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ogy for the noninvasive assessment of a spectrum of

cardiovascular disease processes. This image modal-
ity has been used to provide assessment of atherosclerotic
plaque burden and coronary artery disease risk through coro-
nary calcium scoring. Although the technology has been
clinically available for 20 years,' cardiologists and even radi-
ologists are largely unaware of its capabilities. This chapter
reviews the current clinical uses and describes some of the
potential for even greater utility in the near future. Advances
in spatial and temporal resolution, electrocardiographic trig-
gering methodology, and image reconstruction software have
helped in the evaluation of coronary artery anatomy and
vessel patency, providing the ability to noninvasively diag-
nose or rule out significant epicardial coronary artery disease.
Cardiac CT allows the three-dimensional (3D) simultaneous
imaging of additional cardiac structures including coronary
veins, pulmonary veins, atria, ventricles, aorta, and thoracic
arterial and venous structures, with definition of their spatial
relationships for the comprehensive assessment of a variety
of cardiovascular disease processes. This chapter discusses
the role of cardiac CT in the assessment of cardiovascular
pathology, with an emphasis on the detection of coronary
atherosclerosis.

C ardiac computed tomography (CT) is a robust technol-

Tomographic Imaging Modalities

Electron Beam Computed Tomography

The tomographic imaging modalities, including electron
beam CT (EBCT), multidetector CT (MDCT), and magnetic
resonance imaging (MRI), have advantages and limitations
in the evaluation of cardiovascular disease, depending on the
particular clinical questions posed. Electron beam CT is a
fourth-generation CT imaging modality that is able to rapidly
obtain thin tomographic cardiac slices for the evaluation of

coronary artery anatomy. The speed of image acquisition is
possible due to the fact that the x-ray source is stationary. In
basic terms, instead of rotating the x-ray tube around the
patient as conventional scanners do, the EBCT scanner has
the patient positioned inside the x-ray tube, obviating the
need to move any part of the scanner during image acquisi-
tion. The electron beam is emitted from the cathode, which
is several feet superior to the patient’s head, and then passes
through a magnetic coil, which bends the beam so that it
will strike one of four tungsten anode targets. The magnetic
coil also steers the beam through an arc of 210 degrees. The
x-ray generated from the powerful electron stream striking
the tungsten anode target passes through the patient in a
fan-shaped beam and strikes the detector array positioned
opposite the four anodes.

Three imaging protocols are used with the electron beam
CT scanner. They provide the format to evaluate anatomy,
cardiovascular function, and blood flow. The imaging proto-
col used to study cardiovascular anatomy is called the volume
scanning mode and is similar to the scanning protocol
employed by conventional CT scanners. Single scans are
obtained, and then the scanner couch is incremented a preset
distance, usually the width of the scan slice, so that there is
no overlap of anatomy. This scanning mode is utilized with
and without contrast enhancement and provides high spatial
resolution of cardiovascular anatomy. This technique is ideal
for evaluation of the aorta, coronary arteries, and congenital
heart disease. The thinnest slice available is 1.5mm, which
is not as thin as now available on multidetector scans (which
have slice thickness as thin as 0.5mm by one vendor, and
0.625 to 0.75 by most others).

The cine scanning protocol acquires images in 50ms.
Each scan is separated by an 8-ms delay, which translates to
a scanning rate of 17 scans/second per target. Scanning on
multiple targets simultaneously allows for large volumes of
the heart to be covered with each heartbeat. Scans are
acquired for the duration of the cardiac cycle. Depending on
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the heart rate, up to 8cm of the heart can be imaged in a
single heartbeat. The images acquired can be displayed in a
cine loop (literally a movie demonstrating motion of the
heart), making assessment of wall motion, segmental thick-
ening, and valve motion possible. Blood pool contrast
enhancement is achieved by injection of contrast medium
boluses via a superficial peripheral vein. The bolus amount
for each image acquisition period averages 30mL. The flow
mode imaging protocol acquires a single image gated to the
electrocardiogram at a predetermined point in the cardiac
cycle [e.g., end-diastole (peak of the R-wavel]. Images can be
obtained for every cardiac cycle or multiples thereof. Scan-
ning is initiated before the arrival of a contrast bolus at an
area of interest (e.g., left ventricular [LV] myocardium) and is
continued until the contrast has washed in and out of the
area. Time density curves from the region of interest can be
created for quantitative analysis of flow, useful for shunt
fraction determinations, as well as timing of boluses for
imaging of coronary anatomy in the volume (high resolution)
mode.

The ability to rapidly acquire images decreases respira-
tory and cardiac motion artifacts, making the modality well-
suited for the evaluation of the coronary vasculature. The
entire cardiac structure is imaged during a single approxi-
mate 15- to 30-second breath-hold. Electron beam CT
acquires high-resolution images of the heart with temporal
resolution of 50 or 100 milliseconds (ms) and prospective
gating to the cardiac cycle. This allows imaging during the
diastolic phase, when cardiac motion is minimized.”> The
newest generation of EBCT scanner is the e-speed scanner
(GE Medical Systems, San Francisco, CA), which allow for
50-ms image acquisition in both the high-resolution and low-
resolution modes, and imaging more than one level simulta-
neously. The faster image acquisition and multiple level
imaging associated with this device further decreases breath-
hold time, radiation exposure, and motion artifacts. Prospec-
tive gating (identifying the R wave and triggering at a fixed
time thereafter to catch early diastole) allows for imaging of
patients with a spectrum of heart rates and rhythms (includ-
ing premature beats and atrial fibrillation).

Multidetector Computed Tomography

Multidetector CT (MDCT) systems were initially capable of
acquiring four levels simultaneously in 2000, now can
obtain up to 64 levels of the heart simultaneously with ECG
gating in either a prospective or retrospective mode. The
MDCT differs from single-slice helical or spiral CT systems
principally by the design of the detector arrays and data
acquisition systems that allow the detector arrays to be con-
figured electronically to acquire multiple levels of various
slice thickness simultaneously. Thus, in the current 16-
channel MDCT systems 16 slices can be acquired at nomi-
nally 0.75-mm slice widths for cardiac imaging. In MDCT
systems, like the preceding generation of single-slice helical
scanners, the x-ray photons are generated within a special-
ized x-ray tube mounted on a rotating gantry. Subsecond
MDCT scanners use a rapidly rotating x-ray tube and several
rows of detectors, also rotating. The tube and detectors are
fitted with slip rings that allow them to continuously move
through multiple 360-degree rotations. With gantry continu-

ously rotating, the table moves the patient through the
imaging plane at a predetermined speed. The relative speed
of the gantry rotation table motion is the scan pitch. The
smooth rapid table motion or pitch in helical scanning allows
complete coverage of the cardiac anatomy in 15 to 25 seconds.
A major advantage over EBCT is the improved spatial resolu-
tion and contrast resolution, allowing for a more detailed
look at the coronary anatomy.*

Advances in MDCT technology have led to scanners that
can obtain images with a scan rotation of 333 ms, and with
partial scanning, image acquisition between 175 and 250 ms.
Furthermore, utilizing portions of each of the images, and
adding data from consecutive detectors, allows for further
reduction in temporal resolution. Although it is not always
possible, given the heart rate and regularity of the rhythm,
most vendors are now quoting scan times approaching 110
to 140ms using this technique (Fig. 8.1).

Multidetector CT also possesses greater versatility for
peripheral vascular imaging, as the gantry opening allows
the patient to be inserted from head to foot without reposi-
tioning. This is in contrast to EBCT, where the cone beam
limits patient motion, where many peripheral studies need
to be done in two phases (iliac to popliteal, and then the
patient is rotated feet first to image popliteal to foot). The
smooth rapid table motion or pitch in helical scanning
allows complete coverage of the cardiac anatomy in 15 to
25 seconds. Use of the 64-slice scanner decreases this
imaging window to 5 to 12 seconds for cardiac and periph-
eral imaging.

