACE (likelihood ratio p < 0.05 for all). However, incre-
mental discriminatory ability was only shown for MACE. Net 
reclassification improvement (NRI) was not observed when 
CCTA was added to the risk factors plus CAC scoring model. 
Thus, among asymptomatic patients, CCTA is not useful for 
risk stratification beyond combined assessment by risk fac-
tors with CACS [38].

 Prognostic Significance of CCTA in Diabetic 
Patients

People with diabetes mellitus (DM) demonstrate increased 
risk of CAD and display adverse outcomes after surviving a 
CAD event [39]. The study investigators therefore assessed 
the prevalence, extent, severity, and prognosis of CAD in 
DM and non-DM patients without known CAD who under-
went CCTA [40].

In a recent investigation utilizing CONFIRM data, Blanke 
et  al. evaluated the long-term prognostic value of CCTA 
among DM patients compared with non-DM individuals 
[41]. A total of 1823 DM patients were identified and 
propensity- matched to 1823 non-DM patients with 5-year 
follow-up. The presence of CAD on CCTA was graded as 
none (0%), nonobstructive (1–49%), or obstructive (≥50%) 
stenosis. The study reported that DM patients did not display 
increased risk of mortality compared with non-DM patients 
in the absence of CAD (aHR of DM 1.32, 95% CI 0.78–2.24, 
p = 0.30). However, DM patients did display heightened risk 
of mortality compared with non-DM patients when they had 
nonobstructive CAD (HR 2.10, 95% CI 1.43–3.09, 
p < 0.001). Notably, the mortality risk in this population was 
even higher than non-DM patients with obstructive disease 
(p < 0.001). The authors concluded that among DM patients, 
CCTA-assessed nonobstructive and obstructive CAD was 
associated with significantly increased risk of ACM and 
MACE at 5-year follow-up, when compared with non-DM 
patients [41].

 Prognostic Significance of CCTA Based on CAD 
Severity and Left Ventricular Ejection Fraction

CCTA acquisition protocols that span systole can evaluate 
LVEF in addition to CAD severity. Utilizing data from the 
CONFIRM registry, Arsanjani and colleagues assessed the 
gradations of LVEF and volumes measured with CCTA 
among 7758 patients [42]. During a follow-up of 2.2 years, 
worse LVEF was independently associated with mortality 
for moderately reduced (<45% but ≥35%) and severely 
reduced (<35%) LVEF, with a demonstrated HR of 3.14 and 
5.19, respectively (p  <  0.001). Moreover, LVEF demon-
strated improved discrimination for mortality [area under the 
receiver operating characteristic curve (AUC) = 0.816] when 
compared with CAD risk factors alone (AUC  =  0.781) or 
CAD risk factors combined with CAD extent and severity 
(AUC = 0.799) (p < 0.001). The study concluded that left 
ventricular dysfunction improves risk prediction and dis-
crimination for ACM [42].

 Prognostic Significance of CCTA in Patients 
with Acute Chest Pain

Acute-onset chest pain is one of the most common presenta-
tions for patient visits to the emergency department (ED). 
Given the high sensitivity and NPV for the detection of coro-
nary stenosis, CCTA may allow for timely diagnosis, 
improved risk stratification, and appropriate triage of 
patients, especially those with low to intermediate risk. 
Accordingly, numerous studies have evaluated the long-term 
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outcome of patients with negative CCTAs who were dis-
charged from the ED [43].

The CT-STAT (Coronary Computed Tomographic 
Angiography for Systematic Triage of Acute Chest Pain 
Patients to Treatment) was a multicenter trial that included 699 
low-risk ED patients [44]. These prospectively enrolled patients 
were either randomly allocated to CCTA (n = 361) or to myo-
cardial perfusion scintigraphy (MPS) (n  =  338). The study 
investigators compared the efficiency, cost, and safety of CCTA 
in the evaluation of patients with acute chest pain and low risk 
of ACS.  The primary outcome was time to diagnosis. The 
investigators also showed a cost reduction in patients random-
ized to CCTA. The study found that patients in the CCTA arm 
had a 54% reduction in time to diagnosis and 38% reduction in 
costs. Notably, there was no difference in MACE between the 
two study groups [44]. Further, the ACRIN-PA (American 
College of Radiology Imaging Network-Pennsylvania) study 
evaluated the safety (defined as the absence of MI or cardiac 
death during 30-day follow- up) of this CCTA strategy in low- 
to intermediate-risk patients who presented to the ED [45]. Of 
the 640 patients with negative CCTA, none of them died or had 
a MI within 30 days of presentation. In addition, early CCTA 
led to a shorter mean hospital stay (18 h versus 24.8 h) and an 
increased rate of ED discharge when compared to standard of 
care (50% versus 23%) [45].

ROMICAT (Rule Out Myocardial Infarction/Ischemia 
Using Computer Assisted Tomography) was a double-blind, 
prospective, observational study that demonstrated excellent 
sensitivity and NPV of CCTA to rule out ACS in 368 patients 
with inconclusive clinical evaluation of acute chest pain in the 
ED [46]. The subsequent ROMICAT II study followed 368 ED 
patients who presented with acute chest pain, negative initial 
troponin, and ECG findings for 2 years [47]. The investigators 
found that the cumulative probability of 2-year MACE signifi-
cantly increased with CCTA-stratified CAD categories, with 
0%, 5%, and 30% for no CAD, nonobstructive CAD, and 
obstructive CAD, respectively (log-rank p  <  0.001). Adding 
evaluation of regional wall motion abnormalities (RWMA) 
improved risk stratification, with 2-year MACE events of 0.9%, 
15%, 10%, and 62% for no stenosis or RWMA, RWMA but no 
stenosis, stenosis but no RWMA, and both stenosis and 
RWMA, respectively (log-rank p < 0.001). The addition of CT 
stenosis beyond the clinical Thrombolysis In Myocardial 
Infarction (TIMI) risk score improved discrimination for pre-
dicting MACE (0.84 vs. 0.61, p  <  0.001), and addition of 
RWMA further improved the prediction (0.91, p < 0.001) com-
pared to combined TIMI risk score and CT stenosis alone [47].

In aggregate, these studies support the use of CCTA as an 
efficient, safe, and cost-effective alternative to the traditional 
triage methods for low- and low-to-intermediate-risk ED 
patients to exclude obstructive CAD as the etiology of chest 
pain while allowing for a faster ED discharge. Thus, the 
Society of Cardiovascular Computed Tomography (SCCT) 

recently published guidelines for the appropriate use of 
CCTA in the diagnosis of acute chest pain in patients with 
suspicion of ACS in the ED [48]. Utilizing CCTA in these 
patients may lead to increased downstream invasive coro-
nary angiography (ICA) and coronary revascularization.

The ACCF/SCCT/ACR/AHA/ASE/ASNC/NASCI/
SCAI/SCMR 2010 Appropriate Use Criteria for Cardiac 
Computed Tomography lists the use of CCTA as appropriate 
for “detection of CAD in symptomatic patients without 
known heart disease—acute symptoms with suspicion of 
ACS (urgent presentation) (Appropriate, score 7)” in patients 
with the following [49]:

• Normal ECG and cardiac biomarkers and low- intermediate 
pretest probability of CAD

• ECG uninterpretable and low-intermediate pretest proba-
bility of CAD

• Nondiagnostic ECG or equivocal cardiac biomarkers and 
low-intermediate pretest probability of CAD

In theory, a triple rule-out (TRO)-CT protocol is attractive 
for ED evaluation of chest pain because it may allow for 
exclusion of ACS, aortic dissection (AD), and pulmonary 
embolus (PE) in a single scan [50]. However, TRO-CT has 
potential disadvantages of increased radiation and contrast 
dose, higher imaging costs, and decreased image quality. 
Burris and colleagues compared the diagnostic yield of 
TRO-CT with CCTA for assessment of obstructive (>50% 
stenosis) CAD, AD, and PE in 12,834 patients with acute 
chest pain in the multicenter ACIC (Advanced Cardiovascular 
Imaging Consortium) registry [51, 52]. The overall diagnos-
tic yield was similar for TRO-CT and CCTA (18.3% versus 
17.4%, p = 0.37). TRO-CT demonstrated no additional yield 
for CAD detection as compared to CCTA (15.5% versus 
17.2%, p = 0.093). TRO-CT exhibited slightly higher diag-
nostic yield compared to CCTA in the detection of AD (1.7 
vs. 1.1%, p = 0.046) and PE (1.1 vs. 0.4%, p = 0.004), but the 
clinical magnitude was very small. Therefore, they con-
cluded that there is no clear clinical benefit from routine use 
of TRO-CT in patients with acute chest pain [52].

 Prognostic Significance of CCTA in Patients 
with Known CAD

Prior data have reported risk stratification of coronary artery 
bypass (CABG) patients utilizing ICA [53]. However, CCTA 
can risk stratify CABG patients noninvasively on the basis of 
native vessel anatomy and graft patency [54–57]. To date, 
limited data is available to assess the prognostic utility of 
CCTA in CABG patients.

In an investigation by Small et al., the authors evaluated 
ACM in 657 CABG patients from a multicenter registry of 
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10,628 patients who underwent CCTA, over 20 months of 
follow-up [58]. CAD severity was categorized by two mod-
els: unprotected coronary territories (UCT) representing the 
number of vessels with CAD and coronary artery protection 
score (CAPS) defined as a summary of native vessel disease 
and graft patency. In multivariate analysis, the UCT (HR 
1.35, 95% CI 0.98–1.84, p = 0.004) and CAPS (HR 1.35, 
95% CI 1.17–1.56, p < 0.001) were both independent predic-
tors of ACM. Furthermore, CAPS improved discrimination 
and reclassification compared with clinical risk factors alone 
(C-statistics, 0.75 vs. 0.64, p < 0.001; NRI, 27.2%, p = 0.003), 
although UCT did not [58].

 Prognostic Significance of CCTA Plaque 
Characteristics

Previous studies have shown that approximately 60% of 
high-risk plaques are not associated with anatomically sig-
nificant stenosis [59, 60]. CCTA assessment of plaque char-
acteristics may permit early identification of vulnerable 
plaque that would be missed by luminal evaluation alone 
[61–65]. Study investigators examined atherosclerotic 
plaque characteristics by CCTA in patients with ACS and 
stable angina, analyzing positive remodeling (PR), spotty 
calcification (SC), and consistency of non-calcified plaque 
(NCP <30 HU or 30 HU < NCP <150 HU) [66]. The study 
found that among CCTA assessment of culprit lesions in 
patients with ACS and stable angina, PR (87% vs. 12%), SC 
(63% vs. 21%), and NCP <30 HU (79% vs. 9%) were signifi-
cantly more prevalent in ACS patients (p  <  0.001 for all) 
[66]. In a subsequent investigation, Motoyama et al. evalu-
ated two atherosclerotic plaque characteristics, PR and low 
attenuation plaque (LAP) detected by CCTA, for predicting 
acute coronary events in >1000 patients with established or 
suspected CAD who were followed for 27 ± 10 months [67]. 
Both features were found to be independent predictors of 
acute coronary events (HR 23, 95% CI 7–75, p < 0.001]. The 
authors reported that the likelihood of ACS in patients with 
1- or 2-feature positive plaques was significantly higher 
compared to patients without these plaque features or 
patients with no plaques (22.2% vs. 3.7% vs. 0.5%, log-rank 
p < 0.001) (Fig. 51.5). Importantly, the plaques associated 
with early ACS had larger LAP volume when compared with 
those associated with late ACS [67]. In addition, Imazeki and 
colleagues demonstrated that remodeling detected on CCTA 
closely correlated with IVUS, and the remodeling index (RI) 
was significantly larger in patients with ACS (1.19 ± 0.18) 
than in those with stable angina (0.89  ±  0.10, P  <  0.001) 
[68]. Further, in a ROMICAT II subanalysis, the presence of 
high-risk plaque (HRP) characteristics (PR, LAP, SC, and 
napkin-ring sign) was evaluated for prognosis of ACS in 
patients with acute chest pain [69]. The study findings 

showed that presence of HRP on CCTA was a significant 
predictor of ACS (OR 8.9, 95% CI 1.8–43.3, p = 0.006) after 
adjusting for a  ≥50% coronary artery stenosis (OR 38.6, 
95% CI 14.2–104.7, p < 0.001) [69].

These findings shed light on the prognostic power of 
CCTA beyond the detection of stenosis severity and high-
light the importance of assessing non-stenotic coronary 
artery morphology and atherosclerotic plaque characteris-
tics, which are difficult to evaluate through stress testing and 
ICA luminology alone.

 Prognostic Significance of CCTA 
as Compared to Myocardial Perfusion 
Scintigraphy

As the prognostic value of myocardial perfusion scintigra-
phy (MPS) has been supported by a large body of literature, 
CCTA has often been compared to MPS for predictive value. 
In this regard, Shaw et al. propensity-matched 693 patients 
who underwent CCTA with 3067 patients who underwent 
MPS for evaluation of new-onset chest pain. The study found 
similar risk stratification by Duke prognostic CAD index by 
CCTA and by percentage of ischemic myocardium by MPS 
[70]. Van Werkhoven and colleagues evaluated the incremen-
tal prognostic significance of CCTA and MPS in 541 patients 
over a median of 672 days [71]. CCTA and MPS were found 
to be complementary, with an incremental predictive value 
of obstructive CAD by CCTA above and beyond MPS and 
baseline risk factors. The annualized event rate was 1.0% in 
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patients with a normal CCTA and MPS, 3.7–3.8% in those 
with an abnormal CCTA or MPS, and 9.0% in those with 
both an abnormal CCTA and an abnormal MPS (log-rank 
p < 0.005) [71].

 Downstream Outcomes After CCTA

PROMISE and SCOT-HEART (Scottish COmputed 
Tomography of the HEART) are two large trials that provide 
insight into the diagnosis, management, and outcomes in 
patients with stable angina [3, 72]. The PROMISE study com-
pared the outcomes of CCTA and functional stress testing in 
10,003 symptomatic patients without diagnosed CAD [3]. At 
a median follow-up of 25 months, there was no significant dif-
ference in the incidence of MACE for CCTA (3.3%) and func-
tional-testing (3.0%) groups (aHR 1.04, 95% CI 0.83–1.29, 
p = 0.75). In addition, the CCTA group showed a reduced risk 
of death or nonfatal MI (HR 0.66, 95% CI 0.44–1.00, 
p = 0.049) compared to the functional- testing group. Despite 
an increased rate of ICA in the CCTA group compared with 
the functional-testing group (12.2% vs. 8.1%), there was a 
lower rate of ICA that showed no obstructive CAD within 
90 days in the CCTA group (3.4% vs. 4.3%, p = 0.02). The 
study findings therefore revealed that CCTA was not associ-
ated with better clinical outcomes than functional testing in 
symptomatic patients with suspected CAD [3]. The SCOT-
HEART trial assessed 4146 patients with stable angina by 
CCTA plus standard care or standard care alone [72]. In the 
CCTA group, an increased certainty of diagnosis of angina 
due to CAD was observed at 6 weeks (relative risk [RR] 1.79, 
95% CI 1.62–1.96, p < 0.001). Furthermore, the CCTA group 
had a strong trend toward 38% reduction in cardiac death or 
nonfatal MI related to CAD at a median follow-up of 1.7 years 
(aHR 0.62, 95% CI 0.38–1.01, p = 0.053) [72].

 Conclusion

CCTA provides vital prognostic information beyond its high 
diagnostic performance for CAD evaluation. A CCTA that 
detects no coronary plaque accurately predicts a very low 
rate of major adverse cardiovascular events. Major studies 
including the CONFIRM registry, the ROMICAT trial, the 
PROMISE study, and the SCOT-HEART study have pro-
vided a robust evidence base for risk prediction with CCTA 
in diverse populations for broad application to patient care.
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Cardiac CT: Comparative 
Cost- Effectiveness

Christopher L. Schlett

 The Need for Comparative Cost-Effectiveness

Across the world, but particularly in developed countries, we 
are facing the problem of rising health-care costs in the era of 
limited resources. Between 2005 and 2015, the health-care 
expenditure as portion of the gross domestic product 
increased by 12% within the OECD countries while the USA 
remains the country with the highest expenditure (2015: $3.2 
trillion, 16.9% of the gross domestic product) [1, 2]. Since 
the increase in spending is limited at some point, we have to 
make decisions on different levels. Unlike most daily deci-
sion, many health-care decisions have significant conse-
quences and involve essential uncertainties and trade-offs. 
However, high health-care expenditures are not necessarily 
inappropriate, and any level of spending might be considered 
“appropriate,” depending on the value gained by that 
investment.

The aim of comparative effectiveness research (CER) in 
general is to compare alternative approaches to patient care. 
Using randomized controlled trials (RCTs) – one of the three 
important types of CER – broadly accepted evidence can be 
generated to support one or the other strategy; however, 
RCTs also have their limitations, e.g., measuring long-term 
effects. Cost-effectiveness analysis (CEA) is another method 
in the broader CER framework although comparative cost 
data are currently not routinely evaluated in most countries, 
including the USA [3]. CEA is one of the five major cost 
analysis types (cost minimization, cost-benefit, cost- 
consequence, cost-effectiveness, cost-utility) and the most 
common type published in medical literature beside cost- 
utility analysis. In general, CEA evaluates the difference in 
health outcomes for two or more interventions or diagnostic 
strategies in relation to their cost difference.

The need for CER, and particularly CEA, usually arises 
when the value of a new intervention or diagnostic test is 

unclear compared to the existing, standard-of-care practice, 
like it was for cardiac CT. Comparisons can become com-
plex when more than one outcome is being considered; for 
example, a new diagnostic test is more effective but has sub-
stantially higher severe side effects and associated costs. 
Today, CEA is one of the multiple considerations that form 
reimbursement decisions by different institutions across the 
world including, e.g., the National Institute for Health and 
Care Excellence (NICE) in the UK and the Institute for 
Quality and Efficiency in Health Care in Germany. However, 
from an industry point of view, it can be argued that CEA is 
a form of price control, which leads to reduced returns to 
industry and to lower research and development expenditure 
and stifles future innovations. Nevertheless, CER and CEA 
became a popular and important tool in medicine including 
the evaluation of novel diagnostic test strategies like cardiac 
CT.

 A Primer for Cost-Effectiveness Analysis

A few basic elements should briefly be reviewed for a better 
understanding of the results derived from CEA regarding 
cardiac CT. While costs seem to be a more simple measure, 
the quantification of health outcomes is complex – a typi-
cally used metric is quality-adjusted life-year (QALY). It 
takes into account both, the quality and the quantity of life 
lived, using the following equation: “QALY = time * utility.” 
The utility itself covers multiple health metrics which are 
combined into a single overall measure and ranges from 0 
(equals to “dead”) to 1 (equals to “perfect health”). For all 
other health states in-between, there is a deduction [4]; for 
example, for major cardiac events, commonly used utility 
weights range from 0.70 to 0.85 [5], but utility weights vary 
by many factors (e.g., gender) and must be carefully 
chosen.

Another challenge is to derive accurate cost estimates, 
and both measuring and modeling of this parameter can be 
complex, too. The costs of a cardiac CT exam include the 
fees associated with performing the scan as well as 
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 downstream costs associated with the imaging test (includ-
ing additional diagnostic tests, therapeutic procedures, etc.). 
Even the actual cost just for the CT scan is difficult to deter-
mine since it is often a fraction of the charged price and var-
ies among hospitals, states, and countries. This inherent lack 
of consistency in costs can be a stumbling block for accurate 
CEA. In the USA, many CEAs use cost estimates typically 
derived from the US Centers for Medicare and Medicaid 
Services (CMS) average payments.

A frequently used tool in CEA is the incremental cost- 
effectiveness ratio (ICER). It was initially described in 1977 
by Drs. Weinstein and Stason and serves as a summary mea-
sure in the comparison of two different interventions or 
diagnostic strategies (e.g., A vs. B) while it is defined as 
“ICER = [cost-A - cost-B] / [outcome-A - outcome-B]” [6]. 
The ICER can be used as a decision rule in resource alloca-
tion if a willingness- to-pay value can be determined; e.g., in 
the UK, NICE has formally acknowledged a range from 
£20,000 to £30,000 per QALY, but higher thresholds can be 
argued for special circumstances such as treatments for rare 
conditions; in other European countries, a threshold of 
€80,000 per QALY and in the USA a threshold of $50,000 
per QALY are often considered as appropriate. However, 
these thresholds may not necessarily reflect a society’s will-
ingness to pay, and alternative methods have been sug-
gested, including thresholds based on per capita incomes or 
benchmark interventions [7].

Also, the chosen time horizon can impact the results sig-
nificantly. CEA assessing cardiac CT for stable chest pain 
patients are more likely to choose a lifetime horizon given 
the chronic disease character, while CT for acute chest pain 
would focus more on short-term costs/effects. Similarly, the 
chosen perspective has great impact on the CEA results. 
Each stakeholder within the health-care system (e.g., gov-
ernments, insurance companies, hospitals, physicians, 
employers, patients) has a different perspective with regard 
to cost and effect; thus, what could be considered cost- 
effective from a societal standpoint is not necessarily cost- 
effective from the perspective of an individual hospital. 
Nevertheless, most CEA studies apply the societal perspec-
tive in the academic environment [8].

Before deriving the CEA results, the therapeutic and diag-
nostic strategies must be formulated. One way are decision 
trees, which are a schematic representation of all of the clini-
cally and policy relevant features of the decision problem. 
They include “Decision Nodes” (a choice between alterna-
tives strategies), “Chance Nodes” (possible events deter-
mined by probability), and “Terminal Nodes” (outcomes 
associated with a given pathway) as illustrated in Fig. 52.1. 
Another approach are Markov models, which represent a 
mathematical modeling technique derived from matrix alge-
bra. Those are recursive decision trees that are used for mod-
eling conditions that have events which may occur repeatedly 

over time (e.g., nonfatal myocardial infarcts) and/or for 
 modeling predictable events that occur over time (e.g., devel-
oping coronary stenosis). Central elements of all Markov 
models are mutually exclusive health states and the transi-
tion between states, which reflect events (Fig.  52.2). The 
time spent in each health state determines overall expected 
outcome. Analyzing the model often includes sensitivity 
analysis and/or Monte Carlo simulations to model the given 
uncertainty.

 Comparative Cost-Effectiveness of Cardiac 
CT for Acute Chest Pain Patients

Two major RCTs have been conducted assessing comparative 
effectiveness and cost of cardiac CT in patients with suspi-
cion of acute coronary syndrome  – ACRIN-PA (American 
College of Radiology Imaging Network, Pennsylvania) and 
ROMICAT II (Rule Out Myocardial Infarction using 
Computer Assisted Computed Tomography) [9, 10]. 
Optimally, a strategy including early CCTA would reduce 
costs and provide more cost-effective care in the triage of 
patients with suspicion of acute coronary syndrome. Both 
studies found a significant reduction in length of stay and a 
higher rate of direct discharge from the emergency depart-
ment with no alteration in safety [9, 10]. In ROMICAT II, no 
reduction in overall costs was observed [9]; costs in the emer-
gency department decreased ($2101 vs. $2566 in CCTA vs. 
standard of care), while in contrast, the costs during hospital-
ization slightly increased using CCTA ($4026 vs. $3874), 
potentially due to the higher number of revascularizations [9]. 
Cost data for ACRIN-PA have not yet been released.

Only a few CEA studies, limited to the USA, are available 
comparing different triage strategies in patients with suspicion 
of acute coronary syndrome. In a study by Khare et al. [11], 
the authors found that a triage strategy including CCTA would 
dominate other strategies, such as stress echocardiography or 
stress ECG, regarding its cost-effectiveness (ICER, $29,738/
QALY for CCTA, if compared with stress echocardiography, 
and $7332/QALY, if compared with the stress ECG).

In another study by Ladapo et al. using first-order Monte 
Carlo microsimulations for 55-year-old men and women, a 
triage strategy including early CCTA resulted in an ICER of 
$6400/QALY for men, and it was actually cost-saving for 
women ($6630 for CCTA and $7010 for standard of care) 
[12]. This finding was driven by their observation that the 
CCTA strategy was cheaper in women than in men ($6630 
vs. $10,190). These findings were sensitive to several param-
eters, including correctly classifying a patient as healthy by 
CCTA or the time horizon over which patients could return 
to the emergency department, but the authors found that 
CCTA remained in the range of what is typically considered 
cost-effective in most sensitivity analyses [12].
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Thus, CCTA may have the potential to be a cost-effective 
alternative compared to a traditional triage of patients with 
suspicion of acute coronary syndrome; however, it has to 
hold up against other, newer strategies such as using high- 
sensitivity troponin in future research.

 Comparative Cost-Effectiveness Analysis 
of Cardiac CT for Stable Chest Pain

Comparative effectiveness and cost of cardiac CT to other 
testing strategies for patients with stable chest pain have 
been evaluated in several randomized controlled trials, 
including the two large trials PROMISE and SCOT-HEART 

[13, 14]. Regarding the effectiveness determined as occur-
rence of major cardiac events, PROMISE revealed low 
event rates, which showed no difference between the two 
strategies at 2.1 years (3.3% vs. 3.0% for cardiac CTA vs. 
functional testing, p = 0.75). In SCOT-HEART, event rate 
(overall death or MI) was about twofold higher than for the 
PROMISE trial and showed a reduction of nearby 40% by 
cardiac CT vs. standard of care (HR, 0.62; 95% CI, 0.38–
1.01; p = 0.053). In general, the use of diagnostic testing 
improves angina and quality of life; however, this improve-
ment does not vary significantly between the randomized 
testing strategy, which was also observed in other, smaller 
studies assessing health status by, e.g., the Seattle Angina 
Questionnaire (SAQ) [15].
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Fig. 52.1 Decision Tree. A 
simplified version of a 
decision tree comparing 
different diagnostic tests vs. 
no testing. The decision tree 
consists typically of three 
node types: “Decision 
Nodes,” representing a choice 
between alternatives 
strategies; “Chance Nodes,” 
possible events determined by 
a probability; and “Terminal 
Nodes,” outcomes associated 
with a given pathway. By 
“Rolling Back” the decision 
tree, costs and health outcome 
can be determined for each 
test strategy
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Fig. 52.2 Example of a Markov model and Monte Carlo simulation. The 
Markov model (left part) consists of different health states with one starting 
state (e.g., “Healthy”) and one absorbing state (e.g., “Dead”), which is a 
state that, once entered, cannot be left. A patient is always in one of a finite 
number of discrete health states. All events are represented as transitions 
from one state to another. Monte Carlo simulation (right part) can be used 

to evaluate a Markov model. The simulation determines the prognoses of a 
large number of individual patients. Each patient begins in the starting state, 
and at the end of each cycle, the transition to another health state is based 
on a probability. The patient is given credit for each cycle spent in a non-
absorbing state, and each state may be adjusted for quality of life. The 
simulation is stopped when the patient enters the absorbing state
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Assessing the comparative costs for the diagnostic testing 
strategies, SCOT-HEART trial showed slightly higher costs 
in the CCTA arm at 6 months (difference, $462, p < 0.0001), 
which mainly reflects the difference in upfront procedural 
cost. There were neither differences in cost associated with 
outpatient and inpatient services nor medication use (all 
p ≥ 0.16). Similarly, in the PROMISE trial, the costs were 
not different through 3 years of follow-up (difference: $627, 
p = NS) [16].

Although 3 years is a relative long follow-up for a random-
ized controlled trial, it cannot reflect a lifelong horizon, which 
is relevant for decision-making. More importantly, stable 
chest pain must be often considered as a chronic disease, and 
therefore a lifelong horizon becomes even more relevant.

Several CEAs have been conducted, including long-term 
outcome modeling such as Markov cohort simulation and 
state-transition microsimulation [17]. These studies demon-
strate a high heterogeneity; the most relevant studies have 
been listed in Table  52.1. One of the most comprehensive 
CEAs was published in 2015 by Genders et al. which consid-
ered most but not all possible imaging tests as well as several 
national perspectives, including the USA, the UK, and the 
Netherlands [18]. They found that a strategy that began with 
CCTA, continued with cardiac stress imaging if CCTA found 
at least coronary stenosis, and that ended with invasive coro-
nary angiography (ICA) if stress imaging induced any isch-
emia, maximized QALYs and was cost-effective in the USA 
(ICER, $22,000/QALY for men and $21,000/QALY for 
women) and the Netherlands (ICER, €38,000/QALY for 
men and €18,000/QALY for women). For the UK, the results 
were more divergent. For men, the preferred strategy with an 
ICER of £7000/QALY began with CCTA and continued with 
optimal medical therapy without ICA, if CCTA found only 
moderate CAD, or if stress imaging induced only mild isch-
emia. In women, the preferred strategy was stress echocar-
diography followed by ICA if echocardiography induced 
mild or moderate ischemia (ICER £7000/QALY).

A comparable study using gender-stratified analysis by 
Ladapo et  al. [19] using a typical case of a 55-year-old 
female or male patient with stable chest pain found that 
CCTA with stress testing was the performed strategy with an 
ICER ranging from $26,200/QALY in men to $35,000/
QALY in women; however, differences in health outcomes 
were small, and CCTA raised overall costs, partly through 
the follow-up of incidental findings. Although results from 
Medicare data showed a decrease of overall CAD-related 
costs after 9 months if patients underwent CCTA rather than 
imaging stress test [20], a higher rate of invasive downstream 
testing after CCTA has been reported, for example, in the 
SPARC registry and the PROMISE trial [13, 21]. The long- 
term value regarding costs and, more importantly, regarding 
health outcome of this is quite controversial and only par-
tially included in the CEA studies [17].

Nevertheless, many CEA studies suggested that strate-
gies which began with CCTA and were followed by cardiac 
stress imaging were cost-effective for patients with stable 
chest pain [22–24]. However, in sensitivity analyses, the 
optimal diagnostic imaging strategy depends strongly on the 
pretest CAD probability (Fig. 52.3). For CCTA, cost-effec-
tiveness was often reached in cohorts with low-intermediate 
pretest probability of CAD; in contrast, ICA becomes a 
cost- effective strategy in patients with a high pretest CAD 
probability (≥70%). But sensitivity analysis revealed also 
other influencing factors, such as test characteristics and 
costs of a test.

In summary, results from different CERs suggest that 
CCTA may serve as an initial gatekeeper test resulting in 
cost-effectiveness under varying assumptions in patients pre-
senting with stable chest pain with a low to intermediate pre-
test probability of CAD. Similarly, the 2016 updated NICE 
guidelines, which considered already the results of the 
PROMISE and SCOT-HEART trial, recommend CCTA as a 
first-line modality for patients presenting with new-onset 
chest pain due to suspected CAD in the UK [25].

 Cost-Effectiveness Analysis 
Regarding Reporting Incidental 
Findings on Cardiac CT

While most CEAs regarding cardiac CT mainly focus 
whether CCTA is a cost-effective diagnosis strategy for 
chest pain patients, other questions remain open and can 
be addressed with similar statistical techniques. One 
example is a CEA study by Goehler et  al. [26]. Their 
objective was to assess from a society perspective and life-
long horizon – whether reporting pulmonary nodules, inci-
dentally detected in CCTA, would be cost-effective. Using 
a validated lung cancer simulation model, they found for a 
typical chest pain cohort that reporting and following up 
pulmonary nodules according to the guidelines of the 
international societies led to a reduction in cumulative 
lung cancer mortality (4.6% relative reduction) and con-
secutively to higher QALY; however, also downstream 
testing increased. Thus, the ICER for the overall cohort 
was $154,700/QALY, which is significantly above the nor-
mally assumed willingness-to-pay threshold. One reason 
for this observation is the  phenomenon of competing risks 
where the majority of patients undergoing cardiac CT die 
of CAD and other causes, rather than of lung cancer [26, 
27]. Even if restricting the cohort to smokers, an ICER of 
$129,800/QALY remained above the assumed willingness-
to-pay threshold.

Although these CEA data do not support reporting pul-
monary nodules incidentally detected on cardiac CT, the 
international guidelines still recommend to report incidental 
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findings, and most radiologists follow these  recommendations 
across the word, illustrating that decision-making is not only 
a process of economic evaluation.
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Barriers to Greater Clinical 
Implementation

David C. Levin

Coronary artery disease (CAD) is a ubiquitous and danger-
ous disease. It was estimated that in the United States in 
2010, almost 1.5 million individuals either died of CAD or 
experienced a new nonfatal myocardial infarction (MI), a 
recurrent MI, or a new silent MI [1]. Other than in patients 
who present with an acute MI and can be diagnosed by an 
ECG and/or enzyme measurements, the way to definitively 
establish the presence of CAD is through the use of noninva-
sive imaging  – principally radionuclide myocardial perfu-
sion imaging (MPI), stress echocardiography (SE), or 
coronary CT angiography (CCTA). None of the federal or 
commercial payers have yet agreed to cover the use of these 
techniques for screening asymptomatic individuals, but 
given the nature of CAD, clinicians should have a low thresh-
old for ordering these tests in patients with suggestive symp-
toms and risk factors. The question is, which test to use first? 
In the author’s opinion, the answer in most patients is CCTA.

Our research group (the Center for Research on Utilization 
of Imaging Services  – CRUISE  – in the Department of 
Radiology at Thomas Jefferson University Hospital) has 
studied utilization patterns of these three tests in the US 
Medicare fee-for-service population from 2001 through 
2014. We use the nationwide Medicare Part B databases, 
covering over 37 million fee-for-service enrollees, but not 
including over 15 million people in managed Medicare 
Advantage plans. The results are surprising and in some 
ways disturbing. The data are presented as utilization rates 
per 1000 Medicare fee-for-service enrollees. Total rates are 
shown, as well as those by cardiologists and radiologists – 
the two specialties most heavily involved in cardiac imaging. 
Although the data come from the Medicare population 
(mostly over age 65), there is no reason to believe that the 
trends are different in the younger, commercially insured 
population. It should be noted that the trend lines reflect just 

the primary codes for MPI and SE and are not affected by 
code bundling that occurred in echocardiography in 2009 or 
MPI in 2010.

Figure 53.1 shows the trends in MPI. The total rate per 
1000 rose sharply from 63.4 in 2001 to peak at 88.0 in 2006, 
an increase of 39% in only 5 years. The next 3 years saw a 
gradual progressive decline. Beginning in 2010, the decline 
accelerated, and by 2014 the rate had dropped to 58.7, i.e., 
below what it had been 13 years earlier. Most MPI exams are 
performed by cardiologists. Their utilization rate trend gen-
erally parallels the trend for total MPI exams and shows a 
sharp increase through 2006, followed by a relatively flat 
period for the next 3 years and then followed in turn by a 
prolonged decline starting in 2010. The role of radiologists is 
much less and never showed the same sort of increase in the 
early 2000s. Beginning in 2006, the radiologists’ rate trend 
demonstrated a gradual progressive decline.

One can speculate about why participation by cardiolo-
gists rose so sharply between 2001 and 2006 and then 
dropped so sharply in more recent years. Most of the use by 
cardiologists occurred in private offices. In the early 2000s, 
it was the best noninvasive test available for suspected CAD 
(CCTA was in its infancy). The literature to that point had 
generally supported its efficacy, and cardiologists were 
enthusiastic about it. It was a well-reimbursed procedure that 
did not require much image post-processing and was not dif-
ficult to read. In addition to the primary CPT-4 code for the 
MPI exam itself, there were “add-on” codes almost always 
used for determination of left ventricular wall motion and 
ejection fraction (EF). These made the procedure even more 
lucrative, since a claim for services then included three sepa-
rate codes. However, beginning in 2010, the Centers for 
Medicare and Medicaid Services (CMS) made an important 
change by bundling the add-on codes for wall motion and EF 
together with the primary MPI code. From then on, when an 
MPI exam was performed along with wall motion and EF 
studies, only the new single-bundled code could be used 
when the claim was filed. The global reimbursement for the 
single-bundled code was 36% lower than the sum of the 
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reimbursements for the three codes prior to 2010. Since 
SPECT cameras are expensive to purchase and maintain, and 
technologists must be hired to operate them, the new lower 
payment levels posed financial difficulties for office prac-
tices. It appears that many cardiologists closed their offices 
or sold them to hospitals and became hospital employees. 
Another factor was the rise of the radiology benefits manage-
ment companies (RBMs). These companies and the com-
mercial insurers who were their clients imposed 
preauthorization requirements for expensive high-tech pro-
cedures like MPI.  No longer could a cardiologist simply 
order an MPI exam and get it done. Now, he/she had to go 
through the process of obtaining preauthorization, a process 
that was often time-consuming and inconvenient and could 
result in a denial. With the “double whammy” of a drop in 
reimbursement and the hassle of the preauthorization pro-
cess, it isn’t surprising that enthusiasm for MPI diminished.

The trends for SE are shown in Fig. 53.2. SE is generally 
not included in preauthorization programs  – i.e., it can be 
ordered and performed without preauthorization. The total 
utilization rate stayed relatively unchanged from 2001 
through 2010 but then began a 4-year period of decline. The 
rate had been 12.6  in 2010 but declined to 10.2 by 2014. 
Cardiologists perform the vast majority of SEs, and their 

trend again closely parallels the total trend. Radiologists 
have essentially no role in SE, and therefore no trend line is 
shown.

The CCTA trends are shown in Fig. 53.3. Note that the 
scale is far lower than that for MPI (Fig. 53.1). The year 2006 
is the first year shown because that was the first year in which 
specific codes for CCTA were available. In that first year, the 
total CCTA utilization rate was 0.99 per 1000. In 2007, the 
rate more than doubled to 2.1. Indeed, it seemed as if this 
new and exciting procedure was poised for a rapid rise in 
use. But to the surprise and disappointment of many in the 
field, nothing of the sort happened. Instead, a sharp decline 
was seen, reaching a nadir of 1.07 in 2012 and 2013. A small 
increase to 1.11 occurred in 2014, but it is too early to tell if 
this represents the start of a more favorable trend. Utilization 
rates among both cardiologists and radiologists peaked in 
2007 (at 1.26 and 0.67, respectively) but then declined in 
subsequent years. The decline was steeper among cardiolo-
gists, and their rate had dropped to only 0.47 by 2014. 
Among radiologists, the utilization rate reached its nadir in 
2010 but then began to increase slowly, reaching 0.59  in 
2014. Comparing the overall data for MPI and CCTA reveals 
that in 2014, there were 53 times as many MPI studies per-
formed as CCTAs in this population.
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Fig. 53.1 Utilization rates of 
radionuclide myocardial 
perfusion imaging (MPI) in 
the Medicare fee-for-service 
population, 2001 through 
2014. Vertical axis shows 
examinations per 1000 
beneficiaries. In addition to 
the total rates, data are shown 
for cardiologists and 
radiologists, who together 
provide the vast majority of 
MPI studies. The small 
proportions of examinations 
performed by other specialists 
are not shown. (Adapted from 
Levin et al. [24], with 
permission)
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Fig. 53.2 Utilization rates of 
stress echocardiograms (SEs) 
in the Medicare fee-for- 
service population, 2001 
through 2014. Vertical axis 
shows examinations per 1000 
beneficiaries. Total rates and 
rates for cardiologists are 
shown. Radiologists have 
essentially no role in SE. The 
differences between the total 
rates and those for 
cardiologists are attributable 
to SEs performed by a variety 
of other specialists, 
particularly primary care 
physicians and internists. 
(Adapted from Levin et al. 
[24], with permission)
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Fig. 53.3 Utilization rates of 
coronary CT angiography 
(CCTA) in the Medicare 
fee-for-service population, 
2006 through 2014. 2006 was 
the first year in which specific 
codes for CCTA were 
available. Vertical axis shows 
examinations per 1000 
beneficiaries. In addition to 
total rates, data are shown for 
radiologists and cardiologists, 
who together provide the vast 
majority of CCTAs. The small 
proportions of examinations 
provided by other specialists 
are not shown. (Adapted from 
Levin et al. [24], with 
permission)
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 Why Has CCTA Failed to Grow More Rapidly?

The answer to this question is not clear-cut and is probably 
multifactorial. Here are some of the reasons: (1) Multi- 
detector row CT scanners are expensive, particularly those of 
the latest generations. (2) CCTA can take up considerable 
scanner time and may slow throughput of other patients 
undergoing noncardiac scans. Busy hospital radiology 
departments may have difficulty allocating the necessary 
time for cardiac exams. (3) The procedure is often labor- 
intensive for the interpreting physician. Formatting and post- 
processing take time, and often multiple phases must be 
examined to get a complete exam. (4) Some patients are dif-
ficult to image, particularly those with heavily calcified 
plaques; those who are obese, have rapid heart rates, or 
arrhythmias; or those who are unable to hold their breath or 
remain still. (5) Preauthorization requests are sometimes 
denied by the RBMs, and the hassle the ordering physician 
must endure can be discouraging. RBMs and payers are 
more likely to deny recently developed tests like CCTA than 
older ones. (6) The procedure is not well reimbursed, given 
the time it takes and its labor-intensive nature. For example, 
Medicare’s national professional component reimbursement 
for CCTA is $121, compared with $80 for a SPECT MPI. The 
physician time required for the former may be 3–4× that for 
the latter. (7) Cardiologists may be reluctant to interpret 
CCTAs because it would require them to report any abnor-
malities in the lungs or mediastinum, areas in which they 
may not feel comfortable. (8) Old habits sometimes die hard; 
cardiologists who have become accustomed to doing MPI or 
SE on their patients may be unwilling to give up those 
procedures.

 Is CCTA Being Used Appropriately?

In this author’s opinion, the answer to the question is no, 
CCTA is not being used appropriately. It should be used far 
more often than it is. In many instances, it should replace 
MPI as the first imaging test to be used in patients with sus-
pected CAD.  There are number of reasons for this, as we 
discuss below.

 The Inadequacy of the Clinical Workup 
of Suspected CAD when It Relies on More 
Traditional Noninvasive Imaging

In 2008, three major multicenter trials of CCTA were 
reported – the ACCURACY trial, the CORE 64 trial, and the 
Dutch university hospital trial of Meijboom et  al. [2–4]. 
These studies reported on the accuracy of CCTA, using 

 invasive coronary angiography (ICA) as the gold standard in 
230, 291, and 360 patients, respectively. All these patients 
had been worked up by experienced cardiologists and 
referred for ICA because of high clinical concern for 
CAD. Many of the workups had included MPI. One of the 
most striking findings of the three studies was the high per-
centage of patients who proved to have normal coronary 
arteries or nonobstructive disease on ICA. In the ACCURACY 
trial, 75% of the patients had either normal vessels or nonob-
structive disease (≤50% stenosis) [2]. In the CORE 64 trial, 
44% had either normal vessels or nonobstructive disease [3]. 
In the Dutch trial [4], there were 151 patients who were diag-
nosed clinically with typical angina pectoris, yet 30% were 
found to have normal coronary arteries or nonobstructive 
disease on ICA. There were 77 sicker patients who were 
thought clinically to have unstable angina, yet 25% of them 
had normal vessels or nonobstructive disease. The sickest 
group of all was 50 patients thought to have non-ST-eleva-
tion myocardial infarction, but even in this group, 16% had 
normal coronary arteries or nonobstructive disease. What 
these striking data from the three trials show is that the clini-
cal workup of individuals with suspected CAD, which gener-
ally includes the use of more traditional imaging techniques 
like MPI or SE, is not reliable. Too many patients who do not 
need to go to the cardiac catheterization lab are being sent 
there for ICA.

Even more striking data comes from the study of Patel 
et al. [5] which reported on almost 400,000 patients in the 
National Cardiovascular Data Registry of the American 
College of Cardiology. All received elective ICA, and 84% 
had undergone prior noninvasive testing (primarily with 
MPI) before ICA. Among patients with positive noninvasive 
tests, 59% had either no disease or nonobstructive 
CAD.  Conversely, among those with negative noninvasive 
test results, 28% actually did have obstructive CAD on 
ICA. In other words, the clinical workups of these patients, 
most of which included noninvasive testing, yielded many 
false negatives and even more false positives. Here again is 
further evidence that too many patients are being sent for 
ICA who do not need it.

 The Inability of MPI to Rule Out CAD

A number of studies have shown that negative results on an 
MPI exam do not exclude the presence of significant CAD 
[6–12]. Patients with multiple nonobstructive coronary 
plaques may have normal MPI studies because such plaques 
do not restrict coronary blood flow, even during exercise. But 
plaques of this sort can usually be detected on CCTA. This 
will allow the treating physician to begin aggressive medical 
therapy, in an effort to avert future disease progression. 
False-negative MPI results can also occur when obstructing 
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stenoses are present in all three major coronary arteries, as 
this can lead to balanced ischemia. In addition, in patients 
with dominant left coronary arteries, left main coronary ste-
nosis can lead to uniform reduction of perfusion of the entire 
left ventricle and a false-negative MPI exam.

By contrast, the negative predictive value of CCTA is 
close to 100% [2, 4, 10, 12]. This means it will be a better 
gatekeeper to the catheterization lab than MPI. If a patient 
with suspected CAD has an adequate CCTA with a negative 
result, the treating physician can be assured the patient does 
not need to undergo ICA.

 Direct Comparison of CCTA and MPI

A recent study by Arbab-Zadeh et  al. directly compared 
CCTA with MPI [13]. Patients in the study all underwent the 
two noninvasive imaging tests and then proceeded to have 
ICA as the gold standard. Among 245 patients without a pre-
vious history of CAD, the per-patient results for CCTA and 
MPI, respectively, were as follows: sensitivity 0.91 vs 0.55, 
specificity 0.80 vs 0.70, PPV 0.81 vs 0.63, and NPV 0.91 vs 
0.63. The authors concluded that CCTA was more accurate 
than MPI for the diagnosis of CAD. Another important study 
was that of Moscariello et al. [14]. They evaluated 185 con-
secutive patients with chest pain and a positive MPI exam. 
All patients also underwent CCTA and ICA. Of the 185, ICA 
revealed that, despite the positive MPI, 110 of them (59%) 
had either normal coronary arteries or mild nonobstructive 
plaques. MPI obviously had a high rate of false positives. 
But in comparison, on a per-patient basis, CCTA had a sen-
sitivity of 100%, specificity of 93.6%, PPV of 91.5%, and 
NPV of 100%. The better performance of CCTA, and par-
ticularly its high NPV, suggests that it ought to be the first 
imaging test performed in patients with suspected CAD, in 
preference to MPI or SE.

 The Value of CCTA as a Prognostic Examination

MPI is not able to accurately detect nonobstructing coronary 
artery plaques but CCTA can. Several CCTA studies have 
compared Kaplan-Meier survival in three groups of patients – 
those with completely normal coronary arteries, those with 
nonobstructive CAD, and those with obstructive lesions 
(≥50% stenosis). Lin et  al. [15] found that among 2583 
patients who underwent CCTA and were followed for over 
3 years, the presence of any nonobstructive plaque was asso-
ciated with higher mortality (hazard ratio [HR] 1.98) com-
pared with individuals with completely normal coronary 
arteries. Mortality was progressively greater in patients with 
nonobstructive CAD in 1, 2, and 3 vessels. Thus, even in 
patients with mild, low-risk atherosclerotic disease, CCTA 

can provide valuable prognostic information. Chow et  al. 
[16] followed 2076 patients after CCTA for a mean of 
16 months for the occurrence of major adverse cardiac events 
(MACE). The annual MACE rate was 0.13% in patients 
whose CCTA exam had demonstrated normal coronary arter-
ies, 0.52% in those with only nonobstructing plaques, 1.44% 
in those with single-vessel obstructive CAD, 4.3% in those 
with two-vessel obstructive CAD, and 9.79% in those with 
three-vessel obstructive CAD.

The results of the large CONFIRM registry, reported by 
Min et  al. [17], provided more evidence of the prognostic 
value of CCTA. They studied over 24,000 patients without 
known CAD who underwent CCTA and were followed for 
all-cause mortality for a mean of 2.3 years. Compared with 
patients having normal coronary arteries by CCTA, those 
with nonobstructive disease had a higher risk of mortality 
(HR 1.62). Additional mortality risk was associated with 
single-vessel obstructive CAD (HR 2.00), two-vessel 
obstructive CAD (HR 2.92), and three-vessel or left main 
obstructive CAD (HR 3.70). Similar findings have been 
demonstrated by others as well [18–20]. Taken together, 
these studies point to another great strength of CCTA – its 
ability to stratify risk and enhance the decision-making pro-
cess of clinical cardiologists. The studies have shown that 
while patients with nonobstructive CAD by CCTA may not 
need PCI or CABG, they are at higher risk than patients with 
completely normal coronary arteries. They need to be given 
aggressive medical therapy and, if necessary, counseled 
about lifestyle modification to prevent disease progression. 
CCTA also noninvasively allows assessment of risk of one-, 
two-, and three-vessel obstructive disease, so decisions can 
be made about whether to send the patient for ICA and pos-
sible percutaneous or surgical intervention.

 The Advantages of CCTA as the First Imaging 
Test in Patients with Acute Chest Pain 
Presenting to the Emergency Department

Approximately 8 million patients present to EDs each year 
complaining of acute chest pain [21, 22]. It is the second 
most common chief complaint in ED patients. As much as $8 
billion is spent on those patients for subsequent hospitaliza-
tions and evaluations that turn out to be negative. Conversely, 
2–8% of these cases have acute coronary syndromes that are 
missed on the initial evaluations. This is obviously a signifi-
cant public health problem, and it is important to improve 
efficiency and accuracy of the workup of these ED cases. 
Recent studies have shown that such improvement is possi-
ble through greater use of CCTA.

Goldstein et al. [23, 24] randomized 699 acute chest pain 
patients to CCTA or MPI as part of their workup in the 
ED. They found that in the CCTA group, time to diagnosis 

53 Barriers to Greater Clinical Implementation



686

was reduced by 54%, and cost of ED care was reduced by 
38%. In the patients whose index ED imaging test was nor-
mal, there was no difference between the two groups in the 
6-month incidence of MACE. In another ED study, Litt et al. 
[24, 25] randomized 908 acute chest pain patients to CCTA 
and another 462 to traditional care, in which the patient’s 
physicians determined which tests to order. Patients in the 
CCTA cohort were more frequently discharged directly from 
the ED (50% vs 23%), had shorter length of stay in the ED 
(18 h vs 25 h), and had a higher rate of detection of CAD (9.0 
vs 3.5%). Of the patients undergoing CCTA, 640 had normal 
results, and none of them died or experienced an MI within 
30 days. Hoffmann et al. [26] studied 1000 ED patients with 
acute chest pain but no ECG or troponin abnormalities. The 
patients were randomized to early CCTA or standard evalua-
tion. Mean length of stay was shorter by 7.6 h in the CCTA 
group. More patients were discharged directly from the ED 
(47% vs 12%). There was no significant difference between 
the two groups in incidence of MACE at 28 days. Poon et al. 
[27] randomized 894 ED patients each to CCTA or standard 
evaluation (serial ECGs and troponins). The CCTA cohort 
had a 14% rate of admission to the hospital, compared with 
40% among the standard evaluation cohort. Mean length of 
stay in the ED was 7.7 h among the CCTA group, compared 
with 11.5 h among the standard evaluation group. Symptoms 
requiring return to the hospital within 30 days occurred in 
1.3% in the CCTA group, compared with 3.6% in the stan-
dard evaluation group. The latter group was more than seven 
times as likely to subsequently undergo ICA without revas-
cularization. There were no cardiac deaths in either group 
during 30 days of follow-up. Three acute MIs occurred in the 
CCTA group, compared with six in the standard evaluation 
group. It seems quite apparent from these four studies of 
patients presenting to EDs with acute chest pain that early 
CCTA is the preferred pathway to expeditious diagnosis and 
disposition.

 Advantages of CCTA

Although ICA is still considered the gold standard in diag-
nosing CAD because of its higher spatial resolution, it is 
important to recognize that CCTA offers some substantial 
advantages. It is noninvasive, has less risk and cost, and can 
be done on an outpatient basis. Reconstructed CCTA images 
of the coronary arteries can be rotated and viewed from an 
infinite number of angles, whereas ICA images can only be 
viewed from the six or seven angles at which the image 
intensifier was positioned during the contrast injections. On 
CCTA, the coronary arteries can be viewed in cross section, 
whereas that is not possible with ICA. Lastly, small calcified 
plaques are usually not visualized on ICA because the X-ray 
beam is not sensitive in detecting small calcific deposits, 

whereas CT is highly sensitive in doing so. Since these small 
calcified plaques rarely narrow the lumen, their presence will 
often be missed on ICA when in fact they may be the early 
harbingers of nonobstructive CAD in what otherwise would 
appear to be “normal” coronary arteries. Thus ICA may 
underestimate a patient’s atherosclerotic disease burden [28].

 Conclusions

The cardiac imaging community is facing a peculiar para-
dox. There is abundant evidence showing that CCTA is the 
most appropriate initial imaging test in patients with sus-
pected CAD. The evidence has been presented at length here 
and elsewhere in this textbook. Yet CCTA is far less com-
monly utilized than older, less effective tests like MPI and 
SE (recall that in the Medicare population, MPI is used 53 
times as often as CCTA). Possible reasons for this have been 
discussed earlier. Hopefully some of the obstacles prevent-
ing greater use of CCTA will be resolved as time goes on. 
The imaging equipment will undoubtedly become faster, 
more efficient, and more automated, thus allowing radiologic 
technologists to do most of the work without requiring the 
presence of a physician. Advances in software and machine 
learning are already occurring and will allow for computer- 
aided identification of exams that are normal. We must do a 
better job at educating our primary care colleagues and the 
nurse practitioners and physician assistants who work for 
them about the advantages accruing to early use of CCTA in 
their chest pain patients. Cardiologists and other cardiac 
imagers who have become overly accustomed to using MPI 
(perhaps because they own the equipment) should be encour-
aged to change their approach. As Arbab-Zadeh has pointed 
out [28], CCTA has come a long way and is ready for prime 
time. Cardiologists and radiologists must work together to 
make it happen.
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A Test on the Move: Cardiac CT in China 
as a Case Study

Bin Lu, Weihua Yin, Xinshuang Ren, and Siyu Chen

 Cardiovascular Diseases in China

With the rapid economic growth and increased life expec-
tancy, China’s population is experiencing rapid transitions; 
the leading health problems and the challenges imposed on 
the health system by epidemiological and demographic fac-
tors have also changed in recent years. An epidemic of car-
diovascular diseases (CVD) in China is emerging as a result 
of lifestyle changes, urbanization, and the accelerated pro-
cess of aging. The incidence of CVD is continuously increas-
ing and will remain as an upward trend in the next decades.

In 2014, cardiovascular disease was the leading cause of 
death in China among both urban and rural areas. 
Cardiovascular mortality was higher in rural areas than urban 
areas since 2009. Among rural areas in 2014, cardiovascular 
mortality was 2.96‰, while cardiac mortality was 1.44‰, 
and cerebrovascular mortality was 1.52‰ (cerebral hemor-
rhage 0.75‰, cerebral infarction 0.45‰). Cardiovascular 
mortality in urban areas was 2.62‰, while cardiac mortality 
was 1.36‰, and cerebrovascular mortality was 1.26‰ (cere-
bral hemorrhage 0.52‰, cerebral infarction 0.42‰) [1, 2]. 
Figure  54.1 shows major disease mortality changes from 
1990 to 2014 in rural and urban areas throughout China [3]. 
The causes of mortality in different provinces of China were 
systemically analyzed from 1990 to 2013 [3]. Lower respira-
tory infarction was the primary cause of death in 16 prov-
inces, and another 15 provinces had cerebrovascular disease 
as the main cause in 1990. Furthermore, in 2013, cerebrovas-
cular disease had been the primary cause of death in 27 prov-
inces and ischemic heart disease in another 5 provinces. 
Chronic noninfectious diseases including ischemic heart dis-
ease, stroke, chronic obstructive pulmonary disease, and 
neoplasm have a major impact on the human lifespan. The 
age-adjusted mortality rate of cardiovascular disease 

decreased from 3.89‰ in 1990 to 3.07‰ in 2013, but the 
cardiovascular mortality number increased by 46% as a 
result of the increase in the elder population.

 Cardiovascular Risk Factors in China

 Hypertension
According to the 2015 Chinese residents’ nutrition and 
chronic disease status report, incidence of hypertension had 
increased to 25.2% in residents older than 18 years old, total-
ing about 270 million people who suffered from hyperten-
sion [4]. In 2010, 2043 patients died of hypertension in 
China, accounting for 24.6% of all-cause death. In the past 
50  years, four nationwide hypertension sampling surveys 
have been done in China; the incidence of hypertension 
increased among the population of individuals over 15 years 
old, with rates of 5.1%, 7.7%, 13.6%, and 17.6% in 1959, 
1979, 1991, and 2002, respectively [5]. Although many stud-
ies have suggested the control of hypertension is an effective 
strategy to prevent cardiovascular events, systemic analysis 
of serial cross-sectional health survey data showed that only 
a small percentage of hypertensive patients achieved the goal 
of blood pressure control. In 1991, the awareness rate, treat-
ment rate, and control rate of hypertension in China were 
only 22.4%, 12.0%, and 3.0%, respectively [6]. With the 
increase of government expenditure on health and improve-
ment of residential health awareness, these same rates 
increased to 26.1%, 22.8%, and 6.1% in 2009 (Fig. 54.2) [6].

Prior studies showed anxiety, alcohol, salt intake, and 
obesity were important risk factors of hypertension. A 
meta- analysis, including eight prospective studies, 
showed the odds ratio of hypertension in people with anx-
iety compared to those without was 1.55 (95%CI 1.24–
1.94) [7]. Salt intake is higher in Chinese residents in 
comparison to people from western countries. A study in 
Shanghai including 19,519 residents, aged 35–91  years 
old, showed the odds ratio to be 1.117 (95%CI 1.102–
1.223) comparing hypertension in people who intake 
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more than 12  g salt per day and a control group that 
intakes 6–12 g salt per day [8].

It is important to emphasize secondary hypertension as 
well, considering more than 10% of hypertension results 
from renal disease, endocrine dysfunction, and obstructive 
sleep apnea syndrome [9]. A study in the Xinjiang province 
showed that 14.76% of hypertensive patients were diagnosed 
with secondary hypertension; the proportion increased to 
21.9% in young patients, and it decreased to 9.85% in elder 
patients [10]. Renal hypertension was the most common type 
of secondary hypertension.

 Smoking
China is known to have one of the highest smoking rates for 
adult men since 1984 among countries worldwide. In 2010, 
a global survey covering 28 provinces in China showed that 
the smoking rate of Chinese males over 15 years old was 

52.9%, while the rate was 2.4% in females [11, 12]. Smoking 
rates in male doctors and teachers were 40% and 36.5%, 
respectively, which were higher than the rates in most other 
countries. A 2012 survey collecting information on a par-
ticular population (18–59  years old) in China showed the 
smoking rate was 55.3% in males and 1.4% in females. 
Males in the construction industry had the highest smoking 
rate (58.6%), with the average amount smoked was 15.6 
cigarettes per day (15.7% in male, 10.3  in female) [13]. 
Smoking in adolescents is a serious problem in China. A 
meta-analysis summarized the smoking prevalence state in 
adolescents aged 12–17 years old from 1981 to 2010. The 
smoking rate among male students fluctuated between 
39.04% and 46.03%, while the smoking rate among female 
students, increasing rapidly in recent years, was between 
2.47% and 19.44% [14]. Current smoking rate in 2010 was 
17.4% in male students and 3.26% in female students. 
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Tendency of smoking at young age warrants attention. In 
2010, GATS survey showed the proportion of students who 
smoked a whole cigarette before 13 years old in relation to 
those who were currently smoking was 55.9% in males and 
57.0% in females; furthermore, 52.7% of current smokers 
aged 20–34 years old became daily smokers before 20 years 
old. Given the high smoking rate in China, secondhand 
smoke exposure (SHS) reached up to 74.1% in males and 
71.6% in females in 2010. About 738 million people suf-
fered from SHS [15]. A prospective study in China showed 
smoking to be important risk factor of mortality in adults. 
The relative risk (RR) and population attribute risk (PAR) of 
all smokers were 1.23 (95%CI 1.18–1.27) and 7.9%. RR 
and PAR were 1.18 (95%CI 1.13–1.23) and 10.0% in male 
smokers and 1.27 (95%CI 1.19–1.34) and 3.5% in female 
smokers [16]. Respiratory disease, cardiovascular disease, 
and cancer were common causes of death in smokers; 24.1% 
of male smokers and 4.0% of female smokers died from car-
diovascular disease.

The smoking cessation rate increased from 9.42% in 1996 
to 16.9% in 2010, and about 16.1% of smokers intended to 
quit in the next 12 months [15]. The smoking cessation rate 
for rural areas within Midwest China was very low (1.9%). 
Though smoking cessation rate increased, there was no 
change in relapse rate, which was 32.5% in 2002 and 33.1% 
in 2010 [11, 15]. In order to reduce potential damage caused 
by SHS, regulations on cigarette control took effect in 
Beijing on June 1, 2015. Per these regulations, smoking was 
banned in enclosed public locations, and the advertisement, 
sales promotion, and sponsorship of cigarettes were prohib-
ited; violators will be fined up to 10,000 yuan.

 Hyperlipidemia
Multiple prospective cohort studies certified that serum total 
cholesterol (TC) and low-density lipoprotein (LDL) are 
important risk factors associated with cardiovascular events. 
Total triglyceride (TG) was also shown to be predictive of 
cardiovascular disease.

According to several international studies, total choles-
terol and low-density lipoprotein (LDL) are lower in the 
Chinese population compared to those in western countries. 
In 2001, a cross-sectional survey of a nationally representa-
tive sample of 15,540 Chinese adults, ages 35–74, showed 
that the prevalence of hypercholesterolemia was relatively 
high (24.8%), especially among citizens in developed areas, 
as well as in middle-aged and elderly individuals [17, 18]. 
The percentage of adults with controlled blood cholesterol 
was low in China; only 3.5% of men and 1.5% of women 
were under control [17]. Chronic disease monitoring in 
China reported the average levels of serum total cholesterol 
(TC) and total glyceride (TG) in people older than the age of 
18 from 31 provinces. The average level of TC and TG was 
4.06 mmol/l and 1.45 mmol/l in men and 4.03 mmol/l and 

1.21  mmol/l in women, respectively [19]. Incidence of 
hyperlipidemia (TC >6.22 mmol/l) was highest in men aged 
45–59 years old and in women older than 60 years. The dis-
tribution of hyperlipidemia was in accordance to the area. 
Incidence of hyperlipidemia was higher in urban and eastern 
areas compared to rural, middle, and western areas [19].

Dyslipidemia in teenagers is a major health problem in 
China. China’s 2002 Nutrition and Health Survey showed 
that the incidence of hypercholesterolemia (TC >220 mg/dl 
or 5.72 mmol/l) in children and teenagers (3–18 years old) 
was 0.8% (1.4% in urban areas, 0.6% in rural areas). The 
incidence rate of hypertriglyceridemia among this popula-
tion (TG >150  mg/dl or 1.70  mmol/l) was 2.8% (2.5% in 
urban areas, 2.9% in rural areas) [20]. A meta-analysis 
including data from 2001 to 2011 showed incidence of 
hyperlipidemia in teenagers increased with time. Obese teen-
agers were more likely to have hyperlipidemia, especially 
those with family history of hyperlipidemia [21].

 Diabetes
China’s chronic disease monitor report, published in 2013, 
reflects the prevalence of diabetes in recent years. Based on 
98,658 samples from 162 monitor centers in 31 provinces, 
the incidence of diabetes in China was 9.7% [22]. Incidence 
increased with age, and it was higher in urban areas than in 
rural areas regardless of gender. Regarding people younger 
than 60 years old, incidence was higher in males; however, 
incidence was higher in females among people older than 
60 years.

In order to investigate the effect of diabetes on mortality 
in the Chinese population, 690 individuals with newly diag-
nosed diabetes and 519 nondiabetic individuals were enrolled 
and monitored for 23 years [23]. In total, 338 (56.5%) dia-
betic patients and 100 (20.3%) nondiabetic patients died dur-
ing the follow-up. Cardiovascular disease was the major 
cause of death for patients with diabetes; collectively, 47.5% 
of males and 49.7% of females died of cardiovascular dis-
ease, with nearly half of them passing due to stroke (52.3% 
of males, 42.3% of females). Incidence of all-cause mortality 
per year in patients with diabetes was 3 times that of the 
incidence in nondiabetic individuals (male, 36.9‰ vs 
13.3‰; female, 27.1‰ vs 9.2‰). Diabetic females had 
higher risk of cardiovascular mortality than diabetic males 
(HR 6.9 vs 3.5).

The Daqing Diabetes Prevention Study was the first and 
longest-running lifestyle intervention research study for dia-
betes worldwide. Individuals in the experimental group were 
under positive lifestyle intervention for 6  years. After 
20  years of follow-up, the results showed that lifestyle 
 intervention reduces the risk of diabetes by 51%. The cumu-
lative incidence rate of diabetes in people with lifestyle inter-
vention was 80% and a rate of 93% in the control group. 
Adjusted to age and grouping random factors, incidence of 
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diabetes in the experimental group was still lower than that 
in control group, and the odds ratio for lifestyle intervention 
was 0.57 (95%CI 0.41–0.81). The onset of diabetes in the 
experimental group was 3.6 years later than that in control 
group [24]. In addition, lifestyle intervention decreases the 
risk of severe retinopathy (laser treatment or blindness) by 
47% [25]. For patients with impaired glucose tolerance in the 
Daqing Diabetes Prevention Study, lifestyle intervention 
decreased the all-cause mortality by 29% and cardiovascular 
mortality by 41% [26].

The 3B study approach investigated risk factors for car-
diovascular disease among type 2 diabetics [27]. In total, 
25,817 diabetic patients from 104 hospitals were included. 
The average age was 62.6 years old, and 47% of the enrolled 
patients were male. In all, 72% of these patients had hyper-
tension or hyperlipidemia. Incidence of cardiovascular 
events in diabetic patients with combined hypertension or 
hyperlipidemia was six times that of patients with isolated 
diabetes. Independent predictors of cardiovascular events 
included the following: low BMI (<24 kg/m2), no smoking or 
drinking, high-level education, and course of, diabetes for 
less than 5 years.

 Overweight and Obesity
Incidence of individuals who are overweight (BMI 24.0–
27.9 kg/m2) or obese (BMI >28.0 kg/m2) increased in recent 
years with changes in lifestyle and development of economy. 
China’s 2002 Nutrition and Health Survey showed the over-
weight rate was 17.6%, and the obesity rate was 5.6% [28]. 
Nutrition and health status surveillance of nine provinces 
showed overweight and obesity rates increased rapidly over 
the past 20 years, reaching 44% in 2011 [29]. The Chronic 
Disease Monitor Program in China reports that in 2010, the 
overweight rate, obesity rate, and central obesity rate were 
30.6%, 12.0%, and 40.7%, respectively. These rates were 
much higher than the rates reported in 2002 [30]. Sample 
surveys in the Guangdong province showed central obesity 
rate increased from 12.9% in 2002 to 23.7% in 2010, which 
implied a change of obesity type [31]. The prevalence of 
obesity in adolescents was not optimistic. Data from the 
National Survey on Chinese Students’ Physical Fitness and 
Health between 1985 and 2010 showed an obvious increase 
of overweight and obesity rate in students aged 7–18 years 
old. The overweight and obesity rates in 2010 were 8.7 times 
and 38.1 times those in 1985 (overweight, 9.6% vs 1.1%; 
obesity, 5.0% vs 0.1%) [32].

Obesity, especially central obesity, was an important car-
diovascular risk factor. A prospective study including 
270,000 participants, aged 35–74 years old, showed positive 
correlation between waistline and new-onset diabetes. 
Waistline/height ratio (WHtR) is a simple indicator evaluat-
ing the extent of central obesity. Several Chinese studies 

showed individuals with central obesity (WHtR >0.50) had 
increased risk of cardiovascular disease.

 Lack of Physical Activity
A cross-sectional study including 460,000 adults, aged 
35–74 years old, showed that the average physical activity 
level was 21.7 MET-h/d, mainly attributed to occupational 
activity (62%) and housework (26%) [33]. China’s Nutrition 
and Health Survey reported citizen physical activity 
decreased from 1991 to 2011, especially occupational activ-
ity. Male occupational activity decreased from 382 MET-h/w 
to 264 MET-h/w in 2011, while female occupational activity 
decreased from 420 MET-h/w to 243 MET-h/w [34]. The 
percentage of exercise remains low with less than 7 MET- -
h/w in males and less than 7 MET-h/w in females. A 2011 
survey of students aged 11–18 years old showed that the rate 
of reaching standard physical activity was only 19.9%, 
25.1% in boys and 14.6% in girls [35].

Results from an additional study showed that physical 
activity negatively relates to incidence of diabetes. This 
Chinese multicenter study showed morbidity of diabetes 
decreased with increased physical activity. Mortality risk of 
ischemic heart disease (HR 1.20–1.71), ischemic stroke (HR 
1.05–1.53), and diabetes (HR1.11–1.45) was higher in peo-
ple with lack of physical activity than those with sufficient 
physical activity [36].

 Unreasonable Diet
Dietary structure in China has changed in recent years [37]. 
Characteristics of the new dietary structure that are against 
the prevention of cardiovascular disease include the follow-
ing: decrease in cereal intake, obvious increase in fat intake, 
low intake of vegetables and fruits, and high intake of salt 
(15.9 g/d). The Chinese Nutrition and Health Survey showed 
that the percentage of people getting more than 30% energy 
from fat increased from 35.8% in 1989 to 55.0% in 2009. 
Sodium intake decreased in recent years but remains at a 
high level (4.7  g/d). Potassium intake increased in recent 
years, yet it is still below recommended dose (2  g/d). A 
nationwide disease survey of 970,000 people showed that 
more than 60% of citizens are aware of the negative effects 
of salt on health and 40% of citizens had taken measures to 
decrease salt intake.

A prospective research study conducted in Shanghai 
showed that compliance score to diet recommendation nega-
tively relates to all-cause mortality and cardiovascular mor-
tality [38]. The amount of vegetable and fruits consumed in 
the diet negatively relates to coronary artery disease. 
Cardiovascular risk decreased by 38% in the females with a 
high intake of vegetables and fruits (medium 814  g/d) 
 compared with those with a low intake (medium 274  g/d) 
[39]. There was no significant difference found among male 
citizens. In addition, the amount of salt intake positively 
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relates with onset hypertension; however, potassium intake 
negatively relates with this condition. A meta-analysis 
showed that low-sodium intake can remarkably decrease 
systolic blood pressure by 4.9  mmHg and diastolic blood 
pressure by 1.5 mmHg [40].

 Air Pollution
A great number of studies show that particulate matter (PM) 
in the air, especially PM2.5, presents as an independent risk 
factor of cardiovascular disease [41]. Recent studies evalu-
ated the relationship between exposure duration and onset of 
cardiovascular disease, as well as cardiovascular mortality. 
Particular matters such as PM2.5, SO2, and NOx prove to 
relate with cardiovascular disease. The following chart sum-
marizes studies that evaluated the effect of PM2.5 
(Table 54.1) [42–48]. From 2010 to 2012, a study was con-
ducted in Beijing to monitor air condition and showed that 
ischemic heart disease onset and mortality increased by 
0.27% (95%CI 0.21–0.33%) and 0.25% (95%CI 0.10–
0.40%), respectively, with every 10 ug/m3 increase in PM2.5. 
PM2.5 had a hysteresis effect on the onset of ischemic heart 
disease as the onset rate increased at the first, second, and 
third day after exposure of PM2.5. Also, the results showed 
that people older than 65 years were more sensitive to PM2.5; 
the correlation between onset ischemic heart disease and the 

concentration of PM2.5 in people older than 65 was stronger 
than those younger than 65.

Studies showed long-term exposure to outdoor air pollu-
tion had a greater impact on cardiovascular disease. In a 
cohort study, researchers retrieved air condition data from an 
air condition monitoring station and analyzed the relation-
ship between particulate matter exposure and cardiovascular 
mortality according to the results of a 10-year (1991–2000) 
follow-up [50]. Baseline PM exposure dose was correlated 
with cardiovascular mortality: every 10 ug/m3 increase in 
concentration of total PM, SO2, and NOx leads to an increase 
of cardiovascular mortality risk by 0.9% (95%CI 0.3–1.5%), 
3.2% (95%CI 2.3–4.0%), and 2.3% (95%CI 0.6–4.1%), 
respectively. A cohort study in Shenyang including 24,845 
people showed that every 20 ug/m3 increase in SO2 leads to a 
19% (OR 1.19, 95%CI 1.05–1.34) increase in hypertension 
among males. No correlation was found in female partici-
pants. Moreover, a cohort study conducted in Hong Kong 
evaluated the relationship between PM exposure and cardio-
vascular disease mortality in older participants (>65  years 
old) during 10–13-year follow-up. The results showed that 
cardiovascular mortality increased by 22% (HR 1.22, 95%CI 
1.08–1.39), ischemic heart disease mortality by 42% (HR 
1.42, 95%CI 1.16–1.73), and cerebrovascular mortality by 
24% (HR 1.24, 95%CI 1.00–1.53) with every 10 ug/m3 

Table 54.1 Relationship between PM2.5 concentrations and CVD mortality

Monitoring 
time Region

PM2.5 
concentrations 
(mean) Outcome indicator/No. CVD risk (95% CI)

2004–2005 Shanghai [42] 56.4 μg/m3 Total mortality/79,530 Every 10 μg/m3 increase, mortality of CVD increases 
0.41% (0.01–0.82%)

2004–2008 Xian [43] 176.7 μg/m3 —— Every 10 μg/m3 increase, mortality of CVD increases 
0.27% (0.08–0.46%), mortality of coronary heart 
diseases increases 0.39% (0.14%, 0.65%)

2004–2008 Xian [44] Median
2004 
184.9 μg/m3

2005 
194.9 μg/m3

2006 
206.8 μg/m3

2007 
193.7 μg/m3

2008 
179.1 μg/m3

Mortality of CVD/22,051 Every 100 μg/m3 increases, mortality of CVD, coronary 
heart diseases, and stroke increases 6.18%, 8.23%, and 
5.13%, respectively

2006–2008 Shenyang [45] 75 μg/m3 Total mortality/60,938 Every 10 μg/m3 increases, mortality of CVD increases 
0.53% (0.09–0.97%);
mortality of CVD in population aged ≥75 years old 
increases 0.64% (0.02–1.24%)

2007–2008 Guangzhou [46] 70.1 μg/m3 Total mortality/58,400 Every 10 μg/m3 increases, mortality of CVD increases 
1.22% (0.63–1.68%)

2006–2011 Shanghai [47] 55 μg/m3 Mortality of out-of-hospital 
coronary heart diseases/18,202

Every 10 μg/m3 increases, mortality of out-of-hospital 
coronary heart diseases increases 0.68% (0.14–1.21%)

2010–2012 Beijing [48] 96.2 μg/m3 Mortality of ischemic heart 
diseases/53,247

Every 10 μg/m3 increases, mortality of ischemic heart 
diseases increases 0.25% (0.10–0.40%)

From National Health and Family Planning Commission of the People’s Republic of China [49], with permission
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increase in PM2.5. A large amount of epidemiologic evi-
dence proves the correlation between air pollution and car-
diovascular disease; but, as most of the studies were 
observational, more experimental studies were needed for 
further evaluation.

 Cardiovascular Disease

 Cerebrovascular Disease
The Department of Health in China has organized a nation-
wide health survey every 5 years since 1993. According to 
the reports, incidence of cerebrovascular disease in China 
increased in recent years, and the incidence in urban areas 
was higher than that in rural areas. China Health Statistics 
Yearbook 2015 reported cerebrovascular mortality in urban 
areas was 1.26‰, cerebral hemorrhage mortality was 0.52‰, 
and cerebral infarction mortality was 0.42‰ for the year 
2014. For that same year, cerebrovascular mortality in rural 
areas was 1.52‰, while cerebral hemorrhage mortality was 
0.75‰, and cerebral infarction mortality was 0.45‰. The 
related figures suggest a higher mortality rate in rural areas 
than in urban areas. Cerebrovascular mortality rate increased 
with age, and the rate was higher in men than in women after 
adjusted to age, regardless of the region (Fig. 54.3).

China’s 2010 Chronic Disease and Risk Factor 
Surveillance investigated 98,658 adults to figure out the inci-
dence of transient ischemic attack adjusted to age was 2.27%. 
Transient ischemic attack (TIA) was common in older female 
with low education, smoking history, hypertension, myocar-
dial infarction, or diabetes. Only 3.08% of adults were aware 
of the disease, and only 4.07% of TIA patients received rec-
ommended therapy [51].

 Coronary Artery Disease
According to the nationwide health survey, incidence of 
ischemic heart disease in 2008 was 15.9‰ in urban areas and 
4.8‰ in rural areas, which was much higher than incidence 
rates in 2003 (12.4‰ in urban areas, 4.6‰ in rural areas) 
[52].

Coronary artery mortality was 1.08‰ in urban areas and 
1.05‰ in rural areas for the year 2014; furthermore, mortal-
ity rate in men was higher than that in women. Coronary 
artery disease mortality rate increased in recent years. 
Mortality rate in rural areas increased rapidly since 2012 and 
closely approached the rate in urban areas in 2014 (Fig. 54.4). 
Rate of acute myocardial infarction had an upward trend 
from 2002 to 2014. The mortality rate rose fast since 2005, 
and mortality rate in rural areas went over the rate in urban 
areas since 2007 (Fig. 54.5) [52].

 Heart Failure
In 2000, the prevalence of chronic heart failure among the 
Chinese population aged 35–74  years was 0.9%: 0.7% in 
men and 1.0% in women. Prevalence was higher in the north 
than the south and higher in urban areas. The prevalence of 
heart failure increased significantly with age. During the past 
two to three decades, the main cause for heart failure has 
shifted from rheumatic valvular heart disease to coronary 
heart disease [53].

The preliminary results from the China Heart Failure 
Registry Study (China-HF) showed that currently the aver-
age age of patients with heart failure is 66 ± 15 years old 
and has been rising. From this population, 54.5% of HF 
patients are male, and 84.7% of the patients were at III–IV 
levels according to the NYHA functional classification cri-
teria. The main comorbidities with heart failure have 
changed significantly: the proportion with valvular diseases 
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has gradually decreased; coronary artery disease (49.4%), 
hypertension (54.6%), and chronic kidney disease (29.7%) 
have become the most common comorbidities. Infection 
(45.9%) continues to be the primary reason for the onset of 
heart failure, followed by fatigue or stress (26.0%) and then 
myocardial ischemia (23.1%). The usage of diuretics in 
patients during hospitalization has not changed signifi-
cantly. The usage of digoxin showed a downward trend due 
to the effects of international clinical trials. The use of 
angiotensin II receptor antagonist (24.6%), aldosterone 
receptor antagonist (55.4%), and beta-receptor blocker 
(50.6%) has increased  significantly [54].

 Medical Care Expenditure [55–57]
Since 1980, the amount of inpatients increased and amplified 
rapidly after 2000. The medical cost of cardiovascular dis-
ease increased correspondingly. The growth rate of medical 
costs was even higher than the rate of GDP, which resulted 
from the increasing need for inpatient services and high pro-
portion of unreasonable medicine use.

The number of discharged patients diagnosed with cardio-
vascular disease was 17,938,600  in 2014, accounting for 
12.75% of total inpatients. From this inpatient total, 6.63% 
were patients with heart disease, and 6.12% were patients with 
cerebrovascular disease. Ischemic heart disease (6,553,700 
per year), acute myocardial infarction (541,400 per year), and 
cerebral infarction (5,319,900 per year) were the main diagno-
ses among the patients; the others were hypertension 
(2,526,100 per year), intracranial hemorrhage (1,299,900 per 
year), and rheumatic heart disease (250,100 per year).

The growth rate of inpatients diagnosed with cardiovas-
cular disease was 10.10% per year, faster than average 
inpatient growth rate (6.33%). The growth rate rank in 
patients with cardiovascular disease included the follow-
ing: cerebral infarction (12.3%), ischemic heart disease 
(11.74%), intracranial hemorrhage (9.76%), acute myocar-
dial infarction (8.12%), hypertension (8.06%), hyperten-
sive cardiomyopathy and nephropathy (5.82%), and 
rheumatic heart disease (1.43%).

Hospitalization costs for acute myocardial infarction in 
2014 totaled $1.34 billion, while intracranial hemorrhage 
was $2.08 billion and cerebral infarction $4.70 billion. The 
growth rates of these conditions were 32.02%, 18.90%, and 
24.96% per year, respectively, since 2004. Single hospital-
ization cost of acute myocardial infarction, intracranial hem-
orrhage, and cerebral infarction was 24,706 yuan, 15,929.7 
yuan, and 8,841.4 yuan, respectively. The growth rates were 
8.72%, 6.63%, and 2.81% per year.

Drug expenses for cardiovascular disease in hospitals 
with more than 100 beds were 65.6 billion yuan. The top five 
expenses were drugs improving cardiovascular circulation, 
myocardial nutrition and drugs improving coronary flow, 

lipid-lowering drugs, calcium channel blockers, and angio-
tensin receptor blockers.

 Current Practice of Cardiac Imaging (CT) 
in China

 High-Technology Medical Equipment

Many researchers have reported on inequities in health sta-
tus, healthcare, health insurance, and healthcare workforce 
in China; yet, only a small number of studies have focused 
on equity in distribution of high-technology medical equip-
ment, such as computed tomography (CT). He et al. exam-
ined the issue using panel data from multiple provinces in 
2006 and 2009, providing information not only about the 
numbers of CTs and magnetic resonance imaging (MRI) but 
also detailed characteristics about these types of equipment 
such as machine model, price, and government subsidies for 
purchasing the machine. To inform China policymaking on 
allocation of CTs and MRIs, He et al. compare the growth of 
the high-technology equipment between the study provinces 
and a group of selected industrialized countries [58].

Examining equity in distribution of CTs and MRIs in China 
is particularly important for several reasons. First, unneces-
sary allocation and overuse of these two types of high-technol-
ogy medical equipment have been a known part of the medical 
arms race in industrialized countries. Given the rapid eco-
nomic growth in China, with the world’s second largest econ-
omy, some experts were concerned that a similar phenomenon 
of medical race might occur in China, although they have not 
conducted empirical analyses to quantify their concerns. 
Second, availability of healthcare resources, including CT and 
other types of high-technology medical equipment, is impor-
tant in defining the healthcare system’s performance. One 
analysis of all 30 Organization for Economic Cooperation and 
Development (OECD) countries concluded that distributions 
of CTs positively correlate with total health expenditure per 
capita and economic incentives to hospitals [59]. Researchers 
from developing countries have also paid attention to CT dis-
seminations. Third, there is a huge gap in socioeconomic 
development among eastern, middle, and western regions of 
China. Because the eastern region has more healthcare 
resources, an arms race among hospitals may exacerbate the 
equity problem in China’s allocation of healthcare resources 
across regions. Fourth, one study reported that the number of 
CTs in China increased 55.4% and the number of MRIs 
increased 90.2% from 2002 to 2005 [60]. While the newer ver-
sions of the equipment quickly provide higher-quality images 
at greater prices, they also raise issues of equity regarding 
which hospitals  purchased them and whether the government 
subsidized the purchase [61].
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Finally, in response to the heavy investment in high- 
technology medical equipment by hospitals, China’s central 
government implemented a policy in 2005 called the Chinese 
Certificate of Need (CON), which aims to improve “appro-
priate allocation and efficient use of large medical equip-
ment” through regional health planning and quota control. 
Nevertheless, it remains an unsettled question whether 
implementation of the policy results in reasonable growth 
and more equitable distributions of CT and MRI.

As shown in Table 54.2, there are substantial geographic, 
demographic, and economic differences among the study 
sites analyzed by He et  al. [58]. Shanghai has the highest 
population density and lowest rural population percentage, 
and it was ranked first in GDP per capita among the four cit-
ies in 2009.

Table 54.3 shows CT distributions in the selected OECD 
countries. Among the selected countries, Japan had the high-
est number of CTs in 2009 (97.3%), while the UK had the 
lowest level (7.4%). In comparison, the study sample in 
China is lower than that of the UK.

Most of the selected OECD countries had a growing num-
ber of CTs between 2006 and 2009 except Australia and the 
UK, both of which had negative growth of CTs. In compari-
son, all the study sites in China had a positive growth rate of 
CTs from 2006 to 2009, and the growth rate was higher than 
most of the selected OECD countries.

He et al. found that China had lower numbers of CTs per 
million people in 2009 than most of the selected OECD 
countries, despite the increases in its CT numbers from 2006 
to 2009 being higher than most of the OECD countries. 
These findings suggest that China is the largest developing 
country but still lags behind the developed countries in high- 
technology medical equipment, such as CTs. On the other 
hand, with the rapid economic development and large popu-
lation, the number of CTs in China increased substantially in 
these years [58].

Despite the improvement in equity status of CTs in some 
of the study sites, He et al. found that the distributions of CTs 
positively correlated with economic development level 
across all cities in the four study sites in either 2006 or 2009. 
He et  al. also found that the vast majority of CTs were 
imported and only a small percentage were made by domes-
tic Chinese firms, indicating that China is still at a low level 
of high-technology medical equipment development [58].

 Cardiac CT Imaging

Cardiac CT and its main application, coronary CT angiogra-
phy (CTA), remain a challenge because of rapid cardiac 
motion in combination with small dimensions and complex 
anatomy. It requires a dedicated CT system, ECG- 
synchronized data acquisition or image reconstruction, as 
well as advanced post-processing and interpretation. 
Nationwide surveys describing cardiac CT utilization have 
been performed in the USA and Germany, but there is a lack 
of data from China. While the use of coronary CTA has 
increased sharply, there are inadequate data describing the 
number, indications, and acquisition techniques of coronary 
CTA examinations. Also, there may be significant regional 
imbalance regarding utilization of cardiac CT, data acquisi-
tion, contrast injection protocols, radiation exposure, and 
diagnostic analytic skills across China.

Fuwai Hospital launched a national survey to investigate 
the utilization of cardiac CT in China and to develop a 
national coronary CTA information database, allowing 

Table 54.2 Description of the study sites in 2009

Study site Shanghai Zhejiang Shanxi Hunan
Location Eastern 

China
Eastern 
China

Northwest 
China

Central 
China

Number of cities 
within site

/ 14 13 17

Area (10,000 km2) 0.63 10.18 20.58 21.18
Population 19 47 38 69
Population density 
(person/km2)

3049 463 183 326

Percentage of rural 
population (%)

11.4 42.1 56.5 56.8

GDP per capita 
(CNY)

78,326 48,196 21,659 19,479

Rank of GDP per 
capita

1 5 16 20

Table 54.3 Number of CTs in the study sites and the selected OECD 
countries

Study sites in China 2009 Change from 2006 to 2009 (%)
Shanghai 7.6 62.7
Zhejiang 8.3 31.0
Shanxi 8.5 63.8
Hunan 6.0 42.2
OECD countries
Australia 38.8 −30.7
Austria 29.9 1.0
Canada 13.9 15.8
Denmark 23.7 50.0
Finland 20.5 38.5
Greece 33.9 28.4
Ireland 15.8 23.4
Israel 7.7 42.6
Iceland 34.5 42.6
Japan 97.3 5.1
New Zealand 14.6 18.7
R.O. Korea 37.1 10.1
UK 7.4 −1.3
USA 34.3 6.5
Entire sample 41.8 1.04
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 comparisons between our findings and those from other 
countries. A 25-item questionnaire was designed. Initial 
questions were used for the following: to identify a contact 
person at each hospital; to confirm the availability of at least 
one advanced, dedicated CT scanner; and to confirm that the 
volume of coronary CTA procedures exceeded 100 in the last 
12  months. Only hospitals fulfilling these criteria were 
included in the subsequent analysis. This survey was con-
ducted from December 2014 to February 2015. The remain-
ing questions pertained to the type of facility, the indications 
for cardiac CT, patient preparation, and technical aspects of 
the acquisition protocols. Additional questions referred to 
storage and interpretation of cardiac CT data sets and future 
needs for cardiac CT.

Hospitals in China are organized according to a three-tier 
system. They are designated as primary, secondary, or ter-
tiary institutions that are recognized by the hospital’s ability 
to provide different levels of medical care and medical edu-
cation and conduct medical research. Based on the level of 
service, size, medical technology, and available medical 
equipment, the three tiers are further subdivided into three 
subsidiary levels A, B, and C, resulting in a total of nine lev-
els. Our survey focused on tertiary hospitals, because pri-
mary and secondary hospitals in China typically do not 
perform cardiac CT. The final minimal sample size was 240, 
to include a buffer of 5%. Finally, after the removal of hospi-
tals that refused participation, there were 152 hospitals that 
participated in this study with at least 1 dedicated CT (64 
rows or above) performing more than 100 CTA in the last 
year (Fig.  54.6). The median annual number of coronary 
CTA procedures performed at these institutions was 1037 
(range, 150–8072).

Common clinical indications for coronary CTA included 
the following: exclusion of coronary artery disease in patients 
with low to intermediate likelihood of disease in 100% of 
centers (152/152); screening to rule out coronary artery dis-

ease in asymptomatic individuals in 95% (145/152); exclu-
sion of coronary anomalies in 64% (98/152); evaluation for 
pericardial disease in 39% (59/152); follow-up of patients 
with coronary stents in 28% (43/152); diagnosis of coronary 
artery disease in patients with a high pretest likelihood in 
21% (32/152); and triple rule-out in 18% (28/152). Maurer 
listed coronary CTA indications in Germany and other coun-
tries, which were different from our findings (Table 54.4).

Beta-blockers were routinely used by 30.3% (46/152) of 
hospitals regardless of the heart rates before coronary CTA 
and administered based on heart rate limits in the remaining 
sites. The respective thresholds were 65–74 beats/minute at 
57 of 152 sites (38%), 75–84 beats/minute at 34 (22%) sites, 
and 85–100 beats/minute at 15 (10%) hospitals. Routine 
administration of sublingual nitroglycerin prior to cardiac 
CT was reported by 131/152 respondents (86%). In all hos-
pitals (100%), patient breath-hold capacity was tested before 
the scan. The majority (96/152, 63%) of respondents stated 
that they did not perform cardiac CT in patients with atrial 
fibrillation, 35 (23%) did so occasionally and depending on 
circumstances, and 21 (14%) stated they did routinely.

Tube current was adjusted to the patient’s body weight or 
body mass index by 90/152 sites (59%), and 123 sites (81%) 
used lead aprons to shield the thyroid gland and/or genitals. 
Prospectively ECG-triggered image acquisition was used in 
more than 90% of cases by 20/152 hospitals (13%), between 
50% and 89% of all cases by 47 hospitals (31%), between 
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Fig. 54.6 A total of 152 tertiary hospitals in China were randomized 
enrolled for the nationwide survey of cardiac CT imaging

Table 54.4 Coronary CTA indications in China and in other 
countries

Indications
Frequency% in 
China [62]

Frequency% 
in Germany 
(Maurer [63])

Frequency% in 
worldwide 
countries)

Exclusion of 
CAD in patients 
with low- 
intermediate 
pretest likelihood

100 (152/152) 91 (41/45) 97 (164/169)

Exclusion of 
CAD in healthy 
people

95 (145/152) 20 (9/45) 34 (58/169)

Follow-up of 
coronary bypass

66 (101/152) 78 (35/45) 76 (128/169)

Exclusion of 
coronary anomaly

64 (98/152) 80 (36/45) 92 (156/169)

Evaluation of 
pericardial disease

39 (59/152) 4 (2/45) Not applicable

Follow-up of 
patients’ coronary 
stents

28 (43/152) 36 (16/45) 33 (56/169)

Diagnosis of 
CAD in patients 
with a high pretest 
likelihood

21 (32/152) 22 (10/45) 33 (55/169)

Triple rule-out 18 (28/152) 53 (24/45) 44 (75/169)
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11% and 49% by 70 hospitals (46.0%), and in 10% or less by 
15 sites (10%). In addition, 57 hospitals (38%) had experi-
ence with the use of novel coronary CTA acquisition tech-
niques, including single-shot snap, high-pitch, or prospective 
acquisition. Iterative reconstruction algorithms were used by 
125 hospitals (82%). In our survey, 24 of 152 hospitals (16%) 
identified >15  mSv as the modal value of radiation dose, 
64/152 (42%) stated 10–15 mSv, 48 (32%) cited a range of 
6–9 mSv, 16 hospitals (11%) quoted 3–5 mSv, and no hospi-
tals stated <3 mSv (Fig. 54.7). The median dose among all 
hospitals was 10–15 mSv, but after adjustment by coronary 
CTA volume, the median dose among all patients was 
between 6 and 9 mSv.

Regarding contrast media suppliers, we investigated the 
market shares of domestic and foreign vendors and found 
that 43/152 hospitals (28%) used foreign products for almost 
all patients (≥90%), 44 (29%) used foreign products in most 
of their patients (50–89%), 32 hospitals (21%) used foreign 
contrast agents in less than half of their studies (11–49%), 
and 33 hospitals (22%) used foreign products in few or no 
cases (≤10%). Only 24/152 sites (16%) adjusted the contrast 
injection rate based on patient body weight or body mass 
index. Over 97% used biphasic or triphasic injection proto-
cols for contrast injection (biphasic, 74%; triphasic, 23%; 
and monophasic, 3%).

The vast majority of respondents (145/152; 95%) stored 
image data in PACS, and the remaining 7 sites stored them 
on compact disks. The average duration of a coronary CTA 
examination was estimated to be 14.2 min (median 15 min; 
range 5–30  min, Fig.  54.8), the average estimated post- 
processing time was 13.6  min (median 15  min; range 
5–25 min), and the estimated time required for interpretation 
and reporting was 18.0 min (median 20 min; range 8–30 min). 

Only 46/152 centers (30%) reported that they also evaluated 
pulmonary and other non-cardiac structures. In most hospi-
tals (123/152, 81%), coronary artery calcium scores 
(Agatston scores) were not calculated. Instead, a qualitative 
degree of calcification (i.e., mild, moderate, and severe) was 
reported.

To our knowledge, this is the first nationwide survey 
describing cardiac CT, and especially coronary CTA utiliza-
tion, in mainland China. We used random sampling of hospi-
tals in all Chinese provinces in order to reflect geographic 
differences in population and economic status. Routine com-
ponents of cardiac CT including scanner technology, clinical 
indications, image acquisition techniques, contrast media 
injections protocols, image reconstruction and interpreta-
tion, and clinical challenges are described. This study pro-
vides a comprehensive picture of current cardiac CT 
utilization in China.

It was initiated and conducted by the Chinese International 
Regional Committee of the Society of Cardiovascular 
Computed Tomography (SCCT IRC China). In order to limit 
expenses, questionnaires were collected by either the market-
ing team of GE Healthcare China or the authors themselves. 
However, random verification of questionnaires provided by 
GE addressed concerns regarding commercial bias.

Together with other professional organizations, SCCT 
released appropriate use criteria for cardiac CT in 2010 and 
two guidelines for the interpretation and reporting of coro-
nary CTA in 2009 and 2014 [62]. The authors of this report, 
as members of the cardiothoracic group of Chinese Society 
of Radiology, published a Chinese coronary CTA guideline 
in January 2011  in the form of an expert consensus docu-
ment. These documents played a significant role in promot-
ing the development of cardiac CT in China. Nevertheless, 
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Fig. 54.7 Estimated radiation dose among hospitals were 6–9 mSv in 
median
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Fig. 54.8 The average duration of a coronary CTA examination was 
estimated to be 15 min (range 5–30 min)
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the survey results suggest that the utilization of cardiac CT in 
mainland China is still limited by several factors. First, high- 
end cardiac CT scanners are not uniformly available. 
Although the hospitals targeted by our survey were of the 
highest level in China, one third of candidate hospitals did 
not have a dedicated, high-end cardiac CT scanner available. 
Participating hospitals were all public; thus obtaining such 
an expensive scanner (64+ CT) via government procurement 
is difficult. Furthermore, a percentage of the participating 
hospitals are centers specialized on cancer care, pediatric 
hospitals, maternity hospitals, mental hospitals, and tradi-
tional Chinese medicine hospitals, and as such, cardiovascu-
lar diseases are not their major concern. Second, several of 
the clinical scenarios which were considered appropriate and 
frequent indications for coronary CTA by the hospitals in 
this survey are actually inappropriate by current clinical 
guidelines. For example, 95% of respondents stated that they 
performed coronary CTA in clinically healthy individuals, 
which is rated as inappropriate in current guidelines [65]. 
While a few experts recommend the use of coronary CTA as 
a screening test, these so-called “health check-up” indica-
tions may reflect an undesirable trend of aggressive market-
ing of cardiac CT [66]. Chinese physicians may not always 
refuse a patients’ “unreasonable” request, especially in areas 
of rapidly evolving healthcare and in certain socioeconomic 
environments [67]. Third, the estimated radiation dose was 
relatively high, reflecting choices of acquisition parameters. 
In a seminal paper, Hausleiter et al. reported dose data from 
the PROTECTION I study and demonstrated that the esti-
mated radiation dose of coronary CTA on a global scale in 
2007 was 12 mSv, as compared to 15 mSv in East Asia [68]. 
In the past 8 years, several effective strategies to reduce radi-
ation dose have become available, with submillisievert coro-
nary CTA feasible in selected patients [69]. Nevertheless, 
estimated doses differed significantly among sites. Some of 
the most effective strategies for dose reduction, including 
prospectively ECG-triggered acquisition, tube current 
adjustment, particularly in combination with iterative recon-
struction algorithms, were not frequently used [70]. These 
approaches for dose reduction are largely dependent on CT 
hardware and software. Even if available on the scanner plat-
form, technicians may require a more user-friendly operating 
interface, supporting “point-of-care” decisions to use low- 
dose techniques, rather than uniform use of “one-size-fits- 
all” protocols ordered by supervisors.

Fourth, we found significant variability in all aspects of 
cardiac CT performance, including the number of annual 
coronary CTA procedures, which varied from 150 to over 
8000 per year; radiation dose, which varied from 3–5 mSv to 
>15 mSv; as well as cumulative time required for scanning, 
processing, and reporting, which varied from 18  min to 

85 min. Many factors may cause these inequalities, including 
whether a site was a teaching versus non-teaching hospital, 
the local economic level, and the interest of hospital leaders 
and radiology directors. We believe that the best approach to 
alleviate this diversity is continuing education [69]. The 
Chinese Society of Radiology and SCCT should promote 
education and training programs similar to those of other 
academic societies [72].

We believe that our data provides an overview of the cur-
rent practice of cardiac CT in mainland China and provides 
interesting insights into the different practical aspects of its 
routine use. The results of our survey show that cardiac CT 
with modern CT systems has become an established radio-
logical modality in China after nearly 10 years of evolution, 
but at the same time, the method would benefit from more 
sophisticated and uniform application and performance. 
Education is most likely the key to achieve further improve-
ment. Being the first study of its kind, the study will serve as 
a baseline for future studies to judge changes in coronary 
CTA as well as other related procedures in China.

 Current Scientific Research of Cardiovascular 
CT in China

As cardiovascular disease is widely distributed in China, the 
scientific research of cardiovascular CT is also increasing. 
Here we investigated the different types of cardiovascular 
CT research from July 2015 to June 2016 (Table 54.5).

Table 54.5 Published papers on cardiovascular CT in China from July 
2015 to June 2016

Research topics
Radiology 
journal

Cardiology 
journal

Other 
journals

In 
total

Dose and image 
quality

21 2 5 28

CAD diagnosis 4 2 6
CT-guided PCI 3 2 1 6
CT plaque imaging 2 1 3
Functional CT 
imaging

2 2 4

Congenital heart 
diseases

3 1 4

Pulmonary vessel 
diseases

2 3 5

Valvular diseases 1 2 3
Adipose tissue 
volume of 
pericardium

1 1 2 4

Biomarkers and 
CCTA

6 6 12

Other rare diseases 2 1 3
In total 39 17 22 78
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 Information Sources

SCI-EXPANDED was searched electronically from July 1, 
2015 to June 31, 2016, utilizing the keywords and word 
variant of CT, cardiac CT, and coronary heart disease. The 
search criteria was as follows: (TS=(((computed tomogra-
phy) OR ((multi-slice spiral CT) OR (multi-slice CT) OR 
(multi-row spiral CT))) AND ((heart OR cardiac OR (heart 
disease) OR cardiovascular) OR ((coronary artery) OR 
(coronary artery disease) OR (coronary heart disease)))) 
AND CU=(CHINA)) AND type: (Article). The article 
number was 167. Exclusion criteria include case reports, 
reviews, meta-analysis, comments, and letters. We also 
excluded research for cardiovascular US, MRI, SPECT, 
and PET-CT of other diseases and research not done in 
China. Finally, 78 articles were included.

 Published Papers on Cardiovascular CT by 
Chinese Researchers in 2016

The research field can be concluded to radiation dose and 
image quality, coronary artery disease, congenital heart dis-
ease, pulmonary disease, valvular disease, epicardial and 
pericoronary adipose tissue, biomarkers, and other rare dis-
eases. For the departments of the author, 39 authors came 
from radiology, 17 came from cardiology, and 22 came from 
other departments. The 22 authors from other departments 
are distributed in surgery, ICU, fundamental school, CT 
companies, etc.

 Radiation Dose and Image Quality

In the last year, articles about radiation dose and image qual-
ity of cardiovascular CT were 28 in total, including the con-
trast medium dose, image processing and three-dimensional 
reconstruction, and image quality control. The prospective 
ECG-triggered high-pitch coronary CT angiography at 70 
kVp in a clinical setting was investigated.

 Coronary Artery Disease

There were 19 articles focused on the diagnosis of coronary 
artery disease. Among them, six studies were about CAD 
diagnosis, six about CT-guided PCI, three about plaque 
imaging, and four about cardiac functional CT (myocardial 
CT perfusion, FFR-CT).

 Congenital Heart Disease

The congenital heart disease is a constant topic in China due 
to the huge population. Four articles were focused on con-
genital heart disease last year, including the tetralogy of 
Fallot, the vascular ring, the aortic arch branching variation, 
and the variation of the left atrial appendage.

 Pulmonary Disease

Five articles of pulmonary disease on cardiovascular CT 
were published last year, mostly focused on risk factors of 
acute and chronic pulmonary embolism.

 Valvular Disease

On evaluation of valvular disease, computed tomography 
had become one of the standard imaging modalities for pre- 
procedural annular sizing prior to transcatheter aortic valve 
replacement (TAVR) and mitral annulus repair. Three arti-
cles were published on the cardiac CT evaluation of valvular 
disease last year. They might be used for choosing valve 
device and complication treatment.

 Epicardial and Pericoronary Adipose Tissue

Epicardial and pericoronary adipose tissue was found to cor-
relate with coronary heart disease. Thus, an increasing inter-
est of relationship between adipose tissue and coronary heart 
disease was studied. In the last year, four articles were pub-
lished on this region.

 Biomarkers

Biomarkers of coronary artery calcification were also stud-
ied. Instead of radiologists, most studies were done by cardi-
ologists and fundamental researchers. There were 12 articles 
on this topic. The biomarkers for coronary artery calcifica-
tion were associated with cystatin C, big endothelin-1, and 
osteocalcin-positive endothelial progenitor cells. The coro-
nary artery calcification was associated with low serum tes-
tosterone in elderly men with stable CAD and serum 
gamma-glutamyltransferase in type 2 diabetes mellitus. 
Hyperphosphatemia, angiotensin-converting enzyme 2, and 
FGF-23 were correlated with coronary artery calcification in 
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peritoneal dialysis patients. Genetic circulating microRNAs 
miR-134, miR-3135b, and miR-2861 were correlated with 
coronary artery calcification in symptomatic patients. SNPs 
that are associated with CAD may also increase the risk of 
calcification with aortic arch. This might suggest utilization 
of radiomics in the future, which combines the radiology 
feature with their clinical features, gene information, and 
pathology information.

 Other Rare Diseases

Three other studies include detection of aortic rupture using 
postmortem computed tomography, detection of coronary 
artery dissection, and detection of cardiac tumor.

 Impact Factors of Published Papers 
on Cardiovascular CT

For published papers on cardiovascular CT in China last 
year, there were 13 original papers for SCI-IF <1.0, 48 papers 
for SCI-IF 1.0–3.0, and 19 papers for SCI-IF >3.0. Compared 
with 2013, although the quality of papers was not obviously 
increased, the number of SCI-IF 1.0–3.0 papers increased 
from 21 to 48. This suggested that much more research had 
been done on cardiovascular CT in China. We also hope that 
the high-quality research will come soon, which will be 
mentioned in the articles below (Fig. 54.9).
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Differences and Disparities 
in Cardiovascular Medicine Related 
to Gender, Race, and Ethnicity:  
The Role of Cardiac CT

John W. Nance

Knowledge of demographic differences in physiology, 
pathology, and therapeutic response is necessary for optimal 
patient diagnosis and treatment. However, there are demo-
graphic, socioeconomic, and geographic differences in 
healthcare access, disease occurrence, and resultant morbid-
ity/mortality that transcend biology; these differences consti-
tute healthcare and health status disparities. Some differences 
in healthcare quality are due to clinical appropriateness/need 
and patient preferences, which may be appropriate, but there 
is also well-established discrimination as well as differences 
in the operation of healthcare systems leading to unneces-
sary, unjust, and avoidable inequities. An understanding of 
both unavoidable biological differences and avoidable dis-
parities in cardiovascular health and care is necessary to 
appropriately select patients for cardiac CT, interpret the 
findings, and guide further management. Differences and 
disparities, as defined above, will be discussed concurrently.

A brief note is warranted on the categorizations discussed 
throughout this chapter. Race is a sociopolitical construct, 
rather than a biological or genotypic construct, and conclu-
sions regarding racial differences in pathophysiology should 
be interpreted accordingly. Likewise, ethnicity (in this chap-
ter, Hispanic or not Hispanic) is a cultural distinction with 
tremendous intra-ethnic heterogeneity. Shifts in the defini-
tions of race and ethnicity can change faster than shifts in 
disease burden or pathophysiology, necessitating constant 
surveillance to identify relevant differences and eliminate 
disparities. Sex will be used to denote biological (i.e., chro-
mosomal) differences, whereas gender differences are socio-
cultural. Finally, the volume and quality of data on 
cardiovascular health for different populations are variable, 
leading to unfortunate but unavoidable gaps in the following 
discussion. Rectifying the disparities in both healthcare qual-
ity and healthcare knowledge should remain a high priority.

 History

There have been significant changes in the global burden of 
cardiovascular disease over the past several decades, which 
are beyond the scope of this chapter. Interestingly, however, 
there is a dramatic and ongoing reevaluation of heart disease 
burden in varied populations. Some of this shift is due to 
changing risk profiles, treatment strategies, and actual dis-
ease prevalence; however, there is likely also a component of 
prior and ongoing information bias. For example, hyperten-
sion and hypertensive heart disease were reported as twice as 
frequent in American blacks compared to whites in the 
1920s, but coronary heart disease (CHD) was considered 
uncommon in blacks, possibly due to missed cases [1]. This 
generally accepted medical “fact” was relatively slow to 
change, until the increased focus on disparities in minority 
health over the past three decades. The US Department of 
Health and Human Services Secretary’s Task Force on Black 
and Minority Health was published in 1985 and provided 
one of the earlier comprehensive surveys of heart health in 
various populations, showing higher average annual age- 
adjusted death rates for heart disease in blacks versus whites, 
particularly in the younger and female subsets. While a sig-
nificant portion of this difference can be attributed to differ-
ences in hypertension, the study also found that CHD 
mortality rates were in fact similar in black and white men 
and higher in black than white women [2]. These differences 
were attributed to disparities in care in the pivotal release of 
the Institute of Medicine’s report, Unequal Treatment: 
Confronting Racial and Ethnic Disparities in Health Care, 
in 2002 [3]. Disparities specific to cardiovascular care were 
likewise highlighted in the Henry J.  Kaiser Family 
Foundation’s report, Racial/Ethnic Differences in Cardiac 
Care: The Weight of the Evidence, also released in 2002.

The history of cardiovascular disease in women suffers 
from similar flaws: While past data suggested that cardiovas-
cular disease, and CHD in particular, were predominantly 
diseases of men, there was likely a component of informa-
tion bias given historic gender disparities in clinical trial 
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inclusions and the more common atypical presentation of 
acute coronary syndromes in women. Indeed, CHD has 
killed more American women than men on an annual basis 
since 1984 [4]. Furthermore, there are gender differences in 
anatomic burden of disease that do not correlate linearly with 
clinical outcome (discussed below), further obfuscating 
interpretations of historic studies on disease prevalence and 
extent. While management recommendations are similar in 
men and women, some of these long-standing biases appar-
ently persist, and there are continued disparities in time to 
diagnosis and implementation of recommended medical and 
surgical treatment [5].

 Race and Ethnicity

The burden of cardiovascular disease spares no race or eth-
nicity, but significant heterogeneity exists between and even 
within different subpopulations (Table 55.1). Outcome dis-
parities can be attributed to patient-, provider-, and system- 
level problems. On a patient level, there are differences in the 
rates and prognostic implications of cardiovascular disease 
risk factors, but there are also differences in disease 

 prevalence and expression that are independent of risk 
 factors, implying more complex underlying pathophysio-
logic mechanisms. On a provider level, different races and 
ethnicities are subject to varying types and levels of risk fac-
tor modulation, diagnostic strategies, and therapeutic inter-
ventions. Access to care, infrastructure, and insurance 
coverage constitutes the major system-level disparities 
 currently encountered.

 Patients of African Descent

Black patients overall have worse risk factor profiles than 
whites, particularly hypertension, diabetes, and obesity (the 
latter most pronounced in women). The predictive value of 
some risk factors (e.g., hypertension and diabetes) is greater 
than whites, while the value of others (such as lipoprotein 
[a]) is lower [1]. The consequent burden of cardiovascular 
disease, particularly hypertensive heart disease, is dramatic, 
with three to five times higher cardiovascular mortality asso-
ciated with hypertension in blacks compared to whites.

The spectrum and burden of CHD in blacks are more 
nuanced. For example, the prevalence of myocardial infarc-
tion is higher in white males, but incidence is higher in black 
males (prevalence and incidence are higher in black females 
compared to white counterparts). Blacks are more likely to 
present with atypical symptoms, seek care later than whites, 
and are subject to greater delays prior to receiving medical or 
surgical treatments. Perhaps most unsettling, the outcomes 
of CHD are significantly worse in blacks, with higher mor-
tality at younger ages [1].

Surprisingly, black patients have less angiographically 
significant coronary artery disease (CAD) than white coun-
terparts, despite worse risk factor profiles and outcomes [6]. 
The reasons for this apparent paradox are unclear; one of the 
leading theories is that the overall worse risk factor profile 
and relatively increased rates of hypertensive heart disease 
and left ventricular hypertrophy provide a more malignant 
substrate for adverse events. Cardiac CT, both coronary cal-
cium scoring and coronary CT angiography (cCTA), has pro-
vided another possible mechanism: blacks tend to have 
overall decreased coronary artery calcium and calcified 
plaques, while having relatively more noncalcified disease 
[7, 8], possibly reflecting pathophysiologic differences in the 
stability of underlying atherosclerosis (Fig. 55.1). There is 
conflicting data on the prognostic implications of these find-
ings, with some studies reporting differing outcomes associ-
ated with coronary artery calcium burden (as measured by 
unenhanced CT calcium scoring) in blacks and others show-
ing no significant difference [9, 10]. The overall prognostic 
patterns in cCTA seem to hold across populations, with very 
low risk of future events in patients without any atheroscle-
rotic disease and progressively worse outcomes in patients 

Table 55.1 Racial and ethnic differences in cardiovascular diseasea

African origin Asian origin Hispanic origin
Risk 
factors

Much higher rates 
and lower control 
of hypertension
Twice as likely to 
have diabetes

More 
nontraditional 
risk factors and 
smoking in 
certain 
subpopulations

Nearly twice the 
rate of diabetes 
and metabolic 
syndrome, 
particularly 
among 
Mexican- 
Americans

Disease 
burden

Approximately 
30% higher 
mortality rate 
from 
cardiovascular 
disease
Worse outcomes 
in the presence of 
cardiovascular 
disease

Approximately 
50% lower 
mortality rate 
from 
cardiovascular 
disease

Approximately 
30% lower 
mortality rate 
from 
cardiovascular 
disease
Higher rates of 
heart failure
Worse outcomes 
in the presence 
of cardiovascular 
disease

Imaging 
findings

Less coronary 
artery calcium 
and 
angiographically 
obstructive 
disease
Greater left 
ventricular mass
Relatively more 
noncalcified 
plaque

Less coronary 
artery calcium
Lower left 
ventricular mass
Less 
nonobstructive 
and obstructive 
CAD

Less coronary 
artery calcium
Less 
nonobstructive 
and obstructive 
CAD

aFigures are relative to non-Hispanic whites
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with nonobstructive and obstructive CAD. Interestingly, data 
from the large CONFIRM registry also showed that patients 
with African ethnicity had the highest relative increase in 
adverse events (specifically, all-cause mortality and myocar-
dial infarction) when obstructive versus nonobstructive dis-
ease was present, again arguing for an increased clinical 
susceptibility to disease in blacks [11].

How do we apply this information to daily cardiac CT 
practice? While there are clearly differences in risk factor 
profiles, there is no evidence to suggest that these differences 
should be exploited in cardiac CT ordering patterns. 
However, the relatively lower amounts of calcified plaque 
and greater amounts of noncalcified plaque in blacks, com-
bined with worse outcomes in the presence of any disease, 

Fig. 55.1 A 59-year-old black woman presented to the emergency 
department with atypical chest pain. Calcium scoring revealed a single 
punctate focus of calcium (arrow in a), corresponding to an Agatston 
score of 1. Despite the low Agatston score, cCTA revealed occlusion of 
the proximal LAD at the level of the takeoff of the first diagonal branch 

(arrows in b and c). The corresponding LAD territory was thinned and 
severely hypokinetic on functional images (arrows in d). The patient 
was subsequently taken to catheterization, where angioplasty and stent-
ing of the LAD occlusion (arrow in e) were performed

a b

c d
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might warrant more heavy weighting for cCTA over simple 
coronary artery calcium scoring in clinical situations in 
which both would be appropriate. Noncalcified and nonob-
structive disease also warrant specific mention in cCTA 
reports. Finally, the optimal clinical management of black 
patients who have undergone cardiac CT is likely a high- 
yield area for future research, particularly in the blooming 
era of personalized medicine. For example, do black patients 
with noncalcified nonobstructive disease but increased myo-
cardial mass require more aggressive follow-up or medical 
management? Future studies should help validate personal-
ized treatment algorithms.

 Hispanics

Among the well-studied racial and ethnic minorities, 
Hispanics show the greatest underlying heterogeneity, with 
varying regions of origin, acculturation levels, and contribu-
tions of European, African, and Native American ancestry. 
As a group Hispanics have an overall worse risk profile than 
non-Hispanic whites, with particularly high levels of diabe-
tes and metabolic syndrome. Despite this increased risk, 
Hispanics suffer lower levels of subclinical cardiovascular 
disease on imaging (coronary artery calcium and left ven-
tricular mass) [7, 12] and have lower rates of total cardiovas-
cular disease and CHD; this phenomenon is sometimes 
termed the “Hispanic paradox.” As in patients of African 
descent, Hispanic patients presenting with acute coronary 
syndrome and myocardial infarction experience longer 

delays before treatment and suffer worse outcomes com-
pared to non-Hispanic whites [13]. Similar to other immi-
grant populations, Hispanics in the United States suffer 
increasing levels of cardiovascular disease as acculturation 
increases. Interestingly, Hispanics with low acculturation 
have been shown to demonstrate a paradoxical relationship 
between socioeconomic status and endpoints of cardiovascu-
lar disease relative to other Western populations, i.e., worse 
outcomes with higher socioeconomic status. This relation-
ship reverts back to the expected, inverse relationship 
between socioeconomic status and outcomes as accultura-
tion increases [14].

Imaging studies have shown that cCTA has good sensitiv-
ity and specificity for the detection of coronary artery steno-
sis [15] and that coronary artery calcium scoring and cCTA 
findings independently predict death or myocardial infarc-
tion in Hispanics [11]. There is no available evidence to sug-
gest that cardiac CT should be ordered, acquired, or 
interpreted differently in Hispanic compared to non-Hispanic 
white patients.

 Patients of Asian Descent

Comparative racial and ethnic research involving Asian pop-
ulations is less studied. Asians, particularly East Asians, tend 
to have better risk profiles than whites and other racial/ethnic 
minorities, with correspondingly less subclinical and clinical 
cardiovascular disease. East Asians are unique among racial 
and ethnic minorities in having similar outcomes compared 
to whites following adverse cardiac events. Calcium scoring 
and cCTA demonstrate good sensitivity and specificity and 
hold independent prognostic value in Asians; however, East 
Asians have been shown to have less than expected mortality 
and nonfatal myocardial infarction in the presence of athero-
sclerosis on cCTA [11]. Nevertheless, there is no evidence to 
suggest that race-specific ordering, acquisition, or interpreta-
tion should be applied to Asian populations.

 Gender

Cardiovascular disease is the leading killer of women in the 
United States, and while overall mortality from heart dis-
ease has decreased since 2001, mortality in women under 
45 years old has increased. CHD prevalence is lower in all 
women compared to all men, but this differential decreases 
with advancing age, and in absolute numbers, more women 
than men die of cardiovascular disease annually [4]. Global 
epidemiological figures are similar  – heart disease is the 
leading cause of death in women in all major high-income 
economies and the majority of middle- and low-income 
economies [16].

e

Fig. 55.1 (continued)
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Unfortunately, awareness of heart disease in women lags 
behind the actual burden, both among patients and providers, 
which can lead to suboptimal management or delays in pre-
sentation and diagnosis. Despite similar guidelines for the 
prevention and management of cardiovascular disease in 
men and women, there is disparity in their implementation. 
Symptomatic women are less likely to be referred for nonin-
vasive imaging, angiography, or revascularization (Fig. 55.2). 
Women with angiographic evidence of CHD are less likely 
to receive optimal primary and secondary therapy. Women 
have poorer outcomes following acute coronary syndrome 
and higher risks of intracranial bleeding following thrombo-
lytics. They are less likely to receive and wait longer for 
diagnostic and invasive procedures while admitted and less 
likely to receive recommended pharmacotherapy upon dis-
charge. Finally, adverse outcomes are more common in 
women following revascularization [5].

Differences in pathophysiology, risk factor profile and 
relative risks, and presentation of cardiovascular disease 
between women and men can help explain some, but not all, 
of the variations in management and outcomes. Estrogen is 
thought to play a protective role in premenopausal women, 
helping to explain the gap in CHD prevalence in younger 
women compared to younger men; recall that the gap nar-
rows in older women and men. Indeed, postmenopausal 
changes in atherosclerotic plaque composition have been 
identified, with higher rates of lipid-laden plaques with 
necrotic cores, more inflammatory changes, and a greater 

propensity for plaque rupture in women >50  years old. 
Women under 50 years old have significantly higher rates of 
plaque erosion (versus rupture) compared to older counter-
parts. In women of all ages, there is less obstructive CAD 
compared to men, both in an asymptomatic population and 
in those presenting with acute coronary syndrome. Up to 
20% of women presenting with acute coronary syndrome 
have angiographically normal coronary arteries, with isch-
emia caused by microvascular disease. For this reason, the 
term “ischemic heart disease” (IHD), which includes 
obstructive CAD, nonobstructive CAD, and microvascular 
disease, is preferred over “CAD.”

Traditional, emerging, and sex-specific risk factors play a 
role in comprehensive risk stratification in women. 
Application of global risk scores (such as the Framingham 
Risk Score) is a class I indication in asymptomatic adults 
without a clinical history. The American Heart Association’s 
(AHA) women-specific guidelines further specifies that 
asymptomatic women should be classified into three differ-
ent risk categories – high risk, at risk, and ideal cardiovascu-
lar health – with the reasoning that traditional scoring (e.g., 
Framingham Risk Score) is relevant in identifying high-risk 
women but suboptimal to ensure low risk given the high life-
time burden of cardiovascular disease in women (nearly one 
in two) [17]. Symptomatic women should also be classified 
into low, intermediate, and high risk of IHD. Because of the 
higher prevalence of atypical symptoms in women, risk 
 stratification is more heavily weighted toward age and risk 

a b

Fig. 55.2 A 54-year-old white woman presented to the emergency 
department with chest pain. There was no detectable coronary calcium. 
cCTA revealed nonobstructive noncalcified plaque in the proximal to 

mid-LAD (arrow in a). Contrast with the obstructive mixed calcified 
and noncalcified plaque in this 57-year-old white man presenting with 
chest pain (arrow in b)
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 factors rather than clinical presentation. In general, women 
are considered low risk if premenopausal (e.g., 50s or 
younger), intermediate risk in their 60s, and high risk in their 
70s. Women with multiple cardiac risk factors, functional 
disability, and extensive comorbidities should be elevated 
one risk category, and women with peripheral arterial disease 
or long- standing, poorly controlled diabetes are considered 
high-risk equivalents [18].

Current consensus statements are mixed on the appropri-
ate use of cCTA in varied populations. For example, the 
AHA consensus statement on the role of noninvasive testing 
in women with suspected IHD states that imaging evaluation 
of women with low risk for IHD (in the acute or stable set-
tings) is inappropriate and that cCTA is only appropriate in 
women with intermediate to high risk with an abnormal 
12-lead rest ECG [18]. In contrast, the ACCF/AHA/ACP/
AATS/PCNA/SCAI/STS guidelines for the diagnosis and 
management of patients with stable IHD states that cCTA 
may be appropriate in patients with intermediate pretest 
probability of IHD who are able to exercise and in patients 
with low to intermediate probability who are not able to 
exercise [19]. ACCF/SCCT/ACR/AHA/ASE/ASNX/
NASCI/SCAI/SCMR appropriate use criteria for cCTA state 
that cCTA is also acceptable in low to intermediate probabil-
ity patients presenting with acute chest pain, low probability 
asymptomatic patients with family history of premature 
CAD, and intermediate probability asymptomatic patients 
without known CAD [20]. Clearly, further work needs to be 
done to improve the quality of evidence, including sex- 
specific evidence, and refine optimal diagnostic strategies.

The diagnostic accuracy of cCTA is comparable in women 
and men, with >90% sensitivity and specificity in the 
70–90% range for obstructive CAD [18]. As a general rule, 
calcified and obstructive CAD prevalence and extent in 
women lag behind men by approximately 10 years; accord-
ingly, women undergoing cCTA tend to be older, with higher 
risk according to traditional risk stratification methods. 
Notably, over twice as many women (60–70%) as men 
(~30%) with suspected IHD undergoing invasive coronary 
angiography have nonobstructive CAD [21].

Several studies have demonstrated sex-specific differ-
ences in the prognostic value of various cCTA parameters. 
While women and men have similar outcomes with regard to 
extent and severity of obstructive CAD, only women show 
elevated risk-adjusted mortality for the presence and extent 
of nonobstructive CAD [18] and may therefore benefit from 
more aggressive risk factor modification and medical ther-
apy. Accordingly, nonobstructive CAD (particularly when 
>2 major epicardial vessels are involved) should be high-
lighted in cCTA reports. Importantly, the absence of CAD 
(obstructive or nonobstructive) portends a very favorable 
prognosis in both men and women [22].

To date, routine clinical practice has underexploited the 
unique ability of cCTA to noninvasively identify nonobstruc-
tive CAD in women. There are no societal guidelines on rec-
ommended therapy for patients with signs and symptoms of 
IHD and nonobstructive CAD. Ischemia on stress testing is 
often dismissed as “false positive” due to lack of obstructive 
disease on anatomic imaging, and secondary preventative 
strategies are rarely implemented [23]. cCTA may have a 
more prominent role with evolving diagnostic and treatment 
paradigms for IHD other than obstructive CAD, which tends 
to disproportionately affect women.
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Cardiac CT Radiomics

Márton Kolossváry and Pál Maurovich-Horvat

Medical imaging modalities have undergone great 
 improvements in the past decades. State-of-the-art scanners 
can depict anatomical structures at previously unimaginable 
detail, while also providing functional information regarding 
pathologies. No matter how sophisticated our imaging tech-
niques might be, our interpretation of results is still based 
predominantly on visual inspection. Qualitative assessment 
of radiological images discards vast amount of information, 
while relying on greatly subjective and hard to reproduce 
expert opinions [1, 2]. In the era of personalized medicine 
where subtle differences in the genome are seen as opportu-
nities for new personalized therapies [3], superficial visual 
assessment of pathologies seems outdated.

Radiomics is the process of extracting numerous quantita-
tive image-based features from radiological examinations, to 
create large datasets where each abnormality is characterized 
by hundreds of different parameters [4, 5]. These parameters 
are used to create “big data” datasets, which can be analyzed 
using machine learning techniques to find new meaningful 
patterns and relationships in the data (Fig. 56.1).

 Concept of Radiomics

In radiological images, each voxel represents a separate mea-
surement of some physical characteristic in that given area or 
volume. Basically, radiological examinations are a vast num-
ber of physical measurements done in a spatial coordinate 
system. In CT, the amount of radiation absorption in the 
given voxel is utilized to create the image (for details see 
Chap. 2). Different tissue components all absorb radiation to 
a different extent; thus the Hounsfield units (HU) mirror the 
underlying tissue structure of a given voxel. Therefore, it is 
reasonable to assume that spatial heterogeneity of a coronary 

atherosclerotic lesion on CT might correlate with known 
 histological morphologies and thus could give additional 
 prognostic information above stenosis severity.

Several qualitative imaging markers representing coro-
nary plaque heterogeneity have been identified on coronary 
CT angiography (CTA). These have been shown to correlate 
with histological abnormalities and major adverse cardiac 
events (MACE) to some degree [6, 7]. Being qualitative 
markers, they are prone to interobserver variations and 
require much experience. Furthermore, there are aspects of 
heterogeneity which are difficult to comprehend by visual 
inspection. Subtle differences in HU values are undetectable 
by eye sight, while they might hold valuable information of 
underlying tissue architecture. Much of radiomics is about 
mathematically quantifying these fine textural properties, 
shape of the lesion, and the spatial distribution of HU values 
on radiological images.
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e-mail: p.maurovich-horvat@cirg.hu

56

RADIOLOGICAL
IMAGES

RADIOMIC
FEATURES

BIG DATA INFERENCE

DataminingFeature
extraction

Fig. 56.1 Pipeline of radiomics-based patient analysis. After image 
acquisition, new novel radiomics-based image characteristics are 
extracted to quantify different lesion properties. The hundreds of vari-
ables are joined together to create “big data” databases. Machine learn-
ing is used to find new meaningful connections between the parameters 
and the clinical outcome data. Based on the results, new imaging bio-
markers can be identified which have the potential to increase the diag-
nostic accuracy of radiological examinations
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 Classification of Radiomic Techniques

Radiomic techniques can be divided into four major groups: 
(1) intensity-based metrics, which measure different proper-
ties of the distribution of HU values; (2) texture-based analy-
sis, which quantifies the spatial heterogeneity of the lesion; 
(3) shape-based measures, which quantify the three- 
dimensional geometry of an abnormality; and (4) transform- 
based metrics, which transform the image from the spatial 
domain to the frequency or scale domain. Summary of 
radiomic techniques can be found in Fig. 56.2.

 Radiomic Features

 Intensity-Based Metrics

Intensity-based metrics are often also called first-order 
 statistics, meaning that statistics are derived from individual 
voxels themselves, discarding all spatial and relational 
 information. These metrics can easily be calculated by 
 segmenting out the given voxels and then calculating the sta-
tistics on the array of voxel values. This is also referred to as 
histogram analysis, since the calculated statistics resemble 
some property of the distribution of the voxel values.

 Parameters Representing the Average 
and Spread of the Data
The following statistics are the most common metrics used in 
practice: mean which is the closest point to all other points, 
median which is the middle element of an ordered array of 
values, minimum and maximum which reflect the most extreme 
points in the distribution, percentiles which are cutoff points 
for a given proportion of the distribution, and interquartile 
range, which are two distinguished data points, that define the 
25th and the 75th percentile, which indicate the spread of mid-
dle 50% of the data points. While previous statistics represent 
information regarding the values and the range of the distribu-
tion, they do not express any information regarding the shape 
of the distribution. There are an infinite number of different 
distributions which have the same mean or interquartile range 
but have very different shapes (Fig. 56.3).

 Parameters Representing the Shape 
of the Distribution
The concept of distribution shape is grasped using so-called 
moments. Moments are defined as the average of the values 
(xi) minus a given value (c) raised to a given power (q). If 
c = 0 and q = 1, the moment equals the mean. If c = the mean 
(μ), we call our moments central moments. If c  =  μ and 
q = 2, then we obtain the variance, which informs us about 
how spread-out our data is from the mean. The square root of 
the variance is the standard deviation (SD), which also quan-
tifies the spread of the data, and in cases of normally distrib-
uted data, it gives information where approximately 68% of 
the data is situated around the mean. If we divide our central 
moments with the SD on the qth power, then we obtain stan-
dardized or normalized central moments. If c = μ and q = 3 
and we standardize by SD3, then we define skewness, which 
quantifies the asymmetry of the distribution. Negative skew 
means the left tail is longer and a considerable proportion of 
the distribution is shifted to the right, while positive skew 
indicates just the opposite. If c = μ and q = 4 and we normal-
ize by SD4, we come to the kurtosis, which basically quanti-
fies the number of outliers in the data. The smaller the value, 
the more data points are in the proximity of the mean, while 
higher values indicate that a larger proportion of the data 
points are located beyond one SD distance of the mean, as 
compared to the normal distribution. Higher degree moments 
can also be defined but are seldom used due to exhaustive 
calculations and difficult interpretation.

 Parameters Representing the Diversity of Values
While previous statistics quantified the spread and the shape of 
the distribution, they do not give any information regarding the 
diversity of the data, meaning how dissimilar the data points 
are. Voxel values can also be viewed as signals with different 
intensities. Concepts from signal processing—a subfield of 
information theory—can be implemented to quantify heteroge-
neity of voxel values. Energy is the sum of all squared elements 
and quantifies the overall magnitude of voxel intensities in the 
image. Uniformity is the sum of squared probabilities of each 
given voxel value. If there is only one value present, then uni-
formity is 1; the more  different values there are, the smaller the 
probabilities of each value; thus the squared sum will be closer 

INTENSITY-BASED
METRICS

Average and spread
mean, SD, etc.

Second-order statistics
    GLCM

1, 2, 3-Dimensional
    length, area, etc.

Fourier transform

Gabor transform

Wavelet transform

Minkowski functionals
    area, genus, etc.

Fractal dimension
    box-counting, etc.

Higher-order statistics
    GLRLM, GLSZM, etc.

Laws’ texture energy

TEXTURE-BASED
METRICS

SHAPE-BASED
METRICS

TRANSFORM-BASED
METRICS

Radiomics

Shape
    skew, kurtosis, etc.

Diversity
    entropy, energy, etc.

Fig. 56.2 Classification of 
different radiomic techniques. 
(From Kolossvary et al. [5], 
with permission)
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to 0. Shannon entropy is a measure to quantify the amount of 
information contained in the data [8]. In cases where there are 
two outcomes and both are equally probable (e.g., a coin toss), 
then we are at maximum uncertainty about the outcome of a 
toss, since both occur with the same probability; thus the unpre-
dictability is at maximum. However, if one outcome is more 
probable than the other (biased coin), then we have some 
assumption about what the outcome might be, since one of the 
events is more probable; thus our uncertainty is smaller. This 
shows that higher probability (p) events carry less information, 
because we could have guessed what might happen, while rare 
events carry more information, since their occurrence is scarce 
and highlights only a few instances. Entropy quantifies this 
uncertainty or randomness, by weighting the information con-
tent of an event (which is defined as log2p) with its relative 
frequency in the dataset and then adding up all these values for 
all the events and multiplying it by minus one. The result is 
called the commonly used term: bits. It quantifies the minimum 
number of required binary elements to describe all possible 
entries in the data. Higher values indicate that more bits are 
required to describe the data suggesting higher uncertainty 
meaning greater heterogeneity, while smaller values indicate 
just the opposite. Overall, high SD and entropy and low unifor-
mity all represent increased heterogeneity.

 Utilization and Potential Pitfalls of Intensity- 
Based Metrics
Several of the abovementioned metrics have been used to 
quantify coronary lesions. One of the first attempts to utilize 
quantitative information from cardiac CT scans was the 

Agatston score [9]. The calcium score of a lesion is com-
puted by calculating the area of voxels with attenuation val-
ues greater than 130 HU and multiplying it by a weighting 
factor based on the maximum attenuation value of the given 
lesion (for details see Chap. 2). This simple idea of taking the 
area of calcium in a lesion and multiplying it by a number is 
one of the best cardiovascular risk stratification methods we 
have to date [10, 11]. It is also feasible to quantify volumetric 
quantities of plaque components using coronary CTA [12]. 
Unfortunately, there is only limited information regarding 
the prognostic value of different quantitative plaque compo-
nents on MACE. Versteylen et al. have shown total plaque 
volume, total noncalcified volume, per-plaque maximal vol-
ume, noncalcified percentage, and plaque burden to be all 
significantly larger in acute coronary syndrome patients, as 
compared to non-acute coronary syndrome controls [13]. 
Furthermore, adding quantitative plaque characteristics to 
the Framingham risk score (FRS) and qualitative CTA read-
ing results significantly improves the diagnostic performance 
of the model, as compared to FRS and qualitative informa-
tion (area under the curve: 0.64 vs. 0.79, p  <  0.05, 
respectively).

As attractive it may seem to measure quantitative met-
rics regarding coronary plaques, there are major potential 
pitfalls that we must not forget. These metrics are all 
based on absolute HU values. It has been shown in ex vivo 
studies that using a different CT scanner for the measure-
ments changed the observed median Agatston score sig-
nificantly (Philips, 353; Toshiba, 410; GE, 469; Siemens, 
332; p  <  0.05). Furthermore, the limited inter-platform 
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Fig. 56.3 Pipeline for 
calculating first-order 
statistics on two 
representative examples of 
coronary lesions. First the 
coronary arteries need to be 
segmented. Then histograms 
need to be created showing 
the relative frequency of given 
HU values. From these 
different statistics can be 
calculated. The image also 
justifies the use of several 
different parameters to reflect 
a lesion, since the average 
attenuation values and the 
standard deviations are the 
same, while only higher 
moments can differentiate 
between these two plaques. 
(From Kolossvary et al. [5], 
with permission)
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reproducibility resulted in up to 6.5% of the intermediate-
risk patients reclassified into either low- or high-risk 
groups [14]. Moreover, using different image reconstruc-
tion algorithms on the same examination also had a sig-
nificant effect on observed values and risk prediction [15]. 
Same tendencies can be observed for coronary CTA scans 
as well. It seems there is also a considerable amount of 
inter-vendor variation [16], and higher levels of iteration 
during image reconstruction may also have an effect on 
observed values [17, 18]. Furthermore, there is no consen-
sus on the cutoff values for identifying different tissue 
components, which is mainly due to the aforementioned 
reasons, and because of different plaque components, HU 
ranges overlap significantly, due to the similar molecular 
composition and limited spatial- and low-contrast resolu-
tion of current CT scanners [19, 20]. Therefore, several 
different cutoff values have been proposed [12, 21]. In 
addition, these are all population-based results; thus indi-
vidual variations can be significantly larger. Furthermore, 
most of these statistics are related to the mean, which is a 
very robust statistic since it is calculated using each voxel 
value. Therefore, if such alterations can be observed aver-
aging hundreds of thousands of voxel values, then indi-
vidual voxel values show considerably larger variations, 
which would have a great effect on personalized patient 
management based on these metrics.

Overall, intensity-based metrics can quantify the distribu-
tion and heterogeneity of our data. However, there are major 
concerns, due to the lack of quantification standards, the con-
cerns of reproducibility, the effects of noise, etc. Finally, 
these metrics all discard spatial information; therefore mea-
sures of diversity only reflect properties of the distribution, 
which has nothing to do with spatial heterogeneity.

 Texture-Based Metrics

Earlier metrics discarded the spatial relation of the voxels 
to each other. This seems conceptually flawed since we 
know plaque composition has a significant effect on plaque 
vulnerability, and plaque composition is expressed by the 
spatial interrelationship of the voxels on coronary 
CTA. Even so, it is very hard to conceptualize this spatial 
interaction between the image points. This problem first 
emerged from the analysis of satellite imagery in the 1970s 
and is referred to as texture analysis. Texture is a broad 
concept, which tries to describe patterns in an image. 
Patterns are basically repetitions of different characteris-
tics, such as shape, color, intensity, etc. Texture analysis 
tries to mathematically define these ideas by calculating 
different statistics which are based on the spatial relation-
ship of two or more image points and not simply on the 
voxel values themselves.

 Second-Order Statistics
Haralick et al. proposed the idea of gray-level co-occurrence 
matrix (GLCM) [22]. GLCMs or gray-tone spatial depen-
dencies matrix (GTSDM) is a second-order statistics mean-
ing that the statistics calculated from these values are based 
on the relationship of two voxels. The main idea is not to 
look at intensity values themselves, but to examine how 
many times similar intensity values occur next to each other 
at a given distance and direction. To achieve this, first our 
image values must be discretized, meaning that they need to 
be partitioned into n non-overlapping groups. Next raw 
GLCMs are created. For simplicity, we will continue assum-
ing we have a 2D image, for example, a cross section of a 
lesion, not a 3D dataset. To derive a GLCM, two parameters 
need to be given: distance and direction. Distance refers to 
how far away we look from our reference voxel, for example, 
the voxels next to a reference voxel are at a distance of 1. 
Direction is usually an angle, where the voxels to the east of 
a reference voxel are at an angle of 0°, ones to the northeast 
are at 45°, ones to the north are at 90°, and ones to the north-
west are at 135°. As we will see, there is no need to define the 
remaining four directions, since they can be derived from 
one of the earlier defined directions.

In a GLCM there are as many rows as there are column, 
which is equal to the number of intensity groups (n) to which 
we discretized our image. The rows are labeled as i, and the 
columns as j. A value in the ith row and jth column (location 
defined as [i, j]) in the raw GLCM enumerates how many 
times in our image a voxel of value j is located at a given 
distance and in a certain direction with respect to any one of 
the voxels in the image that have a value of i. For example, in 
a raw GLCM where distance is 1 and the angle is 0°, the 
value in the 3rd column and the 2nd row is equal to the num-
ber of times a value of 3 occurs to the right of a value of 2 in 
the whole image. As stated earlier, one needs to only calcu-
late these GLCMs in four directions since the other four can 
be derived from the opposite GLCM by transposing the 
matrix, which means we simply mirror the values on the 
main diagonal, which goes through the matrix from the top- 
left to the bottom-right. For example, the value in the ith row 
and jth column in a GLCM of distance 1 and angle 0° is 
equal to the value in the jth row and ith column in the GLCM 
of distance 1 and an of angle 180°. This is because it is equiv-
alent to ask how many times a value j occurs to the right of 
value i and to ask how many times does value i occur to the 
left of j. Therefore, we can simply add up these correspond-
ing GLCMs to receive four symmetrical (value in ith row and 
jth column equals the value in jth row and ith column) 
 matrices. Since the absolute number of occurrences is not 
very informative, because we do not know whether, for 
example, 42 is a large value or not, we change the values in 
the raw GLCM to relative frequencies, which we get by sim-
ply dividing each entry by the sum of the entries.
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These matrices already tell us a lot of information. The 
values on the main diagonal represent the probability of two 
voxels having the same value at a given direction and angle. 
The further away we go from the diagonal, the greater the 
difference between the two voxels. Two extremes would be a 
matrix with only elements on the diagonals, which means 
that there are only identical intensity values in the given 
direction in our image. On the other extreme, if each entry in 
the GLCM is the same, then our intensity values occur at 
random in our picture in the given direction.

Haralick originally proposed 14 different metrics that can 
be derived from the GLCMs, but many more are used [23]. 
Basically, all parameters are derived by weighting the entries 
of the matrix based on some objective and then summing 
them up. These values are the following, but not limited to: 
angular second moment/uniformity/energy is calculated just 
as is the first-order case, by squaring the elements of the 
GLCM and then summing them up. Values close to 1 indi-
cate few highly probable values in the GLCM, which means 
that the same two values occur usually next to each other, 
while a uniformity close to 0 would mean that different val-
ued voxels occur next to each other at random. Contrast is 

calculated by multiplying the elements of the GLCM by a 
weight and then summing all the values. The weight for a 
value in the ith row and jth column of the GLCM equals the 
difference between the intensity i and j squared. This empha-
sizes values where there is a large difference in the intensities 
of neighboring voxels, because elements on the diagonal 
(which means the two pixels have the same intensity) receive 
a weight of 0, while the further away we move from the main 
diagonal (where there are bigger differences between the two 
voxels), the higher the weights, which increases exponen-
tially. Therefore, higher values of contrast indicate bigger 
differences between the voxels at a given direction and dis-
tance, while smaller values indicate uniformity between the 
voxel values. Homogeneity/inverse difference moment is just 
the opposite of contrast. We want to express the amount of 
uniformity in the image; thus we want to give bigger weights 
to elements close to the main diagonal of the GLCM and 
smaller weights to values farther away from it. To achieve 
this, we take the same weight as before and multiply the val-
ues by the reciprocal of this weight. Since the denominator 
would be 0 for elements on the diagonal, we add 1 to it for all 
weights. Pipeline for deriving GLCMs is shown in Fig. 56.4.
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Fig. 56.4 Pipeline for calculating gray-level co-occurrence matrices 
(GLCM). First the coronary arteries need to be segmented. Then the 
voxels need to be extracted from the images. Next the images need to be 
discretized into n different value groups. Then a given direction and 
distance is determined to calculate the GLCM (distance 1, angle 0°). 
Raw GLCMs are created by calculating the number of times a value j 
occurs to the right of value i. This value is then inserted into the ith row 

and jth column of the raw GLCM. To achieve symmetry, the transpose 
is added to the raw GLCM. Next, the matrix is normalized by substitut-
ing each value by its frequency; this results in the normalized 
GLCM.  Afterward, different statistics can be calculated from the 
GLCMs. To get rotationally invariant results, statistics are calculated in 
all four directions and then averaged. (From Kolossvary et al. [5], with 
permission)

56 Cardiac CT Radiomics



720

These and several other measures can be calculated from 
the GLCMs. The values are a function of the angle at which 
we examined neighboring voxels. It is rational to suppose 
that texture is rotationally invariant. If we rotate our image 
by 90°, we should still get the same value for contrast or 
homogeneity. Texture is an intrinsic property of the image; it 
cannot have high and low contrast at the same time. To solve 
this discrepancy, the statistics calculated in all four direc-
tions are averaged.

 Higher-Order Statistics
While second-order statistics looked at the relationship of 
two voxels, higher-order statistics assess the relationship of 
three or more voxels. Galloway proposed the idea of gray- 
level run length matrix (GLRLM), which not only looks at 
pairs of voxels, but rather assesses how many identical-value 
voxels occur in a given direction next to each other [24]. 
Similarly, we can create such matrices in four different direc-
tions in 2D.  The rows of the GLRLM represent again the 
given attenuation values, while the columns represent the 
given run lengths. Thus, an entry x in the ith row and jth col-
umn would mean that in the image it occurs x times that i 
intensity voxels are next to each other j times in the given 
direction.

Galloway proposed five easy statistics that can be calcu-
lated from these matrices, but many more exist [23]. Short 
runs emphasis takes each value in the matrix and divides it 
by its run length squared and then adds up all the values; thus 
short runs are emphasized, while long run lengths are dimin-
ished. Long runs emphasis does just the opposite; it multi-
plies each value of the matrix by its run length squared 
instead of dividing it and then sums all the values, thus 

emphasizing long runs. Gray-level nonuniformity highlights 
the dissimilarity of the voxels in the picture. It is calculated 
by adding up the number of different run lengths for a given 
intensity value and then squaring and summing them. If the 
runs are equally distributed throughout the HU values, then 
the value is minimal, while unevenly distributed gray-level 
intensities create large values. Run length nonuniformity 
adds up the number of times the given run length occurred 
for all gray values and then squares and adds them up. Instead 
of measuring intensity nonuniformity, this measures run 
length nonuniformity. These metrics are usually divided by 
the total number of runs to normalize it. The last statistics, 
run percentage is the ratio of the total number of runs to the 
number of voxels. It has the lowest value in cases of linear 
structures, where we have few long runs. Pipeline for deriv-
ing GLRLMs can be found in Fig. 56.5.

Several other concepts have also been introduced, such as 
the gray level gap length matrix (GLGLM), which is similar 
to GLRLMs, but instead of quantifying how long same value 
voxels occur, it calculates how many voxels we need to travel 
in a direction to find a voxel with the same value [25]. The 
gray-level size zone matrix (GLSZM) is also similar to 
GLRLM but quantifies how many voxels of the same value 
are connected to each other, irrespective of direction [26]. 
The neighborhood gray-tone difference matrix (NGTDM) 
tries to mimic human perception mechanisms by including a 
whole neighborhood of voxels for calculating statistics [27]. 
Methods to eliminate the problem of image discretization 
have also been proposed, such as the multiple gray-level size 
zone matrix (MGLSZM), which calculates the metrics for 
several different gray-level quantizations, which are summed 
using a weighted average [28].

CORONARY
SEGMENTATION

EXTRACTION OF
VOXELS

DISCRETIZATION GLCM

Outer vessel wall
Inner vessel wall

5 2
2223

1 2 3 3 3 4
4453

1 3 2
1

1 2 4
3 3

4

4
4
3
3
2

0
0
1
1
0

0
1
1
0
0

Fig. 56.5 Pipeline for calculating gray-level run length matrices 
(GLRLMs). First the coronary arteries need to be segmented. Next the 
voxels need to be extracted from the images. Then the images need to be 
discretized into n different value groups. Next a given direction (angle 
0°) is determined. GLRLMs are created by calculating the number of 

times a i value voxels occur next to each other in the given direction. The 
ith row and jth column of the GLRLM represent how many times it 
occurs in the image and that i value voxels are next to each other j times. 
To get rotationally invariant results, the statistics calculated in different 
directions are averaged. (From Kolossvary [5], with permission)
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 Laws’ Texture Energy Measures
Laws proposed a different method for quantifying different 
texture properties [29]. Instead of calculating metrics based 
on the relationship of neighboring voxels, he suggested filter-
ing the image for specific structures. This is done by convolu-
tion, which simply means that we replace each pixel in the 
image with a weighted value of its neighbors. The values that 
we use as weights for filtering are stored in the kernel matrix. 
The convolution technique is used in daily practice to recon-
struct images with sharper or smoother kernels. The sharp 
kernel improves spatial resolution, enhances edges, and 
reduces metallic or blooming artifacts (e.g., stents, heavy cal-
cification). A sharper kernel generates images with higher 
spatial resolution but increases the image noise, whereas a 
smoother kernel generates images with lower noise but with 
reduced spatial resolution.

If we choose our kernel values carefully, we can empha-
size different textures, such as edges or ripples, while cancel-
ing out other effects. Laws proposed five one-dimensional 
filters which can be combined to achieve two- or three- 
dimensional complex filters. Through convolution of our 
original image and the kernel, we receive a new image, 
which we can then analyze, usually calculating the energy as 
proposed earlier in the chapter.

 Utilization and Potential Pitfalls of Texture-Based 
Metrics
Texture-based methods have been implemented to classify 
tumor heterogeneity [30], but cardiac implementations are 
scares. This is mainly due to several difficulties specific to 
cardiac imaging that are less prominent in tumors. 
Atherosclerotic lesions are very small; therefore only a 
limited number of voxels depict the abnormality. These 
statistics are robust in cases when there are a sufficient 
number of data points. While the submillimeter resolution 
of high-tech scanners is adequate for clinical decision-
making and even volumetric analysis, it might not be 
enough for texture analysis. Furthermore, while anatomi-
cal planes are suitable for heterogeneity analysis of tumors, 
since they are directionally invariant, coronary arteries are 
complex 3D structures which have a specific direction; 
thus simple anatomical slices are inadequate for analysis. 
Finally, while a 2D plane can resemble the heterogeneity 
of a tumor, it may not be sufficient for atherosclerotic 
lesions, since they are complex 3D structures, where het-
erogeneity needs to be assessed in 3D, on the course of the 
coronary artery. Despite these potential limitations, there 
are promissing results of appling radiomics to identify vul-
nerable plaques from coronary CTA images. Kolossvary et 
al showed that texture-based radiomic statistics signifi-
cantly outperformed conventional volumetric quantitative 
parameters to identify napkin-ring sign plaques from coro-
nary CTA images [23].

 Shape-Based Metrics

Coronary lesions are complex 3D objects. As the ratio and 
the spatial distribution of different plaque components 
change, also does the shape of the lesion. Shape is an abstract 
concept trying to quantify different geometrical properties of 
objects. Shape-based metrics can be grouped based on the 
dimension in which we do our measurements.

 One-Dimensional (1D) Metrics
1D metrics are basically based on the diameters of the lesion. 
The diameter can be measured on the longest axes or the 
shortest axes or in any arbitrary direction. They can also be 
compared to other entities, as in the case of diameter steno-
sis, where the diameter of the lesion is divided by the vessel 
diameter on cross-sectional images to assess stenosis sever-
ity on coronary CTA. Furthermore, from these values many 
different metrics can be calculated, such as the ratio of lon-
gest diameter to the shortest diameter, which is close to 1 in 
case of cylindrical objects and gets bigger as the abnormality 
becomes elliptic, or the difference between the longest and 
the shortest diameter which also quantifies roundness.

 Two-Dimensional (2D) Metrics
2D metrics are based on cross sections of the lesion. From 
these images several different parameters can be calculated. 
These are mainly based on different areas or on different bor-
der lengths. In most cases these 2D metrics are used to 
approximate more complex 3D metrics, since they are sim-
pler to calculate. For example, lesion area is a measure used 
to describe the size of a lesion. Most common in case of 
coronary CTA is the area stenosis, which is the ratio of the 
vessel wall area to the vessel area. This metric is commonly 
used to assess positive remodeling.

 Three-Dimensional (3D) Metrics
3D metrics aim to quantify different geometrical properties 
of the lesion. Many of these concepts originate from rigid 
body mechanics. All 3D objects have three so-called princi-
pal axes or eigenvectors, which are mutually perpendicular 
to each other and intersect at the center of mass. Torque 
applied around these principal axes acts independently, 
meaning that if we push or rotate our object along one prin-
cipal axis, it will not rotate in any other direction. These 
eigenvectors also have corresponding eigenvalues, which 
can be interpreted as weights proportional to the amount of 
mass or HU intensities located in that direction.

Several different parameters can be derived from the 
eigenvectors, such as: asymmetry is defined as 1 minus the 
square root of the ratio of the smallest and the largest eigen-
values. In cases where HU values are distributed equally in 
all directions of the principal axes, then asymmetry is 0, 
while in cases where the distribution is imbalanced in the 
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three directions, then it is close to 1. Compactness is a scaled 
product of the three eigenvalues divided by the volume of the 
lesion. The less spread-out our lesion is, the higher the 
 compactness. Roundness is the difference of the biggest 
 eigenvalue of the smallest enclosing and the largest enclosed 
ellipse. It describes how closely similar the lesion is to an 
ellipse. Small values indicate similarity to an ellipse, while 
larger values indicate more rounded shape.

 Minkowski Functionals
Minkowski functionals originate from the area of integral 
geometry [31] and quantify different properties of com-
plex geometrical structures. They can be implemented to 
calculate characteristics on 2D and 3D images from the 
number of connected and non-connected voxels, edges, 
and vertices. The results of some functionals are com-
monly known parameters such as area and circumference 
in 2D or volume and surface area in 3D [32]. Furthermore, 
the Euler characteristic or genus can be calculated which 
can be seen as a connectivity parameter representing the 
number of separate voxel groups containing a signal 
minus the number of completely enclosed regions where 
there is no signal. These values can be calculated on sev-
eral images derived from the original image using differ-
ent thresholds to receive an array of different values which 
can be statistically analyzed.

 Fractal Dimension
Fractal geometry examines the self-similarity of objects. 
Fractals exhibit expanding symmetry by repeating patterns 
that are present at each scale. Conventional objects showing 
no fractal geometry scale their characteristics by a scalar on 
the power of the dimension meaning: if we scale a 1D object, 
for example, a line by two, then the length of the line will 
increase by 21. If we double the edge length of a 2D polygon, 
for example, a square, then the area will increase by 22. If we 
scale the radius of a 3D object such as a sphere, then its vol-
ume will increase by 23. For such geometrical objects, the 
fractal dimension is equal to the topological dimension and it 
is an integer. However, fractals behave differently. For exam-
ple, a line whose topological dimension is 1 can have a frac-
tal dimension anywhere between 1 and 2. If we were to scale 
this line by 2, then its length would not be twice as long. 
Actually, its length is undefined, since if we were to enlarge 
our image, then we would see more and more detail which 
affects the length of the line, but this continues infinitely as 
we magnify our image.

Fractal dimension is a measure for quantifying the spa-
tial complexity of an object and is proportional to how the 
detail of the image changes as we alter the scale [33]. Rényi 
dimensions generalize the concept of fractal dimensions 
from which several different definitions can be gained. The 
box- counting dimension or Minkowski-Bouligand dimen-

sion is the easiest, we simply calculate how many voxels 
contain the image, and then we repeat this many times with 
a finer grid. We then plot the number of occupied voxels 
versus the reciprocal of the scale on a log-log plot. The 
 box-counting dimension will be equal to the slope of the 
 regression line that connects the points. The information 
and the correlation dimension can also be calculated from 
Rényi dimensions [34, 35].

 Utilization and Potential Pitfalls of Shape-Based 
Metrics
To date, mainly the effect of 1D parameters on later MACE 
rates has been investigated. Conventionally, stenosis severity 
is expressed by diameter stenosis in the daily routine. Several 
studies have shown the prognostic value of diameter stenosis 
on later MACE rates, but long-term effects still remain a 
question [36]. Furthermore, lesion length has also been 
shown to effect later outcomes in patients undergoing percu-
taneous coronary intervention [37]. Most commonly used 
2D shape-based metric is the cross-sectional area, which is 
used to calculate positive remodeling, which has been shown 
to be a vulnerability feature of rupture-prone plaques [38].

The main concern with shape-based metrics trying to 
quantify some geometrical aspect of a coronary lesion is that 
plaques grow along the coronary arteries, which have com-
plex 3D shapes. The difficulty is that the length of a lesion is 
not equal to the distance measured between the origin and 
the end of lesion on the image, but instead equal to the dis-
tance along the coronary artery between the two points. 
Therefore, if we measure shape-based metrics not account-
ing for coronary geometry, then we are also including geo-
metrical information regarding the arteries themselves. This 
might not be a problem, since coronary geometry and shape- 
based metrics can be very much interrelated, but little is 
known how they might affect each other. Finally, complex 
shape-based radiomic features require complex computa-
tional algorithms which are currently not implemented in 
clinical software.

 Transform-Based Metrics

Images are two- or three-dimensional datasets where the pix-
els are positioned in the spatial domain. Transform-based 
metrics convert these images from the spatial domain to a 
different coordinate system, for example, the frequency 
domain, which uses information taken from the rate at which 
image intensity values change to describe the image, instead 
of using spatial coordinates for this purpose.

 Fourier and Gabor Transforms
Fourier and Gabor transforms originate from signal process-
ing. Fourier transform takes a 1D signal and decomposes it 
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to a series of sinusoidal waves. Applying 1D Fourier trans-
forms in both the x and the y imaging planes, we can trans-
form our image to a 2D frequency domain. Gabor transform 
is similar to the Fourier transform but first filters the image 
by applying a Gaussian filter. This can be useful for image 
analysis, since the image can be filtered from specific fre-
quencies such as noise, or different characteristics can be 
emphasized on the picture, for instance, edges. Using the 
inverse Fourier transform, the original image can be recon-
structed from these sine and cosine frequencies. After trans-
forming back our images, we can extract different statistics 
from our filtered images, such as texture-based metrics men-
tioned earlier.

 Wavelet Transforms
While Fourier transform can be used to analyze the fre-
quency component of a signal or an image, we lose all our 
spatial information. Wavelet transform on the other hand not 
only contains frequency information but also includes spatial 
information as well [39]. Basically we can sacrifice fre-
quency precision to gain spatial information. By setting the 
values of two parameters, we can weight frequency over 
temporal information or vice versa. Therefore, a family of 
transformed pictures can be obtained from which statistical 
parameters can be calculated.

 Utilization and Potential Pitfalls of Transform- 
Based Metrics
Fourier and Gabor transforms are extensively used for image 
filtering to increase quality. Their main application is not to 
produce quantitative parameters for image classification; 
thus their utilization as a classifier is scarce. Wavelet trans-
forms are becoming increasingly popular since they incorpo-
rate spatial and frequency information as well. With the 
tuning of the parameters, infinite number of statistics can be 
derived from them. This poses a potential problem, since the 
selection of high accuracy classifiers from numerous poten-
tial parameters is prone to overfitting.

 Conclusions

Radiology has undergone unprecedented developments over 
the past years. While medical images were only seen as 
rough representations of underlying pathologies in the past, 
the improvement of spatial and temporal resolution all leads 
to increased image quality allowing us to view radiologists 
as in vivo pathologists. This also means that radiologists are 
subjected to vast amounts of information, to the point that 
might not be comprehensible by humans. Radiomics has the 
potential to vastly increase our knowledge of the underlying 
pathological processes, but this requires new specialists who 
are familiar with new concepts which incorporate scientific 

fields such as computer vision and data science. Radiomics 
together with genetics, proteomics, and metabolomics has 
the potential to change our understanding of human diseases. 
We are at the dawn of a new era, where illnesses are no 
 longer represented by a single value, but by a myriad of 
 parameters. Thus, medical professionals need to get com-
fortable with relying more and more on quantitative data, 
rather than our medical assumptions. If we are unwilling to 
join this transition, we might be left behind.
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Advanced Methods for Coronary Artery 
Plaque Analysis

Pál Maurovich-Horvat and Udo Hoffmann

The quest to identify vulnerable patients and perhaps even 
individual atherosclerotic coronary plaques that will cause 
future acute coronary events remains to be one of the 
greatest challenges of modern cardiovascular medicine 
[1–3]. Current guidelines on diagnostic strategies of 
patients with stable coronary artery disease (CAD) focus 
on the detection of significant coronary artery stenosis or 
myocardial ischemia [4]. Needless to say that such a strat-
egy will not identify the patients who die suddenly due to 
acute coronary events without prior clinical manifestations 
of CAD [5]. It has been demonstrated by postmortem 
investigations that majority of acute coronary syndromes 
are caused by plaque rupture and subsequent sudden lumi-
nal thrombosis [6–8]. Rupture-prone atherosclerotic 
lesions have been termed as vulnerable plaques, which 
have distinct characteristics from stable lesions. The dif-
ferences in morphology and functional and metabolic 
characteristics provide a unique opportunity for non-inva-
sive cardiac imaging to identify these lesions before they 
cause acute events (Fig.  57.1) [9–11]. Moreover, it has 
been demonstrated that on a patient level, the total quantity 
of plaques (i.e., plaque burden) has a strong predictive 
value for myocardial infarction [12, 13]. Therefore, it 
appears that the assessment of coronary plaque morphol-
ogy and plaque burden is potentially very important for 
prediction of future cardiovascular events [7, 14, 15]. 
Coronary computed tomography angiography (CTA) is a 
unique imaging technique that allows for the non-invasive 
depiction of the global coronary plaque burden, not just 
the individual plaques and luminal stenosis [16].