With MDCT, the limited temporal resolution is due to
the design. The mechanical detector head has to rotate
around the patient. Present versions complete a 360-degree
rotation in about four-tenths of a second. These scanners’
exposure times can be decreased to as little as 175ms by
utilizing only a portion of the 360-degree rotation. Approxi-
mately 210 degrees of rotation is necessary for one image, so
the rotation speed can be multiplied by 0.6 to calculate image
acquisition times. For example, a rotation speed of 400ms
for a 360-degree image will have a total temporal resolution

Snapshot image reconstruction:
Improving effective temporal resolution

— L

Detector 1
Detector 2
Detector 3
Detector 4

Burst 2-Sector: ~ 125 ms

FIGURE 8.1. “Burst” technology allowing parts of each image to
be used for reconstruction. In this example, portions of two consecu-
tive images were used to allow the temporal resolution of multide-
tector computed tomography (MDCT) to be reduced from 265 ms to
about 132 ms.
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of approximately 240ms. The manufacturers often quote
50% of the rotation speed (i.e.,, 200-ms image acquisition),
but this only refers to the central point on the scan, and not
the entire image, so this is most often somewhat misleading
to the clinician or user. Simultaneous imaging from multiple
detectors (now up to 64) during gantry rotation provides
greater spatial resolution than EBCT (specifically thinner
slices through the heart), but at the expense of temporal reso-
lution (time to image an individual level, presenting more
motion artifacts when heart rates are above 60 beats per
minute).* Newer EBCT systems quote 9 to 11 line-pairs/cm,
while MDCT has improved spatial resolution, with 14 to 16
line-pairs/cm of resolution. Although EBCT suffers from
decreased signal to noise and gantry design, a disadvantage
of MDCT cardiac scanning is an increase in motion artifacts
and radiation exposure.’ For cardiac imaging, there is a nar-
rower window of acceptable heart rates for scanning with
MDCT compared to EBCT, with many patients requiring
pharmacologic decreases in heart rate to less than 60 beats/
minute to extend diastole to the point of minimizing cardiac
motion (see Multidetector Computed Tomography Angiogra-
phy, below). A major current disadvantage of MDCT in
cardiac scanning is an increase in radiation dose (see
below).®

In the near term, the development and introduction of
MDCT systems with increased detectors is likely. In 2005,
most vendors offer a 64-row system, and the additional detec-
tor rows help to improve temporal resolution, reduce breath-
hold time, and reduce contrast dose. We will observe
continued rapid advancement in CT for coronary and periph-
eral angiography and a series of comparative studies evaluat-
ing these new CT techniques with existing measures of
coronary heart disease.

Comparison of Computed Tomography to Magnetic
Resonance Imaging

The strength of magnetic resonance cardiovascular imaging
includes greater definition of tissue characteristics, perfu-
sion, valvular function, lack of x-ray radiation, and lack of
need for potentially nephrotoxic contrast media, compared
to CT technologies. Several studies have been reported com-
paring this modality to coronary angiography.”” Limited
temporal and spatial resolution,' partial volume artifacts,'!
reliance on multiple breath holds, and poor visualization of
the left main coronary artery'? all reduce the clinical appli-
cability of MR angiography. Computed tomography angi-
ography offers advantages over MR angiography, including
single breath hold to reduce respiratory motion, higher spatial
resolution, reduced slice thickness, and overall study time of
35 to 50 seconds with CT techniques as compared to 45 to
90 minutes for MR angiography.*'* Reported sensitivities for
MR angiography range from 0% to 90%.*”'3 Magnetic reso-
nance angiography remains a technically challenging tech-
nique with certain limitations hindering its clinical use. The
rapidity and ease with which CT coronary angiography can
be performed suggest possible cost advantages compared
with MR angiography and selective coronary angiography.'

In comparison, the strengths of CT include superior
imaging of coronary arteries, higher spatial and temporal
resolution, ability to scan patients with implantable metallic

devices such as pacemakers and defibrillators, and shorter
study times.*

Noncontrast Computed Tomography Imaging

Coronary Artery Calcium

Coronary artery calcium (CAC) is closely associated with
coronary atheromatous plaque. Arterial calcium deposition
occurs in association with atherosclerotic plaque evolution
and is regulated by cellular calcification-regulating pro-
teins.!® A direct relationship has been established between
coronary artery calcium as measured by EBCT and both
histopathologic'®" and in vivo intravascular ultrasound'®"
studies, which confirm the close correlation between athero-
sclerotic plaque burden and extent of CAC.

Electron beam CT can accurately and noninvasively
quantitate CAC, and several measurements have been used.?
Most centers and research studies have reported a calcium
score measurement (Agatston method)' that takes into
account the density and area of the calcification. The score
is calculated by multiplying the lesion area by a density
factor derived from the maximal Hounsfield unit (HU) within
this area. The density factor was assigned in the following
manner: 1 for lesions whose maximal density was 130 to
199Hu, 2 for 200 to 299Hu, 3 for 300 to 399Hu, and 4 for
>400Hu. A total calcium score is determined by summing
individual lesion scores from each of four anatomic sites (left
main, left anterior descending, circumflex, and right coro-
nary arteries) (Fig. 8.2). The other measures are volume

FIGURE 8.2. A computed tomography (CT) study (axial image)
demonstrating calcification of the left main and left anterior
descending coronary arteries. The total coronary calcium score was
over 1000. Arrow, left anterior descending coronary artery
calcification.
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measurement and mass score. A large criticism directed at
the Agatston method is increased variability (decreased
reproducibility) due to image noise (a peak HU of 199 would
multiply the area by a factor of 1; if that increased to 201 on
a subsequent scan, it would increase the score twofold, as the
density factor would be two). These small changes in mea-
surement can double the interscan variability, leading to
other measures to be proposed to allow for more accurate and
reproducible measurement of CAC. The volume method of
Callister et al.! somewhat resolves the issues of density
measures, slice thickness, and spacing by computing a
volume above threshold. This has been shown to be more
reproducible, but fewer data are available on the prognostic
values of such scores. A mass score has been introduced, but
absolutely no prognostic information is available, and this
requires a phantom to make this measure, which has been
shown to increase image noise (which worsens reproducibil-
ity on individual scans).?? Further research using either
volume or mass scores will be needed to allow accurate clini-
cal guidelines to be written.

Data regarding calcium score distribution in large
numbers of asymptomatic persons have been published.?
These tables can be used to classify patients on the basis of
the extent of their atherosclerotic disease compared with the
expected norm. In men, there is a rapid increase in the preva-
lence and extent of coronary calcification after age 45. Com-
pared to men, this increase is delayed for 10 to 15 years in
women.

Reproducibility of Coronary Calcium Assessment

The reproducibility of the CAC measurement is essential to
utilizing this modality for assessment of the efficacy of ther-
apeutic interventions. Reproducibility was initially a concern
for repeated testing, but hardware and software improve-
ments have reduced interscan variability to a median of 4%
to 8%.2* In addressing reproducibility issues with coronary
calcium, it was noted that the most commonly used trigger
time in early studies (80% of the R-R interval) is suboptimal
due to increased coronary motion during atrial kick (atrial
systole causing the right coronary and circumflex arteries to
move rapidly). This has become particularly important with
the increased use of CT for measurement of progression of
atherosclerosis as well as CT coronary angiography (to
improve visualization of the coronary arteries without
motion artifacts). Recent studies suggest that a triggering
should be initiated early in diastole rather than near the end
(80%) as has been done in the past with some scanners.”> The
ideal trigger is, by definition, that which gives the least
cardiac motion, and has been extensively studied for EBCT,
and found to be at the end of systole (late systole or early
diastole). Studies with MDCT usually conclude that 40% to
50% of the R-R interval (early diastole) is the optimal trigger
for visualization of lumina with least coronary motion. Early
diastolic triggering has reduced the variability of CAC to
11% to 15%.% With excellent inter- and intraobserver vari-
ability (1%), this test can measure plaque burden changes
over time. Multidetector CT reproducibility is currently
higher, although newer scanners (with 16, 32, or 64 detectors)
should help in reducing this measurement error. A study of
537 patients undergoing two studies on four-slice MDCT

with cardiac gating demonstrated a mean variability of 36%
for volume scoring and 43% for Agatston scoring.?

Calcium Progression

Much interest has been directed at using CAC to measure
plaque burden, and then remeasuring at some point in time
to assess for progression of disease. Callister et al.! was one
of the first studies to demonstrate a relationship between
cholesterol control and atherosclerosis progression. There
was a significant net increase in mean calcium-volume score
among individuals not treated with cholesterol-reducing
medications (mean change: 52 + 36%, p < .001). There was a
graded response depending upon the low-density lipoprotein
(LDL) reduction with statin therapy, with those treated to
LDL < 120mg/dL demonstrating an average diminution of
coronary calcium (-7% * 23%), and those individuals treated
less aggressively (LDL > 120mg/dL) showed a calcium-volume
score increase of 25% + 22% (p < .001 for comparison with
aggressively treated subjects).

Another study evaluated 299 patients who underwent
two consecutive scans at least 12 months apart.”” The average
change in the calcium score (Agatston method) for the entire
group was 33.2% * 9.2% per year. Those patients reporting
use of a statin had an annual rate of progression of 15%,
compared with 39% annual increase in EBCT score for non-
statin users.