 Plaque Characterization

It has been demonstrated that vulnerable plaques harbor 
the same morphologic characteristics as ruptured plaques, 
with the only difference lying in the intact thin fibrous cap 
[8]. Vulnerable plaques are generally large and contain a 
large necrotic core covered by markedly attenuated and 
inflamed fibrous caps; therefore these plaques are identi-
fied as thin- cap fibroatheromas (TCFA) in histology [9, 
17]. Thin fibrotic cap is defined as a cap thickness of 
<65 μm, which is beyond the spatial resolution limit of the 
state-of-the-art CT scanners (≈0.4 mm); therefore the non-
invasive morphometric assessment of the fibrotic cap is 
currently not feasible [8]. However, histopathologic inves-
tigations have revealed that vulnerable plaques prone to 
rupture need to grow in a sizeable extent in all three spatial 
dimensions [17, 18]. Furthermore, it has been shown that 
the necrotic core length of vulnerable plaques ranges 
between 2 and 17 mm (mean 8 mm) and the area of the 
necrotic core in 80% of vulnerable plaques is larger than 
1.0  mm2 [17]. These spatial dimensions are above the 
plaque detection threshold of coronary CTA (>1  mm 
plaque thickness) [19]. In addition, 95% of vulnerable 
plaques are confined to the proximal coronary segments, 
where coronary CTA has the best accuracy due to the large 
vessel diameter and less frequent motion artifacts [17, 20]. 
Therefore, the non-invasive assessment of coronary 
plaques and the identification of high-risk lesions with 
coronary CTA might be feasible. The conventional coro-
nary CTA plaque classification scheme is based on the 
presence and quantity of calcific plaque components; thus 
the following plaque categories can be differentiated: cal-
cified, partially calcified (mixed), and non-calcified plaque 
(NCP). Partially calcified lesions can be further divided 
into predominant calcified and predominant non-calcified 
plaques (Fig. 57.2). In clinical reports, the description of 
plaques as “non-calcified” is preferable to “soft” or “lipid 
rich” as low CT density (HU) levels do not necessarily cor-
relate closely with pathology or  biochemistry [21].
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Fig. 57.1 The morphologic 
and functional characteristics 
of stable and vulnerable 
plaques. (a) Fibrocalcific 
lesion with calcification and 
small lipid pools considered to 
be a stable plaque. The plaque 
causes mild luminal narrowing 
without ischemia (FFR >0.8; 
green color). The ESS in the 
vicinity of the plaque is in the 
normal range. (b) A thin-cap 
fibroatheroma with a large 
lipid-rich necrotic core, thin 
fibrous cap, neovascularization, 
spotty calcium, and presence 
of inflammatory cells is a 
vulnerable plaque. Despite the 
positively remodeled vessel 
wall at the site of the plaque, 
the lesion causes luminal 
narrowing and ischemia (FFR 
<0.8; red color). The 
downstream plaque region with 
low ESS promotes plaque 
growth, whereas the high ESS 
at the most stenotic part can 
trigger plaque rupture. 
Abbreviations: ESS, 
endothelial shear stress; FFR, 
fractional flow reserve. (From 
Maurovich-Horvat et al. [11], 
with permission)
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Fig. 57.2 The conventional 
coronary CTA plaque 
classification scheme is based 
on the presence and quantity 
of calcium. The following 
plaque categories can be 
differentiated: calcified, 
partially calcified (mixed), 
and non-calcified plaque. 
Partially calcified lesions can 
be further divided into 
predominantly calcified and 
predominantly non-calcified 
plaques. The figure shows 
cross-sectional images and 
curved multiplanar 
reconstructions of various 
plaque types
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 Low-Attenuation Plaque

Despite the challenges associated with CT density-based 
plaque assessment, several investigators have attempted to 
correlate HU measurements with plaque lipid content using 
intravascular ultrasound (IVUS) or histology as reference 
standard. NCPs with high CT attenuation correlated with 
fibrous tissue, and those with low densities correlated with 
necrotic core and fibro-fatty tissue [22]. In general, plaques 
with a mean attenuation of <30 HU are considered low- 
attenuation plaques and have been associated to increased 
risk of acute coronary events [23]. However, almost all inves-
tigators reported a substantial overlap of CT densities 
between fibrous and lipid-rich plaques, which precludes the 
reliable identification of high-risk lesions based solely on 
HU measurements [22, 24]. Furthermore, it is important to 
note that the measurement of plaque attenuation is affected 
by several technical factors, such as the adjacent intraluminal 
iodinated contrast attenuation, tube voltage, slice thickness, 
and reconstruction filter [25–28]. Despite of these limitations 
associated to HU measurements, low CT attenuation is a 
well-established high-risk coronary plaque feature.

 Positive Remodeling

The seminal work of Glagov demonstrated that the growth of 
the lipid-rich atherosclerotic plaques initially manifests with 
outward plaque expansion (i.e., positive vessel remodeling) 
to preserve the coronary lumen and flow [29]. Therefore, it 
should be noted that positively remodeled plaques might be 
missed if assessed solely by luminal narrowing measure-
ments, such as invasive coronary angiography. Positive 
remodeling is associated with plaque vulnerability, abun-
dance of macrophages, and increased necrotic core [30]. 
Coronary CTA can visualize the vessel wall; therefore it is 
well suited to measure cross-sectional diameter and area. The 
remodeling index is calculated as the vessel cross- sectional 
area at the site of stenosis divided by the average of proximal 
and distal reference areas [31, 32]. A ≥1.1 remodeling index 
was suggested for the definition of positive remodeling in 
coronary CTA, which corresponds to a 10% increase in cross-
sectional area at the site of the stenosis relative to the refer-
ence sites [32, 33]. The pioneering work of Motoyama and 
colleagues demonstrated a strong association between ACS 
and the presence of positively remodeled plaques as assessed 
by coronary CTA [23]. Furthermore, positive remodeling had 
the best diagnostic performance among other high-risk plaque 
features (low attenuation, spotty calcification) to identify the 
culprit lesions in ACS patients (sensitivity 87%, specificity 
88%, PPV 89%, NPV 85%) [23]. The same group demon-
strated in a follow-up study using serial coronary CTA that 
the high-risk plaques only resulted in an acute coronary event 

if they were associated with plaque progression and sug-
gested that among plaques with features of vulnerability, 
those with a higher degree of progression have much greater 
likelihood to result in ACS [34, 35].

 Napkin-Ring Sign

A histopathologic study demonstrated that among plaque fea-
tures that are potentially accessible by non-invasive imaging 
techniques, the size of necrotic core (>3.5 mm2) is one of the 
best discriminators between vulnerable plaques and stable 
lesions [10, 14]. Therefore, the detection of large necrotic 
core might be a promising target for coronary CTA to risk-
stratify individual coronary plaques. Since lipid-rich tissue is 
associated with low attenuation in coronary CTA, plaque 
cross section with centrally located area of low attenuation 
might be indicative of the presence of large lipid-rich necrotic 
core. In an ex vivo coronary CTA investigation, the authors 
demonstrated that plaques with a large necrotic core have a 
distinct attenuation pattern, which was termed as the napkin-
ring sign (NRS) [36]. The NRS is a qualitative plaque feature, 
and it can be defined in a non-calcified plaque cross section 
by the presence of two features: (1) a central area of low CT 
attenuation that is apparently in contact with the lumen, (2) 
which is surrounded by a ring-like higher attenuation plaque 
tissue (Fig.  57.3) [11, 36]. A histopathologic investigation 
showed that the area of necrotic core was more than twice as 
large in NRS plaques than in non-NRS plaques (median 
1.10 mm2 vs. 0.46 mm2, p = 0.05) [37]. Furthermore the spec-
ificity of NRS to identify TCFA was excellent (94.1%) [38]. 
Two large prospective studies demonstrated that the presence 
of NRS is an independent predictor of future acute coronary 
events (independent of the presence of positive remodeling 
and low attenuation) [39, 40]. The NRS appears to be a signa-
ture of plaques with large necrotic core; furthermore longitu-
dinal investigations show strong prognostic value of this 
plaque feature to predict future coronary events.

 Spotty Calcium

Calcification is a condicio sine qua non of advanced athero-
sclerosis [41]. However, the effect of calcification on plaque 
instability is not fully understood [42–44]. Histopathology 
studies have demonstrated that most plaque ruptures contain 
some calcification; however, approximately two-thirds of 
these are microcalcifications that are not detectable by coro-
nary CTA [45]. In coronary CTA, spotty calcification is 
defined as a small (less than 3 mm), hyperdense plaque com-
ponent surrounded by non-calcified plaque tissue [23]. Spotty 
calcifications can be classified as small (<1 mm), intermedi-
ate (1–3 mm), and large (>3 mm) calcifications, and it seems 
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that small spotty calcium shows the  strongest association 
with vulnerable plaques [46]. Several large studies demon-
strated that spotty calcium is a sensitive but not very specific 
marker of high-risk coronary plaques [23, 47–50].

 Plaque Quantification

Rapture-prone plaques and culprit lesions in patients who 
suffered ACS tend to have large size; therefore it is reasonable 
to hypothesize that coronary CTA plaque quantification might 
have an incremental value in risk stratification over traditional 
CTA plaque assessment [9, 11]. In line with this notion, coro-
nary CTA studies of ACS and stable angina pectoris (SAP) 
patients demonstrated that the culprit plaques in patients with 
ACS have larger plaque volume than stable lesions in patients 
with SAP [50]. In addition, patients with unstable angina 
quantitative coronary CTA analysis revealed that plaques 
with morphological features of plaque disruption (e.g., intra-
plaque contrast dye penetration) had larger volume and con-
tained more low CT attenuation plaque components as 
compared to plaques with no signs of disruption [51].

Invasive and non-invasive imaging studies have demon-
strated that coronary atherosclerosis is a dynamic process. 
Plaques change size, morphology, and composition over 
few months, gaining or losing high-risk features [52–54]. 
The probability that a plaque remains unstable and eventu-
ally causes a clinical event increases with the number of 
plaques. Several longitudinal studies have demonstrated 
that a larger plaque burden is associated with adverse out-
come [12, 13]. A sub-study of the COURAGE trial (Clinical 
Outcomes Utilizing Revascularization and Aggressive Drug 
Evaluation) showed that plaque burden is a stronger predic-
tor of future major adverse cardiovascular events than isch-
emic myocardium burden [13]. In line with these 

observations, a recent study showed that patients with five 
or more than five coronary segments with non-obstructive 
atherosclerotic plaque have a similar risk of developing 
adverse coronary event as patients with obstructive CAD 
with less than five coronary segments involved [12]. 
Segment stenosis score (SSS) and segment involvement 
score (SIS) are semiquantitative metrics to quantify plaque 
burden [55]. The SSS is calculated by grading all coronary 
segments as 0, no stenosis/no plaque; 1, <50% stenosis; 2, 
50–69% stenosis; and 3, ≥70% stenosis, whereas SIS is the 
number of segments that contain any plaque. Both SSS and 
SIS are independent predictors of coronary events [56–59]. 
Similarly, results from the CONFIRM (Coronary CT 
Angiography Evaluation for Clinical Outcomes: an 
International Multicenter) registry also showed SIS to be an 
independent predictor of major adverse events (hazard ratio, 
1.22; CI, 1.03–1.44) [60]. The CONFIRM risk score is a 
combination of clinical cardiovascular risk, the number of 
proximal coronary segments with stenosis greater than 50%, 
and the number of proximal segments with partially calci-
fied or calcified plaques. The combined risk score outper-
forms all clinical risk prediction scores and significantly 
improves prediction of all-cause mortality [60]. Automated 
software tools are now available for plaque quantification 
and characterization and have the potential to improve the 
reproducibility, accuracy, and efficiency of coronary CTA-
based plaque burden assessment (Fig. 57.4). A recent study 
demonstrated that patients who developed ACS had a higher 
total plaque volume and total NCP volume at the baseline; 
therefore it seems that semiautomatic plaque quantification 
provides additional prognostic value for ACS over both clin-
ical risk factors and traditional CT reading (including cal-
cium score, segment stenosis score, lesion severity, and 
number of segments with NCP) [61]. The accuracy of auto-
mated quantification of coronary plaque by coronary CTA 

a b c

Fig. 57.3 Cross sections of a non-calcified coronary plaque with 
napkin- ring sign. The circumferential outer rim of the plaque (red 
dashed line) has a higher CT attenuation in both the non-contrast (panel 
A) and contrast-enhanced (panel B) images as compared to the attenu-
ation within the central part of the plaque. The corresponding histo-
pathological section (panel C) demonstrates a high-risk plaque with 

large necrotic core. The stars indicate the necrotic core, which corre-
lates with the low-attenuation plaque core on the CT images, whereas 
the outer portion of the plaque contains fibrous plaque tissue correlating 
to the high-attenuation CT rim. Notably, the low-attenuation central 
part of the plaque is apparently in contact with the lumen (panel B). L: 
lumen (From Maurovich-Horvat et al. [36], with permission)
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was successfully validated against gray-scale intravascular 
ultrasound (IVUS) and virtual histology IVUS [22, 62, 63]. 
It is important to note that automated plaque quantification 
software tools provide a good intra-platform reproducibility 
but poor inter-platform reproducibility; therefore it is rec-
ommended to use the same software for serial or compara-
tive  assessments [64].

 Functional Plaque Assessment FFRCT 
and ESSCT

Fractional flow reserve (FFR) derived from coronary CTA 
(FFRCT) is a promising non-invasive marker of coronary 
physiology [65]. The diagnostic performance of FFRCT is 
superior to anatomical coronary stenosis assessment alone 

when compared with the reference standard invasive FFR 
measurement [66, 67]. Importantly, FFRCT can be derived 
from coronary CTA dataset acquired in a standard fashion, 
without the need for additional imaging, extra radiation, or 
any medication (Fig.  57.5). It has been demonstrated that 
FFR identifies hemodynamically significant lesions likely to 
produce ischemia-related symptoms; however, it is less 
clear why FFR might predict the subsequent risk for ACS 
resulting from plaque rupture and coronary thrombosis [68]. 
The presence of a large plaque volume, large low-attenua-
tion plaque volume, and higher positive remodeling index 
was found to be strongly predictive of reduced FFR regard-
less of the degree of stenosis on multivariable analysis [69]. 
It is proposed that the presence of plaques with large necrotic 
cores may be associated with the inability of the vessel to 
dilate and may predispose to ischemia and abnormal FFR 
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Fig. 57.4 Semiautomated plaque characterization and quantification 
using a dedicated software tool. The upper panel represents a stretched 
view of a segmented left anterior descending coronary artery. 
The orange line indicates the outer vessel wall, whereas the yellow line 

indicates the lumen. The middle panel shows plaque cross sections 
along the vessel without and with color overlay. The lower panel illus-
trates the areas of different plaque components. The letters from A to F 
represent the location of the cross-sectional images
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[68]. Therefore, FFR seems to be an important determinant 
of lesion vulnerability.

Plaques develop at specific areas of coronary arteries 
where flow is disturbed, such as the outer walls of  bifurcations, 
in side branches, and in the inner curve of the arteries. These 
predilection sites are characterized by low and oscillatory 
endothelial shear stress [70, 71]. On the other hand, it seems 
that high endothelial shear stress (ESS) is a key component 
in atherosclerotic plaque destabilization, arterial wall remod-
eling, and atherosclerosis progression [72]. ESS is the tan-
gential force generated by the friction of flowing blood on 
the endothelial surface of the arterial wall [73].

Abnormal FFR, the flow perturbations, the altered ESS, 
and lesion strain might be responsible for the development of 
rupture-prone lesion [74, 75]. Furthermore, patients with an 
obstructive coronary plaque may in fact develop an ACS due 
to the high ESS-induced thrombus formation [76]. Therefore 
the determination of blood flow-related functional parame-
ters might improve the atherosclerotic lesion characteriza-
tion [77]. The three-dimensional dataset acquired by 
coronary CTA allows for computational fluid dynamics and 
the simulation of patient-specific hemodynamic parameters 
including FFRCT and ESSCT, which highly likely will improve 
the accuracy of coronary CTA to detect vulnerable plaques.

CCTA

Case 1

Case 2

FFR-CT

FFRCT 0.84

FFRCT 0.76

ICA

Fig. 57.5 Both cases (upper and lower panels) represent severe steno-
sis (approximately 70%) as depicted by coronary CTA. FFR-CT dem-
onstrates no lesion-specific ischemia (0.86) in the first case, whereas the 
FFR-CT shows ischemia (0.70) in the second case. Both coronary CTA 
stenosis severities and the FFR-CT values were confirmed by ICA. The 

arrows indicate severe luminal narrowing both in coronary CTA and 
ICA. Abbreviations: CTA, computed tomography angiography; FFR, 
fractional flow reserve; ICA, invasive coronary angiography (Courtesy 
of HeartFlow Inc., Redwood City, CA, USA)
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 Spectral Plaque Assessment

Conventional single-energy coronary CTA faces a significant 
challenge in differentiating components of non-calcified 
plaques (e.g., lipid-rich vs. fibrous) [78]. Several studies have 
shown considerable overlap in Hounsfield units between 
lipid-rich and fibrous non-calcified plaques inherent to the 
limited spatial and soft-tissue resolution of CT [79]. Spectral 
or multi-energy CT imaging has a great potential to improve 
morphological plaque assessment. Spectral CT allows for 
both monochromatic energy imaging and material basis 
decomposition. Materials and tissues can be distinguished by 
evaluating material density images [80]. The tissue character-
ization capabilities of spectral CT may improve the identifi-
cation of lipid-rich components of non-calcified plaque tissue 
[81]. Furthermore, density and atomic number histograms of 
materials can be derived within regions of interests. It has 
been demonstrated that this histogram analysis is able to dif-
ferentiate between components of renal stones and may also 
be applied to evaluate components of coronary calcifications 
such as calcium oxalate and hydroxyapatite [82]. In addition, 

spectral CT imaging of gold-labeled high-density lipoprotein 
(Au-HDL) nanoparticles designed to target activated macro-
phages showed promising results in atherosclerotic mice 
model [83]. The results in animal studies are encouraging and 
might open new avenues in multi-contrast spectral imaging. 
The capabilities of spectral CT imaging are promising; how-
ever, further studies are warranted to determine the proper 
methods for plaque assessment by this emerging technology.

 Coronary CTA Radiomics

For long, radiological images have been regarded as pic-
tures of the inner body. However, radiological images are 
in fact multidimensional datasets consisting of voxels, and 
each voxel value represents a specific measurement based 
on physical tissue characteristics. Radiomics is the process 
of obtaining quantitative parameters from these spatial 
datasets, in order to create “big data” databases, where 
each lesion is characterized by hundreds of different 
parameters  (Fig.  57.6) [84, 85]. These features aim to 
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Fig. 57.6 Panel A shows volume rendered and cross-sectional images 
of a plaque with napkin-ring sign (NRS). Panel B represents a plaque 
with no NRS. Green dashed lines indicate the location of cross- sectional 
planes. Colors indicate different CT attenuation values. NCP, non- 

calcified plaque; NRS, napkin-ring sign. Panel C: heatmap of a covari-
ance matrix of more than 7000 radiomic features. A dendrogram of the 
corresponding hierarchical clustering can be seen on the right side of 
the image [89]
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quantify  morphological characteristics difficult or impos-
sible to comprehend by visual assessment [86]. As the 
number of examinations grows, the limitations of human 
visual perception influence the overall diagnostic accuracy 
of radiological examinations [87]. This results in increased 
inter- and intra-reader variability [88]. The quantitative 
nature of radiomics has the potential to greatly decrease 
this variability and therefore increase the diagnostic accu-
racy of radiological examinations. Therefore, one of the 
main advantages of radiomics in coronary CTA imaging 
might be to decrease the reader dependency of determining 
high-risk plaque features [89]. Furthermore, radiomics has 
the potential to identify new imaging biomarkers and 
improve risk stratification and early disease detection 
based on coronary CTA datasets. Please see for more 
details section 56 on Cardiac CT radiomics.

A holistic approach of combining functional and mor-
phological parameters with clinical and genetic informa-
tion is a promising technique to change our understanding 
and treatment of cardiovascular diseases and can facilitate 
personalized risk assessment to identify vulnerable patients 
and vulnerable plaques (Fig. 57.7).
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Unlike coronary artery calcium scoring, coronary CTA is 
generally not established as a tool for screening and risk 
stratification of asymptomatic individuals. The most recent 
multi-society appropriate use guidelines rate coronary CTA 
as “rarely appropriate” in asymptomatic patients with low to 
intermediate risk for CAD [1]. They suggest that coronary 
CTA “may be appropriate” in asymptomatic patients with a 
high risk for CAD (>20% ten-year CAD risk or CAD equiva-
lent such as diabetes or peripheral artery disease) [1]. 
Compared to coronary artery calcium scoring, coronary CTA 
is associated with a higher radiation dose and the risks of 
contrast material administration. These risks are small but 
real [2, 3] and need to be carefully weighed when consider-
ing coronary CTA as a screening test in large populations of 
individuals with no signs or symptoms of CAD.

Commissioned by the World Health Organization, Wilson 
and Jungner in 1968 published ten criteria for diseases that 
may be amenable to successful screening programs [4]. They 
are now considered the “classic” WHO criteria, also known 
as Wilson’s criteria (Table  58.1). Criteria 1–7 on this list 
clearly apply to CAD and indeed make it seem like an obvi-
ous candidate for screening. Item 8 is a challenge: There is 
far-reaching consensus whom to treat in symptomatic 
patients with CAD, but this is not so clear for asymptomatic 
patients. The paragraph “Role for Management” in this 
chapter discusses the practical consequences of finding evi-
dence of CAD in an asymptomatic individual. Even more 
challenging are the requirements for a successful screening 
program that were formulated in the “modified” WHO crite-
ria published in 2008 [5] (Table 58.2). The key items on that 
list are 4 and 10. For screening to be justified, there should be 
evidence (in the form of randomized controlled trials) that the program is effective and that the overall benefits of 

screening outweigh the harm. As will be discussed in the 
paragraph “Impact” below, such evidence does not currently 
exist with regard to coronary CTA screening for CAD.
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Table 58.1 Wilson and Jungner classic screening criteria

The condition should be an important health problem
There should be a treatment for the condition
Facilities for diagnosis and treatment should be available
There should be a latent stage of the disease
There should be a test or examination for the condition
The test should be acceptable to the population
The natural history of the disease should be adequately understood
There should be an agreed policy on whom to treat
The total cost of finding a case should be economically balanced in 
relation to medical expenditure as a whole
Case finding should be a continuous process, not just a “once and 
for all” project

From Wilson and Jungner[4], with permission

Table 58.2 Synthesis of emerging screening criteria proposed over the 
past 40 years

The screening program should respond to a recognized need
The objectives of screening should be defined at the outset
There should be a defined target population
There should be scientific evidence of screening program 
effectiveness
The program should integrate education, testing, clinical services, 
and program management
There should be quality assurance, with mechanisms to minimize 
potential risks of screening
The program should ensure informed choice, confidentiality, and 
respect for autonomy
The program should promote equity and access to screening for the 
entire target population
Program evaluation should be planned from the outset
The overall benefits of screening should outweigh the harm

From Andermann et al.[5], with permission

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-60327-237-7_58&domain=pdf
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 Utilization

Although the benefit/risk profile of coronary CTA in asymp-
tomatic individuals remains controversial, it is not infrequently 
performed. The CONFIRM registry enrolled 27,125 patients 
who underwent coronary CTA in six countries between 2003 
and 2009; at least 7590 (28%) of these individuals were 
asymptomatic for coronary artery disease [6]. In a 2009 survey 
of 169 institutions providing cardiac CT in 38 countries, 34% 
reported performing cardiac CT “for the exclusion of CAD in 
clinically healthy patients” [7]. A more recent survey (con-
ducted 2014–2015) analyzed the patterns of coronary CTA 
utilization in 152 tertiary care hospitals with advanced CT sys-
tems across China [8]. As many as 95% of these hospitals 
listed “screening to rule out coronary artery disease in asymp-
tomatic individuals” as one of their clinical indications for per-
forming coronary CTA studies. The use of coronary CTA in 
asymptomatic patients as part of self-referred health “checkup” 
examinations has indeed become a growing trend, particularly 
in Asia. But also in Western countries, it is not uncommon to 
see radiology or cardiology practices advertising coronary CT 
angiography to the public for “checkup” examinations.

 Diagnostic Yield

 Asymptomatic Individuals with Low 
Cardiovascular Risk

Table 58.3 provides an overview of published cohorts of low- 
risk, asymptomatic patients who underwent coronary 
CTA. In individuals with a calcium score of zero, a  prevalence 
of nonobstructive plaque on the order of 6% and a prevalence 
of obstructive CAD from non-calcified plaque of <1% have 
been reported (Table  58.3). Similar prevalence rates were 
found in a cohort of young adults under the age of 45 (mean 
age 40, Table  58.3). Others have reported a prevalence of 
33–58% for nonobstructive CAD and 4–5% for obstructive 
CAD even in such relatively low-risk groups as normal-
weight individuals and middle-aged sportsmen (Table 58.3).

 Association with Coronary Artery Calcium 
Score

The amount of coronary artery calcium as determined by CT 
calcium scoring is predictive of coronary CTA findings in 
asymptomatic individuals. In a 2015 analysis of the 
CONFIRM registry, the prevalence of obstructive CAD was 
42% in patients with a CACS of >100 compared to 9% in 
patients with a CACS of ≤100 [16].

 Association with Clinical Risk Factors

Not surprisingly, the diagnostic yield of coronary CTA 
increases in cohorts with cardiovascular risk factors. This 
has been shown for smoking, diabetes, hypertension, and 
chronic kidney disease (Table 58.4). The prevalence of sub-
clinical CAD in asymptomatic patients is also associated 
with less well-established cardiovascular risk factors such as 
the inflammatory marker C-reactive protein and subclinical 
hypothyroidism (Table 58.4). Thus, larger cohorts of coro-
nary CTA performed in asymptomatic individuals provide an 
opportunity to investigate the effect of established cardiovas-
cular risk factors on subclinical coronary atherosclerosis and 
identify novel risk factors for CAD.

Table 58.3 Major publications on the diagnostic yield of coronary CTA in asymptomatic low-risk patients

Author Year Target population n
Age
(yearsa) No CAD(%) Nonobstructive CAD(%)

Obstructive CAD
(%) Reference

Braber TL 2016 Middle-aged sportsmen 318 54.7 36.8 57.9 5.3 [9]
Kim S 2015 Normal weight 2078 53.4 63.1 33.2 3.7 [10]
Lee MS 2013 Zero calcium score 6531 49.8 93.2 6.1 0.7 [11]
Cho I 2013 Zero calcium score 4491 48 93.0 6.2 0.8 [12]
Kim KJ 2013 Low risk 2133 48.7 87.3 11.4 1.3 [13]
Jin KN 2012 Young adults (<45 years) 914 40.4 90.6 8.4 1.0 [14]
Yoo DH 2011 Zero calcium score 6040 50.1 93.1 6.1 0.8 [15]

Publications with n ≥ 200 are listed
aMean or median

Table 58.4 Coronary CTA findings in asymptomatic individuals: cor-
relation with cardiovascular risk factors

Risk factor
Correlation with coronary CTA 
findings References

Chronic kidney 
disease

Yes [17]

Arterial stiffness Yes [18]
Smoking Yes [19, 20]
Hypertension Yes [21]
Diabetes Yes [22]
Metabolic syndrome Yes [23]
C-reactive protein Yes [24]
Subclinical 
hypothyroidism

Yes [25]

F. G. Meinel and M. Renker
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 Specific High-Risk Groups

Studies on coronary CTA screening for asymptomatic CAD 
have been performed in a number of specific high-risk groups 
(Table 58.5) with the largest number of publications focusing 
on patients with diabetes mellitus. In patients with diabetes 
without symptoms of CAD, only 20–31% have normal coro-
nary arteries on coronary CTA, while 36–48% show nonob-
structive CAD and 23–44% obstructive CAD (Table 58.6). 
Patients with familial hypercholesterolemia represent 
another specific high-risk group with an exceptionally high 
expected diagnostic yield of coronary CTA.  In a cohort of 
101 statin-treated asymptomatic patients with familial hyper-
cholesterolemia, coronary CTA demonstrated nonobstruc-
tive CAD in 59% of patients and obstructive CAD in 26% 
[34]. HIV infection has been recognized as a major risk fac-
tor for accelerated atherosclerosis. Indeed, in one cohort of 
55 HIV-infected individuals with low cardiovascular risk (as 
determined by traditional risk factors), coronary CTA 
revealed a 29% prevalence of obstructive CAD [44].

 Prognostic Value

 General Asymptomatic Population

Does coronary CTA have incremental value over CACS in 
asymptomatic subjects? In one publication from the 

CONFIRM registry, a population of 7590 subjects without 
chest pain and without a history of coronary artery disease 
was followed for a median period of 24 months [6]. This was 
a mixed population of patients with Framingham risk scores 
ranging from low to high. All-cause mortality as well as a 
composite of all-cause mortality and nonfatal myocardial 
infarction served as endpoints in this analysis. While both 
CACS and coronary CTA improved risk stratification beyond 
standard clinical risk factors, the incremental benefit of 
 adding coronary CTA to clinical risk factors and CACS was 
minimal and not considered clinically meaningful [6].

 Association with Coronary Artery Calcium 
Score

The CONFIRM registry investigators also analyzed the 
prognostic value of coronary CTA findings in relationship to 
the calcium score [16]. In their analysis of 3217 asymptom-
atic patients, coronary CTA had incremental prognostic 
value over clinical risk factors (Framingham risk score) for 
patients with a CACS of >100 but not for those with a CACS 
of ≤100 [16]. In the group of asymptomatic individuals with 
a CACS of >100, the incremental benefit of coronary CTA 
for risk prediction was greatest in patients with an intermedi-
ate CACS (101–400) and declined in patients with higher 
CACS (>400). The primary conclusion of this study was that 
coronary CTA for risk stratification in asymptomatic patients 
may be appropriate in patients with an intermediate CACS 
(101–400) but is probably not useful in patients with lower 
or higher CACS.

 Association with Clinical Risk Factors

Other authors looked at more selected groups of patients with 
cardiovascular risk factors. One published cohort consisted of 
711 asymptomatic patients with a “high a priori risk of CAD”, 
which was defined as either a high estimated cardiovascular 
lifetime risk or a borderline or mildly abnormal ECG-
treadmill stress test result [48]. The primary  endpoint was a 

Table 58.5 Publications on coronary CTA in asymptomatic individu-
als from specific high-risk groups

Risk group References
Diabetes mellitus [26–33]
Familial hypercholesterolemia [34–36]
Peripheral or cerebral artery disease [37–40]
Status post mediastinal radiotherapy for Hodgkin’s 
lymphoma

[41, 42]

Morbid obesity [43]
HIV positive [44–46]
Smokers [19, 20]
Family history of early-onset coronary artery disease [47]

Table 58.6 Major publications on the diagnostic yield of coronary CTA in asymptomatic patients with diabetes

Author Year n
Age
(yearsa) Diabetes duration(yearsa) No CAD(%) Nonobstructive CAD(%)

Obstructive CAD
(%) Reference

Kang SH 2016 591 62.2 12.5 28.4 39.9 31.6 [27]
Halon DA 2016 630 63.5 10.1 20.6 48.3 31.1 [28]
Kim JJ 2015 933 63.4 11.7 20.7 39.1 40.1 [29]
Kim JJ 2015 284 64.9 13.1 20.1 36.3 43.7 [30]
Dedic A 2015 378 56 Not stated 22.8 44.4 32.8 [31]
Idilman IS 2015 273 58.6 4.7 24.2 40.6 35.2 [32]
Min JK 2014 400 60.4 Not stated 30.0 42.2 27.8 [33]
Muhlestein JB 2014 336 61.5 12.3 31.3 46.1 22.6 [26]

Publications with n ≥ 200 are listed
aMean or median

58 Coronary CT Angiography for Screening, Risk Stratification, and Management of Asymptomatic Patients: State…
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composite of cardiac death and nonfatal myocardial infarc-
tion. Findings at coronary CTA were significant predictors of 
events during a mean follow-up of 2.7 years. In particular, a 
segment involvement score of ≥5 was significantly associated 
with adverse events. However, this analysis did not adjust for 
CACS and therefore does not demonstrate an incremental 
prognostic value of coronary CTA over CACS.

 Specific High-Risk Groups

Six relatively large cohorts have investigated the prognostic 
value of coronary CTA in asymptomatic patients with diabe-
tes (Table 58.7). All found a substantially increased hazard 
for adverse events in asymptomatic patients with obstructive 
CAD at CTA (Table 58.7), and all but one also reported a 
(smaller) risk increase in patients with nonobstructive CAD 
compared to those with no CAD.  Three of these cohorts 
adjusted the prognostic value of coronary CTA for results of 
CACS and found an incremental prognostic value of coro-
nary CTA findings over CACS in asymptomatic individuals 
with diabetes. One cohort study investigated the prognostic 
value of coronary CTA in 70 asymptomatic patients on 
hemodialysis [49]. In this relatively small cohort, cumulative 
event rates of 36% vs. 0% in patients with vs. without 
obstructive CAD at CTA were reported.

 Role for Management

 Primary Prevention in Individuals at Risk 
for Coronary Artery Disease

Implementing current state of knowledge, national and 
European guidelines advocate primary prevention in terms 
of cardiovascular risk factor reduction as the most important 
strategy in any individual being at risk for CAD. These 
guidelines therefore pertain to potential candidates of 

 screening as well, so that aggressive risk factor reduction 
appears to be the most important management approach in 
high-risk individuals. Beyond lifestyle changes (e.g., dietary 
measures, physical activity, weight reduction, and avoidance 
of any tobacco exposure), optimal medical treatment is rec-
ommended to meet specific treatment targets that are adjusted 
to proposed risk categories. For low-density lipoprotein cho-
lesterol (LDL-C, the primary lipid analysis with respect to 
management), the treatment target approach is presently a 
consensus recommendation comprised in the 2016 European 
guidelines on the management of dyslipidemias for applica-
bility and compliance reasons, while its benefit is not conclu-
sively proven [50]. Explicit LDL-C target levels were 
discontinued in the 2013 US national guidelines [51]. The 
rationale and details for non-lipid treatment strategies and 
goals for cardiovascular disease prevention are covered in 
recent national guidelines such as those on the assessment of 
cardiovascular risk [52], lifestyle, diet and exercise [53], and 
management of obesity [54].

 Treatment Implications by Coronary Calcium 
Scoring

As indicated above, CAC testing has been validated by mul-
tiple studies and has been shown to be a very robust predictor 
of adverse cardiovascular events in the general population, as 
well as in specific risk groups such as the elderly and 
 diabetics. Importantly, CAC has been shown to help guide 
medical therapy. A CAC score ≥75th percentile (for age and 
gender) or ≥300 Agatston units is considered high risk by 
means of the 2013 ACC/AHA guideline on the treatment of 
blood cholesterol to reduce atherosclerotic cardiovascular 
risk in adults and warrant high-dose statins [52]. In the ran-
domized St. Francis Heart study, atorvastatin reduced cardio-
vascular events by 42% in those with a CAC score >400 
Agatston units (number needed to treat for the reduction of 1 
myocardial infarction or death, 17) [55].

Table 58.7 Major publications on the prognostic value of coronary CTA in asymptomatic patients with diabetes

Author Year n
Age
(yearsa)

Diabetes 
duration(yearsa) Obstructive CAD (%)

HR for 
obstructive 
CAD(most 
adjusted) 95%-CI Reference

Kang SH 2016 591 62.2 12.5 31.6 14.4 1.6–134.7 [27]
Halon DA 2016 630 63.5 10.1 31.1 6.6 3.3–13.1 [28]
Kim JJ 2015 933 63.4 11.7 40.1 2.0 1.2–3.3 [29]
Dedic A 2015 378 56 Not stated 32.8 9.5 0.9–104.2 [31]
Min JK 2014 400 60.4 Not stated 27.8 1.8b 1.2–2.82 [33]
Muhlestein JB 2014 336 61.5 12.3 22.6 5.4 1.0–27.7 [26]

Publications with n ≥ 200 are listed
aMean or median
bThe HR in the paper by Min et al. refers to each grade increment in maximum stenosis severity (0%, 1–49%, 50–69%, >70%)
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Management recommendations based on current guide-
lines are as follows [52]:

 – CAC score ≥75th percentile or ≥300 Agatston units 
should be treated with high-dose statins.

 – CAC score <75th percentile and<300 Agatston units 
should be treated with low−/moderate-dose statins.

 – CAC score  =  0 should be considered for lifestyle 
modification.

In the multiethnic study of atherosclerosis (MESA), 
individuals with a CAC score ≥100 Agatston units showed 
an estimated benefit for acetylsalicylic acid regardless of 
risk factors (number needed to treat = 92, estimated 5-year 
number needed to harm  =  442 for major bleeding) [56]. 
Reversely, a benefit for acetylsalicylic acid in individuals 
with CAC of 0 Agatston units was very unlikely (5-year 
number needed to treat = 2036 for individuals with low car-
diovascular risk and 808 for elevated traditional risk status; 
5-year number needed to harm = 442 for major bleeding). 
Comparable data exist for angiotensin-converting enzyme 
inhibitors.

 Treatment Implications by Coronary CT 
Angiography

Through optimized downstream prescription of preventive 
therapies and altered use of myocardial revascularization 
procedures, the SCOT-HEART trial has demonstrated out-
come modification by coronary CTA in patients presenting 
with suspected angina due to CAD [57]. Altogether, coro-
nary CTA was associated with a reduction of fatal/nonfatal 
myocardial infarction of approximately 50% in this symp-
tomatic population.

For asymptomatic patients, there is currently no conclu-
sive evidence that coronary CTA-directed medical manage-
ment or revascularization reduces morbidity or mortality 
(see paragraph “Impact” below). Likewise, there are no 
guidelines available on how coronary CTA findings should 
guide the management of asymptomatic patients. If coro-
nary CTA is performed in asymptomatic patients at risk for 
CAD, it appears reasonable to manage these patients similar 
to patients with stable chest pain. Patients with moderate 
(50–69%) stenosis should be recommended to receive stress 
cardiac imaging (stress MRI or nuclear stress test) to detect 
myocardial ischemia, and patients with severe (≥70%) ste-
nosis should be recommended to undergo diagnostic coro-
nary angiography. Additionally, aggressive risk factor 
modification and low-dose acetylsalicylic acid should be 
considered in all patients with more than minimal CAD at 
coronary CTA.

 Impact

Only one randomized controlled trial has evaluated the effec-
tiveness of coronary CTA screening to reduce cardiovascular 
morbidity and mortality in asymptomatic individuals. In the 
FACTOR-64 trial, 900 asymptomatic individuals with diabe-
tes were randomized to CAD screening with coronary CTA 
or optimal diabetes care according to established standards 
[26]. In the coronary CTA arm, the CT results were used for 
clinical decision-making. Individuals with normal coronary 
arteries were recommended to continue standard diabetes 
mellitus care. Participants with evidence of CAD by coro-
nary CTA or a coronary artery calcium score >10 were rec-
ommended to begin a more aggressive risk factor modification 
including tighter control of LDL-C, triglycerides, HbA1C, 
and blood pressure. Additionally, patients with moderate 
(50–69%) stenosis were recommended to receive stress car-
diac imaging, and patients with severe (≥70%) stenosis were 
recommended to undergo diagnostic coronary angiography. 
Patients were followed for a mean of 4 years. The trial’s pri-
mary outcome was a composite endpoint of all-cause mortal-
ity, nonfatal myocardial infarction, and unstable angina 
requiring hospitalization.

The trial’s main result was that coronary CTA screening 
and CTA-directed management did not significantly reduce 
event rates compared to the control group (6.2% vs. 7.6%; 
hazard ratio, 0.80 [95% confidence interval, 0.49–1.32]; 
P = 0.38). Although discouraging, this result should not be 
regarded as refuting the idea of screening coronary CTA in 
high-risk asymptomatic individuals once and for all. The 
event rate in the FACTOR-64 trial was low, much lower than 
the estimation that was used for sample size calculations. 
Hence, the trial was not powered to detect a moderate risk 
reduction. The rate of coronary CTA-driven revasculariza-
tions was also low (5.8%). These observations suggest that 
the trial participants had a relatively low-risk profile and/or 
that the standard care was unusually stringent and effective. 
Therefore, further randomized trials with larger sample sizes 
and higher-risk inclusion criteria (e.g., longer-standing dia-
betes) are warranted. There was also some “contamination” 
in the trial as only 395 (87.4%) of the 452 participants in the 
CTA arm actually received a CT scan. In an as-treated analy-
sis, the event rates for the primary endpoint were 5.6% vs. 
7.9% (HR, 0.69 [95% CI, 0.41–1.16]; P = 0.16) indicating a 
trend toward a benefit of CTA screening.

 Conclusions

Screening for CAD in asymptomatic individuals is generally 
not considered an appropriate application of coronary CTA 
by existing guidelines. Nevertheless, the practice is not 
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uncommon. The diagnostic yield of coronary CTA in low- 
risk asymptomatic patients is low with obstructive coronary 
artery disease found in approximately 1% of low-risk indi-
viduals in most studies. The prevalence of asymptomatic 
CAD increases with the presence of established cardiovascu-
lar risk factors such as smoking, hypertension, diabetes, and 
chronic kidney disease. Coronary CTA has a particularly 
high diagnostic yield in specific high-risk subgroups of 
asymptomatic individuals such as patients with diabetes or 
familial hypercholesterolemia. In asymptomatic patients 
with diabetes, only 20–31% have normal coronary arteries 
on coronary CTA with 36–48% showing nonobstructive 
CAD and 23–44% showing obstructive CAD.  Findings at 
coronary CTA have incremental prognostic value over coro-
nary artery calcium scoring in high-risk groups (in particular, 
patients with diabetes), while the incremental prognostic 
value is probably not meaningful in a more mixed popula-
tion. The only randomized controlled trial on the impact of 
coronary CTA screening in asymptomatic diabetic patients 
did not show a significant reduction in cardiovascular events. 
However, screening for CAD in asymptomatic high-risk 
individuals – in particular, patients with diabetes – remains a 
possible future application of coronary CTA. More random-
ized trials are needed to assess whether coronary CTA 
screening can decrease morbidity and mortality in these 
patients.
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Transluminal Attenuation Gradient 
and Other CT Techniques for Gauging 
Lesion Significance

Yeon Hyeon Choe, Jin-Ho Choi, and Sung Mok Kim

Coronary CT angiography (CCTA) has emerged as the 
noninvasive modality of choice for imaging of the coro-
nary arteries and serves as a gatekeeper to interventional 
treatment of coronary artery disease (CAD) [1, 2]. 
However, severe motion and blooming artifacts are associ-
ated with elevated heart rates, calcifications, and stents, 
respectively, and can often times hinder the evaluation of 
image sets. Despite the high diagnostic performance of 
CCTA for the detection of stenosis, not all lesions are 
hemodynamically significant. Current CT technology does 
not allow for clear vessel wall-lumen delineation due to 
limited spatial resolution; however, the use of commercial-
ized software tools can help radiologists detect stenotic 
lesions semiautomatically [3, 4]. Notably, even with the 
use of software, manual interaction is necessary to define 
the luminal contour. Thus, efforts have been made to 
enhance the diagnostic capability of CCTA through the use 
of CT fractional flow reserve (CT-FFR), vasodilator stress 
myocardial CT perfusion (CTP), and transluminal attenua-
tion gradients (TAG) [5–7].

 Theoretical Background of TAG

Enhancement in the vessel lumen depends on various  factors 
including contrast volume and concentration, injection 
speed, CT scan protocols including tube voltage (kVp), as 
well as patient body habitus and sex [8]. Contrast attenuation- 
time curves in a certain anatomical region can depict 
upslope, peak, and downslope (Fig. 59.1). Blood in the cor-
onary artery propagates from the proximal segment to distal 
segments as time lapses. The normal mean flow velocity in 
the coronary arteries is 40 ± 19 cm/s (peak diastolic veloc-
ity, 64 ± 26 cm/s; peak systolic velocity, 34 ± 22 cm/s) using 
Doppler guidewire technique [9]. The peak diastolic veloc-
ity in the distal left anterior descending coronary artery 
(LAD) is 21.2 ± 7.9 cm/s using transthoracic Doppler echo-
cardiography [10].

On CCTA image sets, small decreases in contrast opaci-
fication were observed going from proximal to distal seg-
ments of the coronary arteries [11]. The attenuation 
gradients were steeper in patients with obstructive coronary 
artery diseases [11–13]. According to Steigner et al. [11], 
three distinct coronary contrast opacification gradients 
(gradients according to distance from the coronary ostium 
[G(d)], lumen cross- sectional area [G(a)], and lumen short-
axis diameter [G(s)]) could be measured within a single 
heartbeat using a 320- slice CT scanner. Notably, gradient 
variations between cardiac phases, heart rates, body habi-
tus, and readers were low. Gradients in patients with lesions 
were significantly different (p < 0.021) than in patients con-
sidered normal at CCTA.  For all patients, the gradients 
defined with respect to the coronary lumen cross-sectional 
area and short-axis diameters were highly linear, not sig-
nificantly influenced by the coronary artery (left anterior 
descending artery [LAD] versus left circumflex [LCX] ver-
sus right coronary artery [RCA]), and only have minute 
variations with respect to individual patient parameters. 
While 64-slice CT results also showed abnormalities in 
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TAG values in patients with obstructive CAD [12], Park 
et al. claimed that a decrease in TAG is associated with a 
decrease in coronary luminal diameter (transluminal diam-
eter gradient [TDG]) [14].

 Techniques for TAG

Theoretically, whole-heart coverage at a single gantry rota-
tion in a single heartbeat using 256-slice or 320-slice CT is 
advantageous for TAG measurement. Attenuation along a 
vessel does not reflect contrast density at a single time point 
using a 64-slice CT [12] (Fig. 59.2).

Contrast enhancement should be strong enough to allow 
automatic detection of vessel luminal contour using dedi-
cated software. TAG can be affected by scan timing [15], 
rendering scans optimal before the peak enhancement of 
the coronary artery [15, 16]. Additionally, it is desirable to 
obtain CT images during the upslope period (ascending 
leg) of the time-attenuation curve of CCTA [15], as dynamic 
scanning shows increasing TAG at time points after peak 
attenuation in the coronary arteries (Fig. 59.3) [14]. TAG 
may fluctuate along the course of the coronary tree due to 
CT technical causes, for example, motion artifacts and vari-
ations in photon flux. Chow et  al. [17] used corrected 
 coronary opacification (CCO) within coronary lumen nor-
malized to the aorta.

Current CT software analysis techniques allow for easy 
analysis of TAG assuming vessel centerlines are drawn cor-
rectly. Automated gradient calculation software shows no 
difference between manual and automated methods despite 
varying body mass index categories, presence and severity of 
coronary artery disease, plaque composition, or reconstruc-
tion algorithms [18].

Notably, the LAD coronary artery is different from the 
RCA in TAG, as the LAD has more bifurcations such as sep-
tal and diagonal branches [14, 17]. Therefore, TAG may vary 
according to coronary anatomy. For example, the LAD and 
LCX coronary arteries taper more rapidly along the vessel 
length than the RCA. TAG may be associated with branching 
of coronary arteries and is relatively constant in the segments 
between the branches, while TAGs of larger and smaller ves-
sels may be different.

 Coronary Flow Measurement with CT

Lackner et al. [19] suggested that the CT data in an experi-
mental model simultaneously acquired for the coronary and 
aorta time-density curves enables qualitative and semiquan-
titative assessment of stenotic changes in flow. In a study by 
Bovenschulte et  al., the ratio of upslopes of the coronary 
artery and aorta, derived from the time-density curve data 
using a 64-slice CT, was used as a measure of the difference 
in the slope of density increase in the coronary artery and 
aorta [20]. All examinations of hemodynamically relevant 
stenosis (≥70%) and insignificant stenoses produced ratios 
of ≤0.55 and ≥0.77, respectively.

Lardo et al. [21] proposed a new method for noninvasive 
measurement of absolute coronary blood flow (CBF) 
termed transluminal attenuation flow encoding (TAFE). 
They applied TAFE to calculate absolute CBF using four 
vessel input parameters including TAG, cross-sectional 
area, length, and the contrast bolus duration derived from 
the arterial input function in animal studies (Fig.  59.4). 
TAFE-derived CBF divided by myocardial mass strongly 
correlated with microsphere myocardial blood flow 
(R2  =  0.90, p  <  0.001). In human studies, TAFE-derived 
CBF in the LAD, LCX, and RCA was 26.4 ± 10.7 mL/min, 
20.1 ± 13.0 mL/min, and 43.2 ± 40.9 mL/min, respectively. 
CBF per unit mass was 0.93 ± 0.48 mL/g/min. Interobserver 
variability was minimal with excellent correlation 
(R  =  0.96, p  <  0.0001) and agreement (mean difference, 
4.2 mL/min).
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Fig. 59.1 Time-attenuation curves of the coronary arteries. The graph 
shows time-attenuation curves of the coronary arteries (left anterior 
descending branch, LAD; right coronary artery, RCA) obtained from 
two different patients, respectively. Dynamic CT was performed under 
adenosine stress after a 50 mL bolus of contrast material (400 Ig/mL) 
was administered at 5 mL/s
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Fig. 59.2 TAG and TDG measurement. (a) Transluminal attenuation 
gradient (TAG) and transluminal diameter gradient (TDG) were calcu-
lated in the left anterior descending branch (LAD) using a single- 
heartbeat acquisition with a 320-slice CT. TAG was −16.7 HU/cm and 

TDG was 0.162 mm/cm. (b) LAD segmental lesion measured 60% ste-
nosis (arrow) by quantitative coronary angiography, and fractional flow 
reserve with adenosine-induced hyperemia was 0.64

a
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 Contrast Density Difference

Contrast density difference (CDD) is defined as the decline 
in luminal contrast attenuation over a coronary lesion 
(Fig. 59.5) [22]. CDD was significantly greater in hemody-
namically relevant lesions, as defined by invasive fractional 
flow reserve (FFR), compared to nonsignificant lesions 
(26.0 ± 20.2% vs. 16.6 ± 10.9%; p = 0.013). At a threshold 
of ≥24%, CDD predicted hemodynamically significant 
lesions with a specificity of 75%, sensitivity of 33%, PPV 
of 35%, and NPV of 73% [22]. TAG showed no significant 
difference between hemodynamically significant and non-
significant lesions (−14.2  ±  14.2  HU/cm vs. 
−11.0 ± 12.8 HU/cm; p = 0.45). In the receiver operating 
characteristic (ROC) curve analysis, AUCs for CDD, TAG 
(threshold, −6.5 HU/cm), and visual assessment of CCTA 
were 0.67 (95% CI, 0.54–0.8), 0.56 (95% CI, 0.41–0.71), 
and 0.61 (95% CI, 0.48–0.74), respectively. The AUC for 
CDD was not significantly higher compared to TAG and 
visual stenosis assessment.

b

Fig. 59.2 (continued)
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Fig. 59.3 Changes in TAG over time in each coronary artery with 
dynamic scanning in an animal model. Scan number was coded as zero 
when attenuation of the ascending aorta reached its peak. There were no 
significant differences in transluminal attenuation gradient (TAG) val-
ues between stenotic and normal left circumflex coronary artery (LCX) 
or between stenotic LCX and normal left anterior descending coronary 

artery (LAD) at each time point (all, p > 0.05). Significant difference in 
TAG values was only found between normal LAD and occluded LCX 
in the fifth to eighth repeated scans and between stenotic LCX and 
occluded LCX in the third to eighth repeated scans (all, p  <  0.05). 
(From Park et al. [14], with permission)
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 Corrected Coronary Attenuation

Coronary attenuation variability after contrast material 
injection may occur due to the lack of temporal uniformity 
on 64-slice CT systems. The corrected coronary attenuation 
(CCO) is calculated as the quotient of the attenuation in the 
coronary artery and aorta (CCO,  coronary artery attenua-
tion/aorta attenuation) (Fig. 59.6) [17]. According to Chow 
et al., in normal arteries, the mean CCO was 0.979 ± 0.070 
(median, 0.965; interquartile range [IQR], 0.940–1.005) 
[17]. Normal CCO variability (difference between highest 
CCO and lowest CCO) was measured as 0.100  ±  0.042 
(median, 0.099; IQR, 0.073–0.128). Changes in CCO across 
coronary stenoses seem to predict abnormal resting coro-
nary blood flow (Thrombolysis in Myocardial Infarction 
[TIMI] flow grade < 3) [17]. Compared with the CCO vari-
ability in nonobstructive arteries, the CCO difference was 

significantly greater in arteries with obstructive CAD (diam-
eter stenoses ≥50%) (0.191 ± 0.214; median, 0.106; inter-
quartile range [IQR], 0.042–0.296) (p  =  0.004), and the 
proportion of abnormal CCO differences increased with 
worsening diameter stenosis (p  <  0.001). Similarly, CCO 
differences were greater in arteries with TIMI flow grade < 3 
(0.406 ± 0.226) compared to coronaries with normal flow 
(0.078 ± 0.078, p < 0.001). With CCO differences (thresh-
old, >0.184 [mean CCO difference  +  2 standard devia-
tions]), abnormal coronary flow (TIMI flow grade < 3) was 
identified with a sensitivity, specificity, positive predictive 
value, and negative predictive value of 83.3% (95% confi-
dence interval [CI], 57.7–95.6%), 91.2% (95% CI, 75.2–
97.7%), 83.3% (95% CI, 57.7–95.6%), and 91.2% (95% CI, 
75.2–97.7%), respectively. Notably, the accuracy of this 
method was 88.5% with very good agreement (kappa = 0.75; 
95% CI, 0.55–0.94).
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Fig. 59.4 Implementation of 
transluminal attenuation flow 
encoding (TAFE). After 3D 
isotemporal acquisition of the 
whole heart (a), multiplanar 
reformations of the three 
primary coronary vessels are 
generated (b). TAG is 
computed (b, lower panel) 
between two user-defined 
proximal and distal boundary 
locations. The average 
distance between the 
user-defined point(s) and the 
average cross-sectional area 
(a) over the user-defined 
length is automatically 
calculated. The contrast bolus 
duration (Td) is the temporal 
element of contrast dispersion 
and is derived from AIF 
measured in the descending 
aorta (c, d). Once these four 
CT-based parameters have 
been isolated, an equation 
(bottom) can be used to 
calculate coronary flow in 
mL/min. AIF arterial input 
function, TAG transluminal 
attenuation gradient. (From 
Lardo et al. [21], with 
permission)
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Fig. 59.5 Coronary density difference. (a) Coronary density difference measures 82% for the focal severe stenosis with soft plaques in left cir-
cumflex artery. (b) Invasive coronary angiography reveals severe stenosis (arrow) in distal vessel with FFR = 0.4

a
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 Transluminal Diameter Gradient

Coronary artery intraluminal attenuation was shown to 
decrease with diminution of vessel diameters (Fig.  59.7) 
[14]. In a study by Park et al., a moderate correlation was 
found between TAG and transluminal diameter gradient 
(TDG) (r = 0.580; p < 0.0001) in 152 coronary arteries of 62 
patients [14]. Separate analysis of significant and nonsignifi-
cant stenosis groups also showed a significant correlation 
between TAG and TDG (r = 0.610 [p < 0.0001] for nonsig-
nificant stenosis; r = 0.565 [p = 0.0001] for significant steno-
sis) (Fig. 59.8). In addition, TAG-positive arteries exhibited 
significantly greater TDG values in groups with (p < 0.0001) 
and without significant stenosis (p < 0.0001). There were no 
significant differences in TAG values between groups with 
significant stenosis (diameter stenosis ≥50%) and without 
significant stenosis (p = 0.884), whereas a significant differ-
ence was found in TDG values (−0.379 [IQR, 0.377] versus 
−0.273 [IQR, 0.191], p  =  0.021). However, it should be 
noted that coronary artery attenuation also depends on the 
coronary flow physiology and CT technical factors.

Fig. 59.6 Corrected coronary 
attenuation (CCO). CCO was 
calculated as 1.02, 0.79, 0.78, 
and 0.84, respectively, in four 
sequential segments of right 
coronary artery on images 
obtained from a 64-slice CT 
system. Note the stepwise 
changes (arrows) in the 
attenuation curve according to 
each imaging slab

b

Fig. 59.5 (continued)
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Fig. 59.7 Comparison of TAG and TDG. (a) TAG was −23.5 HU/cm (−3.7%/cm), and TDG was −0.12/cm (−4.3%/cm). (b) Invasive coronary 
angiography shows severe stenosis (arrow) in the mid-RCA

a

b
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 Experimental Studies: Effects of Cardiac 
Output and Vessel Diameters on TAG

Funama et  al. investigated TAG values at different scan 
acquisition points along the time-density curve (TDC) after 
contrast material injection using a flow phantom and a 
 320- row CT scanner [15]. At a cardiac output of 2.0 and 
4.0  L/min with 0% stenosis, TAG exhibited smaller varia-
tions at each time point along the TDC (−3.02 to +0.55 HU/
cm at 2.0 L/min, −2.63 to +0.43 HU/cm at 4.0 L/min) com-
pared to 70% stenosis [15]. Compared with a cardiac output 
of 2.0 L/min with 70% stenosis, the TAG curve for a cardiac 
output of 4.0 L/min gradually changed with time (−6.64 to 
+1.18  HU/cm at 2.0  L/min vs. −3.46 to +2.75  HU/cm at 
4.0 L/min). The TAG value was affected by acquisition tim-
ing after contrast material injection and cardiac output; how-
ever, the size of the connecting tube (with and without 
stenosis) was identical.

In a study by Park et al. [14], a vessel phantom was con-
structed with 25 tubular holes in a 5-cm-thick polyethylene 
disk. The diameter of each hole was 5.0, 4.5, 4.0, 3.5, 3.0, 
and 2.9–1.0 mm with 0.1 mm intervals, simulating vessels of 
different diameters. The phantom was immersed in two dif-
ferent mixtures of an iodine contrast agent and saline, 
approximating attenuations of 800 and 600 HU at 100 kVp, 
with all tubular holes completely filled with contrast mix-
ture. CT scans were performed with the phantom immersed 
in the 600 HU contrast mixture using 80, 100, and 120 kVp. 
Then, the phantom was immersed in the 800 HU contrast 

mixture and scanned using 100 kVp. Even though all holes 
were filled with the same contrast mixture, intraluminal 
attenuation was observed to gradually decline along with 
decreasing vessel diameter. The reduction of intraluminal 
attenuation was much greater as the diameters became 
smaller. The same findings were observed regardless of the 
acquisition’s tube voltage or the concentration of contrast 
mixture.

In an animal study conducted by the same investigator, a 
dynamic CT scan was performed in 3 canines using a 320- 
row CT system (Fig. 59.3) [14]. Small distal coronary arter-
ies exhibited only 55–78% of the maximum enhancement of 
proximal segments, regardless of which coronary artery was 
being evaluated. The animal study revealed that the length of 
the coronary artery was an important factor in calculating 
TAG. For example, normal vessels that were short with rapid 
changes in diameter exhibited higher TAG values.

 Clinical Evidences of TAG

The diagnostic estimates and AUCs of ROC analyses for 
TAG, CCTA, and the combination of CCTA and TAG in the 
literature are presented in Table 59.1.

In a study by Choi et al. that used invasive coronary angi-
ography as the reference standard, TAG decreased as steno-
sis severity increased from −2.37  ±  4.67  HU/cm for a 
diameter stenosis between 0% and 49% to −13.46 ± 9.59 HU/
cm for a diameter stenosis of 100% (p < 0.0001) (Fig. 59.9) 
[12]. The accuracy in determining stenosis severity classifi-
cation by CCTA, as compared with ICA, improved signifi-
cantly when TAG was considered (c-statistic 0.932 ± 0.012 
vs. 0.951 ± 0.010, p = 0.001; global chi-square 254.381 vs. 
265.899, p = 0.001). The improved diagnostic accuracy was 
mainly driven by increased specificity (89.7% [95% CI, 
83.0–94.4] vs. 93.7% [95% CI, 87.9–97.2]). Additionally, 
the accuracy of stenosis severity classification of calcified 
stenoses by CCTA significantly increased when TAG was 
taken into account (c-statistic, p < 0.0001; global chi-square, 
p = 0.001). The addition of TAG resulted in a reclassification 
of stenosis severity in a significant number of vessels with 
calcified lesions (net reclassification improvement [NRI] 
0.095, net proportion of patients reclassified 3.15%; 
p = 0.046). TAG also improved the accuracy for determining 
stenosis severity caused by noncalcified plaques (c-statistic, 
p = 0.048; global chi-square, p = 0.012). However, the addi-
tion of TAG did not result in significant stenosis severity 
reclassification in vessels with noncalcified lesions (NRI 
−0.006; p = 0.56) or the entire cohort (NRI 0.036; p = 0.06).

According to Wong et  al., median TAG320 in FFR- 
significant vessels was significantly lower when compared 
with nonsignificant vessels (−19 [−26 to −13] vs. −10 [−16 
to −5] HU/cm, p < 0.001) [23].
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Fig. 59.8 Correlation between TAG and TDG. Significant correlation 
was found in patients with significant stenosis. (From Park et al. [14], 
with permission)
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In a study by Zheng et al., the impact of plaque composi-
tion, Agatston scores, and lesion length ratio on TAG was 
analyzed in 107 patients [24]. TAG decreased progressively 
as ICA-determined stenosis severity increased, from 
−6.10  ±  6.97 HU/cm for stenosis <50% to 
−20.45 ± 13.69 HU/cm for stenosis of 70–99% (p = 0.002). 
This tendency was similar in calcified vessels. In calcified 

lesions, TAG decreased progressively as Agatston scores 
increased, from −13.93 ± 14.84 HU/cm for scores <100 to 
−28.64 ± 18.26 HU/cm for scores >300 (p = 0.000). Notably, 
there was no significant difference in TAG between scores 
<100 and scores between 100 and 300 (−13.93 ± 14.84 vs. 
−17.25 ± 13.91, p = 0.198). TAG improved the diagnostic 
accuracy of CCTA (c-statistic =0.982 vs. 0.942, p = 0.0001) 

Table 59.1 Diagnostic estimates of TAG, CCTA, and combination of TAG and CCTA according to studies

Authors 
(reference)

Number 
of 
patients

Number of 
vessels 
analyzed CT scanner

TAG 
cutoff
(HU/cm)

Reference 
standard
(threshold 
value)

Sensitivity 
(%)

Specificity 
(%)

Positive 
predictive 
value (%)

Negative 
predictive 
value (%)

Diagnostic 
accuracy 
(%) AUC

Choi et al. 
[12]

126 370 64-slice −1.8 CAG 92.6
84.0
59

69.1
89.7
94

85.3
94.0
83

82.9
74.3
82

0.860a

0.932a

0.951a

Zheng 
et al. [24]

107 309 128-slice 
DS

−11.33 CAG 73.4
94.7
94.0

92.1
77.7
93.8

89.3
83.9
90.2

79.6
92.3
96.3

0.827
0.924
0.983

Choi et al. 
[26]

63 97 64-slice 
DS or 
64-slice 
SS

−6.54 FFR 
(0.80)

47.5
92.5
90

91.2
52.6
63.2

79.2
57.8
63.2

71.2
90.9
90.0

73.2
69.0
74.2

0.696a

0.726a

0.809a

Yoon et al. 
[6]

62 82 64-slice 
DS or 
64-slice 
SS

−6.54 FFR 
(0.80)

37.5
71.9b

88.0
68.0b

66.7
59.0b

68.8
79.1b

0.63
0.73b

Wang 
et al. [28]

32 32 64-slice 
DS or 
128-slice 
DS

−15.1 FFR 
(0.80)

37
100

58
54

23
42

73
100

0.67

Nakanishi 
et al. [27]

103 146 64-slice 
or higher

−6.54 FFR 
(0.80)

63.5
84.6

28.7
39.4

33.0
43.6

58.7
82.2

41.1
55.5

0.54
0.62
0.64

Hell et al. 
[22]

59 72 128-slice 
DS

−6.5 FFR 
(0.8)

57 61 28 31 0.56
0.61

Stuijfzand 
et al. [25]

85 253 256-slice −7.51 FFR 
(0.80)

69
95
95

44
75
76

83
98
98

27
54
54

NA
0.85
0.87

Wong 
et al. [23]

75 97 320-slice −15.1 FFR 
(0.80)

71
89
73

77
65
97

63
57
92

83
92
87

NA
0.77a

0.84a

Ko et al. 
[13]

51 82 320-slice −15.37 FFR 
(0.80)

58.3
79.2
45.8

86.2
58.6
98.3

63.6
44.2
91.7

83.3
87.2
81.4

0.72
0.69
0.72

Ko et al. 
[29]

27 51 320-slice −15.1 
(rest)

FFR 
(0.80)

76.5
76.5
58.8

85.3
55.9
94.1

72.2
46.4
83.3

87.9
82.6
82.1

82.4
62.7
82.4

0.78
0.66
0.76

Ko et al. 
[29]

27 35 320-slice −10 
(stress)

FFR 
(0.80)

75
50

61
78

50
55

82
75

65.7
68.6

0.75
0.64

Numbers in the second lines represent diagnostic values with CCTA for diameter stenosis >50%. Numbers in italic represent diagnostic values with 
combination of CCTA and TAG. All results were analyzed on a per-vessel basis
Abbreviations: AUC area under curve, CAG invasive coronary angiography, CCTA coronary CT angiography, DS dual source, HU Hounsfield unit, 
FFR fractional flow reserve, NA not assessed, SS single source, TAG transluminal attenuation gradient
aC-statistic
bCCTA stenosis >70%
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in calcified lesions. In calcified vessels, CCTA showed mod-
erate sensitivity [70%; 95% CI =57–82%] and low specific-
ity (66%; 95% CI =54–76%), while TAG showed moderate 
sensitivity (72%; 95% CI =64–79%) and high specificity 
(91%; 95% CI =86–95%). The addition of TAG to CCTA 
markedly improved the diagnostic performance of CCTA 
for calcified lesions and resulted in increased sensitivity 
(84%; 95% CI =  72–92%) and specificity (89%; 95% CI 
=77–96%) (Fig. 59.10). Adding TAG to CCTA resulted in a 
reclassification of stenosis severity in a large number of ves-

sels with calcified lesions (NRI 0.093, net proportion of 
patients reclassified 5.31%; p = 0.022); however, the addi-
tion of TAG to CCTA did not result in significant stenosis 
severity reclassification among all vessels (NRI 0.009; 
p = 0.09). TAG also decreased as lesion length ratio (LLR) 
increased, from −10.90  ±  10.19  HU/cm for LLR <1/3 to 
−32.61  ±  16.64  HU/cm for LLR between 1/2 and 2/3 
(p  =  0.000). Interestingly, the TAG for LLR >2/3 was 
−14.51  ±  10.58 HU/cm, which was not lower than the 
cohort with LLR between 1/2 and 2/3.

Fig. 59.9 Transluminal attenuation gradient measurement. (a) 
Calcified lesion in the mid-left anterior descending (LAD) artery that 
was indeterminate by CCTA, but diameter stenosis (DS) was 28.7% by 
quantitative coronary angiography (1). Red arrows indicate the most 
severe stenotic sites. Gray dots represent intervals that were excluded 
because of significant calcification or significant (DS 50%) stenosis (2). 
Cross-sectional views with gray border and sloped legend in italics rep-
resent excluded intervals. The intraluminal attenuation in the distal 

LAD artery does not decrease, demonstrating no significant obstruc-
tion. (b) CCTA demonstrates calcified lesions in the proximal LAD 
artery and moderate stenosis in the mid-LAD artery, confirmed by inva-
sive coronary angiography (1). The linear correlation coefficient of 
black dots, TAG, is negatively sloped (−11.95 HU/cm) (2). Decrease of 
intraluminal attenuation in the distal vessel is shown (3). (From Choi 
et al. [12], with permission)

(1)(1)

(3)(3)

(2) 900

800

700

600

500

400

300

200

100

0

Y = 0.142* X + 467

TAG = 1.42 (HU/10 mm)

Length from Ostium (mm)QCA: MLD = 2.46 mm, DS = 28.7%

480 HU
10.4 mm2

3.6 mm

827 HU
0.9 mm2

1.1 mm

447 HU
7.6 mm2

3.1 mm

476 HU
4.5 mm2

2.4 mm

L
u

m
in

al
 A

tt
en

u
at

io
n

 (
H

U
)

0 20 40 60 70 100 120 140

a

59 Transluminal Attenuation Gradient and Other CT Techniques for Gauging Lesion Significance



760

 Comparison of TAG and CCO

In a study by Stuijfzand et al., TAG did not provide incre-
mental diagnostic value over 256-slice coronary CTA 
alone for assessing the hemodynamic significance of a 
coronary stenosis. Step-and-shoot 256-slice CCTA was 
used to evaluate TAG, TAG-CCO (relating coronary den-
sity to corresponding descending aortic opacification), 
and TAG-ExC (excluding calcified coronary segments) 
analyses in 85 patients [25]. TAG and TAG-ExC did not 
discriminate between vessels with or without hemody-
namically significant lesions with FFR values >0.8 or 
≤0.8 (−13.5  ±  17.1  HU/cm vs. –11.6  ±  13.3  HU/cm, 
p = 0.36; and –13.1 ± 15.9 HU/cm vs. –11.4 ± 11.7 HU/
cm, p = 0.77, respectively). TAG- CCO was significantly 
lower in vessels with a hemodynamically significant 
lesion (−0.050  ±  0.051/cm vs. –0.036  ±  0.034/cm, 
p = 0.03), and TAG-ExC resulted in a slight improvement 
of NRI (0.021, p < 0.05). However, TAG-CCO was no lon-
ger significantly lower when subgroup analysis was per-

formed for vessels with a diameter stenosis ≥50% on 
CCTA (n = 104, p = 0.07).

Choi et al. compared TAG and CCO of CCTA with inva-
sively measured FFR in 63 patients [26]. The overall diag-
nostic performance of TAG and CCO was similar and 
moderate on a per-vessel basis (c-statistic = 0.696 vs. 0.637, 
p  =  0.29). The sensitivity, specificity, and positive and 
 negative predictive values of TAG using a cutoff 
≤−6.54 HU/cm for FFR < 0.80 were 47.5, 91.2, 79.2, and 
71.2%. Using CCO and a cutoff >0.063 provided sensitiv-
ity, specificity, and positive and negative predictive values 
of 65.0, 61.4, 54.2, and 71.4%, respectively. TAG demon-
strated incremental value to the diagnostic performance of 
CCTA alone; however, the added value was not observed 
for CCO (c-statistic = 0.726 vs. 0.809, p = 0.025; c-statis-
tic = 0.726 vs. 0.784, p = 0.09). In NRI analysis, the addi-
tion of TAG to CCTA did not result in significant 
reclassification (NRI = 1.0%, p = 0.41), while the addition 
of CCO to CCTA resulted in negative reclassification 
(NRI = −9.3%, p = 0.036).
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 Comparison of CT-FFR and TAG

Noninvasive FFR computed from CCTA provides a better 
diagnostic performance for the diagnosis of lesion-specific 
ischemia compared to CCTA stenosis and TAG [6, 13, 27].

Ko et  al. compared the diagnostic performance of 
320-detector row CCTA-derived computed FFR (FFRCT), 
TAG (TAG320), and CCTA alone to diagnose hemodynami-
cally significant stenosis as determined by invasive FFR 
[13]. The median TAG320 was significantly lower in vessels 
with hemodynamically significant stenoses compared to ves-
sels without significant stenosis, −17.2 HU/cm (IQR, −20.0 
to −6.40) versus −8.86  HU/cm (IQR, −13.2 to −3.83) 
(p = 0.002). By using TAG320, a modest yet statistically sig-
nificant correlation with invasive FFR was demonstrated 
(Spearman ρ  =  0.47; p  <  0.001). FFRCT demonstrated a 
strong and statistically significant correlation with invasive 
FFR (Spearman ρ = 0.78; p < 0.001). The ROC curve analy-
sis for TAG320 demonstrated an AUC of 0.72 (p  =  0.002), 
which was not found to be superior to the AUC of CCTA 
(0.72 vs. 0.68; p = 0.67) (Fig. 59.11). NRI for TAG320 when 
compared with CCTA was 0.89  ±  0.24 (standard error; 
p < 0.001). There was a slight difference in AUC when CCTA 
with TAG was compared with CCTA alone (0.72 vs 0.69; 
p = 0.59). By using a FFRCT threshold ≤0.80, FFRCT demon-
strated an AUC of 0.93 (p < 0.001), which was significantly 
superior to both CCTA (p = 0.008) and TAG320 (p = 0.003). 

Overall per-vessel accuracy, sensitivity, specificity, and posi-
tive and negative predictive values for TAG320 (<−15.37) 
were 78%, 58%, 86%, 64%, and 83%, respectively; the same 
values for FFRCT were 83%, 92%, 79%, 65%, and 96%, 
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Fig. 59.10 Predicted probability of TAG in addition to CCTA stenosis 
severity. (a) Predicted probability of TAG in addition to CCTA stenosis 
severity in total relevant vessels on a reference of results from CAG. (b) 
Predicted probability of TAG in calcified vessels in addition to CCTA 

stenosis severity on a reference of results from CAG. Area under the 
ROC curve is shown as mean ± SD. TAG transluminal attenuation gra-
dient, CAG coronary angiography, CCTA coronary computed tomogra-
phy angiography. (From Zheng et al. [24], with permission)
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respectively. NRI for FFRCT compared with CCTA was 
1.42 ± 0.24 (p < 0.001).

According to Nakanishi et  al., FFRCT allowed for the 
identification of lesion-specific ischemia with greater diag-
nostic accuracy than TAG, CCTA, or the combination of the 
two with invasive FFR used as the reference standard. In 103 
patients with suspected or known CAD, the sensitivity, spec-
ificity, positive predictive value, and negative predictive 
value were 53.8, 45.7, 35.4, and 64.2% for TAG; 84.6, 39.4, 
43.6, and 82.2% for CCTA; and 82.7, 74.5, 64.2, and 88.6% 

for FFRCT, respectively [27]. On a per-patient basis, the AUC 
by ROC curve analysis for FFRCT (0.77) demonstrated 
greater performance for predicting hemodynamically signifi-
cant ischemia compared to the AUC of obstructive stenosis 
on CCTA (0.55, p  <  0.0001 vs. FFRCT) and TAG + 
CCTA.  AUCs for TAG analyses with varying thresholds 
were as follows: ≤−11/cm (0.52, p  =  0.0001 vs. FFRCT), 
≤−6.54/cm (0.56, p  =  0.0006 vs. FFRCT), and ≤−15.1/cm 
(0.54, p  <  0.0001 vs. FFRCT) (Fig.  59.12). Compared to 
CCTA alone (AUC, 0.62), the combination of TAG and 

a b

c

d

Fig. 59.12 Integration of CCTA, TAG, and stress CT perfusion imag-
ing. (a) TAG measures −20.3 HU/cm. (b) Adenosine-stress CT perfu-
sion imaging shows a perfusion defect (arrow) in the anteroseptal wall. 

(c) Adenosine-stress MRI confirms the presence of myocardial isch-
emia as a perfusion defect (arrow). (d) Invasive coronary angiography 
shows severe stenosis in the proximal LAD branch with FFR = 0.48
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CCTA did not significantly improve the diagnostic value 
(AUC, 0.63 for ≤−11/cm, p = 0.76; AUC, 0.64 for ≤−6.54/
cm, p = 0.43; AUC, 0.64 for ≤−15.1/cm, p = 0.36).

According to Wang et  al., TAG with an AUC of 0.67 
(p = 0.152) was unable to discriminate between vessels with or 
without hemodynamically significant lesions [28]. The authors 
calculated lesion length/minimal luminal diameter4 (LL/MLD4), 
TAG, CCO, and CT-FFR in 32 patients. A Poiseuille-based 
index (LL/MLD4) was calculated as the LL divided by the 4th 
power of the minimal luminal diameter (MLD4). A ratio of LL/
MLD4 > 3.86 was used to define a hemodynamically significant 
coronary stenosis. Compared to invasive FFR, the per-vessel 
sensitivity and specificity of CCTA, CT-FFR, LL/MLD4, CCO, 
and TAG (≤−15.1 HU/cm) for detecting hemodynamically sig-
nificant lesions were 100% and 54%, 100% and 91%, 85% and 
92%, 66% and 88%, and 37% and 58%, respectively. ROC 
analysis resulted in an AUC of 0.91 for CT-FFR (p = 0.0005), 
0.88 for LL/MLD4 (p < 0.0001), and 0.85 for CCO (p < 0.0001). 
CT-FFR, LL/MLD4, and CCO provided enhanced diagnostic 
performance over CCTA analysis alone for the discrimination 
of hemodynamically significant coronary stenosis.

According to Yoon et  al. [6], the TAG was significantly 
lower in vessels with ischemia (−5.8 ± 8.0 HU/cm) compared 
to vessels without ischemia (−2.3 ± 4.8 HU/cm, p = 0.029). 
ROC curve analysis for TAG showed an AUC of 0.63 
(p = 0.037) with an optimal cutoff value of ≤−6.54 HU/cm. 
The sensitivity, specificity, PPV, NPV, positive likelihood 
ratio, and negative likelihood ratio of TAG ≤−6.54 HU/cm 
were 37.5% (21.7–56.3%), 88.0% (75.0–95.3%), 66.7% 
(41.2–85.6%), 68.8% (55.8–79.4%), 3.13 (1.30–7.49), and 
0.71 (0.54–0.93), respectively (Fig. 59.12). The ROC curve 
analysis for FFRCT demonstrated an AUC of 0.94 (p < 0.001) 
with an optimal cutoff value of ≤0.77. The sensitivity, 
 specificity, PPV, NPV, positive likelihood ratio, and negative 
likelihood ratio of FFRCT ≤ 0.77 were 81.3% (63.0–92.1%), 
94.0% (82.5–98.4%), 89.7% (71.5–97.3%), 88.7% (76.3–
95.3%), 13.54 (4.46–41.08), and 0.20 (0.10–0.41), respec-
tively. In all vessels, the AUC for FFRCT (0.94) was 
significantly greater than CCTA (0.73, p < 0.001) and TAG 
(0.63, p < 0.001). In a subgroup with noncalcified or partially 
calcified plaque (n  =  58), the AUC for FFRCT (0.94) was 
greater compared to TAG (0.63, p < 0.001) and CCTA (0.70, 
p < 0.001). In a subgroup with calcified plaque (n = 24), the 
AUC for FFRCT (0.92) was not significantly different from the 
AUC for TAG (0.75, p = 0.168) and CCTA (0.80, p = 0.195).

 Comparison of TAG with CT Perfusion

Wong et al. compared the diagnostic accuracy of combined CT 
perfusion (CTP) + CCTA, TAG by 320-detector row CT 
(TAG320, cutoff value of −15.1 HU/cm)  +  CCTA, and 
CTP + TAG320 + CCTA (CT-integrated protocol [MDCT-IP]) 
assessment in predicting significant FFR (Fig. 59.12) [23]. The 
MDCT-IP approach resulted in a marked increase in sensitivity 

and a mild decrease in specificity compared with CCTA + CTP 
and CCTA + TAG320. Functionally significant coronary steno-
sis was defined as FFR ≤ 0.8. The cohort included 75 patients 
(age 64.1 ± 10.8 years, 52 men) and 44 (35%) FFR-significant 
vessels. In 127 vessels, CCTA predicted FFR-significant steno-
sis with 89% sensitivity and 65% specificity compared with 
MDCT-IP, which showed 88% sensitivity and 83% specificity. 
Using the generalized estimating equation, the predictive val-
ues of CTP + CCTA (p = 0.003) and TAG320 + CCTA (p = 0.002) 
were comparable. The c-statistics for the combined assessment 
of CTP + CCTA (0.845) and TAG320 + CCTA (0.844) were also 
comparable (p = 0.98). The c-statistic for MDCT-IP was 0.905. 
The diagnostic accuracy of MDCT-IP (AUC = 0.91) was supe-
rior to both TAG320  +  CCTA and CTP  +  CCTA (p  =  0.01). 
There was an incremental value of adding CTP and TAG320 to 
CCTA assessment (MDCT-IP) for the detection of significant 
FFR for NRI (1.46, p < 0.0001) and the integrated discrimina-
tion improvement index (IDI) (0.26, p < 0.0001). In addition, 
MDCT-IP also had incremental value over TAG320  +  CCTA 
assessment for NRI (0.93, p  <  0.0001) and IDI (0.12, 
p  <  0.0001). MDCT-IP also had incremental value over 
CTP + CCTA assessment for NRI (1.45, p < 0.0001) and IDI 
(0.10, p < 0.0001).

 Rest and Stress TAG

Ko et al. compared TAG values (TAG320) during rest and vaso-
dilator stress conditions on a 320-slice scanner [29]. Stress 
TAG320 was not interpretable in 16 vessels (31.4%). ROC anal-
ysis showed a comparable AUC for rest/stress TAG320 (0.78 and 
0.75), which was higher than CCTA alone (0.68) and rest/stress 
contrast opacification (CO) difference (0.76 and 0.67). There 
was incremental predictive value when rest TAG320 was added 
to CCTA assessment based on the IDI (0.33, p < 0.0001) and 
NRI (1.24, p < 0.0001). There was incremental predictive value 
when stress TAG320 was added to CCTA assessment based on 
NRI (0.72, p  =  0.04). The mean rest CO difference using a 
threshold of 55 HU predicted FFR ≤ 0.80 with a sensitivity, 
specificity, PPV, and NPV of 82%, 44%, 42%, and 83%, 
respectively. The corresponding values for mean stress CO dif-
ference using a threshold of 62 HU were 75%, 65%, 53%, and 
83%. The ROC AUC for mean rest/stress CO difference was 
0.76 (95% CI 0.60–0.93) and 0.67 (95% CI 0.48–0.86), respec-
tively, which were not significantly different (p = 0.37).

 Reverse Attenuation Sign and TAG 
in Patients with Chronic Total Occlusion, 
Stent, and Myocardial Bridging

The reverse attenuation gradient (RAG) sign is defined as a 
reverse intraluminal opacification gradient of vessels distal 
to occlusive lesions (Fig. 59.13). Therefore, the RAG sign 
represents the retrograde collateral flow distal to an occlusive 
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lesion. This sign seems to be useful for the detection of 
chronic total occlusion (CTO) and helps differentiate CTO 
from subtotal occlusion (STO). In a study by Li et al., the 
CTO group had the RAG sign significantly more frequently 
than the STO group (65% [32/49] vs. 7% [3/45]; p < 0.001) 
[30]. Similarly, a significant difference in measurements of 
the attenuation gradient (5.1 HU/cm ± 13.4 vs. –13.4 HU/
cm ± 8.7; p < 0.001) and lesion length (23.6 mm ± 22.7 vs. 
6 mm ± 3; p < 0.001) was noted between the groups. All seg-
ments with RAG at CCTA were shown by means of ICA to 
be supplied by retrograde collateral vessels. When a combi-
nation of all those parameters was used for the diagnosis of 
CTO, sensitivity and specificity were 90% (44/49) and 93% 
(42/45), respectively.