Prospective studies demonstrating a link between CAC
progression and coronary events have recently been reported.
The first study demonstrated, in 817 persons, that EBCT-
measured progression was the strongest predictor of cardiac
events.”® This observational study suggests that continued
accumulation of CAC in asymptomatic individuals is associ-
ated with increased risk of myocardial infarction (MI) in
asymptomatic individuals. A second study measured the
change in CAC in 495 asymptomatic subjects submitted to
sequential EBCT scanning.”® Statins were started after the
initial EBCT scan. On average, MI subjects demonstrated a
CAC change of 42% + 23% yearly; event-free subjects showed
a 17% +25% yearly change (p =.0001). Relative risk of having
an MI in the presence of CAC progression was 17.2-fold [95%
confidence interval (CI): 4.1 to 71.2] higher than without
CAC progression (p < .0001). In a Cox proportional hazard
model, the follow-up score (p =.034) as well as a score change
>15% per year (p < .001) were independent predictors of time
to MI. The Multi-Ethnic Study of Atherosclerosis will
measure baseline CAC scores and repeat this measurement
after 3.5 years in 6600 patients. Interim events, within the
3.5 years, will be measured. Future events in the subsequent
3.5 years (total 7 years follow-up) will be measured.

Coronary Artery Calcium and Obstructive Disease

In contradistinction to other noninvasive modalities that
focus on diagnosis of obstructive coronary artery disease
(CAD), EBCT coronary calcium represents an anatomic
measure of plaque burden.?® Studies comparing pathologic
and EBCT findings have shown that the degree of luminal
narrowing is weakly correlated with the amount of calcifica-
tion on a segment-by-segment basis,?' whereas total calcium
score is more closely associated with the presence and severity
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of maximum angiographic stenosis.?> Detection of coronary
calcium by EBCT has been demonstrated to be highly sensi-
tive for the presence of significant CAD. A report of 1764
persons undergoing angiography and EBCT similarly showed
a very high sensitivity and negative predictive value in men
and women (>99%).2® Therefore, a calcium score of 0, denoting
evidence of coronary calcium, can virtually exclude those
patients with obstructive CAD, making this test an effective
screen prior to invasive angiography. Guerci et al.** studied
290 men and women undergoing coronary arteriography for
clinical indications and concluded that EBCT scanning
improved discrimination over conventional risk factors in the
identification of persons with angiographic coronary disease.

An important point in the interpretation of CAC scores
relates to the detection of obstructive CAD. A negative test,
indicating no evidence of calcified atherosclerotic plaque, can
virtually exclude obstructive disease. A positive EBCT study,
indicating the presence of CAC, is nearly 100% specific for
atheromatous coronary plaque.® However, since both obstruc-
tive and nonobstructive lesions have calcification present,
CAC is not specific to obstructive disease. While increasing
calcium scores are more predictive of obstructive CAD, there
is not a 1:1 relationship between calcification and stenosis.
The overall specificity of any CAC for obstructive CAD is
approximately 66%.%¢ In a study of 1851 patients undergoing
angiography and CAC measure,”” EBCT calcium scanning in
conjunction with pretest probability of disease derived by a
combination of age, gender, and risk factors, could assist the
clinician in predicting the severity and extent of angiographi-
cally significant CAD in symptomatic patients. Electron
beam CT is comparable to nuclear exercise testing in the
detection of obstructive CAD.***? As opposed to stress testing,
the accuracy of EBCT is not limited by concurrent medica-
tions, ability to exercise, or baseline electrocardiogram abnor-
malities. Moreover, scanning for coronary calcium (CC) does
not require injection of contrast medium; therefore, a CT
technician can perform the study without supervision. The
entire procedure takes less than 10 minutes to perform.
However, cardiac CT does not afford assessment of functional
status of the patient, so many physicians may utilize a tread-
mill test and calcium scan together. This algorithm has been
shown to improve the diagnostic accuracy of both tests,*
without significantly increasing cost.

Role of Coronary Calcium in Risk Stratification

Disease processes related to atherosclerosis are the primary
cause of morbidity and mortality in every industrialized
nation. The initial manifestation of CAD is a MI or death in
up to 50% of patients.”” Most cardiac events occur in the
intermediate risk population, where aggressive risk-factor
modification is not often recommended or applied. Unfortu-
nately, traditional risk factor assessment helps predict only
60% to 65% of cardiac risk; therefore, many individuals
without established risk factors for atherosclerotic heart
disease continue to experience cardiac events.*” Acute coro-
nary occlusion most frequently occurs at the site of mild to
moderate stenoses (<50% lesion severity) in association with
the process of plaque rupture.**** Therefore, plaque burden,
and not stenosis severity, is a more important marker of
disease.*® These studies emphasize the importance of mea-

surement of atherosclerosis burden in the risk stratification
for future cardiovascular events, rather than relying solely
on evidence of obstructive coronary artery disease.

CoRONARY ARTERY CALCIUM RISK PREDICTION IN
SYMPTOMATIC INDIVIDUALS

Studies have demonstrated that CAC has prognostic signifi-
cance in symptomatic individuals. Margolis et al.*® assessed
the significance of CAC found on fluoroscopy in 800 patients
undergoing coronary angiography. The patients with CAC
had a 5-year survival rate of 58%, compared with a rate of
87% for the patients without CAC. A study of 192 patients
observed for an average of 50 + 10 months, after undergoing
an EBCT study while in the emergency department for chest
discomfort, found that the presence of CAC (calcium score
>0), and increasing absolute calcium score values were
strongly related to the occurrence of hard events (p < .001)
and all cardiovascular events (p < .001).” The patients with
absolute calcium scores in the top two quartiles had a rela-
tive risk of 13.1 (95% CI, 5.6-36; p < .001) for new cardiovas-
cular events as compared to patients with lower scores. The
annualized cardiovascular event rate was 0.6% for subjects
with a coronary artery calcium score of 0 compared with an
annual rate of 13.9% for patients with a coronary artery
calcium score >400 (p < .001).

A multicenter study of 491 patients undergoing coronary
angiography and EBCT scanning found that higher calcium
scores were associated with a markedly increased risk of
coronary events over the next 30 months.*® In multivariate
analysis, the only predictor of a hard cardiac event was log
calcium score, even with coronary risk factors and angio-
graphic disease included in the model. In another study of
symptomatic patients, EBCT-detected CAC was a stronger
independent predictor of disease and future events than a
sum of all of the traditional risk factors combined.* Keelan
et al.’° followed 288 symptomatic persons who underwent
angiography and EBCT calcium scanning for a mean of 6.9
years, and found age and CAC score were the only indepen-
dent predictors of future hard coronary events.

CORONARY ARTERY CALCIUM IN
ASYMPTOMATIC INDIVIDUALS

Coronary artery calcium is also a useful predictor of cardio-
vascular events in asymptomatic individuals. Unfortunately,
at least half of all first coronary events occur in asymptom-
atic individuals who are unaware that they have developed
CAD, and often present as sudden death or acute MIL.* Several
lipid-lowering trials have shown that substantial risk reduc-
tion can be attained with both secondary and primary pre-
vention measures.”

Several prospective trials have demonstrated the prognos-
tic ability of EBCT to identify asymptomatic patients at high
risk of cardiac events. Arad et al.*? reported 3.6-year follow-
up of 1173 patients. Asymptomatic individuals were scanned
using EBCT as well as measures of traditional risk factors,
and followed prospectively for cardiac events. This study
demonstrated CAC to be the strongest predictor of future
cardiac events, with patients in the highest score category
over 20 times more likely to suffer a cardiac event (odds ratio
22.3, CI 5.1-97.4).
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Wong et al.*® followed 926 asymptomatic patients (mean
age 54 years) for an average of 3.3 years. The presence of CAC
and increasing score quartiles were related to the occurrence
of new MI (p < .05), revascularization (p < .001) and total
cardiovascular events (p < .001). The risk ratio for events in
patients whose absolute calcium score was in the upper quar-
tile (score > 271) compared with individuals whose absolute
calcium score was in the lowest quartile (score < 15) was 12
(relative risk 8.8 and 0.72, respectively; p < .001).

Greenland et al.>* published long-term follow-up of the
South Bay Heart Watch. Coronary artery calcium was found
to be predictive of risk in patients with a Framingham Risk
Score of >10%, with a high CAC score able to predict risk
beyond Framingham risk score alone. As compared to a CAC
score of 0, a CAC score of >300 was highly predictive of
cardiac events (HR 3.9, p < .001).

Raggi et al.® followed 632 asymptomatic individuals
with risk factors for CAD for an average of 32 + 7 months. A
CAC score of zero was associated with a 0.11%/year event
rate, compared to 4.8%/year with a score >400. The event
rate in patients with calcium scores in the highest quartile
was 22 times the event rate in patients with calcium scores
in the lowest quartile, significantly outperforming risk
factors in cardiac event prediction. Multiple logistic regres-
sion analyses demonstrated that calcium score percentile
was the only significant predictor of events and provided
incremental prognostic value when added to traditional risk
factors for CAD.

Larger trials have been reported, demonstrating approxi-
mately 10-fold increased risk with the presence of CAC.
Kondos et al.*® reported 37-month follow-up on 5635 initially
asymptomatic low- to intermediate-risk adults. In men,
events (n = 192) were associated with the presence of CAC
[relative risk (RR) = 10.5, p < .001), diabetes (RR = 1.98, p =
.008), and smoking (RR = 1.4, p = .025), whereas in women
events (n = 32) were linked to the presence of CAC (RR = 2.6,
p = .037) and not risk factors.

A prospective study of 5585 subjects aged 59 + 5 years, a
calcium score 2100 predicted all atherosclerotic cardiovascu-
lar disease events, all coronary events, and the sum of non-
fatal MI and coronary death events with relative risks of 9.5
to 10.7 at 4.3 years.” The calcium score also predicted events
independently of and more accurately than measured risk
factors. The area under the receiver operating characteristic
curve for event prediction with risk factors alone in this
study was 0.71, increasing to 0.81 with EBCT testing (p < .01).
This prospective study strongly demonstrated the ability to
utilize this test to rule out patients who do not require
therapy. In this study, only 19% of patients had scores above
the diagnostic threshold (calcium score >100), yet relying on
this threshold had a negative predictive power of 99.2%.
Thus, clinicians can focus on a smaller, yet higher risk popu-
lation (10.7-fold increased risk in this group), for risk reduc-
tion therapy.

Shaw et al.>® demonstrated the power of coronary artery
calcium to predict all-cause mortality over the next 5 years.
A cohort of 10,377 asymptomatic individuals undergoing
cardiac risk factor evaluation and CAC measure with EBCT
reported a mean follow-up of 5.0 years. In a risk-adjusted
model, CAC was an independent predictor of mortality (p <
.001). Coronary calcium was a better predictor than tradi-

1.58

tional cardiovascular risk factors, and very high scores
(>1000) were associated with a 13-fold increased risk of death
as compared to persons with lower scores.

Coronary Artery Calcium: Guidelines
and Applications

The above-mentioned studies demonstrate the ability of CAC
to provide risk stratification in asymptomatic and symptom-
atic populations with incremental prognostic information
beyond traditional risk factors. Based on the results of these
studies, modification of the Framingham Global Risk Score
by using a weighted factor based on the patient’s individual
calcium score percentile has been suggested.*® In this modi-
fication, the Framingham Risk Score assigned to a subject
undergoing EBCT screening for asymptomatic CAD is
increased if the calcium score is in a high percentile.

The greatest potential for CAC detection could be as a
marker of CAD prognosis in asymptomatic persons at risk
of CAD, beyond that detected by conventional coronary risk
factors. Since the 2000 American College of Cardiology
(ACC)/American Heart Association (AHA) expert consensus
document on EBCT noting inconclusive risk stratification
evidence on CAC scanning,® a number of studies have
reported that the presence and severity of CAC has indepen-
dent and incremental value when added to clinical or histori-
cal data in the measure of death or nonfatal MI. Since those
early recommendations, the National Cholesterol Education
Program (NCEP) has made recommendations specifically for
the use of EBCT to assist in risk stratification in elderly and
intermediate risk patients. The new NCEP guidelines (Adult
Treatment Panel III)*" support the conclusions of the AHA's
Prevention Conference V®* and the ACC/AHA report® that
high coronary calcium scores signify and confirm increased
risk for future cardiac events, and state, “Therefore, measure-
ment of coronary calcium is an option for advanced risk
assessment in appropriately selected persons. In persons with
multiple risk factors, high coronary calcium scores (e.g.,
>75th percentile for age and sex) denotes advanced coronary
atherosclerosis and provides a rationale for intensified LDL-
lowering therapy.” New guidelines for prevention of CAD
recommend coronary calcium as a method of risk stratifica-
tion, with positive scores placing individuals at intermediate
risk by the Framingham model (10-20% 10-year risk) and
high CAC scores at high risk for future cardiac events.®®

The absence of CAC in the asymptomatic patient identi-
fies a group of patients at very low risk of events over the
next 3 to 5 years. An annual event rate of only 0.11% has
been reported for patients with scores of zero.*® Both the
ACC/AHA writing group and the Prevention V Conference
agreed that the negative predictive value of EBCT is very
high for short-term events.®®®> Whether a calcium score of
zero will allow therapy to be withheld remains to be prospec-
tively tested.

Current guidelines suggest that intermediate risk patients
would benefit most from further risk stratification, as most
cardiac events occur in this population.® “Recent work
suggests that electron-beam tomography (EBCT) can also
improve risk prediction in intermediate-risk patients. Thus,
with a prior probability of a coronary event in the intermedi-
ate range (>6% in 10 years but <20% in 10 years), a calcium
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score would yield a posttest probability in virtually all such
patients greater than 2% per year, that is, a level similar
to that in secondary prevention, or a “coronary risk
equivalent.” Furthermore, CAC screening with EBCT was
demonstrated to be a cost-effective screening strategy in
asymptomatic individuals between 45 and 65 years of age.**
The ability of CAC scoring to identify patients who require
aggressive risk factor modification, coupled with effective-
ness of cholesterol lowering medications, aspirin, and other
therapies, should allow physicians to focus aggressive pre-
ventative treatment on those individuals with underlying
atherosclerosis who are at highest risk of having cardiovas-
cular events.

There are some potential specific applications of CAC
assessment that warrant mention. Based on the fact that a
CAC score of zero is associated with a <1% chance of obstruc-
tive CAD, the use of EBCT prior to angiography has been
recommended for certain persons of low-to-intermediate risk
of obstructive CAD. In the symptomatic patient, evidence
suggests that calcium scanning may be more cost-effective
at diagnosing CAD than traditional noninvasive testing,
especially in women.*6566

Another potential application of cardiac CT relates to the
triage of chest pain patients. Electron beam CT has been
shown to be an efficient screening tool for patients admitted
to the emergency department with chest pain to rule out
myocardial infarction.”*"%® These studies demonstrate sen-
sitivities of 98% to 100% for identifying patients with acute
MI, and very low subsequent event rates for persons with
negative tests. The high sensitivity and negative predictive
value may allow early discharge of those patients with non-
diagnostic ECG and negative calcium scans. Exclusion of
coronary calcium, therefore, may be used as an effective
screen prior to invasive diagnostic procedures or hospital
admission.

In patients with cardiomyopathy, CAC has been shown
to be useful in determining the etiology of cardiomyopathy.
The clinical manifestations of patients with ischemic car-
diomyopathy are often indistinguishable from those patients
with nonischemic dilated cardiomyopathy. Budoff et al.®
demonstrated in 120 patients with heart failure of unknown
etiology that the presence of CAC was associated with a 99%
sensitivity for ischemic cardiomyopathy.

Electron Beam versus Multidetector CT for
Assessment of Coronary Artery Calcium

The higher tube currents available with MDCT allow for
images with a better signal-to-noise ratio and higher spatial
resolution in comparison to EBCT, but at the expense of
higher radiation exposure and lower temporal resolution.
Retrospective gating involves acquiring hundreds of cardiac
image, but only uses those that occurred with appropriate
diastolic timing. This retrospective approach markedly
increases the radiation dose, image analysis time, inter- and
intra-reader variability, and interscan variability. A more
practical approach is prospective gating, which is similar to
the methods employed by EBCT. This methodology allows
for image acquisition only at the specified time (diastole), and
therefore reduces variability and radiation. For MDCT, the
images are best when the resting heart rate is less than 60

beats per minute; at faster heart rates, motion artifacts may
become more prominent.

Protocols are being developed that may reduce radiation
doses with MDCT, by attempting to decrease beam current
during systole, when images are not used for interpretation.
New AHA guidelines are being published discussing the
advantages and disadvantages of each modality.”® These
guidelines conclude that “some limitations remain for mul-
tidetector CT, including: (1) slower speed of the acquisition
(EBCT = 50-100msec, MDCT = 200-330msec); (2) higher
radiation dose (EBCT dose = 0.7mSv, MDCT dose = 1.5-
1.8 mSv); and (3) possibly greater interscan variability of mea-
surement (EBCT = 11-16%, MDCT = 23-35%).” Two ongoing
trials [multi-ethnic study of atherosclerosis (MESA) trial in
the United States and the Heinz Nixdorf Recall Study in
Germany] are examining the value of EBCT and/or MDCT-
derived CAC in the general population, and will provide
more answers in relation to the role of CAC in the primary
prevention of atherosclerosis.

Position of the Professional Societies
and Guidelines

In 1996, the AHA assembled a writing group on the applica-
tion of EBCT coronary calcium scanning. This group con-
cluded that EBCT CAC was a useful surrogate for
atherosclerosis, with a negative test most likely associated
with normal coronary arteries and a low risk of cardiac
events in the next 2 to 5 years, and a positive test being
associated with atherosclerosis.®

Fortunately, the AHA and the ACC have taken responsi-
ble positions on this issue. Given the strong literature in
support of risk stratification with this tool, the issue of CAC
scanning is undergoing a current revision and should have
stronger support from both organizations, especially given
the incremental and independent predictive value found in
all studies to date.