According to Li et  al. [31], RAG sign was present in 
59.3% (35/59) of all stent occlusions. Superior diagnostic 
performance was confirmed by ROC analysis with an AUC 
of 0.898 when a combination of the traditional diagnosing 
criterion and RAG sign was employed.

According to Choi et  al., coronary arteries with CTO 
showed longer occlusion length (cutoff ≥15 mm), higher dis-
tal TAG (cutoff ≥ −0.9 HU/cm), more frequent side branches, 
blunted stump, cross-sectional calcification ≥50%, and col-
lateral vessels compared with coronaries with STO 
(p < 0.001, all) [32]. The combination of these findings could 
distinguish CTO from STO (c-statistics = 0.88 [95% confi-
dence interval 0.94–0.90], sensitivity 83%, specificity 77%, 
positive predictive value 55%, negative predictive value 
93%; p < 0.001). TAG from the ostium to the distal vessel 
(TAGall) [CTO −11.0 (−19.3 to −4.5) HU/cm vs. STO −12.9 
(−21.6 to −6.9) HU/cm; p = 0.006] and TAG distal to the 
occlusion (TAGdistal) [CTO −0.1 (−3.2 to −2.2) HU/cm vs. 
STO −3.0 (−4.7 to −1.1) HU/cm; p < 0.001] were higher in 
CTO versus STO. However, according to Zheng et al., the 
TAG (−17.96 ± 20.36 HU/cm) for CTO was not significantly 
lower than TAG for stenosis between 70% and 99% 
(−20.45 ± 13.69 HU/cm) [24].

The degree of invasive coronary angiography-assessed 
systolic compression of myocardial bridging (MB) signifi-
cantly correlates with TAG, but not MB depth or length [33]. 
In a study by Li et al., TAG was lowest (−17.4 ± 6.7 HU/cm) 
in patients with significant dynamic compression (systolic 
compression ≥50%) and highest in patients without MB 
compression (−9.5 ± 4.3 HU/cm, p < 0.001). Linear correla-
tion revealed a moderate relationship between the percentage 
of systolic compression and TAG (Pearson correlation, 
r = −0.52; p < 0.001), but no significant relationship between 
the percentage of systolic compression and MB depth or 
length. ROC curve analysis determined the optimal cutoff 
value of TAG as −14.8HU/cm (area under curve  =  0.813; 
95% confidence interval = 0.764–0.855; p < 0.001), which 
yielded high diagnostic accuracy (82.1%, 248/302).

 Summary and Conclusions

TAG depends on vessel diameter, vessel-specific branching 
patterns, luminal stenosis, scan timing, and cardiac output. 
The range of thresholds of TAG to predict lesion-specific 
ischemia has varied widely, ranging from −1.8 HU/cm (64- 
slice CT) to −15.1  HU/cm (320-slice CT). TAG in FFR- 
significant vessels may be significantly lower when compared 
with nonsignificant vessels, and TAG may improve diagnos-
tic accuracy of CCTA in calcified lesions. TAG and RAG 
sign may be useful in the diagnosis of CTO and stent evalu-
ation; however, TAG assessment is susceptible to the influ-
ence of calcification and artifact throughout the entire 
coronary artery course. Notably, the diagnostic utility of 
TAG remains uncertain in branched vessel disease. In vessels 
without significant calcification or artifact, the combination 
of TAG and CCTA may provide comparable diagnostic accu-

Fig. 59.13 Reverse attenuation sign and TAG in a patient with chronic 
total occlusion of RCA. The degree of attenuation in the more distal 
segment is higher than that of the more proximal segment and TAG in 
this segment distal to occlusion measures 13.4 HU/cm
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racy for functional assessment of coronary artery stenosis. 
Regarding the current literature, the clinical value of TAG 
and TAG-CCO is controversial and still requires validation; 
however, TAG-CCO may overcome the temporal difference 
in coronary attenuations among imaging slabs on multi-beat 
CT acquisitions. There is a significant correlation between 
TAG and TDG. CT-FFR provides superior diagnostic perfor-
mance for the diagnosis of lesion-specific ischemia com-
pared to CCTA stenosis and TAG in noncalcified lesions.
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CT Angiography-Derived Fractional 
Flow Reserve

Adriaan Coenen, Frank Gijsen, and Koen Nieman

Coronary CT angiography allows for noninvasive evaluation 
of the coronary anatomy and angiographic assessment of 
coronary artery disease. Limitations are the tendency to over-
estimate stenosis severity in comparison to invasive angiogra-
phy and its inability to assess the hemodynamic severity of 
stenosis. Invasive fractional flow reserve (FFR) is widely 
regarded as the clinical reference for the hemodynamic evalu-
ation and therapeutic management of coronary artery disease. 
Computational fluid dynamics (CFD) is a field of mathemat-
ics and fluid mechanics concerned with the simulation of 
fluid motion. CFD is applied in various industries, to model 
the interaction between flow and structures. In addition to 
various industries, CFD has been used to investigate blood 
flow in the human body and in the context of various patho-
physiologies. With the spatial resolution provided by contem-
porary computed tomography, it has become possible to use 
computational fluid dynamics to simulate the spatial distribu-
tion of flow and pressure in the coronary arteries from ana-
tomical information. CT angiography-derived fractional flow 
reserve (CT-FFR) is a new technique that allows for assess-
ment of the hemodynamic significance of epicardial coronary 
artery disease from standard CT angiographic images.

 Invasive FFR

Invasive measurement of the FFR has become the clinical 
reference to determine the hemodynamic significance of epi-
cardial coronary artery disease. While the name suggests 

measurement of flow, FFR is in fact the pressure ratio over a 
stenotic lesion during hyperemia. The FFR procedure con-
sists of placement of a wire that allows for the measurement 
of pressure across the lesion of interest. A vasodilator, often 
adenosine, is administrated directly into the coronary artery 
or intravenously to temporarily create a hyperemic state. 
Adenosine causes maximum vasodilation of the microvascu-
lature and increases flow through the coronary arteries by a 
factor of 4–5. Blood pressure is measured simultaneously in 
the coronary artery and in the aorta through the guiding cath-
eter. The FFR is a lesion-specific index calculated as the 
fraction between the pressure in the coronary artery and the 
aorta. In case of multiple lesions, a pullback pressure curve 
can be performed to assess the area of most severe hemody-
namic obstruction. Several landmark trials have established 
the clinical value of FFR in the management of coronary 
artery disease. The DEFER trial demonstrated that in patients 
with an intermediate-grade stenosis and normal FFR value 
(>0.75), intervention can be deferred with comparable short- 
and long-term outcome. The landmark FAME trial random-
ized patients between revascularization guided by 
angiography and FFR and showed that the latter was associ-
ated with a lower adverse event rate (death, myocardial 
infarction, and revascularization). The use of FFR to assess 
hemodynamic severity of stable coronary artery disease is 
supported by European and American guidelines, particu-
larly when the presence of myocardial ischemia has not been 
established by noninvasive tests [1, 2].

 Principles

CFD is focused on the simulation of the flow of fluids. 
Computational fluid dynamics is applied in various areas of 
engineering and industrial design, for instance, the behavior 
of a flying aircraft or the blood flow interaction of mechani-
cal heart valves or ventricular assist devices. For the purpose 
of CT-FFR, CFD is applied to the anatomy from a CTA scan 
to simulate coronary blood flow. This simulation allows for 
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computation of the flow, velocity, and pressure. Information 
needed to simulate flow are (1) 3D geometrical contours of 
the lumen of the artery; (2) the inflow and boundary 
 conditions, for instance, pressure; and (3) characteristics of 
the fluid, for instance, blood viscosity. Several CT-FFR 

 algorithms have been described in the public domain, all of 
which apply CFD in a slightly different manner. However, to 
compute the fractional flow reserve from a CT angiogram, 
most algorithms share a number of fundamental steps 
(Fig. 60.1) [3, 4].

a b

c d

e f

Fig. 60.1 Overview of the 
CT-FFR procedure. The CTA 
images are transferred to the 
central HeartFlow facilities or 
loaded onto a local CT-FFR 
application (panel a and b). 
From the CTA images, the 
coronary artery lumen 
contours are segmented (panel 
c and d). The left ventricular 
myocardium is segmented 
from the CTA (panel e). The 
resting total coronary blood 
flow is estimated based on the 
left ventricular myocardium 
volume (panel e). The 
microvascular resistance is 
reduced and a hyperemic state 
is simulated. The Navier- 
Stokes equations are solved 
either for a full 3D model in 
the HeartFlow solution or in a 
simplified model for the 
locally operated applications. 
The CT-FFR outcome is 
presented as a color-coded 
map (panel f)
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 Obtaining the Anatomical Structure

From the CT angiogram, the lumen of the entire coronary 
artery tree, to the extent the spatial resolution of the scan 
allows, needs to be segmented. While efforts are made to 
automate the coronary segmentation process, a substantial 
degree of manual correction is often still required. In the case 
of the algorithm by HeartFlow Inc., the segmentation, as 
well as other steps, is performed at the central facilities after 
transferring the CT data. The HeartFlow algorithm applies a 
subvoxel resolution technique to improve segmentation of 
the coronary arteries [5, 6]. Other algorithms require local 
operators and expertise to perform and/or correct the coro-
nary segmentation, which can be a time-consuming process.

 Estimation of the Global and Local  
Resting Flow

First, the total coronary flow is estimated from the total myo-
cardial mass. Allometric scaling laws describe the relation-
ship between the size of an organ and the required blood 
supply. The main work to determine the relationship between 
the resting coronary blood flow and the size of the heart was 
done by Choy et al. [7]. From the CTA the left ventricular 
myocardium can be segmented automatically, and based on 
this mass, the total resting coronary blood flow can be esti-
mated [5, 8]. The total coronary blood flow is then distrib-
uted over the 3D coronary model. The pattern of distribution 
is determined by the diameter size of the coronary branches 
based on the principle that form (diameter) will follow func-
tion (flow demand).

 Computation of the Coronary Blood Flow 
and Pressure

Simulated flow is governed by the Navier-Stokes equations, 
and computation of the coronary blood flow requires solving 
these equations throughout the 3D model. The Navier-Stokes 
equations describe the application of Newton’s second law 
(force is determined by mass and acceleration) to fluid 
motion, combined with the conservation of mass. First the 
3D model needs to be discretized, i.e., the model is divided 
into small volumetric elements. The size of the elements may 
be varied, using larger elements around constant flow pat-
terns for improved efficiency, and smaller elements where 
flow alterations are expected. For each element in this volu-
metric mesh, or finite-element model, the Navier-Stokes 
equations need to be solved, as the outcome from one ele-
ment is transferred to the adjacent elements. To do this for 
the 3D coronary mesh, an enormous number of computa-

tions need to be performed. To reduce the computational 
time, parallel supercomputers are being used [3]. While the 
HeartFlow algorithm is a full 3D computational flow simula-
tion throughout the coronary artery tree, other applications 
incorporate simplifications to allow for on-site CT-FFR sim-
ulations on more or less regular workstations. These locally 
performed CT-FFR applications with simplified models 
reduce the computational intensity based on the principal 
that for computation of a pressure drop, it is not necessary to 
compute the entire flow field at each point in the coronary 
artery [8–10]. This approach does have limitations as, for 
example, shear stress computations are no longer possible.

 Simulation of Hyperemia and CT-FFR 
Computation

The CTA was acquired in a resting state, while the FFR is 
normally measured during hyperemia. Wilson et al. investi-
gated the effect of adenosine on the coronary circulation and 
demonstrated that adenosine reduces the microvascular 
resistance by a factor of 0.21–0.24 [11]. To simulate a state 
of hyperemia, the microvascular resistance of the coronary 
arteries is virtually reduced, mimicking the vasodilatory 
effect of adenosine. By performing the CFD simulation and 
computing the coronary blood flow and pressure during vir-
tual hyperemia, an FFR value can be calculated by dividing 
the intracoronary pressure by the aortic pressure. Pressure 
and FFR values are calculated throughout the coronary artery 
tree and often displayed onto a three-dimensional coronary 
model using color coding.

 CT-FFR Applications

Performance of CFD onto coronary CT images including the 
aortic root was developed by Charles Taylor and colleagues 
at Stanford University and later commercialized by 
HeartFlow Inc. (Redwood City, CA) [12]. HeartFlow offers 
CT-FFR as a remotely performed, full-service solution. The 
client transfers the CT images and clinical information to 
HeartFlow, where the complete workflow is performed. After 
the CFD computation is completed, currently within 24 h, 
the CT-FFR results are available by log-in into a secure 
HeartFlow environment (Figs. 60.2 and 60.3). Several alter-
native approaches to CT-FFR are under development. 
A  CT-FFR solution was developed by Siemens (cFFR, 
Forchheim, Germany), which can be performed locally on a 
regular workstation (Fig.  60.4) [8]. Also Toshiba Medical 
Systems (Odawara, Japan) developed a CT-FFR algorithm 
that can be processed on a regular computer, which was 
recently evaluated in a clinical study [13]. Finally, Philips 
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Healthcare recently presented a workstation-based FFR 
model as well [14]. None of these on-site performed CT-FFR 
solutions have been commercially released yet.

Recently, a new approach for FFR computation, where 
machine-learning is used to predict the hemodynamic impact 
based on angiographic anatomy instead of performing indi-
vidual CFD computation, was introduced. The machine- 
learning approach greatly reduces the computational 
intensity and allows for CT-FFR computations in mere sec-
onds [15]. Clinical validation of a machine-learning-based 
application is currently being undertaken.

 Validation of CT-Based Fractional Flow Reserve

 The HeartFlow Application
The CT-FFR solution by HeartFlow has been extensively 
evaluated (Table 60.1) [12, 16, 17]. The most recent NXT 
trial demonstrated in a cohort of 251 patients that CT-FFR 
correlates well with invasive FFR, with a per-patient and per-
vessel sensitivity of 86% and 84%, specificity of 79% and 
86%, positive predictive value of 65% and 61%, negative 
predictive value of 93% and 95%, and accuracy of 81% and 
86%, respectively. Restricted to lesions with an intermediate 
stenosis severity (30–70%), where CT-FFR is most likely to 

a b cFig. 60.2 Patient with 
extensive atherosclerosis and 
moderate stenosis (arrows) of 
the right (RCA, panel a) and 
left anterior descending 
coronary artery (LAD, panel 
c) by coronary CT 
angiography. CT-FFR 
(HeartFlow) shows a decrease 
in FFR toward the 0.80 
threshold in both the LAD 
and RCA (panel b). In the 
absence of severe angina 
complaints, the patient was 
treated medically for the time 
being

a b c

Fig. 60.3 Coronary CT angiography performed in a patient who 
underwent percutaneous coronary intervention of the left anterior 
descending coronary artery (LAD) with implantation of a bioresorbable 
scaffold (arrow, panel b and c) 5 years before (panel b and c). Although 
there is no single lesion causing more than 50% stenosis, diffuse athero-

sclerotic disease did result in an FFR of 0.71 by CT-FFR (panel b) and 
0.75 by invasive FFR (panel c). A moderate stenosis (arrow) in the right 
coronary artery (RCA) did not cause a significant drop in CT-FFR 
(panel a and b)
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a b

c d

Fig. 60.4 Case example 
using the Siemens cFFR 
application. A 40-year-old 
man presented with exercise- 
related chest pain. In panel (a) 
multiplanar reformation of the 
CT angiogram shows 
moderate stenosis of the distal 
LAD just distal to the second 
diagonal branch. Panel (b) 
shows the 3D coronary model 
segmented from the CTA. The 
CT-FFR value was 0.93 
indicating that the stenosis in 
the LAD is not flow limiting 
(panel c). Panel (d) displays 
the invasive coronary 
angiogram. Invasive FFR 
measurements confirmed the 
absence of a flow-limiting 
stenosis (FFR 0.89)

Table 60.1 Per-vessel performance of CT angiography-derived FFR versus invasive FFR

Design CT
Patient
(vessel)

FFR
≤0.80 R

Sensitivity
(CTA)

Specificity
(CTA)

Accuracy
(CTA)

AUC
(CTA)

HeartFlow
Discover-flow [12] Multicenter prospective 64CT+ 103

(159)
36% 0.72 88%

(91%)
82%
(40%)

84%
(59%)

0.90
(0.75)

DEFACTO [16] Multicenter prospective 64CT+ 252
(407)

37% 0.63 80% 61% 69% 0.81
(0.68)

NXT [17] Multicenter
prospective

64CT+ 251
(484)

21% 0.82 86%
(83%)

84%
(60%)

86%
(65%)

0.93
(0.79)

Kawaji [45] Single-center
prospective

320CT 43
(70)

40% NA 93% 52% 69% 0.87

Siemens
Renker [20] Single-center

retrospective
DSCT 53

(67)
30% 0.66 85%

(90%)
85%
(34%)

– 0.92
(0.72)

Coenen [21] Single-center
retrospective

DSCT 106
(189)

42% 0.59 88%
(81%)

65%
(31%)

75%
(56%)

0.83
(0.64)

Kruk [22] Single-center
retrospective

DSCT 90
(96)

43% 0.67 76%
(100%)

72%
(2%)

74%
(44%)

0.84
(0.66)

Yang [25] Single-center
retrospective

DSCT 72
(138)

39% 0.67 87%
(94%)

77%
(66%)

81%
(78%)

0.89
(0.85)

De Geer [24] Single-center
retrospective

DSCT 21
(23)

29% 0.77 83% 76% 78%

Kurata [23] Single-center
retrospective

DSCT 21
(29)

48% 0.74 100% 87% 93%

Toshiba
Ko [13] Single-center

prospective
320CT 30

(58)
48% 0.57 78%

(79%)
87%
(74%)

84%
(78%)

0.88
(0.77)

Diagnostic performance reported on a per-vessel basis using invasive fractional flow reserve as the reference. Number of analyzed patients and 
vessels with direct CT-FFR versus invasive FFR comparison. Sensitivity, specificity, and accuracy are on a per-vessel basis
FFR fractional flow reserve, R coefficient of correlation between CT-FFR and invasive FFR. Sensitivity, specificity, accuracy for CT-based FFR 
(and for CT angiography). AUC area under the receiver operator curve (and for CTA), DSCT first- and second-generation dual-source CT
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be implemented, sensitivity (80%) and specificity (85%) 
remained good. The diagnostic performance of CT-FFR was 
superior to CTA alone (Table 60.1, Fig. 60.5) and allowed for 
correct reclassification of 68% of patients with false-positive 
CTA diagnoses [17]. The platform trial, which assessed the 
impact of CT-FFR on clinical management in consecutive 
cohorts, demonstrated that in patients referred for invasive 
angiography, the use of CTA with CT-FFR reduced the pro-
portion of normal invasive  angiograms and led to significant 

cost savings (Fig. 60.6) [18, 19]. The HeartFlow application 
has been approved and is available for clinical use in many 
parts of the world.

 Workstation-Based CT-FFR Applications
The first generation of CT-FFR developed by Siemens was 
evaluated in a number of single-center studies [20–25]. 
These cohorts were mostly retrospective cohorts of patients 
with a clinical indication for invasive FFR, which may have 
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Fig. 60.5 Receiver operator curves from the NXT trial based on 251 
patients, 484 vessels. In panel (a) the per-patient performance and in 
panel (b) the per-vessel performance. CT-FFR resulted in a signifi-

cantly larger area under the curve (AUC) compared with CTA, both on 
a per-patient and on a per-vessel basis. (From Norgaard et al. [17], with 
permission)
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Fig. 60.6 Results from the platform trial, which evaluated the perfor-
mance and diagnostic yield of invasive angiography, in patients either 
referred for noninvasive testing or invasive coronary angiography, in two 
consecutive cohorts of which the second underwent coronary CT angi-

ography and CT-FFR in a proportion. Particularly in patients referred for 
invasive angiography, the use of CTA and CT-FFR reduced the number 
of performed catheterizations and increased the proportion of positive 
invasive angiograms. (From Douglas et al. [18], with permission)
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increased the proportion of diffuse and/or intermediate 
severity angiographic disease (Fig. 60.7). Sensitivities in the 
range of 76–88% and specificities in the range of 65–85% 

were reported for CT-FFR, compared to relatively poor per-
formances for CTA, in particularly specificity, in these chal-
lenging populations. Outside the borderline CT-FFR range 
of 0.75–0.85, the accuracy of CT-FFR can reach 95%, which 
allows for confident exclusion or confirmation of hemody-
namic coronary disease without further need for testing [22]. 
The most recent CT-FFR solution by Siemens, which applies 
a morphological analysis to predict hemodynamical signifi-
cance based on machine-learning, is under investigation in 
the multicenter machine study. The first, overall promising 
results using the CT-FFR application by Toshiba in a rela-
tively small, but prospective cohort were recently reported 
[13]. Other techniques that use simplified models based on 
geometry data that can be extracted from CT are currently 
under development [26].

 CT-FFR Compared to Other Techniques
In a substudy of the NXT trial, CT-FFR demonstrated supe-
rior diagnostic performance in comparison to the translumi-
nal attenuation gradient along the coronary artery on CT 
angiography [10]. CT-FFR by Siemens was shown to per-
form similarly well as static CT myocardial perfusion imag-
ing, while integration of CT-FFR with dynamic CT perfusion 
imaging provided incremental value over each technique 
separately (Fig.  60.8) [25, 27]. Although in meta-analyses 
CT-FFR performs well in comparison to other stress imaging 
techniques, no direct comparisons have been performed. No 
comparisons between the respective CT-FFR applications 
have been published either.
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Fig. 60.7 Technical validation of an on-site performed CT-FFR appli-
cation in a patient’s cohort with clinically indicated coronary CT angi-
ography and invasive FFR measurements showed promising diagnostic 
performance. The correlation coefficient between CT-FFR and invasive 
FFR was 0.59. CT-FFR improved the specificity of coronary CT angi-
ography from 31% to 65%. (From Coenen et al. [21], with permission)

a b

c d

Fig. 60.8 Case example of a 
61-year-old man presenting 
with stable chest pain. CTA 
demonstrated a partially 
calcified, severely stenosed 
lesion in the LCX (panel a). 
The CT-FFR simulation 
demonstrated a significant 
pressure drop (CT-FFR 0.33) 
over the lesion (panel b). 
CT-MPI, image fused with the 
CT angiogram, shows a 
perfusion defect in the basal 
lateral wall (panel c). The 
corresponding invasive 
angiography confirmed the 
short, severe stenosis, with an 
invasively measured FFR of 
0.48 (panel d)
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 Challenges and Limitations

While the CT-FFR approach represents an attractive means 
to derive functional information without the need for addi-
tional testing after CT angiography, there are also challenges. 
Generally, the algorithms rely on artifact-free imaging for 
reconstruction of the coronary artery models. Adherence to 
CT imaging recommendations for optimal image quality is 
explicitly recommended. In particular vessel discontinuity 
between slabs as a result of arrhythmia or other displace-
ments affects the performance of CT-FFR negatively. 
Although calcifications obscure the coronary lumen and 
compromise delineation of the coronary lumen, a substantial 
negative effect of calcifications on diagnostic performance 
could not be demonstrated [8, 28]. The diagnostic perfor-
mance of CT-FFR in STEMI patients with multivessel dis-
ease was only modest [29], suggesting that the role of 
CT-FFR in STEMI patients is limited. CT-FFR has not been 
validated in patients with bypass graft, stents, prior myocar-
dial infarction, congenital heart disease, or other out-of-the- 
ordinary cardiac morphologies. Momentarily, CT-FFR 
cannot be used to assess dynamic coronary compression 
(myocardial bridging, intra-arterial course of coronary 
anomaly), microvascular disease, or functional coronary 
artery disease (spasm).

The HeartFlow approach is most extensively validated 
and currently the only commercially available CT-FFR 
application. Datasets are transferred to and processed by the 
HeartFlow company. Off-site processing has the advantage 
that no local expertise or time investment, beyond the acqui-
sition of high-quality CT data, is required. Drawbacks 
include the need to transfer patient data and the substantial 
costs. Return times are currently around 24 h, but expected to 
shorten in the future. On-site CT-FFR approaches, as devel-
oped by Siemens and Toshiba, leave the local investigator in 
control of the post-processing but demand substantial effort. 
User operation requires training and manual processing 
times are still substantial. Segmentation of the coronary 
arteries is particularly time-consuming, but may become 
more acceptable with the development of more automatic 
segmentation tools. Although none of the locally performed 
CT-FFR applications have been commercially released, costs 
are expected to be less than the HeartFlow application.

 Further Development

 Revascularization Planning

In addition to the present coronary status, simulations can 
also be performed on altered coronary models. By restoring 
dimensions of a stenotic vessel and simulation of the implan-
tation of a coronary stent, the potential hemodynamic benefit 

of percutaneous intervention can be predicted [30]. Simulated 
stenting and treatment optimization would be especially of 
interest in patients with serial stenosis or complex bifurca-
tion lesions where selection of the stenosis most benefiting 
from revascularization is not straightforward. Surgical revas-
cularization can be simulated in a similar fashion, although 
the accuracy would be limited by uncertainty about the status 
and dimensions of available grafting material.

 Predicting Events

Coronary endothelial cells respond to blood flow-induced 
shear stress; low shear stress regions are prone to plaque 
development. The mechanism behind atherosclerotic plaque 
development and shear stress levels is multifactorial and cur-
rently still being investigated. The initial response of the 
arterial wall to plaque development is outward or positive 
remodeling, also called the Glagov effect [31]. However, if 
plaque progression continues, also the coronary lumen will 
become affected. This reduction of the coronary lumen will 
result in an increase in local velocity and shear stress. While 
the exact pathophysiology is still under debate [32], increased 
shear stress is associated with increased plaque vulnerability 
[33, 34]. These findings are corroborated by clinical studies 
that associate the location of plaque rupture with high wall 
shear stress [34–37]. Most clinical computation of wall shear 
stress is based on intracoronary imaging, which can be sup-
plemented by cardiac CT for vessel orientation in 3D space. 
Although coronary CT angiography does not provide the 
same spatial resolution as intravascular ultrasound or optical 
coherence tomography, preliminary data suggest that shear 
stress can be computed based on CT alone [38, 39]. In the 
EMERALD study, hemodynamic forces calculated with 
CFD from CT scans performed prior up to 2 years before 
myocardial infarction differentiated the ultimate culprit 
lesions from stable plaque. This suggests that the 
 hemodynamic force onto coronary plaques can possibly pre-
dict future events [40].

 Intracardiac Blood Flow Simulation

CFD can be used to investigate contractile cardiac function 
[41]. The high spatial resolution of the CT allows for precise 
anatomical differentiation of the lumen in all cardiac phases. 
CFD computations could be used to visualize the simulated 
cardiac function and blood flow through the main cardiac 
cavities and vessels. Better understanding of intracardiac 
flow patterns could provide valuable insights, for example, 
in ventricular dyssynchrony [42]. Lantz et  al. presented a 
framework for CFD simulation of the global cardiac func-
tion from time-resolved CT angiography and computed 
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blood flow in the pulmonary veins, atriums, left ventricle, 
aortic valve, aortic sinus, coronary arteries, and part of the 
ascending aorta. Because of the high spatial resolution of 
CT, even flow patterns around the papillary muscles can be 
visualized [43]. CFD simulations of diseased cardiac valves 
could improve our understanding of hemodynamic impact 
[44]. CFD simulation can also be used to assess the hemo-
dynamic performance of prosthetic valves. However, large 
studies evaluating the clinical application of CFD computa-
tions of the cardiac and valvular function by CT are cur-
rently lacking.
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CT Myocardial Perfusion Imaging: 
Arterial First-Pass Imaging
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Coronary computed tomography angiography (CCTA) is 
well established for its high reliability in the exclusion of 
coronary artery disease (CAD) based on abundant high-class 
evidence demonstrating excellent negative likelihood ratios 
both in emergency and elective settings [1–4].

On the other hand, when coronary stenoses are detected, 
an estimation of their hemodynamic relevance remains 
 difficult, and typically, CCTA-based estimations of hemo-
dynamic relevance correlate only moderately with 
 perfusion-based modalities [5].

The recognition of the hemodynamic relevance of stenoses, 
however, is of high importance as it has considerable prognos-
tic implications and directly influences treatment decisions [6, 
7]: nonobstructive CAD is associated with better outcomes 
when treated with best medical therapy, while patients with 
flow-limiting stenoses usually benefit from angioplasty and 
stent implantation or coronary artery bypass surgery.

In particular, the detection of intermediate-degree coro-
nary stenoses in CCTA frequently results in the recommen-
dation for additional tests for the visualization of potential 
myocardial ischemia with the treatment consequences deter-
mined only after this perfusion information is obtained.

 Physiological Background

The contractile function of the heart depends on aerobic 
metabolism and thus oxygen supply via the coronary arter-
ies. Due to the high oxygen extraction fraction of the heart 
even under rest conditions, any excess oxygen demand of 
the heart during increased activity can only be satisfied by 

an increase in coronary blood flow. For this purpose, coro-
nary arteries have a substantial capacity for autoregulation 
of blood flow. This autoregulation has long been recog-
nized as the reason why coronary stenoses under rest condi-
tions become flow-limiting (and thus create myocardial 
ischemia) only when reaching at least 85% diameter steno-
sis [8]. At lower degrees of stenosis, autoregulation will 
counteract any potentially hemodynamic effect under rest 
conditions.

On the other hand, when coronary blood flow increases 
due to increased cardiac oxygen demand or due to the 
administration of vasodilatory drugs (i.e., pharmacological 
stress by application of dipyridamole, adenosine, or regad-
enoson), the autoregulatory capacity will be “overwhelmed” 
at lower degrees of coronary stenosis with segmental myo-
cardial ischemia detectable at intermediate stenoses in the 
50% range [8, 9]. Therefore, the administration of pharma-
cological stress agents will significantly improve sensitivity 
for stenosis detection. Most traditional imaging modalities 
based on the direct visualization of myocardial ischemia 
include acquisitions of myocardial perfusion under stress as 
well as under rest to detect reversible and nonreversible 
 perfusion defects.

 General Technical Considerations

It has long been hypothesized that the visualization and 
quantification of segmental myocardial contrast uptake in 
principle would be feasible with CT – initial experiments in 
myocardial infarcts date back to the late 1970s [10–12] with 
more specific reports on the quantification of myocardial 
perfusion for the electron-beam CT platform [8, 13–17].

Approaches for the analysis of perfusion in CT are based 
on the visualization of the first pass of iodinated contrast 
material after i.v. administration, similarly as in dynamic 
contrast-enhanced MRI.

Clinically available iodinated contrast materials are 
nonionic small molecules which distribute freely in the 
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intravascular and with little delay in the extracellular space 
but do not enter cells to any relevant extent. It has been 
reported that the administration of iodinated contrast 
agents has an influence on coronary blood flow, inducing 
an initial reduction of blood flow followed by a hyperemic 
response [18]. This, however, seems to play a considerably 
smaller role for low- osmolarity nonionic contrast agents 
[19]. Importantly, there is significant diffusion of the con-
trast agents into the interstitial space. The first-pass extrac-
tion of iodinated contrast is around 1/3 with maximal 
vasodilation and even higher at lower flow rates [20].

Since for a given tube voltage attenuation behaves virtu-
ally linear to iodine concentration [21], hypoperfused areas 
of the myocardium can be appreciated by hypoattenuation of 
ischemic myocardial segments in comparison with normal 
myocardium.

Despite the mentioned early attempts, a widespread clini-
cal application of myocardial CT perfusion imaging has 
remained elusive until very recently. Only with the introduc-
tion of the recent scanner generations, the visualization of 
myocardial perfusion has become feasible, and the prospect 
of coronary CT as a true “one-stop” shop modality has 
spurred considerable scientific interest and research activity 
in this direction [22].

In general, technical solutions for the visualization of 
myocardial perfusion in CT can be grouped into one of two 
major approaches: dynamic or static CT perfusion imaging 
(Fig. 61.1).

 Dynamic CT Perfusion

“Dynamic CT perfusion” imaging refers to approaches in 
which repeated ECG-synchronized acquisitions of the left 
ventricular myocardium are performed during the first pass 
of iodinated contrast material, similar to the scan sequences 
underlying first-pass myocardial perfusion in MRI [23]. 
Thereby the left ventricular myocardium is repeatedly sam-
pled during the first pass of contrast material. After motion 
correction, the multiphasic dataset can be used to generate 
time-attenuation curves for each voxel of the LV myocar-
dium on which the typical perfusion models can be applied 
yielding quantitative perfusion parameters such as myocar-
dial blood flow [24].

The technical prerequisite for these approaches either is a 
detector width covering the entire extension of the heart 
along the z-axis or  – in the case of narrow detectors  – a 
shuttle- mode acquisition. For a full discussion of the 

Fig. 61.1 Overview of the different scan protocols which have been 
applied to the visualization of myocardial perfusion in CT along with 
exemplary images and the major derivable parameter as the basis for 
perfusion evaluation: Dynamic CT perfusion allows for a true quantifi-
cation of myocardial blood flow. Static CT perfusion approaches imple-
menting a dual-energy acquisition technique still allow for a precise 

absolute quantification of iodine content within the myocardium which 
might serve as a surrogate marker for myocardial blood flow. Static CT 
perfusion approaches finally must rely on attenuation differences which 
due to the linear relationship with iodine concentration allow for an 
assessment of relative differences in myocardial iodine uptake
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 underlying technical prerequisites as well as the specific 
advantages of these approaches, the reader is referred to 
Chap. 63 for more details.

 Static CT Perfusion

“Static CT perfusion” imaging on the other hand encom-
passes approaches which are based on a single scan of the 
myocardium during contrast inflow. This group has also been 
referred to as “arterial first-pass imaging” or “single-shot 
acquisition.”

The rationale of this approach is to acquire the image at a 
timepoint at which the hemodynamic effect of flow-limiting 
stenosis is most apparent, i.e., in which due to the flow- 
limiting nature of the stenosis, contrast material will not have 
washed into myocardial segments distal to stenoses, while 
myocardial segments not affected by coronary stenoses will 
already show normal myocardial enhancement.

In principle, all CT acquisition techniques are feasible for 
static CT perfusion imaging (i.e., retrospective ECG gating, 
prospective ECG triggering, and prospective ECG acquisi-
tion with high-pitch factor). A closer look at the time- 
attenuation curves of ischemic vs. normal myocardial 
segments (Fig. 61.2) fosters an understanding of the concept 
of static vs. dynamic perfusion evaluation. In comparison 
with normal myocardial segments, the enhancement in isch-
emic myocardium starts later, has a shallower upslope, and is 
overall significantly less pronounced. While dynamic acqui-
sitions permit an extensive sampling of time-attenuation 

curves from which all mentioned curve features can be 
derived, the static acquisition technique must rely on the dif-
ferences in maximal attenuations (in HU), while other curve 
parameters will remain unaddressed.

Consequentially, with the acquisition of only a singular 
timepoint, the correct acquisition timing in relation to the 
contrast material bolus will be critical – much more so than 
for dynamic approaches where a wide temporal window is 
recorded beginning prior to the arrival of the contrast bolus 
in the myocardium. The optimal time of image acquisition 
will be when the difference in attenuations between normal 
and ischemic myocardium is most pronounced.

In comparison with dynamic approaches, static CT perfu-
sion approaches are associated with considerably lower 
effective doses, as low as 0.9 ± 0.1 mSv for static stress CT 
perfusion acquisitions [25]. Furthermore, only in static CT 
perfusion, the acquisition of the coronary CTA dataset can be 
combined with myocardial perfusion under rest conditions, 
while in dynamic perfusion this acquisition must be per-
formed as a distinct scan.

A technical variety of static CT perfusion is the use of a 
dual-energy acquisition technique (Fig. 61.1). Dual-energy 
acquisition protocols promise to combine the higher contrast 
resolution of a low-kV dataset with the lower noise of a high-
 kV dataset and thus facilitate the visualization of perfusion 
heterogeneities within the myocardium, i.e., ischemic seg-
ments [26–28]. It has been confirmed that the detection of 
ischemia is improved by use of a dual-energy acquisition 
technique [29]. Furthermore, the attenuation characteristics 
at distinct photon energy spectra can be used to calculate the 

Fig. 61.2 Time-attenuation 
curves (TAC) of ischemic vs. 
reference myocardium during 
first pass of intravenously 
administered contrast 
material. TAC in ischemic 
segments begins to rise later, 
runs shallower, and has a later 
peak. This creates a window 
of approx. 8 s for the 
visualization of ischemic 
segments using static CT 
perfusion protocols
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absolute concentration of iodine in each voxel [30]. It is con-
ceivable that the absolute iodine concentrations in the myo-
cardium during first pass of contrast material might show 
some correlation with MBF values thus permitting quantita-
tive statements about myocardial perfusion. Again, a full dis-
cussion of the physical background of the various technical 
implementations by different vendors and the available clini-
cal evidence is beyond the scope of this chapter, and the 
reader is referred to Chap. 62.

 Scan Protocol Considerations in Static CT 
Perfusion Imaging

To facilitate a distinction between ischemic myocardium and 
scar tissue, it has traditionally been considered a prerequisite 
to acquire perfusion scans under rest as well as under stress 
conditions and thereby determine whether perfusion defects 
are “reversible” (which proves ischemia) or fixed (which 
favors scar tissue, i.e., an old myocardial infarct).

In static CT perfusion imaging, careful planning of the 
scan delay allows the same dataset to be used for the CT 
coronary angiogram as well as the visualization of myocar-
dial perfusion under rest conditions (Fig. 61.3). As we will 
see in the following paragraphs, the myocardial contrast 
wash-in kinetics are such that this holds true even when scan 
protocols are used that acquire data during several heart-
beats, i.e., prospective triggering or retrospective gating.

The dataset used for the analysis of myocardial stress per-
fusion, however, does currently not lend itself to the visual-
ization of the coronary arteries themselves since the 
administration of vasodilatory drugs to trigger an increase in 
coronary blood flow usually results in a compensatory 
increase in heart rate of approximately 20 bpms even when 
beta-blockers had been administered previously [31].

 Sequence of Stress and Rest Acquisitions

According to the order of the acquisition of rest and stress 
CT perfusion (with acquisitions at rest being simultaneously 
used for the visualization of the coronary arteries), a stress- 
rest approach (stress perfusion first) and a rest-stress (rest 
perfusion first) approach can be distinguished which both 
have specific advantages and disadvantages.

The main advantage of the stress-rest approach is that the 
visualization of hypoattenuated ischemic myocardial seg-
ments during stress perfusion is not compromised by any 
prior administration of contrast material, a phenomenon also 
referred to as contrast material contamination of the myocar-
dium. Because of the small molecule nature of iodinated 
contrast material, there is extravasation into the extracellular 
space, a phenomenon utilized for late enhancement in scar 

tissue. When performing two perfusion acquisitions in 
sequence, there will be residual extracellular contrast mate-
rial both within the myocardium and within scar tissue. This 
residual contrast material can be problematic as it will fur-
ther mitigate the already small attenuation difference 
between normal and ischemic myocardium in the second 
scan potentially resulting in lower sensitivity for ischemia 
detection. This phenomenon is to be expected for at least 
15 min after contrast administration. Since the stress perfu-
sion scan should self-evidently have highest diagnostic accu-
racy for the detection (and thus also exclusion) of myocardial 
perfusion defects, a stress-first approach would seem 
advantageous.

Similarly, a stress-first approach guarantees that the 
administration of both a beta-blocker and of sublingual 
nitrates  – encouraged prior to the CCTA/rest perfusion 
acquisition – will not interfere with the perfusion situation 
during stress perfusion. Particularly for beta-blockers, there 
is some evidence from the nuclear medicine myocardial per-
fusion literature that their application can hide or reduce the 
size and/or severity of myocardial perfusion deficits with 
potentially negative effects on the sensitivity of myocardial 
perfusion imaging [32]. However, in the CORE320 study in 
which an aggressive beta-blocker regime was applied at the 
beginning of a rest-stress CT perfusion protocol, no negative 
effect of metoprolol on the diagnostic accuracy of CT perfu-
sion was observed, and CT perfusion still had higher diag-
nostic accuracy than SPECT myocardial perfusion imaging 
for the detection of significant CAD.

A rest-stress approach (i.e., rest perfusion/CCTA first) has 
the main advantage that it more closely follows the logical 
diagnostic pathway for CAD and reduces unnecessary stress 
perfusion acquisitions: in all patients in whom the CCTA 
component already excludes obstructive CAD, a stress per-
fusion scan can be omitted, thus resulting in considerable 
reduction of total effective dose. If the CCTA component 
shows obstructive CAD, the stress perfusion can then be per-
formed with a specific diagnostic objective.

Furthermore, a rest-stress approach results in lower heart 
rates during the CTA acquisition, which is desirable for high-
est possible image quality of the CTA scan: George et  al. 
showed that in the wake of a recent adenosine-stress perfu-
sion acquisition, heart rates during CTA will be 7  bpms 
higher than at baseline, suggesting that adenosine (or con-
trast administration) triggers effects that persist despite the 
very short biological half-life of adenosine [33]. These 
effects can be expected to be even more pronounced when 
regadenoson is used due to its longer half-life.

This conundrum of the optimal order of scans will most 
likely be resolved by integrating the pretest probability for 
obstructive CAD, as first pointed out by Techasith et al. [34] 
and readily taken up by other authors [35]: in patients with 
an intermediate to high likelihood of obstructive CAD, the 

F. Schwarz et al.



781

a b

c d

Fig. 61.3 A 59-year-old patient with recurrence of stable angina 
8  years after coronary artery bypass surgery. (a) Volume-rendering 
technique (VRT) reconstruction demonstrates ACVB to LAD. (b) 
Curved planar reformation (CPR) of the venous bypass demonstrates 
normal vessel patency without any obvious high-grade stenoses – how-
ever, the exact status of the distal anastomosis remained uncertain. (c) 

Four-chamber view of rest perfusion shows very mild subendocardial 
hypoattenuation in the apex. (d) Four-chamber view of stress perfusion 
acquired 3 min after starting a continuous infusion of adenosine with an 
increase in heart rate from 75 to 90 bpm demonstrates severe subendo-
cardial hypoattenuation, consistent with a reversible perfusion defect in 
the left ventricular anterior wall and apical region
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stress-rest approach (i.e., stress perfusion first) seems more 
advantageous as the proportion of unnecessary stress perfu-
sion scans will be small  – defined as cases in which the 
stress perfusion acquisition will retrospectively prove 
unnecessary since CCTA excludes obstructive CAD. On the 
other hand, in patients with low pretest probability for 
obstructive CAD, the rest-stress approach clearly seems to 
be favorable since in most of these patients, the stress perfu-
sion will be omissible.

 Optimal Scan Delay for Static CT Myocardial 
Perfusion

Bischoff et  al. [36], Tanabe et  al. [37], and Pelgrim et  al. 
[38] have investigated the optimal time window for image 
acquisition in relation to the contrast bolus by a detailed 
analysis of the time-attenuation curves derived from 
dynamic stress CT perfusion datasets acquired in the con-
text of recent clinical studies. All three groups report a time 
window of approximately 8–9 s, in which the difference in 
contrast enhancement between ischemic and normal myo-
cardial segments is optimal. Furthermore, the presented data 
support the feasibility of a bolus-triggering technique within 
the ascending aorta and a delay of approx. 7 s after reaching 
a threshold of 150 HU.

Importantly, this relatively long time window of 8–9  s 
implies the presence of an attenuation difference between 
ischemic and normal segments over several heartbeats. This 
demonstrates that even when selecting scan protocols that 
acquire data over two or three heartbeats, the evaluation of 
myocardial perfusion should be feasible.

It should be noted that in all three studies, the maximum 
difference in attenuation was approximately 20–25 HU on a 
background of approximately 100 HU, highlighting the rela-
tively low contrast resolution or signal intensity that static 
CT perfusion techniques are associated with.

 Optimal RR Phase for the Evaluation of Static 
CT Myocardial Perfusion

Ghoshhajra et  al. analyzed the conspicuity of perfusion 
defects on systolic vs. diastolic reconstructions of retro-
spectively acquired static CT stress perfusion datasets and 
reported similar diagnostic accuracies of 61% for both car-
diac phases with considerable higher sensitivity in end- 
diastolic acquisitions and higher specificity in systolic 
acquisitions [39].

Using the data from the CORE320 study, Steveson et al. 
analyzed the influence of heart rate on image quality and 
optimal reconstruction phase for the evaluation of stress 
 perfusion within the confines of the diastolic acquisitions of 

CORE320 [31]. In this cohort undergoing a rest-stress static 
CT perfusion protocol prospectively triggered to 75%–95% 
of the RR interval, 80% of patients had excellent or good 
image quality and only 3% of participants poor image qual-
ity. Poor image quality was observed most frequently in 
heart rates ≥80  bpm (overall, 3%; in the subgroup with 
HR  ≥80  bpm, 6%). The optimal diastolic phase for the 
assessment of myocardial perfusion was earlier in diastole 
for lower heart rates and later in diastole for higher heart 
rates (optimal phase: from 77% in patients with heart rates of 
<65 bpm to 90% in patients with ≥80 bpm) [31].

 Reconstruction and Postprocessing

There is some evidence suggesting that the optimal postpro-
cessing tool differs between diastolic and systolic acquisi-
tions: comparing the effects of diastolic and systolic 
reconstructions and various postprocessing modes (MPRs, 
MinIPs, MIPs) on ischemia conspicuity, Ghoshhajra et  al. 
reported highest sensitivities in diastolic datasets using 8 mm 
MPRs, while for systolic reconstructions, 3  mm MinIPs 
showed highest specificity and accuracy [39].

One of the technical challenges associated with static 
CT perfusion imaging has traditionally been the higher 
susceptibility to beam-hardening artifacts created by the 
high attenuation within the left ventricle and particularly 
within the descending aorta which lies directly adjacent to 
a segment of the free wall of the left ventricle. It has been 
shown that by using dedicated beam-hardening correction 
reconstruction algorithms, these artifacts can be reduced 
significantly [40, 41].

Depending on the acquisition protocols of rest and stress 
CT perfusion, the phases with least cardiac motion of the 
myocardium should be selected, with sharpest epi- and endo-
cardial borders and least contour doubling [42].

 Image Analysis

The images reconstructed from the perfusion datasets should 
be evaluated in the three traditional cardiac axes, short axis, 
horizontal long axis, and vertical long axis, allowing for an 
assessment of each myocardial segment in at least two 
planes. In general, a narrow window width and level 
(300/150) should be applied [42]. These window settings 
maximize the differences between normal and ischemic 
myocardium and help to identify fat and vessels and calcifi-
cations outside of this window width. For each patient, iden-
tical window settings should be applied for the analysis of 
rest and stress CT perfusion images.

Unlike in research and clinical study environments, the 
routine clinical application of myocardial CT perfusion will 
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certainly employ a combined interpretation of functional and 
anatomic datasets.

Coronary CTA is extensively validated as the most sensi-
tive noninvasive test for CAD, and due to its wide  distribution, 
most imaging centers are well experienced in its perfor-
mance and interpretation. In general, findings should be 
reported according to established guidelines [43].

Once a potentially significant stenosis is identified on 
CCTA, the role of myocardial CT perfusion is (1) to unam-
biguously prove or exclude its functional significance, (2) to 
differentiate between reversible and fixed perfusion defects, 
and (3) to provide a quantitative parameter for the overall 
myocardial burden of ischemia [42].

Qualitative analysis of static CT perfusion is performed 
by visual comparison of the images acquired during stress 
and rest conditions. Typically, standard cardiac long-axis and 
short-axis planes are reconstructed as thick multiplanar 
reconstructions with 5–8  mm slice thickness for optimal 
signal-to-noise ratio. These are then interpreted for the pres-
ence and extent of perfusion defects [42].

Several software tools are available to support the reader 
in the analysis of myocardial perfusion. Some software tools 
derive secondary parameters from the myocardial tissue 
attenuation values, such as the transmural perfusion ratio 
(TPR) – this is a semiquantitative index parameter for each 
segment which relates subendocardial attenuation of a par-
ticular segment with the mean epicardial attenuation of the 
entire heart. TPR has been initially validated for stress MRI 
[44] but has been implemented to aid CT perfusion analysis 
[33, 45] and can best be visualized by bull’s eye plots.

TPR is not reliable in the presence of prior infarcts or sig-
nificant artifacts in several myocardial segments since both 
phenomena distort mean epicardial attenuation as the 
denominator for the calculation of TPR.  Therefore, the 
radiologic interpretation should not rely on this parameter 
alone but always be regarded as complementary to an initial 
visual assessment of the perfusion images.

 Typical Artifacts

All CT perfusion scans should be evaluated for the presence 
and extent of artifacts which should be included in the writ-
ten report. Common artifacts which can result in false- 
positive or false-negative evaluation of myocardial perfusion 
are due to motion, beam-hardening, reconstruction, or partial 
dataset misalignment artifacts.

 Motion

Both the heartbeat and breathing are potential sources of motion 
artifacts. Both can be detected by analysis of  reconstructions 

with a large field of view on which they are  typically revealed by 
signs of contour doubling or haziness of anatomic edges. These 
artifacts can mimic or mask perfusion deficits when they appear 
as focal hypo- and/or hyperdensities.

Therefore, if the scan protocol selected for stress and rest 
perfusion permits distinct reconstructions across the RR 
interval, perfusion defects should be confirmed by their pres-
ence at several timepoints of the RR interval.

The only effective strategy against breathing artifacts 
remains their prevention by investing time in detailed instruc-
tions to and training with the patient prior to performing the 
CT scan.

 Beam Hardening

This artifact occurs in parts of the myocardium lying adja-
cent to large hyperdense structures, in which low-energy 
photons are preferentially absorbed, resulting in a relative 
increase in high-energy photons in the remaining photon 
beam (i.e., beam hardening). Therefore, the x-ray photon 
beam will have slightly different spectral properties during 
the sampling of these adjacent myocardial segments, which 
will cause differences in attenuation values attributed to the 
respective myocardial segments. This artifact is most 
apparent in the basal inferior wall due to the contrast-filled 
descending aorta and the anterior wall of the left ventricle 
which can be affected by the LV cavity or overlying ribs. 
Severe beam-hardening artifacts affecting the interventric-
ular septum but also the midventricular and apical lateral 
wall of the left ventricle can also be observed in the pres-
ence of prominent pacemaker electrodes in the right ven-
tricle (Fig. 61.4).

Special reconstruction algorithms have been developed to 
take beam hardening into account [40, 41]. In general, beam- 
hardening artifacts appear in the plane of the x-ray beam and 
can thus be identified by analyzing the distribution using 
multiplanar reformations on the dataset during image inter-
pretation. Usually, beam hardening creates transmural 
hypoattenuation and occurs directly adjacent to highly atten-
uating structures.

 Reconstruction Artifacts

The most relevant reconstruction artifact is the cone-beam 
artifact which results from the fan configuration of the x-ray 
beam along the z-axis. This becomes most relevant for mod-
ern wide-range detectors, in particular for the 320-detector 
CT with cone angles of up to 15.2° [46]. Cone-beam artifacts 
typically present as low- and high-attenuation bands but usu-
ally extend beyond the range of the myocardium into adja-
cent mediastinal and lung structures.
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 Partial Dataset Misalignment Artifacts

As in coronary CTA, misalignment artifacts can occur when 
the final image is composed of image stacks acquired during 
different heartbeats, such as in step-and-shoot image acquisi-
tion protocols. More than when evaluating the coronary 
arteries, however, the differences in the exact acquisition 
timepoint between adjacent image stacks can be problem-
atic, since they are acquired during different timepoints of 
the contrast bolus and thus make comparisons of myocardial 
enhancement problematic.

 Image Interpretation

 Rest Image Interpretation and the Assessment 
of Prior Infarcts

It is important to identify prior infarcts on rest perfusion 
images to be able to discern them from areas of ischemia 
during stress perfusion (Fig. 61.5). Typically, prior myocar-
dial infarcts are characterized by the presence of subendocar-
dial or transmural hypoattenuation during rest perfusion due 
to the high proportion of scar tissue, by relative myocardial 
thinning and the myocardial inclusion of fat in chronic 
infarcts. Older large infarcts often exhibit calcifications, 
aneurysmal dilatation, or mural thrombus formation.

 Stress Image Interpretation 
and the Assessment of Ischemia

Stress CT perfusion images carefully need to be assessed for 
the presence of stress-induced subendocardial or transmural 
areas of hypoattenuation not present at rest, changes which 
are highly suggestive for (reversible) myocardial ischemia. 
Furthermore, in large infarcts apparent on the rest images, a 
relative enhancement may be appreciated on the stress 
images if a rest-stress protocol is applied.

 Defect Severity and Ischemic Burden

Similarly to the method established in the nuclear medicine 
SPECT literature, the extent of segmental myocardial isch-
emia can be expressed in a semiquantitative manner for each 
myocardial segment [47], assigning a semiquantitative value 
expressing the severity of ischemia (0 = normal myocardial 
perfusion; 1 = mild perfusion deficit, i.e., <1/3 transmurality; 
2  =  moderate, i.e., <50% transmurality; 3  =  severe, i.e., 
>50% transmurality).

The ischemic burden of the left ventricle can be qualita-
tively assessed by describing the myocardial segments 
involved. Semiquantitative measures for global ischemic 
burden can be generated by calculating the sum of all seg-
mental ischemia values: the summed rest score (SRS), 

a b c d

Fig. 61.4 A 62-year-old patient with a history of atypical chest pain 
underwent coronary CTA (a, b) followed by adenosine-stress CT perfu-
sion (c, d). Coronary CTA demonstrated severe calcifications of the 
LAD (a) whose hemodynamic significance remained uncertain. (b) 
demonstrates four-chamber view of myocardial perfusion at rest. (c) 
shows an adenosine-stress myocardial perfusion dataset in the same ori-

entation, revealing subendocardial hypoattenuation in the anterolateral 
myocardial segments, consistent with a reversible perfusion defect. The 
hypoattenuation of the interventricular septum in the stress image is due 
to an artifact by the very prominent pacemaker electrode in the right 
ventricular apex – notice the hypodense bands originating at the tip of 
the electrode (d)
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Fig. 61.5 A 55-year-old patient with a long-standing history of diabe-
tes and stable angina who underwent retrospectively ECG-gated coro-
nary CTA (a–d, a–b, diastolic reconstruction; c–d, systolic 
reconstruction) followed by static adenosine-stress perfusion (e, f). 
Subendocardial hypoattenuation in the basal inferolateral myocardial 

segment can be appreciated in diastolic and systolic reconstructions 
even under rest. Under adenosine stress, the hypoattenuated area is con-
siderably larger (e, f), consistent with a partially reversible perfusion 
defect and highly suggestive of on older non-transmural infarct with 
significant adjacent ischemia

a b

c d
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summed stress score (SSS), and the summed difference score 
(SDS). The SRS and the SSS are calculated by adding the 
ischemia scores for all segments at rest or stress, respec-
tively, and the SDS is the difference between both. The 
 diagnostic and prognostic validity of this method still needs 
to be confirmed for CT perfusion.

 Correlation of Coronary Anatomy 
with Myocardial Perfusion Information

Ultimately, myocardial perfusion information will have to 
be matched to coronary anatomy both in respect to the indi-
vidual vessel anatomy and stenoses identified on CCTA. 
By  aligning anatomic with functional information, subtle 
changes in myocardial perfusion will likely be detected with 
higher sensitivity and perfusion defects without attributable 
coronary stenosis easier identified as false-positive findings.

 Evidence from Clinical Studies

By now substantial clinical evidence has been accumulated 
demonstrating good diagnostic accuracy of static CT perfu-
sion for the detection of segmental myocardial ischemia, 
both from single-center and multicenter studies.

 Single-Center Studies

Various single-center studies with often small sample sizes 
and heterogeneous reference standards have analyzed 

 diagnostic accuracy and/or potentially incremental value of 
static CT perfusion in diverse clinical scenarios.

Bettencourt et  al. have investigated 90 symptomatic 
patients with suspected CAD who underwent static 
adenosine- stress CT perfusion followed by CCTA and ICA 
and report a significant increase in diagnostic accuracy for 
the detection of stenoses ≥50% and ≥70% by the addition of 
perfusion information [48]. Particularly for the detection of 
higher-grade CAD, the AUC increased from 0.8 for isolated 
CCTA to 0.93 for the integrated approach.

Wong et al. analyzed 75 symptomatic patients who under-
went CCTA/rest CT perfusion, static adenosine-stress CT 
perfusion, and ICA/FFR assessment within 2  months at a 
single institution [49]. The authors compared the diagnostic 
performance for the prediction of FFR-relevant coronary 
artery stenosis between CCTA only, CCTA + stress CT per-
fusion information, CCTA + transluminal attenuation gradi-
ent information, and an integrated protocol combining all 
three sources of information (i.e., CCTA + stress-rest CT 
perfusion + transluminal attenuation gradient).

For CCTA only the authors reported sensitivities and 
specificities of 89% and 65% for the prediction of FFR- 
relevant coronary artery stenosis, while for CCTA + CT per-
fusion, sensitivity and specificity were 88% and 83%. 
Diagnostic accuracy was highest for the integrated protocol 
(AUC = 0.91).

Yang et al. have recently reported results from a single- 
center study including 75 patients with suspected CAD 
(ClinicalTrials.gov, NCT 01696006), in whom stress-rest 
static CT perfusion using adenosine was compared with 
ICA  +  FFR [50]. The authors performed retrospectively 
ECG-gated acquisitions for both the stress and rest CT 

e f

Fig. 61.5 (continued)
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 perfusion acquisition. The per-patient sensitivity and speci-
ficity of a visual assessment of myocardial perfusion CT data 
for all patients were 89% and 86%, respectively. In severely 
calcified vessels, visual assessment of myocardial perfusion 
CT data in combination with CCTA provided incremental 
value over CCTA alone for the detection of myocardial 
ischemia.

 Meta-analyses

Some recent meta-analyses have reported pooled data from 
various single-center trials on myocardial perfusion 
CT.  Pelgrim et  al. pooled data from six studies (including 
one multicenter study) and reported for combined coronary 
CT angiography and static stress CT perfusion a vessel- 
based sensitivity and specificity for the detection of ICA- 
based >50% stenoses of 84% and 93% [22]. Gonzalez et al. 
pooled 18 studies in which CCTA was complemented with 
stress CT perfusion or CT-FFR and report that CT perfusion 
increased the specificity of CCTA from 0.43 to 0.77 for the 
detection of >50% stenoses as assessed by ICA [51]. It is 
important to note, however, that Gonzalez et al. pooled data 
regardless of whether a static or dynamic CT perfusion pro-
tocol was used.

 Multicenter Studies

 CORE320 Study (www.clinicaltrials.gov, 
NCT00934037)
The CORE320 study (www.clinicaltrials.gov, NCT00934037) 
is the most comprehensive trial so far addressing the feasibil-
ity and accuracy of rest-stress static CT perfusion in symp-
tomatic patients.

As a prospective, multicenter, multinational diagnostic 
study, it included 381 patients and was designed for the main 
primary objective to evaluate the diagnostic accuracy of 320- 
MDCT for detecting coronary artery luminal stenosis and 
corresponding myocardial perfusion deficits using a rest- 
stress static CT perfusion approach in patients with suspected 
CAD. The reference standard was invasive coronary angiog-
raphy (ICA) and SPECT myocardial perfusion imaging [52].

The study population consisted of patients 45–85 years 
old who were referred for clinically indicated conventional 
angiography for suspected or known CAD [52]. 30% of 
patients had had prior percutaneous intervention, and 28% 
were status post coronary stent implantation. Prevalence of 
anatomically significant CAD as assessed by quantitative 
ICA was 60%.

The CT protocol comprised an unenhanced coronary 
artery calcium score acquisition, followed by rest CCTA 
(used for coronary CT angiography as well as rest perfusion) 
after administration of beta-blocker and sublingual nitrates, 

followed by adenosine-stress CT perfusion imaging with 
20-min delay prior to stress perfusion acquisition. All 
patients underwent rest-stress SPECT myocardial perfusion 
imaging as well as invasive coronary angiography within 
60 days.

The authors report that the addition of myocardial perfu-
sion to CCTA significantly increased the accuracy for the 
detection of flow-limiting CAD as assessed by ICA- 
SPECT. This was demonstrated by a significant increase in 
the area under the curve (AUC) for the detection of ≥50% 
stenosis from 0.82 to 0.87 by CCTA alone vs. CCTA-CTP 
(p ≤ 0.001). The highest test performance was observed in 
the subgroup of patients without known CAD (AUC = 0.93).

The authors conclude that the combination of CTA and 
perfusion correctly identifies patients with flow-limiting 
CAD defined as ≥50% stenosis by ICA causing perfusion 
defect by SPECT/MPI.

Furthermore, in head-to-head comparisons, the overall 
performance of stress CTP imaging in the diagnosis of ana-
tomic coronary stenosis ≥50% (with ICA as gold standard) 
was higher than that of SPECT, driven in part by the higher 
sensitivity for left main and multivessel disease [53]. The 
AUC for the detection of any coronary stenosis ≥50% was 
0.78 for rest-stress CT perfusion imaging and 0.69 for rest- 
stress SPECT imaging (p  =  0.001). In comparison with 
SPECT, CT perfusion exhibited slightly lower specificity 
(55% vs. 67%, p = 0.02) but considerably higher sensitivity 
(88% vs. 62%, p < 0.001) [53, 54].

Radiation exposure of rest and stress CCTA was 3.16 
(2.82–3.63) and 5.31 (3.81–6.04) mSv, respectively, with 
higher doses required for the stress acquisition. This was 
mostly due to the higher heart rates during adenosine stress 
(69 vs. 54 bpm). On the other hand, radiation exposure of 
rest-stress SPECT and of ICA were 9.75 (9.1–13) mSv and 
12.0 (7.6–18.0) mSv, respectively [55].

 Regadenoson Crossover Study (www.
clinicaltrials.gov, NCT01334918)
Cury et  al. recently published the results of a multicenter, 
multivendor, randomized, crossover clinical trial comparing 
regadenoson stress-rest static CT perfusion with regadeno-
son stress-rest SPECT in 110 patients with known or sus-
pected CAD (moderate or high risk) and a clinical indication 
for stress-rest SPECT or CCTA [56].

The vast majority of patients underwent a retrospectively 
ECG-gated acquisition for stress CT perfusion after regade-
noson administration followed by prospectively ECG- 
triggered rest CT perfusion/CCTA. Patients were randomized 
into either having the stress-rest SPECT on the day before or 
after stress-rest CT perfusion [57].

Due to the potentially higher adverse event rate of regad-
enoson upon initial administration (on the first day of the 
study), patients were randomized into either possible 
sequence of scans (i.e., SPECT-CT vs. CT-SPECT).
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In this study, stress CT perfusion was noninferior to 
SPECT for detecting or excluding reversible ischemia with 
an agreement rate of 0.87 and sensitivity and specificity of 
0.9 and 0.84, respectively [56]. Total mean radiation dose 
was significantly higher for stress-rest CT perfusion 
(17.7  ±  6.8  mSv) compared with stress-rest SPECT 
(11.2 ± 1.8 mSv, p = 0.001).

 Bischoff et al. 2016
Results from a smaller multicenter study evaluating stress- 
rest static CT perfusion in symptomatic patients with prior 
revascularization in comparison with stress-rest SPECT and 
ICA were recently reported by Bischoff et al. [25]. Thirty-six 
patients who presented with new onset symptoms requiring 
ICA were included and underwent a stress-rest static CT per-
fusion protocol (with injection of the radionuclide for stress 
SPECT MPI during stress CT perfusion imaging) immedi-
ately followed by stress and rest SPECT acquisition and ICA 
within 1 week prior to or after the CT scan.

The stress CT protocol consisted of a prospectively ECG- 
triggered high-pitch spiral acquisition planned to scan the 
entire heart in the same systolic phase (commencing at 5% of 
the RR interval) during adenosine or after regadenoson injec-
tion. After a delay of 15–20 min, beta-blockers and  sublingual 
nitroglycerine were administered prior to a prospectively 
ECG-triggered CCTA with relatively broad acquisition of 
systole and diastole.

The authors report that in this cohort of patients with 
known CAD and extensive vessel calcifications, the overall 
diagnostic accuracy for the detection of hemodynamically 
relevant coronary artery stenosis was only 31% for CCTA 
alone and could be increased to 78% when integrating the 
information obtained from stress-rest CT perfusion. 
Importantly, the high-pitch acquisition of the heart in systole 
had an effective dose of only 0.9 ± 0.1 mSv.

 Clinical Studies Involving Protocol 
Modifications

Nakamori et al. have recently suggested that in patients with 
high calcium scores (>400 Agatston units) and/or prior 
stents, a static CT stress perfusion-only acquisition might 
suffice [58]. In these patients, the authors argue, the rate of 
nondiagnostic coronary artery segments will be not negligi-
ble for both the stress and the rest acquisition. Therefore, the 
addition of an acquisition at rest yields comparably little 
additional information. In 35 patients with high calcium 
scores and/or stents who underwent stress-rest static CT per-
fusion as well as ICA/FFR, stress CT perfusion had an AUC 
of 0.97 for the detection of hemodynamically significant ste-
noses which was not improved by the addition of the rest 
perfusion/CCTA [58].

 Conclusion

The high pace of technological innovations in cardiac CT has 
extended its reach to the evaluation of ischemic cardiomy-
opathy, enabling pharmacological stress myocardial CT per-
fusion imaging. This extension promises to cover one of the 
traditionally weaker flanks of cardiac CT: the specificity and 
positive predictive value in the detection of hemodynami-
cally significant stenoses. Furthermore, diagnostic accuracy 
in the assessment of stent patency and severely calcified 
coronary trees may be increased.

Future clinical studies will have to address the differences 
between static and dynamic acquisition protocols, as the for-
mer cannot provide fully quantitative data but come at con-
siderably lower radiation doses.

Regarding further technical progress, the best is yet to 
come: further improvements in hardware will result in wider 
detectors and higher temporal and spatial resolution. 
Someday, photon-counting detectors with energy discrimina-
tion capabilities might make their way into clinical practice. 
On the software side, much is to be expected in the short term 
from further refinements in reconstruction algorithms such as 
more advanced versions of iterative reconstruction and raw 
data-based motion correction algorithms and in the medium 
term from the full implementation of neural network-/deep 
learning-based raw data postprocessing and data interpreta-
tion. Furthermore, the full digitalization of the interface 
between the image information and all other patient data in 
conjunction with the expected rapid implementation of artifi-
cial intelligence to a wide spectrum of clinical problems will 
result in considerably improved and individually tailored 
diagnostic and prognostic results for each and every patient.

With the already proven excellent diagnostic accuracy of 
stress CT perfusion for the detection of myocardial ischemia 
and thus the hemodynamic relevance of coronary artery ste-
noses in conjunction with the unsurpassed capability of char-
acterizing coronary artery plaques among noninvasive 
imaging modalities, the one-stop shop in cardiac imaging 
that has been heralded so fervently and repeatedly now more 
than ever seems to be just around the corner.
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Dual- Energy Approaches

Domenico De Santis, Marwen Eid, Taylor M. Duguay, 
and Carlo N. De Cecco

The evaluation of patients presenting with symptoms sug-
gestive of myocardial ischemia is one of the most common 
and challenging scenarios clinicians face. Despite consider-
able advances in treatment, more than 50% of acute myocar-
dial infarctions (AMI) resulting in death occur in patients 
before undergoing cardiac catheterization. Thus, risk stratifi-
cation plays a central role in averting major adverse cardiac 
events [1].

The current WHO rating attributes more than 25% of deaths 
worldwide to cardiovascular disease (CVD) [2]. Despite a 
decreasing trend in the last decade, CVD is the leading cause of 
death in the United States and worldwide. On average there is 
approximately one CVD-related death every 40 s, resulting in 
the death of over 2000 Americans each day. The estimated 
direct and indirect cost of CVD in 2015 was $320.1 billion and 
is projected to be $918 billion by 2030 [3, 4].

According to the current appropriate use criteria, coro-
nary CT angiography (CCTA) is a robust imaging technique 
that provides a noninvasive, morphological assessment of 
the coronary arteries which can accurately depict coronary 
anatomy and atherosclerotic plaque burden. Thanks to its 
power to exclude significant coronary artery stenosis in 
patients with low and intermediate coronary artery disease 
(CAD) risk profiles [5], CCTA has become an integral part 

of the noninvasive diagnostic workup for the anatomic eval-
uation of the coronary arteries in patients with suspected 
CAD  [5–8]. A growing body of evidence has validated 
CCTA as the noninvasive imaging technique with the high-
est sensitivity and specificity in detecting CAD, with a 
pooled sensitivity and specificity of 98% and 89%, respec-
tively [6, 9]. These results compare favorably with alterna-
tive noninvasive imaging tests, where SPECT reaches 
sensitivities and specificities of 88% and 61%, PET of 84% 
and 81%, and cardiac  magnetic resonance imaging (CMR) 
of 89% and 76%, respectively [10].

Although CCTA remains a morphological technique that 
can accurately depict coronary anatomy and atherosclerotic 
plaque burden, it is hampered by several limitations in the 
assessment of the hemodynamic significant coronary stenosis. 
The FAME and COURAGE trials [11, 12], two major studies 
validating the impact of functional tests in coronary revascu-
larization, have shown that the hemodynamic relevance of 
coronary stenosis is not adequately predicted by purely ana-
tomical tests. Additionally, without functional data, ICA and 
CCTA can only provide limited correlation with myocardial 
perfusion defects [13, 14]. As revascularization should be 
guided by information on the state of myocardial perfusion, 
increasing efforts aim at determining the functional relevance 
of lesions by CCTA. Thus, noninvasive evaluation of patients 
with suspected CAD has started to shift focus from morpho-
logical CAD assessment to a complex, comprehensive mor-
phological and functional evaluation. Furthermore, patient 
evaluation, management, and prognostication are more reli-
able and effective when morphological and functional assess-
ments are used in concert [11, 12, 14, 15].

Multiple CT techniques have the potential to provide a 
functional analysis. Some of these techniques are based on 
post-processing analysis of CCTA dataset and are focused on 
the direct assessment of coronary stenosis significance, such 
as CCTA-derived fractional flow reserve (CT-FFR) and 
transluminal attenuation gradient (TAG). CT-FFR relies on 
principles of computational fluid dynamics to calculate the 
ratio between the maximum coronary flow in the presence of 
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a coronary stenosis and the hypothetical maximum coronary 
flow in absence of stenosis. Despite excellent results in terms 
of diagnostic accuracy, the only CT-FFR software that has 
been granted FDA approval to date requires complex offsite 
analysis [16]. TAG represents the contrast attenuation gradi-
ent along the course of a coronary artery. The reliability of 
this technique is often hampered by extensive coronary cal-
cifications or temporal inhomogeneity due to the acquisition 
window covering multiple heartbeats [17]. The correlation 
between coronary density and the corresponding aortic 
attenuation at the same axial slice, formally known as CCO 
(corrected coronary opacification), has been proposed as a 
method to achieve more robust results. However, TAG and 
CCO have inferior diagnostic performance when compared 
to other functional tests [18].

Other techniques based on CT data are focused on direct 
assessment of myocardial ischemia. Due to recent advance-
ments in CT technology, in fact, in addition to its role in 
assessing coronary morphology and left ventricular function, 
CCTA has been utilized in the evaluation of a third aspect in 
the diagnostic algorithm of ischemic heart disease – myocar-
dial perfusion. Computed tomography myocardial perfusion 
imaging (CTMPI) offers the possibility to directly detect the 
presence of perfusion defects in the myocardium following 
the administration of pharmacological stressing agent. 
Providing diagnostic information for each of these three cor-
nerstones of ischemic heart disease workup, this emerging 
technology has the potential to become the stand-alone 
method for the evaluation of patients with suspected CAD 
using a single imaging modality and within a single imaging 
session [19].

 CTMPI: General Overview

CT myocardial perfusion imaging (CTMPI) uses the distri-
bution of iodinated contrast media (CM) in the myocardium 
as a surrogate for myocardial blood flow. Perfusion defects 
are thus identified as hypo-attenuating areas containing 
reduced amounts of CM [20]. For this purpose, two different 
CT techniques have been developed. Static CTMPI uses the 
static myocardial distribution of CM during the early arte-
rial phase of the first-pass contrast enhancement to detect 
myocardial attenuation abnormalities [21]. In contrast, 
Dynamic CTMPI uses several consecutive acquisitions 
throughout the cardiac cycle to generate time attenuation 
curves (TAC) of myocardial perfusion. Static CTMPI can be 
further categorized into single-energy and dual-energy 
approaches.

The single-energy technique provides a qualitative visual 
assessment of a snapshot of myocardial iodine contrast 
attenuation at a single time point. Dual-energy CT (DECT) 

uses two simultaneous acquisitions of the same body region 
at two different kV values to generate a similar snapshot of 
the myocardial iodine distribution [22]. Since iodine concen-
tration reflects myocardial perfusion, the per-voxel amount 
of iodine can be used to quantify the myocardial blood pool 
[23]. Iodine concentration is reduced in the myocardial areas 
with hypoperfusion and/or reduced intravascular blood vol-
ume [24]. This chapter will provide an overview of dual- 
energy CTPMI.

 Dual-Energy CT Myocardial Perfusion 
Imaging

 Technical Considerations

Computed tomography is based on the emission of a beam 
of x-rays from the x-ray tube. Two main determinants are 
responsible for the x-ray beam characteristics: intensity 
and energy. The intensity of the x-rays represents the 
amount of photons produced and is related to the tube cur-
rent (milliamperage, mA). The energy of the x-ray beam is 
proportional to the difference of potential applied between 
the anode and the cathode of the x-ray tube and is mea-
sured in kilovolts (kV). When a certain kV value is 
selected, the chosen number represents the maximum kV 
that will be reached by the x-ray tube. Therefore, the maxi-
mum energy of the photons is determined by the peak kV; 
however the generated x-ray beam can be represented as a 
broad spectrum characterized by different photon energies 
(Fig. 62.1).

Dual-energy CT, also called spectral CT, by means of dif-
ferent technical solutions obtains two x-ray spectra. Different 
materials, such as iodine, calcium, and soft tissues, are char-
acterized by different attenuation profiles at different energy 
levels (Fig. 62.2). Based on this tenant, dual-energy CT is 
able to differentiate materials with different atomic numbers, 
such as calcium and iodine, that look similar when scanned 
in single energy. Different vendor-specific CT technologies 
have been developed to perform DE acquisitions for the eval-
uation of myocardial perfusion:

• Single source  – Sequential DECT (Canon Medical 
Systems, Otawara, Japan)

• Single source  – Fast kV switching (GE Healthcare, 
Milwaukee, WI)

• Dual-source CT (Siemens Healthineers, Forchheim, 
Germany)

• Single source  – Dual-layer detector (Philips Medical 
Systems, Cleveland, OH)

• Single source  – Twin beam (Siemens Healthineers, 
Forchheim, Germany)
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The sequential DECT acquires DE data through ultrafast 
sequential rotations acquired in volume or helical mode. In 
volume mode, two single-rotation acquisitions at different 
kV levels are performed. In helical mode, the tube switches 
between the two kV levels at each rotation while the table 

is moving, resulting in a pitch characterized by partial over-
lap among the two kV levels [25] (Fig. 62.3a). The fast kV 
switching technique relies on a single x-ray tube able to 
switch between high- and low-kV settings within the same 
gantry rotation coupled with detectors able to register data 
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from both energy spectra (Fig.  62.3b) [26]. Dual-source 
dual-energy CT scanners have two different x-ray tubes 
mounted with an offset of approximately 90 degrees and 
are simultaneously operated at low- and high-tube voltages. 
Each tube is coupled with a dedicated detector layer 
(Fig. 62.3c). A third technical approach is represented by 
the dual-layer detector CT scanner (Fig. 62.3d) character-
ized by a single x-ray tube coupled with a detector com-
posed of two superimposed layers. The inner layer registers 
data from low-energy photons, while the outer layer records 
information from the high-energy photons [27]. Twin beam 
dual energy uses a single x-ray tube emitting a polychro-
matic x-ray beam pre-filtered on the z-axis by means of two 
different materials: tin (Sn) and gold (Au). The resultant 
post- filtered beam is split in high (Sn)- and low-energy 
(Au) spectra before reaching the patient (Fig. 62.3e). The 
dual- source approach is the most widely adopted technique 
[24,  28–34]. To date, the state of the art of dual-source CT 
is represented by the third generation of CT scanners, 
which are characterized by a rotation time of 0.25 s, a tem-
poral resolution of 66 ms, and maximal volume coverage of 
737 mm/s in flash mode and are able to offer multiple kV 
setting ranging from 70  kV up to 150  kV, in 10  kV 
increments.

Dual-energy CT exams are composed of different datas-
ets. Low-voltage and high-voltage spectra are combined 
with different blending proportion to obtain a dataset simi-
lar to the conventional 120  kVp dataset that is routinely 
used in clinical practice. Other unique characteristics of 
dual-energy CT examination include the possibility to 
obtain color-coded iodine maps, virtual non-contrast datas-
ets, and virtual monoenergetic images. Iodine maps are 
overlaid to grayscale images, allowing both qualitative and 
quantitative myocardial perfusion assessment. The virtual 
non-contrast dataset has the ability to overcome the need 
for a true non- enhanced scan and, thus, to lower the radia-
tion exposure. Eventually, virtual monoenergetic images at 

low photon energies, approaching the iodine K-edge, 
reduce the beam- hardening artifacts and enhance iodine 
attenuation, facilitating the identification of subtle attenua-
tion differences within the myocardium when compared to 
120 kVp dataset [35]. Figure 62.4 provides an overview on 
dual-energy workflow.

 Acquisition Technique and Radiation Dose

As in CCTA, temporal resolution is one of the most important 
technical prerequisites for perfusion CT.  A high temporal 
resolution is critical to reduce motion artifacts in consider-
ation of the increased heart rate observed during the stress 
phase. However, previous challenges in temporal resolution 
have been overcome with second-generation (75 ms) [28] or 
third-generation (66  ms) [36] dual-source CT scanners. 
Similarly to the SE static technique, DE-CTMPI generates a 
snapshot of the myocardial iodine distribution at a single time 
point using two different kV acquisitions of the same body 
region; this snapshot encompasses the entire left ventricle and 
is acquired during the early arterial phase of first-pass con-
trast enhancement. A reduction in beam- hardening artifacts 
and direct visualization of myocardial iodine content gives 
DECT multiple advantages over a single- energy acquisition. 
For these reasons, perfusion defects and late enhancement are 
often more easily recognized on DECT [37]. Both prospec-
tive and retrospectively ECG-gated protocols are available for 
the DECT acquisition. In addition, hybrid image reconstruc-
tion enables imaging even at high heart rates [28]. Scan time 
and radiation dose for prospective ECG-triggered or retro-
spectively ECG-triggered acquisition are equivalent to those 
of single-energy cardiac CT acquisition [38].

Since image acquisition must be performed at the moment 
of peak contrast concentration in the coronary arteries to 
detect early differences in contrast uptake, acquisition timing 
is crucial to preserve diagnostic integrity. The optimal time 

a b c d e

Fig. 62.3 Different DECT technologies: single source, sequential DECT (a); single source, fast kV switching (b); dual-source CT (c); single 
source, dual-layer detector (d); and single source, twin beam (e)
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frame for stress perfusion acquisition is between 8 s and 16 s 
after contrast enhancement in the aorta reaches 100 
Hounsfield Units [21]. Acquisition timing may be further 
enhanced using bolus tracking with automatic contrast detec-
tion in the proximal ascending aorta. The right acquisition 
time is essential to detect the difference in early contrast 
uptake in myocardial tissue to ensure diagnostic accuracy. 
Furthermore, coronary artery assessment can be performed 
during the rest acquisition [37], with no additional acquisi-
tion time or radiation necessary.

If an assessment of myocardial perfusion at stress is 
desired, an additional acquisition during pharmacological 
stress can be obtained. Multiple approaches to the time 
order of rest and stress acquisitions have been proposed 

(Fig. 62.5). Starting the examination with the rest phase has 
the advantage that a pure CCTA study is performed before 
the evaluation of functional myocardial assessment [38]. 
On the other hand, starting the protocol with the stress 
phase avoids contamination of CM from the rest phase and 
enables maximal contrast difference between ischemic and 
normal myocardium [21]. However, it should be taken into 
account that the elevated heart rate following stress admin-
istration could impair the quality of the subsequent rest 
acquisition [32].

Additionally, image acquisition can be repeated after 
8–10  min of CM administration in order to evaluate the 
delayed myocardial enhancement, where a hyperattenuating 
myocardial pattern is indicative of nonviable myocardium 

Fig. 62.4 Dual-energy CT 
workflow. High-kV and 
low-kV data are blended in 
order to simulate a 
conventional polychromatic 
dataset. Dual-energy CT 
allows to generate colored 
iodine maps that are 
superimposed on the 
grayscale images and lead to 
a qualitative and qualitative 
assessment of myocardial 
perfusion. Virtual non- 
contrast (VNC) images can 
overcome the need on the true 
unenhanced scan, while 
virtual monoenergetic images 
(VMI) at low keV level, 
approaching the k-edge of 
iodine, emphasize the contrast 
enhancement
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(Fig.  62.6). Acquisitions utilizing this delayed enhance-
ment, performed after invasive revascularization by percuta-
neous coronary intervention (PCI) procedures without 
additional administration of CM, have been proven to be a 
reliable method for evaluating transmurality and infarct 
size, representing an interesting alternative to CMR [39–
41]. However, compared with late enhancement in CMR 
however, CT provides a lower signal-to-noise ratio, making 
the detection of infarction more challenging [23]. 
Additionally, Meinel et al. [42] recently demonstrated that 
the addition of a delayed phase acquisition for late iodine 
enhancement does not  provide improvements in diagnostic 
accuracy and can thus be safely omitted in order to reduce 
the radiation dose.

Data sets obtained at high and low kV values in DECT 
can be used to create iodine concentration maps combining 
the lower noise of high-energy acquisitions with the higher 
contrast resolution of lower-energy acquisitions [33].

The radiation dose for comprehensive static CT perfusion 
studies (including rest and stress perfusion imaging) varies 
greatly depending on the specific acquisition protocol. 
Effective dose values between 4.2 and 16.5 mSv have been 
reported (Table 62.1) with an average radiation exposure of 
9 mSv [43–55]. The radiation dose of CT myocardial perfu-
sion imaging generally compares favorably with traditional 
nuclear imaging approaches [56–58] and is expected to 
decrease as new technologies are developed. Currently, the 
radiation dose of a comprehensive stress/rest static CTMPI 
protocol can be as low as 4.2 mSv [59, 60]. In terms of radia-
tion dose, moreover, prospectively ECG-triggered or retro-
spectively ECG-triggered acquisitions are equivalent to 
those of CCTA acquisition, in which the rest and the stress 
acquisitions deliver a combined average dose of 12  mSv. 
This value may be decreased using recent technological 
advancements, including iterative reconstruction and  low- kV 
acquisition [49, 61, 62].

Contrast media
injection
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Fig. 62.5 Timeline of rest/stress (a) and stress/rest (b) DE-CTMPI protocols
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a b

c d e f

g

Fig. 62.6 A 63-year-old 
female. (a) CTMPI acquired 
10 min administration of 
contrast media demonstrates a 
transmural area of 
hyperattenuating myocardial 
pattern in the lateral wall and 
is indicative of nonviable 
myocardium (arrowhead). 
The same patient underwent a 
CMRI (b) showing an 
extensive area of late 
enhancement in the 
corresponding myocardial 
wall (arrow). Curved 
multi-planar reformats of the 
coronary arteries show no 
significant stenosis at the 
RCA (c), LAD (d), and LCx 
(e). On the contrary, the first 
obtuse marginal branch (f) 
previously stented is affected 
by proximal intimal 
hyperplasia resulting in severe 
in-stent stenosis (arrowhead). 
(g) Cinematic Rendering 
clearly depicts the stent 
(asterisk) and the filiform 
caudal segment (arrow), 
poorly opacified by the 
contrast media
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 Pharmacological Stress Agents

Diseased coronary arteries have a limited compensatory 
 dilation, since they are already operating within a dilatory 
reserve capacity to compensate for reduced perfusion. On the 
contrary, healthy coronary vessels maintain a dilating capac-
ity when oxygen demand is increased [25–27]. Hypo- 
attenuated myocardium during pharmacological stress is 
classified by comparison with images in rest conditions. 
Areas with constant hypo-attenuation during both phases cor-
respond to irreversible ischemia. Reversible ischemia can be 
suspected if hypo-attenuation is present only in stress phase 
or if the hypo-attenuated area increases significantly [1].

Since the reversible myocardial perfusion defects (MPD) 
occur prior to fixed MPD, sensitivity for the detection of 
reversible perfusion defects significantly improves under 
pharmacological stress [26]. The various agents available to 
induce pharmacological stress include dobutamine, dipyri-
damole, adenosine, and regadenoson [28]. Due to safety con-
siderations, the two most commonly utilized agents in CT 
perfusion are adenosine and regadenoson.

The first adenosine stress myocardial perfusion CT study 
was conducted with an electron-beam CT scanner in an 
experimental dog model in 1987 [29]. Adenosine is a nonse-
lective adenosine receptor agonist. Its action is a direct vaso-
dilation of the coronary arteries and has an extremely short 
half-life of a few seconds. It is administered in continuous 
infusion with a dose of 140 μg/kg/min for at least 2 min to 
induce a heart rate increase of 10–20 beats above the resting 
heart rate. Regadenoson is a selective A2A receptor agonist. It 
is advantageous as it can be administered in a single bolus, 
making stress CT studies more time efficient [28]. 
Regadenoson stress, moreover, causes fewer systemic side 
effects, which is beneficial for patients with asthma or 
chronic obstructive pulmonary disease [30, 31]. On the other 
hand, to take into account the longer-lasting effects of regad-
enoson, sufficient time needs to be allowed before rest acqui-
sition (15–20  min). Alternatively, theophylline can be 
administered as a countermeasure [32]. The use of regadeno-
son showed greater efficiency over dipyridamole and ade-
nosine in a stress/rest protocol [28]. This was attributed 
mostly to the administration of the substance, because regad-
enoson is available as a pre-drawn single-dose syringe. 
Typical side effects of both agents are headache, flushing, 
and dyspnea. Both drugs may cause moderate to severe com-
plications [33, 34]. Ventricular tachycardia and transient 
asymptomatic atrial-ventricular block occur in 0.14% of 
patients. Recent case reports indicate that adenosine and 
regadenoson may cause acute myocardial infarction and 
death [34–36].

Dipyridamole and dobutamine can also be used as stress 
agents. Dipyridamole acts as an indirect vasodilator, increas-
ing the endogenous level of adenosine by blocking cellular 
uptake. It is also administered through continuous infusion 
with a dose 140 μg/kg/min for 4–6 min. Since its half-life is 
longer than adenosine, aminophylline, an adenosine receptor 
antagonist, is required to reverse its effects.

Dobutamine is a synthetic catecholamine characterized 
by strong β1-receptor and mild α1- and β2-receptor agonist 
activity. When used in low doses, marked inotropic effects 
are encountered, mediated by both α1- and β1-receptor stim-
ulation. These effects are used for treatment of heart failure 
and the identification of dysfunctional, but viable, cardiac 
muscle. When used in high doses, the heart rate is progres-
sively increased (mediated by β1-receptor stimulation). 
Despite a clear increase in cardiac output, systemic blood 
pressure usually only increases minimally due to a decrease 
in systemic vascular resistance because the peripheral vaso-
constrictive effects (mediated by α1-receptor stimulation) 
are overwhelmed by the vasodilative effects (mediated by 
β2-receptor stimulation) [37]. As a result of the hemody-
namic changes, there is an increase in oxygen demand result-
ing in a secondary dilation of the coronary arteries and, thus, 
an increase in blood flow. Additionally, dobutamine may also 
have a (minor) direct vasodilative effect on coronary vessels. 
Table 62.2 provides a comprehensive overview of the phar-
macological stress agent aforementioned.

 Data Analysis

For the evaluation of SE static CTMPI, myocardial perfusion 
defects are assessed by visual evaluation of contrast enhance-
ment in the left ventricle. According to the literature [46, 63], 
a visual evaluation can be affected by bias, as interpretation 
of defects in the myocardial blood pool is often highly user- 
dependent when compared to the absolute quantitative 
assessment obtained with dynamic perfusion imaging.

In the case of DECT, independent from the technology 
used, an iodine distribution map can be generated analyzing 
the differences in attenuation of iodine between both energy 
spectra and by merging the low and high kV datasets [64, 
65]. Dedicated software typically generates the color-coded 
iodine distribution map overlay on top of a virtual non- 
contrasted image. The iodine concentrations are normalized 
to the myocardial areas with normal perfusion [24]. As 
myocardial iodine concentration has a direct relationship 
with myocardial perfusion, the myocardial blood pool can 
be quantified based on the per-voxel amount of iodine 
(Fig. 62.7) [23].
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A comprehensive CT myocardial perfusion examination 
including both rest and stress acquisitions allows to differen-
tiate reversible from fixed MPD [23]. Reversible ischemia is 
suspected when hypo-attenuating myocardial areas are pres-
ent only in the stress phase (Fig. 62.8), whereas a myocardial 
infarction is characterized by a myocardial perfusion defect 
persisting at rest (Fig.  62.9). Flow-limiting stenosis can 
cause hypo-attenuation during the rest phase as well, but the 
diagnostic sensitivity of the rest phase is lower compared to 

that of the stress acquisition, and the distinction between 
reversible and fixed defects is not possible (Fig.  62.10). 
CTMPI datasets are evaluated in the left ventricle short-axis 
view. The myocardium is schematically divided into 17 seg-
ments based on the American Heart Association model [66]. 
Although the blood supply of the left ventricle is character-
ized by a great variability, segments 1, 2, 7, 8, 13, 14, and 17 
are traditionally assigned to the left anterior descending 
artery (LAD). Segments 3, 4, 10, and 15 are assigned to the 

a b

c

Fig. 62.7 A 57-year-old 
male. (a) Calcified eccentric 
plaques of the proximal 
LAD cause a 70% occlusion. 
(b) Stress DE-CTMPI-derived 
iodine map shows an area of 
hypoperfusion in the basal 
anterior myocardial segment, 
suggestive for myocardial 
infarct. Iodine map provides 
both qualitative and 
quantitative assessment of the 
myocardial wall. Despite the 
fact that the two ROIs return 
slightly similar attenuation 
values for mixed images (91.4 
versus 122.3 HU), there is a 
substantial difference in 
iodine density between the 
hypoperfused area (0.3 mg/
mL) and the remote 
myocardium without visual 
perfusion defect (5.7 mg/mL). 
Cinematic rendering (c) of the 
long axis plane provides 
extremely detailed anatomic 
details, albeit unable to 
visually demonstrate 
attenuation differences within 
the myocardial wall

D. De Santis et al.
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a

b

c d e

Fig. 62.8 (a, b) Short axis view of dual-energy CT myocardial perfu-
sion of a 56-year-old male with multivessel disease and previous 
CABG. Rest phase (a) shows no perfusion defects in the ventricular 
wall, while the stress phase (b) depicts an area of hypo-attenuation in 
the inferior and infero-septal mid-ventricular wall (white arrows), 
 suggestive for myocardial inducible ischemia. Curved multi-planar 

reformats of the coronary arteries (c and d) show a calcified and nar-
rowed RCA (c, asterisk), multiple calcified plaques of the LCx (d, white 
arrowhead), and mixed plaques of the LAD (d, black arrowhead). 
Cinematic rendering (e) depicts the hypo-attenuation of the septal 
 ventricular wall (black arrows)

a

b

c d e

Fig. 62.9 (a, b) Short axis view of dual-energy CT myocardial perfu-
sion of a 65-year-old male. Both rest (a) and stress (b) phases show a 
fixed perfusion defect in the lateral wall (arrowheads) and in the ante-
rior papillary muscle (black asterisk). The stress phase also unveils 
inducible perfusion defect in the anteroseptal wall (white asterisk). 
Curved multi-planar reformats of the coronary arteries (c and d) show a 

calcified plaque of the proximal LAD (c, white arrow) causing approxi-
mately a 50% stenosis and a diffuse atherosclerosis of the LCx (d, black 
arrow) responsible of a 70% vessel stenosis. Cinematic rendering (e) 
depicts the diseased LAD (white arrow) and LCx (black arrow) with 
high-anatomical details

62 Myocardial Perfusion Imaging: Dual-Energy Approaches
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right coronary artery (RCA) when this vessel is dominant. 
Segments 5, 6, 11, 12, and 16 are assigned to the left circum-
flex coronary artery (LCx) [67]. In clinical practice, the 
 anterior wall and the anterior septum are assigned to the 

LAD, the inferior wall and septum are assigned to the RCA, 
and the lateral wall is assigned to the LCx. The correspon-
dence between the coronary arterial anatomy and the sup-
plied myocardium is depicted in Fig. 62.11.

a c e

b d f

Fig. 62.10 Long-axis (a) and axial (b) maximum intensity projections 
of dual-energy CT myocardial perfusion of a 46-year-old male with 
unstable angina show an ostial occlusion of the LAD (arrowheads). 
DE-CTMPI at rest (c) does not identify any myocardial perfusion 
defect, while the stress phase with superimposed iodine map (d) unveils 

a basal anterior- and anteroseptal perfusion defect (arrow) suggestive 
for inducible ischemia. Stress myocardial SPECT (e) confirms the 
inducible ischemia (asterisk). Cinematic rendering (f) clearly depicts 
the ostial LAD occlusion (arrowhead)

1

7

13
2

8

14

9

10

15

17 16

11

5

4

3

12

6

Left Anterior Descending
1) Basal anterior
2) Basal anteroseptal
7) Mid anterior
8) Mid anteroseptal
13) Apical anterior
14) Apical septal
17) Apex

Right Coronary Artery
3) Basal inferoseptal
4) Basal inferior
9) Mid inferoseptal
10) Mid inferior
15) Apical inferior

Left Circumflex
5) Basal inferolateral
6) Basal anterolateral
11) Mid inferolateral
12) Mid anterolateral
16) Apical lateral

Fig. 62.11 Model of 17 left 
ventricular segmentation 
proposed by the American 
Heart Association with 
corresponding feeding 
vessels. Segments assigned to 
LAD are in red, segments 
assigned to RCA are in green, 
and segments assigned to LCx 
are in blue
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 Clinical Results

Dual-energy CTMPI studies performed during rest or stress 
protocols showed good accuracy compared to various refer-
ence modalities (Table  62.1) [44, 46, 59, 60, 63, 68–73]. 
Ruzsics et al. investigated the feasibility of rest myocardial 
perfusion imaging using a first-generation dual-source CT 
system compared to SPECT in 36 patients and reported a 
sensitivity and specificity of 92% and 93%, respectively 
[46]. The incremental benefit of DE-CTMPI stress series 
was demonstrated in an early feasibility study by Blankstein 
et al. [43] where sensitivity was increased from 76% to 92% 
and specificity was similarly increased from 67% to 85% 
against the gold standard of PCI. Diagnostic accuracy was 
found comparable to that of SPECT. In a meta-analysis per-
formed by Pelgrim et  al., stress DE-CTMPI reported a 
segment- based sensitivity of 75% and a specificity of 95% in 
comparison to stress MRI, based on a population of 196 
patients [74]. Ko et al. demonstrated the incremental diag-
nostic value of combined CCTA and CT perfusion compared 
to CCTA alone with a marked increase in sensitivity (91.8–
93.5%), specificity (67.7–85.5%), positive predictive value 
(73.6–88.3%), and negative predictive value (87.5–91.4%) 
[69]. Compared to the reference standard of SPECT, Wang 
et al. showed increased sensitivity, specificity, and accuracy 
of detecting coronary stenosis >50% by addition of 
DE-CTMPI from 82%, 91%, and 86% with CCTA alone to 
90%, 86%, and 88%, respectively [63]. A recent study 
reported that the combined analysis of CCTA and DE-CTMPI 
increases the specificity from 50% to 67% in a population at 
high risk for coronary artery disease (yielding a 17% higher 
specificity than that of either individual test) and outper-
forms the anatomical test of CCTA alone for detection of 
hemodynamically significant coronary artery stenosis [75]. 
A trial of 50 patients comparing DECT and SPECT for the 
detection of obstructive CAD against a gold standard of 
CMR reported higher sensitivity (90% compared to 85%) 
and specificity (71% vs. 58%) with DE-CTMPI than with 
SPECT (Fig.  62.12) [45]. The most recent studies by Ko 
et al. and Kim et al. demonstrated similar accuracy compared 
to the reference modality, cardiac CMR [59, 68]. Ko et al. 
additionally found fair agreement between rest and stress 
DECT iodine maps and described an incremental value of 
the stress protocol (accuracy of 83%) compared to rest pro-
tocol (accuracy of 62%) for the detection of hemodynami-
cally significant CAD [59]. A number of studies comparing 
DE-CTMPI with SPECT made the interesting observation 
that the modalities may lead to divergent classification of 
perfusion defects [55, 63, 76]. Nearly one-half of perfusion 
defects that are reversible at SPECT are reclassified as fixed 
with DECT [55]. Rocha-Filho et al. [73] demonstrated con-
siderable improvements in sensitivity (from 83% to 91%), 
specificity (from 71% to 91%), positive predictive value 
(from 66% to 86%), and negative predictive value (from 87% 
to 93%) by adding a stress phase to CCTA for detection of 

stenosis greater than 50% against a standard of invasive angi-
ography in 35 patients with a high risk of CAD.

The first multicenter trial [56] evaluating 381 patients in 
comparison with combined invasive coronary angiography 
(ICA) and SPECT confirmed the higher diagnostic perfor-
mance of combined CCTA and CTMPI.  The sensitivity, 
specificity, positive predictive value, and negative predictive 
value of the combined methods in the patient-based analysis 
were 80%, 74%, 65%, and 86%, respectively. Also the iden-
tification of patients with hemodynamically significant CAD 
was significantly improved by the addition of CTMPI. The 
patient-based diagnostic accuracy of combined CCTA and 
static CTMPI in patients without prior myocardial infarction 
or CAD was 90% and 93%, respectively, and 87% in the 
whole patient population.

The DE technique demonstrated superior diagnostic per-
formance compared to SE due to the use of iodine maps for 
the detection of perfusion defects with SPECT as the refer-
ence standard [42]. In the existing literature, areas with 
reduced myocardial iodine content at DECT perfusion stud-
ies are mainly evaluated with a qualitative approach, which 
can introduce bias given that myocardial blood pool defect 
interpretation is often highly user-dependent compared to the 
absolute quantitative assessment obtained with dynamic per-
fusion. Multiple quantitative evaluations performed in phan-
tom and clinical studies demonstrated high accuracy for 
myocardial iodine quantification and the role of quantitative 
measurement in the differentiation between healthy and 
 ischemic or necrotic myocardium [23, 72, 77]. A recently 
published experiment confirmed the accuracy of the state-of-
the-art dual-source and dual-layer DE scanners in the quanti-
fication of iodine concentration, with slightly more accurate 
results provided by the dual-source system operating with the 
150Sn/70 kVp or 150Sn/80 kVp combinations compared to 
the dual-layer scanner operating at 140 kVp [78].

Additionally, in a direct comparison of the different 
image datasets generated by DECT, iodine maps showed the 
highest sensitivity and specificity among all DECT datasets 
for the detection of myocardial perfusion defects in the 
DE-CTMPI [79].

In a porcine model, beam-hardening reduction through 
DE prospective rapid kV switching has been demonstrated 
[80]. In a direct comparison with SE-CTMPI, the diagnostic 
performance of DE-CTMPI remained unaffected by the 
presence of beam-hardening artifacts [81]. Moreover, a 
novel algorithm for beam-hardening artifact correction was 
proven to be effective in avoiding false-positive findings and 
increase the specificity of DE-CTMPI [82]. The DECIDE-
Gold trial, a multicenter randomized study with the objec-
tive to determine a comprehensive assessment of the 
diagnostic accuracy of the DECT and DE-CTMPI in the 
assessment of hemodynamic significance of CAD compared 
to ICA, is currently ongoing [83].

In a comparison between DE and SE-CTMPI in the detec-
tion of mixed perfusion defects with SPECT as the reference 
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a c e

b d f

g h i j

Fig. 62.12 A 68-year-old male. Myocardial SPECT at rest (a) and 
peak stress (b) show a fixed perfusion defect in the anteroseptal wall 
(white asterisks). Dual-energy CT myocardial perfusion at rest (c) and 
stress (d) phase with superimposed iodine maps confirms the fixed per-
fusion defect (black asterisks). The acquisition at the delayed phase 
(e) shows an area of late enhancement in the corresponding left ven-
tricular segment (black arrowhead). The CTMPI is consistent with the 

CMR (f) that clearly demonstrates the transmural delayed enhancement 
with high contrast resolution in comparison with the healthy myocar-
dium. All these findings are suggestive of myocardial infarct. Curved 
multi- planar reformats of the LAD, LCx, and RCA (g, h, and i, respec-
tively) depict multiple calcified and mixed coronary plaques (arrows). 
Cinematic rendering (j) provides a detailed overview of the coronary 
arteries

D. De Santis et al.
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standard, DE-CTMPI showed better results in terms of sensi-
tivity (91% versus 55%), negative predictive value (97% versus 
86%) and accuracy (93% versus 85%). However, SE-CTMPI 
showed a higher specificity (98% versus 94%) [42].

 Limitations

The main limitation of static SE- and DE-CTMPI techniques 
resides in their reliance upon the acquisition timing, which 
can significantly influence the diagnostic accuracy. As 
single- shot techniques only acquire a single data set, the 
peak contrast attenuation could be missed [21]. Furthermore, 
the data collection from consecutive parts of the heart may 
be performed during different cardiac cycles depending on 
the CT system and acquisition technique, resulting in hetero-
geneous apicobasal attenuation. In addition, several types of 
artifacts may be associated with single-shot image acquisi-
tions, such as beam-hardening, motion, and partial scan arti-
facts [84–86].

 Cost-Effectiveness

As healthcare costs have continued to rise, the cost- 
effectiveness of novel techniques has been an area of increas-
ing interest. This holds true across all fields of medicine, 
including CT. There have been extensive investigations com-
paring the cost-effectiveness of CCTA to that of SPECT. It is 
well established that individuals without known CAD who 
undergo CCTA as an initial diagnostic test, compared with 
those who underwent myocardial SPECT, incurred lower 
healthcare costs [87, 88]. Moreover, CCTA is the most cost- 
effective diagnostic strategy for patients with suspected 
acute coronary syndrome and negative troponin [89]. The 
state-of-the-art scanners available today in clinical practice 
are also cost-effective for challenging patients with CAD, 
such as obese patients, patients with high or irregular heart-
beat, and patients who have high levels of coronary calcium 
or a previous stent or bypass graft [90].

To date, only a single study comparing the cost- 
effectiveness of DE-CTMPI versus SPECT was performed 
in the United States and published in 2012. Meyer et  al. 
investigated the performance of a stress-rest DE-CTMPI 
protocol versus a stress-rest SPECT protocol in 50 patients 
with CAD, using CMR as reference standard. DE-CTMPI 
resulted in lower costs in comparison to routine myocardial 
perfusion SPECT ($2631 versus $2938, respectively; 
P < 0.001), better results in terms of quality-adjusted life- 
years (QALY) (14.13 versus 13.49 QALY), and, eventually, 
a more convenient cost profile of $3191 incremental cost- 
effectiveness ratio (ICER) in comparison to SPECT ($3557, 
P < 0.001). Hence, DE-CTMPI has been proven to be a cost- 

effective first-line imaging modality in the workup of patients 
with CAD [45].

 Summary

A growing body of clinical evidence shows that combined 
CCTA and CTMPI enable the morphological and functional 
assessment of CAD with high accuracy in a single technique. 
CTMPI is most likely to be used as an add-on to CCTA to 
increase the specificity for hemodynamically relevant 
lesions, in particular in the setting of a stenosis of intermedi-
ate severity [91]. DE-CTMPI has been extensively investi-
gated and it has shown its usefulness in various clinical 
settings. As such, it may play a role in the short- and long- 
term management of patients with CAD. This is owed to the 
fact that DE-CTMPI provides a comprehensive and accurate 
evaluation of coronary arteries and left ventricular function 
and ultimately enables physicians to provide the best and 
most advanced therapy to their patients. However, future 
studies are required to further evaluate the cost-effectiveness 
of DE-CTMPI, its place in clinical management, and its role 
in CAD diagnosis in comparison with dynamic CTMPI, 
especially in light of new emerging noninvasive functional 
coronary diagnostic techniques such as CT-FFR.
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Several noninvasive imaging techniques are available for the 
evaluation of myocardial perfusion. Nuclear techniques are 
positron emission tomography (PET) and single-photon emis-
sion computed tomography (SPECT). PET is the current gold 
standard for quantitative evaluation of myocardial perfusion, 
while SPECT is the most commonly used imaging method for 
myocardial ischemia [1]. Cardiac magnetic resonance (MRI) 
perfusion imaging has, however, shown better accuracy for the 
detection of myocardial perfusion defects [2].

In a meta-analysis involving 11,826 patients [3], myocardial 
perfusion evaluation with PET had a higher sensitivity for 
myocardial ischemia than evaluation with SPECT, 92.6% com-
pared to 88.3%, respectively. There was no significant differ-
ence between the specificity of PET and SPECT, 81.3% 
compared to 76.0%. Jaarsma et al. [1] showed in a recent meta-
analysis (17,901 patients) a pooled sensitivity of 84%, 88%, 
and 89% for PET, SPECT, and MRI, respectively, with a pooled 
specificity of 81%, 61%, and 76%. They concluded that both 
PET and MRI showed higher diagnostic accuracy than SPECT.

None of the abovementioned techniques allow simultane-
ous anatomical and functional evaluation of coronary artery 

disease (CAD). Computed tomography (CT), however, is 
able to evaluate both with state-of-the-art imaging tech-
niques. Coronary CT angiography (CCTA) is often used for 
noninvasive evaluation of coronary anatomy, yielding a very 
high sensitivity and negative predictive value close to 100% 
[4]. Combining CT myocardial perfusion imaging (CTMPI) 
with CCTA allows for anatomical and functional evaluation 
of CAD using a single modality and examination.

Dynamic CTMPI uses multiple acquisitions to capture 
the first pass of contrast medium during its wash in and 
washout through the myocardium; this is in contrast to static 
CT perfusion imaging which only shows contrast distribu-
tion across the myocardium at a single point in time [5–8].

The main advantage of dynamic CTMPI is the potential of 
quantitative analysis of myocardial blood flow (MBF), myocar-
dial blood volume (MBV), and other perfusion- related param-
eters directly from the CT images, for both the whole heart and 
for individual myocardial segments. Static CT does not provide 
a quantitative measure of perfusion but a relative map of single-
time-point myocardial contrast distribution. Quantification of 
MBF could especially improve the detection of ischemia in 
patients with three-vessel disease because this approach relies 
on absolute values of MBF rather than on the differences 
between normal and ischemic myocardium. Also, subtle sub-
clinical decreases in MBF can be detected by quantifying perfu-
sion, while not yet visible as gross perfusion defects [9].

CTMPI was first studied in a number of animal studies. 
Studies in pigs and dogs showed that dynamic CTMPI was 
able to determine accurate MBF values, using 16- or 64-multi-
detector CT (MDCT) during rest and stress. CTMPI-determined 
semiquantitative and quantitative MBF values as well as rest/
stress MBF ratios were shown to have a high correlation with 
microsphere-derived MBF [10–12]. In studies by Mahnken 
et al. [13] and Bamberg et al. [14], a dual-source CT (DSCT) 
system with alternating table positions (“shuttle mode”) 
allowed for whole heart imaging in pigs, with a total coverage 
of 73 mm compared to 38 mm using only one table position. 
DSCT scanners have an improved temporal resolution due to 
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the use of two X-ray sources, resulting in the possibility to scan 
a slab in less than 150 ms. Using DSCT in shuttle mode, they 
were able to show the hemodynamic effect of a coronary steno-
sis with dynamic CTMPI in stress phase and concluded that 
CT-determined MBF measurements could differentiate isch-
emic from nonischemic myocardium. However, MBF was 
underestimated compared to microsphere-determined MBF. 
Rossi et al. [15] showed that dynamic dual-source CTMPI is 
able to distinguish regions with reduced MBF during stress 
phase imaging with a good correlation with FFR  measurements. 
They used a higher dose of adenosine as a stressor agent, 
500 μg/kg/min, compared to Bamberg et al. and Mahnken et al. 
who used 140  μg/kg/min and 240  μg/kg/min, respectively. 
Contrast agent was injected directly into the pulmonary vein, 
whereas in the studies of Bamberg et al. and Mahnken et al., the 
contrast agent was injected into a peripheral vein. Rossi et al. 
[15] found higher MBF values than the studies of Bamberg 
et al. and Mahnken et al. 2.68 (2.31–2.81) ml/g/min compared 
to 1.10(±0.25) ml/g/min and 117.4(±18.6) ml/100 ml/min in 
nonischemic myocardium during stress phase, possibly caused 
by the differences in experimental setup. Apart from animal 
validation studies, in recent years a number of patient studies 
have been performed, evaluating the feasibility of CTMPI in a 
clinical setting. These studies will be discussed later in this 
chapter, after discussing the technical issues in CTMPI.

 Technical Information

 Heart Coverage

The accuracy of dynamic CTMPI logically depends on the heart 
coverage of the available CT systems. The first systems used for 
dynamic CTMPI in clinical patients were DSCT systems. 
Second-generation DSCT scanners allow coverage of most of 
the left ventricle (7.3 cm) using a shuttle mode in systolic phase. 
The shuttle mode consists of back-and-forth table movements 
alternated with sequential scanning to cover the left ventricle in 
two separate scans, which are later combined to reconstruct one 
image. Third-generation DSCT systems have wider detectors 
compared to second- generation scanners, enabling whole heart 
imaging in systolic phase with a total range of 10.2 cm. Although 
the shuttle mode enables the coverage of a larger portion of the 
heart, the movement between the two table positions lowers the 
temporal sampling rate, especially at high heart rates. A low 
temporal sampling rate results in a decrease in information on 
in- and outflow of contrast medium in the myocardium, the so-
called first-pass perfusion, and could thereby cause inaccurate 
estimation of MBF values [16]. Another problem introduced by 
the moving table positions is the possibility of motion artifacts, 
decreasing the accuracy of the measurements. Single- tube 
multi-detector CT (MDCT) scanners with 256 or 320 detector 
rows cover 8 and 16 cm, respectively. Wide detector coverage 
enables (nearly) full left ventricle imaging with a stationary 

table position, allowing a higher temporal sampling rate. These 
CT systems offer the same or even more coverage compared to 
DSCT scanners without the disadvantage of table movement in 
shuttle mode, so far however at the disadvantage of higher radia-
tion dose.

 Cardiac Phase for Acquisition

Image acquisition is possible in systolic or diastolic phase. 
Motwani et al. [17, 18] studied the effect of systolic and dia-
stolic acquisition on quantitative MRI perfusion imaging and 
reported higher diastolic stress MBF values compared to sys-
tolic stress MBF. However, diagnostic accuracy for myocar-
dial ischemia was similar for systolic and diastolic acquisition. 
There are several important advantages for CT acquisition 
during the systolic phase. Firstly, the heart is contracted during 
systole, with maximal contraction at end systole, resulting in a 
smaller total heart volume, in particular a shorter basal-apical 
length. Thus, the range that needs to be covered for visualizing 
the entire heart within one scan cycle is reduced. Because of 
the maximal contraction, the myocardium is thicker in systole 
and allows for easier delineation during analysis. Secondly, 
although the systolic phase is shorter than the diastolic phase, 
the systolic phase has a constant duration (200 ms approxi-
mately) independent of heart rate and is less sensitive to 
arrhythmia. Thirdly, image acquisition during the systolic 
phase results in a lower-contrast dose in the left ventricle and, 
thus, reduces beam-hardening artifacts [8, 18, 19].

 Radiation Dose

Cardiac imaging is a major contributor to the average popula-
tion medical radiation exposure [7, 20]. Dynamic CTMPI is 
associated with a relatively high radiation dose since it requires 
multiple scan acquisitions during the first pass of contrast.

Effective radiation doses between 5 and 13 mSv, with an 
average dose of 9.2 mSV, have been reported for dynamic 
CTMPI procedures (Tables 63.1 and 63.2). Cardiac patients 
often undergo multiple imaging procedures in their life, 
increasing their cumulative radiation exposure [5, 6, 20]. 
One particular advantage of CT, however, is that both coro-
nary stenosis and resulting myocardial ischemia can be eval-
uated with one imaging modality. In view of the significant 
reduction in radiation dose with newest CT systems for coro-
nary imaging, the total radiation dose of CTA plus CTMPI 
does not need to exceed 10 mSv [39–41].

The effective radiation dose of CT perfusion procedures 
is within the range of nuclear perfusion imaging procedures. 
SPECT perfusion studies show radiation doses of 6.6 mSv 
for stress-only imaging and 11.3 mSv for both rest and stress 
phase imaging. PET perfusion studies need a radiation rang-
ing from 2.4 mSv to 13.5 mSv [42].
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Table 63.1 Dynamic CT myocardial perfusion patient studies using visual analysis

Study Year Number of patients CT scanner Radiation dose (mSv) Reference Analysis Sens Spec
Yang [21] 2016 72 Second-generation DSCT 7.8 ICA + FFR Territory 79 91
Baxa [22] 2015 27 Second-generation DSCT 8.9 ICA Territory 97 95

Segmental 98 96
Weininger 
[23]

2012 10 Second-generation DSCT 12.8 MRI Segmental 86 98
SPECT Segmental 84 92

Wang [24] 2012 30 Second-generation DSCT 9.5 CCTA + SPECT
SPECT

Segment 100 76

Bastarrika [25] 2010 10 Second-generation DSCT 18.8 MRI Segmental 86 98

Note: DSCT, dual-source CT; MDCT, multi-detector CT; ICA, invasive coronary angiography; FFR, fractional flow reserve; MRI, cardiac magnetic 
resonance; SPECT, single-photon emission CT

Radiation dose reduction techniques in CTMPI show prom-
ising results. Performing a scan only in stress instead of both in 
rest and stress phase considerably reduces the radiation dose. A 
rest/stress phase combination, for example, in MR and PET 
perfusion imaging, is normally performed to acquire informa-
tion about the reversibility of a perfusion defect, which could 
help to differentiate ischemia from myocardial infarction; see 
Fig. 63.1. However, in symptomatic patients without history of 
myocardial infarction, the probability of a persistent perfusion 
defect is low. In these patients, the main reason for CT imaging 
is to detect hemodynamically significant CAD, where presence 
of coronary stenosis is combined with evaluation of ischemia 
in the same vascular territory. Danad et al. [43] showed that the 
stress MBF value has a higher diagnostic accuracy than an 
index parameter comparing rest and stress acquisitions acquired 
using PET. This implies that a single MBF measurement dur-
ing stress phase could be sufficient to evaluate the significance 
of a coronary stenosis. Delayed enhancement scans are used to 
detect myocardial scarring and also to determine the difference 
between ischemic and infarcted myocardium in patients with 
history of heart disease. Delayed enhancement CT falls outside 
the scope of the current chapter.

Another option to reduce radiation dose is by lowering 
the tube voltage in patients with a normal body mass index 
(BMI) from 100 kVp to 80 or 70 kVp [44]. This reduces 
the radiation dose up to 40% compared to 100 kVp, where 
100 kVp can be reserved for patients with a BMI higher 
than 25  kg/m [2, 44]. Kim et  al. [39] showed that auto-
matic dose- modulation techniques combined with a 
decreased scan duration during the first pass limit the radi-
ation dose significantly without compromising the image 
quality. Of course, when decreasing scan duration, it is 
important that the entire upslope of the contrast at first 
pass is acquired. Iterative reconstruction techniques can be 
used to compensate the loss of image quality when using a 
lower-tube current [45].

Despite the developments in dose reduction techniques, 
CTMPI procedures still yield a relatively high radiation 
exposure compared to other CT examinations. Patient- 
tailored CTMPI protocols are essential to reduce unneces-
sary radiation exposure.

 Temporal Sampling Rate

The temporal resolution of dynamic CTMPI needs to exceed 
the timescale of the fastest process observed; otherwise, the 
perfusion parameters may be incorrect and most likely be 
underestimated. The fastest process in contrast medium kinet-
ics is typically the vascular transit time. For example, in 
dynamic brain perfusion imaging, the minimal temporal sam-
pling rate is 2 s. Several articles imply that a low temporal sam-
pling rate in cardiac imaging, for example, in shuttle mode, 
leads to underestimation of the MBF in dynamic CTMPI [16, 
46]. Temporal sampling rates of one acquisition every second 
heartbeat for low heart rates, up to one acquisition per four 
heartbeats at high heart rates (which are common in stress situ-
ations), are reported using a DSCT system in shuttle mode [13, 
16, 46]. These temporal sampling rates may be insufficient to 
accurately capture the first-pass contrast enhancement curve.

 Patient Preparation and Scanning Protocol

There are a number of points to consider in patient preparation. 
Patients should not use caffeine (coffee, tea, bananas, chocolate, 
etc.) for preferably 24 h or more before the examination, because 
of the interfering effects of caffeine on the effectiveness of the 
stressor agent. During the CCTA, beta- blockers may be needed 
to lower the heart rate in order to optimize image quality. Some 
studies have found that the use of beta-blockers may have a 
negative effect on the detection of myocardial ischemia by 
increasing the diastolic perfusion time [47, 48]. Sublingual 
nitrates, also commonly used in CCTA, have been shown to 
decrease the ischemic area on perfusion images [47].

At this time, CTMPI is not yet clinically used apart from 
certain centers in Asia. The exact position of CTMPI in the 
work-up of CAD is still under investigation. When consider-
ing implementing CCTA with CTMPI, it is still a point of 
debate whether CCTA or CTMPI should be the first in the 
examination order. In patients with a high probability or 
known CAD (after stenting or bypass grafting) in whom 
myocardial ischemia is likely, CCTA can be performed after 
the stress CTMPI procedure; see Fig. 63.2. This eliminates 
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the influence of beta-blockers and nitroglycerin on the stress 
CTMPI acquisition. In view of the relatively high radiation 
dose of CTMPI, in less-than-high probability patients it 
would be preferable to start with CCTA, in order to avoid 
unnecessary radiation dose in the case of no stenosis. This, 
however, would require direct reading of CCTA, which may 
not be logistically feasible. An advantage could be that beta- 
blockers given for CCTA may, if CTMPI follows, result in 

lower maximum heart rate during stress, which can lead to 
higher temporal  sampling rate.

Compared to normal CCTA equipment, an additional 
infusion pump may be needed for the administration of the 
stressor agent and an additional intravenous catheter unless 
contrast medium and stressor are administered into the same 
arm such as in the case of regadenoson. Patients should be 
observed continuously during the CTMPI procedure with a 
12-lead ECG and a blood-pressure monitor.

An optional, delayed acquisition (10–15  min after last 
contrast bolus) can be considered in order to differentiate 
between ischemic and infarcted myocardium in patients with 
known CAD.  With a delayed enhancement (DE) scan, 
infarcted myocardium can be identified owing to the delayed 
in- and outflow of contrast of infarcted myocardium. This 
results in increased HU values in DE imaging. For this DE 
scan, administration of contrast medium beyond that admin-
istered during the stress or rest phase is not needed. However, 
DE scan acquisition might not be needed for the differentia-
tion between ischemia and infarction. Bamberg et  al. [29] 
showed that myocardial blood volume (MBV) is decreased 
in infarcted myocardium compared to ischemic myocar-
dium, while MBF is reduced in both conditions. Also, actual 
MBF cutoff values may allow distinguishing between isch-
emia and infarction, as MBF in infarcted segments was 
found to be lower than in merely ischemic segments accord-
ing to a study comparing CTMPI to MRI and SPECT [26].

 Image Analysis

Analysis of dynamic CTMPI images is based on the distribu-
tion of contrast medium throughout the myocardium. The 
distribution of iodine contrast medium can be described in 
two time-intensity curves. The tissue attenuation curve 
(TAC) describes the concentration of contrast medium in the 
myocardium over time, and the arterial input function (AIF) 
describes the concentration of contrast medium in the sup-
plying artery (assessed at aorta or left ventricle).

Assessment of myocardial perfusion can be performed 
visually, semiquantitatively, or quantitatively. It should be 

StressRest 

S
P

E
C

T
M

R
I

C
T

Fig. 63.1 Rest and stress perfusion images made by SPECT and 
MRI. For dynamic CTMPI stress imaging only could be sufficient
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noted that, in contrast to static CTMPI, visual analysis of 
dynamic CTMPI is often based on quantitative data, by 
 creating color maps based on MBF data; see Fig. 63.3. In this 
chapter qualitative analysis refers to visual analysis of 
CTMPI data without the use of any quantitative measure and 
may include the visual assessment of color-coded maps.

Myocardial perfusion can be assessed on a segment, terri-
tory, or patient basis. For segmental analysis, the 16-segment 
American Heart Association model is recommended [49]. 
This segmentation uses three imaging slices at basal, mid- 

cavity, and apical level. The basal and mid-cavity slices are 
each divided into six equal segments, whereas the apical 
slice is divided into four equal segments. The apex (segment 
17) is often not taken into account for perfusion analysis 
because the limited scan width of most scanners does not 
allow the apex to be imaged [49]. Segmental CT perfusion 
analysis can be compared to other perfusion modalities such 
as MRI, PET, or SPECT. Perfusion analysis of vessel territo-
ries is based on a three-vessel division, namely, the left 
descending artery (LAD), the right coronary artery (RCA), 
and the circumflex artery (LCx) territory. Perfusion parame-
ters are calculated per segment, after which multiple seg-
ments are averaged to represent a territory. Segments 1, 2, 7, 
8, 13, and 14 are assigned to the LAD territory; segments 3, 
4, 9, 10, and 15 are assigned to RCA territory; and segments 
5, 6, 11, 12, and 16 are generally assigned to the LCx terri-
tory, depending on coronary dominance [49]. Anatomic vari-
ations in supplying arteries, however, may pose a problem. 
Territory analysis can be additionally compared with meth-
ods which analyze CAD severity on vessel level such as ICA 
and FFR methods. With nuclear modalities and MRI, it is 
also possible to  analyze perfusion on a territory level.

For clinical purposes it is important to know whether a 
patient has myocardial ischemia and is in need of an inter-
vention. Therefore, per-patient analysis is important for clin-
ical diagnostics, while segment- and territory-based analyses 
are mostly used to validate the technique.

 Qualitative, Visual Analysis

Qualitative analysis of dynamic CTMPI data can be done by 
visually inspecting the enhancement of myocardial tissue during 
the first pass of iodine contrast on dynamic series. Myocardium 
with reduced perfusion is hypo-attenuated and enhances later 
compared to normally perfused myocardium on CTMPI scans. 
Hypo-attenuation can in principle indicate both ischemic and 
infarcted myocardium. Visual analysis of dynamic CTMPI 
images is often done by analysis of color- coded maps; see 
Fig. 63.4. It is important to realize that these color-coded maps 
are actually based on quantitative information of myocardial per-
fusion. In contrast to SPECT, which primarily allows evaluation 
of relative perfusion of myocardial areas within a patient, the 
color map based on dynamic CTMPI represents actual MBF val-
ues, which allows  assessment of globally reduced perfusion in 
three-vessel disease [50]. Below we describe the quantification 
of the underlying perfusion parameters.

 Semiquantitative Analysis

Semiquantitative parameters can be derived from the TAC 
curves. The upslope method, in which the upslope of the TAC 
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curve is taken as an indirect measure of perfusion, is a popular 
method to analyze CTMPI data. The upslope is calculated by 
making a linear fit of the upslope of the TAC curve. The main 
advantage of using the upslope is the possibility of shortening 
the scan time and thereby reducing the radiation dose since 
only knowledge of the wash in of contrast medium is required. 
For the upslope method, timing of the scan window is highly 
important. When the entire upslope of the curve is not included, 
the upslope method becomes inaccurate.

With the upslope method, MBF can be estimated with the 
following equation:

 

MBF
Maxupslope TAC

Maximum AIF
=

( )
( )  

(63.1)

where the maximum upslope of the TAC (Maxupslope(TAC)) 
is divided by the maximum value of the AIF curve 
(Maximum(AIF)); see Fig. 63.5.

The upslope method accurately estimates MBF if the 
maximum slope of the TAC curve is within the mean tissue 
transit time, the time that a certain blood volume spends in 
the myocardium. In stress phase the mean tissue transit time 
is decreased, more so in normal myocardium than in isch-
emic myocardium. This decrease can cause an underestima-
tion of MBF [51]. Another issue arising with the use of the 
upslope method is the inaccuracy of the AIF and TAC in the 
case of low temporal sampling rates. When temporal sam-
pling rate is too low, the AIF and TAC consist of only a few 
measurement points during upslope, and important charac-
teristics of both AIF and TAC can be missed.

Other semiquantitative parameters are peak enhancement, 
time to peak, and area under the curve, all derived from the 
TAC. From these semiquantitative parameters, the upslope is 
the most commonly used in MRI studies on semiquantitative 
analysis of myocardial perfusion [52–54].

 Quantitative Analysis

There are several methods to perform true quantitative 
analysis of perfusion data, based on the AIF and TAC; see 
Fig. 63.6. Of these methods, the model-dependent decon-
volution method is most frequently used in recent litera-
ture on cardiac and brain MRI perfusion analysis [51, 55]. 
Considering that the contrast media currently used in MRI 
(gadolinium) and CT (iodine) behave according to the 
same kinetic principles, the same approach can be used 
[51, 55, 56].

Quantitative CT perfusion analysis using model- 
dependent convolution can be divided in two phases. First, 
the signal-time curves (AIF and TAC) should be transformed 
into iodine concentration-time curves [10, 51]. In compari-
son with MRI, this is relatively easy for CT data since the 
change in HU values is linearly related to the iodine concen-
tration [10].

Thus, the iodine concentration is proportional to the sig-
nal enhancement:

 
c t k t( ) = * ( ) -( )HU HU0  (63.2)

In this formula, c(t) is the iodine concentration over time, 
and HU0 is the baseline HU value (i.e., before iodine 
 injection). K is an unknown scale constant that is automati-
cally corrected for during the second phase, assuming that k 
is tissue independent [51].

Second, a model-dependent deconvolution approach can 
be used to describe the perfusion process in the myocar-
dium. This convolution theory-based approach is similar to 
deconvolution methods and models used in cardiac MRI 
studies [51, 57]. The iodine concentration in the myocar-
dium over time is related to the iodine concentration in the 
supplying artery, convoluted (⊗) by an impulse response 

a b c

Fig. 63.4 (a) Mid ventricular slice of a dynamic CTMPI of a porcine 
heart with corresponding color-coded map representing (b) myocardial 
blood flow (MBF) in ml/100/ml/min and (c) myocardial blood volume 
(MBV) in ml/100 constructed with Volume Perfusion CT (VPCT) myo-

cardium software (MMWP VA41A, Siemens). The AHA segmentation 
is projected onto the CT images. The red arrows point two the perfusion 
defects present in both hearts corresponding to both a decrease in MBF 
as in MBV
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function (IRF). This relation is described by the following 
equation [55, 56, 58]:

 
TAC MBF AIF IRFt t t( ) = * ( )Ä ( )  (63.3)

where TAC(t) is the tissue attenuation curve over time (sec-
onds) in HU values, MBF is the myocardial blood flow, 
AIF(t) is the arterial input function over time in HU values, 
and IRF(t) is the impulse response function over time.

If IRF(t) is known, the TAC can be obtained as a summa-
tion of adjusted IRFs; see Fig.  63.7. In dynamic CTMPI 
AIF and TAC are known parameters, measured from the CT 
images, whereas IRF(t) is the unknown parameter. The 
reversed process to reconstruct the IRF(t) is called decon-
volution. The main issue with a deconvolution approach is 
that in contrast with convolution, deconvolution cannot 
give a unique solution because there are multiple IRF(t) 
estimations possible that would result in the same TAC(t) 
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or even a better approximation of the TAC(t). This problem 
is solved in model-dependent deconvolution by determin-
ing a generic model to represent the IRF(t) and setting pre-
defined boundaries for the estimated parameters describing 
this model [55].

In the model-dependent deconvolution method, a 
tracer- kinetic model is assumed to represent IRF(t), after 
which the model parameters can be optimized to best fit 
Eq. (63.3) to the measured TAC data [51, 55, 56]. From 
the fitted model of the estimated IRF(t), the MBF value 
can be derived using Eq. 63.3, with known TAC(t), AIF(t), 
and IRF(t).

Convolution and deconvolution techniques are difficult 
because noise in either the AIF or TAC data can influence the 
model optimization and result in an unstable solution for 
IRF(t) and unreliable MBF values [58]. Noise in CTMPI 
data can be caused, for example, by inaccurate HU values, 
measured during different cardiac phases. Reducing noise is 
therefore an important issue in dynamic CTMPI.

 Tracer-Kinetic Models
A wide variety of tracer-kinetic models can be used to repre-
sent IRF(t). Each of these models has its merits and limita-
tions; the optimal model for CTMPI analysis has yet to be 
determined.

The microcirculation of the myocardium is depicted in 
Fig.  63.8a. Iodine is considered an extravasating contrast 
medium. The contrast medium distributes across the intra-
vascular space and the extracellular extravascular space, 
both defined by volume and transit time parameters. High- 
order perfusion models try to describe the complexity of 
these dynamics. The two-compartment model and the dis-
tributed parameter model, both using four free parameters, 
are examples of high-order perfusion models.

When only limited data are available or the quality of the data 
is low, it becomes difficult to accurately assess all parameters in 
high-order models. Simplified models with fewer free parame-
ters are useful in these situations, for example, the extended Toft 
model (three free parameters). These tracer-kinetic models fix 
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Fig. 63.6 (a–c) both show a midventricular slice of a dynamic CTMPI 
scan with a segmental overlay. A perfusion defect is visible in both 
scans (red arrows). (b–d) give the corresponding tissue attenuation 
curve (TAC) of a nonischemic segment without the perfusion defect 

(green) and of the ischemic segment with a perfusion defect (red) dur-
ing multiple time points, where the TAC of the ischemic segments in 
both scans shows a decreased enhancement

63 Dynamic Myocardial CT Perfusion Imaging



820

H
U

Time (t)

Arterial Input Functiona Tissue Attenuation Curve

H
U

Time (t)

H
U

Time (t)

b

H
U

Time (t)

H
U

Time (t)

c

H
U

Time (t)

Fig. 63.7 (a) When two identical bolus injections of the same concen-
tration (left) are given, then the IRF (right) will be the same for each 
injection. For each bolus, the IRF shows an abrupt increase in HU values 
(if the injection is given directly to arterial input); it then stabilizes for a 
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example, different concentrations (left), the corresponding IRFs (right) 
will be different. (c) Contrast medium inflow represented as a series of 
bolus injections of different concentrations (left) and corresponding IRFs 
(right). The tissue attenuation curve (TAC) is the sum of all IRFs corre-
sponding to the bolus injections attenuated by the effects of blood flow
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Fig. 63.8 Schematic representation of tracer-kinetic models. (a) 
Schematic representation of the myocardial microcirculation. The 
blood plasma flows to the vascular space (Vp) driving the myocardial 
blood flow (F). The Vp compartment exchanges molecules via a flow 
(PS) with the extracellular extravascular space (Ve). (b) Schematics of 
the two-compartment model. The Vp space can only exchange contrast 
medium with the Ve space. (c) Schematics of the distributed parameter 

model. The Vp and Ve spaces are represented by multiple small com-
partments. The contrast medium can only exchange between neighbor-
ing compartments. (d) Schematics of the extended Toft model, where 
infinite flow (F) is assumed. (e) Schematics of the Fermi model. This 
mathematical model has only nonphysiological parameters and only the 
flow (F) can be derived
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one (or more) parameters at a constant value resulting in an accu-
rate parameter estimation with less free parameters.

Two-Compartment Model
The two-compartment model describes the intravascular and 
the extracellular extravascular space as two compartments; 
see Fig.  63.8b. This model does not take into account the 
transit times; therefore, the IRF of a two-compartment model 
does not have a stable plateau as the IRFs in Fig. 63.7. The 
transit time parameters represent the time a specific amount 
of blood volume is present in the tissue or capillaries. The 
peak value of the IRF corresponds to the volume transfer 
coefficient Ktrans. This parameter is defined as a product of 
myocardial blood flow (MBF) and extraction fraction (E) 
and represents the inflow into the extravascular extracellular 
space and thereby the delivery of nutrients to tissue.

Patlak Method
This method is used in the majority of dynamic CTMPI patient 
studies (see Table  63.2) and is a hybrid method based on a 

 two-compartment model combined with the upslope method. 
In the first phase, the TAC curve is reconstructed from the indi-
vidual measurements of iodine concentration in the myocar-
dium over time, using a convolution approach. The Patlak 
method uses a least square fit method to fit a two- compartment 
model to the TAC curve. Subsequently the MBF is calculated 
using the upslope method; see Eq. 63.1. The maximal upslope 
can be derived from the IRF(t) function, describing the TAC 
curve. Because of the convolution approach to estimate an 
equation (IRF) describing the TAC, this method is ideal for CT 
data with low temporal sampling rates where the use of only an 
upslope method results in inaccurate MBF values because of 
the limited information on TAC and AIF curves. An example of 
a low temporal sampling scan mode is the ECG-triggered shut-
tle mode with a temporal sampling rate of 2–3 s [51].

This method substantially simplifies the mathematical 
procedures of a model-dependent deconvolution approach. 
The Volume Perfusion CT (VPCT) myocardium software 
(MMWP VA41A, Siemens) adopted this method to calculate 
the MBF in dynamic CTMPI data (Fig. 63.9). Although this 

Fig. 63.9 An overview of the Volume Perfusion CT (VPCT) myocardium software (MMWP VA41A, Siemens). Multiple windows allow to visu-
alize different CT axis, show the signal intensity curves for the drawn regions of interest and give corresponding quantitative results
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method gives a good estimation and is able to distinguish 
ischemic myocardium from normal myocardium, MBF is 
substantially underestimated [16].

More accurate MBF values could be obtained by using 
Eq.  63.3 to calculate the MBF directly instead of using a 
hybrid approach with the upslope method (Eq. 63.1). However, 
this comes at the cost of higher computational complexity.

Distributed Parameter Model
The distributed parameter model is one of the more complex 
models, taking into account all aspects of contrast medium 
kinetics. Contrast medium is assumed to exchange between 
spaces. This model estimates volume, flow, and transit time 
parameters, providing a full description of the perfusion pro-
cess [51]. In comparison with other models, the distributed 
parameter represents both the extracellular extravascular and 
the vascular space as a series of compartments, Fig. 63.8c. 
Each extracellular extravascular space compartment inter-
acts only with the nearest vascular space compartment and 
vice versa. The use of the distributed parameter model is lim-
ited by the temporal sampling rate of the CT system. If the 
temporal sampling rate is too low, accurate estimation of the 
mean transit times becomes impossible. With higher perfu-
sion flow, the mean transit time decreases, requiring an even 
higher temporal sampling rate and a compact contrast 
medium bolus. Because of the complexity of the distributed 
parameter model, complex fitting methods are required, 
making the system more susceptible to errors [55]. So et al. 
[35] used the distributed parameter model to calculate myo-
cardial blood flow using 64-MDCT system. The myocardial 
perfusion ratio, a ratio between normal and remote myocar-
dium, had 95% sensitivity and 35% specificity to identify 
ischemic myocardium, with SPECT as reference method.

Extended Toft Model
The extended Toft model has one fixed parameter and three 
free parameters. It is a simplified variation of the two- 
compartment model and the distributed parameter model by 
assuming an infinite flow; see Fig. 63.8d. This means that the 
MBF cannot be measured with this model; instead the vol-
ume transfer coefficient Ktrans is obtained. Although describ-
ing a key part of the perfusion process, this model cannot be 
used to measure flow and should therefore not be compared 
to flow-measuring models. However, in situations where the 
flow cannot be measured accurately due to low temporal 
sampling rate, the extended Toft model can provide an alter-
native direct proxy measure for perfusion instead of MBF 
[51, 55]. So far this model has not been applied in any pub-
lished dynamic CTMPI study in patients.

Fermi Model
The Fermi model assumes that the contrast medium does 
not  leave the intravascular space. The Fermi model is a 

 mathematical model providing only a functional representa-
tion of an IRF. This model does not allow a physiological 
interpretation of the parameters used in the model; the 
parameters are simply used as shaping parameters; see 
Fig. 63.8e. However, the flow (MBF) can still be estimated 
by the above-described model-dependent deconvolution 
technique [51, 55]. This model is successfully used in studies 
on MRI analysis of myocardium perfusion [10, 59–62].

 Diagnostic Accuracy

Only a limited number of patient studies (n = 18) has been 
published on dynamic CTMPI including a total of 805 
patients. They are mostly small single-center studies with 
large inter-study heterogeneity in protocols, scanner type, 
stressor agent, reference value, analysis method, and cutoff 
value, making it difficult to compare results.

 Visual Analysis

Five studies used visual analysis to evaluate dynamic CTMPI 
data, including a total of 149 patients with a median of 27 
patients per study. These dynamic CTMPI publications using 
visual analysis are listed in Table 63.1. Sensitivity was found 
to range from 84% to 98% and specificity from 76% to 98%. 
All studies with visual analysis of dynamic CT data so far 
used a second-generation DSCT system.

Two studies analyzed individual segments and two stud-
ies analyzed vessel territories. Baxa et al. [22] analyzed both 
segments and territories. They showed 97% sensitivity and 
95% specificity for territory-based analysis, and 98% sensi-
tivity and 96% specificity for segment-based analysis, com-
paring visual analysis of CTMPI data with ICA. None of the 
studies performed with visual analysis of dynamic CTMPI 
data assessed diagnostic accuracy on a per-patient level.

Two visual analysis studies document interobserver agree-
ment between dynamic CTMPI and other perfusion modalities. 
Weininger et  al. [23] compared visual analysis of dynamic 
CTMPI to SPECT and MRI perfusion and obtained similar 
results. Interobserver agreement between CTMPI and MRI and 
CTMPI and SPECT was high with kappa values of 0.85 and 
0.82, respectively. Wang et al. [24] compared visual analysis of 
dynamic CTMPI analysis to SPECT and found high interob-
server agreement for detecting perfusion defects with CTMPI 
and SPECT with kappa values of 0.81 and 0.83, respectively.

 Semiquantitative Analysis

Huber et al. [33] is the only study using a semiquantitative 
parameter (upslope), and they compared it with a  quantitative 
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parameter (linear fit+upslope method) using a 256 row 
MDCT system with ICA and FFR measurements as a refer-
ence standard. The quantitative measured MBF yielded a 
sensitivity and specificity of 76% and 100%, while the semi-
quantitative upslope measure resulted in a reported sensitiv-
ity and specificity of 83% and 88%, respectively.

 Quantitative Analysis

A total of 13 dynamic CTMPI reports with quantitative anal-
ysis are shown in Table  63.2. Included were 656 patients 
with a median of 37 patients per study. Respective sensitivity 
and specificity of MBF cutoffs for myocardial ischemia 
ranged from 73% to 100% and 48% to 100% for MBF. For 
MBV, sensitivity varied between 75% and 100% and speci-
ficity between 24% and 91%. Reference techniques include 
SPECT, MRI, and ICA  +  FFR.  It should be noted that of 
these reference techniques only MRI is able to provide a 
quantitative measure of MBF and MBV values. In studies of 
Tanabe et al. [26], Huber et al. [33], So et al. [35], and Kido 
et al. [38], a MDCT system was used; in all other studies, a 
second-generation DSCT system in shuttle mode was used.

 Segment, Territory, and Patient
Bamberg et al. [29, 36] determined the diagnostic accuracy 
of MBF on segment-, territory-, and patient-based analysis in 
two separate studies, compared to, respectively, MRI and 
FFR. Segment-based analysis showed sensitivity of 78% and 
91%, respectively, compared to 100% and 93% on territory 
basis and 100% and 95% on patient basis. Rossi et al. [32] 
analyzed their MBF data on both per-territory and per-patient 
level resulting in 88–90% sensitivity and specificity, com-
pared to ICA alone.

 Cutoff Values
A wide range of cutoff values (75–103 ml/100 ml/min for 
MBF) has been proposed to distinguish ischemic from non-
ischemic myocardial segments. Studies using DSCT com-
bined with VPCT software have reported cutoff values in 
ml/100  ml/min, while studies using MDCT have reported 
cutoff values in ml/g/min. Ebersberger et al. [30] used indi-
vidual cutoff values instead of a generic MBF cutoff value 
and reported a sensitivity of 86% and a specificity of 96% 
with SPECT as reference modality. The cutoff values were 
calculated by subtracting the standard deviation of all seg-
ments from the average value of the respective measurement. 
Kim et  al. [63] assessed the range of CTMPI-determined 
MBF in 19 healthy volunteers in rest and in stress using 128- 
slice DSCT.  Results showed considerable heterogeneity in 
absolute MBF values. Women had higher MBF values at rest 
compared to men but had lower MBF values during stress 
imaging. Danad et  al. [64] showed in a myocardial PET 

 perfusion study that gender, age, and weight influence MBF 
values and that reference MBF values vary significantly 
within the general population. These results indicate that 
using a general cutoff value for perfusion parameters may be 
sub-optimal.

 Absolute vs. Relative MBF Values
As mentioned previously, a wide variety of absolute MBF 
cutoff values have been reported for discriminating ischemic 
from nonischemic myocardium, as well as a high heteroge-
neity of MBF values in the normal population. This issue 
could be avoided by using a relative instead of an absolute 
measure of MBF.  A relative measure comparing normally 
perfused myocardium with ischemic myocardium may be 
more accurate for the identification of myocardial ischemia 
in the individual patient. However, absolute values offer 
advantage in the diagnosis of global ischemia when normally 
perfused myocardium is absent.

Wichmann et  al. [28] compared absolute MBF values 
and relative MBF values to CCTA results in 137 patients 
using a second-generation DSCT.  Relative MBF values 
yielded a higher diagnostic accuracy than absolute MBF 
values on a territory level, with a sensitivity and specificity 
of 91% and 93% compared to 82% and 81%. Kono et al. 
[31] reported similar results in 42 patients using a second-
generation DSCT, comparing relative MBF values and 
absolute MBF values to combined ICA and FFR results. 
They reported 98% sensitivity and 70% specificity for rela-
tive MBF values compared to 89% sensitivity and 48% 
specificity for absolute MBF values. Both studies used a 
two-compartment model combined with upslope analysis 
to calculate MBF.

 Myocardial Blood Volume
Myocardial blood volume (MBV) could be another parame-
ter for the detection of myocardial perfusion defects. In 
 ischemic myocardium vasodilation of the arterioles compen-
sates for the decreased flow in the stenotic artery, thereby 
changing the volume of blood in the myocardium. Bamberg 
et al. [29] showed that MBV values are lower in infarcted 
myocardium compared to ischemic myocardium and could 
therefore help to differentiate between the two states. Three 
studies evaluated the diagnostic accuracy of both MBF and 
MBV to detect ischemic myocardium. So et  al. [35] used 
myocardial perfusion reserve (MPR) and myocardial volume 
reserve (MVR) to detect ischemic areas with SPECT as ref-
erence. MPR and MVR were defined as the ratio of MBV 
and MBF values in stress and rest imaging. They reported 
sensitivity and specificity of 95% and 35% using MPR, and 
97% and 24% using MVR, compared to SPECT results. 
Ebersberger et al. [30] determined absolute MBF and MBV 
values and reported a slightly lower sensitivity for MBV than 
for MBF (81% compared to 86%) with comparable specific-
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ity, comparing dynamic CTMPI results to SPECT. Wichmann 
et al. [27] also determined absolute MBF and MBV values, 
analyzing one-, two-, or three-vessel territories and com-
pared quantitative analysis of the CTMPI data to visual anal-
ysis of perfusion defects of the same CTMPI data. Global 
MBV values showed lower specificity compared to MBF 
values. Bamberg et al. [36] compared MBF and MBV values 
to combined ICA and FFR measurements. They reported that 
MBF had a significantly higher discriminatory power than 
MBV to detect myocardial ischemia. The combination of 
MBF and MBV values was found to be useful in discriminat-
ing ischemic and infarcted myocardium from normal 
myocardium.

 Comparison of Visual, Semiquantitative, 
and Quantitative Analysis

Huber et al. [33] showed a similar diagnostic accuracy for 
semiquantitative parameters compared to a quantitative 
measure of MBF in dynamic CTMPI, with combined ICA 
and FFR results as a reference. The reported sensitivity 
and specificity were 83% and 88% for the semiquantitative 
upslope parameter CTMPI, respectively, and 76% and 
100% for the quantitative MBF parameter. The range of 
reported specificities among studies is larger for quantita-
tive analysis, indicating that diagnostic accuracy for a 
quantitative approach is less robust. However, quantifica-
tion of myocardial perfusion may be useful in diagnosing 
three-vessel disease, where there is no nonischemic myo-
cardium present as reference and in the case of global 
hypoperfusion of the left ventricular myocardium. Three-
vessel disease and global hypoperfusion are known to 
cause false-negative results in SPECT. Meinel et al. [50] 
investigated whether quantification of global MBF is fea-
sible and showed that global MBF is gradually lower in 
patients with increasing territorial perfusion defects and is 
correlated to the number of obstructed vessels. Global 
MBF showed a moderate correlation with visual CTMPI 
assessment and CCTA findings [50]. A study of Vliegenthart 
et  al. [9] investigated whether absolute global perfusion 
parameters as MBF and MBV could detect subclinical 
changes in perfusion parameters in patients with hyperten-
sion and diabetes. This offers the opportunity to use abso-
lute MBF values for the risk stratification of CAD prior to 
the presence of evident myocardial ischemia. The diagno-
sis of microvascular disease is another process that could 
benefit from absolute quantification of MBF with dynamic 
CTMPI.  Microvascular disease is characterized by a 
decrease in (global) perfusion without correlation to an 
anatomical abnormality of the coronary arteries. Dynamic 
CTMPI combined with CTA could possibly be used to 
diagnose microvascular disease and exclude CAD.

 Comparison of Static and Dynamic CTMPI

In an animal study, Schwarz et  al. [65] concluded that 
dynamic CTMPI may be more sensitive for detection of 
smaller perfusion defects compared to static 
CTMPI. However, Huber et al. [33] showed that diagnostic 
accuracy of the dynamic CTMPI parameter was similar to 
that derived from static CTMPI data using combined ICA 
and FFR measurements as a reference. More studies are 
needed to investigate in which patients dynamic CTMPI has 
additional value beyond visual analysis of myocardial isch-
emia based on myocardial blood supply imaging.

 Comparison with Other Modalities

Currently there are no patient studies comparing dynamic 
CTMPI and other ischemia imaging modalities against the 
same reference standard.

 Future Perspectives

The limited number of dynamic CTMPI studies in patients 
shows promising results with regard to the diagnostic value 
of dynamic CT for the detection of myocardial ischemia. 
However, several issues need to be addressed before clinical 
implementation of this technique can be considered.

The currently published patient studies are difficult to 
compare due to heterogeneity in imaging protocols, refer-
ence standards, and analysis techniques. An optimal and 
robust protocol for dynamic CTMPI is yet to be determined.

The main advantage of dynamic CTMPI compared to 
other perfusion imaging techniques is the possibility to truly 
quantify myocardial blood flow, making it possible to 
 accurately identify perfusion defects even in the absence of 
normally perfused myocardium. Absolute perfusion values 
offer the possibility of improving CAD risk stratification, 
diagnosing multivessel CAD, discriminating between 
infarcted and ischemic myocardium, and identifying early 
subclinically reduced myocardial perfusion such as in micro-
vascular disease.

Although the quantification of perfusion parameters is 
assumed to have multiple advantages compared to visual 
analysis, it is yet to be proven that more accurate MBF (or 
MBV) values aid in the diagnosis of myocardial ischemia 
and are able to improve patient outcome. Dynamic CTMPI 
can be analyzed visually by looking at the dynamic series 
and quantitatively by either looking at color-coded maps 
based on absolute values or by analyzing the absolute perfu-
sion parameters directly. Until now there is no study compar-
ing the use of color-coded maps with absolute values to 
identify ischemic myocardium. The question remains which 
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of the analysis methods yields highest diagnostic accuracy 
and best clinical feasibility.

A disadvantage of dynamic CTMPI compared to other 
modalities is the radiation dose, especially when CCTA and 
dynamic CTMPI are combined. Patient-tailored protocols to 
reduce radiation dose should be developed. This could be 
done by patient-specific tube current and kV modulation and 
iterative image reconstruction. Static CTMPI is unable to 
quantify MBF but has a lower radiation dose than dynamic 
CTMPI.  Whether the increased radiation dose of dynamic 
CTMPI weighs up to the benefits of absolute quantification, 
and in which patients, is yet to be determined.

Although the main benefit of dynamic CTMPI is the pos-
sibility to quantify perfusion, several issues arise with the 
use of this quantitative imaging method. One of the chal-
lenges with dynamic CTMPI is underestimation of MBF 
compared to other quantitative modalities. Studies with PET- 
determined MBF [66, 67] have reported stress values 
between 3 and 5 ml/min/g, whereas dynamic CTMPI studies 
[24, 32, 36]. report stress MBF values between 1.0 and 
1.4 ml/min/g. Studies of Bindschadler et al. [46] and Ishida 
et al. [16] suggest that a limited temporal sampling rate is the 
main cause of the underestimation of MBF determined by 
dynamic CTMPI.  Further research should investigate the 
effect of temporal sampling rate on absolute MBF values and 
the influence on diagnostic accuracy. A second cause for 
underestimation of MBF values with dynamic CTMPI could 
be the use of combining a tracer-kinetic model with the 
Patlak method to calculate MBF. Possibly this method esti-
mates Ktrans instead of MBF [16]. By calculating the MBF 
using a method purely based on deconvolution, MBF values 
could be more accurate compared to the most widely used 
hybrid method combining deconvolution and upslope calcu-
lation. Each model has its own advantages and disadvan-
tages. Further research is needed to determine which 
tracer-kinetic model optimally approximates the true value 
of MBF in CTMPI. Currently, the effect of quantitative per-
fusion parameters on the diagnostic accuracy in the detection 
of CAD and myocardial ischemia is still unknown.

There are a few studies comparing the diagnostic accu-
racy of different perfusion modalities [1, 3]; however, these 
do not include dynamic CTMPI.  The performance of 
(dynamic) CTMPI with regard to SPECT, PET, and MRI, 
potentially in combination with anatomical evaluation proce-
dures, needs to be determined in large patient studies includ-
ing patient outcomes and analysis of cost-effectiveness. 
Large multicenter studies could also aid in the search for the 
optimal perfusion cutoff values for several subpopulations in 
order to increase the diagnostic accuracy. It should be estab-
lished if dynamic CTMPI in patients with previous coronary 
artery bypass graft surgery or stent placements has an added 
value in the diagnostic process. The SPECIFIC study may 
answer some of these remaining questions. The objective of 

the multicenter SPECIFIC study is to determine the diagnos-
tic accuracy of CTMPI for the detection of hemodynamically 
relevant coronary stenosis in patients with suspected or 
known CAD. A subgroup of patients will also undergo per-
fusion MRI. The diagnostic accuracy of MRI versus dynamic 
CTMPI for the detection of perfusion defects will be com-
pared to the reference standard, ICA plus FFR.

In conclusion, the few patient studies focusing on dynamic 
CTMPI for myocardial ischemia detection show promising 
results. Absolute quantification of perfusion parameters offers 
great potential, not only in the diagnosis of myocardial isch-
emia but potentially also in the detection of early signs of 
reduced myocardial blood flow as well as the diagnosis of 
microvascular disease and three-vessel disease. With the advent 
of new dose reduction techniques and new developments in CT 
systems, resulting in faster scanning times and wider detectors, 
clinical implementation of dynamic CTMPI becomes closer.
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CT’s Role for Myocardial Viability 
Assessment

Ahmed Hamdy and Kakuya Kitagawa

 Why Assessing Myocardial Viability?

 To Revascularize or Not to Revascularize, That 
Is the Question

If Shakespeare were to consider a career shift to become a 
cardiologist, that would be his most celebrated quote ever. 
The degree of left ventricular (LV) dysfunction is an undis-
putable determinant of long-term survival in ischemic heart 
disease (IHD) [1–5]. Broadly speaking, the LV dysfunction 
following an ischemic event can be the result of one of four 
possible scenarios depending on the stage and reversibility 
state of the ischemic myocardium: (1) the acute irreversible 
myocardial injury, i.e., myocardial necrosis in acute myocar-
dial infarction (MI), (2) the chronic irreversible injury, i.e., 
myocardial scarring in chronic/old MI, (3) the acute revers-
ible injury, i.e., myocardial stunning that refers to viable but 
acutely dysfunctional myocardium despite already restored 
myocardial perfusion following an acute ischemic event. The 
condition can take up to several weeks to resolve, but eventu-
ally, the stunned myocardium restores its contractility, and 
(4) chronic reversible injury, i.e., myocardial hibernation that 
refers to viable but chronically dysfunctional myocardium 
due to severe coronary artery disease (CAD) with perfusion 
impairment at rest. Revascularization in the latter group of 
patients (those with viable hibernating myocardium) is asso-
ciated with substantial survival benefit, symptomatic 
improvement, and improved LV function [6]. For this reason, 
identifying viable and nonviable myocardium and hence dif-
ferentiating between reversible and irreversible LV dysfunc-
tion is of utmost importance. In a meta-analysis by Allman 
et al. involving more than 3000 patients, the authors demon-
strated a strong association between myocardial viability on 
noninvasive testing and improved survival after revascular-
ization in patients with chronic CAD and LV dysfunction 
[7]. In the case of viable myocardium, the annual death rate 
in patients treated with revascularization was brought signifi-

cantly down to 3% compared to 16% in those treated medi-
cally. In the case of nonviable myocardium, however, the 
opposite scenario was encountered where the annual death 
rate was 7.7% vs 6.2% in the revascularization and medical 
treatment groups, respectively. The results of the analysis 
signify the fact that revascularization for the nonviable myo-
cardium does not – at best – improve LV function nor sur-
vival rates but carries an additional risk for the already 
burdened patients. In short, myocardial viability assess-
ment – whatever the tool used for the purpose – is critical for 
the clinical decision-making through proper selection of 
patients who will benefit most from revascularization.

 Why CT?

 Myocardial Assessment, Achilles Heel 
of Cardiac CT?

So far, the main clinical application for cardiac CT is reserved 
for the evaluation of the coronary arteries where it dominates 
over other noninvasive methods and is regarded as a gate-
keeper for invasive catheterization [8]. On the contrary, its 
role for myocardial viability assessment has always been 
regarded premature and vulnerable. The very first attempts to 
find a place for CT in myocardial evaluation date back to the 
late 1970s and early 1980s [9–12]. These were animal stud-
ies performed with early generations of CT scanners. 
Frustrated with the slow machines, frequent artifacts and 
low-resolution images, the modality was not further pursued 
as a clinical tool. Alternatively, cardiac magnetic resonance 
(CMR) emerged as a tissue characterizing modality that soon 
became a mature clinical tool for viability assessment; 
mainly by identifying areas of late gadolinium enhancement 
(LGE-MRI). Nearly 20 years later, the introduction of fast 
rotating, multi-slice CT (MSCT) technology made the door 
wide open for cardiac CT researchers to rediscover its poten-
tial in infarct imaging. This technical evolution accompanied 
with the fact that both iodinated and gadolinium-based extra-
cellular contrast materials used for CT and MRI respectively 
share almost the same pharmacodynamics, led to renewed 
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interest particularly in late enhancement CT (LE-CT) for 
viability assessment. In their prominent study, Gerber et al. 
demonstrated good agreement (82%) between both LE-CT 
and LGE-MRI for the detection of the late-enhanced areas 
with an excellent agreement on localization [13]. On the his-
tological level, Lardo et al. found that areas of LE correlated 
well with histopathological findings in terms of detection, 
localization, and transmurality assessment for both the acute 
and chronic infarctions [14]. These – among other studies – 
are only examples of how cardiac CT has evolved beyond the 
scope of coronary vessels assessment into a potential clinical 
tool for infarction imaging.

 CT and Rivals, the Pros and Cons

Several rivals compete to prove superiority in myocardial 
viability assessment, the list of which contains single-photon 
emission computed tomography (SPECT), fluorine-18- 
labeled deoxyglucose (FDG)-positron emission tomography 
(PET), dobutamine echocardiography, CMR, and recently 
CT. Despite no consensus has been yet available, LGE-MRI 
is regarded as the gold standard for infarction assessment 
[15]. The choice of the appropriate technique depends on 
many factors such as the availability, experience, cost, 
machine, and patient’s characteristics. The pros and cons as 
well as the underlying mechanism by which these techniques 
assess viability also differ as summarized in Table  64.1. 
Comparing LE-CT to LGE-MRI is of particular interest 
because both methods share the same pathophysiological 
principle for infarction detection and because LGE-MRI is 
the current gold standard for viability assessment as previ-
ously pointed out.

The reasons why CMR is dominating the field of viabil-
ity assessment are its superior tissue characterization, lack 
of ionizing radiation, and the relatively low nephrotoxicity 
of its contrast agents. CMR, however, is not flawless. It 
requires a complex infrastructure, long scanning times, is 
expensive, and contraindicated in implanted electronic 
devices that are commonly encountered in patients with 
ischemic cardiomyopathy.

In the United States, centers providing cardiac CT are 
nearly triple the number of available cardiac MRI centers. 
The same rule applies to the number of cardiac CT and MRI 
scans performed annually. Statistically speaking, a quick 
analysis of the Medicare Provider Utilization and Payment 
Data for the year 2013 reveals that the number of cardiac CT 
service providers in the United States was 1147 compared to 
418 providers of cardiac MRI service. The number of cardiac 
CT scans was 40,511 compared to 12,076 cardiac MRI scans 
[16]. This obvious lead in service availability should act as 
propelling force toward more clinical role for cardiac CT in 
viability assessment.

An important advantage of CT over MRI is the greatly 
reduced slice thickness. The widely available MSCT scan-
ners provide slice thicknesses as thin as 0.5 mm, 10–20 
times thinner than that in a typical MRI viability study. 
This has great clinical implications through reducing the 
partial volume effects that occur when the slice thickness 
exceeds the size of the imaged structure of interest. 
Another independent advantage of the reduced slice thick-
ness is the greatly improved spatial resolution in the z axis 
which in turn enables the  production of true 3-dimen-
sional images and retrograde reconstruction of virtually 
any arbitrary slice orientation from the original stack of 
axial images. LGE-MRI also allows production of any 
arbitrary slice orientation, but this is only possible at the 

Table 64.1 Summary of pathophysiological principles, pros and cons of the different viability assessment imaging modalities

Modality Principle Pros Cons
Dobutamine echocardiography Contractile reserve Most available

Validated
No radiation

Operator dependency
Occasional acoustic window inadequacy

SPECT Intact cell membrane Available
Extensive validation and 
experience

Use of radioisotopes
Low spatial resolution  Thallium-201

  Technetium-99 m-sestamibi
FDG-PET Glucose metabolism High accuracy

Good spatial resolution
Use of radioisotopes.
Relatively limited availability

MRI Highest accuracy; considered 
gold standard
Best spatial resolution and 
contrast
No radiation

Incompatible with implanted intra-cardiac 
devices or in claustrophobic patients.  Dobutamine cine MRI Contractile reserve

  LGE-MRI AMI: Ruptured cell 
membranes
Chronic MI: Expanded 
extracellular matrixLE-CT Available

Rapid scan
Best spatial resolution
Combines CT coronary 
angiography

Radiation
Limited validation and experience
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time of data acquisition; a process that is heavily depen-
dent on operator interaction and obviously time consum-
ing. This latter, i.e., scan time, is another disappointment 
in LGE-MRI. A single slice would take about 20 s to be 
acquired compared to 10  s for the entire myocardium 
using the currently commercially available CT scanners.

 Strategies for Infarct Detection 
and Myocardial Viability Assessment with CT

In the United States, 195,000 silent MIs are estimated to 
occur annually [17]. Updates from Framingham study 
showed that the 10-year mortality rate in unrecognized MI 
patients was 45% compared to 39% in patients with recog-
nized MI [18]. These numbers demonstrate the importance 
of previous unrecognized MI detection and how this can help 
provide the appropriate care and consequently decrease mor-
tality rates. CT can detect previous MI through identifying 
areas of lipomatous metaplasia, myocardial calcification, 
wall thinning, or abnormal enhancement.