Recent guidelines and expert consensus documents have
recommended the use of CAC (or the use of other tests of
atherosclerosis burden) in clinically selected intermediate
CAD risk patients (e.g., those with a 10% to 20% Framing-
ham 10-year risk estimate) to refine clinical risk predic-
tion®>’"> and to select patients for altered targets for
lipid-lowering therapies.®"’?

Contrast-Enhanced Computed
Tomography Angiography

Electron Beam Angiography

The ability to visualize the coronary artery lumen has revo-
lutionized CT imaging. An alternative, less expensive, and
noninvasive test for use as a diagnostic tool before possible
intervention could have a major impact on health care prac-
tice and cost containment.* Contrast-enhanced CT angi-
ography is an emerging technology with the potential for
obtaining essentially noninvasive coronary arteriograms.
Studies have reported contrast-enhanced, electrocardiogram
(ECG)-triggered, 3D-EBCT angiography for detecting and
grading coronary stenosis.”*’>7¢77787° Coronary electron beam
angiography (EBA) was first introduced in 1995,% and since
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that time has improved due to technology and methodology
advances. Electrocardiogram triggering is employed, so that
each image is obtained at the same point in diastole. Iodin-
ated contrast is administered through an antecubital or
jugular vein with an injection rate of approximately 4 mL/sec
and total volume of 80 to 160mL, depending on the version
of scanner used. Images are obtained over a single breath-
hold, usually over approximately 30 seconds. This entire
protocol can be performed within 15 to 20 minutes. Image
processing is rapid, with detailed analysis through the assess-
ment of two-dimensional (2D) and 3D views as well as
maximum intensity projections in which serial overlapping
thin slices are viewed in unison (Figs. 8.3 to 8.5).' As com-
pared to invasive angiography, this modality has been dem-
onstrated to identify significant coronary lumen narrowing
(>50% stenosis) with an overall sensitivity of 87% and speci-
ficity of 91% for the 10 or so studies now reported.*

These early studies, while demonstrating sensitivities
and specificities in the range of 88% to 94%, were somewhat
limited by nonevaluable segments, despite the high temporal
resolution of EBCT (100-ms imaging). Historically, the most
common trigger time used is 80% of the R-R interval.
However, this trigger occurs on or near the P wave during
atrial systole. Electrocardiogram triggering at 80% of the R-R
interval (late diastole) used in most prior studies might not
be optimal for imaging of the coronary segments near the
right or left atria, since atrial contraction during end-diastole
causes rapid movement of the base of the heart,® and the
least motion among all heart rates occurs earlier in the
cardiac cycle (late systole).’® A study was subsequently
reported demonstrating a marked improvement in results
with EBCT when using end-systolic triggering rather than
late diastolic triggering.

Lu et al.** studied 133 patients with suspected coronary
disease with intravenous coronary EBA and conventional

FIGURE 8.3. E-Speed (General Electric, San Francisco, CA) electron
beam angiography demonstrating the left and right coronary arter-
ies, without evidence of obstructive coronary artery disease. LAD,
left anterior descending coronary artery; RCA, right coronary
artery.

FIGURE 8.4. Electron beam angiography demonstrating the obtuse
marginal (OM) and circumflex without evidence of obstructive coro-
nary artery disease.

coronary angiography. Patients were divided into two groups
based on different ECG triggering used: 80% R-R interval
trigger method (group 1, n = 53) and end-systolic triggering
(group 2, n = 80). Overall sensitivity (including all segments,
not just evaluable segments) to detect a >50% luminal ste-
nosis was 69% in group 1 and 91% in group 2 (p = .002);
specificity was 82% and 94% in group 1 and group 2, respec-
tively (p < .001). Nonassessability of coronary segments on
3D-EBA images was reduced from 35% in group 1 to 9% in
group 2 patients (p < .001). The number of motion-free coro-
nary images increased from 67% to 95% from group 1 to
group 2 (p < .0001).

Another study by Budoff et al.*® reported the improve-
ment with image quality and diagnostic accuracy with newer
triggering techniques was also reported. Eighty-six patients

Conus

RV

AM

FIGURE 8.5. Computed tomography angiography demonstrating
the left and right coronary arteries, without evidence of obstructive
coronary artery disease. The conus artery, as well as the right
ventricular vein and acute marginal branches are well visualized.
1°* Diag, first diagonal artery; AM, acute marginal branch of right
ventricle; RV, right ventricular vein.

15t Diagonal
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were studied; EBT correctly classified 49 of 53 patients (92%)
as having at least one coronary stenosis. Overall, 103 steno-
ses exceeding 50% diameter reduction were present, and of
these 93 lesions were correctly detected by EBT (sensitivity:
90%; specificity: 93%; positive predictive value: 84%; and
negative predictive value: 96%). Only 5% of vessels could not
be assessed, predominantly due to significant calcification.

Newer advances in both modalities will lead to routine
use of noninvasive angiography. In regard to the EBCT
scanner, newer electron beam technologies are now available
(e-speed, General Electric, San Francisco, CA) that provide
greater spatial and temporal resolution and may provide
greater visualization of smaller branch veins as well as distal
tapering sections of branch veins than the scanner used in
this study.®® Early results from this scanner demonstrate
sensitivities of 92% and specificities of 98% for the detection
of obstructive CAD.¥

Multidetector Computed Tomography Angiography

Multiple studies with four-slice MDCT have been reported,
with most studies reported a diminished overall sensitivity.
Achenbach et al.®® reporting 68% of vessels interpretable by
angiography, with 32 of 58 high-grade stenoses were detected
(sensitivity 55%). All four major coronary arteries could be
evaluated in only 30% of patients. The authors note that “its
clinical use may presently be limited due to degraded image
quality in a substantial number of cases, mainly due to rapid
coronary motion.” Giesler et al.¥ reported that 115 of 400
(29%) coronary arteries were uninterpretable, and in only
39% of patients were all coronary arteries assessable by
MDCT. Overall, 51 (49%) of 104 stenoses were revealed on
MDCT. Additionally, most studies demonstrate a significant
heart rate interaction. One study demonstrated that overall
sensitivity for stenosis detection decreased from 62% (heart
rate <70bpm) to 33% (heart rate >70bpm),* while in another
sensitivity dropped from 82% (mean heart rate 55.8 bpm) to
32% (mean heart rate 81.7bpm).”°

The use of eight or more detectors improves spatial reso-
lution by decreasing slice thickness, and it allows for a higher
sensitivity and specificity. Average sensitivity and specificity
over the first six studies reported an average sensitivity of
80% and specificity of 86%, when including all segments for
analysis.”’ Excluding those with motion artifacts and other
reasons for nonassessability increases the sensitivity and
specificity to approximately 90%. The use of eight 64-slice
MDCT scanners allows for faster and thinner imaging than
the four-slice scanners (Figs. 8.6 to 8.8). Three studies have
recently been reported with 16-level scanners®?*** each
with improved accuracy as compared to prior reports with
4-level scanners. These studies reported a sensitivity of 73%
to 95% and a specificity of 86% to 93%. The most recent
study was a prospective, blinded, standard cross-sectional
technology assessment; analysis of all 530 coronary seg-
ments demonstrated moderate sensitivity (63%) and excel-
lent specificity (96%), with a moderate positive predictive
value of 64% and an excellent negative predictive value of
96% for the detection of significant coronary stenoses.
Assessment restricted to either proximal coronary segments
or segments with excellent image quality (83% of all seg-
ments) led to an increase in sensitivity (70% and 82%, respec-

FIGURE 8.6. Quantum 64 (Toshiba Medical Systems) multidetec-
tor CT image demonstrating a multiplanar reconstruction of the
right coronary artery (RCA). This allows the entire vessel to be
viewed in one image.

tively), and high specificities were maintained (94% and
93%, respectively).

These studies concluded the MDCT with beta-blocker
premedication permits detection of CAD with improved
accuracy. When using MDCT as a noninvasive diagnostic

FIGURE 8.7. Volume rendered image of the left coronary system
using a Lightspeed 16 multidetector computed tomography (General
Electric, Milwaukee, WI) demonstrating mild, nonobstructive
disease. LAD, left anterior descending artery; OM, obtuse
marginal.
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FIGURE 8.8. Maximal intensity projection demonstrating signifi-
cant disease at the origin of the left anterior descending artery
(LAD). C, circumflex coronary artery; D, diagonal.

modality to assess advanced CAD, it appears to be manda-
tory to preselect patients (sinus rhythm, lower calcium score,
steady heart rates) in order to achieve reliable results, and to
use scanners with eight or more detectors.