 Non-contrast or Non-cardiac CT

 Lipomatous Metaplasia
The term describes the process of adipose tissue/fat deposi-
tion in the myocardium, occurring most commonly second-
ary to infarction, hence regarded as an indirect sign of 
nonviable myocardium. The first report for identifying areas 
of fat metaplasia in explanted hearts dates back to 1997 [19]. 
Ever since, the exact etiology and  pathophysiology of the 
phenomenon remained largely unknown. In their study on 
explanted hearts, Su et al. found that fat metaplasia prevailed 
in 84% of the healed MI lesions [20]. They hypothesized that 
modern therapies in the management of IHD (e.g., angioten-

sin-converting-enzyme inhibitors, statins) may promote the 
development of adiposity within scar tissue which can 
explain the lack of reports before 1997. In addition, very 
recently, Kami et  al. showed that cardiac pluripotent stem 
cells differentiated into adipocytes through certain transcrip-
tion factors within an ischemic reperfused model [21].

The prognostic value of the deposited adipose tissue 
and its impact on cardiac electrophysiology have been 
totally unclear until very recently when researchers 
proved that lipomatous tissue was associated with 
increased propensity of ventricular tachycardia (VT) and 
VT circuit sites [22, 23].

From this standpoint, CT seems to be taking the lead in 
visualizing areas of lipomatous metaplasia. Echocardiography 
does not allow myocardial fat characterization, and CMR 
requires acquisition of T1 pulse sequences, whereas fat can 
be clearly visualized throughout any phase of cardiac CT 
including the non-contrast scan (Fig. 64.1). Ichikawa et al. 
found a prevalence of 62% of cardiac adiposity in MI patients 
compared to 3% of controls [24]. They also found a strong 
correlation with infarct age of more than 3 years. Ahn et al. 
found areas of lipomatous metaplasia in 22.4% of MI patients 
and was more frequently associated with a longer post- 
infarct period, milder coronary artery stenosis, fewer number 
of diseased vessels, and more severe regional wall motion 
abnormalities [25]. Gupta et al. compared non-contrast car-
diac CT with SPECT for detection of chronic/old MI 
 depending on lipomatous metaplasia visualization on 
CT.  Non-contrast CT yielded high sensitivity of 92% and 
specificity of 72%. Based on a ROC curve, a reference 
Hounsfield unit (HU) of 21.7 achieved sensitivity of 97.4% 
and specificity of 98.7% [26].

 Myocardial Scar Calcification
Previous myocardial infarction is the most common cause of 
extra-coronary cardiac calcification [27]. Cell necrosis and 

a b
Fig. 64.1 Lipomatous 
metaplasia (arrows) in a 
patient with long-standing 
anteroseptal MI presenting as 
subendocardial fat density in 
both pre-contrast (a) and 
LE-CT (b)
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membrane rupture during MI initiates the process of calcium 
deposition which is then accentuated by the ischemia- 
induced microenvironment. In 1975, calcification was 
reported to be present in 8% of myocardial infarctions older 
than 6 years using plain radiographs [28]. On echocardiogra-
phy, myocardial calcifications appear as echogenic foci caus-
ing back shadowing, while at CMR they appear as low-signal 
foci in all pulse sequences. CT is obviously the modality of 
choice for calcium detection. Old MI causes associate dys-
trophic calcification that typically appears as thin curvilinear 
sheets of high-density calcium along the periphery of the 
infarct [29] (Fig.  64.2). It is worth noting that myocardial 
scar calcifications can appear on non-cardiac or non-gated 
cardiac CT scans; though gated scans obviously offer the 
best image quality. The prognostic value of myocardial cal-
cification occurring on top of previous MI is not yet known 
and warrants research to resolve its relation specifically to 
ventricular function and electrophysiology.

Contrast-Enhanced Cardiac CT

 Wall Thinning
Following MI, the inflammatory process starts removing the 
necrotic myocardium which ultimately leads to focal wall 
thinning. It is easily expected that the infarcted part of the 
ventricular wall becomes thinner with time. Nieman et  al. 
confirmed that expectation, showing that patients with long- 
standing MI had significantly thinner myocardium that 
reached 5 mm or less in about 50% of cases. In acute MI, no 
significant differences were found when compared with con-
trols [30]. One complication of severe myocardial thinning 
following transmural infarction is the development of ven-

tricular aneurysm which is readily visualized on CT 
(Fig. 64.3). No studies are available on the value of wall thin-
ning evaluated with CT for prediction of viability and subse-
quent functional recovery after revascularization, though 
CMR studies show that left ventricular wall thickness more 
than 5.5 mm can predict viability with a sensitivity of 92% 
and a specificity of 56% [31].

a b c

Fig. 64.2 Subendocardial curvilinear calcium density representing 
dystrophic calcification (block arrows) in this long-standing anterosep-
tal MI patient; (a) unenhanced CT and (b) LE-CT. Associated lipoma-

tous metaplasia can also be noted (open arrow). Note that calcium is not 
detected with LGE-MRI (c)

Fig. 64.3 LE-CT showing an apical LV aneurysm developing after 
anteroseptal MI involving the apex (block arrows). A hypodense throm-
bus is seen within the aneurysm (open arrow)
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 First-Pass Arterial Phase Scan
The first-pass arterial phase CT (basically a standard coro-
nary CT angiography study or a myocardial perfusion CT) 
can be used to detect infarcted myocardium. This is based on 
the fact that contrast enhancement of the myocardium during 
arterial phase CT is directly related to myocardial perfusion. 
Infarcted myocardium typically appears as hypoattenuated 
perfusion defects (Figs.  64.4 and 64.5). In one of the first 
studies on animal models, Hoffmann et al. found significant 
reductions in CT attenuation of the acute infarcts when com-
pared to reference myocardium (p  <  0.001). These differ-
ences in attenuation also correlated well with differences in 
microsphere-determined blood flow (p  <  0.01) [32]. In a 
clinical study by Nikolaou et al., arterial phase cardiac CT 
yielded a sensitivity of 85%, specificity of 91%, and accu-
racy of 90% for detecting MIs [33]. The mean attenuation 
value for the infarcted areas was 54 ± 19 HU vs 117 ± 28 HU 
for non-infarcted myocardium (p < 0.01). These results are 
in concordance with the study of Francone et al. who demon-

strated a sensitivity of 83% and specificity of 91% compared 
to a clinical reference with mean attenuation value for the 
infarcted areas and normal myocardium being 38.9 ± 14 HU 
vs 104.0 ± 16 HU, respectively (p < 0.01) [34]. Nieman et al. 
used arterial phase cardiac CT to differentiate between acute 
and chronic infarctions. They found significantly lower CT 
attenuation values in patients with long-standing MI 
(−13 ± 37 HU) than in those with acute MI (26 ± 26HU) and 
normal controls (73 ± 14 HU, p < 0.001) which can be attrib-
uted to lipomatous metaplasia [30].

First-pass arterial cardiac CT was also compared to other 
methods of viability assessment. When compared to LGE- 
MRI, it had a sensitivity of about 91%, specificity of 81%, 
and diagnostic accuracy of 86% but with tendency to under-
estimate infarcts sizes [35]. This underestimation was also 
found by Mahnken et al. who found the mean infarct size to 
be 24.5 ± 18.3% per slice for early-phase arterial MSCT and 
31.2 ± 22.5% on MRI[36]. The frequent underestimation is 
probably because only a part of the infarcted tissue shows a 

a c

b

Fig. 64.4 Sagittal 
reformatted images of the 
arterial phase (a) showing a 
hypodense perfusion defect 
(open arrows) and LE-CT (b) 
showing an area of late 
enhancement at the 
anteroseptal wall of LV (block 
arrows). Note that the 
hypodense area appears 
smaller than the 
hyperenhanced area in LE-CT 
(b) and LGE-MRI (c). On the 
other hand, excellent 
correlation can be noted 
between LE-CT and 
LGE-MRI

a b c

Fig. 64.5 Short-axis reformatted images of stress perfusion CT(a) and LE-CT (b), showing good correspondence to short-axis LGE-MRI (c) for 
the anterior (block arrows) and inferior (open arrows) walls MI

64 CT’s Role for Myocardial Viability Assessment
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perfusion defect on the arterial phase, while the whole 
infarcted tissue becomes hyperenhanced in late phase of the 
study. When compared to SPECT, Hennman et al. showed an 
overall agreement reaching up to 96% between arterial phase 
CT and SPECT for detection of rest perfusion defects of old 
MIs [37, 38].

From a clinical prospective, the hypoattenuated areas are 
not exclusively seen in the infarcted myocardium. In fact, 
they are encountered in other conditions including lipoma-
tous metaplasia with or without chronic MI, microvascular 
obstruction (MO) in reperfused acute MI, and the severely 
ischemic but viable myocardium in critical coronary artery 
stenosis. Beam hardening artifacts from dense contrast mate-
rial and adjacent metalic objects as well as motion artifact 
can also be the source of hypoattenuation. One should be 
aware of these myocardial hypoattenuation-causing condi-
tions. Combination of the hypoattenuated areas with the 
thinned myocardial walls, however, is in most cases an indic-
ative of old MI of the involved segment.

 Late Contrast Enhancement
LE-CT shares the same pathophysiological principle with 
LGE-MRI which is current clinical gold standard for infarct 
detection and viability assessment, owing to the proven fact 
that both iodinated and gadolinium-based contrast materials 
share almost the same pharmacodynamics [13]. In the acute 
phase of MI, the ruptured cell membranes allow the origi-
nally extracellular, interstitial contrast material to enter the 
necrotic myocytes with resultant increased volume of distri-
bution. In old MI, the necrotic tissue is replaced with fibrotic, 
collagen-rich scar tissue that leads to the same result; an 
increased distribution volume of contrast material (Figs. 64.4 
and 64.5).

Several animal studies were conducted to investigate fea-
sibility and diagnostic accuracy of LE-CT. One of the first 
studies by Beucker et  al. using a 16-slice MSCT demon-
strated the feasibility of the technique for acute MI detection 
in porcine model, its ability to differentiate between reper-
fused and non-reperfused infarctions and good correlation 
with MRI and triphenyltetrazolium chloride (TTC) staining 
for infarct’s size estimation [39]. Same results were obtained 
with 64-slice MSCT by Baks et al. using an acute reperfused 
MI model, Brodoefel et al. using both acute and subacute MI 
models, and Qu et  al. using acute and chronic MI models 
[40–42]. Lardo et  al. investigated LE-CT using a 32-slice 
MSCT in both acute canine and chronic porcine MI models. 
They found excellent correlation with TTC staining regard-
ing morphology, transmurality as well as infarct volume esti-
mation. Volumes by LE-CT compared to TTC were 
21.1% ± 7.2% vs 20.4% ± 7.4% in acute infarcts (mean dif-
ference, 0.7%) and 4.15%  ±  1.93% vs 4.92  ±  2.06% in 
chronic infarcts (mean difference, 20.76%) [14]. Mahnken 
et  al. used LE-CT for assessment of infarction at different 

phases (at 0, 7, 28, and 90 days after induced MI and reperfu-
sion). On day 0, the mean MI size was 23.7 ± 11.8% on CT 
and 24.5 ± 10.6% on CMR. On day 90, MI sizes decreased 
significantly to 16.9 ± 8.4% and 18.9 ± 8.0%, respectively 
(p = 0.0019). On TTC staining the size of MI was 16.8 ± 8.2%. 
Good agreement between LE-CT and LGE- MRI was found 
[43].

Human studies went side by side with animal studies. 
Head to head comparison was made in most cases with LGE- 
MRI. Mahnken et al. demonstrated excellent agreement of 
acute reperfused MI size for LE-CT and LGE-MRI 
(33.3%  ±  23.8% compared with 31.2%  ±  22.5%, respec-
tively) [36]. The mean CT values of the normal and infarcted 
myocardium at the late phase were 74.5 ± 11 and 108 ± 15.9 
HU, respectively. In their study on acute and chronic MI 
patients, Gerber et al. found good agreement (82%, k = 0.61, 
p  <  0.001) for the identification of the hyperenhanced 
infarcted regions between both techniques on segmental 
basis and also high correlation for infarct size estimation 
[13]. The mean CT values of the normal and infarcted myo-
cardium at the late phase were 97 ± 11 and 131 ± 16 HU, 
respectively. Choe et  al. also compared LE-CT and LGE- 
MRI in 63 acute and chronic MI patients. LE-CT was able to 
detect the infarcted myocardium in all patients and corre-
lated well with MRI for infarct’s volume fraction estimation 
(correlation coefficient of 0.81, p < 0.0001). The mean CT 
values of the normal and infarcted myocardium at the late 
phase were 82.2  ±  23.2 and 115  ±  24.3  HU, respectively 
[44]. These studies consistently reported good agreement 
between LE-CT and LGE-MRI and, at the same time, low 
HU difference (≈30  HU) between normal and infarcted 
myocardium which makes contrast material reduction diffi-
cult. For example, Nieman et  al. performed LE-CT with 
administration of smaller amount of contrast material than 
previous studies (75–90 mL, 320 mg of iodine per mL). In 
spite of good correlation between LE-CT and LGE-MRI for 
infarcted myocardium fraction estimation (13%  ±  9 vs 
15% ± 7; mean difference of −2% ± 6, p = 0.37) [45], late 
enhancement was present in only 11 of the 15 patients exam-
ined because of excessive image noise, streak artifacts, or 
non-detectable late enhancement. The mean CT values of the 
remote and infarcted myocardium at the late phase were 
72 ± 10 and 93 ± 15 HU, respectively.

LE-CT was also compared to methods other than 
MRI. Habis et al. compared LE-CT to low-dose dobutamine 
echocardiography. In 36 patients with acute MI, 64-slice CT 
was used to acquire late CT images after invasive coronary 
angiography (mean delay of 24 ± 11 min) with no contrast 
injection, whereas echocardiography was performed 
2–4 weeks later. LE-CT had a 98% sensitivity, 94% speci-
ficity, 97% accuracy, and 99% positive and 79% negative 
predictive values for detecting viable myocardial segments 
compared to echocardiography [46]. Chiou et al. compared 
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LE-CT to thallium SPECT and dobutamine  echocardiography 
in patients with previous MI.  By per-patient analysis, CT 
detected MI in 96% of the patients while SPECT detected 
only 87%. Among segments with late enhancement >75% 
segmental thickness, SPECT and echocardiography detected 
nonviable segments in 87.8% and 92.2%, respectively [47]. 
LE-CT was also compared with FDG-PET and SPECT by 
Lee et al. where CT had 84.2% and 89.2% agreement with 
SPECT and PET, respectively, for MI localization and sen-
sitivity, specificity, and diagnostic accuracy of 73.5%, 
79.4%, and 78.4% compared with combined PET and 
SPECT [48]. However, Dwivedi et al. found less impressive 
agreement with PET, reaching a modest value of 70% with 
qualitative analysis that increased to 77% with quantitative 
analysis [49].

When comparing SPECT or FDG-PET with LE-CT, one 
has to keep in mind that these techniques depend on different 
principles for viability assessment. This has significant 
implications when comparing their sensitivities, specifici-
ties, and diagnostic accuracies. SPECT and PET, for exam-
ple, visualize the viable myocytes, while the nonviable 
myocytes appear as defective, invisible areas on imaging, a 
result of decreased cellular metabolism. This is the opposite 
in case of LE-CT and LGE-MRI, which visualize the nonvi-
able myocytes rather than the viable ones, a result of the 
expanded extracellular matrix in the infarcted myocardium.

 Extracellular Volume Fraction
Based on the abovementioned fact, it would make perfect 
sense to actually quantify the extracellular volume (ECV) 
fraction as an indirect indicator for the presence of MI. Pre- 
and post-contrast T1 mapping MRI is a validated method for 
ECV estimation. Using MRI, Sado et al. found higher ECV 
values in previous MI patients than in healthy subjects, Fabry 
disease, dilated and hypertrophic cardiomyopathies, aortic 
stenosis, and cardiac amyloidosis patients [50]. Publications 
on the value of CT for the same purpose are scarce. In a 
recent study by Jablonowski et al., CT was used to quantify 
ECV in animal models of acute MI of different forms (patchy 
microinfarcts induced with injection of 16 and 32  mm3 
microemboli, contiguous massive infarct induced by left 
anterior descending artery ligation and, combined micro- 
and massive infarcts) [51]. Interestingly, mean ECV values 
correlated with the severity of infarcts ranging from 36% ± 3 
and 41% ± 3 for the 16 and 32 mm3 microemboli-induced 
microinfarcts, respectively, to 55% ± 5 and 56% ± 4 for the 
contiguous massive and combined infarcts, respectively. 
Regression analysis also revealed excellent correlation 
between CT-derived ECV values and histological postmor-
tem microscopy (r2 = 0.92). The results not only demonstrate 
the potential use of ECV as a biomarker of myocardial via-
bility but also as a discriminator between different degrees of 
myocardial injury and as a detector of peri-procedural 

 complications, including dislodged microemboli and reper-
fusion microvascular injury.

The true power of ECV, however, lies in the detection and 
quantification of the diffuse interstitial type of myocardial 
fibrosis, extending well beyond the confines of focal replace-
ment fibrosis usually found in infarct scars. For that purpose, 
CT-derived ECV values were validated against MRI as the 
imaging reference standard. Nacif et al. found good agree-
ment between both methods in their study on 24 healthy and 
heart failure subjects. As expected, ECV values were higher 
in heart failure patients than in healthy individuals 
(33.5%  ±  5.9 vs 29.3%  ±  2.7, respectively; p  =  0.03) and 
were inversely related to ejection fraction [52]. Bandula 
et al. also compared ECV values obtained by equilibrium CT 
and CMR and validated the results against histology in 23 
patients with aortic stenosis undergoing valve replacement 
surgery [53]. There was a significant correlation between 
both CT- and MR-derived ECV and percentage of histologic 
fibrosis (r  =  0.71 [p  <  0.001] and r  =  0.84 [p  <  0.0001], 
respectively). Also, CT-derived ECV was significantly cor-
related to MR-derived ECV (r = 0.73). In cardiac amyloido-
sis, Triebel et  al. have shown good correlation between 
dynamic equilibrium CT- and MR-derived ECV with good 
tracking of clinical markers of amyloidosis severity [54]. 
Recently, we demonstrated significant correlation between 
CT- and MR-derived ECV (R2 = 0.84, p < 0.001) with a mean 
difference of −3.3% [55]. We also demonstrated that CT 
measurement of myocardial ECV in subjects without clinical 
CAD is feasible with high inter- and intra- observer repro-
ducibility [56]. In this study we reported that mean ECV in 
males was lower compared with females (25.5  ±  2.0% vs 
27.1 ± 1.8%, p = 0.02) and that it was positively related to 
age (r = 0.46, p = 0.003). There was no statistically signifi-
cant difference in ECV between different left ventricular 
segments.

 Post-percutaneous Coronary Intervention (PCI) LE-CT
Another strategy for LE-CT imaging is acquiring late-phase 
scan within 30 min after conventional coronary angiography 
or PCI. The strategy makes perfect use of the intra-arterial 
contrast material injected directly into coronary arteries 
(Fig. 64.6). While the earliest study to apply the idea used a 
non-gated conventional chest CT [57], subsequent studies 
used a dedicated ECG-gated cardiac CT scan that yielded 
98% sensitivity, 94% specificity, and 97% accuracy for via-
bility detection at a very early stage of acute MI [46].

Very recently, Jang et  al. used a hybrid interventional 
therapeutic CT system in subacute MI swine model. Late 
scan images were obtained at 2, 5, 7, 10, 15, and 20 min 
after the end of angiography. Interestingly, the 2 min time 
point yielded the highest CT values for the nonviable and 
viable myocardium as well as maximum mean difference 
in CT attenuation between them. Such findings at such an 

64 CT’s Role for Myocardial Viability Assessment



836

early time point can be attributed to the intra-coronary 
injection of the contrast material. When correlated to TTC 
staining on histology, mean percentage difference of MI 
size at 2 min (8.5% ± 1.8%) was also the lowest [58].

 Dual-Energy CT for Late Enhancement Imaging
Dual-energy imaging allows material decomposition and can 
theoretically provide better detection of infarcted myocar-
dium at late phase by exploiting the increased iodine contrast 
enhancement of low-kV monochromatic images or through 
direct mapping of iodine distribution.

In a porcine model of reperfused chronic MI, Deseive 
et al. demonstrated a high accuracy and a good correlation 
of dual-energy LE-CT to LGE-MRI and histopathology 
[59]. In a patient study, Wichmann et al. reported a sensi-
tivity of 89%, specificity of 98%, and accuracy of 96% for 
monochromatic LE-CT with LGE-MRI as the reference 
standard, while iodine distribution analysis provided infe-
rior performance (52% sensitivity, 88% specificity, 81% 
accuracy) [60]. More recently, Truong et al. compared late 
enhancement by standard single-energy (at both 80 kV and 
100 kV) to dual-energy LE-CT. The authors used a chronic 
MI porcine model and correlated results to histopathology. 
Interestingly, standard single- energy LE-CT (particularly 
at 100 kV) showed the best correlation to histopathology 
for scar volume and also the highest contrast-to-noise ratio 
while dual-energy LE-CT overestimated infarct’s size the 
most [61]. In light of the results by Truong et al. and most 
of the previous studies, the theoretical assumption of supe-
rior infarction detection with dual-energy CT over single-
energy CT is yet to be confirmed.

In ECV estimation, a different story is told. Lee et al. used 
iodine maps to estimate ECV in healthy subjects and in those 
with non-ischemic cardiomyopathy [62]. Interobserver 
agreement for ECV at CT was excellent (ICC = 0.987). In 
addition, Bland-Altman analysis between MRI and CT 
showed good agreement, with 95% limits of agreement of 
−1.19 and 1.79. Since pre-contrast images are not required 
to estimate ECV with the strategy, dose reduction and elimi-

nation of misregistration can potentially be expected com-
pared to single-energy approach.

 The Wikihow of Late Enhancement Cardiac CT

 How to Do It

The perfect formula for a good LE-CT scan should be one 
that achieves the best diagnostic image quality with the least 
exposure to radiation and minimal volume of contrast mate-
rial. This formula is not secret but involves many technical 
aspects that – so far – are not standardized among different 
institutes. In fact, variations of the technique among cardiac 
CT centers are so evident owing to differences in the used 
CT scanners, contrast volume, injection protocols, timing 
between injection and image acquisition, tube settings, and 
image reconstruction methods. In many cases, it is just a 
matter of time before cardiac CT staff build their own per-
sonal experiences and preferences. Below, we will try to 
explore the different techniques for late enhancement scan 
and present our personal experiences, tips, and tricks.

 Contrast Material Volume
Despite advances in CT technology have made it possible to 
acquire coronary CT angiography studies using as low as 
50 ml of contrast material, this is still not true for viability 
imaging with late-phase scan. For myocardial infarct delin-
eation, adequate concentration gradient of the contrast mate-
rial has to be achieved across vascular and expanded 
extracellular spaces of the infarct. Relatively high volumes 
of contrast material are needed to achieve this gradient. In 
animal studies, 700–1500 mg iodine/kg was administered. In 
a 75  kg human subject, this would equal an average of 
250 mL of contrast material. On the other hand, human stud-
ies used quantities between 300 and 700 mg iodine/kg. Based 
on experimental and clinical evidence, volumes from as low 
as 120 mL to as high as 175 mL are commonly used.

From our personal experience, ≥600 mg  iodine/kg pro-
duces sufficient late enhancement [63]. For contrast materials 

a bFig. 64.6 Short-axis (a) and 
sagittal (b) reformatted 
images of cardiac CT 
performed immediately after 
primary PCI to right coronary 
artery in this 81-year-old man 
with inferior acute MI. Note 
the hyperenhanced infarction 
region (arrows)
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with iodine concentration of 370 mg/kg, this means a total of 
approximately 120 mL contrast agent.

 Injection Protocol
Two main protocols for contrast material delivery are used; 
the bolus and the bolus-continuous infusion protocols. In the 
more commonly used bolus protocol, no further contrast 
material is injected after the contrast bolus of routine coro-
nary CT angiography. The second protocol involves continu-
ous slow infusion of 30–90 mL of contrast material after the 
bolus used for coronary angiography until the late-phase scan 
at a rate of 0.1–0.3  mL/sec. The theory behind continuous 
infusion technique is to maintain a persistently high intravas-
cular concentration gradient that maintains a slow wash-in of 
the contrast material to extracellular spaces of the myocardial 
infarct. Eventually, this should result in accentuated contrast 
between the infarcted and healthy myocardium.

Till this moment, there is no consensus on which injection 
protocol to use. However, Brodoefel et al. compared both pro-
tocols in reperfused acute and subacute porcine models and 
reported that bolus-continuous infusion protocol yielded bet-
ter image quality than did single-bolus protocol due to 
increased attenuation difference between viable and nonvia-
ble myocardium (p  ≤  0.003) and between left ventricular 
blood pool and nonviable myocardium (p  <  0.001) [64]. 
When correlated to MRI for MI size estimation, good correla-
tion was found for both protocols although continuous infu-
sion tended to have better correlation coefficient, reaching a 
maximal of 0.96 compared to 0.92 in single-bolus technique.

One matter should be taken into consideration. The con-
tinuously infused contrast agent leads to simultaneously 
increased LV blood pool attenuation which can mask small 
subendocardial infarcts. To avoid this, additional waiting 
time of about 5 min after infusion ends is recommended to 
allow for adequate washout of the contrast material from the 
left ventricular cavity. This increases the total time interval 
between coronary and late scans to an average of 15 min and 
makes it difficult to go below 10 min.

The single-bolus technique, on the other hand, is easier, 
more suitable for the clinical setting, and can save 5–10 min. 
In fact, the vast majority of publications on LE-CT and its 
diagnostic accuracy use a single-bolus protocol.

In a comprehensive protocol to be discussed later, con-
trast agent will be injected over the different phases of the 
study including coronary angiography, perfusion scan and 
even the test bolus. This is similar in principle to the split-
dose protocol used by Goetti et al. [65].

 Timing of Late Image Acquisition
This is yet another point of huge debate in cardiac CT com-
munity. Human studies reported variable time points for 
image acquisition ranging from 5 up to 15 min after contrast 
administration (Table 64.2). Jacquier et al. found no signifi-

cant difference between the myocardial infarct area mea-
sured using LE-CT acquired at 5 and 10 min after injection 
and MRI in ST elevated MI patients [66]. In Brodoefel et al., 
the bolus injection protocol achieved maximal contrast 
between the viable and nonviable myocardium at 3 and 
5 min time points, while the infusion protocol achieved that 
at 10 and 15 min time points [64]. This is an example of how 
injection protocol can affect the choice of the perfect time 
point for MI visualization among other factors such as the 
volume of the contrast agent and patient’s hemodynamics. In 
a busy clinical facility where the luxury of a dedicated car-
diac CT scanner is not available, it becomes more important 
to determine the earliest possible time point that allows for 
accurate diagnosis.

Based on our experience and yet unpublished data, 5 and 
7  min after contrast agent administration equally allow for 
adequate wash-in of the contrast material (Fig. 64.7). Earlier 
time points are mostly too early for contrast accumulation in 
infarct scars, while later time points are accompanied with 
excessive washout. That said, some questions pop into one’s 
mind. Is an early image acquisition time point totally useless? 
Can it act in the same way as early gadolinium enhancement 
in CMR to better detect MO or thrombi? Will imaging at mul-
tiple time points do better than a single one? And if so, will 
the benefit overweigh the increased radiation dose? These and 
other questions need to be raised and answered by dedicated 
studies.

 Tube Settings, Radiation Dose, and Enhancing 
Image Quality
Acquiring a good image quality with a low-dose scan is a 
never-ending quest. A common strategy to lower radiation 
dose is to use a low tube voltage. Brodoefel et al. compared 
tube currents of 80 and 120 kV for late-phase imaging in a 
porcine model of reperfused acute MI [67]. The 80 kV proto-
col not only resulted in 65% reduction of radiation dose but 
also provided better contrast-to-noise ratio than did the 
120 kV protocol. This, however, was not true for tube current. 

Table 64.2 Examples of reported time points for LE-CTacquisition in 
different human studies

Study Timing
Mahnken et al. (2005) [36] 15 min
Lardo et al. (2006) [14] 5 min
Gerber et al. (2006) [13] 10 min
Lessick et al. (2007) [81] 6 min
Nieman et al. (2008) [45] 7 min
Boussel et al. (2008) [89] 10 min
Choe et al. (2008) [44] 10 min
Kang et al. (2010) [90] 6 min
George et al. (2012) [91] 5 min
Kurobe et al. (2014) [63] 7 min
Kurita et al. (2016) [56] 7 min
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When the authors compared 400  mAs to the standard 
800 mAs, they reported further lowering of radiation dose, 
the cost of which was an unacceptable degradation of image 
quality that interfered with accurate diagnosis. Mahnken 
et  al. also reported highest contrast-to-noise ratio and best 
correlation with LGE-MRI and histology for the 80 kV proto-
col compared to 100 and 120 kV [68]. Reimann et al. demon-
strated feasibility of low tube voltage and current protocol 
with doses as low as 1.19 mSv [69].

Another strategy for dose lowering is using prospective 
electrocardiographic (ECG) gating. Prospective triggering 
can significantly reduce radiation dose to as low as 1 mSv 
showing good agreement with both retrospective ECG gat-
ing and LGE-MRI [70, 71].

In addition, the high-pitch mode available on second and 
third dual-source CT scanners can lead to further reduction 
in radiation dose. Using a high-pitch mode, Geotti et  al. 
achieved ultra-low radiation dose of 0.89 ± 0.07 mSv with 
sensitivity, specificity, and diagnostic accuracy of 90.0%, 
92.9%, and 91.7%, respectively, for MI diagnosis on per- 
patient analysis as compared to MRI [65].

These methods might have reduced radiation exposure to 
unpreceded levels, but this was not the case with the persis-
tent poor signal-to-noise ratio, inhomogeneous myocardial 
signal, and streaking artifacts inherit for LE-CT. As a solu-
tion, we adopted a novel image reconstruction algorithm 
known as targeted spatial frequency filtration (TSFF). TSFF 
was originally developed for cardiac dynamic perfusion CT 
using the cardiac shuttle mode which acquires images at two 
alternating table positions, to produce a hybrid algorithm of 
the conventional half-scan and full- scan reconstruction in 
dual-source CT [72]. The benefit of this algorithm is that it 
can achieve both high temporal resolution and diminished 
artifactual variations in CT number which means improved 
stability of myocardial signal and better image quality. We 

took a further step toward reducing image noise by acquiring 
4 stacks of TSFF images in one breath hold and averaging 
them by means of non-rigid registration into one image data 
set [63]. Compared to conventional half-scan, TSFF with 
averaging resulted in significantly lower prevalence of inho-
mogeneous myocardial signal (65% vs 90%; p  =  0.002), 
poor contrast between LV lumen and myocardium (15% vs 
63%; p  <  0.001), and streaking artifact (5% vs 63%; 
p < 0.001). When compared to the gold standard, LGE-MRI, 
TSFF with averaging also demonstrated better agreement, 
higher interobserver agreement, and reproducibility than did 
half-scan (Fig. 64.8). For best results, we use a combination 
of all the above; low tube settings of 80 kV and 370 mAs, 
prospective ECG gating, cardiac shuttle mode for the dual-
source CT with TSFF reconstruction algorithm, and image 
averaging. The result is much improved image quality with 
relatively low-radiation dose of 1.8 mSv.

 Imaging for ECV Estimation
ECV is calculated with the following equation: 
ECV =  (ΔHUm/ΔHUb) ×  (1 − Hct), where ΔHUm is the 
change in attenuation of the myocardium in Hounsfield unit 
(HU), ΔHUb is the change in attenuation of the blood pool, 
and Hct is the hematocrit level. ΔHU  =  HUlate-HUpre, 
where HUlate and HUpre are attenuation values at late  phase 
and pre-contrast CT, respectively. This means that for ECV 
calculation, we need to obtain a pre-contrast, post- contrast 
(late phase) studies and a hematocrit value.

Same scanning parameters should be applied in pre- and 
post-contrast scans to allow for the next step which is  non- rigid 
registration/subtraction of both scans. This is followed by cal-
culating change in blood pool attenuation values by the used 
software application and finally providing a hematocrit value 
to obtain an ECV map. It is worth noting that the pre- contrast 
study can also be used for calcium scoring [52].

a b c

Fig. 64.7 Comparison between 3(a), 5(b), and 7(c) min time points for LE-CT acquisition in a patient with small anterior MI. Maximal contrast 
accumulation and best scar visualization are seen at 7 min in this patient
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 How to Interpret

 Image Post-processing
Before starting reading of LE-CT scan, some image setting 
manipulation can lead to improved MI visualization. The 
best combination of image settings includes: multiplanar ref-
ormation (MPR), slice thickness between 4 and 8 mm, aver-
age intensity projection (AIP), and narrow window settings; 
window width (WW) of 150–200 and window level 
(WL) ≃ 100 (Fig. 64.9). MPR allows assessment in different 
left ventricular axes including most importantly the short and 
long axes. Thick slices decrease image noise and allow for 
better delineation of MI. AIP is preferred over maximum and 
minimum intensity projections (MIP and MinIP respec-
tively) as MIP causes strong contrast accentuation which can 
overestimate infarct’s size while MinIP causes accentuation 
of the inherit low-density artifacts causing grainy image and 
infarct’s size underestimation. Finally, narrow window set-
tings achieve higher contrast-to-noise ratio than wide win-
dow settings.

 The Basics
As already known, infarcted myocardium appears as areas 
of delayed hyperenhancement, hence the common saying 
“bright is dead.” As basic as it may sound, this mantra is not 
entirely accurate. In many conditions, the late-enhanced 
(bright) myocardium is not necessarily infarcted (dead) but 
rather reflects an expanded extracellular matrix; a condition 
that is encountered in many myocardial diseases including 
non-ischemic cardiomyopathies, amyloidosis, sarcoidosis, 
and many others. For this reason, differentiating ischemic 
from non-ischemic late enhancement is too fundamental to 
ignore. Late enhancement patterns on CT are identical to 
those on LGE-MRI.  A typical infarction at late enhance-
ment study is limited to a vascular territory and always starts 
at a subendocardial location because of the trans-myocar-
dial perfusion gradients known as the wavefront phenome-
non of myocardial necrosis [73]. Depending on the duration 
of coronary occlusion, variable degrees of transmural infarc-
tion can result. Semi-quantitative assessment of the degree 

of transmurality is advised in clinical setting (≤25%, 
26–50%, 51–75%, and ≥76%). The location of MI should 
be accurately reported according to the 17-segment model 
of the American Heart Association and tracked back to its 
culprit artery.

MO or no-reflow phenomenon is an established compli-
cation of coronary reperfusion therapy for acute MI that 
needs to be reported. MO can be seen at the core of acute MI 
as a subendocardial rim of hypodensity surrounded with the 
hyperenhanced infarcted tissue (Fig. 64.10). Chronic infarct-
related complications such as ventricular aneurysms and 
thrombosis are also readily visible at LE-CT (Fig. 64.3).

 Side-by-Side Assessment with Arterial  
Phase Scan
In general, three patterns which have different prognostic 
implications can be encountered when assessing LE-CT side 
by side with early arterial phase or perfusion CT scans. In the 
first, the arterial phase shows no perfusion defect, while the 
late phase shows a hyperenhanced lesion. In the second, the 
arterial phase shows a perfusion defect that disappears at late 
phase to be replaced with hyperenhancement. In the third 
pattern, an early perfusion defect persists within the core of 
late hyperenhancement [74]. The residual perfusion defect 
described in the third scenario represents mainly post- 
reperfusion injury in acute MI, i.e., microvascular obstruc-
tion. It may also represent a trickier condition where the 
residual perfusion defect is nothing but lipomatous metapla-
sia in long-standing MI.  Clinical history, myocardial wall 
thinning, and fat density on pre-contrast scans allow for easy 
differentiation between MO and fat metaplasia. This side-by-
side assessment is of utmost importance for prognosis pre-
diction as will be discussed.

 How to Predict Functional Recovery  
on Cardiac CT
The role of cardiac CT extends beyond its ability to detect 
infarction to providing vital information on possible clinical 
outcomes and prognosis after acute MI.  Several studies 
assessed one or more of the most important CT-derived prog-
nosticators including transmural extension, enhancement 

a b c d

Fig. 64.8 Comparison between c conventional half-scan (a), TSFF (b) and TSFF with averaging (c). Best contrast-to-noise ratio and scar visual-
ization is achieved by TSFF with averaging technique in comparison with LGE-MRI (d) (arrows)
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Fig. 64.9 Different post-processing image parameters. Best MI visualization is achieved with thick slices, average IP, and narrow window 
settings (center)

a b c

Fig. 64.10 Reperfused anteroseptal acute MI in long-axis view showing hypodense perfusion defect at arterial phase CT (a), that persists through 
LE-CT scan (b), representing post-reperfusion injury; MO (arrows). LGE-MRI performed 20 days later shows remnants of MO (c)
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pattern revealed from side-by-side assessment of early arte-
rial and late-phase scans and finally infarct’s size.

 Transmural Extent
Wada et al. compared transmural with subendocardial early 
arterial perfusion defects in reperfused anterior acute MI 
patients [75]. Although no functional differences were 
observed at the acute phase, the 6-months’ scans showed 
poor recovery of LV function in transmural MI group and 
good recovery in subendocardial MI group (p  =  0.03). 
These results were confirmed later on by Shapiro et al. [76]. 
On post-PCI LE-CT, Sato et  al. demonstrated that LV 
remodeling (p  =  0.001) and number of re-hospitalization 
for heart failure (p  =  0.0017) were more significantly 
observed in transmural MI compared to subendocardial MI 
groups [77].

 Enhancement Pattern
Koyama et al. were the first to compare functional recovery 
among different patterns of enhancement observed by com-
bined assessment of early- and late-phase scans. Infarctions 
showing persistent hypodensity in late scan showed the 
greatest wall thinning and lowest ejection fraction at inter-
mediate and long follow-up scans followed by those showing 
nonpersistent hypodense perfusion defects and finally those 
with no perfusion defect at early scan [74]. Recently, this 
prognosticator gained more momentum and was evaluated 
by using post-PCI LE-CT. In one study by Ogasawara et al., 
17.5% of reperfused acute MIs showed hypodense areas at 
LE-CT; all of which were transmural infarctions with signifi-
cantly higher infarct volumes. Both hypoenhanced lesions 
on late scans and larger MI sizes could predict major adverse 
cardiovascular events (MACE). However, the interesting part 
is that the incidence of MACE was significantly higher in 
patients with hypoenhancement at delayed scans compared 
to those without hypoenhancement regardless of infarct’s 
volume (p = 0.003) denoting a superior prognostic perfor-
mance [78]. In another study, Watabe et al. also demonstrated 
that heterogeneous enhancement (defined by the authors as 
concomitant presence of hyper- and hypoenhancement 
within the infarcted myocardium at LE-CT) along with 
infarct’s relative CT density of more than 2.2 could predict 
MO and had a significant association with left ventricular 
remodeling [79].

Kim et al. assessed both transmurality and enhancement 
patterns as prognostic factors and concluded that transmu-
ral early perfusion defects had better correlation with fol-
low-up myocardial dysfunction than did transmural 
delayed enhancement and that both had better correlation 
than subendocardial abnormalities. They also confirmed 
that persistent hypodense defects in late-phase CT were 
the most powerful, single-independent predictor of myo-
cardial dysfunction [80].

 Infarct Size
When assessing the impact of acute MI size as quantified 
from cardiac CT on functional recovery, Lessick et al. found 
that the presence and size of early perfusion defects and late 
enhancement were closely related to myocardial dysfunction 
on follow-up [81]. Sato et  al. also showed higher risk of 
MACE in patients with large late enhancement size detected 
by post-PCI LE-CT [82]. On arterial phase CT, Kühl et al. 
confirmed that the degree of transmural involvement and 
extent of early rest perfusion defects are strongly linked to 
adverse outcomes in non ST-segment elevation MI patients 
[83].

 Myocardial Viability Assessment as  
a Part of the Comprehensive Cardiac CT: 
The One- Stop Shop Around the Corner

In classic cardiology practice, most IHD patients still have 
to undergo multiple investigations for comprehensive 
assessment of function, morphology, perfusion, and viabil-
ity prior to establishing a diagnosis and setting up a manage-
ment plan. Finding a single comprehensive assessment 
modality would significantly cut expenses, save time, 
improve diagnosis, and make it easier for an already 
exhausted cardiac patient. Among the currently available 
cardiac imaging techniques, CMR and CT have the potential 
to be such comprehensive tests. Despite CMR is superior in 
terms of function and viability assessment, its use for coro-
nary imaging is not as robust. On the contrary, cardiac CT’s 
ability to visualize coronary arteries is surpassed only by 
invasive angiography and has proven – at the same time – to 
be of reliable diagnostic accuracy for function, perfusion, 
and viability assessment.

A typical comprehensive cardiac CT protocol comprises 
routine calcium scoring, coronary angiography, function or 
cine images, stress perfusion scan, and finally LE-CT. The 
protocol can be tailored to match personalized patient’s care, 
e.g., addition of pre-contrast scan for ECV estimation. Some 
centers also prefer to start with perfusion study before coro-
nary angiography or to combine rest and stress-induced LV 
function assessment. In a comprehensive protocol, an aver-
age of 120 ml contrast material is used throughout different 
phases of the study which is sufficient to perform a late 
 phase viability scan with no need for additional administra-
tion. Recent advances in CT technology have made it possi-
ble to perform a comprehensive cardiac CT study with 
radiation doses of approximately 10 mSv [63, 84, 85]. Even 
more, ultra-low dose of 2.24 mSv was reported [86]. A com-
prehensive protocol not only highlights functionally signifi-
cant coronary plaques but also improves both perfusion and 
viability assessment. As mentioned before, a perfusion defect 
on perfusion CT can be attributed to ischemic but viable 
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myocardium, MO, or previous MI. Side-by-side interpreta-
tion of perfusion and late-phase scans helps identify false-
positive perfusion defects particularly in post-revascularization 
patients and hence increase specificity of perfusion CT 
(Fig. 64.11). This is important as well in patients with previ-
ous silent MI coming for initial assessment of their CAD. We 
demonstrated that in patients with obstructive CAD but with-
out history of previous MI referred for comprehensive car-
diac CT, up to 20% of perfusion defects on dynamic perfusion 
scan were attributable to silent MI as revealed from LE-CT 
[87]. However, Bettencourt et al. investigated whether diag-
nostic accuracy of a comprehensive protocol to detect sig-
nificant CAD is improved by adding a late-phase viability 
scan and reported that LE-CT did not have such additional 
value [88]. These results, however, are simply explained by 
(1) the presence of concomitant reversible ischemic perfu-
sion defects in the majority of patients with previous MI, (2) 
the presence of MI in few patients with normal coronary 
arteries, and (3) the lack of per-segment analysis in the study.

It is common sense to assume that diagnosis of MI 
becomes more reliable when assessing different phases of 
the comprehensive study. In an interesting research by 
Ghoshhajra et al., patients with intermediate-to-high proba-
bility for CAD were recruited for comprehensive cardiac 
CT protocol [84]. Assessment of infarctions using a combi-
nation of regional wall motion abnormalities, rest perfusion 

defects, and late enhancement (cine+ rest+ LE) was com-
pared to each individual component separately using the 
universal definition of MI as the gold standard. The com-
bined assessment yielded the highest diagnostic accuracy on 
per-patient analysis (90%) with sensitivity of 88% and spec-
ificity of 92%.

 Future Directions

Cardiac CT is expected to play a greater role in viability 
assessment and to witness more involvement in everyday 
clinical practice, only when certain issues are to be addressed. 
The first of these is standardization of scan protocols includ-
ing contrast material volume, method of its delivery, and tim-
ing of image acquisition. Much effort has been and is still 
being dedicated for the sake of radiation dose lowering. With 
next generations of state-of-the-art CT scanners and with the 
help of more optimized protocols, radiation doses are 
expected to go even lower. Much attention has also to be paid 
for continuous image quality improvement through develop-
ing effective image reconstruction algorithms. More valida-
tion studies and large multicenter researches have to be 
carried out to assess diagnostic performance and prognostic 
power of viability cardiac CT. ECV is also an attractive area 
of research in cardiac CT and holds potentials beyond viabil-

Fig. 64.11 Post-PCI, 66-years-old female with no history of previous 
MI. Upper row of images represents dynamic perfusion CT and shows 
anterior and inferior walls perfusion defects. LE-CT (lower row) could 

detect an irreversible ischemic defect at the inferior wall due to an old 
silent MI.  Bock arrows represent infarctions; open arrows represent 
reversible ischemic defects
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ity assessment. Comprehensive cardiac CT is indeed an 
invaluable tool that can assess anatomy, function, perfusion, 
and viability in one scan and needs to be validated and tai-
lored in a fashion that is suitable for clinical setting. Finally, 
dual-energy CT is expected to gain more popularity, but 
extensive work is still needed to reduce artifacts and improve 
image quality before it can be favored over conventional 
single-energy CT for infarct detection.
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Coronary CT Angiography 
as the Gatekeeper to the Cath Lab: 
Where Are We?

Christoph Artzner, Lynne M. Hurwitz, 
and Fabian Bamberg

Coronary disease is highly prevalent, affecting approxi-
mately 18% of men and 11% of women over the age of 
65 years and 19% and 16% over the age of 75 years, respec-
tively [1]. For patients with stable chest pain symptoms, 
accurately identifying patients with coronary artery disease 
(CAD) is a central part of cardiovascular medicine. If there is 
clinical concern for coronary artery disease, societal guide-
lines recommend determining patients’ pretest probability 
based on history and physical examination and those catego-
rized as intermediate risk referred for noninvasive testing 
(NIT) and those categorized as high risk referred for invasive 
coronary angiography [2–4].

Despite these guidelines and studies suggesting cost- 
effectiveness of selective referral to ICA [5–7], NIT prior 
to ICA is often not performed. Patel et al. evaluated 661,063 
patients undergoing elective catheterization without history 
of CAD in the National Cardiovascular Data Registry’s 
CathPCI Registry between July 2009 and December 2011. 
Only 64% received at least one pre-procedural NIT [8]. The 
most common NIT was stress SPECT MPI (78.1%), fol-
lowed by stress echo (11.6%), stress ECG (9.8%), CCTA 
(2.1%), and stress CMR (0.8%) [8]. In this patient popula-
tion, ICA demonstrated nonobstructive CAD (all stenoses 
<50%) in 58.4% of patients. Rates of obstructive CAD 
exceeded rates of nonobstructive disease only among 
those  patients with abnormal NIT and high-risk findings 

(67.5% vs. 32.5%) [8]. Thus, it is not surprising that 18.3% 
of patients undergoing ICA had only evidence of moderate 
atherosclerosis (stenoses between 20% and 49%) and 
40.1% of patients had minimal or no stenosis at all (all 
 stenoses <20%).

Referral to ICA should be made carefully, since the 
interventional procedure is associated with risks and dis-
comfort for patients. Major complications while rare (less 
than 1% of procedures) include death, myocardial infarc-
tion, cerebral infarction, or major embolization [9, 10]. 
Vascular access complications, reported to be as high as 
6% in some series, remain the leading cause of morbidity 
after a cardiac catheterization procedure [11, 12]. 
Complications range from hematoma at femoral access, 
retroperitoneal hematoma, pseudoaneurysm, dissection, 
arteriovenous fistulae, and infections [12]. Although stud-
ies of closure devices have been developed to improve 
patients comfort, safety and efficacy remain unclear [12]. 
ICA with intra-arterial application of contrast media is 
also associated with higher risk for contrast- induced 
nephropathy [13].

While there are various NIT to assess for CAD, cardiac 
CT angiography (CCTA) has evolved as a robust modality 
to directly detect and characterize CAD and in contrast to 
other noninvasive studies assesses the vessels directly and 
not the end muscle or electrical signals. Major technical 
advances include substantially improved spatial (0.5  mm) 
and temporal resolution (66 msec) allowing optimal image 
quality for a broad range of patients, as well as sensitive 
detector technology to improve IQ for calcified lesions and 
additional low kV acquisitions, and iterative reconstruction 
approaches that have lowered radiation exposure to as low 
as one millisievert.

Given that great potential of a CCTA to detect and charac-
terize CAD, in this chapter, we critically review the current 
scientific evidence showing whether CCTA can be effec-
tively utilized as a gatekeeper to ICA to reduce the number of 
unnecessary, purely diagnostic procedures.
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 Ability of CCTA to Depict  
and Characterize CAD

Three prospective multicenter trials and hundreds of single- 
center evaluations assessed the diagnostic performance of 
CCTA for identification of coronary stenoses. CCTA has a 
sensitivity from 94% to 99% with a specificity of 64–83% 
across a wide range of disease prevalence and stage of dis-
ease (acute and stable CP) for the detection of CAD. It has 
been shown that CCTA features a very favorable negative 
predictive value (NPV) of 97–99% to exclude obstructive 
anatomic stenosis (<50%) which means that a CT-based 
approach can effectively rule out anatomic CAD with good 
predictive capabilities for patients without coronary steno-
ses [14–18]. Interestingly, sensitivity and specificity were 
reported not to be affected by body size or by heart rates, 
whereas calcium scores >400 reduced the specificity signifi-
cantly [15, 19]. However, significant false-positive rates are 
a result of the average to low specificity with overestimation 
of CAD severity by CCTA [14, 15, 20]. This has mainly 
been attributed to cases with poor image quality and pres-
ence of calcium.

 Role of Morphologic CAD Assessment by 
CCTA as a Gatekeeper in Stable Angina

Based on the high diagnostic performance of CCTA to detect 
CAD and the high negative predictive value to exclude CAD 
as compared with ICA [14–18], it has been assumed that the 
presence of CAD can easily be excluded in a relevant portion 
of patients. Therefore, it was expected that ICA rates would 
be decreased by the utilization of CCTA. However, despite 
single-center observations or case reports, existing studies 
based on anatomic assessment of CAD are controversial. A 
clear trend toward gatekeeping capabilities of CCTA for ICA 
was not found, relating to the low specificity regarding isch-
emia resulting from CAD and because optimal thresholds of 
stenoses might not have been found yet from a functional 
perspective [14, 15].

In 2011 a retrospective, observational cohort study by 
Shreibati et al. assessed Medicare records of 282,830 with-
out prior history of CAD who received nonemergent, nonin-
vasive testing for CAD.  Compared with stress myocardial 
perfusion scintigraphy (MPS), CCTA was associated with an 
increased likelihood of subsequent cardiac catheterization 
(22.9% vs. 12.1%), percutaneous coronary intervention 
(7.8% vs. 3.4%), and coronary artery bypass graft surgery 
(3.7% vs. 1.3%). CCTA was also associated with higher total 
healthcare spending, which was mainly attributable to 
CAD. At 180 days, CCTA was associated with a similar like-
lihood of all-cause mortality (1.05% vs. 1.28) and a slightly 
lower likelihood of hospitalization for acute myocardial 

infarction (0.19% vs. 0.43%). The data indicated that indi-
viduals who underwent CCTA in a non-acute setting were 
more likely to undergo subsequent invasive cardiac proce-
dures and have higher CAD-related spending than patients 
who underwent stress testing [21].

It was hoped that the recently published PROMISE trial 
(Prospective Multicenter Imaging Study for Evaluation of 
Chest Pain) would elucidate CCTA regarding its gatekeeping 
capabilities. It was designed to compare functional testing by 
multiple modalities and anatomic evaluation of stenosis 
severity by CCTA [22]. In this study, more than 10,000 
symptomatic patients underwent CCTA or to functional test-
ing (exercise electrocardiography, nuclear stress testing, or 
stress echocardiography). The mean pretest likelihood of 
obstructive CAD was 53 ± 21% and an anticipated event rate 
of 9%. The study was powered for a 20% reduction to show 
superiority and a 10% margin for noninferiority. Over a 
median follow-up period of 25 months, the composite pri-
mary end point (death, myocardial infarction, hospitalization 
for unstable angina, or major procedural complication) 
occurred only in 3.3% of patients in the CTA group and 3.0% 
in the functional-testing group (adjusted hazard ratio, 1.04; 
95% confidence interval, 0.83–1.29; p  =  0.75). However, 
CTA was associated with fewer catheterizations showing no 
obstructive CAD than was functional testing (3.4% vs. 4.3%, 
p = 0.02), although more patients in the CTA group under-
went catheterization within 90  days after randomization 
(12.2% vs. 8.1%). The median cumulative radiation expo-
sure per patient was lower in the CTA group than in the 
functional- testing group (10.0  mSv vs. 11.3  mSv) if func-
tional NIT involved iodizing radiation. This study concluded 
that initial CTA provides similar clinical outcomes over a 
median follow-up of 2 years [22].

Since PROMISE indicated similar clinical, economic, 
and safety-based outcomes for CCTA and functional testing, 
these results have been the subject of ongoing discussion, 
and optimal NIT strategy has not yet been determined [22, 
23]. Criticism of the PROMISE trial is that for routinely per-
formed CCTA, stenosis evaluation alone discards important 
functional data, and for perfusion analysis, myocardial per-
fusion scintigraphy (MPS) evaluation alone discards impor-
tant anatomic information, but a combined assessment may 
identify a superior methodology [24].

Additionally, a recent open-label, parallel-group, multi-
center trial of CCTA in patients with suspected angina due to 
coronary heart disease (SCOT-HEART) assessed the benefit 
of CCTA. The study included 4146 patients that were ran-
domly assigned either to standard care or standard care plus 
CCTA. Of these participants, 47% had a baseline clinic diag-
nosis of coronary heart disease, and 36% had angina due to 
coronary heart disease. Compared to standard care, CTCA 
reclassified the diagnosis of coronary heart disease in 27% 
patients and the diagnosis of angina due to coronary heart 
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disease in 23% patients vs. 1% and 1% (p < 0.0001). CCTA 
demonstrated increased certainty for both coronary heart dis-
ease and the diagnosis of angina due to coronary heart dis-
ease. Interestingly the frequency of coronary heart disease 
increased, and the diagnosis of angina due to coronary 
showed a decreasing trend. In this study, CTA lead to an 
increase of planned investigations (94 additional ICAs were 
indicated and 29 were cancelled) and treatments (375 initi-
ated and 189 were cancelled) compared to standard care (8 
and 1 and 95 and 14, respectively) but did not affect 6-week 
symptom severity or subsequent hospital admissions for 
chest pain [25]. In follow-up of these patients at 1.7 years, 
CTCA was associated with a 38% reduction in fatal and non-
fatal myocardial infarction (26 vs. 42, HR 0.62, 95% CI 
0.38–1.01; p = 0.053) [25]. The study concluded that CCTA 
clarifies the diagnosis, enables targeting of interventions, and 
might reduce the future risk of myocardial infarction [25]. 
Again, the topic of CCTA as a gatekeeper remains highly 
controversial. A newly published prospective, single-center 
study of 340 patients compared a CCTA-based approach and 
a traditional primarily ICA-based approach. The study 
showed a decreased need for ICA in the group of patients 
that received CCTA imaging initially (14% of patients 
received additional ICA) compared to the ICA group (100% 
of patients received ICA). Over a median follow-up of 
3.3 years, rates of major adverse cardiovascular events were 
similar with 4.2% in the CCTA group and 3.7% in the coro-
nary angiography group (adjusted hazard ratio 0.90, 95% 
confidence interval 0.30–2.69, p = 0.86). Patient comfort and 
time to patient discharge were found to be superior for the 
CCTA subgroup [26].

 Role of Functional CAD Assessment by CCTA 
as a Gatekeeper

The anatomical assessment of coronary artery stenosis does 
not correlate well with functional significance of coronary 
stenosis. Thus, the hemodynamic significance of an angio-
graphically intermediate stenosis remains relevant before 
referral for revascularization treatment [20]. The goal of 
CCTA like other vascular CTA exams has been for the 
assessment of anatomic stenosis with vessel narrowing of 
50% or less considered non-flow limiting. This model for 
management of vascular disease is limited in that the demon-
stration of end-organ ischemia is not determined from a 
static anatomic dataset. A major criticism of the PROMISE 
trial was that for routinely performed CCTA, stenosis evalu-
ation alone discards important functional data [24]. Although 
CCTA has demonstrated excellent sensitivity and specificity 
for characterization of luminal stenosis, the moderate speci-
ficity of CTA in the PROMISE trial increased the rate of 
invasive catheterization by almost 50% compared with 

 functional testing, with over a quarter of these patients not 
having obstructive CAD on invasive angiography [27]. Given 
the great potential of a combined morphological and func-
tional assessment by CT for both anatomic stenosis and 
functional significant of areas of stenosis, tremendous 
research efforts have been undertaken to develop tools and 
techniques to also evaluate coronary and myocardial func-
tion. Major developments include the derivation of the frac-
tional flow reserve based on CCTA image data (FFRCT) as 
well as the assessment of myocardial perfusion by either 
static or dynamic scan acquisitions (Figs. 65.1 and 65.2).

FFRCT is based on computational fluid dynamics and sim-
ulated maximal coronary hyperemia. Recent advances in 
computational fluid dynamics enable calculation of coronary 
flow and pressure fields from anatomic image data and vali-
dated it to invasive FFR performed during invasive catheter-
ization. This technology allows for calculation of FFRCT 
feasible without additional imaging or medications or radia-
tion [28, 29]. Multiple studies showed superiority of CTA 
with FFRCT vs. CCTA.

The DISCOVER-FLOW (Diagnosis of Ischemia-Causing 
Stenoses Obtained Via Noninvasive Fractional Flow Reserve) 
compared invasive FFR with FFRCT and CCTA in 103 
patients. On a per-vessel basis, the accuracy (84.7 vs. 58.5%) 
and specificity (82.2 vs. 39.6%) and the positive predictive 
value (73.9 vs. 46.5%) improved substantially with similar 
sensitivities and negative predictive values for FFR. The area 
under the receiver operating characteristic curve was 0.90 for 
FFRCT and 0.75 for CCTA (p = 0.001) [30]. The DeFACTO 
(Determination of Fractional Flow Reserve by Anatomic 
Computed Tomographic Angiography) trial evaluated 
FFRCT against CTA for diagnostic accuracy of ischemia. 
The study included 252 patients with 137 patients (54.4%) 
showing an abnormal FFR determined by ICA. This study 
showed on a per-patient basis slightly lower values for diag-
nostic accuracy (73%), sensitivity (90%), specificity (54%), 
positive predictive value (67%), and negative predictive 
value (84%) of FFRCT plus CT. When FFR findings were 
compared with obstructive CAD diagnosed by CT alone, 
area under the receiver operating characteristic curve was in 
favor of FFR CT with AUC 0.81 (0.75–0.86) vs. AUC 0.68 
(0.62–0.74; p < 0.001) [31]. Thus, these studies indicate that 
the inclusion of FFRCT might improve gatekeeping capabili-
ties of CCTA.

To address the clinical utility of this new method and how 
its use may affect patient care and clinical outcomes, the 
PLATFORM (Prospective Longitudinal Trial of FFRCT 
Outcome and Resource Impacts) trial included 584 patients 
at 11 sites with new-onset chest pain who were prospectively 
assigned to receive either usual testing (n  = 287) or CTA/
FFRCT (n = 297). The primary end point was the percentage 
of ICA with no significant obstructive CAD.  The patient 
 collective showed a pretest probability of obstructive CAD 
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of 49 ± 17%. Indication for ICA was FFRCT guided in 193 
patients vs. 187 in usual care, and no obstructive CAD was 
found at ICA in 24 patients (12%) for CTA/FFRCT and 137 
patients (73%) in the usual care arm (risk difference 61%, 
95% confidence interval 53–69, p < 0.0001). Clinical event 
rates within 90 days were low for usual care and CTA with 
FFRCT. Thus, the authors concluded CTA with FFRCT was a 
feasible and safe alternative to ICA and associated with a 
significantly lower rate of invasive angiography showing no 
obstructive CAD [27].

These findings were also supported by the NXT (Analysis 
of Coronary Blood Flow Using CT Angiography: Next 
Steps). In this prospective multicenter trial, 254 patients with 
suspected CAD were included and underwent clinically indi-
cated ICA. Coronary CTA was performed before ICA. The 
area under the receiver operating characteristic curve for 
FFRCT was 0.90 versus 0.81 for coronary CTA (p = 0.0008). 
Per-patient sensitivity and specificity to identify myocardial 
ischemia were 86% and 79% for FFRCT versus 94% and 
34% for coronary CTA and 64% and 83% for ICA, respec-
tively [32]. These results are very promising in that they indi-
cate the combination of CCTA and FFR in patients with 
CAD can decrease the rates of negative ICA procedures and 
thus act as a decision-maker for ICA. But to date, no study 
addresses the gatekeeping capabilities of a comprehensive 
CCTA CAD assessment including FFR when compared with 
functional diagnostics, like MPS, which is still widely 
accepted as standard of care.

Subsequently, the Computed TomogRaphic Evaluation of 
Atherosclerotic DEtermiNants of Myocardial IsChEmia 
(CREDENCE) trial was initiated as a prospective multi-
center cross-sectional study to further investigate the perfor-
mance of CCTA as a gatekeeper for ICA and to incorporate 
latest CCTA data-based techniques beyond luminal stenosis 
severity alone for the diagnosis of lesion-specific ischemia 
including atherosclerotic plaque characteristics (APCs) and 
calculation of fractional flow reserve (FFRCT) [24]. This 
study is meant to mitigate the limitations and critics of the 
PROMISE trial. For this purpose, 618 participants under-
went clinically indicated CCTA, MPS, ICA, and FFR with 
either MPS or CCTA/FFRCT performed as part of the study. 
This design was chosen because despite availability of mul-
tiple functional imaging techniques (echocardiography, car-
diac magnetic resonance, MPS), MPS remained the clinical 
standard for functional imaging to identify ischemia by 
detecting stress-induced regional myocardial perfusion 
defects [2, 3]. Although MPS can determine the severity and 
extent of myocardial ischemia with high performance by 
single-photon emission computed tomography (SPECT) or 
positron emission tomography (PET) at a per-patient level 
[24, 33, 34]. However, its accuracy to correctly discriminate 
ischemia on a per-vessel basis is less robust [24, 35] and 
compromised in patients with multi-vessel CAD [24, 36]. 

Therefore, it is questionable whether MPS will be able to 
identify vessels that would benefit from revascularization 
accurately [24, 37]. On the other hand, the addition of FFRCT 
and atherosclerotic plaque characteristics (APCs) by coro-
nary CCTA to coronary CTA may allow for a comprehensive 
anatomic and functional assessment of CAD in a manner 
potentially promoting beneficial clinical and cost outcomes. 
At the current stage, recruitment into the CREDENCE trial 
has been completed, and results of the study are highly 
 anticipated [24].

Future concepts to improve CCTA beyond anatomic 
lesion assessment include APC evaluation, which has dem-
onstrated high agreement with invasive methods of plaque 
assessment and has shown to improve discrimination of isch-
emia causing culprit coronary lesions [24, 38]. APC evalu-
ates lesions regarding aggregate plaque volume (APV), 
positive remodeling (PR), low attenuation plaque (LAP), and 
spotty calcification (SC) [39]. A single-center study by Park 
et al. including 252 patients showed an association of APV 
and LAP with an increased risk of ischemia in stenosis 
>50%, whereas PR was found to be a predictor of ischemia 
independently of severity of stenosis [39].

As a second major development, CT perfusion imaging 
has been introduced recently. This approach becomes feasi-
ble with further improvement of CT acquisition technique 
and therefore higher temporal resolution to visualize myo-
cardial enhancement as the contrast medium passes through 
the heart [40, 41]. Based on these first feasibility studies, it 
remains unclear whether this technique will yield sufficient 
diagnostic performance and robustness to be potentially 
implemented into clinical workflow. First prospective studies 
are planned, but patient recruitment has not started.

 Impact of CCTA in Patients with Acute Chest 
Pain on Diagnostic Cath Rates

A study of Hoffmann et al. assessed 1000 patients with pre-
sentation of acute coronary syndromes in the emergency 
department. ROMICAT-II was designed as a randomized, 
controlled, multicenter trial to compare an evaluation and 
management strategy facilitating CCTA as a first diagnostic 
test with a standard emergency department evaluation for 
patients with acute chest pain and suggested acute coronary 
syndrome. A total of 75 patients (8%) had a final diagnosis of 
an acute coronary syndrome. ICA was performed in 54 
(11%) and 36 (7%) patients in the CCTA group and standard 
group, respectively (p  =  0.06). Percutaneous interventions 
were performed in 24 and 14 patients (p = 0.14) and bypass 
surgery in 5 and 4 patients (p = 0.99) in the CCTA group and 
standard group, respectively. In this study, more diagnostic 
testing was performed in the CCTA group than in the 
 standard evaluation group (p  <  0.001), and CTA was 
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 demonstrated to reduce the length of the stay by 7.6 h, and 
less patients were admitted to an observation unit but dis-
charged directly from the emergency department (47% vs. 
12%). From a cost-effectiveness standpoint, both strategies 
were evaluated as equivalent. Number of diagnostic tests and 
radiation exposure were found to be higher in the CCTA 
group. No acute coronary syndromes were missed, and no 
significant differences in major adverse cardiovascular 
events were found during 28 days of follow-up [42].

A further study assessing a similar scenario was per-
formed by Litt et al. In this study 1370 patients were included 
with a randomized assignment of 2:1 to a CCTA-based or a 
conventional strategy. Of the 908 patients in the CCTA sub-
group, 767 individuals received a CCTA. ICA was performed 
in 37 of 908 patients in the CCTA subgroup vs. 18 of 462 
patients in the traditional care group at index visit. The rate 
of maximal stenosis <50% was lower in the CCTA subgroup 
than in the traditional care group, 9 of 37 and 10 of 18 
patients, respectively; and hence the rate of significant steno-
sis was higher in the CCTA group than in the traditional care 
group, 28 of 37 and 8 of 18 patients, respectively. Within 
30 days after index visit, the use of invasive angiography was 
similar (5.1% and 4.2%; difference, 0.9%; 95% CI, −4.8 to 
6.6) or in the rate of revascularization (2.7% and 1.3%; dif-
ference, 1.4%; 95% CI, −4.3 to 7.0). Nevertheless, negative 
findings on invasive angiography were less likely in the 
CCTA subgroup (29% vs. 53%; difference, −23.7% points; 
95% CI, −48.8 to 3.3). There was no significant between- 
group difference in the likelihood of a repeat emergency 
department visit, hospitalization, or cardiologist office visit 
or rate of major cardiac events. The study showed similar 
results compared to Hoffmann et  al. with shorter hospital 
stay and more direct discharges from emergency department. 
Overall, coronary disease was more likely to be diagnosed in 
patients in the CCTA group than in patients in the traditional 
care group (9.0% vs. 3.5%; difference, 5.6% points; 95% CI, 
0–11.2), but prognostic impact was not assessed [43].

 Summary and Future Outlook

Accounting for the excellent negative predictive value of 
CCTA for CTA, it has been a long-standing goal to utilize it 
as a gatekeeper for invasive coronary angiography to utilize 
resources more efficiently and further reduce patient’s treat-
ment burden. However, this idea is not supported by avail-
able scientific evidence in prospective, multicenter studies 
contradicting numerous case reports and single-center 
observations. This scientific evidence will be challenged by 
the CONSERVE (Coronary Computed Tomographic 
Angiography for Selective Cardiac Catheterization) trial 
(NCT01810198), which is directly testing the concept of 
CCTA as a gatekeeper to ICA [44].

For stable angina, large, randomized trials found no supe-
rior methodology comparing the standard of care and a 
CCTA-based strategy but found slight increase of ICA rates 
in the CCTA groups. For acute chest pain, both strategies 
showed an identical safety profile with similar proportion of 
purely diagnostic ICAs, but with the tendency to have less 
negative findings in ICA and a higher likelihood to diagnose 
CAD compared with traditional standard of care, which in 
consequence does not result in functional apparent symp-
toms in all subjects. It is hypothesized that these subjects 
without functional impairment, who receive treated accord-
ingly to current guidelines, will have improved survival 
rates. Nevertheless, this assumption is not supported by 
available scientific evidence.

Despite the sole use of CCTA for anatomic assessment 
of CAD, FFRCT along with anatomic assessment of CAD 
are showing promising results and potential for more 
robust decision-making potential for patient management 
and long- term outcomes. Prospective, multicenter studies 
are currently under way, and results are expected to be 
released soon.
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3D Printing from Cardiac CT Images

Karin E. Dill, Leonid Chepelev, Todd Pietila, 
and Frank J. Rybicki

Medical 3D printing is a culmination of several steps, which 
broadly involve acquisition of volumetric imaging datasets 
(in this case, cardiac CT studies), segmentation to extract the 
relevant anatomy, post-processing, and fabrication of ana-
tomical structures using dedicated printing hardware. The 
resultant 3D printed models enable detailed visual inspection 
and direct manipulation of cardiac anatomy and pathology 
depicted by CT in a manner that bypasses the limitations of 
two-dimensionality from a computer monitor. This enables 
intuitive model exploration, allowing for presurgical plan-
ning and practice on the 3D printed models for a personal-
ized, patient-specific intervention strategy. While 3D printing 
has a rich history within medicine, recent hardware and soft-
ware advances have catalyzed an exponential growth in the 
interest and practical implementation of this new modality in 
the clinical arena. Already established in numerous technol-
ogy sectors, 3D printing has reached medicine and, with car-
diac CT imaging advances, resulted in successes paralleling 
those seen in other specialties. Presently, cardiac CT 
imaging- derived applications of 3D printing primarily focus 
on clinical use of these models for patient and physician edu-
cation, procedure simulation, and device design.

Elements to ensure a technically optimal cardiac CT 
acquisition and image segmentation are further detailed. The 
crucial difference between traditional segmentation and seg-
mentation for 3D printing is highlighted. The latter relies on 
a new paradigm focused on translating mathematical models 
visualized as images on the computer screen to physical 

models that can be fabricated in the real world and imple-
mented in a clinical workflow. Accurate 3D printable seg-
mentation and computer-aided design (CAD) will be 
highlighted.

This chapter is divided into three parts. The first part 
reviews fundamentals of 3D printing, with an introductory 
overview designed to provide a cardiovascular imager with 
the foundation to understand 3D printing from cardiac CT 
DICOM images. The second part of this chapter uses leading 
commercial software (Mimics Medical and Mimics inPrint, 
Materialise) to illustrate the process of conversion of a 
DICOM dataset to a 3D printable model. The final part 
briefly discusses clinical applications.

 Fundamentals of 3D Printing

The essential steps in creating a 3D printed model are image 
acquisition, anatomy segmentation, model post-processing, 
and model fabrication [1, 2]. Determining the clinical setting 
and appropriateness of such a model is a prerequisite and 
guides subsequent steps. The functionality and accuracy of a 
3D printed model is predicated by collaborative interactions. 
Imagers, referring specialists, technicians, engineers, and 
other parties involved in model creation need to work closely 
to ensure appropriate execution of each step [3]. Figure 66.1 
illustrates a clinical cardiovascular 3D-printing workflow.

 Data Acquisition

3D printing from medical images requires volumetric data 
with a signal-to-noise ratio that allows segmentation of the 
anatomy of interest. In cardiovascular imaging, sufficient 
contrast opacification of the organ in question and reducing 
imaging artifact is required. The majority of CT studies pro-
duced for diagnostic purposes already satisfy these criteria 
by utilizing improved scanning and reconstruction tech-
niques, though insufficient contrast opacification may limit 
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segmentation accuracy. Specifically, minimized contrast 
doses, post-contrast saline flushes, and contrast admixture 
should be carefully considered in studies intended for 3D 
printing since enhancement of the entirety of the imaged 
structure with high concentration contrast media is necessary 
to optimize model quality. Contrast administration should be 
tailored to the imaged anatomy – in cases where the entirety 
of the heart is included in the segmentation, all cardiac cham-
bers must be opacified, while cases focused on coronary 
arteries may require only limited opacification of the heart. 
In some situations, referring physicians may request modifi-
cations to the original model to include a broader portion of 
the anatomy, which necessitates complete opacification of 
the cardiovascular anatomy included in the field of view.

In addition to appropriate contrast administration, other 
factors influence model quality [4]. Spatial resolution of CT 
image reconstruction is a key factor in deciding the resolu-
tion of the final segmented model. Ideally, the voxels within 
a volumetric dataset should be isotropic with each voxel side 
measuring no more than 1 mm, smaller if fine vascular detail 
requires depiction. The disadvantage of minimizing voxel 
sizes is the computational and manpower cost associated 
with manipulating datasets containing significantly more 
images, some of which may not be amenable to automated 
segmentation. Minimizing the impact of cardiac motion, 
stair-step artifact, and breathing artifact will streamline 
model segmentation. Finally, the post-processing itself 
should not introduce artifact.

While the majority of relevant features of a cardiovascular 
3D printed model can be obtained from coronary CT images 
that are now considered routine, results of CT-enabled car-
diovascular anatomy segmentation may need to be fused 
with models obtained from multiple additional modalities, 
including 3D transthoracic or transoesophageal echocar-
diography, magnetic resonance imaging, or 3D rotational 

digital subtraction angiography. In such cases, the CT imag-
ing data typically serves as an overall scaffold, allowing 
reconstruction of major cardiac chambers and major vessels, 
while echocardiography provides the data for valve segmen-
tation and angiography (e.g., MRI or rotational angiography) 
provides finer detail of vascular anatomy.

 Segmentation of Relevant Anatomy

Segmentation is the second step in the 3D printing workflow 
and involves the separation of the anatomy of interest from 
background anatomy. While many advances have been 
achieved in developing semi- and fully automated software 
solutions for this task, no solution has yet been able to cir-
cumvent the need for careful assessment by a human expert 
with deep knowledge of anatomy, disease pathophysiology, 
and imaging to ensure accuracy and appropriateness for a 
specific clinical scenario. Optimal image quality and contrast 
opacification improve the automated segmentation accuracy, 
thus allowing segmentation to focus on small adjustments to 
optimize quality. Where image quality is inferior, segmenta-
tion may involve bypassing all automation in favor of man-
ual selection of the relevant anatomy on every relevant image 
within the CT dataset. More frequently, with higher study 
quality, the task of segmentation involves thresholding (i.e., 
selecting the upper and lower Hounsfield unit values for vox-
els included in the model), followed by definition of a bound-
ing box and manual refinement of the resultant collection of 
voxels using various sculpting tools, as discussed using a 
practical example below.

Segmentation as outlined above is similar for clinical car-
diac CT and by itself is not sufficient for 3D printing, since 
the output remains an abstract collection of cubic or cuboid 
voxels. The transformation to a printable model occurs where 
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an interpolation between the vertices of the voxels is 
 performed to define the various surfaces of a three-dimen-
sional geometry. For example, a collection of cubic voxels 
may represent a sphere with a two-voxel-thick wall. 
Converting this collection of voxels to a printable sphere 
involves defining the surfaces of the outer and inner walls of 
this sphere and encoding this information into a file format 
that a 3D printer can convert directly or indirectly into a 
series of instructions, such as printer head movement, fila-
ment extrusion, or advancing to the next layer.

The most commonly used file format for 3D model repre-
sentation is the Standard Tessellation Language (STL) file for-
mat. Although other file formats may supersede STL by 
enabling more powerful model definition and annotation, 
essentially all medical 3D printing at the time of writing uses 
STL files. Just as typical workstations use Digital Imaging and 
Communications in Medicine (DICOM) files to render patient 
data in the form of an image on a computer screen, 3D printers 
use STL files to fabricate and describe geometric shapes. An 
STL file allows the definition of the surface of a 3D shape by 
approximating it as a collection of triangles. The term tessella-
tion refers to the process of representing an arbitrary surface as 
a collection of connected triangles that form a mesh overlying 
this surface. Typical commercial software solutions provide 
tools to minimize or eliminate possible printing failures. These 
tools are typically seamlessly integrated with the modules 
responsible for the conversion of voxel collections or regions 
of interest to a printable model represented in an STL file.

One possible source of print failure is the incorporation of 
geometry elements (non-manifold geometry) that can only 
exist as abstract geometrical constructs. Some examples of 
this include shapes that meet at a single point or a single line, 
self-intersecting surfaces, and disconnected surfaces or sur-
faces with holes. In each of these cases, the incorporation of 
these geometry elements precludes the definition of a repro-
ducible real-world shape that occupies a specific volume. 
Most standard software solutions currently provide rapid and 
automatic built-in routines for model validation and error 
correction. Careful review by human experts following auto-
mated adjustments is necessary to optimize and further refine 
model quality [5].

 Computer-Aided Design

Once the relevant cardiovascular anatomy has been seg-
mented, converted to a three-dimensional object, and reviewed 
by domain experts for accuracy, further model manipulation 
typically takes place using computer-aided design (CAD) 
software. Since visualization of cardiac chambers and relevant 
vascular structures in cardiovascular CT imaging is achieved 
using intravenous contrast agents, segmentation of cardiovas-
cular anatomy typically reflects the intraluminal contrast 

rather than the myocardium and vessel walls. To avoid tedious 
manual segmentation of vessel walls and the myocardium, 
CAD tools may be used to automatically construct walls sur-
rounding intraluminal contrast. These models can then be used 
within the same CAD software to design patient-specific 
instrumentation or to adjust the size of the existent general 
tools and implants. Finally, manipulations of resultant models 
may be performed to optimize the printable model quality 
(wrapping or smoothing), adding or subtracting parts for bet-
ter visualization of relevant pathology (trimming, coloring, 
extruding) and planning for model presentation by adding 
connectors between discrete isolated structures of interest. 
Operations such as Boolean additions and subtractions allow 
model fusion and removal of a three-dimensional, precisely 
defined region of space, respectively. Boolean operations are 
indispensable in the creation and manipulation of additional 
model features superimposed upon the existing models.

CAD tools capable of editing STL files to create any con-
ceivable geometry are available for a widely ranging audi-
ence and at a wide range of price points. These include 
industry-standard tools such as those provided by Materialise, 
as well as a large array of software packages that have been 
approved by the FDA. Recent FDA commentary has clarified 
that approved software is required for the major steps of 
medical modeling intended for clinical use [5, 6]. While free, 
open-source software is available and can be applied to med-
ical images, it should not be used for clinical care, including 
the generation of 3D models designed for patient education 
and patient consent for intervention. Commonly used tech-
niques and approaches to patient-specific 3D printed model 
design and creation will be practically demonstrated in the 
second part of this chapter using as an example the design of 
a ventricular septal defect (VSD) patch.

 Model Fabrication

Model fabrication is the final step of the process. The manu-
facturing process starts with the selection of the appropriate 
materials and printing technologies to address model require-
ments. For example, a model used for education alone can be 
produced with lower-cost materials. Models used for clinical 
practice on the other hand would have to reasonably match 
the flexibility and compliance of a human heart tissue, adhere 
to a quality assurance review, and be sufficiently accurate to 
avoid providing misleading information to the clinician or 
surgeon ultimately responsible for the intervention. The 
choice of a printing technology and material would therefore 
be guided by the application of the resultant models, in the 
context of additional factors, such as material and printer 
cost and the capabilities of the materials, ranging from 
 available colors, sterilization capability, biocompatibility, 
and physical properties of the available materials.
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 Step-by-Step 3D Model Creation 
and Printing Guide

While theoretical discussion of 3D printing using cardiovas-
cular CT images is important, equally important is exposure 
to the specific steps involved in the preparation of a clinically 
usable 3D printed model. Since the majority of time and 
efforts in a 3D printing laboratory will be spent on segmenta-
tion and additional image post-processing, we illustrate the 
key concepts, typical tasks, and the overall software work-
flow with a case previously reported and used for education 
at the 2015 annual meeting of the Radiological Society of 
North America [7]. In this case, the patient in question has a 
double outlet right ventricle (DORV) with a ventricular sep-
tal defect. Illustrated is a patient-specific customized patch 
using segmentation and computer-aided design software. 
The basic steps involved in this work will use common ter-
minology [8] and will be illustrated using Materialise soft-
ware, including inPrint and 3-matic (Materialise Inc., 
Leuven, Belgium).

Segmentation software converts 2D cross-sectional imag-
ing data to high-quality 3D printable models, operating on 
voxel data to generate 3D models represented as meshes, 
typically in STL format, for printing or further manipulation. 
The resultant models can also be optimized for further pro-
cessing in computational analysis, such as in flow dynamics 
for the assessment of computed fractional flow reserve. In 
the final step, setting up model printing will be briefly dis-
cussed in general terms, as 3D printer-specific software that 
enables printing STL files from any 3D CAD application is 
ubiquitous and relatively simple, allowing printing tray 
placement, job cost estimation, and job control.

 Model Preparation

Model preparation should ideally be initiated at the point of 
study protocolling and guided by the specific setting, for 
example, an educational application or preoperative cardio-
vascular intervention. Once a DICOM file containing appro-
priately acquired CT image data is obtained, it is exported in 
a decompressed form from an institutional PACS system for 
further manipulation. DICOM decompression is an essential 
step as specific image compression approaches may not be 
universally compatible with segmentation software. The 
import of uncompressed DICOM data is a simple task in most 
segmentation software solutions and is accessible through a 
simple wizard in the inPrint software (Figs. 66.2 and 66.3).

Additional image data reformatting may be performed at 
the loading step, including image realignment and voxel size 
minimization using the existing voxel data to improve the 
resolution of the models resulting from subsequent segmen-
tation steps.

 Segmentation of the Heart and Great Vessels

Segmentation is the essential next step to separate the rele-
vant cardiac anatomy. Segmentation in the context of cardio-
vascular CT imaging is quite similar to segmentation in the 
established visualization applications and involves the appli-
cation of manual or semi-automated approaches to separate 
the anatomical structure of interest from the background 
anatomy.

In the most basic terms, the two key discriminators of rel-
evant voxels are typically voxel attenuation values and the 
presence of the selected voxels within a specific region of 
space (a specific adjustable bounding box), typically in asso-
ciation with similar voxels (Fig. 66.4).

The segmentation of cardiac anatomy in the case of our 
patient begins with the identification of the intravenous con-
trast bolus and involves setting minimum (310 HU) and 
maximum (3071 HU) Hounsfield unit thresholds to select 
only the voxels that correspond to intravenous contrast 
(Fig. 66.5). This task is termed thresholding and results in 
the selection of voxels that include those corresponding to 
the intravenous contrast. Unfortunately, skeletal structures 
within the bounding box are also selected.

Isolating the desired ROI from the background requires 
the selection of a single voxel in a given ROI by simply 
clicking on the desired anatomy to keep, in this case intralu-
minal contrast, in any of the CT reconstructions (Fig. 66.6).

Since the skeletal structures are irrelevant in this setting, 
we shall remove them using the region growing semi- 
automated algorithm. This algorithm uses a seed point placed 
by the segmenter within the structure of interest to identify 
all the voxels that are contiguous with the voxel at the seed 
point. A typical variation of algorithm includes the ability to 
consider only the 6 possible voxel neighbors connected face- 
to- face or to include all 26 immediate neighbors of a given 
voxel.

The resultant intermediate model is termed a region of 
interest (ROI) or a mask, to reflect the fact that at this point, 
the model is not a 3D printable object but rather a three- 
dimensional collection of voxels that satisfies the three crite-
ria set above. Further manipulations are required to ensure 
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Fig. 66.2 Import wizard in 
the inPrint software. The 
specific series within a study 
can be selected. The 
associated images and 
DICOM annotations can be 
previewed to identify the 
optimal series

Fig. 66.3 Loaded DICOM data within the inPrint software. The seg-
mentation and 3D object manipulation selections are in the top left cor-
ner. The available operations are shown in the left middle panel (here, 
guided segmentation operations including segmentation of the heart 

and bone). The ROIs and parts are listed on the left. The three DICOM 
image data reconstructions are shown on the right, with a window to 
render 3D models on the bottom right, currently empty
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3D printability. The quality of this ROI directly reflects the 
quality of the image acquisition and the adequacy of contrast 
administration. Optimization of image acquisition to reduce 
beam hardening, blooming, and motion artifact, optimize 
contrast dose, and minimize isotropic voxel size is therefore 
crucial in ensuring a relatively accurate and rapid 
segmentation.

In the setting of a study that has not been tailored for 3D 
printing, further segmentation is required, akin to direct pla-
nimetry in 3D visualization. Alternatively, unnecessary ana-
tomic parts may be trimmed manually after the 3D object has 
been generated if a clear separation plane can be identified.

For this example, high-quality acquisition has resulted in 
facile segmentation of the relevant cardiovascular anatomy, 

Fig. 66.4 Incremental refinement of cardiac segmentation. 
Thresholding in a wide bounding box (left) results in a wide region of 
interest, which can be narrowed by decreasing bounding box size (mid-

dle). Inclusion of adjacency criteria with a seed point in cardiac contrast 
segments isolated cardiovascular anatomy (right)

Fig. 66.5 Thresholding 
settings and resultant ROI. 
The bounding box may be 
adjusted by clicking and 
dragging the outline of the 
bounding box on the three 
reconstructions (orange box 
in the top right). Note the 
ventricular septal defect on 
the axial CT image (arrow)
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as defined by intraluminal contrast, and the creation of an 
accurate ROI depicting intraluminal contrast. To enable fur-
ther manipulations, an actionable 3D model needs to be gen-
erated using the ROI outline (Fig. 66.7).

The 3D models defined as a surface composed of trian-
gles, describing a 3D object (as opposed to voxel collections 
in ROI), are termed “parts.” When part creation is complete, 
the ROI list collapses, and the part list is presented in the bot-
tom left. Furthermore, the annotations on the three CT 
images change to denote the outline of the created 3D object 
(Fig. 66.8).

Since this object contains multiple surface imperfections 
and abrupt edges, it may be smoothed using the Smooth tool 
in the Edit Part menu (Fig. 66.9). Special care needs to be 

taken to not smooth the printed part to an extent that erases 
the relevant anatomy or closes relevant cavities within the 
model, by selecting appropriate detail and filling parameters. 
While a smoothed model may be easy to manufacture, han-
dle, and appreciate, physicians have to be cognizant of the 
dangers of excessive smoothing in model interpretation.

The resultant object depicts a smoothed version of intra-
luminal contrast and can be printed directly with or without 
an additional wrapping operation (typically used to further 
smooth model outlines, ensure printability, and fill any thin 
holes). In this scenario, the intraluminal contrast is used 
merely to identify the extent and configuration of the ven-
tricular septal defect in order to design a patient-specific 
patch (Fig. 66.10).

Fig. 66.6 Application of the 
region growing algorithm by 
using the Isolate tool from the 
Edit ROI menu (second on the 
left)

Fig. 66.7 Create Part menu 
(third from left in the top 
row), offering options of 
creating a solid or a hollow 
part. In this case, a solid part 
needs to be created using the 
contrast-containing ROI
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Fig. 66.8 Result of the solid 
part creation operation. Note 
the automatic switch to the 
edit part menu with the 
appearance of appropriate 
options on the top left panel. 
The parts list contains the 
Contrast part. The depiction 
of this part has changed on 
the axial image to describe its 
outer surface, which has been 
smoothed during the part 
creation process. The degree 
of smoothing can typically be 
controlled

Fig. 66.9 Smoothing operation, with minimal detail of 1 mm and option to fill cavities under 1 mm. Using the Contrast object in the selection 
menu (top left), a new part called “Smooth Contrast” will be created
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A reasonable approximation of a septal defect patch could 
be obtained by cutting out the contrast portion that corre-
sponds to the septal defect communication using the Cut tool 
from the Edit Part menu (Fig. 66.11). The resultant model 
would provide an excellent representation of the septal defect 
extent and will allow implant sizing.

More extensive manipulations can be enabled by 
emulating the myocardial and vascular walls, however. 
The same model used for defect patch design may be 
used for further implant and tool sizing or simulating 

minimally invasive procedures. For these applications, 
the simulation of cardiac and vessel walls is indispens-
able. This is enabled by the application of the Hollow 
tool from the Edit Part menu. This tool creates a hollow 
model that completely envelops an existing model (intra-
luminal contrast), providing a reasonable simulation of 
the walls surrounding the intraluminal contrast 
(Fig. 66.12).

Since the defect patch needs to be created from the inside, 
an approach needs to be made to visualize the defect. This 

Fig. 66.10 Smoothed 
contrast model, from the 
cardiac apex (left) and from 
the inferior view (right) 
demonstrating the contrast 
bridge between the left and 
right ventricles, 
corresponding to the 
ventricular septal defect 
(arrow)

Fig. 66.11 Using the Cut 
tool from the Edit Part menu 
on the intraluminal contrast 
model will result in isolation 
of the contrast that occupies 
the septal defect
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Fig. 66.12 Hollow operation menu allowing the creation of a new part called “Contrast Walls” (left) by growing existing model outward, by 
1.5 mm in this case. Note that the new part is larger and smoother than the previously shown smoothed contrast model

Fig. 66.13 Intermediate step in the application of the Cut tool from the 
Edit Part menu. Note that in the selected model, “Contrast Walls” has 
been visualized using the bottom view (accessible from the View 

menu), and points were selected at the apex and just outside both atria. 
By removing the outer area (dashed), the septal defect is exposed
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can be achieved by resecting the outer cardiac walls using 
the Cut tool (Fig.  66.13). The resultant model lacks ven-
tricular sidewalls, thus exposing the septal defect 
(Fig. 66.14).

Segmentation concludes with the creation of a model 
depicting the relevant anatomy. Further manipulations to cre-
ate a medical device de novo are the domain of computer- 
aided design (CAD), which is carried out in the 3-matic 
software. To bring the model to the 3-matic software, the 
model can be exported using the Export tool from the Prepare 
Print menu as an STL file (Fig. 66.15).

This model can be imported into the 3-matic software 
using the built-in import wizard (Fig. 66.16). As the 3-matic 
software is loaded, you will note that the 3-matic window 
contains the menus and tabs on the top, the Scene Tree with 
all 3D objects and their components in a hierarchical distri-
bution on the top right, the operations tab to set all relevant 
operation parameters at the bottom right, and process logger 
on the bottom.

The next step is to design the patch. This will be done 
in three steps. First, a curve will be drawn to create the 
outer outline of the septal defect patch ensuring ade-
quate defect coverage is provided (Fig.  66.17). This 
curve may be partially drawn and the Close Curve algo-
rithm may be used to approximate the ends of the curve 
(Fig. 66.18).

The next step in patch creation is the conversion of the 
newly created curve to a surface. For this, the curve is first 

Fig. 66.14 The septal defect is visualized following the cut operation (left). Multiple floating loose model fragments are removed by using the 
Isolate tool from the Edit Part menu and selecting the model to keep (green, middle), resulting in a clean simulation of the ventricular septal defect

Fig. 66.15 Export model dialogue. The Contrast Walls model is being 
exported to the C:\ directory, in a 1:1 scale and as an STL file, presently 
the most widespread file format for 3D printing
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Fig. 66.16 Importing the 
heart simulation using the 
Import Part wizard

Fig. 66.17 Creating the curve describing the defect patch from the 
Curve > Create Curve operation. A smooth curve is created, with attract 
curve option selected to attract the curve to the surface on which it is 

drawn, avoiding free-hanging edges and creating good approximation 
with the simulated wall. Note that the curve is incomplete here and can 
be closed automatically
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Fig. 66.18 Closing the curve using the Curve > Close Curve operation. Please note the selection of the curve named “Curve” from the Scene Tree 
object hierarchy at the top right. Once the Apply button is pressed, the curve closing operation is complete (left)

Fig. 66.19 Setup and result 
of the Fill Hole Freeform 
operation. Note that the curve 
from the new part which was 
renamed to “Patch” in the 
Scene Tree (not shown) is 
selected in the Entities list

separated into a new part (right click the curve in the Scene 
Tree, Separate > Move to Part > Create New), followed by 
the application of the Fill Hole Freeform operation to create 
a surface that describes a single plane of the patch 
(Fig. 66.19).

The final step in patch creation is the addition of thickness 
to the resultant abstract plane. This is achieved using the 
Uniform Offset operation, which creates a predefined offset 
based on a provided surface to generate a three-dimensional 
object that can be printed (Fig. 66.20).
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The septal defect patch is now ready to be printed. It may 
be exported from 3-matic using the File > Export operation, 
in a process identical to that demonstrated for the cardiac 
wall simulation model. The resultant STL may then be 
printed after loading it in any of a wide range of printer- 
specific software solutions, arranging the object on the 
printer tray, selecting print materials, and finally submitting 
the job to the printer.

 Summary

The collective term 3D visualization refers to all image 
post- processing commonly used in current medical imag-
ing, including cardiac CT.  These include multi-planar 
reformatted images, maximum intensity projections, and 
volume rendering. All of these currently used manipula-
tions use DICOM images to render volumetric data on a 
2D computer screen. 3D printing represents a paradigm 
shift in representing imaging data, using novel formats to 
define the surface of a 3D shape by approximating it as a 
collection of triangles. These files can be modified and 
printed using a variety of  technologies for medical diagno-
sis, preprocedure planning, device creation, and 
education.
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Future Technological Advances 
in Cardiac CT

Thomas G. Flohr, Thomas Allmendinger, Herbert Bruder, 
Chris Schwemmer, Steffen Kappler, 
and Bernhard Schmidt

 Challenges in Cardiac CT

Imaging of the heart with computed tomography (CT) is 
technically demanding. It is fair to say that the technological 
advancement of CT during the past 15 years has been mainly 
driven by the ongoing refinement of cardiac CT.

Adequate visualization of the moving anatomy of the 
heart and the coronary arteries requires a short “exposure 
time” per image – technically speaking the CT scanner has to 
provide high temporal resolution. The coronary arteries have 
diameters of only few millimeters, and plaque and stenosis 
need to be reliably and at best quantitatively evaluated. 
Therefore, excellent spatial resolution is needed in addition.

Synchronization of data acquisition with the patient’s 
electrocardiogram (ECG) is a prerequisite to image the heart 
in a phase-consistent way – e. g., in the diastolic rest phase or 
the end-systolic phase at higher heart rates. Finally, the radi-
ation exposure to the patient has to be as low as reasonably 
achievable. A summary of challenges in cardiac CT and 
recent developments may also be found in [1].

 Temporal Resolution

In ECG-controlled CT examinations of the heart, dedicated 
image reconstruction approaches using only the very mini-
mum of scan data are used to minimize the “exposure time” 
per image and to optimize temporal resolution. The mini-
mum amount of scan data for image reconstruction in the 
entire scan field of view (SFOV) is a partial scan, comprising 
an angular range of 180° of fan-beam data (half a gantry 
rotation) plus the total fan angle of the detector (~50° for a 

typical SFOV of 50 cm) plus a transition angle for smooth 
data weighting, in total 240–260° of fan-beam data. This cor-
responds to a temporal resolution of about 2/3 of the CT 
scanner’s gantry rotation time. In the center of the CT gantry, 
where the heart is typically located, 180° of scan data (a half- 
scan segment) plus the transition angle are sufficient for 
image reconstruction. In refined image reconstruction 
approaches for cardiac CT, only the very minimum of scan 
data needed to reconstruct that pixel is used for every image 
pixel. Therefore, close to the isocenter, the temporal resolu-
tion is about half the gantry rotation time of the respective 
CT system [2].

During the past 15  years, technical developments have 
aimed at improving the temporal resolution of CT scanners 
to make cardiac CT more robust in clinical practice and 
applicable to a wider range of patients.

The most straightforward approach to reduce the “expo-
sure time” per image is faster gantry rotation. Gantry rotation 
times dropped from 0.5 s with the first generation of four- 
slice CT systems (resulting in a temporal resolution of 
250 ms close to the isocenter) to 0.25 s with the latest genera-
tion of multi-detector row CT (MDCT) systems (correspond-
ing to 125  ms temporal resolution). With state-of-the-art 
MDCT, robust visualization of the coronary arteries can be 
achieved in clinical routine at moderate and reasonably regu-
lar heart rates but is still challenging in patients with high 
and irregular heart rates. Larger variability of the heart rate is 
known to negatively affect the image quality of coronary CT 
angiography (CTA) [3]. Therefore, the administration of 
beta-blockers is frequently recommended to lower and stabi-
lize the patients’ heart rates.

Even faster gantry rotation to further improve temporal 
resolution is technically demanding because of significant 
gravitational forces which are challenging in particular for 
the x-ray tube design. Rotation times of less than 0.2  s, 
needed to achieve a temporal resolution better than 100 ms, 
appear to be beyond today’s mechanical limits. As an addi-
tional challenge, the more the gantry rotation time is 
decreased, the more the x-ray tube power has to be increased 
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to maintain adequate contrast-to-noise ratio (CNR) in images 
with shorter exposure time. As a consequence, extrapolating 
from the power reserves of today’s MDCT systems about 
150 kW tube power would be needed for adequate CNR in 
the desired sub-mm images at rotation times of less than 
0.2  s. Again, the required power densities in a small focal 
spot on the anode plate appear to be beyond today’s technical 
limits.

An alternative approach to improve temporal resolution 
of mechanical CT systems is the dual-source principle. Dual- 
source CT (DSCT) systems are equipped with two x-ray 
tubes and two corresponding detectors offset by about 90° 
[4] (Fig. 67.1). Since 2005, three generations of DSCT sys-
tems have been commercially introduced. Enabled by simul-
taneous data acquisition of both measurement systems, 
DSCT scanners provide a temporal resolution close to a 
quarter of the gantry rotation time [5] – 83 ms for the first- 
generation DSCT, 75 ms for the second-generation DSCT, 
and 66 ms for the third-generation DSCT. Meanwhile, clini-
cal studies have demonstrated the potential of DSCT for 
clinically robust coronary CTA examinations with little or no 
dependence of the diagnostic performance on the patient’s 
heart rate [6–9]. In a meta-analysis of 33 studies published 
between 2006 and 2011 which compared the diagnostic 
accuracy of first- and second-generation DSCT coronary 
angiography for the detection of >50% stenosis with invasive 
catheter angiography as a reference standard [10], the authors 
found a pooled sensitivity of 98% and a pooled specificity of 

88% on a per-patient basis, with no significant differences in 
sensitivity or specificity in the subgroup of studies with and 
without heart rate control. The median radiation dose, how-
ever, was smaller in the studies with heart rate control 
(1.6  mSv) than in the studies without heart rate control 
(8 mSv).

CT scanner designs with more than two x-ray tubes  – 
detector pairs [11], combined with refined approaches to 
improve temporal resolution even further by decoupling of 
the source rotation from the detector rotation – appear to be 
mechanically too complex for a practical realization. An 
experimental CT design, referred to as “multisource interior 
tomography” [12], has not left the concept stage so far. 
Multisource interior tomography intends to enable ultrafast 
imaging by only irradiating a small region of interest, such as 
the heart, with narrow x-ray beams defined by many source – 
detector pairs surrounding the patient (Fig.  67.2). Images 
covering this region of interest can then be reconstructed 
using the interior tomography approach. Again, the practical 
realization of the proposed setup seems to be extremely chal-
lenging, and the clinical field of application of such systems 
would be very limited.

Yet another attempt to improve temporal resolution is the 
design of nonmechanical CT systems without mechanically 
rotating gantry ring. Already in 1984, an electron beam CT 
(EBCT) was introduced as a noninvasive imaging modality 
for the diagnosis of coronary artery disease [13, 14]. It 
 consisted of a stationary x-ray tube and a stationary detector 

Fig. 67.1 DSCT with two 
independent measurement 
systems at an angle of 90° 
(first generation) or 95° 
(second and third generation)
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ring. An electron beam was emitted from a powerful electron 
gun and magnetically deflected to hit a semicircular anode 
surrounding the patient, thus generating an x-ray source that 
virtually rotated around the patient. Given the absence of 
mechanically moving parts, a sweep is needed as little as 
50 ms. However, because of inherent disadvantages such as 
excessive scattered radiation as a consequence of missing 
anti-scatter grids or lack of sufficient tube power and there-
fore suboptimal CNR in the images, EBCT systems never 
made their way into clinical routine, and the EBCT principle 
has been abandoned by now.

Unfortunately, no other convincing concept for a nonme-
chanical CT design has been proposed so far, and a clinical 
introduction of such systems in the near future appears 
unlikely.

From the very beginning of cardiac CT, approaches to 
reduce the exposure time per image by mechanical advance-
ments such as faster gantry rotation times, and design 
changes such as dual-source CT, went hand in hand with 
attempts to improve temporal resolution by algorithmic 
approaches. Multi-segment reconstruction, the combination 
of small scan data segments from multiple consecutive heart-
beats to build up the half-scan data segment needed for image 
reconstruction while reducing the data acquisition window 
per heart cycle, was introduced in the first years of cardiac 
CT but is meanwhile only rarely used in clinical practice. It 
can only improve image quality at higher heart rates when 
the heart rate is regular, and it results in increased radiation 
dose (see, e.g., [15], who found an average radiation dose of 
4.8 mSv for a 1-beat scan and 7.8 mSv for a 2-beat scan in 
the CORE320 trial).

Algorithmic approaches to achieve improved “virtual” 
temporal resolution in the CT images beyond the mechanical 
limits of the respective CT system have been proposed 

recently [16–21]. In essence two different strategies are pur-
sued. One attempt is based on using less scan data than theo-
retically needed for image reconstruction (i.e., less than a 
half-scan interval at the scanner’s isocenter), thereby short-
ening the exposure time per image. Pertinent examples are 
TRI-PICCS [16] or TRIM [17]. The image artifacts caused 
by the insufficient scan data range need to be corrected for, 
e.g., by using a prior image based on a partial scan in an 
iterative image reconstruction approach and image regular-
ization terms that enforce image smoothness (as in TRI- 
PICCS) or positivity (as in TRIM). The quantification of the 
actual temporal resolution of these algorithms is difficult. 
Latest results suggest small improvements [22, 23].

Another attempt is based on estimating the motion of the 
coronary arteries and compensating for it during image 
reconstruction. Pertinent algorithms incorporate a motion 
model into iterative reconstruction algorithms or approxi-
mate analytic reconstruction algorithms (see, e.g., [19, 24]). 
The unknown motion of the coronary arteries during the CT 
scan has to be estimated by suitable algorithms – this turns 
out to be a challenging problem. Most recent attempts aim at 
obtaining a motion model of the coronary arteries by mini-
mizing a cost function such as the image entropy [20]. 
Figure  67.3 shows an example of the performance of a 
recently developed motion correction approach [25].

While algorithmic approaches to improve temporal reso-
lution in cardiac CT beyond the mechanical system limits 
appear conceptually appealing, the proposed algorithms are 
still missing validation in large clinical studies. One approach 
(“Snapshot Freeze,” GE Healthcare, Waukesha, USA) has 
meanwhile been evaluated in several smaller studies. In a 
study with 120 patients [26], improved image quality and 
coronary assessability were found in patients with higher 
heart rate and heart rate variability. In another study [27] 

Fig. 67.2 Proposed setup for 
a multisource interior 
tomography system
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motion correction reduced the presence of motion artifacts 
and improved image quality, but did not influence the diag-
nostic utility – it did not reduce the percentage of nondiag-
nostic images. In a randomized trial with 64 patients 
receiving beta-blockers and 51 patients without heart rate 
control, motion correction improved image quality and 
reduced motion artifacts, but could not compensate for the 
absence of beta-blockers [28]. Therefore, larger studies are 
still needed to assess the clinical performance of current 
motion correction algorithms, and it is currently not possible 
to decide on the clinical robustness of motion correction and 
on its potential to reliably improve temporal resolution in 
cardiac CT.

 Spatial Resolution

The spatial resolution of a CT system is limited by the size of 
the individual detector pixels and by the size of the focal 
spot. With typically 700–900 detector pixels per detector row 
covering a SFOV of usually 500  mm in diameter, the in- 
plane sampling distance in a modern CT system is about 
0.28–0.36  mm at isocenter. By using techniques such as 
quarter detector offset or flying focal spot to double the in- 
plane sampling density, a maximum spatial resolution of 

about 14–18  lp/cm can be achieved. In practice, to avoid 
excessive image noise and streak artifacts at high-contrast 
structures, in-plane spatial resolution is reduced by smooth-
ing convolution kernels. Typically, about 0.4–0.5  mm in- 
plane resolution, corresponding to 10–12  lp/cm, is not 
exceeded in coronary CTA.

Spatial resolution is not only important in the image plane 
but also perpendicular to it – then it is called through-plane 
spatial resolution. Through-plane spatial resolution is mainly 
determined by the slice width of the reconstructed images 
and by the image increment. State-of-the-art ECG-controlled 
scanning of the heart with 64 or more slices with 0.5 mm, 
0.6 mm, or 0.625 mm collimated slice width and overlapping 
image reconstruction may result in 0.35–0.5  mm through- 
plane resolution and hence in nearly isotropic sub-millimeter 
resolution to visualize the coronary arteries. Figure  67.4 
illustrates the progress in spatial and temporal resolution 
from 4-slice CT to 64-slice CT and newer CT systems.

Yet, scanning of patients with severe coronary calcifica-
tions remains a challenge because of Ca blooming: partial 
volume artifacts as a consequence of still insufficient spatial 
resolution make calcifications appear bigger as they are. This 
prevents reliable assessment of the coronary lumen and leads 
to overestimation of coronary artery stenosis. In a  multicenter 
coronary CTA trial [29], the presence of coronary calcifica-

a b

Fig. 67.3 Example for a coronary CTA image of a patient with a stent 
in the right coronary artery (RCA), heart rate 72 bpm, systolic recon-
struction at 30% of the RR-interval, and temporal resolution 143 ms, 

without (a) and with motion correction based on a minimization of the 
image entropy in partial angle reconstructions (b). (See Ref. [25])
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tions with an Agatston score >1000 was the most relevant 
independent predictor of uninterpretable coronary segments, 
followed by a heart rate >80  bpm and a body mass index 
>40  kg/m2. Furthermore, the limited ability of today’s CT 
scanners to reliably and unambiguously characterize plaque 
composition (e.g., to distinguish lipid-rich and fibrous 
plaques) is mainly a result of insufficient spatial resolution. 
Assessments of stent patency and in-stent restenosis are 
related problems. Previous studies have demonstrated that 
image quality strongly depends on the material of the stents 

and on the CT equipment. Maintz et al. [30, 31] found an 
average lumen visibility of 50–59% for the majority of com-
monly used 2.5–4 mm coronary stents in a phantom experi-
ment carried out on 64-slice CT and first-generation DSCT, 
with extreme values of 3.3% for a tantalum stent and 90% for 
a magnesium stent. In a meta-analysis of 9 studies performed 
with 64-slice CT [32], the authors concluded that still a rela-
tively large proportion of coronary stents remains uninter-
pretable. Accordingly, only in selected patients, 64-slice CT 

a

b

c

Fig. 67.4 Typical coronary 
CTA examinations with (a) a 
4-slice CT scanner (temporal 
resolution 250 ms, spatial 
resolution about 
0.6 × 0.6 × 1 mm3), (b) a 
64-slice CT scanner (temporal 
resolution 165 ms, spatial 
resolution about 
0.5 × 0.5 × 0.4 mm3), and (c) 
a second-generation 
dual-source CT (temporal 
resolution 75 ms, spatial 
resolution about 
0.4 × 0.4 × 0.4 mm3). The 
improvement of detail 
visualization thanks to better 
temporal and spatial 
resolution is obvious
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may serve as a potential alternative noninvasive method to 
rule out in-stent restenosis.

Recent technical progress has resulted in improved spatial 
resolution in cardiac imaging to potentially overcome some 
of the challenges of scanning patients with coronary calcifi-
cations, plaque, and stents. The use of dedicated high- 
definition (HD) scan modes, aimed at improving both the 
angular and the in-plane sampling density, for the evaluation 
of 25 coronary stents resulted in significantly lower in-stent 
luminal attenuation. The mean measured in-stent luminal 
diameter was significantly larger [33]. Improved in-stent 
lumen assessment could be demonstrated with third- 
generation DSCT [34], mainly as a result of smaller detector 
pixels, smaller focal spot sizes, and refined iterative recon-
struction approaches. Two previously evaluated stents [30, 
31] presented a significantly improved in-stent lumen visibil-
ity of up to 76% and 83%, respectively, compared to visible 
diameters of 52% and 56.7% when using older CT equip-
ment (Fig. 67.5).

However, significant further improvements of spatial 
resolution with today’s CT scanner technology are unlikely. 
The detector pixels of today’s medical MDCT systems can-
not be made much smaller to further increase spatial resolu-
tion. State-of-the-art CT detectors are based on scintillating 
ceramic materials that convert the x-rays into visible light. 
Optically reflecting material has to be inserted between the 
individual detector pixels to prevent optical cross talk from 
one pixel to the next to avoid a degradation of spatial resolu-

tion. X-ray quanta that hit these separation zones between 
the detector pixels do not contribute to signal generation in 
the detector. The relative area of these “dead zones” would 
increase significantly for further reduced dimensions of the 
detector pixels, thereby reducing the radiation dose effi-
ciency of the detector to unacceptably low values 
(Fig. 67.6a).

There is, however, light on the horizon. Photon-counting 
detectors are a promising technology for future CT sys-
tems [35, 36]. They do not require optically in-transparent 
layers between the individual detector pixels, which – as a 
consequence – can be made much smaller than the detector 
pixels of today’s scintillation detectors (Fig. 67.6b). Small 
detector sizes are also needed to mitigate physical effects 
such as pulse pileup; see section “New CT Concepts”. 
Therefore, CT systems with photon-counting detectors 
hold promise of potentially providing improved spatial 
resolution  – at least theoretically up to a level of 0.2–
0.25 mm comparable with catheter angiography. Increased 
spatial resolution, however, goes hand in hand with 
increased image noise. Consequently, to maintain adequate 
CNR in the images, significantly increased radiation dose 
is needed. This may be justified for detail examination of 
plaques or evaluation of in-stent patency but problematic 
for routine cardiac scanning. From a technical perspective, 
the required high power reserves to maintain adequate 
CNR in high-resolution images are a challenge for the 
x-ray tube design.

 Radiation Dose

As a consequence of the ongoing discussion of radiation 
exposure by CT both in the public and in the scientific litera-
ture, the advancement of techniques to reduce radiation dose 
in cardiac CT examinations has been a key topic for CT man-
ufacturers during the last years.

Radiation exposure of coronary CTA is significantly 
influenced by the choice of the scan technique. Prospectively 
ECG-triggered axial scanning has been proven to result in 
significantly less radiation dose to the patient than retrospec-
tively ECG-gated spiral scanning. The pooled effective dose 
in a meta-analysis of 20 coronary CTA studies was 3.5 mSv 
with prospective triggering and 12.3 mSv with retrospective 
gating [37]. A further reduction in radiation exposure to val-
ues below 1  mSv was demonstrated with ECG-triggered 
DSCT high-pitch spiral scanning [38–41]. However, this 
technique is limited to patients with low to moderate regular 
heart rates. Another very efficient technique to lower radia-
tion exposure is the use of low-kV protocols, i.e., scan proto-
cols relying on 70–100 kV x-ray tube voltage instead of the 
“standard” 120 kV setting. Because of the increased iodine 
contrast at lower kV, the CNR in contrast-enhanced images 

Fig. 67.5 3 mm stent in a contrast-filled tube, scanned on a 64-slice 
CT system (left) and on a third-generation DSCT system (right) in an 
ECG-triggered routine scan mode, applying the highest available spa-
tial resolution in that scan mode. (Courtesy of T.  Gassenmaier, 
University of Würzburg, Germany)
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increases at low kV if the radiation dose is kept constant 
[42]. Vice versa, lower radiation dose is sufficient to  maintain 
adequate CNR. Recent progress in x-ray tube design has led 
to the introduction of CT systems capable of providing high 
power reserves at low x-ray tube voltages of 70–100 kV. These 
systems have the potential to enable coronary CTA at low kV 
even in obese patients without compromising CNR and thus 
reduce radiation dose by 49–68% [43].

To further reduce radiation dose in non-contrast-enhanced 
CT scans of the heart, e.g., for the detection and quantifica-
tion of coronary calcifications (“Ca-scoring”), spectral shap-
ing has been proposed [44, 45]. Tin pre-filtration of the x-ray 
beam at 100  kV (Sn100  kV) removes unnecessary low- 
energy quanta and results in a mean x-ray energy similar to 
the 120 kV spectrum that is typically used for Ca-scoring. 
Although the Agatston scores were systematically lower 
with Sn 100 kV than with 120 kV in a study with 70 patients 
[45], the comparison of Agatston score categories and 
percentile- based cardiac risk categories showed excellent 
agreement. Effective radiation dose was significantly lower 
at Sn 100  kV than at 120  kV (0.19  mSv vs 0.82  mSv). 
Currently, new approaches are being investigated to enable 
Ca-scoring at other kV settings than 120 kV to reduce radia-
tion dose while maintaining the Agatston score. They rely on 
dedicated beam-hardening corrections to correct the CT 
number of calcifications to their values at 120 kV.

As an add-on to the dose reduction approaches described 
so far, iterative image reconstruction has found its way into 
routine cardiac CT scanning. In an iterative reconstruction, 
a correction loop is introduced into the image reconstruction 
process [46]. While the technical realization is highly 
vendor- specific, all approaches aim at including the statisti-
cal properties of the acquired measurement data into the 
image reconstruction process in a more optimal way than 
traditional filtered back projection. As a result, they main-
tain or even improve high-contrast resolution and reduce 
image noise in low-contrast areas, which is the prerequisite 
for a potential radiation dose reduction. In particular, when 
combined with other dose-efficient scan techniques, such as 
ECG-triggered sequential scanning, ECG-triggered high- 
pitch scanning, and low-kV data acquisition, iterative recon-
struction may enable coronary CTA at very low radiation 
dose levels [39, 47–49]. Figure 67.7 shows a representative 
clinical example for a coronary CTA acquired at very low 
radiation dose by combining several dose reduction 
technologies.

Currently, alternative image reconstruction approaches 
relying on machine learning and dictionary-based image rep-
resentation are being evaluated [50, 51]. In a nutshell, these 
approaches decompose a low-dose image into small overlap-
ping image segments and attempt to represent each of these 
segments by a weighted combination of image primitives 
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Fig. 67.6 Schematic drawing of 
a conventional solid-state 
scintillation detector (a) used in 
all commercially available 
medical CT systems. The x-rays 
are absorbed and converted into 
visible light which is then 
detected by photodiodes attached 
to the backside of the detector 
pixels. The detector pixels cannot 
be made much smaller than today 
because optically in-transparent 
separation layers (based on TiO2) 
between them are needed to 
prevent optical cross talk. In 
novel photon-counting detectors, 
(b) the individual detector pixels 
are defined by a strong electric 
field between cathode and 
pixelated anodes. The absorbed 
x-ray quanta directly produce 
electron-hole pairs which induce 
fast current pulses. No optical 
separation layers between the 
detector pixels are necessary. 
Therefore, the detector pixels can 
be made smaller to improve 
spatial resolution
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from a high-dose dictionary, thereby de-noising the original 
low-dose image. The performance of such algorithms and 
their potential to allow for reduced radiation dose in cardiac 
CT examinations even below the levels of “traditional” itera-
tive image reconstruction approaches will still have to be 
evaluated.

To sum up, we will probably see moderate further 
improvements in the already very efficient approaches to 
reduce radiation dose in cardiac CT, but another break-
through cannot be expected. By adequate combination of the 
available dose reduction techniques, CT scans of the heart 
can be performed at very low radiation dose levels. This may 
open the potential to allow for scan protocols with somewhat 
higher radiation exposure in selected diagnostic situations, 
when, e.g., high spatial resolution or spectral information is 
needed to better characterize plaques in the coronary 
arteries.

 New CT Concepts

 Phase-Contrast CT

Medical CT is based on measuring and displaying the local 
x-ray attenuation coefficients in a slice of the patient. Phase- 
contrast CT is an alternative CT technique that does not 
measure the x-ray absorption but the phase shift of the 
x-rays by the measurement object. The phase-contrast CT 
images show the local x-ray phase shift coefficients on a 
gray scale. Phase-contrast imaging has recently gained con-
siderable attention in the scientific literature as a new 
method with potential applications in medical imaging, in 
particular after its successful implementation using compact 
low-brilliance x-ray sources that are standard components 
of medical x-ray systems or CT systems [52]. For typical 
x-ray energies used in CT, the phase shift coefficients of 

 relevant body materials, such as water, are three orders of 
magnitude larger than the attenuation coefficients. This sug-
gests that phase-contrast CT should be much more sensitive 
than absorption CT and allow for significantly reduced radi-
ation dose to the patient.

Unfortunately, this advantage can only be utilized at very 
high spatial resolution [53], and spectacular results demon-
strating the potential of phase-contrast CT have so far been 
limited to small specimen scanned at very high spatial reso-
lution; see the excised coronary artery in Fig. 67.8 [54].

At the resolution level of today’s medical CT, the relative 
performance of phase-contrast CT is inferior to absorption 
CT. Increasing the resolution to a level at which the relative 
performance of phase-contrast CT is better than that of 
absorption CT would require substantially increased radia-
tion dose to maintain adequate CNR in the images. Therefore, 
as of today, phase-contrast imaging is not an option for medi-
cal CT because of the predicted excessive radiation dose 
requirements. The root cause of the disappointing dose per-
formance is the bad spatial coherence of today’s low- 
brilliance x-ray sources [53]. Should new, compact x-ray 
tube designs with much better spatial coherence, providing 
high x-ray photon flux from an extremely small focal spot, 
become available the concept of phase-contrast CT is worth 
revisiting.

 CT Systems with Photon-Counting Detectors

Solid-state scintillation detectors used in today’s medical 
CT systems are a very mature technology. The two-step 
detection process, however, based on first converting the 
x-rays into visible light and then the light into an electrical 
current (Fig. 67.6a), has certain disadvantages. Solid-state 
scintillation detectors do not provide energy-resolved sig-
nals. As a consequence of the detection process, low-energy 
x-ray quanta that carry most of the low-contrast informa-
tion of the object are down-weighted in the signal. This 
results in a nonoptimal CNR of the CT images in particular 
in contrast- enhanced CT scans. Furthermore, the spatial 
resolution of solid-state scintillation detectors is limited by 
their pixel size, which cannot be made much smaller than 
today.

Another type of detector that is currently being investi-
gated directly converts the absorbed x-rays into electrical 
signals (Fig. 67.6b). The photon-counting detector is based 
on a semiconductor such as cadmium telluride (CdTe) or 
cadmium-zinc-telluride (CZT). A review of photon-counting 
detectors in medical x-ray imaging is available in [35, 36]. 
The absorbed x-rays directly induce short current pulses that 
are individually counted as soon as they exceed a threshold 
(Fig.  67.9). The pulse height is proportional to the x-ray 
energy – a photon-counting detector can therefore provide 

Fig. 67.7  Example of a coronary CTA examination in a patient with a 
heart rate of 64 bpm, acquired at very low radiation dose of 0.21 mSv 
by combining several dose reduction technologies: low-kV imaging at 
70 kV, ECG-triggered high-pitch spiral scanning and iterative recon-
struction. (Courtesy of Mannheim University, Germany)
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energy-resolved signals. The individual detector pixels are 
defined by the high electric field between common cathode 
and pixelated anodes (Fig.  67.6b) – in contrast to conven-
tional scintillation detectors, no additional separation layers 

between the pixels are necessary. Therefore, the detector pix-
els can be made much smaller to improve spatial resolution.

The missing down-weighting of low-energy x-ray quanta 
has the potential to improve the CNR of the images, in par-
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Fig. 67.8 Phase-contrast CT scan of a left anterior descending coro-
nary artery (A and B) with corresponding histopathology (E). The ves-
sel (arrow) is shown with surrounding epicardial fat (arrowhead) and 
myocardial muscle (chevron). The left main coronary artery (B1 and 
E1) shows mild intimal thickening. The proximal LAD (B2 and E2) 

shows a large eccentric plaque with fibrosis, lipid, and calcifications 
causing high-grade stenosis. In the distal LAD, a calcified lesion can be 
found (B3 and E3). (Modified from Hetterich et  al. [54], with 
permission)
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ticular in CT scans using iodinated contrast agent. In addi-
tion, different energy thresholds for energy discrimination 
may be introduced. The detector can then simultaneously 
provide CT raw data in different “energy bins” for spectrally 

resolved measurements, as illustrated in Figs.  67.9 and 
67.10.

By implementing two energy bins for data readout, 
photon- counting detectors can provide dual-energy infor-
mation comparable to today’s dual-energy (DE) CT 
approaches. Using more than two energy bins opens the 
potential of refined spectral analysis, e.g., K-edge imaging 
for material separation of three materials, with one of them 
having a K-edge in the accessible energy range of about 
40–90  keV.  In this way, different contrast agents such as 
iodine and gadolinium could be separated in the same scan 
[56, 57].

Another potential application pertinent to cardiac CT is 
the detection of gold- and iron-based high-density lipoprotein 
nanoparticle contrast agents that are claimed to attach to mac-
rophages accumulating in atherosclerotic plaques in the coro-
nary arteries. Spectral CT could then provide information 
about the macrophage content of plaques, with a high macro-
phage content associated with an elevated risk of plaque rup-
ture [58]. So far, however, feasibility has only been 
demonstrated in small animal models, and the translation to 
human imaging is not straightforward, e.g., with regard to the 
very high amount of contrast agent that would have to be 
administered.

The spectral separation of a real CdTe- or CZT-based 
device is reduced by undesired but unavoidable physical 
effects, such as signal splitting at pixel borders (“charge shar-
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Fig. 67.9 The fast signal pulses at the anode are counted as soon as 
they exceed a threshold. The pulse height is proportional to the x-ray 
energy. By introducing more than one threshold (here, four energy 
thresholds are indicated), the detector provides spectral CT data. In this 
example, five x-ray quanta with an energy >25 keV are detected (blue 
arrows). Four of them are also detected in the energy band >50 keV 
(green arrows), but only three exceed a threshold of 75 keV (red arrows) 
and only two the upper threshold of 90 keV (black arrows)

Energy Bin = 25-140 keV Energy Bin = 75-140 keV

Energy Bin = 50-140 keV Energy Bin = 90-140 keV

Fig. 67.10 Clinical example of a contrast-enhanced CT scan of the 
kidney in a 71-year-old woman, acquired on a preclinical photon- 
counting CT scanner at the NIH, Bethesda, USA (see also Ref. [55]). 
The detector provides four energy bins in a chess-pattern mode ([25–
140  keV], [50–140  keV], [75–140  keV], [90–140  keV]); the corre-

sponding images are shown (see also Fig. 67.9). As expected, iodine 
contrast decreases with increasing lower energy of the bin, and image 
noise increases because less x-ray quanta are used for image 
reconstruction
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ing”) or energy loss of the x-ray quanta due to K-escape, 
whereby the K-edges of the detector material lead to preferen-
tial absorption of some photon energies and the corresponding 
release of characteristic x-rays at lower energies within the 
detector itself. These mechanisms lead to a double counting of 
x-ray quanta at the wrong energies and therefore to a reduction 
of spectral separation. For a realistic detector model, the 
energy discrimination potential is probably equivalent to that 
of a dual-kV scan with optimized pre-filtration [59].

A main limitation of photon-counting detectors today is 
the finite pulse width of the detected x-ray pulses with a full 
width at half maximum (FWHM) of 10 ns and more. This 
leads to pulse pileup at high x-ray flux rates: overlapping 
low-energy pulses may be incorrectly registered as high- 
energy hits, and several overlapping pulses may be counted 
as one hit only [60]. To reduce pulse pileup, the pixels of the 
detector need to be small: they are divided into sub-pixels of, 
e.g., 0.25 × 0.25 mm2 [59]. Another problem is count-rate 
drift at higher x-ray fluxes caused by nonhomogeneously 
distributed crystal defects in the sensor material. This may 
lead to severe ring artifacts in the images at higher flux rates.

Photon-counting detectors are a very promising new 
development in CT, yet the problems of pulse pileup and 
count-rate drift will have to be solved before these devices 
can be introduced into clinical CT systems. Currently, pre-
clinical prototypes are used to evaluate the potential and limi-

tations of photon-counting CT in clinical practice and to solve 
the remaining challenges for routine clinical use. A preclini-
cal hybrid CT scanner based on a dual-source CT geometry 
with a conventional energy-integrating scintillation detector 
and a photon-counting CdTe detector was presented in 2012 
[61]. Meanwhile, the performance of the hybrid CT scanner 
has been evaluated [62, 63]. In an IRB- approved patient study 
with 15 asymptomatic volunteers [55], the non-inferiority of 
this photon-counting device compared with standard CT has 
been demonstrated for abdominal imaging. Figure  67.11 
illustrates the level of spatial resolution that can be achieved 
with the preclinical photon- counting CT scanner. Its mean-
ingful clinical use, however, depends on the availability of 
sufficient radiation dose reserves and the acceptance of 
increased radiation dose to the patient.

In a nutshell, CT systems with photon-counting detector 
have the potential to provide spectral information not as an 
add-on but as an integral part of each scan. In combination 
with increased spatial resolution, new possibilities for the 
evaluation of coronary plaques or in-stent restenosis may be 
opened. The CNR in contrast-enhanced scans will be 
improved, leading to a potential reduction of radiation dose 
and/or contrast dose.

Fig. 67.11 Coronary artery phantom with stent scanned with a conventional high-end CT scanner (left) and with a preclinical photon-counting 
CT scanner in a high-resolution scan mode (right). Note the significantly increased spatial resolution

67 Future Technological Advances in Cardiac CT



884

 New Approaches Enhancing the Application 
Spectrum of Cardiac CT

Coronary CTA has meanwhile been established as a nonin-
vasive alternative to invasive catheter angiography. It has 
demonstrated a very high negative predictive value and is 
primarily used to rule out coronary artery disease. However, 
as a consequence of still insufficient spatial resolution, it 
tends to overestimate the degree of coronary stenosis. 
Coronary CTA is a poor predictor of the hemodynamic rele-
vance of stenosis and of myocardial ischemia [64].

During the last several years, efforts have been ongoing to 
improve the positive predictive value of cardiac CT for rele-
vant coronary stenosis, with the aim of positioning CT as a 
singular imaging modality to assess both coronary artery 
morphology and the status of myocardial perfusion, at best 
in a single examination [65].

 Reduction of Ca Blooming

Improved spatial resolution is needed for a better estimation 
of the actual degree of coronary stenosis, and for a reduction 
of Ca blooming, see section “Challenges in Cardiac CT”. In 
addition, dual-energy-based approaches to remove calcified 
plaques from the coronary arteries to better reveal the true 
residual lumen are currently being investigated. Instead of 
the common material decomposition into an iodine image 
and a soft tissue image, a modified material decomposition 
into an iodine image and a calcium image is performed. With 
the choice of these two base materials, calcifications appear 
in the calcium image only and are suppressed in the iodine 
image, thereby revealing the actual degree of coronary steno-
sis. Because the two base materials iodine and calcium show 
much less difference in their dual-energy behavior than the 
typical base materials iodine and water, the resulting mate-
rial images suffer from significantly increased noise which 
has to be reduced by refined image filtration. Figure 67.12 
shows an example of the performance achieved with this 
technique. Clinical studies are needed to evaluate whether 
dual-energy-based calcium-removal has the potential to 
reduce the typical overestimation of the degree of coronary 
stenosis in coronary CTA.

 First-Pass Enhancement Scanning 
and Dynamic Perfusion CT

Pertinent CT techniques to directly assess and visualize the 
local blood supply of the myocardium are first-pass enhance-
ment scanning and dynamic perfusion CT. A review of cur-
rently available CT techniques to assess myocardial perfusion 
can be found in [66].

First-pass enhancement studies provide a “snapshot 
image” of the myocardial blood volume at a single arterial 
contrast phase by reusing the coronary CTA images to also 
evaluate the myocardium. Hypo-attenuation of the myocar-
dium is interpreted as perfusion defect. To identify reversible 
ischemia, first-pass enhancement scanning has not only been 
performed at rest but also with the application of adenosine 
stress. In the recent CORE320 multicenter trial, CT first-pass 
rest and stress myocardial blood volume imaging showed a 
per-patient sensitivity and specificity for the diagnosis of 
CAD of 88% and 55% compared with invasive catheter angi-
ography as the gold standard. In those patients with a >50% 
stenosis on coronary CTA, evaluation of CT first-pass 
enhancement resulted in a sensitivity, specificity, positive 
predictive, and negative predictive values of 80%, 74%, 
65%, and 86%, respectively [67, 68].

First-pass enhancement scanning has also been performed 
with the use of dual-energy acquisition techniques. Dual- 
energy data have been used to create “iodine maps” of the 
myocardium as a surrogate parameter for the myocardial 
blood supply. DE iodine maps are potentially more sensitive 
for the detection of hypoperfused myocardium compared 
with the hypo-attenuation on single-energy CT images [69]; 
they allow for a potentially quantitative evaluation of the 
iodine content, and other sources of hypo-attenuation (e.g., 
fat) can be ruled out. Figure 67.13 shows a clinical example. 
Using first-generation dual-source CT for first-pass rest and 
stress DE CT scans in a group of 45 patients with known 
coronary artery disease, the authors found 93.2% sensitivity, 
85.5% specificity, 88.3% PPV, and 91.4% NPV for the detec-
tion of significant coronary artery stenosis compared with 
invasive catheter angiography (ICA) as the standard of refer-
ence [70].

Because of technical limitations, problematic image 
quality at higher heart rates, and insufficient integration of 
DE cardiac CT into routine clinical workflows, this tech-
nique has so far been limited to first feasibility studies and 
has not yet entered clinical routine. Future CT systems 
which provide spectral information on a routine basis as an 
integral part of each standard scan, such as the photon-
counting CT systems discussed in section “CT Systems 
with Photon- Counting Detectors”, combined with excellent 
temporal resolution, will enable a more widespread utiliza-
tion of spectral cardiac CT and an intensified analysis of its 
benefits and limitations on the way to routine clinical 
application.

The most refined CT technique to acquire information 
about the blood supply of the myocardium is dynamic perfu-
sion scanning, characterized by time-resolved assessment of 
the in- and outflow of iodinated contrast agent in the left ven-
tricle. The entire myocardium can be examined by either per-
forming repeated ECG-triggered axial scans using CT 
systems with area detector technology (that provide 16 cm 
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z-axis coverage at isocenter) or by performing ECG-triggered 
axial scans at two alternating table positions, with the table 
moving forward and backward between the two positions 
[71]. As a benefit over qualitative first-pass enhancement 
techniques, dynamic perfusion CT provides quantitative 
results for relevant perfusion parameters such as the myocar-
dial blood flow (MBF). Dynamic perfusion CT has the 
potential to improve the specificity of coronary CTA for the 
detection of functionally significant coronary stenosis. In a 
recent study [72], the specificity of visual coronary CTA 
(69%) and quantitative coronary CTA (77%) could be 
improved by the subsequent use of the MBF index under 
stress (89%), compared with invasive FFR as the gold stan-

dard. Most important, quantitative cutoff value of the MBF 
index to detect functionally significant coronary lesions can 
be defined: 78  mL/100  mL/min [72] or  – quite similar  – 
75 ml/100 mL/min [73].

Because of its quantitative nature, dynamic cardiac perfu-
sion CT is particularly useful in cases where relative assess-
ment of the functional significance of a lesion is difficult, such 
as in patients with multivessel disease (Fig. 67.14). In contrast 
to first-pass enhancement approaches, the quantitative MBF 
index does not rely on the assumption that the best- enhanced 
territory is normal and can be used as a reference [72].

The wide clinical applicability of dynamic cardiac perfu-
sion CT will secure its future role in the comprehensive 

a b

Fig. 67.12 Dual-energy coronary CTA in a patient with calcifications 
in the right coronary artery (RCA). Mixed images corresponding to a 
standard CT scan (a) and images with suppressed calcifications to 

reveal the true degree of stenosis from a dual-energy-based material 
decomposition using iodine and calcium as the two base materials (b). 
(Courtesy of Medical University of South Carolina, USA)
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workup of patients, despite simpler but less versatile 
approaches such as first-pass enhancement scanning or 
CT-FFR (see next section), provided the complex workflow 
of cardiac perfusion CT can be further simplified and stream-
lined, both with regard to scan data acquisition and results 

processing, and the radiation dose can be further reduced. 
Ongoing technical progress, enabling the use of 80 kV and 
70 kV tube voltages for dynamic cardiac perfusion CT, holds 
promise to reduce radiation dose to values of 5  mSv and 
below [74].

ca

db

Fig. 67.13 ECG-gated dual-energy cardiac CT in a 60-year-old hyper-
tensive man with a history of smoking, using second-generation 
DSCT. Both conventional catheter angiography (a) and CTA derived 
from the rest DE scan (b) show chronic total occlusion of the proximal 

RCA. The DE energy iodine maps at rest (c) and during stress (d) indi-
cate a reversible perfusion defect (arrows). (Courtesy of Vancouver 
General Hospital, Vancouver, Canada)
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Meanwhile, first attempts have been made to also derive a 
prognostic value from quantitative perfusion parameters. 
Using data of 144 patients from a multicenter trial with fol-
low- up for 6, 12, and 18 months, Meinel et al. [75] found that 
global quantification of the left ventricular MBF at stress may 
have incremental predictive value for future major adverse 
cardiac events (MACE) over clinical risk factors and assess-
ment of stenosis at coronary CTA. Patients with global MBF 
of <121 mL/100 mL/min were at increased risk for MACE. The 
number of territories with perfusion defects was strongly pre-
dictive of MACE with adjusted hazard ratios of 1.41, 3.44, and 
4.76 for one, two, and three affected territories [76].

Combining several parameters derived from cardiac CT 
scans to improve and refine the prediction of MACE, poten-
tially in combination with traditional risk factors and labora-
tory data of the patient, is a promising future research area 
and may significantly influence the clinical value of cardiac 
CT. For the analysis of larger databases, machine learning 
approaches will be needed.

 CT Fractional Flow Reserve

Another technique to assess the hemodynamic relevance of 
stenosis is CT-FFR. It applies computational fluid dynamics 
(CFD) techniques to coronary CTA images to compute the 

fractional flow reserve (FFR), a measure of lesion-specific 
ischemia [77].

Standard coronary CTA images are used to create a patient-
specific three-dimensional model of the coronary arteries. 
Then, by applying the principles of CFD to this model, hyper-
emic coronary flow and pressure can be simulated from the 
coronary CTA images at rest. These pressure and flow values 
are used to noninvasively compute the local fractional flow 
reserve (FFR), which is the ratio of maximal coronary blood 
flow through a stenotic artery to the blood flow in the hypo-
thetical case that the artery was normal [78]. The end result is 
a color-coded map of computed local FFR values as an over-
lay to the three-dimensional model of the coronary arteries, 
indicating regions of low FFR <0.8 corresponding to poten-
tially hemodynamically relevant lesions in red (Fig. 67.15).

A meta-analysis of 6 original studies comparing the per-
formance of CT-FFR with the gold-standard invasive FFR 
(1354 vessels; 812 patients) in diagnosing hemodynamically 
relevant coronary stenosis showed a pooled per-vessel sensi-
tivity and specificity of 0.84 [95% confidence interval (CI): 
0.80–0.87] and 0.76 [95% CI: 0.73–0.79], respectively [79]. 
The original studies were performed with two different 
methods, an FDA-approved off-site approach requiring the 
coronary CTA images to be sent to a centralized core lab to 
perform coronary artery segmentation and CT-FFR compu-
tation (HeartFlow, Redwood City, California, USA) and a 
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Fig. 67.14 Coronary CTA images (a–c) and conventional catheter angiography (d–f) in a patient with three-vessel disease. MBF derived from a 
dynamic CT perfusion scan (g–i) is reduced in the whole myocardium (<78 mL/100 mL/min). (From Rossi et al. [72], with permission)
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preclinical on-site approach using software installed on a 
local computer in the hospital (Siemens Healthcare GmbH, 
Forchheim, Germany). A subgroup analysis of the studies 
performed with the preclinical on-site approach revealed a 
per-vessel sensitivity and specificity of 0.87 (95% CI: 079–
0.93) and 0.71 (95% CI: 0.63–0.78), respectively.

According to Panchal et al. [79], the addition of CT-FFR to 
coronary CTA improves the diagnostic ability of noninvasive 
CT to evaluate hemodynamically significant coronary lesions 
and might improve noninvasive clinical decision- making for 
patients with CAD. In the PLATFORM study [80], equivalent 
clinical outcomes at lower cost were demonstrated for care 
guided by coronary CTA and selective CT-FFR in patients 
with stable chest pain, compared with usual care over 1-year 
follow-up. As a further step, the ADVANCE Registry is 
planned as a multicenter, prospective registry enrolling 
approximately 5000 patients at 50 sites to evaluate utility, 
clinical outcomes, and resource utilization following CT-FFR-
guided treatment in clinically stable, symptomatic patients 
diagnosed with CAD by coronary CTA [81].

Recently, machine learning has been used to compute 
CT-FFR instead of computationally expensive CFD tech-
niques [82]. In the machine learning approach, the model is 
trained on a large database of synthetically generated coro-
nary anatomies, where the target values are computed using 
the physics-based CFD model. The trained model predicts 
FFR at each point along the centerline of the coronary tree 

(Fig.  67.16). Correlation between machine learning and 
physics-based predictions is excellent [82], with a significant 
reduction of the average execution time by machine learning, 
leading to near real-time assessment of FFR.

In a study [83], on-site CT-FFR showed a comparable 
diagnostic accuracy as dynamic CT perfusion for identifying 
hemodynamically significant stenosis defined by invasive 
FFR.  According to the authors, CT perfusion was more 
robust and could be successfully analyzed in all patients who 
had to be excluded from CT-FFR evaluation due to technical 
problems. CT perfusion is a complementary modality in 
patients with severe coronary calcifications and poor coro-
nary CTA image quality. According to Coenen [84] diagnos-
tic performance can be improved by combining CT-FFR and 
CT perfusion. A stepwise approach to improve diagnostic 
performance is recommended, reserving CT perfusion for 
patients with intermediate CT-FFR results.

According to [85], the workflow of how CT-FFR will be 
used in clinical practice – whether on- or off-site – remains 
to be determined.

In the future, machine learning is expected to go beyond 
providing CT-FFR numbers to predict the hemodynamic rel-
evance of stenosis. By combining CT-FFR with other param-
eters, such as plaque location and composition, machine 
learning-based approaches may have the potential for a more 
exact classification of patients and prediction of future 
events.

Fig. 67.15 User-interface of a prototype preclinical on-site software to compute CT-FFR
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 Prognostic Risk Assessment

Traditional prognostic risk assessment to determine an indi-
vidual’s chances of developing cardiovascular disease is 
based on evaluating few traditional risk factors, such as age, 
family history of CAD, hypertension, increased cholesterol 
levels, or diabetes. Additional CT imaging findings, such as 
coronary calcifications, coronary artery stenosis, and distri-
bution and composition of coronary plaques, add incremen-
tal improvement to the prediction of MACE (e.g., [86]).

Machine learning is a rapidly evolving field that gives 
computers the ability to make data-driven predictions or 
decisions, through building a model from test inputs. 
Machine learning can identify patterns in large datasets with 
a multitude of variables – hence it is consequent to apply it to 
large databases collecting CT imaging data, traditional risk 
factors, clinical parameters, and follow-up data of patients. 
Instead of evaluating just few selected clinical or imaging 
parameters as in traditional approaches, machine learning 
can combine and rank a large number of features to poten-
tially improve and refine the prediction of MACE.

In a first feasibility study [87], the authors included 
10,030 patients with suspected coronary artery disease and 
5-year follow-up from the CONFIRM International 

Multicenter Registry. Machine learning evaluating 25 clini-
cal and 44 coronary CTA parameters was found to predict 
the 5-year all-cause mortality significantly better than exist-
ing clinical or coronary CTA metrics alone.

Future clinical studies will be needed to further evaluate 
the potential of machine learning for prognostic risk assess-
ment and to refine the prognosis – it is very likely, however, 
that machine learning-based approaches will play a rapidly 
increasing role in cardiac CT on its way to a comprehensive 
clinical imaging modality.
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 Introduction

Artificial intelligence (AI) has captured the minds of science 
fiction writers and the general public for quite some time. As 
advancements have been made in computer science and 
engineering research, much improved computational power 
and the creation of newer, more efficient algorithms such as 
machine learning (ML) and deep learning (DL) have enabled 
the feasibility of big data analysis. AI has moved from the 
realm of science fiction to applications used in everyday life, 
such as Tesla’s self-driving cars, Facebook’s facial recogni-
tion, Amazon’s product recommendations, mobile check 
deposits, language translation software, and more.

As AI continues to improve, ML algorithms can now master 
tasks that were previously thought to be too complex for 
machines and are now even capable of detecting patterns that 
are beyond human perception [1]. This has led to a renewed and 
increased interest in ML as a useful tool in medical practice, 
particularly in the field of medical imaging [1]. Indeed, now 
more than ever, medicine has become a big data science, with 
the introduction of electronic medical records (EMR) leading to 

a substantial amount of patient information being recorded. This 
available information will only increase in the future through 
the use of bidirectional patient portals. Moreover, in the era of 
evidence-based medicine, thousands of new evidence and data 
are being published daily. Going through such large volumes of 
data to determine what is clinically relevant and actionable can 
be overwhelming, resulting in important information being 
missed by physicians. However, AI machines can now consis-
tently perform repetitive tasks at maximum capacity, sometimes 
producing results faster and more efficiently than humans. 
Medicine is thereby a perfect testing ground for the application 
of ML, as these systems can augment the ability of physicians to 
identify key information required for patient management while 
presenting it in an understandable manner. In particular, because 
radiology directly involves extracting data consisting of specific 
features seen on images and interpreting them through the 
knowledge base acquired by the radiologist, the medical imag-
ing field serves as an attractive arena for the incorporation of 
ML systems.

As advanced AI and ML systems transition from fiction to 
reality and steadily approach their implementation into med-
ical and radiology practices, understanding the general meth-
ods, capabilities, and limitations of machine learning is of 
fundamental importance to physicians and radiologists for 
the effective use of these systems. This chapter will intro-
duce some of the basic concepts of machine learning tech-
niques, provide a basic framework for their use, and highlight 
current and future applications in medicine and radiology 
with a special focus on cardiovascular imaging.

 Machine Learning and Artificial Intelligence

 Basics and Learning Process

ML is the science of how computers learn from data [2, 3]; it 
encompasses a wide range of statistical analysis algorithms 
that iteratively improve with exposure to data, meaning that 
the performance of the system improves with time and expe-
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rience [4]. Thus, ML systems aim to develop mathematical 
models that interpret the provided data in a meaningful way 
in order to later predict the label of new data; in other words, 
to create a model for autonomous predictions (Fig.  68.1). 
Because ML can extract meaningful patterns from large 
amounts of data, which is a component of human intelli-
gence, it is considered to be a branch of AI.

All ML algorithms require a set of input data and desired 
outputs [5]. Input data such as images and specific report text 
are fed to the neural network, which is the name given to com-
puter systems that simulate the way in which human brains 
think and solve problems. This data is transmitted through a 
collection of nodes. The node or artificial neuron multiplies 
each of these inputs by a weight. Then it adds the multiplica-
tions and passes the sum to an activation function. Notice that 
input nodes do not have activation functions. The weights 
indeed reflect importance of that node or feature relative to the 
task at hand, such that more important features receive higher 
weights than less important or irrelevant features [6]. Nodes 
can be grouped into a hidden layer. When input data is given 
to the algorithm, the hidden layers act as feature detectors that 
play important roles in decoding the inputs and transforming 
them into what the output layer expects. This is referred to as 
the forward propagation phase. After the outcome is com-
puted, the difference error between the calculated outcome 
and the given true outcome is calculated and propagated in a 
backward direction to estimate the contribution of each node 
to the total error. This is known as the back propagation phase. 
Based on that information, the algorithm adjusts the weights. 
Through a series of forward and back propagation, minimiz-
ing the error, the algorithm iteratively learns how to best 

approximate the desired outcome and create the best possible 
model for future predictions [1, 5].

Practically, there are two ways for ML systems to learn, 
known as supervised and unsupervised learning [7] 
(Fig. 68.2). In supervised learning, the input data is labeled 
with the correct answer. These labels can be as specific or as 
general as needed. The system is then given a series of vali-
dation sets, also called training sets, which will be used to 
train the algorithm and improve its performance until it 
reaches a point of no further improvement. At this point, the 
machine is given a test dataset in order to test the model’s 
performance. For example, in coronary artery calcium detec-
tion, a ML algorithm undergoing supervised learning would 
be given a dataset of coronary arteries images with calcified 
plaques labeled as calcium. Once the algorithm has reached 
its optimal performance, it would be given an unlabeled 
dataset of coronary arteries with the aim of autonomously 
detecting calcium deposits. Most machine learning algo-
rithms applicable to radiology use supervised learning 
(Figs.  68.3 and 68.4). On the other hand, in unsupervised 
learning, the machine is exposed to unlabeled data. The 
objective is for the algorithm to generate its own labels, 
detect patterns, and organize the data in a consequential fash-
ion. These new labels can then be used in a supervised learn-
ing system to generate a useful prediction model; this is 
called semi-supervised learning.

In a classic three-layer neural network (input, hidden, and 
output), inputs are analyzed by a single hidden layer in order 
to produce an output. With advancements in processing and 
computational power, the combination of multiple hidden 
layers has now become feasible, creating deep learning (DL) 
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Fig. 68.1 Typical workflow of machine learning algorithms. In super-
vised learning, the algorithm is given labeled data, i.e., the true answer, 
based on which it will learn to classify this data. The estimated outcome 
is then compared with the true outcome, and the weights and parame-
ters are adjusted accordingly until optimal performance is reached. On 

the other hand, in unsupervised learning, the algorithm is given unla-
beled data, i.e., it does not know the ground truth. The objective is for 
the algorithm to find intrinsic meaning in the data and classify them into 
groups of similar characteristics
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Machine Learning Overview

Machine
Learning

Deep
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Regression Classification Cluster Analysis Dimension Reduction

a.  Linear Regression
b.  Ordinary Least
     Squares Regression
c.  Local Regression
d.  Neural Networks
e.  Convolutional Neural
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a.  Decision Trees
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g.  Convolutional Neural
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Fig. 68.2 Overview of machine learning algorithms. Machine learning 
algorithms can be divided into two most commonly used learning meth-
ods: supervised and unsupervised learning. The choice of the optimal 
algorithm greatly depends on the problem to be solved. Neural net-
works and convolutional neural networks deliver good performance 

with image feature detection and are commonly used in medical imag-
ing. Decision tress, k-nearest neighbors, support vector machines, naive 
Bayes, and random forest are also common algorithms employed in 
medicine and radiology

Training: The algorithm iteratively learns until it finds the best model to classify calcified lesions
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Training Dataset
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Predicting: The model is applied to a set of new images
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Fig. 68.3 Example of a machine learning algorithm development and 
training. In the training phase, the algorithm is taught to detect specific 
image features, based on the labeled data of the training set, which will be 
used to subsequently correctly classify future data. The weights for each 

feature are adjusted as the training progresses until the optimal predictive 
model is reached. In the predicting phase, the algorithm will use the fea-
tures it learned and their corresponding weights to assign labels, calcified 
and noncalcified plaque in this example, to never before seen data
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neural networks (Fig.  68.5). DL networks allow one to 
approach and solve more complex and advanced problems. 
In deep learning, a convolutional neural network (CNN) is a 
class of deep neural networks, most commonly applied to 
analyzing visual imagery such as medical images.

 Limitations of Machine Learning Algorithms

Computer science literature is full of debate regarding the 
selection of algorithms and how much testing is necessary 
before optimal efficiency is achieved [8, 9], largely because 
the accuracy of the algorithm is a function of dataset size and 
time (i.e., computational power). Dataset size, particularly in 

imaging applications, has the potential to outpace computa-
tional power. For example, a coronary CT angiography study 
from a high-definition scanner can consume approximately 
half a gigabyte of storage space. A patient of interest to a 
study might have up to 3 or 4 of these scans and another 
gigabyte of medical records data, yielding 3 gigabytes of 
data per patient as a conservative estimate. A recent study by 
Motwani et al. analyzed 10,000 patients [10] which, using 
the previous example, would account for approximately 30 
terabytes of data. The practical limitations of computational 
resources require the pairing of data, as was done in this 
study, to generate in the near term a less comprehensive data-
set based on values derived from CT images or portions of 
medical records. In that same regard, the availability of 
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Fig. 68.4 Illustration of a machine learning algorithm for the detection 
of coronary artery calcium. (a) Scheme of a recurrent neural network 
with long short term memory used at our institution for the automatic 
detection of coronary artery calcium. (b) Curved multiplanar recon-
struction of the left anterior descending artery where the arrows and 
annotation represent coronary artery calcium as manually noted by a 
reader and the centerline represents the automatic segmentation by the 

algorithm where the green portion shows automatically detected cal-
cium and the red portion the artery segments with no detected calcium. 
As can be seen, the algorithm performs as accurately as the reader. (c) 
Case example of a false positive where the algorithm detects calcium in 
the mid and proximal parts of the right coronary artery as shown by the 
green centerline when in fact no calcium is present. Image courtesy of 
Siemens Healthineers
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Fig. 68.5 Concepts of machine learning algorithms commonly used in 
medical imaging analysis. (a) Classic three-layer machine learning 
scheme where the first layer represents the input, the second layer is 
composed of the hidden nodes containing the weights and parameters, 
and the third layer is the calculated output. (b) With deep learning, all 
three layers of the classic scheme become one hidden layer. A number 
of hidden layers can be combined allowing much more complex prob-

lem solving. (c) Convolutional neural networks are a particular form of 
deep learning which perform particularly well with image analysis. 
They apply mathematical transformations on individual pixels, evaluate 
the outcome, and eventually identify specific portions of the image. 
When a number of these convolutions are combined, they can recognize 
more complex structures within the image
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labeled data for algorithm training can also be an obstacle to 
ML implementation. Truly, the legal procedures to acquire 
medical data are complex, and even completely anonymized 
data must gain institutional review board approval prior to its 
distribution. Because ML algorithms continually improve as 
they learn from new data, these systems typically require tre-
mendous amounts of data to be fully optimized for a specific 
task [11]. A potential solution to this problem is the creation 
of publically available “banks” of data, containing massive 
amounts of images that have been validated and annotated by 
experts readily available for ML training purposes [12–17]. 
Lastly, even with available data, the quality of the training 
data must be optimal to reach the algorithm’s best perfor-
mance. This is a well-known principle coined “garbage in, 
garbage out” by computer scientists, in which poor-quality 
input will always yield poor-quality output.

ML systems are able to make highly accurate predications 
or diagnoses analyzing complex relationships. However, an 
important pitfall of these systems when considering their 
application in clinical work or medical research is overfitting 
(Fig. 68.6). Overfitting is when a statistical model tends to 
describe random errors or noise rather than the true underly-
ing relationship between the data of a training set. This typi-
cally occurs when the model is more complex than it needs 
to be to reach optimal efficiency. For example, having too 
many parameters relative to the number of observations or 
using too few training examples during learning can cause 
the algorithm to adjust to very specific but random features 
of the data that have no causative relationship to the ground 
truth. The result is a model that is too specific to the exam-
ples it was shown, rendering overly optimistic results for its 
accuracy while underperforming when exposed to unfamil-
iar real-world data.

 Applications of Machine Learning 
in Medicine

The clinical practice of medicine is one of the fields that can 
largely benefit from machine learning systems. Through 
these algorithms, hundreds of thousands of variables such as 
patient information, demographics, lab values, and radiology 
and pathology images can be analyzed alongside medical lit-
erature and applied to patient care for risk stratification as 
well as to determine appropriate patient management and 
prognosis.

 Clinical Decision Support Tool

As most clinical work is conducted in accordance with an 
evidence-based medicine approach, it is important for clini-
cians to keep abreast of novel published medical evidence. 
However, the sheer number of new peer-reviewed journal 
publications is increasing at an exponential rate, making it 
overwhelming for physicians to stay current with new evi-
dence while treating patients. ML systems can be of great 
assistance in this regard with the ability to constantly analyze 
literature for new evidence which, combined with patient 
information, can recommend an appropriate course of treat-
ment. IBM’s AI software, Watson, is currently being investi-
gated for such use, specifically for applications in oncology. 
Watson’s particular advantage is its capacity for natural lan-
guage processing. This refers to the ability of a computer to 
understand human language as it is spoken or written as 
opposed to requiring a highly precise programming language 
or very clear but brief voice commands. In a study by Seidman 
et al., the ability of Watson to recommend multidisciplinary 
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Fig. 68.6 Illustration of under- and overfitting. Underfitting occurs 
when the algorithm is too simple to capture the underlying trend in the 
data. Specifically, the algorithm shows low variance but high bias. An 
appropriate fit is seen when the algorithm performs well and in a bal-
anced way on both training and test sets without being to flexible or 
inflexible in fitting the data. Overfitting on the other hand captures the 

underlying trend in the data too well and is generally too good to be 
true, and the model shows low bias but high variance. This tends to hap-
pen when the algorithm is excessively complex and is capturing noise 
as part of the data. Validation and cross-validation with test sets is cru-
cial to prevent overfitting
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patient management in early stage breast cancer was investi-
gated [18]. The software was able to correctly recommend 
radiotherapy in 98% of cases, genetic counseling in 94%, and 
fertility preservation in 91%.

In a time when healthcare systems are facing physician 
shortages and increasing quantities and complexities of 
patient data are being recorded with the introduction of elec-
tronic health records, the increased workload for healthcare 
providers can result in oversight of important information. 
Given that correct diagnosis and appropriate patient manage-
ment are the physician’s most important tasks, ML systems 
can be implemented in situations where they can serve as 
highly efficient assistants by analyzing thousands of data in 
the form of clinical notes, lab results, radiology images, elec-
trocardiogram tracings, and even genomic sequences. With 
all of this information, ML systems can then infer clinical 
causations that may eventually be presented to the physician 
in real time to assist with clinical decision-making. This 
application could be particularly helpful in acute care set-
tings where physicians must make lifesaving decisions in a 
timely manner. One such setting in which ML systems are 
being evaluated is the intensive care unit (ICU). Patients 
admitted to the ICU typically present with acute illness and 
are at a higher risk of mortality. As large amounts of patient 
data are routinely recorded in the ICU, it seems an attractive 
setting to input data into ML models, infer causalities, and 
predict outcomes, with final predictions being presented to 
physicians in a clinically actionable manner [19]. In a retro-
spective study by Gultepe et al., the authors used ML algo-
rithms in septic patients in the ICU to predict rising lactate 
levels, a sign of organ failure, as well as mortality with rou-
tinely measured data [20]. Results demonstrated the ability 
to predict rising lactate levels by using vital signs and white 
blood cell counts as inputs, achieving a discriminatory power 
of 0.98 by area under the curve (AUC). Moreover, their ML 
system was able to predict mortality with a discriminatory 
power and accuracy of 0.73. These results highlight the 
potential of using ML algorithms for early detection of sep-
sis and multiple organ failure, prompting a timely interven-
tion and possible reduction of mortality.

In a more recent study by Gulshan et al., a DL algorithm 
was used to screen for referable diabetic retinopathy and 
macular edema from acquired retinal images. Using the 
algorithm on two different datasets, they were able to reach 
an AUC of 0.991 and 0.990, sensitivities of 97.5% and 
96.1%, and specificities of 93.4% and 93.9% [21]. This study 
demonstrated the potential of integrating ML systems to 
enhance routine clinical workflow where simple validated 
tests can be analyzed to infer a diagnosis. This can be par-
ticularly helpful when a disease is very prevalent and a vali-
dated screening method requiring time and resources can be 
delegated to ML systems, thus allowing clinicians to focus 
on more important and urgent tasks.

Machine learning systems learn in an analogous way to a 
resident in training, from observation. The more they see, the 
better they get. However, one superior aspect of ML systems 
is that information is never forgotten. This is particularly 
important for rare diseases; which ML systems may poten-
tially identify more efficiently than trained physicians to 
allow for timelier interventions. In this regard, Liu et  al. 
investigated the accuracy of a ML algorithm in detecting 
congenital cataracts from ocular images, compared with 
detection by expert ophthalmologists [22]. The algorithm 
achieved an accuracy of 99% and suggested the correct treat-
ment plan in 97% of cases. When applied to three sets of 100 
ocular images, each containing one case of congenital cata-
ract, the algorithm successfully identified and provided accu-
rate treatment recommendations while making fewer 
mistakes than the three expert ophthalmologists. Early detec-
tion of disease often translates into improved patient progno-
sis and is an area of medicine where ML can be of great of 
use. Investigators have used DL methods to detect skin 
 cancer, which can be lifesaving if diagnosed early. The abil-
ity of the DL algorithm to detect skin cancer was compared 
with 21 expert dermatologists [23]. The algorithm’s perfor-
mance was comparable to the dermatologists, demonstrating 
the ability of ML to accurately diagnose skin lesions. These 
two studies show the potential added value of ML applica-
tions in particularly rural areas, where access to expert clini-
cians is not readily available and early diagnosis of rare or 
fatal diseases is more likely to be missed.

 Predicting Prognosis and Outcome

Predicting prognosis and outcome is a central component of 
clinical practice as it is directly related to choosing an appro-
priate management plan. Most scoring systems used are 
based on a limited number of clinical, laboratory, or imaging 
findings. ML systems have the ability to consider larger 
quantities and complexities of variables, potentially generat-
ing more accurate prediction models based on novel or 
unknown predictors. As a result, the evaluation of ML algo-
rithms for the prediction of prognosis and outcomes in dif-
ferent clinical settings compared with routine scoring 
systems is of great importance.

One particular field of interest for this application is 
oncology, where diagnosis and prognosis are often derived 
from histopathological analysis. In a study by Beck et al., the 
authors investigated the ability of a ML system named 
“C-Path” to perform a semiquantitative analysis of breast 
histopathology slides and to infer patient survival rates [24]. 
The algorithm was able to detect 6642 morphological fea-
tures used to construct a prognostic model. The features rec-
ognized by “C-Path” were independent from prognostic 
factors used in clinical routine and were significantly 
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 associated with patient survival (P-value < 0.001). Of the 11 
most important features associated with patient survival, 3 
were related to the stroma and proved to be the strongest 
predictors of survival. Interestingly, most morphological fea-
tures used for prognosis in clinical practice are derived from 
the epithelium.

In a similar, yet more recent study by Yu et al., a ML algo-
rithm was used to predict non-small cell lung cancer progno-
sis using a fully automated analysis of histopathologic 
features [25]. Based on 2186 histopathology slides, the algo-
rithm was able to detect more than 9000 features to predict 
patient prognosis. The top 80 features were first used to 
accurately differentiate cancerous tissue from normal tissue, 
achieving an AUC of 0.85. These features were also able to 
differentiate between adenocarcinoma and squamous cell 
carcinoma with an AUC of 0.85. For both adenocarcinoma 
and squamous cell carcinoma, the features detected by the 
algorithm significantly correlated with patient survival. In 
contrast, the tumor grade, a marker often used clinically, was 
not significantly correlated with patient survival. These two 
studies exemplify the ability of ML systems to predict sur-
vival models based on a much greater number of features 
with more complexities than previously unknown by clini-
cians. This ability of ML has the potential to lead to a sub-
stantial change in patient management.

 Machine Learning: The Road to Precision 
Medicine?

An exciting aspect of using ML in medicine is the possibility 
of precision medicine, defined by the national institute of 
health as “disease treatment and prevention that takes into 
account individual variability in genes, environment, and 
lifestyle for each person” [26]. Indeed, while medicine to 
date has been based on a population-wide diagnostic and 
treatment model, it is possible that in many cases the “stan-
dard of care” treatment may not be the optimal management 
plan. Integrating specific patient data from demographics, 
clinical reports, lab values, imaging results, and genomic 
sequences to be analyzed by the machine can be combined 
with decision support tools such as IBM’s Watson. Decision 
support tools are constantly updated with the most recent lit-
erature with the potential to provide improved, patient- 
tailored recommendations for risk assessment, outcome 
prediction, and subsequent treatment and management.

An important area where such use is being extensively 
researched is oncology, particularly in genomic and molecu-
lar medicine. In these areas of study, the input of clinical data 
and patient genomic and molecular profiles into ML systems 
such as Watson is helping to provide a diagnosis as well as 
patient-tailored treatment options [27–31]. In a study by 
McDonald et al., a support vector machine-based algorithm 

to predict treatment response in patients with ovarian cancer 
based on individual genomic profiles was evaluated [29]. 
Gene expression data was found to provide accurate results 
by correctly predicting treatment responsiveness with 
80–100% accuracy.

Since unsupervised learning allows the algorithm to 
detect meaningful patterns from unlabeled data, it can be an 
additional method suitable for precision medicine. Indeed, 
through unsupervised learning, thousands of patient data 
regarding specific diseases with particularly heterogeneous 
clinical presentations can be analyzed by ML algorithms to 
deduce more accurate risk stratification based on individual 
patient phenotypes. In a recent study by Shah et al., the clini-
cal and radiological data of 397 patients diagnosed with 
heart failure with preserved ejection fraction were analyzed 
by a ML algorithm [32]. The algorithm was able to divide the 
patients into three clinically distinct subgroups based on 
clinical characteristics, cardiac structure and function, inva-
sive hemodynamic parameters, and outcome. This study 
showed the potential of ML systems in creating accurate, 
clinically similar subcategories of patients with rather het-
erogeneous diseases, allowing for improved risk  stratification 
and ultimately defining therapeutically homogeneous 
subclasses.