Computed Tomography Angiography
after Revascularization

Computed tomography angiography may play a role in the
assessment and follow-up of patients who have undergone
coronary interventions, potentially replacing some invasive
angiographic procedures. The utilization of EBA to detect
coronary artery bypass graft (CABG) patency has been
reported as early as 1986.”° Saphenous vein grafts, which are
generally of large caliber and have minimal cardiac motion,
are especially well suited for noninvasive imaging with CT
angiography (Figs. 8.9 and 8.10). Using 3D visualization in
post-CABG patients, both MDCT and EBCT can demon-
strate graft stenosis and patency. Recent studies for both CT
techniques demonstrate sensitivities of 92% to 100% and
specificities of 91% to 100% for establishing patency of
saphenous vein grafts as compared to coronary angiogra-
phy.”*?7*® These studies demonstrated sensitivity and speci-
ficity for patency of left internal mammary of 80% to 100%
and 82% to 100%, respectively.

In patients who experience chest pain after stenting or
angioplasty, visualization of the site of angioplasty to assess
for restenosis is often required. A noninvasive method to
visualize the site of angioplasty could potentially be used for
less typical presentations of acute closure (no typical angina
or ECG changes suggestive of ischemia). Computed tomog-
raphy angiography has been shown to permit imaging of the
coronary arteries and detecting high-grade restenosis after
coronary angioplasty. Achenbach et al.”” reported 50 cases in
which a coronary angioplasty was performed without coro-
nary stent implantation. The sensitivity and specificity of
EBA was 94% and 82%, respectively, to detect severe stenosis
(>70% stenosis). The widespread utilization of metal stents
during revascularization procedures provides a major limita-

FIGURE 8.9. Noninvasive angiography demonstrating patent saphe-
nous vein grafts to the first obtuse marginal (OM) and a patent
internal mammary artery (white arrows) to the left anterior descend-
ing coronary artery (LAD).

tion for the clinical assessment of the according arterial
segment by EBA, MDCT, and MR angiography. Pump et al.'%
reported a sensitivity of 78% (18 of 23 stenoses detected) and
specificity of 98% (189 of 193 stents correctly assessed to be

FIGURE 8.10. Noninvasive angiography demonstrating multiple
closed saphenous vein grafts (black arrows) and a right coronary
artery (RCA) occlusion with a patent saphenous vein graft to the left
anterior descending artery (white arrow).
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FIGURE 8.11. Noninvasive angiography using the Lightspeed 16
multidetector computed tomography demonstrating a stent (black
arrow) in the left anterior descending. It is not possible to determine
whether the stent is patent or partially occluded.

free of stenosis) for the detection of significant in-stent reste-
nosis by flow measurements. The difficulties in imaging
stents (with scatter from the metal, coupled with motion
artifacts and small interior diameters) make CT angiography
very limited in this application currently (Fig. 8.11).%
Although some authors have reported mixed results with CT
imaging within stents, current studies are limited, and the
scatter artifact of the metal, coupled with the small diame-
ters and coronary motion, suggest that invasive coronary
angiography is required to evaluate stent patency accurately.

Assessment of Noncalcified Plaque

Computed tomography angiography’s ability to visualize and
characterize “soft” noncalcific coronary plaque is an emerg-
ing area of interest (Fig. 8.12). Autopsy and coronary intra-
vascular ultrasound (IVUS) studies have shown that
angiographically “normal” coronary artery segments may
contain a significant amount of atherosclerotic plaque;'*
IVUS allows for a direct, 360-degree visualization of the
coronary atheroma within the vessel wall and identifies both
plaque distribution and composition.'®® The utility of coro-
nary IVUS over coronary angiography in recognizing these
smaller plaques is somewhat limited, though, by a higher
procedural complication rate secondary to its more invasive
nature.

The potential identification of early, nonobstructive coro-
nary plaques with CT angiography requires further investi-
gation. The noncalcified “soft” plaque in coronary arteries
is measured as the volume under 130HU on nonenhanced
images corresponding to filling defects on enhanced images.
The noncalcified plaque can be divided into low (<OHU) and
higher-density noncalcified plaques (0-130HU). A compari-
son study with EBCT and IVUS demonstrated a linear rela-
tionship between coronary segments with calcified and with
noncalcified plaques.'® In comparisons of MDCT with IVUS,
investigators found a sensitivity of 82% to detect coronary
artery segments containing atherosclerotic plaque in patients

without significant coronary artery stenoses.'”° However,
segments containing exclusively noncalcified plaque were
identified with a sensitivity of only 53%, and MDCT sub-
stantially underestimated plaque burden. Accuracy for plaque
detection was lower for smaller plaques and in distal versus
proximal vessel segments.

The limitations of soft plaque detection may be much
more significant than a limited sensitivity or underestima-
tion of plaque burden. The reproducibility of the measure has
not been reported. Additionally, there are no prognostic data
assessing whether noncalcific plaque adds any prognostic
information to traditional risk factors, angiographic disease
severity, and calcified plaque quantitation. Finally, this pro-
cedure requires both contrast and radiation, and the risks
may outweigh the benefit in individual patients. These
factors require further investigation in order to define the
possible role and importance of CT coronary angiography as
a noninvasive modality for soft plaque imaging.

Radiation Dose and Cardiac CT

Computed tomography utilizes x-rays, a form of ionizing
radiation, to produce the information required for generating
CT images. One drawback of MDCT as compared to EBCT
is the potential for higher radiation exposure to the patient,
depending on the tube current selected for the examination.
Hunold et al.® recently performed a study of radiation doses
during cardiac exams. Cardiac scanning was performed with
EBCT and four-slice multidetector CT (Siemens Volume
Zoom, Ehrlangen, Germany) utilizing prospective triggering
to assess patient effective radiation exposure, compared
to measurements made during cardiac catheterization.

FIGURE 8.12. Noninvasive angiography with significant stenosis
consisting of noncalcified plaque (depicted as yellow) in the distal
right coronary artery. The red structures represent calcium and the
green is the contrast.



192 CHAPTER 8

Electron beam CT CAC protocols yielded effective doses of
1.0 and 1.3mSv for men and women, while MDCT CAC
protocols using 100mA, 140kV, and 500-ms rotation yielded
1.5mSv for men and 1.8 mSv for women. Invasive coronary
angiography yielded effective doses of 2.1 and 2.5mSv for
men and women, respectively. The doses obtained for MDCT
angiography were significantly higher. Since radiation is con-
tinuously applied (retrospective gating) while only a fraction
of the acquired data is utilized, high radiation doses (doses
of 6 to 10mSv/study) still limit the clinical applicability of
this modality.*’” In females, the effective radiation doses is
another 25% higher than in males, raising the mean dose
from 8mSv in men to 10mSv per study in women.!”® These
radiation doses are two to five times higher than can be
expected for conventional angiography, and five- to tenfold
higher than doses obtained during EBCT angiography (1.1-
1.7mSv). In two studies of radiation dose comparing EBCT
and four-slice MDCT, the first reported EBCT angiography
doses of 1.5 to 2.0mSv, MDCT angiography 8.1 to 13mSy,
and coronary angiography 2.1 to 2.3mSv, while another
reported EBA doses of 1.1mSv and MDCT doses of 9.3 to
11.3mSv.%% Newer MDCT studies report that radiation
doses are still significant with newer 16+-level multidetector
scanners,''® and dose modulation should be employed when-
ever possible.!

For MDCT, increased numbers of detectors (64-slice
systems are now available) will allow for better collimation
and spatial reconstructions. Having more of the heart visual-
ized simultaneously will also allow for reductions in the
contrast requirements and breath holding, further improving
the methodology. Multisector reconstruction (combining
images from consecutive heart beats) and dose modulation
(to reduce radiation exposure during systole, when images
are not used for reconstruction) are increasingly being
applied.

Limitations of CT Angiography

Some limitations are inherent to both CT modalities in
regard to coronary artery imaging. One major limitation is
dense calcification of the coronary arteries, with investiga-
tors citing scores of >500 or >1000 as problematic. Another
limitation of all noninvasive angiography is the relative
inability to visualize collaterals. The main determinant of
false-positive results for diagnosing >50% coronary luminal
stenosis was small vessel size, and the diameter of stenotic
segments tends to be underestimated by CT angiography.'!?

Applications of CT Coronary Artery Angiography

The most common clinical application of CT angiography is
to evaluate patients with symptoms post-CABG surgery and
coronary angioplasty evaluation, assessment of congenital
heart disease and coronary anomalies,'® and measurement
of wall motion, myocardial mass, as well as right and left
ejection fractions."*

Some current uses of noninvasive CT angiography include
the following: after the nondiagnostic stress test; for those
persons with intermediate likelihood of CAD (where the step
to coronary angiography might be premature); for symptom-
atic persons postcoronary angioplasty and possibly poststent;

evaluating graft patency post-CABG; and for early detection
of obstructive CAD in the high-risk person. Given the current
utility of these techniques, we can expect a rapid growth in
both the knowledge and experience with noninvasive angi-
ography, leading to much wider clinical applications for the
assessment of obstructive coronary artery disease.

Ventricular Structure and Function

Advances in image acquisition and data processing have
allowed for characterization of ventricular structures and
function with CT angiography, with reproducible quantita-
tive measurement of left ventricular ejection fraction,'>'¢
ventricular volumes,""""® ventricular mass,'"*'*° wall thick-
ness,'”! and regional wall motion'*? in cardiomyopathic pro-
cesses (Fig. 8.13). These data can be integrated with coronary
artery assessment for a comprehensive assessment of the role
that coronary artery disease plays in the cardiomyopathic
process.

Cine scanning allows for assessment of systolic and dia-
stolic function. The spatial resolution and contrast enhance-
ment adequately defines the endocardium of both the right
and left ventricles, so that precise measurement of biven-
tricular cardiac volume and ejection fraction is feasible.
Rumberger et al."® have demonstrated the feasibility of eval-
uating diastolic performance of the LV. Diastolic filling vari-
ables, such as those measured by blood pool scintigraphy, can
be determined with EBCT. Application of this technique
may prove useful for detecting subtle changes in LV diastolic
function induced by myocardial ischemia.

Left ventricular mass can also be quantified. Quantita-
tive measurement of regional wall motion and wall thicken-
ing can be performed, which is particularly useful for
evaluating CAD patients. Application of this technique may
prove useful for detecting changes in LV function induced by
myocardial ischemia, as well as accurately diagnosing ejec-

FIGURE 8.13. Profound thickening of the interventricular septum
(IVS) in a patient with hypertrophic cardiomyopathy.
LV, left ventricle; RV, right ventricle.
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FIGURE 8.14. Severely dilated left ventricle (LV) in a patient with
ischemic cardiomyopathy. The apical-lateral infarction can be well
visualized by the dark region (lower contrast enhancement due to
infarcted tissue, black arrow). RV, right ventricle.

tion fraction postinfarction.'** Bicycle exercise can be coupled
with CT scanning to detect exercise-induced ischemia. A
decrease in ejection fraction and development of a new wall
motion abnormality have been shown to be accurate for
detection of ischemia, with data indicating that exercise CT
may be at least as sensitive and more specific than techne-
tium-99m sestamibi stress testing.'”® A study was reported
evaluating the diagnostic value of dobutamine stress EBCT
as compared with exercise stress thallium-201 single-photon
emission computed tomography and found comparable sen-
sitivity and specificity for the detection of myocardial
ischemia.!?®

Noninvasive quantitation of myocardial blood flow is
also possible by evaluating flow patterns of iodinated con-
trast on CT. Myocardial blood flow is proportional to the
peak iodine concentration in the myocardium after intrave-
nous injection of contrast medium. The technique is accu-
rate for myocardial flows up to 2mL/min/g. Technical factors
related to Compton scatter and beam hardening may cause
inaccuracies. Further research is necessary, for the develop-
ment of clinically useful methods for accurate quantification
of blood flow measurements. Based on the principle that
blood flow is proportional to iodine concentration during
contrast medium infusion, acute MI can be imaged by CT as
a region of little or no iodine (low density, Fig. 8.14). This
technique has been used to detect MI and to quantitate the
infarct size as well as the patency of the infarct vessel, using
both flow and 3D techniques. Complications of myocardial
infarction, including ventricular septal defects, thrombi,
aneurysms, and pericardial effusions, can all be easily visu-
alized by CT.

The ability to document abnormalities of ventricular
structure and function coupled with the ability to assess
coronary artery calcium and angiographic coronary artery
disease make cardiac CT a useful tool in the assessment of
cardiomyopathic processes. Definition of the etiology of car-
diomyopathy, to quantitate function, can facilitate decision

making as well as approaches to intervention in patients
with dilated and ischemic cardiomyopathy.

Hypertrophic cardiomyopathy can lead to heart failure
symptoms and sudden cardiac death.!”” Echocardiography is
the main diagnostic modality for the diagnosis of hypertro-
phic cardiomyopathy, and in addition to anatomy can assess
resting and exercise gradients and associated valve func-
tion.'”® The diagnosis can be made by CT angiography (Fig.
8.13)!*13% and MRI,'* which can provide details of regional
wall thickness, indexed ventricular mass, and ejection
fraction.

Assessment of right ventricular structure and function
abnormalities has risen in importance due to the recognition
of significant disease processes involving the right ventricle.
Visualization and assessment of right ventricular function is
difficult by echo and cardiac catheterization. Computed
tomography angiography potentially may be an effective tool
for assessment of right ventricular anatomy and function.'®
Right ventricular pathology, such as right ventricular dyspla-
sia, can be difficult to diagnose, and often the initial presen-
tation is sudden death. In terms of visualization of right
ventricular abnormalities, echocardiography lacks sensitiv-
ity.!3® Magnetic resonance imaging has been the modality of
choice for anatomic evaluation of right ventricular dysplasia
due to its superior ability to define tissue characteristics such
as myocardial fat deposits, but the variation in fat content
and location in patients without this process makes this cri-
terion only of modest clinical utility."** Computed tomogra-
phy angiography has been assessed for the ability to diagnose
anatomic features associated with right ventricular dyspla-
sia, such as epicardial and myocardial fat, low-attenuation
trabeculations, and right ventricular free wall scalloping, but
has not been assessed as a screening tool.!3>135136

Cardiac CT can provide excellent depiction of ventricular
aneurysms and pseudoaneurysms (Fig. 8.15). The 3D aspects

- .
FIGURE 8.15. A patient with a transmural apical infarction dem-
onstrating a large thrombus in the apex. The white structure sur-
rounding the thrombus is calcified myocardium replacing normal
tissue after a large infarction. LV, left ventricle.
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of the aneurysm can be determined, and global and regional
function assessed. Ventricular thrombus can also be easily
identified. There is some evidence indicating that CT is more
sensitive in detecting LV thrombus than transthoracic
echocardiography.'®’

Pericardial Disease

The combination of excellent spatial resolution, tomographic
format, and exquisite density differentiation makes EBCT an
ideal tool for diagnosis of pericardial disease. Because the
normal pericardium is 1 to 2mm thick, spatial resolution
must be very good for any imaging technique to define this
structure. X-ray CT is aided by the fact that epicardial and
extrapericardial fat often outline the normal pericardium.
Fat, being of very low density, serves as a natural contrast
agent. Therefore, even minimal pericardial thickening (4 to
5mm) is well recognized by cardiac CT (Fig. 8.16)."*® The high
density of pericardial calcium makes its detection easy. The
3D representation of anatomy by CT provides the surgeon
with precise detail of the extent of calcification and the
degree of myocardial invasion.

In addition to providing an excellent description of the
anatomy of pericardial constriction, EBCT also defines the
degree of hemodynamic abnormality by describing diastolic
filling from ventricular volume measurements every 50ms
throughout diastole." Cine mode images of the right atrium
and RV can also detect diastolic collapse when pericardial
tamponade is present. Enlargement of the superior and infe-
rior vena cavae can also be identified when either constric-
tion or tamponade is present. Pericardial effusion is easily
detected by CT. Occasionally, very small effusions cannot
be distinguished from pericardial thickening, as the CT den-

Pericardium

" Pericardium

FIGURE 8.16. Severe pericardial thickening of the anterior and
posterior sections of the pericardium. Normal pericardium is very
thin and barely seen on computed tomographic images. Thickened
pericardium is quite visible.

sities are similar. However, pericardial fluid, if free in the
pericardial space, appears as layers, making differentiation
from pericardial thickening relatively simple.

Cardiac CT is an excellent diagnostic technique for eval-
uation of pericardial cysts and tumors."*” Because CT images
the entire thorax and provides clear definition of mediastinal
structures, pericardial involvement by metastatic tumors is
easily identified. Congenital anomalies, such as absence of
the left hemipericardium, are well seen by this modality.

Aorta and Aortic Valve Pathology

Computed tomography angiography can diagnose aneurysm,
dissection, and wall abnormalities such as ulceration, calci-
fication, or thrombus throughout the full length of the aorta
as well as involvement of branch vessels. The superior tem-
poral and spatial resolution of cardiac CT significantly
improves imaging of the aorta, because motion artifacts are
eliminated. Computed tomography is a superior method for
identification of aortic dissection (Fig. 8.17).1° The intimal
flap is usually well delineated, even in branches of the aorta.
In the flow mode, flow can also be assessed in the true and
false lumina.

Cardiac CT is also an effective method of imaging aortic
aneurysms throughout the extent of the aorta (Fig. 8.18). It
is particularly useful for imaging ascending aortic aneu-
rysms before and after surgical treatment. Accurate mea-
surements of aortic root diameter can be made easily and the
extent of the aneurysm defined. The origin of the coronary
arteries is also well visualized. Thrombus within any aortic
aneurysm is easily identified by differences in tissue density
during contrast enhancement. The tomographic format of
CT provides excellent definition of the relationship of aortic
aneurysms to adjacent structures. Leakage of blood from the
aneurysm may be recognizable with contrast enhancement
of surrounding tissues.