 Applications of Machine Learning 
in Radiology

ML software has had substantial success in image feature 
detection and pattern recognition in daily life applications. 
With radiology being, at least in part, a science of detecting 
clinically relevant features and patterns from acquired 
images, it naturally serves as a prime candidate for ML 
applications. At their earlier stages, these systems were ham-
pered by low computational power, limiting the amount of 
data that could be processed. However currently, with 
increased computational power, graphics processing unit- 
based computing, and the development of DL, the applica-
tion of ML to radiology has become feasible and is gaining 
interest from physicians as well as computer scientists. 
As radiology has become a central part of patient manage-
ment, with new imaging technologies constantly creating 
new possibilities for solving clinical problems, radiologists 
often find themselves dealing with an abundant amount of 
studies to review. Much of the time spent during the assess-
ment of these studies is dedicated to more trivial tasks such 
as image segmentation, searching for lung nodules, micro-
calcifications in breast tissue, or looking for small bone frac-
tures in cases that are often negative. A clinical practice 
where these tasks can be delegated to a ML algorithm would 
result in a much more enhanced workflow, allowing the radi-
ologist to focus on more important tasks such as looking at 
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truly emergent or complex cases and making a prompt diag-
nosis. The fairly recent and rapid improvements to ML have 
allowed these systems to handle much more complex tasks, 
constantly learning and improving their performance more 
efficiently. As a result, completion of basic tasks using ML 
systems has become feasible, and more applications for their 
use, such as computer-aided diagnosis and image segmenta-
tion, are continuously being evaluated [33].

Image segmentation is an important step in reaching an 
accurate diagnosis for both radiologists and ML systems if 
they are to reach a point of automated image analysis in the 
future. However, it is a time-consuming process prone to 
inter- and intraindividual variability. As imaging technolo-
gies improve, more detailed anatomy is being captured, and 
the need to perform time-consuming tasks such as segmenta-
tion will only increase. While automating this process can be 
beneficial by means of enhancing a radiologist’s workflow, it 
remains a challenge for ML systems due to the high variation 
in human anatomy, thus requiring a tremendous amount of 
data to reach optimal accuracy. However, with recent 
advancements in ML technology and particularly the devel-
opment of DL, novel algorithms are outperforming previous 
versions and are now capable of faster, more accurate, and 
even fully automated image segmentation. Recent studies are 
demonstrating this capability with applications for brain seg-
mentation on MRI [34–36], rib cage, airway, pulmonary 
lobes and nodules from chest CT [37–39], tumor and organs- 
at- risk segmentation from CT images in radiation oncology 
[40, 41], third lumbar vertebra detection from CT [42], and 
fully automated abdominal analysis from CT [43].

A much anticipated application of ML in radiology is 
computer-aided diagnosis (CADx). While computers have 
been helping radiologists for decades, it is expected that 
increased computational power and more sophisticated algo-
rithms such as DL will render them faster, more efficient, and 
more accurate in completing this task [44]. Indeed, computer 
systems are now much better at detecting more complex 
radiological findings and diagnosing a wider array of condi-
tions. An exciting example is IBM’s Watson. In acquiring 
Merge Healthcare in 2015 to the tune of $1 billion, IBM was 
able to provide Watson with over 30 billion images to learn 
from. Presented at the Radiological Society of North America 
conference in 2016, in an important step for precision medi-
cine and CADx in radiology, Watson showcased its potential 
to analyze patient history and clinical data in addition to 
radiological images to reach a diagnosis in a number of con-
ditions including aortic dissection, pulmonary embolism, and 
breast lesions. Moreover, several studies have already shown 
the ability of ML systems in detecting abnormalities with an 
accuracy comparable if not superior to that of expert radiolo-
gists for different conditions such as colonic polyps on CT 
colonography [45], sclerotic bone metastases and enlarged 
lymph nodes on body CT [44], cerebral microbleeds from 

MRI [46], interstitial lung disease [47], pulmonary nodules 
detection [48, 49] and classification [50], pulmonary embo-
lism [51], classification of chest radiographs [52], prostate 
cancer [53], and breast cancer [54–57].

 Machine Learning in Cardiovascular Imaging

Radiology should be at the forefront of medical specialties 
embracing ML applications, and cardiac imaging has proven 
to be one of the first specialties quickly adapting to that 
change. The field has seen a wide range of ML uses such as 
image segmentation, feature detection, CADx, risk, and 
prognosis prediction in a variety of modalities such as CT, 
MRI, nuclear imaging, and echocardiography [58–62].

 Computer-Aided Diagnosis

Machine-based evaluation of cardiac datasets involving 
human-specified parameters is well established in clinical 
practice. However, new forms of analysis are emerging that 
allow the machine to evaluate what parameters should be 
measured based on a known endpoint. Early attempts at such 
systems struggled with the volume of data and the number of 
potential variables creating processing times that prohibited 
large, high-quality evaluation. Despite these early shortcom-
ings, advances in both processing power and model sophisti-
cation are reaching a point where systems can be trained 
using information from tens of thousands of patients with 
hundreds of thousands of data points being evaluated. This 
type of analysis requires both sophisticated ML algorithms 
and specialized statistics to elucidate new parameters for 
clinical evaluation. While many of these methods are still in 
the nascent phase of research, some are now emerging as a 
part of clinical workflows.

Computational support of cardiac imaging utilizing basic 
algorithms is not a new concept. Quantifying image density 
for gross measurement of cardiac calcium scores is common 
place and provides meaningful clinical guidance in many 
diagnostic scenarios. Likewise, pattern recognition for the 
identification and lengthwise evaluation of coronary arteries 
reduces the complexity of coronary artery stenosis. Similar 
pattern recognition systems are being used for CT-FFR, 
automated cardiac volume measurements, and wall motion 
characterization [63]. These algorithms are early forms of 
ML-based clinical support applications, as the data they gen-
erate are fed into human algorithms used to predict clinical 
risk. These applications are categorized as diagnostic sup-
port tools.

Diagnostic support tools may rely on ML for their devel-
opment, but differ fundamentally from true ML systems in 
that they are not adaptive. In other words, once the pattern 
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recognition is established, it is fixed and cannot be retrained. 
ML systems can potentially be able to adapt to unpredicted 
patterns that generate errors in pattern recognition 
applications.

As mentioned earlier, accurate image segmentation is a 
crucial part of image diagnosis and a critical step in reaching 
a fully automated analysis of radiological studies. As opposed 
to the current CADx software which follow a rigid set of 
rules, ML systems could potentially learn as they are exposed 
to more data and are thus prone to adapt to the variation in 
individual anatomies. This inherently results in a more accu-
rate segmentation process across the board.

In a study by Avendi et al., the authors evaluated the per-
formance of a ML algorithm using convolutional neural net-
works in segmenting the left ventricle from magnetic 
resonance imaging datasets for the evaluation of cardiac func-
tion [64]. Their proposed algorithm performed better than 
previous methods by reaching good contours in 96.69% of 
cases and correlation coefficients of 0.98, 0.99, and 0.98 for 
end-diastolic volume, end-systolic volume, and ejection frac-
tion, respectively, when compared with manual evaluation.

Myocardial perfusion imaging (MPI) is another field of 
cardiac imaging where ML is quickly gaining ground in 
terms of its application. MPI plays an important role in the 
diagnosis of coronary artery disease (CAD) as it provides 
important information regarding myocardial perfusion, 
which is directly related to the significance of coronary 
artery stenoses as well as ventricular function information. 
Although perfusion quantification with MPI is becoming 
increasingly automated [65, 66], diagnosis remains visually 
based by physicians who often need to supervise the seg-
mentation process, as errors in segmentation may lead to 
false positives [67]. In a study performed by Betancur et al., 
a support vector machine-based ML algorithm was used for 
a more precise automated definition of the mitral valve plane 
during left ventricle segmentation in single-photon emission 
computed tomography (SPECT) [68]. The algorithm was 
tested on 392 patients who had undergone same-day SPECT 
and coronary computed tomography angiography (CCTA) 
after a tenfold cross-validation process and was compared 
with the results of two expert readers. Results determined 
that their ML algorithm performed just as well as the two 
expert readers regarding both mitral valve placement and 
diagnostic accuracy for perfusion defects, with no significant 
difference observed in correlation or AUC between the algo-
rithm and the expert readers.

Reaching a point where machines can make a full diagno-
sis and radiology workflows can be fully automated remains 
a challenge, particularly in cardiac and chest imaging. 
Potential roadblocks include variation in patient anatomy as 
well as the high presence of motion artifacts, which make it 
more challenging for automated systems to accurately detect 
pathology. However, the accuracy of ML systems is rapidly 

improving. Previous studies have evaluated computer algo-
rithms for the detection of obstructive CAD from CCTA 
[69–73]. While these studies all reported high sensitivity val-
ues, the corresponding specificity values were relatively low. 
In a recent study by Kang et al., a ML algorithm was evalu-
ated for the detection of both obstructive and nonobstructive 
CAD compared with three expert readers [74]. The proposed 
algorithm achieved higher sensitivity, specificity, accuracy, 
and AUC values (93%, 95%, 94%, and 0.937, respectively) 
compared with previous methods which reached a sensitivity 
and specificity of 93% and 81%, respectively [69, 70, 73]. 
The ability to autonomously diagnose both obstructive and 
nonobstructive CAD with high accuracy, as demonstrated in 
this study, brings the concept of automated diagnosis in car-
diac imaging one step closer to a reality.

The determination of calcium burden in the coronary 
arteries through coronary artery calcium scoring (CACS) is 
another important aspect of the diagnosis of CAD, risk strati-
fication for adverse events, and the subsequent direction of 
appropriate patient management [75, 76]. CACS is usually 
performed following a noncontrast cardiac scan with a semi-
automatic calculation of the Agatston score, which often 
requires manual intervention by a radiologist. In a study by 
Wolterink et al., a convolutional neural network-based ML 
algorithm was used to automatically derive calcium scores 
from contrast-enhanced CCTA [77]. The study included 250 
patients who had undergone both CCTA and CACS scans. 
A two-step system was used in which the primary algorithm 
would first identify voxels that are likely to be calcium, fol-
lowed by a secondary algorithm that definitively classifies 
the remaining voxels as either calcium or calcium like. Using 
this technique for calcium detection, a sensitivity of 71% 
was achieved with an average of 0.48 false positives per 
scan, providing a correlation of 0.944 with expert readers for 
calcium scores. This study shows the possibility of using ML 
to accurately compute CACS from CCTA, potentially pre-
cluding the need for a dedicated CACS scan. Furthermore, 
application of such a ML algorithm may reduce, if not elimi-
nate, the need for manual intervention by a radiologist.

ML for diagnostic support has also been studied on car-
diac echocardiography. In their study, Sengupta et al. used an 
associative memory classifier-based ML algorithm to differ-
entiate constrictive pericarditis from restrictive cardiomyop-
athy on echocardiographic images [78]. An AUC of 0.892 
was achieved using 15 variables from speckle-tracking echo-
cardiography chosen by the algorithm. The addition of four 
echocardiographic features (early diastolic mitral valve 
velocity, ratio of early diastolic mitral flow velocity to early 
diastolic mitral valve annular velocity, posterior and septal 
wall thickness) improved the AUC to 0.962. In comparison, 
the AUC of the clinically used markers of early diastolic 
mitral valve annular velocity and left ventricular longitudinal 
strain were 0.821 and 0.637, respectively.
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 Prognosis and Outcome Prediction

As new technologies and imaging techniques are being intro-
duced, radiology is increasingly relevant in appropriate 
patient management, not only for diagnostic purposes but 
also for the prediction of outcomes via incorporation of the 
many radiological features of diseases into prediction scores. 
However, those scores tend to rely on a limited number of 
factors, potentially omitting many unknown predictors from 
consideration. As big data analysis has become feasible 
through the recent advancements in ML, using these systems 
to predict outcomes from radiological data has gained sig-
nificant interest, particularly in the field of cardiac imaging 
given the high morbidity and mortality rates associated with 
cardiovascular disease.

Indeed, coronary artery disease (CAD) is one of the most 
important causes of mortality and morbidity worldwide [79]. 
CCTA has been established as the modality of choice for the 
detection and characterization of atherosclerotic plaques, 
and several studies have shown the ability to predict future 
adverse events based on CCTA findings [80–83]. Thus, it is 
of great interest to evaluate the application of ML in predict-
ing outcomes. In a recent prospective study including 10,030 
patients by Motwani et al., the authors investigated the abil-
ity of a ML algorithm to predict 5-year all-cause mortality 
based on 44 CCTA features and 25 clinical features, com-
pared with established clinical and CCTA metrics [10]. The 
algorithm was found to be significantly superior to routinely 
used scores, achieving an AUC of 0.79 vs 0.61 for the 
Framingham risk score, 0.64 for the segment stenosis score, 
0.64 for the segment involvement score, and 0.62 for the 
Duke index with all P-values reported <0.001.

Dawes et al. also used a supervised ML algorithm on car-
diac MRI-derived three-dimensional wall function of the 
right ventricle to predict outcomes in patients with pulmo-
nary hypertension [84]. The algorithm identified certain wall 
contraction patterns associated with lower survival at 1 year. 
Particularly, loss of effective contraction in the septum and 
free wall as well as reduced basal longitudinal motion accu-
rately predicted poor outcomes. When these features were 
added to routine hemodynamic, clinical, and functional 
markers, survival prediction significantly improved with an 
AUC of 0.73 vs 0.60 (P < 0.001) and was able to more accu-
rately stratify patients between high- and low-risk groups 
based on median survival time (13.8 vs 10.7 years; P < 0.001).

In another study by Kotu et al., ML algorithms were used 
to extract image-based features from cardiac MRI for the 
classification of post-myocardial infarction patients into high 
and low arrhythmic risk groups [85]. The k-nearest neighbor 
and support vector machine-based algorithm evaluated the 
combination of 17 different factors for risk stratification. 
A combination of scar location and heterogeneity achieved an 
accuracy of 94.44% and an AUC of 0.965 in differentiating 

between high- and low-risk patients. This technique outper-
formed the current reference standard based on scar size and 
left ventricular function, which reached an accuracy and an 
AUC of 90.7% and 0.941, respectively.

In a study by Arsanjani et al., ML analysis was used to 
integrate clinical and quantitative MPI data in order to pre-
dict revascularization in patients with suspected CAD, com-
pared with two expert readers and standalone measures of 
perfusion [86]. The algorithm analyzed data from 713 
patients, selected 33 features, and was tested through tenfold 
cross-validation. Given both stress and rest perfusion data, 
the sensitivity of the algorithm for predicting early revascu-
larization was comparable to readers and standalone mea-
sures of perfusion (73.6%, 73.9%, and 75.5%, respectively, 
P > 0.05). However, its specificity was found to be superior 
to both readers and standalone measures of perfusion (74.7 
vs 67.2, 66, and 68.3, respectively), resulting in the highest 
AUC for ML (0.81 vs 0.81, 0.72, and 0.77, respectively). 
Thus, ML was found to be comparable, if not superior, to 
expert readers in predicting early revascularization from 
MPI data. This could result in a significant change in patient 
management, particularly in reducing unnecessary revascu-
larization procedures via improved patient risk stratification. 
These studies not only suggest the ability of ML systems to 
predict risk and outcome in a manner comparable, if not 
superior to routinely used scores, but also the possibility of 
discovering new valid and potentially more accurate predic-
tors that were previously unknown to clinicians and radiolo-
gists alike.

 Adapting to Machine Learning

Although medicine has been slower than other fields in pur-
suing ML applications, early studies show very promising 
results. As computational power and ML algorithms improve 
at an exponential speed, it is only a matter of time before AI 
becomes a central part of medicine. Thus, it would seem 
wise for medical practices to start planning for such a future, 
with pathology and radiology being at the forefront of this 
change [87]. While some experts fear or even predict pathol-
ogists and radiologists to be completely replaced by ML 
applications, this is a premature statement due to the many 
remaining challenges in adapting to ML.

In order for ML systems to be optimally efficient in ana-
lyzing big data and integrated into clinical routine, they must 
be seamlessly interfaced with electronic medical records and 
other established systems. For example, in the field of radiol-
ogy, ML systems must be integrated into image interpreta-
tion systems to avoid impeding clinical workflow. This is 
crucial for implementation, as it would not be feasible to 
manually enter hundreds of data points for each patient into 
the ML system to generate a recommendation or risk score. 
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Furthermore, regarding the enhancement of clinical work-
flows, further multicenter large-scale clinical trials are 
needed to validate the accuracy and efficiency of ML sys-
tems reported in previous studies. Particularly, results shown 
in single-center trials must be validated in studies spanning 
over a larger range of patient demographics, image qualities, 
and disease patterns and prevalence, as these often vary in 
different populations. The argument for further validation 
through multicenter trials centers on the idea that ML algo-
rithms will have to adapt to such variations to reach maximal 
accuracy in real-world scenarios. This then raises the impor-
tant question: how is accuracy determined? Indeed, diagnos-
tic accuracy is modeled on the reference standard used in 
clinical practice. However, reference standards are not avail-
able in many situations, and even when it is, opinions vary 
between experts regarding diagnosis and treatment manage-
ment. Consequently, it will be important to determine the 
appropriate reference standard to evaluate the accuracy of 
ML systems. Furthermore, ML systems will need to learn 
every “normal” in different clinical scenarios. For example, 
the brain of a 70-year-old patient might look completely dif-
ferent from that of a younger person without necessarily hav-
ing clinical implications.

Another important challenge arises when considering 
both ethical and legal concerns. Electronic health records are 
slowly becoming the standard in clinical practices, which 
raises concerns for patient security and privacy. Despite this 
software being advertised as secure and impenetrable, infor-
mation stored on servers is always at risk of breaches. In fact, 
recently targeted medical institutions all around the world 
were compromised, with valuable patient information being 
held for ransom [88]. Adding more technological compo-
nents such as ML systems to the medical field will only 
increase the complexity of this problem. Thus, finding an 
effective way of securing ML systems will be central to their 
integration into clinical workflows. Moreover, in a future 
where machines could potentially diagnose and even recom-
mend treatment options, the questions of general patient 
reception and legal responsibility for system errors remain 
ambiguous. Would it be the treating physician who is respon-
sible for mistakes, the medical institution, the system’s com-
pany, or the software’s developer? What happens if a 
physician chooses to follow his experience-based clinical 
judgment rather than a ML system recommendation, result-
ing in an adverse event? These are just on the surface of 
potential obstacles that must be addressed before ML can 
find its way into routine clinical practice.

Since ML will be able to integrate much more data than 
humanly possible, it has the potential to lead to new correla-
tions that were previously unknown to clinicians. However, 
these new findings require interpretation with a critical eye in 
order to avoid overdiagnosing, overtreating, and potentially 
harming patients. In a recent study by Moss et al., a ML algo-

rithm was used to analyze patient ECG tracings in the ICU 
[89]. The algorithm was able to detect atrial fibrillation, which 
was classified as clinical when already documented and sub-
clinical when undocumented by the clinicians. However, 
upon further analysis, subclinical arrhythmia was not found 
to be related to clinical outcomes or worsened prognosis. 
Although ML was better suited to detect subclinical atrial 
fibrillation, this had no clinical significance and could lead to 
overtreatment, possibly harming patients. As a result, ML 
data should be interpreted in light of clinical judgment.

Finally, a potential obstacle for the implementation of ML 
systems in medical practice is physician resistance. As ML 
systems exponentially improve and eventually overcome cur-
rent shortcomings, physicians, particularly radiologists, fear 
that such systems could eventually replace them. Indeed, as 
these systems perfect themselves overtime and are immune to 
fatigue, a future where medical institutions favor machine 
analysis over human analysis is imaginable. In a recent arti-
cle, Chockley et al. coined the term “ultimate threat to radiol-
ogy” while describing ML, expressing the very real possibility 
of the end of radiology as a specialty within the next 10 years. 
Chockley particularly emphasized the public’s skepticism 
about driverless cars not more than a decade ago, and how far 
that technology has reached today [90]. However, if the 
extinction of radiology as a specialty were to occur, it is still 
quite far from becoming reality. In fact, a capable radiologist 
is trained to detect 2613 findings and account for more than 
20,000 medical conditions across all imaging domains and 
modalities. As it takes substantial effort in terms of time and 
data needed to create an algorithm accurate in the detection of 
a very specific finding on a single modality, it begs the ques-
tion: If ever possible, how long it will take to create algo-
rithms that can accurately detect all findings across all 
modalities so as to completely replace radiologists? In the 
coming years, it is likely that ML will at least displace some 
of the more routine work done by radiologists that can easily 
and safely be delegated to machines [91]. As Jha et al. stated, 
a higher education is not essential for recognizing patterns 
and specific signs on an image [87]. However, they argue that 
radiologists will still be needed as “information specialists” 
to interpret and highlight the important information provided 
by the machine while considering the patient’s clinical set-
ting. Furthermore, radiologists will remain desirable for the 
foreseeable future to help guide the treating team toward a 
diagnosis and further patient management.

 Summary

The recent advancements in computational power and the 
development of novel, more sophisticated ML algorithms 
have made big data analysis in medicine feasible. Thus, ML 
is seeing an increasingly important role in clinical practice 
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with a variety of applications such as clinical decision sup-
port, precision medicine, risk stratification, and prognosis 
prediction. As these systems become particularly apt at rec-
ognizing patterns from images, cardiovascular imaging is 
seeing an increased role of ML in clinical practice for image 
segmentation, CADx, and mortality prediction. The more 
likely applications in the coming years will be to enhance 
clinical workflow through highly accurate tools to better 
detect disease, assess risk, and stratify patients. Thus, ML 
should be viewed as an opportunity in a positive light, as 
optimized systems will utilize all patient data to improve 
quality, efficiency, and outcomes, leading to optimized 
patient and patient-specific care.
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pulmonary venous anomalies, 559
single ventricle physiology, 560
systemic venous abnormalities, 559
thoracic arterial abnormalities, 559

patient preparation
beta blockade, 557
imaging environment, 555
intravenous access, 556, 557
sedation requirements, 556

Congenitally corrected transposition (L-TGA), 588, 589
Congenitally corrected transposition of the great  

arteries (CCTGA), 588
Congestive heart failure, 423

Conglomerate lymph node enlargement, 653
Conjoint committee, 44, 45
Constrictive pericarditis, 445, 446
Contamination, 743
Contractile cardiac function, 774
Contrast density difference (CDD), 752
Contrast enhanced cardiac computed tomography

dual-energy CT, delayed imaging, 836
extracellular volume fraction, 835
first pass arterial phase scan, 833, 834
late contrast enhancement, 834, 835
post-percutaneous coronary intervention (PCI)  

delayed imaging, 835, 836
wall thinning, 832

Contrast induced nephropathy (CIN), 127
Contrast injection, 606
Contrast material application, 109
Contrast material contamination of myocardium, 780
Contrast media (CM), 813, 849
Contrast media injection protocols, 113, 114

concentrations, 109
contrast material application, 109
flow rates, 109
iodine delivery rate (IDR), 110
iodine volume, 109
patient care

body mass index, 112
body weight, 112
cardiac output, 112
extravasation, 111
site, 111
without the presence of negative side effects, 111

pre-heating, 110
saline chaser, 110
scanner

bolus geometry, 113
lower tube voltage, 113
reconstruction technologies, 113

total iodine load, 111
Contrast Walls, 868, 869
Contrast-enhanced computed tomography, 882
Contrast-induced acute kidney injury (CI-AKI), 126
Contrast-to-noise ratio (CNR), 874, 875, 878–881
Conventional solid-state scintillation detector, 879
Convolution kernel, 119, 120
Convolution technique, 819
Cor triatriatum, 595
CORE 320 study, 787
CORE320 multi-center trial, 884
Coronary angiography (CAG), 301
Coronary artery aneurysm, 457
Coronary artery anomalies

anomalies of course, 567
anomalies of termination, 567
assessment of, 565
axial contrast-enhanced CT, 570
classification of, 567
congenital coronary ostial atresia, 569
contralateral coronary artery, 569, 571
contralateral sinus of Valsalva, 569
coronary anomalies, 567
coronary arcade, 574
coronary arteries, 568
coronary artery duplication, 574
coronary artery fistula, 574
coronary dominance, 566
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Coronary artery anomalies (cont.)
deep myocardial bridge, 573
extracardiac treatment, 576
high takeoff, 567
left coronary artery fistulae, 575
life-threatening sequelae, 567
MDCT coronary angiography, 565, 566, 572
multiple ostia, 567, 568
myocardial bridging, 572
non-coronary sinus of Valsalva, 569
normal coronary artery branches and courses, 565
posterior sinus of Valsalva, 567
pulmonary artery, 571
pulmonary trunk, 571, 572
right coronary artery fistulae, 575
single coronary artery, 567
sinus of Valsalva, 570
SNA, 566, 567
superficial myocardial bridging, 573

Coronary artery bypass grafting (CABG), 19, 457, 572, 777, 781, 826
acquisition time, 382
aortic cross-clamping, 381
coronary calcium scanning, 381
dual source acquisition, 382
ECG-dyssynchrony, 382
LIMA, 381
minimally invasive techniques, 381
motion artifact, 382
myocardial revascularization, 381
off-pump surgery, 381
patency and long-term survival, 381
patency vs. occlusion, 382
postoperative planning

arterial grafts, 385, 386
assessment, 385
CT-FFR, 386
ECG-gating, 385
meta-analysis, 385
occlusion detection, 385
procedural intervention, 386
proximal and mid-vessel aspects, 384
saphenous vein grafts, 385
spatial resolution, 386
venous grafts, 385

preoperative planning
accuracy, 382
aortocoronary anastomoses, 384
calcium, 383
cardiac and mediastinal anatomy, 383
cardiac function, 383
CT-FFR, 383
EBCT, 384
initial diagnostic test, 382
intramyocardial vessel course, 384
LIMA, 383
mammary arteries, 384
MIDCAB, 384
minimally invasive, 384
myocardial viability, 383
off-pump approach, 384
on-pump surgery, 384
percutaneous intervention, 384
risk of stroke, 384
routine catheter, 383
spatial resolution, 382
tactile feedback, 384

TECAB, 384
temporal resolution, 382
thoracic vasculature, 383
3D reconstruction, 383, 385

radiographic assessment, 381
reoperative surgery, 381, 386–388
temporal resolution, 381, 382
3rd generation DSCT, 382
2/3-vessel disease, 327

Coronary artery calcification (CAC), 7, 8, 334
Coronary artery calcium score (CACS), 23–24, 79,  

136, 203, 349, 472, 739–742, 898, 902–904
ACC/AHA Expert Consensus document, 280
ACC/AHA Pooled Cohort Equations, 262
ACCF/AHA Guideline for Assessment of Cardiovascular  

Risk in Asymptomatic Adults, 280
adherence to preventive therapies

aspirin and statin, 274
downstream diagnostic testing, 274
EISNER study, 273, 274
lifestyle modification and risk perception, 274
medication utilization, 274
motivational effects, 274
RCTs, 274, 275
ROBINSCA trial, 275

Agatston score, 280
AHA Scientific Statement, 279
AHA Writing Group, 279
American College of Radiology Appropriateness Criteria, 280
asymptomatic patients

annualized all-cause mortality rate, 267
BioImage Study, 268
CHD events, 267
cumulative relative risk rate, 267
implications, 267
JUPITER trial, 267, 268
lower-risk group, 267
negative risk markers, 268, 269
risk classification, 268, 269

CHD and stroke, 262
cIMT, 262
diabetes

adjusted hazard ratios, 265
Diabetes Heart Study, 270
mortality, 265, 266
NCEP ATP III guidelines, 270, 272
prevalence of, 265
prognosis, 265
risk stratification, 272
stable and acute chest pain, 272, 273
systematic review and meta-analysis, 265, 266

discrimination, 261, 262
ethnicity, gender, and age, 261
European Society of Cardiology Guidelines, 280
findings, 279
intermediate-risk individuals, 262
intra- and inter-scan reproducibility, 279
low- and high-risk patients, 268, 270–272
low-intermediate risk, 263
MESA risk score, 263, 264
NCEP ATP III released guidelines, 279
noninvasive testing guidelines, 279
optimal risk factor status, 263
Pooled Cohort Equations, 263
prognosis, 262
progression
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age- and gender-related percentiles, 276
cumulative proportion, 275
lipid lowering and antihypertensive medications, 276
mean interscan time, 275
metabolic syndrome, 276
preventive therapies, 277–279
survival curves, 275, 276

prospective studies, 262, 263
recommendations, 279, 280
risk adjustment, 279
risk estimation, 263
risk prediction/reclassification, 262, 263
Stable Ischemic Heart Disease, 280
statin therapy, 263, 264
treatment implication by, 742
Writing Group III of the American Heart Association (AHA) 

Prevention Conference V, 279
younger individuals, 263

Coronary artery disease (CAD), 38, 349, 472, 659, 694,  
701, 739–744, 777, 780, 849

functional assessment, 851
morphologic assessment, 850
primary prevention, 742
prognostic significance, 666, 667
to depict and characterize, 850
See also Chronic chest pain

Coronary artery disease reporting and data system (CAD-RADS), 310
calcified and non calcified plaque, 180, 182, 183
CHD, 187
delayed enhancement, 186, 187
electrophysiology

left atrial ablation, 181, 182, 184
ventricular ablation, 184

extracardiac structures, 187
myocardial perfusion imaging, 186, 187
stable and acute chest pain, 179, 180
structural heart disease

left atrial appendage, 185, 186
mitral valve interventions, 185
TAVR, 184, 185

Coronary artery fistula, 574
Coronary artery plaque analysis

acute coronary syndromes, 725
CTA, 725
ESSCT, 730
FFRCT, 729, 730
histopathologic investigations, 725
low attenuation plaque, 727
morphologic and functional characteristics, 725, 726
napkin-ring sign, 727, 728
non-calcified plaque, 725, 726
non-invasive assessment, 725
partially calcified lesions, 725, 726
positive remodeling, 727
quantification, 728, 729
radiomics, 731, 732
spectral assessment, 731
spotty calcium, 727, 728

Coronary artery protection score (CAPS), 667
Coronary artery spasm, nonatherosclerotic CAD, 297, 298
Coronary artery stenosis

atherosclerotic aneurysm, 310, 312
atherosclerotic plaques, 310–312
CAD-RADS system, 310
clinical scores, 311
left main stenosis, 310, 311, 313

multi-segment plaque involvement, 312, 313
obstructive plaque, 310
reports, 310
significant plaque, 310

Coronary artery subsequent to coronary intervention, 604
Coronary atherosclerotic plaques, 7

AIT, 212, 213
calcified nodule, 217, 218
classification, 211, 212
coronary calcification, 220–223
coronary care units, 211
fibroatheromas, 213, 214
fibrous and fibrocalcific plaques, 219, 220
healed ruptures, 218, 219
intimal xanthoma, 212, 213
intraplaque hemorrhage, 219–221
luminal thrombi, 215, 217
PIT, 212–214
plaque erosion, 217
plaque rupture, 215, 216
TCFA, 214–216
total occlusion, 219
vulnerable plaque, 224

Coronary blood flow (CBF), 750, 769, 777, 780
Coronary Computed Tomographic Angiography for Selective Cardiac 

Catheterization (CONSERVE) trial, 854, 855
Coronary computed tomography angiography (CCTA), 176–178, 181, 

229, 230, 349, 350, 659, 749, 750, 777, 783, 784, 786, 787, 
791, 805, 807, 811, 815, 880, 887

ACCF/SCCT/ACR/AHA/ASE/ASNX/NASCI/SCAI/SCMR 
appropriate use criteria, 712

ACCURACY trial, 684
acquisition principles

broad detector, 72
ECG-based tube current modulation, 72
ECG-padding, 71
high pitch single heartbeat acquisition, 71
iterative reconstruction (IR) techniques, 73
prospective ECG-triggering, 70, 71
retrospective ECG-gating vs. ECG-synchronization, 70
scan coverage optimization, 69, 70
triple-rule-out, 71
x-ray tube voltage, 72, 73

acute chest pain, 665, 666, 854–855
advantages, 685–686
appropriate use, 659
in Asians, 710
in asymptomatic low-risk patients, 740
CAC scanning, 30
CAD

to depict and characterize, 850
functional assessment, 851–854
morphologic assessment, 850–851
prognostic significance, 666, 667

calcium scoring, 357, 358
cardiac function, 399–401
cardiac MRI, 30
cardiovascular risk factors, correlation with, 740
CAV

coronary artery calcification, 398
vs.conventional coronary angiography, 398, 399
vs. intravascular ultrasound, 399, 400

CONFIRM registry, 662
age and gender, prognostic significance, 662–664
CAD severity and left ventricular ejection fraction,  

prognostic significance, 665
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Coronary computed tomography angiography (CCTA) (cont.)
coronary artery calcium scoring, prognostic  

significance, 664, 665
diabetic patients, prognostic significance, 665
ethnic differences, prognostic significance, 663, 664

continual hardware and software improvements, 25
contrast media injection protocols (see Contrast media  

injection protocols)
CORE 64 trial, 684
coronary artery stenosis, 710
diabetes, asymptomatic patients, 741, 742
diagnostic and prognostic accuracy, 26, 712
diagnostic estimates of, 758
diagnostic yield

asymptomatic individuals with low cardiovascular risk, 740
clinical risk factors, 740
coronary artery calcium score, 740
specific high-risk groups, 741

disadvantages, 684
downstream outcomes after, 668
Dutch trial, 684
extracardiac findings, 400, 401
high negative predictive accuracy, 26
ICA, 684
image quality, 396, 397
immunosuppression, 400
impact, 743
indication, 357
intermediate risk, 357
iodinated intravenous contrast, 396
low heart rate variability, 396
management, role of

coronary calcium scoring, 742–743
primary prevention, risk for CAD, 742
treatment implications by, 743

vs. MPI, 685
MPS, prognostic significance, 667, 668
negative predictive value, 685, 852
nonobstructive CAD, 712
outcome studies, 26
PET MPI, 29
PCI (see Percutaneous coronary intervention)
plaque characteristics, prognostic significance, 667
positive, 853
post-operative MACE, 358
prognostic significance, 659–662
prognostic value, 685

clinical risk factors, 741
coronary artery calcium score, 741
general asymptomatic population, 741
specifc high-risk groups, 742

prospective acquisition protocols, 396, 397
significant stenosis, 357
spatial resolution, 396
specific high-risk groups, 741
SPECT-MPI, 29
stenosis vs. invasive coronary angiography, 25
stereo CT, 83
stress echocardiography, 29, 358
synthesis of emerging screening criteria, 739
TAG, 757, 759–764
temporal resolution, 396
Toshiba manufactures, 80, 82
utilization, 682, 683, 740
usage, 684

Coronary CT Angiography Evaluation for Clinical Outcomes:An 
International Multicenter (CONFIRM) registry, 728

Coronary density difference, 754
Coronary flow measurement, CT, 750
Coronary sinus (CS), 231
Coronary stenosis, 763, 777, 779
Coronary stents

blooming artifact, 376, 377
contrast enhancement, 376
edge-enhancing kernel, 376, 377
high kV acquisition, 376
iterative reconstruction techniques, 377
monoenergetic imaging, 377
motions artifacts, 376
spatial resolution, 377

Coronary veins, 231
Corrected coronary attenuation, 753–755, 760
Corrected coronary opacification (CCO), 750, 792
Cost-effectiveness analysis (CEA), 673

cardiac CT
acute chest pain patients, 674, 675
incidental findings on, 676
stable chest pain, 675–677

health outcomes, 673
primer for, 673, 674

Coumadin ridge, 232
COURAGE trials, 791
C-Path, 901
Crista terminalis, 453
Cross-sectional density distributions, 4
Cryoballoon ablation, 532, 533
c-statistic, 262
CT Coronary Angiography Compared to Exercise ECG 

(CT-COMPARE) study, 332
CT perfusion (CTP), 350
Current procedural terminology (CPT) codes, 164, 173

AMA, 203
anatomic assessment

CHD, 205
PHVs, 205
pulmonary vein assessment, 205
TAVR, 206

calcium score, 203, 204
coronary CTA, 204, 205

Curved multiplanar reconstructions, 37
Curved multi-planar reformat (cMPR), 133, 137, 138
Curved planar reformation (CPR), 157, 565, 781
Cystinosis, 351, 352

D
Daqing Diabetes Prevention Study, 691
Data acquisition system [DAS], 8
Data per measurement system, 13
DECIDE-Gold trial, 805
Decision tree, 675
Deconvolution approach, 817, 819, 826
Deep neural networks (DL), 898–899
DEFER trial, 767
Delayed enhancement cardiac computed tomography scan, 815

arterial phase scan, 839
contrast material, 836–837
delayed image acquisition, timing of, 837
ECV estimation, 838
enhancement pattern, 841
enhancing image quality, 837
functional recovery prediction, 839
infarct size, 841
injection protocol, 837
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radiation dose, 837
transmural extent, 841
tube setting, 837–838

Delayed phase acquisition, 796
Denoising, 92
Density μ, 3
Determination of Fractional Flow Reserve by Anatomic Computed 

Tomographic Angiography (DeFACTO) trial, 851
Diabetes mellitus (DM), 665, 691–692, 741, 785

CAC score, 349
CAD, 349
cCTA, 349, 350
coronary CTA, 742
CTP, 350
FFR-CT, 350
MI, 349
primary and secondary outcomes, 350
type 1 classification, 349
type 2 classification, 349

Diagnosis of Ischemia-Causing Stenoses Obtained Via Noninvasive 
Fractional Flow Reserve (DISCOVER-FLOW), 851

Dietary structure, China, 692, 693
Diffuse pulmonary artery hypoplasia/stenosis, 583
DiGeorge syndrome, 590
Digital Imaging and Communications in Medicine  

(DICOM) files, 167, 861, 862
Dipyridamole, 800
Discordant atrioventricular connections, 580
Discordant ventriculoarterial connection, 580
Distributed parameter model, 823
Diverticulum of Kommerell, 591
D-looped, 580
Dobutamine, 800
Dobutamine echocardiography, 396, 835
Doppler guidewire technique, 749
Double-acquisition coronary CT angiography, 298
Double aortic arch, 591, 592
Double-chambered right ventricle, 583
Double discordance, 589
Double inlet left ventricle (DILV), 597, 598
Double outlet right ventricle (DORV), 588–590, 862
D shaped model, 522, 523
d-TGA

after atrial switch operation, 608
arterial switch procedure, 611
with mustard palliation, systemic venous baffle stenting, 609

d-TGA s/p arterial switch, 608, 611
Dual-energy acquisition protocols, 779
Dual energy cardiac computed tomography, 836, 885, 886

beam-hardening artifacts, 90
clinical applications, 87

cardiac imaging, 96
vascular imaging, 93–95

denoising, 92
dual-layer detectors, 88
dual spiral scans, 88
dual-source dual energy configurations, 88
Fast kV-switching, 88
Hounsfield unit, 87
material classification/labelling, 92
photoelectric effect, 87
projection-data-based base material decomposition, 90, 91
radiation dose, 92
scattered radiation, 89, 90
sequential/spiral acquisition mode, 88
slow kV-switching, 88
spatial resolution, 89

split-filter, 88
temporal coherence, 89
temporal resolution, 89
“Virtual Non-Contrast” image, 91
X-ray spectrum, 88

Dual-energy computed tomography myocardial perfusion imaging
acquisition technique and radiation dose, 794–800
clinical results, 805–807
cost-effectiveness, 807
data analysis, 800–805
limitation, 807
low-voltage and high-voltage spectra, 794
pharmacological stress agents, 800
static, 798–799
technical considerations, 792–794
timeline of rest/stress and stress/rest protocols, 796
virtual non contrast dataset, 794
workflow, 794, 795

Dual-layer detectors, 88
Dual-phase injection, 557
Dual source computed tomography (DSCT) systems, 51, 73, 376, 382, 

471, 811, 812, 874, 877, 878
advantages and disadvantages, 62
clinical benefits, 62
cross-scattered radiation, 63
DE algorithms, 64
high-pitch scan mode, 62
independent measurement systems, 61
high temporal resolution, 71
model-based/measurement based correction approaches, 63
motion artifacts, 64
temporal resolution, 62
z-flying focal spot, 61

Dual-source dual energy configurations, 88
Ductal patency, 595
Duke prognostic coronary artery disease index, 661
Dynamic computed tomography myocardial perfusion imaging 

(CTMPI), 778, 792, 884, 885, 887
absolute quantification of perfusion parameters, 826
advantage of, 811, 825
benefit of, 826
cardiac phase for acquisition, 812
disadvantage of, 826
heart coverage, 812
image analysis

qualitative analysis, 816
quantitative analysis, 817–823
semiquantitative analysis, 816–817
tissue attenuation curve, 815
visual analysis, 816

vs. MRI, 826
with other modalities, 825
patient preparation, 813
quantitative analysis, 824–825

absolute vs. relative MBF values, 824
cutoff values, 824
myocardial blood volume (MBV), 824–825
segment, territory and patient, 824

radiation dose, 812–813
scanning protocol, 813–815
semiquantitative, 825
semi-quantitative analysis, 823
vs. static, 825
temporal sampling rate, 813
visual analysis, 813, 823, 825

Dynamic spatial reconstructor (DSR), 5
Dypiridamole, 800
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Dyslipidemia, 691
Dyslipidemias, 742

E
Early Identification of Subclinical Atherosclerosis  

by Noninvasive Imaging Research (EISNER)  
study, 273, 274

Ebstein’s anomaly, 586, 587
ECG-based dose modulation, 72
ECG-based tube current modulation, 72
ECG-gated scanning techniques, 51
ECG-gated single photon emission computed  

tomography (SPECT), 407
ECG-synchronization method, 70
Echocardiography, 407, 446
Edge-enhanced post-processing filter, 377
Ejection fraction, 414
Electroanatomic mapping, 534
Electrocardiogram (ECG), 331
Electron beam computed tomography  

(EBCT), 6, 52, 54, 279, 874
application, 7
clinical situations, 7
commercially viable electron beam scanner, 6
coronary artery calcification, 7, 8
designs, 5
e-speed, 8
large bell-shaped X-ray tube, 6
quantitated coronary artery calcium score, 7
severe left ventricular hypertrophy, 6
stripped down scanner, 8
ultrafast CT, 6, 7
with severe aortic stenosis, 6
x-ray tube/fluoroscopic unit design, 5

Electronic and Musical Industries, Ltd [EMI], 4
Electronic health record (EHR), 197, 198
Electronic medical records (EMR) system, 170, 893
Electrophysiological applications

atrial fibrillation
AEF, 538
CBA, 532
cryothermal injury, 541
CT technique, 533
phrenic nerve injury, 540, 541
PNI, 540, 541
post-PVI interpretation, 538
pre-PVI interpretation, 533–537
PVS, 538–540
RFCA, 532
treatment of, 531

LAA occlusion
CHA2Ds2-VASc score, 541
CHA2DS2-VASc score, 541
CT scanner, 545
echocardiography, 548
extra-atrial anatomy, 547
HAS-BLED score, 541
LAA neck, 545
LAA ostium, 545
LAmbre, 544
LARIAT device, 544
lobar region, 546
postprocessing, 545
PROTECT trial, 548
surgical-based epicardial, 542

WATCHMAN device, 542–544
WaveCrest, 544

Endocardial cushion defects, 583
Endothelial shear stress (ESS), 730
Epicardial adipose tissue (EAT), see Epicardial  

fat measurement
Epicardial and pericoronany adipose tissue, 701
Epicardial coronary artery disease, 767
Epicardial fat measurement, 144

ACS, 289
anatomical landmarks, 286
anatomical, embryological and biochemical diversity, 287
automated volume quantification tools, 286
cardiovascular outcome, 290
coronary artery progression, 290
coronary athersolerosis

calcified plaques, 288
clinical observations support, 288
community-based sample, 288
conventional risk factors, 288
cross-sectional study, 288
4 CT-based scores, 288
histopathological and immunohistochemical studies, 288
insulin resistance, 288
intra-abdominal visceral fat, 288
local peri-coronary fat volume, 289
mixed/non-calcified plaques, 288
non-stenotic plaques, 288
pericoronary fat, 288
subcutaneous fat, 288

coronary spasm, 289
cytokines, 287
evidence support, 291
free fatty acid oxidation, 287
imaging modalities, 285
myocardial ischemia, 289
non-atherosclerotic cardiovascular disease, 291
non-invasive imaging tools, 286
paracrine and vasocrine mechanisms, 287
pro- and anti-inflammatory mediators, 287
processing time, 286
semi-automated software, 286
standardized reference values, 286, 287
surrogate imaging, 285
vascular supply, 285
volumetric and distance measurements, 285

Epstein-Barr virus (EBV), 304, 305
Esophageal wall thickening, 648
Estimated glomerular filtration rate (eGFR), 126–128
Eustachian valve, 453
Exercise electrocardiography, 19
Extended Brilliance Workstation (EBW), 78
Extended Toft model, 819, 821, 823
Extensive atherosclerosis, 770
Extra cardiac anatomy, 38
Extracellular volume (ECV) fraction, 143, 835

F
Facebook’s facial recognition, 893
FACTOR-64 trial, 743
FAME trial, 767, 791
Fanconi syndrome, 351
Fast alternating switching, 61
Fast signal pulses, 882
Fatty streak, 212, 213
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Fermi model, 823
Fibroatheromas, 213, 214
Fibroelastomas, 459
Fibroma, 463
Fill Hole Freeform operation, 871
Filtered back projection (FBP), 4, 15, 76, 82, 113–114
First pass arterial phase scan, 833, 834
First pass enhancement scanning, 884
Flow rates, 109
Flow-limiting stenosis, 802
Fontan circuit, 560, 561, 617
Fontan procedure, 616
Forward propagation phase, 894
Fossa ovalis (FO), 231
4-dimensional (4D) datasets, 131
Fractional flow reserve (FFR), 337, 350, 358, 729, 730, 752, 760
Framingham Risk Score, 259, 711
Frank-Starling law, 424
Full width at half maximum (FWHM), 883
Functional evaluation

area-length method, 411
ARVD, 407
biplane area- length method, 411
CHD, 407
cine ventriculography, 408
CMR, 407
computed tomography

advantages and disadvantages, 408
image reconstruction, 411
medications and contrast, 409
radiation dose reduction strategies, 409
scan mode, 408, 409

diastolic dysfunction, 415
echocardiography, 407
left atrium, 419
left ventricle

cine-ventriculography and transthoracic echocardiography, 415
function, 407
global systolic dysfunction, 415
heart failure, 415, 416
ischemic heart disease, 415
normal regional LV functional parameters, 415
normal right ventricular values, 417
quantification of, 412
retrospective ECG gating, 410

nuclear medicine techniques, 407
qualitative, 414
quantitative parameters, 414
right ventricle

ARVD, 417
congenital heart disorders, 417
dysfunction, 418
function, 407
manual, automated or semi-automated techniques, 416
pulmonary embolism, 417
pulmonary hypertension, 417
quantification of, 416
volumes, 418

Simpson’s method, 411
stroke volume, 414
threshold-based segmentation, 411–413

G
Gamma emitting monovalent cations, 19
Garbage in, garbage out, 899

Gaucher disease (GD), 350, 351
GE Healthcare China, 699
Giant cell arteritis (GCA), 300
Gillinov-Cosgrove clip, 542
Glagov effect, 774
Glenn superior vena cava, 616
Global left ventricular muscle mass, 7
Global resting flow, estimation of, 769
Glycosaminoglycans (GAG), 351
Gooseneck deformity, 583
Gore helix septal occluder, 494
Gray-level co-occurrence matrix (GLCM), 718, 719
Gray level gap length matrix (GLGLM), 720
Gray-level run length matrix (GLRLM), 720
Gray-level size zone matrix (GLSZM), 720
Guidelines, cardiac CT

abnormal prior stress imaging, 252
ACCF, 245
ACR, 245
Appropriate Use Criteria and Guidelines, 245
arrhythmias without ischemic equivalent, 251
asymptomatic, 250
asymptomatic without ischemic equivalent, 253
CAD-RADS reporting and data system, 248, 249
cardiac rehabilitation, 253
coronary calcium Agatston score, 252
ECG test stable symptoms, 252
equipment specifications, 248
exercise prescription, 253
heart failure imaging, 250
newly diagnosed heart failure, 251
non-cardiac surgery, 253
non-invasive testing, 249, 250
normal CT/invasive angiogram/normal stress test, 253
obstructive CAD, 252
post-revascularization symptomatic, 253
prior coronary angiography, 252
prior testing without intervening revascularization, 251
qualifications and responsibilities of  

personnel, 246–247
risk assessment, 250
SCCT, 245
sequential/follow-up testing, 251, 252
stable ischemic heart disease, 250
stress imaging study/non-obstructive CAD, 252, 253
syncope without ischemic equivalent, 251
unknown functional capacity, 253
worsening symptoms, 253

H
Hagen-Poiseuille equation, 432
Half-scan reconstruction (HALF), 838
Health Information Portability and Accountability  

Act (HIPAA), 167
Healthcare system, 39
Heart coverage, 812
Heart ischemia, 128
Heart motion, variation of, 57
Heart transplantation

cardiovascular anatomy
heterotopic transplantation, 392, 394
orthotopic transplantation, 391–393

CAV (see Cardiac allograft vasculopathy)
CCTA (see Coronary CT angiography)

HeartFlow algorithm, 769, 770, 772, 774
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Heart-lung axis
atherosclerosis and respiratory disease, 627

cardiovascular disease and COPD, 628–630
cardiovascular disease and lung cancer screening, 631
cardiovascular disease and respiratory diseases, 630

cardiac CT, extra-cardiac findings in lungs, 631
CT imaging methods, to assess, 623–625
pulmonary hypertension and heart, 625

acute pulmonary embolism, 625, 626
causes of, 627
chronic thromboembolic pulmonary hypertension, 626
lung disease, 626, 627

shared aetiology and pathogenesis, 625
HeartMate II, 498
HeartWare pump, 497
Heel effect, 59
Heinz Nixdorf Recall Study (HNR), 263
Hemangioma, 461
Hemodynamic significance, 767
Hepatic cyst, 655
Heterotaxy syndromes, 597, 599
Hiatal hernia, 457
High-definition (HD) scan modes, 878
High pitch single heartbeat acquisition, 71
High resolution coronary imaging, 605
High-risk plaque (HRP) features

adverse outcomes, 314
atherothrombosis, 315
CT appearance, 314, 315
in-stent restenosis, 315, 316
low-attenuation plaque, 314
myocardium, 315, 316
napkin-ring sign, 314
perivascular fat stranding, 315, 316
positive remodeling, 314
spotty calcium, 314

High-sensitivity C-reactive protein (hs-CRP), 260, 297
High-sensitivity troponin (hs-troponin) assays, 339, 340
Histoplasmosis, 629
Holmes heart, 597
Homogentisate 1,2-dioxygenase (HGO), 351
Hounsfield units (HU), 87, 133, 309, 715
Hybrid acquisition techniques, 71
Hybrid iterative reconstruction, 121, 123
Hyperattenuating myocardial pattern, 795
Hypercholesterolemia, 691
Hyperemia, simulation of, 769
Hyperlipidemia, 691
Hypertension, 689–690
Hypertriglyceridemia, 691
Hypo-attenuated myocardium, 800
Hypoplastic left heart syndrome (HLHS), 595

I
IAC accreditation program

coronary calcium scoring, 42
criteria and guidelines, 43
daily and periodic QC tests, 43
interpretive quality, 43
preventive maintenance service, 43
quality improvement program, 42
radiation safety, 43
scanning requirements, 42
selecting or de-selecting coronary calcification, 42
technologist requirements, 43

IBM’s AI software (Watson), 899
Idiopathic pulmonary fibrosis, 628
Image data display and analysis

automated segmentation, 133, 134
cardiac planes, 133, 135
cMPR, 133, 137, 138
coronary tree, 134, 139
MAR, 133
MINIPs, 135, 139
MIPs, 135
projection techniques, 134
semi-automated/manual segmentation, 133, 134
“simple” MPR image, 133
sMPR, 133
thick-MPRs, 133, 136
3D VRT, 131–133

Image noise, 70
Image quantification

calcium scoring, 136
chamber volumes and ejection fraction, 141–143
coronary stenosis quantification/fractional flow reserve, 136, 140
CT data, 144
dual-energy CT/perfusion imaging, 143–145
myocardium, regional function and epicardial fat, 142–144
plaque composition analysis, 140, 141
SPECT/PET, 144

Image reconstruction
back projection, 118, 120
calibration phantoms, 117
convolution kernel, 119, 120
ECG editing, 118, 119
iterative reconstruction, 121–123
raw data, 117
Z-interpolation, 117, 118

Imatron scanners, 6–8
Immunoglobulin G4-related disease (IgG4-related  

disease), 302–304
Impella, 497
Implantable loop recorder (ILR), 494
Implantable pacemakers, 492
Impulse response function (IRF), 817–818, 822
Incidental pulmonary hamartoma, 653
Incomplete LAA exclusion, 542
Incremental cost-effectiveness ratio (ICER), 674
Indeterminate left hilar lymph node enlargement, 653
Inflammation, 625
inPrint, 862
In-stent restenosis (ISR), 375, 376

diagnostic accuracy, 378
guidelines, 378
lumen visibility, 378
non-invasive assessment, 378
sensitivity and specificity, 378
stent evaluation, 378

Integrated discrimination improvement index (IDI), 763
Intensity profile, 59
Interarterial septal abnormalities, 639, 640
Interatrial septal aneurysm, 458
Interleukin 6 (Il-6), 287
International Chapel Hill Consensus Conference  

(CHCC), 299–300
International Society for Heart and Lung  

Transplantation (ISHLT), 391
Interpreting studies, 38
Interrupted aortic arch (IAA), 586, 587
Intimal xanthoma, 212, 213
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Intra-aortic balloon pump (IABP), 496
Intra-cardiac blood flow simulation, 774, 775
Intraplaque hemorrhage, 219–221
Intravascular ultrasound (IVUS), 299, 350, 395
Intravenous (IV) heparin, 331
Intravenous immunoglobulin (IVIG), 301
Invasive coronary angiography (ICA), 382, 384,  

676, 684, 787, 805, 834, 849, 851, 854, 855, 884
Invasive fractional flow reserve (FFR), 767, 771
Iodine concentration, 792, 800, 817
Iodine delivery rate (IDR), 110
Iodine maps, 884
Iodine volume, 109
Ischemic cardiomyopathy, 830
Ischemic heart disease (IHD), 239, 427, 829
Ischemic stroke, 635

cardioembolic sources, 636
aortic atheroma, 643
cardiac thrombus, 636, 637
cardiac tumors, 638, 640
interarterial septal abnormalities, 639, 640
SEC, 638, 639
valvular calcification, 642
valvular vegetation, 642

cardioembolic stroke, 635
clinical importance, 635

Isotropic 3-dimensional (3D) datasets, 131
Iterative methods, 4
Iterative reconstruction (IR) technique, 14–17, 73, 121–123
IT infrastructure

acquisition plane, 195, 197
clinical management, 198, 199
computed tomography, 195–197
EHR, 197–199
x-ray films, 195, 196

J
Joint Commission Accreditation Program

scanner requirements, 43
technologists requirements, 43

Jungner classic screening criteria, 739

K
Kaplan-Meier curve, 663, 667
Kawasaki disease (KD), 300–303
Klippel-Trenaunay-Weber syndrome, 630
Kommerell’s diverticulum, 591, 593

L
LAA pseudothrombus, 537
Lambert-Beer law, 3, 4
Late enhancement computed tomography (LE-CT), 830, 832, 834, 

835, 837–839, 842
Late gadolinium enhancement-magnetic resonance  

imaging (LGE- MRI), 829, 830, 833–835, 838
Leadless pacemaker, 494
Left anterior descending (LAD) artery, 176, 227,  

309, 310, 565, 749, 750, 802, 804, 816, 853
Left atrial (LA) ablation, 181, 182, 184
Left atrial appendage (LAA), 185, 186, 546
Left atrial ejection fraction (LAEF), 429
Left atrial systolic volume index (LASVI), 426
Left circumflex coronary artery (LCx), 176, 227, 565, 804

Left internal mammary arteries (LIMA), 381, 383
Left lateral ridge, 453
Left main coronary artery, 309, 310
Left superior pulmonary vein (LSPV), 532
Left superior vena cava (LSVC), 597
Left upper lobe pulmonary vein (LUPV), 186
Left ventricle (LV), 231

dysfunction, 829
thrombus, 636

Left ventricular apical thin-point (LVATP), 231
Left ventricular assist devices (LVADs), 497
Left ventricular ejection fraction (LVEF), 426, 665
Left ventricular end-diastolic volume index (LVEDVI), 426
Left ventricular muscle mass index (LVMMI), 426
Left ventricular outflow tract (LVOT), 472, 504–505, 508, 519
Left ventricular stroke volume index (LVSVI), 426
Length of stay (LOS), 332
Lesion length ratio (LLR), 759
LIMA, see Left internal mammary arteries
Lipoma, 461
Lipomatous hypertrophy of interatrial septum (LHIS), 456
Lipomatous metaplasia, 831
Local resting flow, estimation of, 769
Low cardiovascular risk, asymptomatic individuals with, 740
Low plaque attenuation, 314
Low-density lipoprotein (LDL), 691
Low-density lipoprotein cholesterol (LDL-C), 742
Lower heart rate

beta-blockers, 103, 104
calcium channel blockers, 104
cardio-selective β-adrenergic antagonist, 103
ivabradine, 104
metoprolol, 103

Lower tube voltage (kVp), 113
Luminal myofibroblastic proliferation (LMP), 301
Luminal stenosis, 851
Luminal thrombi (Th), 215, 217
Lung disease, 626, 627
Lung inflammation, 625
Lymphoma, 467
Lysosomal cystine transporter (CTNS), 351

M
Machine learning (ML), 198, 770, 879, 887, 889

adapting to, 903–904
advantage, 899
back propagation phase, 896
coronary artery calcium detection, 898
definition, 894
development and training, 898
forward propagation phase, 894
importance in medicine, 893
in medicine

accuracy, 900
early detection, 900, 901
ICU, 900
mortality prediction, 900
outcome prediction, 901
precision medicine, 901, 902
prognosis prediction, 901
screening, 900
Watson, IBM’s AI software, 899, 900

in radiology
abnormalities detection, 902
accuracy, 902
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Machine learning (ML) (cont.)
CACS, 902–904
cardiac datasets, 902
cardiac echocardiography, 902
cardiac imaging algorithms, 902
challenges, 902
efficiency, 902
image segmentation, 902
myocardial perfusion imaging, 902
pattern recognition, 902
prognosis and outcome prediction, 903
SPECT, 902

limitations, 893, 899
neural units, 894
supervised learning, 896, 898
unsupervised learning, 898, 899
workflow, 894

Magnetic resonance imaging (MRI)
cardiac masses, 23
cardiovascular disease, 23
CHT, 579
interpretation of, 23
left and right ventricular structure and function, 23
pharmacologic stress, 23
soft tissue differentiation, 23
valvular heart disease, 23

Major adverse cardiovascular events (MACE), 290, 332,  
430, 841, 887

Markov model, 675
Materialise software, 862
Mathematical modeling technique, 674
Maximum intensity projection (MIP), 472, 565, 839

in coronal plane, 598
in sagittal plane, 598

MDCT coronary angiogram, 572
Mediastinum, 358, 457, 464, 539, 540, 647, 648, 652–653
Medical 3D printing, 859, 861
Medical turf wars, 37
Mesotholioma, 464
Metal artifacts, 96
Metastasis, 464
Microvascular obstruction (MO), 839
Mid-aortic syndrome, 606
Minimally invasive cardiac procedures

ASD, 527
mitral valve

ACC/AHA guidelines, 519
access point, 526
anatomy, 521
annular area, 521–523
CardiAQTM, 520
EVEREST I trial, 520
EVEREST II trial, 520
fluoroscopic angulation, 524, 525
landing zone characteristics, 523, 524
LVOT obstruction, 524
MDCT, 520
Mitraclip device, 520
pre-procedural CT, 520
STS risk predication model, 519
TendyneTM, 520
TiaraTM, 520
TwelveTM, 520

pulmonary valve replacement, 526
pulmonary veins isolation, 527, 529
TAVR, 519

TMVR implantation, 519
VSD, 527

Minimally invasive direct coronary artery  
bypass (MIDCAB), 384

Minimum intensity projections (MinIP), 839
Minkowski functionals, 722
Minkowski–Bouligand dimension, 722
MitraclipTM device, 491, 519
Mitral annular calcification (MAC), 456, 476, 520, 642
Mitral annulus, 642
Mitral Clip, 489, 491
Mitral regurgitation (MR), 489
Mitral stenosis (MS), 476
Mitral valve annuloplasty, 491
Mitral valve prolapse (MVP), 232, 476
Model fabrication, 861
Model-based iterative reconstruction, 121, 123
Moderate stenosis, 770
Monte Carlo simulation, 675
Motion artifacts, 64
Motion correction approach, 875, 876
Mucopolysaccharidoses (MPS)

diagnostic performance, 351
GAG, 351
left sided cardiac valves, 351
subtypes I and II, 351
transthoracic two-dimensional echocardiography, 351

Multi detector computed tomography (MDCT), 8, 9, 140, 195, 503, 
520, 531, 684, 873, 878

acquisition time, 382
ADC electronics and data transmission, 54
aortic cross-clamping, 381
coronary calcium scanning, 381
dual source acquisition, 382
ECG-dyssynchrony, 382
ECG-signal, 56, 57
fan-beam CT design, 54
key requirements, 54
LIMA, 381
minimally invasive techniques, 381
motion artifact, 382
myocardial revascularization, 381
off-pump surgery, 381
patency and long-term survival, 381
patency vs. occlusion, 382
postoperative planning, 384–386
preoperative planning, 382–385
quantum and electronic choice, 54
radiographic assessment, 381
reoperative surgery, 381, 386–388
16-slice CT detector, 55, 56
slip-ring designs, 54
solid-state scintillation detectors, 54
state-of-the art X-ray tubes, 54
temporal resolution, 381, 382
3rd generation DSCT, 382
whole body scan field of view, 54
z-flying focal spot, 56, 57

Multi-Energy CT, see Spectral CT imaging
Multi ethnic study of atherosclerosis (MESA) study, 136, 743
Multilevel baffle obstruction, 609
Multi-planar reformation (MPR), 57, 133, 472, 565, 839
Multiple gated acquisition (MUGA), 408
Multiple gray-level size zone matrix (MGLSZM), 720
Multiple perfusion defects, 626
Multi-segment reconstruction, 80
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Multi-slice computed tomography (MSCT) scanners, 830
Multisource interior tomography system, 874, 875
Multivessel disease, 803
Muscular defects, 581
Mustard palliation, 609
Myocardial blood flow (MBF), 811–813, 816, 817,  

819, 822–824, 826, 885
Myocardial blood volume (MBV), 815, 824
Myocardial bridging (MB), 572, 764
Myocardial delayed enhancement techniques, 23
Myocardial infarction (MI), 341, 349, 637, 638, 802, 831
Myocardial ischemia, 297, 767, 777, 784, 786, 787, 792, 813, 826
Myocardial mass, 414
Myocardial perfusion defects (MPD), 800
Myocardial perfusion imaging (MPI), 324, 681, 682

add-on codes, 681
vs. CCTA, 685
in machine learning, 902
negative results, 684
preauthorization, 682
primary CPT-4 code, 681

Myocardial perfusion reserve (MPR), 824
Myocardial perfusion scintigraphy (MPS), 667, 668, 850, 854
Myocardial scar calcification, 831–832
Myocardial viability assessment, CT, 843

contrast enhanced cardiac computed tomography, 829–830, 841
dual-energy CT, delayed imaging, 836
extracellular volume fraction, 835
first pass arterial phase scan, 833, 834
late contrast enhancement, 834, 835
post-percutaneous coronary intervention  

delayed imaging, 835, 836
wall thinning, 832

delayed enhancement cardiac CT scan
arterial phase scan, 839
contrast material, 836
delayed image acquisition, timing of, 837
ECV extimation, 838
enhancement pattern, 841
enhancing image quality, 837
functional recovery prediction, 839
infarct size, 841
injection protocol, 837
radiation dose, 837
transmural extent, 841
tube setting, 837

non-contrast/non-cardiac CT, 831–832
pros and cons, 830–831
revascularization, 829

Myocardial volume reserve (MVR), 824
Myocardial wall thickness, 414
Myocardium, 446–448
Myxoma, 458, 638

N
Napkin-ring sign, 314
National Cardiovascular Data Registry, 684
National Cardiovascular Data Registry's CathPCI Registry, 849
National Institute for Health and Care Excellence (NICE), 673
National Survey on Chinese Students’ Physical Fitness  

and Health, 692
Navier-Stokes equations, 769
Negative predictive value (NPV), 382, 636, 850, 855
Neighborhood gray-tone difference matrix (NGTDM), 720
Net reclassification index (NRI), 262

Neural network, 894, 898, 902
Neural units, 894
Nikaidoh procedure, 610
Nodes, 894
Nonalcoholic fatty liver disease (NAFLD), 337
Nonatherosclerotic coronary artery disease

CAEBV, 304, 305
coronary artery dissection, 298, 299
coronary artery spasm, 297, 298
IgG4-related disease, 302–304
KD, 300–303
TAK, 299–301

Non-cardiac computed tomography, 831
Non-cardiac surgery, pre-operative risk assessment

ACC and AHA, 355
algorithm for, 355, 356
appropriate use criteria, 356
beta-blockade, 358
CCTA, 357, 358
clinical challenges, 358, 359
clinical risk factors, 355
complications, 355
FFRCT, 358
functional assessment, 355, 356
medical management, 358
non-flow limiting stenosis, 358
RCRI, 355
recommendations, 356
statins, 358

Non-contrast calcium scoring scan, 70
Non-contrast computed tomography, 831
Noninvasive testing (NIT), 849, 850
Nonspecific left adrenal nodule, 655
Non-viable myocardium, 829
No-reflow phenomenon, 839
Normal pulmonary vein variations, 535, 536
Nuclear cardiology

combined assessment of clinical and imaging data, 20
components, 21
ECG-gated SPECT imaging, 20
first pass or multiple-gated equilibrium technique, 20
gamma emitting monovalent cations, 19
incremental information, 21
PET imaging, 20
planar imaging methods, 20
semi-quantitative and quantitative scoring systems, 20
SPECT-MPI, 20
test abnormality, 20
thallium-201, 19
universal scoring system, 20

NXT trial, 770, 772, 773, 854

O
Obesity, 692

BMI, 352
CAC, 352
comorbidities, 352
development of, 352
diagnostic accuracy, 352
EAT, 352

1st obtuse marginal branch (OM1), 176
Odds ratio (OR), 357
Old myocardial infarction (OMI), 829
Optical coherence tomography (OCT), 299
Optimal medical therapy (OMT), 205, 327
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Outsourcing, 145
Overweight, 692
Oxidized low-density lipoproteins (ox-LDL), 288

P
Paracardiac fat, 285
Paraganglioma, 462
Paravalvular aortic regurgitation (PAR), 511
Partial cor-triatriatum, 595
Partial dataset misalignment artifacts, 784
Partially anomalous pulmonary venous connection  

(PAPVC), 592, 593
Passive ejection fraction (pEF), 430
Passive emptying volume (pEV), 430
Patent ductus arteriosus (PDA), 499, 582, 583
Patent foramen ovale (PFO), 527, 639, 640
Pathobiologic Determinants of Atherosclerosis in Youth  

(PDAY) study, 212
Pathologic intimal thickening (PIT), 212–214
Patient positioning, 154–156
Patient selection

acute chest pain, 237, 238
advantages, 235–237
appropriateness criteria, 235, 236
chronic chest pain, 238
disadvantages, 235
echocardiography

cardiac devices and cardiac surgery, 240
cardiac embolic source, 239
CHD, 238, 239
great vessel anomalies/abnormalities, 238, 239
new systolic/diastolic heart failure, 239
pericardium, 239
regional wall motion abnormalities, 239
valve disease, 239

MRI
biventricular function, 240
cardiac mass, 241
CHD, 240
great vessel anomalies, 240
ischemic heart disease, 241
pericardial disease, 241
valve disease, 240

nuclear cardiac imaging, 241, 242
risk stratification, 237

Patlak method, 822–823, 826
PDA Clip, 499
Percent atheroma volume (PAV), 278
Percutaneous coronary intervention (PCI), 313, 327, 375,  

381, 796, 805
coronary anomalies, 368
CTO, 366–370
flow-limiting plaque, 361, 362
ischemia-guided intervention, 363, 364
peri-procedural guidance, 369–372
plaque assessment, 363–365
stent size and length, 361–363
SYNTAX III REVOLUTION trial, 371
time-saving multidimensional information, 371
vulnerable plaque, 364–366

Percutaneous valve endocarditis, 612
Pericardial cyst, 456, 457
Pericardial disease

additional morphologic abnormalities, 446
anatomy, 443
constrictive pericarditis, 445, 446

pericardial effusions, 443, 444
pericardial tamponade, 445
pericarditis, 445

Pericardial effusions, 443
Pericardial tamponade, 445
Perimembranous defects, 582
Periodic acid Schiff (PAS), 213
Peripheral pulmonary embolism, 652
Peripheral pulmonic stenosis, 583
Phantom measurements, 41
Pharmacological interventions

lower heart rate
beta-blockers, 103, 104
calcium channel blockers, 104
cardio-selective β-adrenergic antagonist, 103
ivabradine, 104
metoprolol, 103

stress perfusion evaluation
adenosine, 105
dipyridamole, 105
dobutamine, 106
regadenoson, 106

vasodilatation, 104, 105
Phase-contrast computed tomography, 880, 881
Photoelectric effect, 87
Photon counting detectors, 878, 880
Phrenic nerve (PN) injury, 184
Physical activity, 692
Planar imaging methods, 20
Plaque calcification

CAC progression, 309
dual-energy scanning, 309
high-risk feature, 309
LAD, 309, 310
left main coronary artery, 309, 310
RCA, 309, 310
society guidelines, 309
volume averaging and beam hardening, 309
volume calcium subtraction, 309

Plaque composition analysis, 140, 141
Plaque erosion, 217
Plaque rupture, 215, 216
Plaque vulnerability, 774
PLATFORM trial, 772
Pleura, CTA, 654
Poiseuille-based index, 763
Polyarteritis nodosa (PAN), 300
Polysplenia syndrome, 599
Positive predictive value (PPV), 636, 851
Positive remodeling, 314
Positron emission tomography (PET), 407, 811, 835
Post-percutaneous coronary intervention (PCI) delayed  

imaging, 835, 836
Pre-test probability, 678
Primary care provider (PCP), 275
Primum defects, 580
Prinzmetal’s angina, 321, 322
Private medical-grade cloud, 197
Progression of Early Atherosclerosis Study, 30
Projection-data-based base material decomposition, 90, 91
Prospective Army Coronary Calcium (PACC) Project, 274
Prospective Longitudinal Trial of FFRCT Outcome and Resource 

Impacts (PLATFORM) trial, 851
Prospective Multicenter Imaging Study for  

Evaluation of Chest Pain (PROMISE)  
trial, 28, 204, 326, 850, 851, 854

Prosthetic heart valves (PHV), 205
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CCTA technology, 479, 483
degenerative lesions, 481
dehiscence, 481
paravalvular abscess, 481
vs. periprosthetic fibrosis, 483
pseudoaneurysm, 481
renal dysfunction, 483
ruputured chordae, 481
stuck valve, 483
SVD, 482
TTE and TEE, 479

PROTECTION I study, 700
Pseudoaneurysms, 457
Pseudo-thrombus, Fontan circuit, 617
Pulmonary atresia, 584, 596

with intact ventricular septum, 595
Pulmonary disease, 701
Pulmonary embolism, 95
Pulmonary hypertension, 628, 630

heart-lung axis, 625
acute pulmonary embolism, 625, 626
causes of, 627
chronic thromboembolic pulmonary hypertension, 626
lung disease, 626, 627

Pulmonary nodule, 653
Pulmonary stenosis, 583
Pulmonary valve leaflets, 617
Pulmonary valve placement, 612
Pulmonary vascular resistance (PLVR), 431
Pulmonary vein mapping protocol, 171
Pulmonary vein stenosis (PVS), 538, 540
Pulmonary veins, 232–234

Q
Qualified medical physicist (QMP), 41, 42
Quality assurance (QA) program, 170
Quality improvement (QI) program, 42
Quality-adjusted life-year (QALY), 673
Quantitated coronary artery calcium score, 7
Quantitative coronary angiography (QCA), 350

R
Radiation dose, 794, 812, 837, 878

cancer risk, 17
dose reduction techniques, 17
filtered back projection, 15
iterative reconstruction, 14–17
prospective ECG-gating

with a sequential (or “step-and-shoot”) data  
acquisition, 12, 13

with a spiral data acquisition and high-pitch, 13, 14
retrospective ECG-gating techniques, 12
scan length, 15
tube current modulation, 14
voltage adaptation, 14

Radiation dosimetry measurements, 42
Radiofrequency catheter ablation, 532
Radiologists, 38
Radiology benefits management companies (RBMs), 682
Radiomics

classification, 716
coronary artery plaque analysis, 731, 732
datamining techniques, 715
definition, 715
HU values, 715
intensity-based metrics

Agatston score, 717
cut-off values, 718
definition, 716
distribution shape, 716
histogram analysis, 716
interquartile range, 716
kurtosis, 716
mean, 716
median, 716
moments, 716
percentiles, 716
Shannon entropy, 717
skewness, 716
standardized/normalized central moments, 716
variance, 716
voxel values, 716, 718

radiomics-based patient analysis, 715
shape-based metrics

coronary geometry, 722
fractal dimension, 722
MACE rates, 722
Minkowski functionals, 722
1-dimensional (1D) metrics, 721
2-dimensional (2D) metrics, 721, 722
3-dimensional (3D) metrics, 721, 722

texture-based metrics
GLGLM, 720
GLRLM, 720
GLSZM, 720
laws' texture energy measures, 721
MGLSZM, 720
NGTDM, 720
plaque composition, 718
second-order statistics, 718–720
texture analysis, 718
tumor heterogeneity, 721

transform-based metrics
definition, 722
Fourier and Gabor transforms, 722, 723
wavelet transforms, 723

Radionuclide ventriculography (RVG), 407
RadSite Accreditation Program

scanner requirements, 43, 44
technologists requirements, 44

Receiver operating characteristic (ROC)  
curve, 261, 752, 761–764

Reconstruction technologies, 113
Redo PFO closure, 495
Regadenosone, 780, 787–788, 800
Region of interest (ROI), 314, 862, 864
Regional myocardial perfusion, 7
Regional wall motion abnormalities (RWMA), 666
Regional/segmental EF, 414
Relative myocardial blood flow values, 824
Relative value units (RVU’s), 38
Remodeling index (RI), 667
Rényi dimensions, 722
Repaired CHD, cardiovascular CT

aortic arch imaging, 606, 607
d-TGA s/p arterial switch, 608, 611
indications, 618
intervention, coronary artery imaging after, 604–606
risk of, 603
single ventricle heart disease, 612–616, 618
situations in, 604
Tetralogy of Fallot, 611, 612
transposition complexes, 607
use of, 604
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Reporting, cardiac CT
assure quality and consistency, 173
CAD-RADS (see Coronary artery disease reporting and data 

system (CAD-RADS))
CCTA, 176–178, 181
coronary artery calcium scoring, 175
image acquisition, 174
image quality, 174, 175
image reconstruction, 174
impressions and management recommendations

calcium scoring, 189
comprehensive report, 188, 189
emergency department, 190

indications, 173, 174
medical record documentation, billing, and compliance, 173
noncoronary cardiac findings, 178, 179

Respiratory disease, 623
cardiovascular disease and COPD, 628–630
cardiovascular disease and lung cancer screening, 631
cardiovascular disease and respiratory diseases, 630

Rest transluminal attenuation gradient, 763
Resting coronary blood flow, 769
Rest-stress approach, 780
Revascularization, 774, 829
Reverse attenuation gradient (RAG) sign, 763, 764
Reverse attenuation sign, 764
Reversible ischemia, 802
Revised Cardiac Risk Index (RCRI), 355
Rhabdomyoma, 463
Right atrial stroke volume index (RASVI), 431
Right atrium (RA), 231
Right coronary artery (RCA), 176, 227, 309, 310
Right internal mammary artery (RIMA), 384
Right pulmonary artery occlusion, 629
Right ventricular ejection fraction (RVEF), 431
Right ventricular MMI (RVMMI), 431
Right ventricular outflow tract (RVOT), 604
Right ventricular output index (RVCI), 431
right ventricular stroke volume index (RVSVI), 431
Right ventricular-dependent coronary circulation, 595
Risk Or Benefit IN Screening for Cardiovascular Disease 

(ROBINSCA) trial, 275
Röentgen, Wilhelm Conrad, 3
Royal Australian and New Zealand College of Radiologists 

(RANZCR), 44
Rule Out Myocardial Infarction using Computer Assisted  

Tomography (ROMICAT) trial, 204, 666

S
Saddle pulmonary embolism, 627
St. Francis Heart Study, 277
Saline chaser, 110
Sarcomas, 464
Scan field of view (SFOV), 873
Scattered radiation, 89, 90
SCI-EXPANDED, 701
Scimitar syndrome, 593
SCOT-HEART trial, 743, 850
Scottish Aortic Stenosis and Lipid Lowering Trial:Impact on 

Regression (SALTIRE), 277
Scottish Computed Tomography of the HEART Trial  

(SCOT-HEART) trial, 28
Scottish system, 28
Secundum atrial septal defect, 580, 581
Semi-automated/manual segmentation, 133, 134

Semi-quantitative and quantitative scoring systems, 20
Sensitive detector technology, 849
Sensitivity analysis, 678
Sensitivity and specificity, 851
Septal defect patch, 867, 869, 870, 872
Sequential segmental analysis, 579, 580
Service lines, 38
Shannon entropy, 717
Short-axis (SAX), 234
Siemens cFFR application, 771
Simpson’s method, 407, 411
Single bolus technique, 837
Single lead pacemaker, 492
Single photon emission computed tomography  

(SPECT) imaging, 20, 279, 811, 812, 815,  
816, 823–825, 831, 834, 835, 854, 902

Single tilting disc valve, 487
Single ventricle heart disease, 612, 613

anatomic findings
after 3rd stage palliation, 615
stage 1 and 2, 613

functional cardiovascular CT imaging, 616, 618
scan acquisition considerations and recommendations, 615, 616
scan modifications, 616
scan recommendations, 613, 615

Single-energy computed tomography myocardial  
perfusion imaging, 805, 807

Single-energy technique, 792
Single-shot acquisition, 779
Single-source CT systems (SSCT), 73
Single-source helical, 88
Single-source rapid-switching, see Fast KV-switching
Single-source sequential Dual Energy CT scanners, see Slow 

KV-switching Dual Energy CT scanners
Single-source twin-beam, see Split-filter Dual Energy CT scanners
Single-tube multi-detector CT (MDCT) scanners, 812
Sinoatrial nodal artery (SNA), 227, 566
Sinogram, 117, 118
Sinus venosus defects, 580
Situs ambiguous, 580
Situs inversus, 579
Situs solitus, 579
64-slice CT systems, 51
Slip-ring technology, 8
Slow kV-switching Dual Energy CT scanners, 88
Smaller scan field of view (SFOV), 154
Smoking, 690–691
Snap Shot Freeze (SSF), 76
Society of Cardiovascular Computed Tomography  

(SCCT), 25, 176, 229, 245, 310, 666
Society of Thoracic Surgeons (STS) database, 387, 519
Soft cardiac plaque composition, 96
Solid part creation operation, 866
Spatial resolution, 89
Speckle tracking echocardiography, 902
Spectral computed tomography, 97, 792, 882
Split-filter dual energy CT scanners, 88
Spontaneous coronary artery dissection (SCAD), 298, 299
Spontaneous echo contrast (SEC), 638, 639
Spotty calcium, 177, 314
Stable angina, 781, 785, 850
Stable chest pain, 204, 675–677
Stable microvascular angina, 322, 323
Stair-step or slab registration artifacts, 57, 59
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STEMI, see ST-segment elevation MI
Stent fracture, 375
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TAC, see Time attenuation curves
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Targeted spatial frequency filtration (TSFF), 838
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TDG, see Transluminal Diameter Gradient
Teamwork, 39
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Temporal resolution, 89
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Test abnormality, 20
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surgical intervention for, 614
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3D laboratory, cardiovascular CT
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compliance, 164, 167, 168
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imaging workflow map, 169
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3 dimensional reconstructions, 38
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Value-based health care, 39
Valvar pulmonary stenosis, 584
Valvular calcification, 642
Valvular disease, 701
Valvular vegetation, 642
Vasa vasorum, 220, 221
Vascular access complications, 849

Index



931

Vascular imaging, 93–95
Vascular rings, 590, 591
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Vasodilatation, 104, 105
Vasodilative effects, 800
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Venous two-phase injection protocol, 558
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Ventricular function assessment, 610
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Ventricular tachycardia, 800
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Volume perfusion computed tomography (VPCT), 817, 822
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