FIGURE 8.17. Large aortic dissection (black arrows), originating in
the ascending aorta (Ao) and ending in the descending aorta (D Ao).
PA, pulmonary artery; RV, right ventricle.
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FIGURE 8.18. An 8-cm ascending aortic aneurysm (Ao) is well
delineated by ultrafast contrast-enhanced CT. DAo, descending
aorta; LA, left atrium; RV, right ventricular outflow tract; S, superior
vena cava.

Pulmonary Arteries

Computed tomography can also be utilized to image the
pulmonary arteries. Large chronic thrombi, presumably
resulting from previous embolization, have been success-
fully detected by this technique (Fig. 8.19).'" The cross-
sectional view of the main and proximal right and left
pulmonary arteries provides clear delineation of the proxi-
mal extent of the thrombi, which is essential for successful
surgical treatment.'> Research has indicated that CT may
also be a valid method for diagnosis of acute pulmonary
embolism.'*31** Accurate measurement of pulmonary artery
size may also be useful in estimating the severity of pulmo-
nary hypertension.'*

FIGURE 8.19. Large chronic pulmonary embolism (arrows) is
shown by contrast-enhanced ultrafast CT to involve the proximal
right and left pulmonary arteries. Ao, ascending aorta; DAo, descend-
ing aorta; PA, pulmonary artery; SVC, superior vena cava.

Congenital Heart Disease

Due to advances in surgical management, many patients
with congenital heart disease are living into adulthood. The
ability to assess the 3D relationships among cardiac, arterial,
and venous structures makes CT angiography useful in the
diagnosis and follow-up of patients with congenital heart
disease in its native and postoperative forms.!*¢

Computed tomography angiography is well-suited to the
evaluation of congenital abnormalities of the coronary arter-
ies (Fig. 8.20). A rare but important abnormality relating
specifically to coronary arteries is anomalous origin of the
coronary arteries, with sudden death in young persons during
exertion often being the initial presentation.'”” Identification
can be difficult by other modalities. Specific anatomies
are associated with risk of sudden cardiac death including
takeoff of the left coronary artery from the pulmonary
trunk, left coronary artery from the right aortic sinus, and
right coronary artery from the left aortic sinus."*® Anomalous
coronary arteries can be defined noninvasively by CT
angiography,"'* as well as by MRI™ and transesophageal
echocardiography.'*>

Considerable experience has been obtained with MRL!*
Very similar results are now seen with CT high-resolution
scanning.’” The disadvantages of CT are the requirement for
injection of contrast medium and exposure to x-ray. Com-
puted tomography offers advantages over MRI, including a
single breath-hold to reduce respiratory motion, higher
spatial resolution,'® and reduced slice thickness.* An addi-
tional advantage of CT is the overall study time of 1 to 2
minutes as compared to 45 to 90 minutes for MR angiogra-
phy, reducing the time for patients (especially children) to lie
perfectly still. As many congenital abnormalities are associ-
ated with significant conduction abnormalities or ventricu-
lar arrhythmias, many patients with congenital heart disease
have pacemakers or implantable cardiac defibrillators in
place, contraindicating the use of MRI for imaging. However,
MRI may be more applicable to younger patients due to lack

FIGURE 8.20. Anomalous coronary artery with left main coronary
artery arising from the right coronary cusp [black arrows depicting
the course of the artery between the aorta (Ao) and the pulmonary
artery (PA)].
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FIGURE 8.21. Secundum atrial septal defect with predominant left
to right shunting. Right atrial (RA) enlargement and right ventricu-
lar (RV) hypertrophy are present. Ao, ascending aorta; LA, left
atrium.

FIGURE 8.22. Coarctation of the aorta. Prominent vertebral artery
vessels are noted entering the descending aorta (DAo).

of radiation exposure, but longer study times require a greater
need for anesthesia.'®

Computed tomography imaging can almost always be
completed without the need for sedation. The high-resolu-
tion images provide excellent detail of the anatomic struc-
ture of the cardiac chambers and great vessels. The flow
mode can be used to detect and quantitate left-to-right and
right-to-left shunts.'” The cine mode can be used to evaluate
RV and LV function, as well as valvular motion. One of the
great strengths of cardiac CT is its capacity to study cardiac
anatomy, cardiovascular function, and blood flow during a
single study period.

A spectrum of cyanotic and acyanotic congenital anoma-
lies can be visualized and characterized by CT angiography
(Fig. 8.21).1%8 Studies can assess patency of shunts, pulmonary
hemodynamics associated with shunts, central pulmonary
artery anatomy, anomalous vascular connections, pulmo-
nary vein obstruction, partial anomalous pulmonary venous
connections, and other associated thoracic abnormalities
such as tracheobronchial abnormalities.!®160161162163  CT
angiography can provide detailed and comprehensive assess-
ment of complex anatomy for surgical planning.!**!*> Con-
genital abnormalities of the aorta such as coarctation can be
easily identified and assessed with 3D imaging (Fig. 8.22).1%¢

Electrophysiologic Alelications of Cardiac
Computed Tomography

Coronary Veins

The same techniques that allow visualization of coronary
arteries also visualize the coronary veins (Fig. 8.23). The
coronary venous anatomy has become increasingly impor-
tant as many interventional procedures use the coronary
veins to obtain venous access to the left atrium and left
ventricle. Computed tomography angiography is effective for
visualization of the coronary sinus and its tributaries.!¢”!%8
Computed tomography angiography can provide detailed

Lateral
vein

FIGURE 8.23. The coronary venous system is visualized with iden-
tification of the coronary sinus (CS) and a large lateral cardiac vein.
Distances and diameters can easily be measured.
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assessment of the coronary venous anatomy, with coronary
sinus dimensions, branch vessel locations, diameters, angu-
lations off the coronary sinus/great cardiac vein, and associ-
ated myocardial segment location.'®”

Particular attention has been the focus on coronary
venous anatomy with the increasing application of resyn-
chronization therapy. In resynchronization therapy, simulta-
neous biventricular pacing is performed in patients with
dilated or ischemic cardiomyopathy, significant heart failure,
and prolonged interventricular conduction in order to “resyn-
chronize” right and left ventricular activation and contrac-
tion. The left ventricular component of pacing is provided by
a chronic pacing lead placed in a coronary sinus branch
vessel, with placement often being challenging due to the
need to locate small coronary vein branches for adequate
pacing sites. As potential left ventricular pacing sites are
defined by an individual patient’s coronary venous anatomy,
detailed anatomic information could potentially play a role
in the approach to resynchronization therapy. Many patients
undergoing resynchronization therapy already have devices
in place with upgrade to a biventricular system, precluding
visualization of anatomy by MRI.

Pulmonary Veins

Characterization of pulmonary venous anatomy is important
to catheter-based therapies for atrial fibrillation. Atrial fibril-
lation has become a major area of research focus due to its
increasing incidence in an aging population.'”® Procedural
efforts have focused on ablation of the pulmonary vein. Com-
puted tomography angiography and MRI can provide detailed
information on pulmonary vein location, variation, size, and
complexity, which are difficult to visualize by other tech-
niques; this is important for ablation of pulmonary vein
triggers and electrical isolation of pulmonary veins (Fig.
8.24).""! Endoscopic views of the left atrium can now be

< =

. - -~ 4
FIGURE 8.24. Endoscopic view of the right superior and inferior
pulmonary veins (RSPV and RIPV).

achieved through software advances to visualize the com-
plexity of each pulmonary vein os. Additionally, follow-up of
patients for such complications as pulmonary vein stenosis
is extremely important.'’> The incidence and time course of
pulmonary vein stenosis requires further definition, through
serial evaluation of pulmonary vein structure.

Summary

Computed tomography coronary artery calcium assessment
and CT coronary angiography using EBCT or MDCT are
technologies that can provide risk stratification for future
cardiac events and definition of patient populations requir-
ing aggressive risk factor modification or interventional
therapy for CAD. Computed tomography angiography is a
robust technology that can identify a spectrum of cardiovas-
cular disease processes and facilitation of invasive cardiac
procedures. Further advances in technology and methodol-
ogy will broaden the research applications for the under-
standing of cardiovascular pathophysiology and clinical
applications for diagnosis and treatment of cardiovascular
disease. The availability of many other imaging modalities
and the relatively high cost of CT scanners and limited or
lack of reimbursement have slowed its adoption for diagnosis
by cardiologists, radiologists, and primary caregivers.
However, the technology offers some truly unique capabili-
ties, with unmatched prognostic capabilities for cardiac
events and noninvasive imaging of the coronary arteries and
veins, and clinicians are increasingly employing this imaging
technique. Cardiac CT is considered by some to be the gold
standard in evaluating congenital heart disease, pulmonary
vein anatomy, and coronary venous anatomy. Further experi-
ence and utilization will undoubtedly increase the interest
and knowledge of this multifaceted tool.
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